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Summary_

\ . . . . .
 Immunoglobulin class switch involves a unique recombination event that

)
e . . . .
0 takes place at the region 5\/ to each heavy chain constant region gene during B

lymphocyte differentiation. Such regions that are responsible for the class=7, ..

* L}
switch recombination are defined as S regions (Kataoka et al., Proc. Naﬁl; Acad.

Sci. USA 77, 919, 1980). We have cloned a rearranged ¥2b gene from a mouse
myeloma (MPCl1) and compared its structure with the germ line counterparts. The.
rearranged 72b gene contained the 5V flanking region of the 73 gene (S{} region)
which are linked to the 5V flanking region of the 72b gene (S{Eb region). We
have determined nucleotide sequences surrounding the recombination site of the

rearranged and germ line 72b genes, which include the S;;B and S{} regions. Both

S{EB and S%3 regions comprise tandem repetition of conserved units of 49

bpo . bp : : :

)%&Se=?atfi;~ Similar 49 kase=pair repeating units are also found in the
&0

previousl;?aetermined sequence of the S{} region in which class:switchéffcom%:

ED 62

bination took place in MC10l myeloma. The nucleotide sequences of the S{T; S{;B

and S{E‘ repeating units share significant homology with each other. The Sﬁ'

region, partial nucleotide sequence of which was previously determined, contains
abundant short sequences such as AGCT, TGGG and AGCIGGGG which are shared in
common by repeating sequences in S?‘regions. These results suggest that the
recombination responsible for class switch from M to 7 or from a 7T to another 7,
may be facilitated directly or indirectly by homology of repeating sequences in

. n"
S regions.
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Introduction @ \(\
" An immunoglobulin mo}ecule contains one of twol\types|of light (L) chain (K
v &3
71, 12

(5
2 or A) and one of eight types of heavy (H) chain (7, 8, «a, a, 12b, 73 and

\;(/‘

./ &) in mouse, the heavy chain defining the immunoglobulin class (IgM, IgD, IgA,

|

‘1gGI, 1gG2a, 1gG2b, IgG3 and IgE). Both L and H chains comprise a variable (V)

région and a constant (C) region. During differentiation of a given B
1tyr‘nphocyte, a single V gene 1is first expressed as a part of the ll
léter stage the C region of the expressed H chain switches a C part from N to
'fi"icl)r to @ without alteration of the V region sequence (Nossal et al., 1971; Fu
e:;:‘al., 1975; Gearhart et al., 1975; Goding and Layton, 1976; Sledge et al.,
1976; Wang et al., 1977; Abney et al., 1978). Such a phenomenon is called H
chain class switch.

We have recently proposed a molecular mechanism to explain H chain class

sw.i‘tch based on the comparative studies on the rearranged and germ line H chain
D »gtl-:)nes as shown in Figure <J1“e(Kataoka et al., 1980; Takahashi et al., 1980). A
v ,crévm:plete H chain gene 1is supposed to be formed by at least two types of the
recombinational event. The first type of recombination takes place between a

‘given V{, a Jf and possibly a D gene segment (Early et al., 1980; Honjo et al.,
1980; Sakano et al., 1980), completing a V region sequence. After such
recombination, , referred to as V=J recombination, the V region sequence is
expressed as a part of the M chain. The second type of recombination takes place
between S7" and S§ (or S§) regions. The S region was defined as the functional
region responsible for the class switch and assumed to be located in the 5V
flanking region of each C{f gene. The Sfl\ region is located between Jﬁ and the I
gene and the S% (or S@) is present at the 5V side of each 7 gene (or o gene).

The second type of recombination, called S=S recombination, can replace the C

part of the H chain without affecting the V region sequence. Both types of

—p—



recombination result in the deletion of the inbetween DNA segment from the chrog)
mosome (Honjo and Kataoka, 1978; Sakano et al., 1979; Coleclough et al., 1980;
Cory and Adams, 1980; Cory et al., 1980; Rabbitts et al., 1980; Yaoita and

I9gob
Honjo, 1980a,h). Evidence that a complete H chain gene is formed by at least two

recombinational events was also reported by other investigators (Davis et al.,
1980a; Maki et al., 1980).

. . . LN

To understand molecular mechanism for the S=S recombination we have undert

)

. . . RN
taken structural apalysis of the S% regions. The nucleotide sequence deteri/
ons .

mination of the S{}, SJQB and S{} regions revealed a unique structural feature;
- b LT
the tandem repetition of the 49 Rgse-?ai; unit is present in the regjon flanking

the 5V end of these 7 genes.

Zaf SIF>

Results
—_—Fr
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Cloning a Rearranged 72b Gene from MPCll Myeloma
L4 ! Hi K 7 1 7

[ High molecular weight DNA extracted from MPCll myeloma cell nuclei was
cleaved partially with Eco RI, and the digests were fractionated on a preparég
tive agarose gel. When an aliquot of each fraction was again electrophoresed in
an agarose gel, transferred to a nitrocellulose filter and hybridized with the
%}P:labelea Eco RI fragment (6.6 kb) of the 72b gene cloned from newborn miqé
(1g712b=22) (Kataoka et al., 1979), two dark bands of 13.3 kb and 10.5 kb and
one faint band of 23 kb were observed in addition to the 6.6 kb band (data not
shown). The 23 kb band is due to the 72a gene which crossshybridizes with tH;
72b gene as shown previously (Rabbitts et al., 1980; Yaoita and Honjo, 1980a).$&

The DNA fractions containing the 13.3 kb 72b gene fragment were pooledi’andi
used as inserts for cloning with AgtWES. Two independent phages, which hybfizz
dized with %}P:labeled cloned 72b cDNA (Kataoka et al., 1979), were obtained;By"

screening about 1.5lxl10é/plaques. Two phages are different and referred to as

3
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AgLWES:1g72b=2203 and AgtWESHIg72b=2206, the inserts of which are called as“—
1g72b=2203 and Ig72b=2206, rgspectively. The cloned phage DNAs were cut with
various restriction enzymes and their cleavage sites were mapped by the conved@
tional procedure. The results are summarized in Figure 2. Each of the cloned
DNAs consists of the 6.6 and 6.8 kb Eco RI fragments which were recloned into
pBR322 (Bolivar et alyny 1977) to construct the detailed restriction maps. The

. plasmids containing the 5% Eco RI fragments of 1g72b=2203 and 1g72b=2206 are

~ called plg72b=23 and plg72b=26, respectively. The 3V Eco RI fragments of Ig72b:::

2203 and 1g72b=2206 are identical to Ig72b=22, an embryonic form of the 72b gene

NN

’nggtaoka et al.,; 1979; Yamawaki=Kataoka et al., 1980). Ig72b=2203 and 1g72b=2206
lseem to differ from each other in their 5V regions of about 5.2 kb in length. R=C)
loop analysis and Southern blot hybridization using MPCll mRNA failed to find

fhe V gene sequence in either of these clones.

We have also cloned the 10.5 kb fragment hybridizing to the cloned 72b gene
from a Charon 4A phage library containing partial Eco RI digests of MPCII.DNA.
This clong;referred to as IgTZb:220Q9contains two Eco RI fragmentsi the 6.6 kb
.%Zb gene fragment (Ig72b=22) and a 3.6 kb fragment flanking the 3V end of Ig72b=:3

7 22. Clones containing the same fragments as 1g72b=2204 were also obtained from

mouse embryonic DNA library (Honjo et al., 1980).

Zaf FH>
=

N1g712b-2203 is a Rearranged 72b Gene and I1g72b=2206 is the Embryonic 72b Genel *
i 7 oy 7 1 T T 1 T T

=
—

L To deg;rm{ne which of the clones Ig72b=2203 and Ig72b=2206 corresponds to
éhe rearranged 72b gene in MPCll myeloma, we analyzed 72b gene fragments in DNAs
éf various myelomas and newborn mice by Southern blot hybridization. We used, as
a probe, a 1.3 kb Bam HI fragment of 1g72b=22 (fragment A in Figure 2) that con+
talns the 5V flanking region and a portion of the Cﬁglzomaln sequence of the 72b
gene. DNAs of newborn mice, various myeloma cells, thWESﬁIg12b=2206 and

thad
thWES 1g72b=2203 were cut with several restriction enzymes phieh- can

2
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between \
distinguishAIg72b=2206 fxrem 1g72b=2203. DNA digests were electrophoresed in 1%

agarose gels, blotted to nitrocellulose filters and hybridized with the

nic%&ranslated fragment A.
Newborn mouse DNA produced the 72b gene fragments of 6.6, 6.5 and 4.2 kb

upon digestion with Sac I, Hinc 11 and Kpn I, respectively, as shown Figure 3

;;Eg)[lane a). These fragments of newborn mouse DNA are identical to those produced

by digestion of Ig72b=2206 DNA with the homologous enzymes (lane j). Digestion

of MPCll DNA with Sac I, Hinc II and Kpn I yielded 3.8, 8.1 and 4.2 kb

fragments, respectively, which hybridized with fragment A (lane g). These - -

fragments of MPCI1 DNA are identical to those produced by digestion of Ig12b;<;

2203 DNA with the homologous enzymes (lane k). The results indicate that MPC!!

DNA contains a single form of the 72b gene that is identical to 1g72b=2203. We
‘

will discuss below why we cloned two types of 72b genes from MPCl1 DNA. It is
likely that 1g72b=2203 is a 3V portion of an expressed 72b gene in MPCll myeloma

although there 1is no MPCll V region sequence found in this clone. We have

recently demonstrated by'cloning overlapping DNA segments that the MPCll V gene,

5=<5V to the 5V end of Ig72b=23 (T. Kataoka, unpublished
data). Newborn ﬁouse DNA contains the embryonic form of the 72b gene that 1is
equivalent to 1g72b=2206. Taken together, the results indicate that the
rearranged gene Ig72b=2203 was formed by the replacement of the 5V portion (5.2
kb) of the germ line gene Ig72b=2206 with a new DNA segment.

When newborn mouse DNA and various myeloma DNAs were digested with Sac I,
Hinc II and Kpn I, we found faint bands of 3.9, 5.3 and 7.6ukb, respectively,
which are common to all the DNAs except for @ chainzproducing myeloma DNAs.
These bands seem to be attributable to crosszhybridization of the probe to 72a’

gene fragments (Y. Yamawaki-Kataoka and T. Honjo, unpublished data).

The above conclusion is fortified by direct cloning of a 6.8 kb Eco RI

58—



fragment of newborn mouse DNA which hybridized with 1g72b=23 sharing the 3V 1.5
’ eight
kb region in common with Igf2bz26. All gi R clones obtained from the Eco RI

digests of newborn mouse DNA were 1g72b=26 (N. Takahashi and T. Honjo,
unpublished data), indicating that Ig72b=26 is a germ line gene. Furthermore we

have cloned the identical DNA fragment to Ig72b=2206 from a partial Hae IIIL

o ’“55f*’pmumabbh

In view of the fact that MPCll DNA contains the rearranged 72b gene of
Fg72b=2203 type almost exclusivély (Figure 3, lane g), it is puzzling for us to
‘have cloned snot onl 1g72b=2203 but also 1g72b=2206, the embryonic form of the
: — (Severd
72b geneg{from MPCll DNA) A most reasonable explanation is that 1g712b=2206 1is

zlev
derived from DNA of host cells which contaminate MPCll myeloma tumor. Such co@i
tamination is obvious by the presence of a faint band equivalent to Ig72b=2206

/’__\

(elonen
in MPCll DNA, and was also shown in other myeloma tumors (Yaoita and Honjo,
}980a). Although it is rare to clone a minor gene fragment in the first two
¢lones, it is not impossible.

DNAs of V and 73 chainzproducing myeloma contained the 72b gene fragment

| [ - 1480
digestion library of embryonic mouse DNA (Honjo et al., 1989; # Shimizu et al. ,cwesnusoryl

identical to the newborn mouse DNA (Figure 3, lanes b and ¢). DNAs of 72b chain="
v

producing myeloma contained rearranged 72b gene fragments (lanes f and g). The Gk

72b gene fragments were deleted from both chromosomes of 72a and @ chain=
producing myelomas (lanes h and i). These results are in agreement with the
deletion model and the order of the Cﬁ genes as summarized in Figure 1 (Honjo

and Kataoka, 1978; Coleclough et al., 1980; Cory and Adams, 1980; Cory et al.,

3 1w Ob

1980; Kataoka et al., 1980; Rabbitts et al., 1980; Yaoita and Honjo, l980a,k).
,

Unexpectedly, DNAs of 71 chain=producing myelomas contained the 72b gene

fragment of a reduced size (lanes d and e). Both Sac I and Hinc 11 fragments in

these DNAs were shortened by the same length (about 2.2 kb).ag’compared with

those in newborn mouse DNA.

2
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The Rearranged 72b Gene Contains a DNA Segment Flanking the Germline 73 Gene
= 7 7 7 7 7 T 7 7T

N

T To search for the origin of a new DNA segment introduced into the 5V’po§£
tion of Ig72b=2203, we analyzed Eco RI.digests of newborn mouse DNA by Southern
blot hybridization. When the filter was hybridized with %}P:labeled plg72b=23
as a probe, we found 18 kb and 6.8 kb bands in Eco RI digest of newborn mouse
;;EE) DNA as shown in Figure 4A. The 6.8 kb band is equivalent to Ig72b=26. MPCl1l DNA
ot contaoln
contained a 6.8 kb fragment phieh is equivalent to I1g72b=23 but did not the 18
kb fragment. The results suggest that a segment of the 18 kb fragment and the.
embryonic 72b gene fragment (Ig72b=2206) recombined to form the rearranged 72b.
g - : o . RS o
gene in MPé%%zggA (1g72b=2203).
The 18 kb fragment in Eco RI digests of newborn DNA was cloned usggg Charon
4A as an EK2 vector. The restriction enzyme cleavage map of the 5V region (5.2
kb) of this clone is indistinguishable from that of Ig72b=23 as shown in Figure
;:EiDS. The restriction map of the other part of the cloned 18 kb fragment is almost
identical to the 3V part of the_ 73 gene fragment cloned from DNA of the 173.
chain=producing myeloma J60é (Y. Yamawaki=Kataoka and T. Honjo, unpublished
data), suggesting that the cloned 18 kb fragment is the 73 gene fragment.
To tes hghis possibility, the cloned 18 kb fragment was digested with Eco
RI, Hind IILI{#Eco RI and Xba I#HEco RI and hybridized with the nic@%ranslated
cloned 73 cDNA according to Southern's (1975) procedure. As shown in Figure 4B,
the %}P:labeled cloned 73 cDNA hybridized with a specific segment of the 18 kb
fragment cloned from newborn mouse DNA, which was thereaf;er referred to as
Ig73=30. These results unequivocally demonstrate that the réarranged 72b gene .
(1g72b=2203) contains, at the 5V side of the 72b gene, the DNA segment derived .
from the 5V flanking region of the 73 gene. 1g72b=2203 appears to be formed by;f_
the class=switch recombination between the S;} and S;ZB regions, indicating that; 

the H chain class switch can take place from a 7 to another 7.

.71
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N Nucleotide Sequence surrounding Recombination Site of the 72b Gene”
T 7 LA T i 1 T T 7

= To understand the molecwlar mechanism for the class=switch recombination,
we have determined nucledtide sequences of the regions (about Zib) surrounding
the recombination site in Ig72b=23 and Ig72b-26. Figure 2 illustrates the
detailed restriction maps of those regions together with the strategies used for
sequencing. All the restriction cleavage sites of I1g72b=26 and Ig72b=23 were
identical in the region downstream from a recombination site shown in Figure 2,
except that %:Hae 111 site is present at about 200 bp 3% to the recombination
site of 1g72b=23 but not at the corresponding position of Ig72b=26.

Comparison of the nucleotide sequences of Ig725:26 and 1g72b=23 unanﬁi
biéuoﬁgi§ determined the recombination site at 35 bp 3V side of the Sac I site
of Ig12b=23, which is located 5.2 kb from the 5% end of 1g72b=2203 as shown in

;) " Figure 6. The nucleotide sequences of Ig72b=26 and Ig72b=23 matched each other
almost completely in the region 3\ to the recombination site except for a trana
sition of A to G at base 217 of 1g72b=23, which explains the unique Hae IIIL
cleavage site of 1g72b=23. The discrepancy may be ascribed to a point mutation
in MPC11 myeloma.

It is important to point out that no sequences that could code for the

“~ amino acids of J segments of H chain V regions (Rao et al., 1979) were found
anywhere surrounding the recombination site of Ig72b=23 and 1g72b=26, indicating
that the nature of the recombination in Ig72b=23 was quite different from that

©
of the V=J recombination in L and H chain genes (Sakano et al., 1979; Max et

al., 1979; Early et al., 1980; Honjo et al., 1980; Sakano et al., 1980) as shown

previously (Kataoka et al., 1980; Takahashi et al., 1980),

ot 731>
\C .. . . VAN . Vi
Tandem Repetition of 49 bp Unit in the Sqp Region
= 7 7 7 7 7 T 7 7 k)

C The whole region sequenced in Ig72b=26 consists of a tandem array of 49 bp

E) repeat units as shown in Figure 7. The prevalent nucleotide sequence of the 49

N



bp repeat unit was represented by GggﬁggﬁGiCCTAGCéEEIPuTGGGGGéEEEpGGGA%GGTPuGGA
PuTPuTGA. Each unit shares at least 807 homology with the prevalent sequence and
usually includes two Aﬁu I cleavage sites (AGCT) and one Ava II cleavage site
(GGACC), the latter being periodically altered to a Kpn I cleavage rsitei
(GGTACC). There are unanimously conserved positions within 49 bp unit; G at
positions 17 and 22; A at positions 7, 13, 16, 27 and 43; T at positions 39 and
47; and C at position 18,

Furthermore, based on the sequence homology, one can divide these repeating

Six fve  six
units into § tandem groups, each consisting of R or @ 49 bp repeating units. The
groups were numbered from 5V to 3V and aligned to maximize homology (Figure 7).
.
The first repeating group starts probably at base -819 and the sixth group ends
at base 798. The nucleotide sequences of the six repeating groups were similar
én®

to each other, amongsé%which the two 294 bp groups (groups 1 and 4 in Figure 7)
share 94% of the nucleotide sequence in common.

The range of the repetitive sequences in I1g72b=26 was determined by partial:
restriction cleavage with Aiu I and Ava 1I, and partial nucleotide sequence
determination of the neighboring DNA fragments. A 1.7 kb 46&2—Hinc II=Xba I
fragment of I1g72b=26 (fragment B in Figure 2) was labeled with Q?P only at the
Xba 1 cleavage sitqgwhieh—4éﬂérﬁt the 5V side of the region sequenced (Figure
6). The %}P:labeled fragment B was cleaved partially with Ava Il or A£u 1 for
various time intervals, electrophoresed in 5% polyacrylamide gels and auto@
radiographed. The partial digestion pattern shown in Figure 8 indicates that the

Ava 1I cleavage sites are located 105, 152, 187, 305, 360, 410, 560, 615, 680

and 780 bp away from the Xba 1 site and that the AQu I cleavage sites are prei:

sent at 20, 47, 81, 92, 130, 195, 230, 320 and 395 bp apart from the Xba I site. .

%bmbination of the Ava II cleavage sites (GGACC) shown above and the known Kpn I

cleavage sites (GGTACC) at approximately 10, 260 and 510 bp 5V side from the

.

-

5 + t“‘v‘r‘ ;
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labeled Xba I site (Figure 2) suggests a regular repetition of these restriction
at

sites with about 50 or 100 .(bp intervals. There seems to be multiple Ava II

cleavage sites at around 187 bp away from the Xba I site because this band does

not disappear after long digestion (Figure 8). The Ayu I cleavage sites (81, 92,

7% ;
130, 195, 230, 320 and 395 bases from the Xba I site) appear with—simiter interf
w/

Ssmﬁ'\lo.\" :
valsAﬁo those present between positions —~105 and -415 of Figure 6 [-105, -116,

-154, -214, -252(-263), -312, -350(-361) and -399(-410)]. These results indicate
that the repetitious region extends at least 800 bp upstream from the sequenced
region.

.{" We have determined partial nucleotide sequences of the fragments next to
the sequenced region of 1g72b=26 as shown in Figure 9. The nucleotide sequence
upstream from a Hinf I cleavage site located 1.5 kb away from the 5V end of the
sequenced region (region A in Figure 9) is quite different from the prevalent
sequence of the 49 bp repeat unit (Figure 9a). The sequence downstream from the
Hinf I site begins to show homology with the prevalent sequence after the first
33 bp, indicating that the 49 bp repeat unit extends about 1.5 kb further toward
the 5V direction from the 5V end of the sequenced region. Similarly the 3V teri}
minal border of the repetitive sequence seems to be assigned at about 100 bp
from the 3y end of the sequenced region (Figure 9 c, d and e). The repetitive
sequence appears to stretch in the 3.3 kb region beﬁween about 1.9 and 5.2 kb 5V

to the 5v end of the coding region of the 72b gene.

Zaf FFI> 9

VE - . . /\ /N . %
Tandem Repetition of 49 bp Unit in S7] and S¢3 Regions
T 7 T g 1 , 1 T T

[ We have analyzed the nucleotide sequence of Ig72b=23 to see whether or not

similar 49 bp repeating unit is found. We found such sequence between positions

I e : six
> =517 and -190 of Ig72b=23 (Figure 6). The 49 bp unit is repeated R times without

Ez) an interspaced sequence as shown in Figure 10. Since this portion of 1g72b=23 is

derived from the 5V¥ flanking region of the 73 gene, the results indicate that

| 2
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the S;} region contains the 49 bp repeating unit. In fact, we have determined
the partial nucleotide sequence of the corresponding portion of Ig73=30 (regions
close to two Sac I sites shown in Figure 5) and found that the sequences of the

homologous regions of the two clones Ig72b=23 and 1g73=30 are identical te—each ®—

e%he;r(data not shown). The repetitive sequence kied between ﬁbﬁﬁ§~4.4 and 4.7
kb 5V to the 5V end of the 73 structural gene (see Figure 5). It is possible,:
however, that there are additional regions containing 49 bp repeating units in
the S{3 region. We will discuss later about the fact that 49 bp repeating unit
is not obvious in the S{} region immediately adjacent to the recombination site;i

on€.

A similar analysis was done on the nucleotide sequence of the Sf} region”

¥

previodsly published (Kataoka et al., 1980). We have also found tandem repefi?{
tion of 12 repeat units of 49 bp in the region between 2.6 and 3.2 kb upsfreaﬁf
from the 5V end of the coding region of the 71 geni%Figure 10). The repetitiou§{
sequence seems to extend further towardi—the 5V direction in view of the repetii,
tive ‘pattern of the restriction enzyme cleavage sites (A. Shimizu et al.,f
unpublished data).

The nucleotide sequences of the 49 bp units of the S{T region are similar to
one another although the homology is less significant than those of the S;;Br
region as shown in Table 1; Likewise, the nucleotide sequences of the 49 bp
units of the S{3 region are similar to one another. The nusleotide sequences of

on the

the 49 bp units of different S regions are 44 to 51%, #» average, homologous to

each other (Table 1). The prevalent sequences of the 49 bp units of three S

L 5 3 3 - E -
reglog\S{i, S;EB and S73 are compared in Figure 11. It is obvious that three
sequences are homologous to each other. These results indicate that the 49 bp

units of the S regions of the 7 genes have bee;revolved from a common ancestral "~
ooy~

sequence. It is worth noting that the recombination sites in the S77° (MC101 -
eleV tes
myeloma) and S??B (MPC11 myeloma) regions took place at the similar position” '~

within the 49 bp unit. .

—,
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— MA Portion of the S'l/Z\b Region is deleted from DNAs of 71 Chain=producing MyelqmasT “
T T= T 7 f 7 = 7 —-

¥ ] U == —

I Experiments shown in Figure 3 have indicated that rearrangement has
- &
o

occurred in the 5V flanking region of the 72b gene in DNAs of 71 chain=producing

A
myelomas, MOPC31C and MC101. DNAs from both myelomas contained S%7p5 region
fragments which were 2.2 kb shorter than those in newborn mouse DNA (Figure 3,

A s 62 G
lanes d and e). S{op region fragment, produced by digestion of MOPC31C and MC101
DNAs with ngz I1 and Eco RI were also reduced by the same length (2.25 kb) -as%

with
compared %e those of newborn mouse DNA (data not shown). Further analysis
clearly demonstrated that such rearrangement in 71 chain=producing myelomas is
—~ due to partial deletion of the repetitious sequence in the Sq/z\b region. DNAs
from newborn mice and various myelomas were cut with Xba I, and their Southern
blot filter was hybridized with the repetitious region fragment (fragment A in
Figure 9). DNAs of newborn mice and a M chainzproducing myeloma contained
@fragments (3.3 and 0.8 kb) identical to those of 1g72b=2206 (Figure 12, lanes a,
b and h). In contrast, DNAs of 71 chain=producing myelomas (lanes ¢ and d)
showed no intensely hybridizable bands corresponding to the repetitive region
except for a new faint band of 2.5 kb in length. The results indicate that
&2 &D
rearrangement of the 5V flanking region of the 72b gene in MOPC31C and MC101
DNAs were mediated by deletion of a large part (about 2.25 kb) of the repetitive
stretch in the 81/2}) region.
Since we detected only one S'I/Z}) gene fragment by digestion with various
o ‘ &9 @D
restriction enzymes, it is likely that MOPC31C and MCl10l myeloma DNAs have only
>

one set of the 72b genes. Although we thought previously that these two myeloma
DNAs contained two types of the 71 genes (Kataoka et al., 1980), we are recently
inclined to consider that the germline 71 gene detected in the myeloma DNAs

mi"ght be attributable to the contaminant host cell DNA because the relative

intensity of the gerrﬁine gene band varies between batches of DNA. However, we

- o,
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cannot exclude the possibility that deletion of the S{;B region in MOPC31C and
MClO! occurred in a manner indistinguishable between two chromosomes.

. S .
Analyses using other restriction emzyme, suggest that the area of deletion
S I
ranges from about 1.0 Ke 3.25 kb from the 3V end of Ig72b=26. A faint Xba I

()

?ﬂ?

fragment (2.5 kb) in 71 chainzproducing myelomas (lanes ¢ and d) can be
explained by this type of deletion from the restriction map (Figure 2). MPCll.
DNA did not contain such fragments as seen in newborn mouse DNA but contained a
3.55 kb band which is coincident to that of Ig72b=2203 (lanes e and i). The DNA -
segment of the S;;B region was completely deleted from 72a and @ chain=producing .
myeloma DNAs (lanes f and g) in consistence with the deletion model (Honjo and:
Kataoka, 1978; Coleclough et al., 1980; Cory et al., 1980; Rabbitts et al.,:-

4 [930b

1980; Yaoita et al., 19803,R}. Faint bands eéflS, 5.0 and 3.8 kb in length may -
be ascribed at least in part to crosszhybridization with other Sy regions since
we observed that the repetitive region of 1g72b=2206 cross=hybridized with the
5V flanking regions of the cloned 71, 72a and 73 gene fragments (N. Takahashi et

[
al,, unpublished data; Honjo et al., 198}).

liafﬁjfﬁ§:>

*Discussion”
—rr

—
“The S region Comprises Repetitive Sequence;7"
U 7 LA T 7 7 7

T The S region was originally defined as the functional region responsible-

for the class=switch recombination (Kataoka et al., 1980). We have shown that - -

tandem repetitive sequences of regular 49 bp unit are present in the 5V, flanking

ére) .

regions of the 71, 72b and 73 genes where the class=switch recombination takes
place. Repetitive sequences are also found in the Sﬁ‘region (Takahashi et al.,

1980; Sakano et al., 1980). Davis et al. (1980b) and Obata et al.

found that the S& region contains repetition of conserved units of 80 bp.

Repetitive sequences of the S regions share short homologous sequences with each’

2

i
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other (Honjo et al., 1980). These studies have @m that repeti?)

tive sequences are characterigtic of S regions.

kilobase. pairs
The S region is located a few kb 5V to the Cﬁ\ gene. The S'(/z\b region seems

&eD

to be present between 1.9 and 5.2 kb 5V to the 72b gene (Figure 9). The Sﬁ and
|

Sﬁ regions so far sequenced lie at 2.6:;:'/:3.2 kb 5% to the 7] gene and at about

40474747 kb 5% to the 73 gene, respectively. We have also found the repetitive
“NC b4 P <

region in the 5V flanking region of the 72a gene (A. Shimizu et al.,Asa‘bm—i-t—Eedm
(4¥o

The S{,\region seems to be located between about 1.3 and 4.8 kb 5¥ to the M gene

(Kawakami et al., 1980; Takahashi et al., 1980). The Sq region seems to be prea

ond
sent between about 1.2 A 2.4 kb 50 to the @ gene (Davis et al., 1980b). Dunnick

et. al. (1980) found 49 bp repeating units in the intervening sequence separating

a V§ and C{ (71) genes of a myeloma mutant (IF2) which has lost the complete
dii

Cfil domain of the 71 gene. Although the location of their repetitive sequences
in the germ line gene is not known, the sequences of their repeating units are

homologous to those of our Sf;‘ region sequences shown in Figures 7 and 10. We
€D

presume that their repetitive region is located at the 5V side of the S.{l\ region

sequenced in the present study.

Zof FH>
\C
What Role Do Repetitive Sequences Play in the Recognition of Class=Switch
+ 1 = f ? 7 X 7 7 7 T

Recombination? ”
77

{——— Comparison of the nucleotide sequences of the immediate proximity of the

recombination sites published previously (Kataoka et al., 1980; Takahashi et

al., 1980) and determined in the present study does not reveal a unique sequence

nor a unique structure suchisthat was shown in the V=J recombination site (Max et

al, 1979; Sakano et al., 1979,;&3& 1980; Seidman et al., 1979; Early et al.,

1980; Honjo et al., 1980).

-' It is known that the tandem repetitive sequence increases the chance of the

Zaxllmmologous recombination (Russell et al., 1970). Since the repeat units of the
3

1%



different S% regions contain (albeit not identical5f_gI;II;;’i;;;:;;;;;t> it 1is

A
likely that the homologous recombination takes place at a considerable rate bett)

Nj 4

€0

ween different S{ regions, resulting in the H chain class switch from 73 to 71
or to 72b. Southern blot hybridization experiments showed that the Sﬁ‘rggion
had extensive homology with the Sg region and less but significant homology with
the S{}, S?Q;, S{2p and S;; regions (Honjo et a%? 1980; N. Takahashi et al,,
unpublished data). We have not completed the nucleotide sequence determination
of the 9@ and S% regions. A partial sequence of this region clearly indicates

@ ®
the presence of repetitive sequences (Takahashi et al., 1980; Sakano et al.yj"

1980). The S7 region shares short common sequences such as AGCT, TGGG and

and 50/2 - N

AGCTGGGG with S?Niegions.

Although the S{} region immediately adjacent to the recombination site of:

MPCll does not contain the characteristic repeating unit of 49 bp, the

nucleotide sequence in that region share short common sequences such as GAGCIG, ™

GAGC, GAGCT and TGGGG with that of the S{;ﬁ region. The results may implicate

that it is abundant short common sequences rather than regular 49 bp repeating
that ave

unitﬁés important for S=S recombination.

We have proposed a model that class=switch recombination is mediated by an

unequal crossing=over event between sister chromatids (Honjo et al., 1980). It

may be possible that decades of short common sequences as shown above are enough:

to make a transient synapsis of two DNAs when two sister chromatids are brought

-~
%chlose to each other. Such interaction may be helped by a specific protein(s)
H# o R

. Ty . , | .
which recognizeg some short sequences SuchAproteln per se or eollaboratory prog,

teins may cataljze excision and ligation of DNAs with recognition of similar

short sequences. If this is the case, actual switch recombination sites are

widely spread in and around the S region. We have determined one switch site in

the Sf} region, one in the S{T region and two in the S;;E region. The switch

—5—



site of MOPCl141 72b gene is about 1.7 kb 3¥ to that of MPC1l 72b gene (Takahashi
close

et al., 1980). The common tetranucleotlde SVLAGNTG 3v’1s found in fthe immediate-
proximity @f these two syltch sites 1n the Sj79p region, the middle nucleotide
(N) being the recombination site in both cases (Takahashi et al., 1980; Honjo et
al., 1980). It may also worth noting that inverted repeat sequences are present
45~ 74 bases 5V to the recombination site in 1g72b=23 (S73 region) and 2- 25 bases
:> 3V to the recombination site in Ig72b=26 (S1Zb region) as shown in Figure 13.

‘o thad
Inverted repeat sequences are present in fhe—@aﬂglizf;g;:;;;q of many 49 bp

repeating units of the S;;B region.

- + A combined structure of tandem repetition and short recognition sequence
will provide a large number of the possible recombination sites in the S region
and increase the chance of the class=switch recombination. As pointed out
before,the class=switch recombination does not have to be highly specific to the

5
nucleotide joined together (Takahashi et al., 1980). Instead, the class=switch
. . . 3 - a‘ -
recombination is expected to be efficient since it takes place durlnghfelatlvely

short period of time after stimulation with an antigen. The above model

satisfies these bioclogical features required for the class=switch recombination.

Zof Fx1>

O
Deletion 1n the S reglon “
T ki T =

T We have shown that a portion of the S;;E region is deleted from DNAs of the

71 chainzproducing myelomas. The deletion seems to have taken place at the 1den+

&9

tical location in MOPC31C and MC1l0I myelomas which have different types of
5 N
rearrangement, in the 71 gene fragment (Kataoka et al., 1980). Several 72b chainz

P @D

produc1ng myelomas (MOPCl41, MPCll and BKC Fp #15) were shown to have rearrange+

ne (FA)

ments in the 3V flanking region of the 72b gene, which is actually close to the

SfA\ region since the 72a gene is located only 15 kb 3V to the 72b gene (Honjo
Za .
:u;m-esuzsaqfﬂ*”
et al., 1980; A. Shimizu et al.,A?unqneE$¥3EE§§l.
198

In summarx\there are a number of myelomas in which the 3\/ side of the

| -

-



C -~

expressed Cﬁ‘gene is rearranged. Some of them are clealy explained by the deleg,
_ . ion ,

tion of a portion of the S region. It is difficult to envisgge a direct cause

S 4he® o\l A
andAresulgkrelationship between the expression of a Cy gene and rearrangement of

the 3V flanking region of the expressed Cﬁ gene. It is possible that a part of
the S region tends to be deleted by itself without involving class=switch
recombination. It may be relevant to this point that other strains of mice have
the Sﬂ‘region éf varied length such that C57%Z has the Sﬂ‘region 2 kb longer
than that of BALB/c (Y. Yaoita and T. Honjo, unpublished data).

It is always important to keep in mind that these studies done on myeloma
cells may contain secondary reafrangements induced during propagation qf myeloma

cells. Analysis of normal B lymphocytes is necessary to clear this point.

Zaf 733>

—

Experimental Procedures %
-+ 7" 7 T

IC‘ .
Materials
et

s

1 A
o 7i%2P$ATP (spec. act. SSOégi/mmole) and aﬁ%}PKFCTP (spec. act. 200%&1(4

mmole) were obtained from New England Nuclear (Boston, Mégg;;;;;;;;;). Sources
=

of restriction enzymes, polynucleotide kinas;7—and other enzymes were described
’ 0]
previously (Kataoka et al., 1979; Honjo et al., 1979). Bacterial strains used
the

for'#g vitro packaging were kindly supplied by Ef} F. Blattner oprnlver51ty of

Wisconsin. Myeloma tumor cell lines were supplied by Btl M. Potter of NIH; {hy\
7— wexe A
S. Migita of Kanazawa University and~BEl P. Leder of NlﬁgandAPropagated by subi)

cutaneous injection as described (Sibinovic et al., 1976). Y

Zo¥f FEFE3IS
——

*Cloning Procedure”
"7 7 1

I High molecular weight DNA was prepared from MPCll myeloma tumor or newborn

mice, digested partially with Eco RI, and fractionated by agarose gel. (0.7%)

electrophoresis as described (Polsky et al., 1978). The partially enriched immu&:

2

AR A
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noglobulin gene fragments were ligated with XgéEyES (Leder et al., 1977) or
Charon 4A (Blattner et al., f@77) outer fragments, packaged in vitro into phage
++ 1
coats (Blattner et al.: 1979) and the resultant plaques were screened as
described (Benton and Davis, 1977) using the nick=translated Hha 1 fragment of
cloned 72b cDNA (pG2b=4) as a probe (Kataoka et al., 1979). The recombinant
phage DNAs were cleaved with Eco RI and the inserts were recloned into pBR322
kBolivar et al., 1977). Recombinant phage and plasmid DNAs were prepared as
‘described by Tiemeier et al. (1977) and Clewell and Helinski (1969))\
fespectively. All the cloning experiments were carried out in a P2 facility

Lsing EK2Z host=vector systems.
Laof 773>

‘_‘ » - - k4
Y Southern Blot Hybridization
T 7 I R Ni )

s
(j“‘DNﬁ%lO ug) was digested with appropriate amount, of various restriction enzjﬁ
mes at their optimal conditions, electrophoresed in agarose gels (Type I, Sigma
0
Chemical Co., St. Louis, Misseuré), and blotted to nitrocellulose filters

. O\‘er'\ 0\"10"'

+ (Schleicher and Schuell) as described (Southern, 1975). Nick translation of DNA
i
fragments was performed using Giﬁ}P;FCTP ( ZOOéZi/mmole) and E, coli DNA poly{)

merase I (Boehringer) as described (Maniatis et al., 1975). The Southern blot
@

filters were hybridized with appropriate probes as described previously (Kataoka

@
et al., 1979; Honjo et al., 1979).

Lok I3
o

* DNA Sequencing”
¥ I 7 [
”\
T S5V¥zterminal labelling of restriction fragments and nucleotide sequence
= - the wmethod of

determination was performed according toAMaxam and Gilbert (1977) with minor

modifications described previously (Honjo et al., 1979).
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Table ‘1. Homology of Repeat Units d

epeat Units Compared Average Homology

standard deviation)

)6.4,(11.3)
49.4 (9.7)
43.6 (9.2)
3.2 (7.9)
0.6 (6.0)
4.3 (7.5)

c—
A pair of repeat units of the S regions indicated was

compared with all the possible combinations. The repeat
unit sequences were taken from Figure,s\7 and 10,
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Figure 1!

@\

A Model for HeayifChain Class Switphli

Ef””ARecombination events which occur to form a complete 72b gene during diﬂf
ferentiation of a B lymphocyte are schematically represented. The model was
taken from Kataoka et al. (1980) with slight modifications. The presence of D
segments was indicated by recent studies from several laboratories (Early et

al., 1980; Honjo et al., 1980; Sakano et al., 1980).%
Zaf sar >y

Ly \ ! . . s .
Figure 2. \Copparaglve Restriction Cleavage Maps of the Germline and the
) 7 7 - t 7 7 7 7 v

Rearranged 72b Chain Genqs?'and Sequencing Strategies #
1 7 v 7 7 7 T
AJ
- Various restriction enzyme cleavage sites of cloned 72b gene segments from
(eve®
germline DNA (Ig72b=2206) or from MPCll DNA (Ig72b=2203) are represented with
the direction of transcription from left to right. Closed squares in the bars
represent the 7T2b gene structural sequence, which is interrupted by three

intervening sequeances (Ratacka et al., 1979; Tucker et al., 1979;

Yamawaki=Kataoka et al., 1980). The third and forth horizontal bars are enlarge£
*y

~

ments of a region 2. di‘gi 3.d¥ kb 5¥ to the structural 72b gene of Ig72b=2206
and 1g72b=2203, respectively. Horizontal arrows indicate the directions and
ranges of sequencing. Black squares A and B indicate a Bam HI fragment used as a
probe for the experiment shown in Figure 3 and 1.7 kb Hinc II=Xba I fragment

used in Figure 8, respectively.’

Lol St
c. N N .y . . .
Figure 3. Hybridization of Newborn Mouse and Various Myeloma DNAs with a 72b
7 T ~1 T T T ’ T T +
\.e Gene Fragment”

.- —

JIRYS
t— 'Ten g each of DNA of newborn mouse (lane a), MO‘IO&E (uj'chaln producer,

@ &>

&2
lane b), J606 (73, lane c), MOPC31C (71, lane d), MC1Ol (11 lane e), MOPCl41 45—

e Sl
(G2b, lane £), MPCI1 (72b, lane g), RPC5 (72a, lane h), and MOPC315 (d, lane i) al

were cut with restriction endonucleases indicated and electrophoresed in 0.7%

-

___2_3_/-9__
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agarose gels, Approximately 100 pg of KggiyESHIg72b=2206 (lane j) and
Xg{IWESﬁIg72b:2203 (lane k) were cut with the same enzymes indicated and
electrophoresed in the same gel. Southern blots of the gels were hybridized with
the nick translated (spec. act*&t&leL\ldﬁZlm/ﬂg DNA) fragment A of plg72b=22
shown in Figure 2. Molecular sizes of the bands were calculated with Hind III

digests of AcI857 DNA as molecular markers. !

Lo 5ap>

< N\ .. . .
Figure\bf Hybridization of Newborn Mouse and MPCll DNAs with the Rearranged
T 7 7 7 —— ——

7

72b Gene Fragment and of Cloned lgtkb DNA with Cloned 73 Chain cDNA “
7 7 4 7 T S
C (A) 10 pg each of newborn mouse and MPCI1 DNAs were digested with Eco RL,.
electrophoresed in a 0.5% agarose gel?'and blotted to a nitrocellulose filter,

The blot was hibridized with pIg72b=23 DNA labeled by nick translation (spec.

muly

act.

1 xllO&cpm/Ug) and autoradiograph%i;:y

U

(B) 0.5 pg each of Charon 4An1g73:30 DNA was cut with the restriction enzii

mes indicated and electrophoresed in a 0.5% agarose gel. The Southern blot of
the gel was hybridized with cloned 73 chain c¢DNA labeled with %ZP by nick -’

translation (spec. act{¢€¥5 x!lO%me/ug),”
Lof Sap>

- \ ’ . - . -
Figure 5% lComparatlve Restriction Maps of Germline 73 Gene and Ig72b=23 “
7 N 7 T !7 [ L 7 i 7 [

\
{ Insert DNA segments of Charon 4A$gg73:30 and pIg72b=23 are represented by .

upper and lower horizontal bars, respectively, with the direction of tranéi}
5

cription from left to right. Closed square with serrated borders indicates the

¥

approximate location of 73 structural gene sequence determined by Southern blot.

Q/oﬂ\mwn kikato.oka and T Howyd 5
hybridization (Figure 4B) and R loop analysis (S. NakaiVet—ai:, unpublished o

data). Vertical broken line indicates the recombination site in Ig72b=23. Closed

boxes at Sac 1 sites of Ig73=30 indicate the region sequenced.n
Zaf 5al>
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1
Figure'6.” Nucleotide Sequence Surrounding the Recombination Site of Ig72b=26
7 7 Ki 7 > 7 4

Ip12b=23 #
IgT2b=23 |
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\
U~ The nucleotide sequences of a region located between two Xba I cleavage
sites of 4.4 and 6.1 kb from the 5V+terminus of IgT2b=26 and the corresponding
region between a Sac I site and A Xba I site 4.65 and 6.1 kb from the S\VT ter:-f:

minus of Ig72b=23 (see Figurg 2) are presented with the direction of transcript

N
tion of the structural gene. An arrow head indicates the recombination site. O

in position 696 indicates that the base sequence was not determined. '
<af sa1s

L NN .. . . N .
Figure 7. Tandem Repetltlous Units of 49 bp in the S72h Reglon 4

’ or® S
| ‘Nucleotide sequence of Ig72b=26 shown in FlgA 6 is aligned in terms of A

five s
repeatlng groups of 245 or 295 bp, each of which comprises X or £ repeat units

of 49 bp. Homologous bases are boxed. The prevalent seguence of the 49 bp unit

is shown at the bottom. Base positions shown at right are identical to those in

Figure 6.

Zaf sag>

t.- N 72\ - . - . J

Figure 8. ‘Partial Digestion of the Ig72b=26 Fragment Flanking the 5V End of
T ¥ 7 7 7 7 7 7 7

the Sequenced Region 4
i 7 T T
L—_——-'\The 3.3 kb long Xba I fr?gment of pIg72b=26 was terminally labeled by polya
nucleotide kinase and T;TI%/ZPXATP, and cut with Hinc II. The resultant 1.7 kb
long Hinc II=Xba I fragment (fragment B in Figure 2) labeled only at the Xba I
site was partially digested with Ava II *hﬂr)yvor Alu I (‘B‘)}\electrophoresed in 5%
polyacrylamide gels and autoradiographed. Approximately 2 Ug of the T3ZPUU
fragment B was cleaved partially with Ava II or Alu I. The amount of enzymes and
incubation time are as follows. Lanes a, b, ¢, d and e, one unit of Ava II for
>‘2~, 10, 20, 40 and 80 min, respectively; lane f, 4 units of Ava II for 10 min.
La;Ies g, h and i, .0.8 unit of Alu I for 2, 10 and 40 min, res‘pectively; lanes j,
k an'd Y/, 4 units of Alu T for 10, 20 and 40 min, respectively. Th(énolecular

sizes of the bands were calculated with Hae LIl digests of colicin El DNA as a

. . . ’
molecular size standard and represented in base pairs.
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Nucleotide sequences of class-switch recombination region of the mouse immunoglobulin
v2b-chain gene

(Recombinant DNA; S region; u chain; inverted-repeat-stem structure; bacterial insertion element 1S2;
mouse myeloma; plasmid pBR322; X phage vector)

Naoki Takahashi *, Tohru Kataoka and Tasuku Honjo **

Department of Physiological Chemistry and Nutrition, Faculty of Medicine, University of Tokyo, Tokyo 113 (Japan)
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SUMMARY

We have cloned a rearranged y2b-chain gene from mouse myeloma MOPC141. Nucleotide-sequence determina-
tion demonstrated that the rearranged y2b-chain gene was formed by a recombination between the region flanking
the 5'-ends of the embryonic u-chain gene and that of the 42b-chain gene. An inverted-repeat-stem structure can
be formed at the junction of the embryonic u- and y2b-chain genes. Nucleotide sequences similar to the one
located adjacent to the recombination site were found in other parts of the region flanking the 5'-end of the u-chain -
gene, as well as in the region flanking the S'-end of the y1-chain gene. The common sequence (GGTANNAAAGNAC)
shares extensive homology with the sequence proximal to the insertion site of the bacterial insertion element 1S2.

INTRODUCTION

Immunoglobulin proteins comprise two heavy (H)
and two light (L) chains, each consisting of an amino-
terminal variable (V) region and a carboxy-terminal
constant (C) region. The H chains are classified into
five classes (u, §, vy, @, and €). During a course of dif-

*On leave from Department of Agricultural Chemistry,
Faculty of Agriculture, University of Tokyo, Tokyo 113
(Japan).

** To whom all correspondence should be sent at the Depart-
ment of Genetics, Osaka University Medical School, Kita-ku,
Osaka 530 (Japan).

Abbreviations: bp, base pairs; kb, kilobase pairs.

ferentiation a single lymphocyte appears to sequen-
tially produce different classes of immunoglobulin
proteins, which is called class-switch phenomenon. In
a given lymphocyte, a single V region of the H-chain
associates successively with different C regions, while
the L-chain protein synthesized remains unchanged.
The switch of the H chain follows the sequence from
Htoyora.

In 1978 we proposed that the order of the H-chain
genes is Vy,, spacer, i, ¥3,v1,y2b,y2aand , and that
in the process of class switch, a chromosomal segment
which is located between recombining Vi and Cy
genes is excised out from the chromosomes so as to
bring C and V genes closer (Honjo and Kataoka,
1978). The class-switch phenomenon was explained
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.y the successive recombination event of a Vi gene
from y to vy or «. The linear arrangement of Cy genes
and their deletion in myeloma cells have recently
oeen confirmed by several groups including our own
(Coleclough et al., 1980; Cory and Adams, 1980;
Cory et al., 1980; Rabbits et al., 1980; Yaoita and
Honjo, 1980a, b).

We have recently cloned an 8.3 kb long EcoRI
fragment containing a rearranged +yl-chain (IgH7)
from a #yl-chain-producing myeloma MC101, and
compared its structure with the embryonic 1!
(IgH2) and p (IgH701) chain gene fragments, both
cloned from newborn mouse DNA (Kataoka et al,
1980). Studies using restriction-site mapping and
Southetn hybridization of restriction fragments have

1dicated that the rearranged <yl-chain gene clone

comprises a 6.3 kb long fragment of the embryonic
91 gene and a newly introduced segment (2 kb) that
was originally located at the flanking 5'-region of
~the embryonic p-chain gene. The recombination site
of the two segments seemed to be different from the
putative J region, which is the recombination site,
to bring a Vp gene to the close proximity of the Cy,
gene (Max et al.,, 1979; Sakano et al., 1979; Seidman
et al.,, 1979). Based on these results we have extended
the previous mode! (Honjo and Kataoka, 1978) and
proposed that the class-switch recombination takes
place between novel regions, called S regions, which
are present in the flanking 5'-region of each Cy gene
‘Kataoka et al., 1980). We assume that putative Jy,
regions are clustered upstream of the S region of the
_u-chain gene (Sy), and that the recombination between
Vy and Jy regions results in expression of the u-chain
gene. Then, the class switch from u to 1 is probably
mediated by a second recombination event between
the Sy, and S, regions, without affecting the V-region
sequence. Davis et al. (1980) analyzed the rearranged
a-chain gene from a-chain-producing myeloma, M603
and have also shown that the complete a-chain gene is
formed by two distinct types of DNA rearrangements,
a VT joining and a Cy switch.

To further examine this model we have cloned an
EcoRI fragment (7.8 kb) containing the rearranged
¥2b-chain gene from a y2b-chain-producing myeloma
MOPC141, and determined the nucleotide sequence
around the recombination site of the rearranged y2b-
chain gene. This sequence was compared with those
in the corresponding regions of the embryonic g and
¥2b-chain genes. The results unequivocally demon-

strated that the rearranged y2b-chain gene is formed
by a recombination between a region flanking the
5'-end of the embryonic u-chain gene and that of the
v2b-chain gene. The nucleotide sequences around the
junction of the u and +42b-chain éenes allow the
formation of an inverted-repeat-stem structure, and
share homology with that of the prokaryotic insertion
element IS2 (see Szybalski, 1977).

MATERIALS AND METHODS
(a) Materials

[y?P]ATP (spec. act. >5500 Ci/mmol) and
[«>?P]dCTP (spec. act. >3000 Ci/mmol) were pur-
chased from New England Nuclear (Boston, MA) or
from Radiochemical Centre (Amersham, England).
Sources of restriction endonucleases, polynucleotide
kinase and DNA ligase have been described previously
(Honjo et al., 1979; Obata et al., 1980).

High molecular weight DNA was prepared from
MOPC141 myeloma tumor as described (Honjo et al.,
1979). The myeloma MOPC141 was kindly provided
by Dr. M. Potter of NIH and propagated subcuta-
neously in BALB/c mice. The myeloma tumors were
harvested and stored at —80°C until used for DNA
extraction.

(b) Preparation and screening of recombinant phage

Bacteriophage AgtWES- \B' (Leder et al., 1977)
was used as an EK2 vector and propagated in DP50-
supF. Cloning experiments were carried out in a P2
facility. Ligation of AgtWES outer fragments and
purified mouse DNA, and in vitro packaging of recom-
binant DNAs were carried out as described (Blattner
et al,, 1978; Kataoka et al., 1979). Five sets of about
50000 plaques were directly transferred from LB
broth agar plate (25 X 25 ¢m) to nitrocellulose filters
(Schleicher and Schuell, Keene, MA) as described
(Benton and Davis, 1977). The filters were hybridized
to 2?P-labeled IgH22 and autoradiographed. Recom-
binant phage DNA was prepared as described (Tie-
meier et al., 1977). The insert DNA was isolated and
recloned into pBR322 by ligation (Bolivar et al.,
1977). Plasmid DNA was isolated as described (Cle-
well and Helinski, 1969).



(c) Southern blot hybridization

DNA was digested with appropriate restriction
endonucleases, and electrophoresed in 0.8% agarose
gels, which were blotted according to Southern
(1975). The filter was hybridized to 3*P-labeled nick-
translated DNA as described (Kataoka et al., 1979).

(d) Nucleotide sequence determination

Nucleotide sequence was determined according to
the method of Maxam and Gilbert (1977) with slight
modifications (Honjo et al., 1979).

RESULTS AND DISCUSSION

(a) Cloning and characterization of the rearranged
¥2b chain gene

Previously (Kataoka et al, 1980; Yaoita and
Honjo, 1980a,b) we examined restriction fragments
of the y2b-chain gene in EcoRI-digested DNAs of
various myelomas as well as newborn mice using the
nick-translated +2b-chain gene fragment (IgH22)
cloned from EcoRI-digests of newborn mouse DNA
(Kataoka et al., 1979; Yamawaki-Kataoka et al.,
1980) as a hybridization probe. DNAs of newborn
mice and myelomas producing the u, ¥3 and 7yl
chains contained a single y2b-chain gene fragment
(6.6 kb) which is indistinguishable from IgH22. When
digested with EcoRl, DNA of a y2b-chain-producing
myeloma MOPC141 produced an extra 7y2b-gene
band of 7.8 kb in addition to the 6.6 kb band (Ka-
taoka et al., 1980; Yaoita and Honjo, 1980a,b).

The FEcoRI fragment (7.8 kb) of the rearranged
y2b-chain gene of MOPC141 DNA was partially pu-
rified by a preparative agarose gel (Polsky et al.,
1978) and cloned using AgtWES as an EK2 vector
(Leder et al., 1977). Two independent positive
clones were obtained after screening 2.5 X 10° hy-
brid phages. These two clones were indistinguishable
by restriction site analysis and designated as
AgtWES::1gH2201,
1gH2201. Immunoglobulin gene clones used in the
present study are summarized in Table 1.

IgH2201 and IgH22 DNAs were digested with
various restriction enzymes and the resultant DNA

the insert of which is called -
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TABLEI

Immunoglobulin gene clones used in this study

* Cloned Size Struc- Source Ref.
insert (kb) tural of
* gene DNA
1gH22 6.6 42b newborn Yamawaki-
mouse Kataoka
etal
(1980), .
IgH2201 7.8  42b MOPC141  this papér .}
IgH701 13 il newborn Kataoka et
mouse al. (1980)
IgH2 6.6 vl newborn Honjo et al.
mouse 1979)
IgH7 83 41 MC101 Kataoka et
al. (198()) x

fragments were compared. The restriction maps of -
IgH2201 (7.8 kb) and IgH22 (6.6 kb) (Yamawaki-
Kataoka et al., 1980) are shown in Fig. 1. The 3'side
regions (6.5 kb) of IgH2201 and IgH22 were indis-
tinguishable from each other by restriction cleavage
sites. The remaining 5'-side regions of IgH2201 and
IgH22 were different from each other with respect
to locations of various restriction sites. We have
tested whether or not the rearranged y2b-gene frag-
ment (IgH2201) c¢ontains a portion of the embryonic

‘u-chain gene fragment (IgH701) cloned from the

EcoRI digests of newborn mouse DNA since we knov
that the 5'-portion of the rearranged vy1-chain gene,
fragment is derived from the S'-portion of IgH701
(Kataoka et al., 1980). Comparison of the restriction
cleavage maps of IgH2201 and 1gH701 indicates that
the 5'-terminal 1.3 kb region of IgH2201 is identical
to that of IgH701 (Fig. 1).

Comparison of the restriction cleavage maps of
IgH701, IgH22 and 1gH2201 indicates that IgH2201
(7.8 kb) consists of the S5'-terminal portion (1.3
kb) of IgH701 and the 3'-terminal portion (6.5 kb)
of IgH22. Restriction DNA fragments of IgH701
and I1gH22 hybridized with nick-translated IgH2201,
an observation consistent with the above conclusion
(Fig. 2). \gtWES::1gHH701 DNA, when dlgested with
HindNI/EcoRY, Hhal/EcoRland Xbal/EcoRl, produces
0.7 (doublet), 1.4 and 6.0 kb fragments, respectively;
which hybridized with 3?P-labeled IgH2201 (Fig: 2).
All of these fragments contain, at least, a part of the
5'-terminal portion (1.3 kb) of IgH701 (Fig.1). A
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Fig. 2. Southern hybridization of AgtWES::I[gH701 and
pBR322::1gH22 restriction DNA fragments with 32P-labeled
IgH2201 DNA. Approx. 0.5 ug each of AgtW£S::IgH701 and
pBR322::1gH22 DNAs was cleaved with restriction enzymes
indicated and electrophoresed in 0.8% agarose gels. The
Southern blots of the gels were hybridized with 32P-labeled
IgH2201 DNA. The following pairs of lanes are ethidium
bromide stains (lane a) and autoradiograms (lane b) of
Southern blots for cleavage of AgtWES::IgH701 DNA by
Hindlll/EcoR], [hal/EcoRl and Xbal/EcoRI and of
pBR322::1gH22 DNA by Sacl/EcoRl, Bgll/EcoRl and
Hincll/EcoRI. The sizes of fragments are shown in kb.

small Xbal/EcoRI fragment (0.3 kb), which is at the
5'end of 1gH2201, hybridized weakly with [*2P]-
[gH12201 and the band was visible only after very
long exposure. pBR322 :: 1gH22 DNA, when digested
with Sacl/EcoRI, produced three fragments of 3.4,
2.1 and 0.5 kb, which hybridized with 3?P-labeled
1gH2201 (Fig. 2). These fragments comprise a major
portion of IgH22 (Fig.1). Small Sacl/EcoRI frag-
ments (0.3 kb doublet) hybridized weakly with the
probe and the bands were visible only after long
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exposure. Similarly, Bgl/l/EcoRl and Hincll/EcoRl
digestions of pBR322 ::1gH22 produced two frag-
ments (4.6 and 2.0 kb) and three fragments (2.6, 2.4
and 1.6 kb), respectively, which hybridized with
3?P-labeled IgH2201 (Fig. 2). These fragments repre-
sent almost all of the 1gH22 DNA (Fig. 1). These
results lead us to conclude that the DNA segment
present at the 5’ proximity of the rearranged vy2b-
chain gene in the <2b-chain-producing myeloma
MOPC141 has been derived from ‘the flanking 5'-
region of the u-chain gene in newborn mouse DNA.
(b) Nucleotide sequence around recombination
sites of embryonic and rearranged y2b chain genes

The detailed restriction maps and the sequencing
strategy around the recombination sites of IgH701,
IgH22 and IgH2201 are also shown in Fig. 1. IgH22
and IgH2201 share the common restriction enzyme
cleavage pattern to the right of the Haelll sites that
lie 0.09 and 1.26 kb downstream of the 5'-ends of
[gH22 and 1gH2201, respectively. However, a Haelll
site 0.05 kb away from the 5"-end of IgH22 is absent
from IgH2201 at the corresponding position. Up-‘
stream from this Haelll site, the cleavage patterh of
1gH2201 is quite different from that of IgH22, but 1s:
identical to that of IgH701.

The nucleotide sequences around the recombina-
tion sites of IgH701, IgH22 and IgH2201 are shown
in Fig. 3. Comparison of these sequences locates th
recombination site in the rearranged y2b-chain gene.
fragment at base 100 or 101 before the BamHI site.-
The nucleotide sequences of 1gH22 and IgH2201- are
identical downstream of the recombination site,
whereas IgH2201 shares the common nucleotide
sequence with IgH701 upstream of the recombination
site. The nucleotide sequence around the recombina-
tion site does not contain a sequence similar to the
putative Vi or Jy sequences, which are deduced from
the amino acid sequence data (Fougereau et al., 1976;
Barstad et al., 1974; Adetsugbo, 1978; Kabat et 51.,
1978; Rao et al.,, 1979). The results unequivocally
demonstrate that the rearranged y2b-chain gene is
formed by a recombination between a region flankin~
the 5'-end of the embryonic u-chain gene and a regio..
flanking the 5"-end of the embryonic y2b-chain gene.’
The recombination site is different from the putative
Jy region, in agreement with the previous studies on
the rearranged -yl-chain gene (Kataoka et al., 1980).
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Hinf I ’ ’
Ig. 701 GATTCTGGAAGAAAAGATGTTTT TAGTTTTTATAGAAACACTACTACATTCTTGATCTACAACTCAATGTGGTTTAATGAATTTGAAGTTGE =30
- - Eco RI
Igh | 22 - GAATTCAGGCAGAAGAATAGCTT
AN Hinf I X
g 2201 GATTCTGGAAGAAAAGATGTTTTTAGT TTTTATAGAAAACACTACTACATTCTTGATCTACAACTCAATGTGGTT TAATGAATTTGAAGTTGC

IgH 701 -CAGTAAATGTACTTCCTGGTTGTTAAAGAATGGTATCAAAGGACAGTGCTTAGAGCCAAGGTGAGTGTGAGAGGACAGGGGCTGGGGTATGGATACGCAG 70

RN Hae IT Hae I
IgH: . -22 GGCTGCAGAGAGTCCTGGGGGCCAGGAGAGTTGTCCGATTGAGCAGGAACATAGGCAGGAAAAGGCCCTGGCACTRACATTCTCAAGCAAGCCGTATAAG

1gh 2201 CAGTAAATGTACTTCCTGGTTGTTAAAGAATTGTCCGATTGAGCAGGAACATAGGCAGGAAAAGGCCCTGGCACTGACATTCTCAAGCAAGCCGTATAAG

#

Hae Il Pvu II Hae IT
IgH 701 AAGAAGGCCACAGCTGTCAGAAT TGAGAAAGAACAGAGACCTGCAGTTGAGGCCAGCGGGTCGGCTGGACTAACTCTCCAGCCACAGTAATGACCCAGAC 170

i Hae I Bam HI
ng), 22 TTAAAGTTCTAGTGTCAGAGGCCCAAGCTCGGATCC

) . Hae IT Bam HI
g 2201 TTAAAGTTCTAGTGTCAGAGGCCCAAGCTCGGATCC

Hae I Hinf I Hind I
lgH 701 AGAGAAGGCCAGACTCATAAAGCTT

Flg 3 Nucleotlde sequences around recombination sites of IgH701, IgH22 and IgH2201. DNA fragments to be sequenced were
xsolated as follows. (1) IgH701: HindlII-E fragment (0.7 kb) of IgH701 was subcloned into pBR322 plasmid. The findIII-E frag-
ment’ was isolated by 3% polyacrylamide gel electrophoresis after digestion of the plasmid DNA with HindIll, digested with either
Pvult ‘or Hinfl and used for the substrates of phosphorylation. (2) IgH22: The 0.45 kb BamHI fragment containing the 0.3 kb
portion of pBR322 and the 5'-terminal 0.15 kb BamHI-EcoRI portion of IgH22 was isolated by 4% polyacrylamide gel electro-
phoresis after digestion of pBR322::IgH22 with BamHI and its 5'-ends were labeled by phosphorylation. The 5'-terminal 0.15 kb
BamHI-EcoRI fragment was also isolated and its 3’-end was labeled by [a-32P]dCTP reverse transcriptase. (3) IgH2201: The 0.6
kb Hmdl[l -BamHI fragment was isolated by 3% polyacrylamide gel electrophoresis after digestion of IgH2201 DNA with HindIlI

'd BamHL. The 0.6 kb fragment and its Hinfl digests were used for the substrates of phosphorylation. Nucleotide sequences were
displayed from left to right with the direction of transcription of the structural sequence. Nucleotide sequences are underlined
where pairs of clones have the identical nucleotide sequences. Restriction-enzyme recognition sequences have a line drawn above
hem. Arrows indicate the recombination sites.

Such recombmanon may be responsible for class- 5'side of the recombination site of the embryonic

sthch phenomenon since rearrangement of H chain
genes takes place specifically at the flanking 5'-
reglons of the expressed H chain genes (Kataoka et

1980 Yaoita and HOH)O 1980a,b). We postulate
that [IgH2201 is the 3'-fragment of the completed
72b-cham gene that is linked to the Vy gene and
expre_sst:d in MOPC141 myeloma.

_!.;')'Ppssible inverted-repeat-stem structure around
recombination site

An iﬁv_é,rted-repeat-stem structure could be formed
between the nucleotide sequence present on the

42b-chain gene and that present on the 3'-side of the
recombination site of the embryonic u-chain gene as
shown in Fig. 4. The specific nucleotides that were
joined by the recombination event are shown by
arrows in Fig. 4, These nucleotides lie near the base
of the hypothetical stem structure, and the stem
would be eliminated by the recombination event,
According to the proposed order of Cy genes (Honjo
and Kataoka, 1978) the looped-out region between
IgH701 and IgH22 contains the structural genes of the
u, v3, and 1 chains, We have recently shown that
DNA of MOPC141 myeloma is devoid of the y1-chain
gene (Yaoita and Honjo, 1980a,b).
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Fig. 4. Looping out model for recombination of IgH701 and
IgH22. The nucleotide sequence common to many recombina-
tion sites (see [Fig. 5) is framed. Arrows indicate the recom-
bination sites.

A similar stem structure was assumed to form
between the 3'-end of an embryonic Vi sequence and
the 5'-end of a J, sequence. The nucleotide sequences
in the stem structures, however, are different between
the u-y2b and the Vi-J joints (Max et &l., 1979;
Sakano et al., 1979).

The nucleotide sequence present on the 3'side of
the u-y2b recombination site, representing a portion
of the u-chain gene fragment (IgH701), shares exten-
sive homology with the sequence adjacent to the
recombination site of the <yl-chain gene fragment
published previously (Kataoka et al., 1980) (Fig. 5,
A and B). We also found a third similar sequence at
about 0.33 kb downstream of the u-y2b recombina-
tion site of IgH701 (Fig. 5, C). This sequence is present
at the 3'-side adjacent to the 1gH701.-1gH703 recom-
bination site (see below) of IgH701 (Kataoka et al.,
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1980; Y. Yamawaki-Kataoka and T. Honjo, un
published data), We have then looked for yet other
similar sequences which may be present elsewhere ir

‘1gH701. To do this we determined the nucleotide

sequence of the 5'-segment of the rearranged y1l-chain -
gene fragment (IgH7) cloned from EcoRI digest of
MC101 DNA (Table I). This segment has been shown
to be derived from the 5’ portion of the embryohic )
u-chain gene clone (IgH701) (Kataoka et al., 1980).
The strategy of nucleotide sequence determination
and the nucleotide sequence of IgH7 are shown in
Fig. 6. This sequénce is essentially identical to that
of the corresponding region (about 600 bp) of
IgH701, whose sequence was determined-indepen-
dently. We found another similar sequence 608 bases
upstream of the u-y2b recombination site (Fig. 5, D).
These similar sequences are listed in Fig. 5.

Furthermore, it is interesting to point out that
these sequences share extensive homology with that:
of the gal promoter region where the bacteridl insers
tion element 1S2 is inserted (Fig. 5, 1S2) (Mu'slsokér(idj;
Rosenberg, 1977). The common sequen,c_e[. .is
GGTANNAAAGNAC. Note that this sequence:is.
present at the neck of the stem structure shown in
Fig. 4. 1t is likely that such a sequence comprises, at
least in part, the recognition signal for the immuno-
globulm gene recombination,

(d) S regions

We proposed that the class-switch recombination-
takes place by the mutual recognition of two S-
regions, each of which is Jocated proximal to differént
Cy genes (Kataoka et al., 1980). Since the S‘region’
does not code for any polypeptide, it is hard to ‘pin=*
point the exact nucleotide sequences of the S reg‘idns.’t
We find nucleotide sequences, which” ‘share
GGTANNAAAGNAC in common, are present close
to the S-mediated recombination sites (A, C and B
in Fig. 5). At least three sets of sequences of ‘this type
seem to be located in the flanking 5'-region of the:
p-chain gene (A, C and D in Fig. 5). However, ‘the
nucleotide sequences around the recombination sites
of the rearranged yl-chain gene fragment (IgH7)
derived from MC101 myeloma and of the rearranged-
v2b-chain gene fragment (IgH2201) derived from':
MOPC141 myeloma are different from each othér.

We have found tandem repetitive sequences of”
(GAGCT)n, (GAGAG)n, and (GGCTG)n in the
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mbryonic M

‘Rearranged 7|
Embryonic ¥

Rearranged ¥2b

or
Heos A GAA%GGTA-T—CAAAGG-T?AGTGCTTAGAGCCAA
B CTGKTGGGTA-TAAAAAGGTACCAGG-TT—GAGCAGC
c ETCTGA-—GGTAAG—CAAAG--—CTGGGCTTfGAGCCAA
D AAATGGTAAGCCAHAGG—ACGCCACAGCTGTGGCT
Is2 AHGGTA—T—GAAATA—@QCATAGCATAACAAAG

Tig. 5. Nucleotide sequences homologous to that of the 3'-region adjacent to the recombination site of IgH701. Horizontal arrows
mdicéte.the location and direction of the homologous sequences. Coding strand of the IS2 insertion site in the gal promoter
région is displayed with the IS2 on the left (Musso and Rosenberg, 1977). Vertical arrows indicate the site of recombination. The
common sequences are framed. Closed, dotted, hatched and open rectangles indicate the segments of DNA originally present in
the enibryonic type of the u-chain gene (IgH701), the yl-chain gene (IgH2), the y2b-chain gene (IgH22) and an unknown gene
(IgH703), respectively. Wider rectangles indicate the sequenced regions.

400-bp-long region before the recombination site in
IgH7 (Kataoka et al., 1980). Although there are no
obvious repetitive sequences in the immediate prox-
“mity of the recombination site in [gH2201, repetitive
:quences are found in the region 2—4 kb down-
stream from the 5'-end of the embryonic p-chain gene
;lone (T. Kawakami and T. Honjo, unpublished data).
We -have recently cloned another rearranged y2b-
chain gene fragment from MPC11 myeloma and
found that this DNA carries long tandem repetitive
sequences close to the recombination site (T. Kataoka
and T. Honjo, unpublished data). Although the nu-
cleotide- sequences of these repetitive sequences are
different among the y1-, y2b- and p-chain genes, the
pVI‘eséncev_of such tandem repetition may help to
enhance recombination events.
Since the class-switch-recombination site(s) is
located in the intervening sequence between a Vp
sne and a Cy gene, the S-S recombination event
does not have to be highly specific to the nucleotides
that .are . joined together. Instead, the S-mediated
recombination is expected to be efficient, because in
the small B lymphocyte the I chain class is switched

from p to v or to a within a short period of time after
encountering an antigen. In this respect, the S-S
recombination is in sharp contrast to the V-J recom-
bination, which requires extremely specific excision
and ligation. From these points of view, it is possible
to imagine that a combined structure of tandem
repetitive sequences and relatively short common
sequences may serve as the S region. However, it is
premature to pinpoint the S region at this stage.

(e) Comparison between rearranged +yl- and 72b-
chain genes

We have reported that the rearranged -yl-chain
gene fragment (IgH7) cloned from MC101 myeloma
DNA contains, in addition to the embryonic y1-chain
gene fragment, DNA segments derived from not only
the u chain gene clone (IgH701) but also a second
embryonic gene clone IgH703 (Kataoka et al., 1980).
The IgH703 may represent a part of or a region
proximal to, a H chain gene (possibly &-, y3- or -
chain genes) present between the u- and vyl-chain
genes. In MC10l myeloma, therefore, the class
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Mbo IT Sau 3A

ATTATTCTTCCCTCTGATTATTGGTCTCCATTCAATTCTTTCCAATACCCGAAGCACTTTACAGTGACTTTGTTCATGATCTTTTTTAGTTGTTIGTTTY ;-10;30
GCCTTACTATTAAGAATTTTGACATTCTGGTCAACGGCTTCACAAATCTTTTTCAAGACCCACTTTCTGAGTATATTCATTTTAGGAGAAATACTTTTTT - .950:°

Xba I .
TTTAAATGAATGCAATTATCTAGACTTATTTCGGTTGAACATGCTGGTTGGTGGTTGAGAGGACACTCAGTCAGTCAGTGGCGTGAAGGGCTTCTAAGCC - 850~
Hae IT Hae IT . Hae IT Lol
AGTCCACATGCTCTGTGTGAACTCCCTCTGRCCCTGCTTATTGTTGAATGGCCAAAGGTCTGAGACCAGGCTGCTTGCTGGGATGGCCTTGACTTTGRGT ~ 750
Ava I : L
CTCCCACCCAGACCTGGGAATGTATGGTTGTGGCTTCTGCCACCCATCCGCTTGGCTGCTCATGGACCAGCCAGCCTCGGTGGCTTGAAGGAACAATTCC - 650
HinfI Ava @l Pvuy I Hind IT .
ACACAAAGACTCTGGACCTCTCCGAAACCAGGCACCGCAAATIRGTAAGCCAGAGRACIC CACAGCTGTGGCTGCTGCTCTTAAAGCTTGTAAACTGTTTC < '550°*
Mbo IT IR
TGCTTAAGAGGGACTGAGTCTTC/\GTCI\ATTGCTTTAGGGGAGAAGGGCGTTTGTGTGTCTTTTTGTACCGTTGTCTGGGTCACTCACATTTAACTTTFC_ - 450
Hinf I Sac I e et
TTGAAAAACTAGTAAAAGAAAAATGTTGCCTGTTAACCAATAATGAGAGCTCGGTATTTTGAGGAAATCTTAGAAAACGTGTATACAATTGTCTGGAATT - 350
Hinf I Mbo IT .
ATTTCAGTTAAGTGTATTAGTTGAGGTACTGATGCTGTCTCTACTTCAGTTATACATGTGGGTTTGAATTTTGAATCTGTGTGCTGGCTCTTCTTAAGCA - 250
Hinf I

GAAAATTTAGATAAAATGGATACCTCAGTGGTTTTTAATGGTGGGTT TAATATAGAAGGAATT TAAATTGGAAGC TAATTTAGACTCCGATAAGGAGGGE - 150
Ava II HInf I Mbo Il . PR
ACCAGGCTAAGAAGGCAATCTCGGGATTCTGGAAGAARAGATCTTTTTAGTTTTTATAGAARACACTACTACATTCTTGCTCTACAACTCAATGTGGTTT - 50

AATCAATTTTGAAGTTGCCAGTTAAATGTAACTTACCTAGTTGTTAAGAA [:GTATCAAI\GQ\CY\GTGCTTAGAGCCAAGGTGAGTGTGAGAGGACAGGG EREE-14
Hae IT Pyu II Pst I Hae IT R
GCTGGGGTATGGATACGCAGAAGGAAGGCCACAGCTGCACAGAATATTGAGAAAGAACAGAGACCTGCAGTTGAGGCCAGCAGRTCGGCTCCACCAACTC - 150
Hae I Hinf I Hind II ER
TCCAGCCACAGCTTTGACTCGGACGAGCAGGCCAGACTCATAAAGC TTGC TGAGCAAAATTAAGGGAACAAGGTTGAGAGCCCTAGTAAGCGAGGCTCTA 250 ’
Hha I ltha I ol
AAAAGCATGGCTGAGCTGAGATGGGTGGGCTTCTCTGCGCGTCTCCAATATGCGCTACAACTGAGRTGATTATGAGCTGGGATGARCTGAGCTAGGCTGG 350

g E 23 SE 3o
I T T3 4T AT
— S =S=—a - —=J==_E_-5__ =
893 3983935 8 ESESSw8 E€22 3
W2w» X I I I I2TSTa|T TIIIX =
z ( \\\\/(/
QKb 0.5 1.0 1.5
] ] t

Fig. 6. Sequence of IgH7 and strategy of nucleotide-sequence determination. IgH7 DNA was recloned into a plasmid'pBR322
(pIgH7). Restriction cleavage sites were mapped by combined cleavage of the plasmid DNA with various restriction éhzymes, or
partial digestion of DNA fragments labeled at one of their 5'-termini with T4 polynucleotide kinase and [y-32P]ATP. (Smitﬁ and
Birnstiel, 1976). The 2.6 kb BamHI fragment containing the 5'-terminal 2.2 kb DNA segment of IgH7 and 0.38 kb segment
derived from pBR322 and the 1.3 kb Sacl-Kpnl fragment were isolated by 3% polyacrylamide gel electrophoresis. Each fragment
was digested with the second restriction enzyme and used as substrate for phosphorylation. Nucleotide sequence was displayed
from left to right with the direction of transcription of the structural sequence. Position numbers are m_atched'to those in Fig't 3.
The nucleotide sequences similar to the recombination site sequence are framed (see Fig. 5, A and D). Strategy for nucleotide
sequence determination is shown below the sequence. Arrows indicate the ranges and directions of the sequence read.
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iwitch may have proceeded from u to y1 by two
successive S-S recombinations. On the other hand,
we saw that the rearranged y2b-chain gene clone
y(IgH2201) consists of the embryonic y2b-chain gene
and the segment of the embryonic u-chain gene clone.
In MOPC141 myeloma cells, the class switch might
have proceeded directly from u to y2b, though we
cannot exclude the possibility that the original rear-
ranged y2b-chain gene had contained a DNA segment
derived from the proximal region of another H-chain
gerié‘, which was later deleted.
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Ordering of mousé”Aiulilmli‘h'o'g'l&(;lﬁ)ulin heavy

chain genes by molecular cloning

- Akira Shimizu, Naoki Takahashi, Yuriko Yamawaki-Kataoka, Yasuyoshi Nishida,
Tohru Kataoka & Tasuku Honjo

Department of Genetics, Osaka University Medical School, Kita-ku, Osaka 530, Japan

"'We have determined the order of the mouse immunoglobulin y1, y2b, y2a and e genes by molecular cloning of overlapping
chromosomal segments. The results clearly demonstrate that the order is 5'—y1-(21 kilobases)-y2b-(15 kilobases)—y2a-
(15 kilobases)~e-3". There seem to be no J regions at the 5' side of each constant region gene so far obtained except for the p

gene and these constant region genes seem to have repetitive sequences characteristic of switch (S) regions at their 5' side.

.. IMMUNOGLOBULIN heavy (H) chain genes comprise a family
of variable region (V) genes and several constant region (C)
-genes which are classified, in mouse, into five major classes: u, v,
a, § and &. Genetic studies using allotype markers have clearly
. demonstrated that the V,; and Cy genes of a single chromosome
"are coordinately expressed—this is called cis expression' ™.
During differentiation, a given lymphocyte seems to be able to
associate a single V region sequentially with two or more

" differént classes of H chain C region*"". In this H chain class
switch, the direction of the switch is always from u to y or a.
Using cDNA-mRNA hybridization kinetics, we have shown
that specific Cy; genes are deleted in mouse myelomas depending
on which Cy genes are expressed'?, and have proposed that a
chromosomal segment which intervenes recombining V,; and
Cy genesis deleted to bring the V; and Cy, genes close together.
Based on the deletion profiles of Cy genes in various myeloma
tumours producing different Cy genes, a linear arrangement of
Cy genes has been proposed as 5'-u-y3—y1-y2b-y2a-a-3'.

Fig. 1 Restriction endonuclease cleav- ¥
age maps of overlapping cloned frag-

ments between yl and ¢ genes. We

used a recombinant phage library*? for ’

cloning DNA segments that contain 5 |
immunoglobulin genes or their flanking |
regions, except for clone 11. The Charon

4A phage*® library of BALB/c mouse

Subsequently, more direct evidence has been presented that
deletion of the intervening DNA segment accompanies the H
chain class switch'>'®. Such studies using Southern blot'®
hybridization experiments also support the proposed order of
Cy genes. N

Comparative studies of rearranged and germ-line H chain
genes have led to proposals®*~* for a molecular mechanism of H
chain class switch. According to this model, a complete H chain
gene is formed by at least two types of the recombination event.
The first type of recombination takes place between a given V,
aJuandaD gene segment, completinga V region gene**2°. The
second type of recombination is required to switch a Cy gene
and occurs between S, and S, (or S, ) regions which are located
at the 5' flanking regions of respective C,; genes. This model
postulates two important structural features in the H chain gene
organization: (1) the presence of only one set of I, region genes
in the 5’ side to the 1 gene and (2) the presence of the S region
before each Cy, gene.

72b

embryo DNA (provided by Dr P. Leder)
contained partial Haelll digests of
embryonic mouse DNA with average
length 18 kilobases. These fragments
were ligated with EcoRI linkers and
incorporated into phage DNA. The 20-
kilobase insert of clone 11 was partially
purified from EcoRI digests of RPC5S
myeloma DNA by RPC5 column
chromatography and agarose gel electro-
phoresis as described previously?”’. The
partially purified DNA fragments were
ligated with the outer fragments of
Charon 4A phage DNA. Screening was
done on 230x230 mm tryptone broth
plates containing 5-20x 10* plaques by
an in situ  hybridization method®*.
Appropriate restriction endonuclease
fragments of immunoglobulin genes were
labelled with *2P by nick translation** to a
specific activity of 30-200 c.p.m. per pg
and used as hybridization probes. Nitro- . n

Eco RI
Bam HI
Hind |11
Bgl! 1l
Xhol
Xba |

Q - —. - -

1 1 1 1 1 1

cellulose filters were washed as described
elsewhere'”. A plaque containing an 0
immunoglobulin gene or its flanking
region was picked up and the phages were

20 40

kilobases

grown in liquid cultures to prepare DNA as described*®. At the top is a schematic representation of the chromosomal segment containing the y1, y2b, y2aand ¢
genes. Open bars indicate DNA segments cloned previously: the y1 gene (IgH2)?7, the y2b gene (IgH22, Igy2b-26)2**" and the ¢ gene (Ige — 1)*. Structural
genes are shown as solid boxes with direction of transcription from left to right, determined by nucleotide sequence determination. Numbers under the top line
indicate sizes of EcoRI fragments in the germ-line gene. Horizontal arrows indicate fragments used as probes for screening or Southern hybridization. The insert of
each clone is shown by a horizontal line with restriction sites. Clones were aligned by restriction endonuclease cleavage mapping and Southern hybridization analysis
(see text and Figs 2, 4). Restriction digests were examined by electrophoresis in 0.5-0.7% agarose gels. Itis possible that very small fragments (for example, 100 base
pairs) may have been missed. Bgl/Il and Xhol sites at the 3' side of the v2a gene and Xbal sites at the 5' side of the y2a gene were not determined. Broken lines in

clones 11, 17, 32 and 69 indicate deletions.



To determine directly the order of Cy genes and test the
proposed Cy gene organization, we and others cloned mouse
immunoglobulin genes, and have determined the complete
nucleotide sequences of the y1, y2b and g genes®”™'. Liu er
al.*? isolated a clone which contains both x and § genes, and
demonstrated that the u gene is located ~4.5 kilobases 5’ to the
6 gene. The linkage of 5'-y1-y2b-3" was shown by cloning
overlapping chromosomal segments’’. We have recently cloned
the y3 and ¢ genes™™ ™, and using these cloned DNA segments
as probe, cloned overlapping chromosomal segments from
embryonic mouse DNA. Characterization of these clones
unequivocally demonstrates that the mouse immunoglobulin y
chain genes are aligned as proposed'? (that is, 5'—=y 1-y2b-y2a-
£-3') on a chromosome. The linkage of 5'-e~a-3' is described
elsewhere™.

The y2b gene is located 5’ to the y2a gene

When we screened a Charon 4A library containing partial
Haelll digests of embryonic mouse DNA with the 4-kilobase
Xbal-Hhal fragment (probe d in Fig. 1) of the y2b gene
clone®™?* as a probe, we isolated three clones which were
designated Ch - M - Igy2b-2 (clone 2), Ch - M - Igy2a-9 (clone
9)and Ch- M - Igy2a-32 (clone 32). These were characterized
by restriction enzyme cleavage mapping and Southern blot

Fig. 3 Cross-hybridization between S, and S, 2. regions. Experiments

were done as described in Fig. 2 lepend. DNA was digested with EcoR1 and

Southern blot hybridized with *?P-labelled ' EcoR1 fragment (5.1 kilobases)

of clone 3. Ethidium bromide stainsta) and autoradiograms(#) of Southern

blots are shown. A, clone 3 DNA. B. clone 9 DNA. A faint band of 3.1

kilobases in lane A (h1isdue 1o deletion of the S.1-kilobase fragment of clone
3 during propagation.

Fig. 2 Southern hybridization of isolated clones
linking between the y2b and y2a genes. DNAs from
isolated clones (0.1-0.3 ug each) were digested with
EcoR] and electrophoresed in 0.5% agarose gels. The
fragments were transferred to nitrocellulose filters'®
and hybridized with *?P-labelled probes as described
elsewhere'”. Ethidium bromide stains (a) and
autoradiograms () of Southern blots are shown. In A,
4.0-kilobase (kb) Xhal-Hhal fragment of y2b gene
(Fig. 1d) was used as a probe. Lanes 1. 2 and 3 contain
DNAs of clones 2, 9 and 32, respectively. In B, y2a
cDNA clone (pG2a-14) (probe e in Fig. 1) was used as
a probe. Lanes 1 and 2 contain DNAs of the 6.6-
kilobase y2b gene clone (IgH22)*** and clone 9,
respectively.

hybridization (Figs 1, 2). Clone 2 contains an EcoR] fragment
(5.6 kilobases) that hybridizes with probe d (Fig. 2A, lane 1) and
shares common restriction sites with the 6.6-kilobase EcoRI
fragment of the y2b gene, the nucleotide sequence of which has
already been determined®”. Comparison of restriction maps of
clone 2 and the y2b clone indicates that clone 2 contains the v2b
gene at the 3" end (Fig. 1).

However, restriction cleavage site mapping indicates that
clone 9 does not contain any region corresponding to the y2b
structural gene (Fig. 1), but has one EcoRI fragment (5.2
kilobase) that hybridizes with the y2b gene fragment (probe d)
as shownin Fig. 24, lane 2. Because the y2b and y2a genes are
known to share extensive homology and cross-hybridize*-**-*,
we thought that clones 9 and 32 could contain the y2a gene.

To test this we used as probe a y2a cDNA clone pG2a-14
(probe e in Fig. 1) which does not hybridize with the y2b gene in
the stringent conditions used'”. As shown in Fig. 2B, clone 9 was
shown to contain an EcoRI fragment (5.2 kilobases) that hybrid-
ized to the y2a gene probe (probe e). This EcoRI fragment is
located at the 3" end of the clone 9 insert and is cleaved by Xhol
(data not shown). We have determined a partial nucleotide
sequence of the 5.2-kilobase EcoRI fragment of clone 9. The
nucleotide sequence from the BamH] site towards the Xhol site
of the y2a coding region is

GGATCCCTGTCCAGTGGTGTG
CACACCTTCCCAGCTGTCCTGCAG,

which coincides with that reported for the CH1 domain of the
y2a ¢cDNA clone™. The amino acid sequence

Gly-Ser-Leu-Ser-Ser-Gly-Val-His-
Thr-Phe-Pro-Ala-Val-Leu-Gln

predicted from the nucleotide sequence agrees well with that
previously determined for the CH1 domain of the y2a chain of
MOPC173 (ref. 37). The sequence determines the direction of
transcription of the y2a gene and unequivocally demonstrates
that clone 9 contains the y2a gene at the 3’ side.

The restriction map analysis indicates that clones 9 and 32 are
almost identical to each other except that clone 32 extends 1.7
kilobases further in the 5’ direction and has a small deletion (0.5
kilobases) in the middle (Fig. 1). It is clear that clone 32 has a
v2a gene fragment at the 3’ end identical to that of clone 9. In
addition, clone 32 contains, at the 5’ end, a 3.6-kilobase EcoRI
fragment which hybridizes with the y2b gene probe (Fig. 2A4,
lane 3). The restriction map of the 5'-terminal portion (~2.6
kilobases) of clone 32 is indistinguishable from that of the 3' end
of clone 2 (Fig. 1). These results indicate that clone 32 shares
overlapped regions at the 5’ end with clone 2 and at the 3' end
with clone 9. The linear alignment of clones 2, 32 and 9 clearly
demonstrates that the y2b gene islocated 5' to the y2a gene and
the two genes are 15 kilobases apart (Fig. 1).



Fig.4 Southern hybridization of isolated clones linking
between the y1 and y2b genes and between the y2a and
£ genes. Experiments were done as described in Fig. 2
legend. Ethidium bromide stains(a) and autoradio-
grams(b) of Southern blots are shown. In A, clone 3
DNA was digested with EcoRI and BamH]I, and the
6.6-kilobase EcoR1] fragment of the y1 gene (Fig. 1a)
was used as a probe. In B, clone 69 DNA was digested
with EcoRl and 4.0-kilobase Xbal-Hhal fragment of
the y2b gene (Fig. 1d) was used as a probe. In C, clone
69 DNA was digested with EcoRI and 2.7-kilobase 3’
EcoRI1fragment of clone 3 (Fig. 1b) was used as 2 probe.
In D, clone 12 DNA was digested with EcoR] and
BamHI1, and the probe was 2.2-kilobase BamHI-
Hindlll fragment of the e gene (Fig. 1h). E, clone 12
DNA was digested with EcoRI and BamH]I and the
probe was the 5.2-kilobase EcoRI fragment of clone 9
(Fig. 1f).

The y1 gene is located 5' to the y2b gene

The embryonic mouse DNA library was screened with a 6.6-
kilobase y1 gene fragment (IgH2) cloned previously”” as a
probe (probe a in Fig. 1) and two different clones were obtained:
Ch-M-Igyl1—3 (clone 3) and Ch-M - Igyl1—17 (clone 17).
Restriction maps of these are shown in Fig. 1.

Comparison of the restriction maps of clones 3and 17, and the
y1 gene clone (IgH2) indicates that both clones 3 and 17 contain
the 6.6-kilobase EcoRI fragment of the yl1 gene. The
comparison also allows determination of the orientation of the
two clones. The insert of clone 17 is ~2 kilobases shorter than
that of clone 3 and the deletion is located in the 5'-terminal
EcoRI fragment. These two clones may be derived from a
common ancestral phage and the deletion may have occurred
during propagation of phages, because the directions of the
inserts within these phages and the ends of the inserts in these
clones are identical to each other. Furthermore, clone 3 under-
went deletion during propagation, producing a phage similar to
clone 17 (see Fig. 3A). Southern blot experiments (Fig. 4A)
provide additional evidence that clone 3 contains the y1 gene.
When clone 3 DNA was digested with EcoRI and BamHI
simultaneously, clone 3 DNA produced 3.4-, 1.6- and 1.2-
kilobase fragments which hybridize to the y1 gene (probe a), as
expected from the restriction map.

Because y1 gene clones (3 and 17) and y2b gene clone (2) do
not share a common region, we screened the embryonic mouse
DNA library with a 3' fragment of clone 3 (Fig. 1, probe b)and a
5" fragment of clone 2 (Fig. 1, probe c¢) as probes. We isolated a
new clone designated Ch:-M:-Igy2b-69 (clone 69)—the
restriction map of this is shown in Fig. 1.

The 3’ part of clone 69 is indistinguishable from that of clone 2
except that the former has an ~1.5-kilobase deletion at the 5’
side of the y2b gene. Comparison of restriction maps of clones
69 and 2 indicates that clone 69 contains the y2b gene at the 3’
end. Southern blot hybridization experiments show that a 2.1-
kilobase EcoRI fragment of clone 69 hybridizes with the y2b
gene probe (Fig. 4B). Clone 69 also contains a 5.6-kilobase
EcoR1fragment that hybridizes with the 3'-terminal fragment of
clone 3 (Fig. 1, probe b) as shown in Fig. 4C. From these results
it is clear that the 3’ region (2.1 kilobases) of clone 3 and the 5’
region (2.1 kilobases) of clone 69 are identical. The linear
alignment of clones 3,17, 69 and 2 clearly demonstrates that the
y1 gene is located 5' to the y2b gene and the two genes are 21
kilobases apart. These results are consistent with those of Maki
eral®.

The £ gene is located 3' to the y2a gene

We recently cloned a y2a gene fragment from EcoRI digests of
RPC5 myeloma DNA designated Ch - M - Igy2a-11 (clone 11).
Southern blot hybridization and R-loop mapping show that the
v2a gene is located at the 5’ end of the 20-kilobase cloned
fragment (data not shown). The restriction map of clone 11 is
shown in Fig. 1. The 5' region of the RPCS y2a gene fragment
shares common restriction sites with the 3’ region of clones 32
and 9.

The 8.5-kilobase Hindlll fragment (probe g) of clone 11 was
recloned into pBR322 and used as a probe to screen the mouse
embryonic DNA library. We obtained a germ-line y2a gene
fragment designated Ch - M - Ige—12 (clone 12)—the restriction
map of this is also shown in Fig. 1. The 16.5-kilobase insert of
clone 12 has restriction sites almost identical to those of the 3’
portion of clone 11 except that the latter has a deletion at the 3’

5

part.

Cloning of an expressed ¢ gene from an ¢ chain-producing
hybridoma has been reported elsewhere™. Partial nucleotide
sequence determination indicates that our e gene clone
Ch - M - Ige-1encodes anamino acid sequence similar to that of
human ¢ chain. The expressed € gene (Ch - M - Ige-1) contains,
as do other expressed H chain genes®*°, at least three germ-line
gene segments: a V gene, a J gene (including S, region that
flanks the 5" end of the u gene) and the e gene. The restriction
map of the region encoding the & gene of Ch - M - Ige-1, shown
atthe top of Fig. 1, seems to be identical to that of the 3' region of
clone 12.

To test whether or not clone 12 contains the £ gene, Southern
blot hybridization experiments were done using a BamHI-
HindIll fragment (probe k) of the £ gene as a probe. Figure 4D
shows that probe ¢ hybridizes a 4.2-kilobase BamHI+ EcoR1
fragment at the 3' part of clone 12. We also confirmed (Fig. 4E)
that the 5" segment of clone 12 has a region identical to the 3’
segment (probe f) of clone 9 which contains the germ-line y2a
gene. Taken together, these results indicate that the £ gene is
located 3' to the y2a gene and the two genes are about 15
kilobases apart.

We have recently isolated three clones*® which link the y1
gene (clone 3) and the y3 gene (Igy3-30)**. Our data indicate
that the y3 gene is located 34 kilobases 5'to the y1 gene, and we

a b

Fig. 5 Distance between the y1, y2b and y2a genes. BALB/c newborn
mouse DNA (3 ug) was digested with EcoRJ 1o completion and runon 0.5%
aparose gel electrophoresis. DNA was transferred to a nitrocellulose filter'®
and hybridized with **P-labelled probes as described elsewhere'”. Total
DNAs of clones 69 and 9, respectively, were used as probes in a and b.



have demonstrated™ that the £ gene is present 12.5 kilobases
upstream of the a gene. The linkage of J,,—u—6 has been shown
elsewhere™**. Thus it is now clear that the organization of the
mouse C,; gene is 5'-J,;—(6.5 kilobases)-u—(4.5 kilobases)-6-
(unknown distance)-y3-(34 kilobases)-y1-(21 kilobases)-
v2b—(15 kilobases)-y2a-(14.5 kilobases)-e~(12.5 kilobases)-
a-3'. Note that all the Cy; genes ordered have the same orien-
tation and thus are transcribed from the same strand of DNA.

Distance between Cy genesin germ-line DNA
Comparison of the restriction maps of the clones isolated
indicate that some have deletions which probably occurred
during propagation of phages. This was also reported for globin
gene clones™. We therefore compared the sizes of EcoRI frag-
ments obtained from cloned y genes and from Southern blot
hybridization of newborn mouse DNA. When the total insert of
clone 69 was used as a probe, EcoRI digests of newborn mouse
DNA produced 6.6(doublet)-, 6.2- and 5.1-kilobase bands
which coincide with the EcoRI fragments deduced from the
cloned DNAs (Fig. 5). When the total insert of clone 9 was used
as a probe, EcoRI digests of newborn mouse DNA produced
23-,6.6-,5.2-,3.6- and 1.6-kilobase bands which coincide with
the EcoRI fragments deduced from the cloned DNAs.

Furthermore, consideration of the maximum size of the insert
(21 kilobases) that can be taken by Charon 4A phage makes it
unlikely that there is a deletion >2 kilobases in the clones
obtained. Because the insert sizes of clones 69 and 32 are 19.3
and 19.2 kilobases, respectively, the original inserts cannot be
more than 2 kilobases greater than those of the present clones.
We therefore conclude that the distances between the y1 and
v2b genes and between the y2b and y2a genes in the germ-line
chromosome are 21.2 and 15.5 kilobases, respectively. Similar
experiments using the ¢ gene as a probe™ indicate that the
distance between the y2a and e gene is 14.5 kilobases in
newborn mouse DNA.

Absence of J region sequences in the entire

region encompassing y and £ genes

We determined whether or not each y gene clone contains a
sequence homologousto a Jregion. We used a J segment (J,) asa
probe and hybridized it with restricted DNA fragments of all the
v gene clones shown in Fig. 1. There were no J or J-like
sequences between 8 kilobases 5’ to the y1 gene and 3 kilobases
3" to the y2a gene (Fig. 6). The J, sequence was actually
expressed in the y2b chain produced by MOPC141 myeloma™.
It can be argued that other completely different J sequences may
be present in the y gene-flanking regions. If this is the case, V
region sequences formed by the use of J, and J, are different.
This is unlikely because the same idiotype (a V region sequence)
can be expressed as either u or y chain. It is possible that a y

Fig. 6 Hybridization analysis with J-region
probe. DNAs from isolated clones covering the
region between the y1 and y2a genes were diges-
ted with EcoRI and run on 0.7% agarose gel
electrophoresis. DNAs were transferred to a
nitrocellulose filter'® and hybridized with the 1.5-
kilobase Hindlll-EcoR|I fragment that is located
6.5 kilobases 5" to the u gene. This fragment
contains the J,,, region”™®. Ethidium bromide
stains(a) and autoradiograms(b) of Southern blots
are shown. DNA in each lane is as follows: (1) the
expressed yl gene of MC101 myeloma (Igyl-
706)**7*" that contains V, D, J,,J,. S, and C.4
gene segments; (2) clone 3; (3) clone 69: (4) clone
2; (5) the 6.6-kilobase y2b gene clone
(1gH22)?%*; (6) clone 9.

gene has completely different J-flanking regions and an identical
J, sequence of S1 base pairs which was not detected by our
probe. This also seems unlikely because the precise joining
between the same V gene and J, probably requires a nucleotide
sequence similar to that of the J-flanking region™**. A similar
experiment was done on the ¢ gene clone (clone 12) and a y3
gene clone®, in which we did not find a J region or J-like
sequences (data not shown).

The S region before each Cy gene may
comprise repetitive sequences

The class-switch recombination takes place at the region 5’ to
each Cy, gene. Such regions responsible for the class switch have
been functionally defined as S regions®. We have recently
demonstrated that the S,,, S,2, and S,; regions comprise
tandem repetitive conserved sequences of 49 base pairs?**?. The
5'-flanking region of the y2b gene which contains the repetitive
sequence is deleted from clone 69. Such tandem repetitive
sequences of conserved 49-base pair units can be easily deleted
when propagated in bacteria®’. Deletions of short segments
(0.5-2.0 kilobases) found in several clones are always located in
the 5'-flanking region of each y gene. The distance from the 5’
end of each y gene to a deleted region is almost constant (~3
kilobases). During propagation of clone 9, we also found a
deletion of ~1.5 kilobases at ~3 kilobases 5’ of the y2a gene,
about the same place where deletion occurred in clone 32. The
deletions in these clones may indicate the positions of repetitive
sequences.

Although we have not determined the nucleotide sequence of
the S,,. region, the deletion in clone 32 may suggest a similar
repetitive sequence in the 5'-flanking region of the y2a gene. We
found that the 5'-flanking region of the y2a gene cross-hybrid-
izes with the S, region (Fig. 3). The S, and S, regions also
contain repetitive sequences>>*'*" and these are often deleted
during cloning. Thus itis likely that each Cy gene, except for the
& gene which is probably expressed by RNA splicing™, has its
own S region for class-switch recombination and that all the S
regions comprise repetitive sequences.
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"Cbmp]ete nucleotide sequence of
-immunoglobulin y2b chain gene
cloned from newborn mouse DNA

- Yuriko Yamawaki-Kataoka, Tohru Kataoka, Naoki
Takahashi, Masahiro Obata & Tasuku Honjo*

‘Department of Physiological Chemistry and Nutrition, Faculty of
Medicine, University of Tokyo, Tokyo 113, Japan

Immunogliobulin heavy chain protein comprises five classes u, v,
«, 8 and £ chains which differ in amino acid sequences of the
constant (C) region. The y heavy chain class, which contains
three domains and the hinge region, is divided into several
. subclasses such as y1, y2a, y2b and ¥3 in mouse. Amino acid
sequence studies of mouse and human heavy chain proteins have
shown that the ¥ subclass heavy chains are more closely related
to each other than to the heavy chains of other classes. A similar
conclusion was drawn from a nucleic acid hybridisation study
using cDNAs complementary to the purified heavy chain
mRNAs of the y subclasses’. These results suggest that the
immunoglobulin heavy chain genes of the y subclasses have
evolved by relatively recent gene duplication of the ancestral
ychain gene. The complete nucleotide sequence of the y1 chain
.gene has demonstrated unequivocally that the domains and the
hinge region are encoded in separate segments of DNA?, Partial
nucleotide sequences of the ¥2b chain gene indicated that the
¥2b gene is interrupted by intervening sequences (IS) at loca-
tions homologous to those in the ¥ 1 chain gene®. Comparison of
the structures of these closely related genes would give new
insights into evolution of eukaryotic genes and serve for under-
standing biological significance of various segments of the genes.
We have now determined the complete nucleotide sequence of
the immunoglobulin y2b chain gene cloned from newborn
mouse DNA. The sequence not only predicts the complete
amino acid sequence of the y2b chain but also demonstrates that
the ¥2b chain gene is interrupted by three intervening
sequences at the junction of the domains and the hinge region.

The 6.6-kilobase EcoRI fragment coding for the C region of
the immunoglobulin y2b chain was previously cloned from
newborn mouse DNA using AgtWES-AB as an EK2 vector®. The
recombinant phage was referred to as AgtWES-IgH22 (abbre-
viated IgH22). The 6.6-kilobase fragment was isolated by
agarose gel electrophoresis and ligated with the EcoRI-digested
pBR322%. The hybrid plasmid was referred to as
pBR322-IgH22 (abbreviated pIgH22). The detailed restriction
enzyme cleavage map of the EcoRI-Hhal fragment was con-
structed and the nucleotide sequence was determined by the
chemical modification method of Maxam and Gilbert®. The
restriction enzyme cleavage sites used for sequencing and the
direction and range of sequencing are shown in Fig. 1.

The complete nucleotide sequence of the y2b chain C region
gene is shown in Fig. 2. The total number of the nucleotides
determined is 1,834, which include the coding sequence, the IS,
the 3' untranslated sequence and the 5’ and 3’ flanking
sequences.

* To whom correspondence should be addressed. Present address: Department of Genetics,
Osaka University School of Medicine, Kita-ku, Osaka 530, Japan.

The nucleotide sequence predicts the complete amino acid
sequence of the C region of the y2b chain (336 residues) which
consists of the Cy, (residue 118-214), Cyy, (residue 237-346)
and Cy; domains (residue 347-453) and the hinge region (resi-
due 215-236), respectively. The predicted sequence was
compared with the partial amino acid sequences so far pub-
lished, including 18 residues in the hinge region and the C,,
domain®, 66 residues in the C,;; domain and 35 residues in the
Cus domain’ (Fig. 2). The amino acid sequences derived from
the nucleotide sequences matched the known amino acid
sequences except two residues, Ser in place of Leu at residue 240
and Ser in place of Tyr at residue 268. To.determine the
junctions of the IS and coding sequences (see below) the
nucleotide sequences were also correlated with the amino acid
sequences of the y2a chain”® which share extensive homology
with the known amino acid sequences of the y2b chain’.

The complete amino acid sequence of the Cregion of the y2b
chain is compared with the amino acid sequences of the y1? and
y2a”® chains as shown in Fig. 3. It is evident that the y2b and
y2a chains show more homology to each other than to the y1
chain. The results agree with our previous conclusion from
c¢DNA-mRNA hybridisation studies’. The homology between
the three y chain subclasses (y1, ¥2a and y2b) for each domain
is calculated. The Cy;; domains are most conserved (79-82%)
throughout the three subclasses while the Cyy; domains are least
conserved (53-59%). The Cy, domains are highly conserved
between the y2a and y2b chains whereas they are moderately
conserved (63-68%) between the y1 and y2b (or y2a) chains.
The G + C content of the coding sequences is 52.3%, exceeding
the value (41.8%) of the total mouse DNA®.

Note that the nucleotide sequences predict an unexpected Lys -
residue at the carboxy terminus of the ¥2b chain. Although most
of the y chains so far sequenced end with the Pro-Glys resi-
dues'®, the nucleotide sequences of the cDNA as well as
chromosomal gene of the y1 chain also predict an additional Lys
residue at the end of the heavy chain®''. These results suggest
that the newly-synthesised y2b chain proteins may have a Lys
residue at the carboxy terminus, which will be removed even-
tually either at secretion or during circulation in the blood. It
would be interesting to see whether the y1 and y2b chain
proteins bound to the cellular surface have the Lys residue at
their carboxy terminus since the amino acid sequencing was
done using secreted immunoglobulins. The membrane-bound
and secreted p chains are reported to be different in the primary
structures of their carboxy termini***?

The comparison of the nucleotide sequences of the y2b chain
gene with the amino acid sequences of the y2b and y2a chains
indicates that the domains and the hinge regions of the y2b
chain structural sequence are separated by three ISs as shown in
Figs 1 and 2. The ISs split the y2b chain gene at positions
homologous to those in the y1 chain gene™'*. The first, second
and third ISs of the y1 and ¥2b chain genes as a pair are
356/316, 98/107, 120/112 base pairs long, respectively. The
evolutionary significance of the ISs in immunoglobulin genes
was discussed more extensively in previous reports™>,

The boundary sequences are compared between the y1 and
¥2b chain genes (Fig. 4). The first 10 nucleotides at each end of
the ISs are highly conserved, although not identical, between the
two genes whereas there is considerable divergence of the
overall nucleotide sequences of the homologous IS. The possi-
bility is discussed that not only nucleotide sequences at the joints
of the IS and structural sequences but also other signals such as
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Fig. 1 Sequencing strategy of the

Xhol mouse y2b chain constant region
Hindll gene. Plasmid DNA plgH22 was
BamHi purified according to the method of
Sacl Clewell and Helinski’®, Restriction
Xbal cleavage sites were determined by

combined cleavages of two or more
Toql enzymes. BamHl, Sacl, Xhol and
Haopl Kpnl snes were determined pre-
Kpnl wously The 4.4-kilobase EcoRi-
Bl Hhal fragment was isolated by 4%

polyacrylamide gel electrophoresis
after digestion of pIgH22 with
EcoR] and Hhal, cleaved with other
restriction enzymes and used as the
substrates of  phosphorylation.
Alternatively, IgH22 was digested
with either BamHI or Sacl and
" resulting fragments were isolated.
Each fragment was digested with the
second restriction enzymes and used
for phosphorylation. Sources of
restriction enzymes were described
previously’. The length of se-
quenced fragment is given in
centabases in the 5' to 3’ direction

relative to the mRNA sequence. The horizontal arrows shown at the bottom indicate the direction and the extent of the sequence determined.
The restriction map of the cloned 6.6-kilobase EcoR1 fragment is presented on the top line. The restriction sites which were used for sequerfcing
in the 4.4-kilobase EcoRI-Hhal fragment are shown on the rectangle below. The y2b chain gene is represented by the wide rectangle. Cy3, Cya,
Cus, domains of constant region; H, hinge region; IS, intervening sequence; U, untranslated sequence.
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Fig.2 Nucleotide sequence of mouse y2b chain
gene. The nucleotide sequence of the anti-coding
strand is displayed 5’ to 3'. DNA sequencing was
performed accordmg to the method of Maxam
and Gilbert’. DNA fragments to be sequenced
were digested with the enzymes indicated in Fig.
1, treated with bacterial alkaline phosphatase
(Boehringer) and phosphorylated using T4
polynucleotide kinase (New England Biolabs)
and [y-*’PJATP (NEN). *’P-DNA fragments
were isolated by polyacrylamide gel electro-
phoresis and cleaved with second restriction
enzymes. Fragments labelled only at one end
were isolated by polyacrylamide gel electro-
phoresis and purified as described prevxously

For strand separation the labelled DNA samples
were dissolved in 100 ul of 0.2 M KOH, 10%
(w/v) glycerol, 0.01% (w/v) xylene cyanol and
0.01% (w/v) bromphenol blue, heated at 37 °C
for 1 min and separated with 15% or 20% poly-
acrylamide gel. Four base-specific reactions were
utilised (G, A>C, C+T, C). Samples were
loaded in 90% formamide and separated with
thin gels (0.5 x300x 400 mm, 8 and 20% poly-
acrylamide gel). The amino acids predicted by the
nucleotide sequence are shown above the coding
sequences in italics. 'nle partial ammo acid
sequences of MOPC 141° and MPC 117 are
presented on the top line. Term, termination
codon; poly (A), putative poly (A) addition site
assigned by comparison with the mouse y1 chain
gene sequence. Amino acids are expressed by
one letter code of A(Ala), C(Cys), D(Asp),
E(Glu), F(Phe), G(Gly), H(His), I(Ile), K(Lys),
L(Leu), M(Met), N(Asn), P(Pro), Q(Gln),
R(Arg), S(Ser), T(Thr), V(Val), W(Trp) and

Y(Tyr).
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tive genes cloned from
newborn mouse DNAZ
237240 250 .. 260 210 280 290 The amino acid sequence
Yo [APNLEGGPSVFIFPPINIKDVLMISLTPKVICVVVDVSEDDPDVOISWFVINNVEVHTAGTQ of the y2a chain was taken
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" Vie[s <lef+ VS|SVFIFPPKPIKDVLTITLTP KV TCVVVDisfKpDP[E]VQFisSWFVD[DVEVHTAGTO 1737 The residue was
300 310 320 330 340 346 numbered with the first
THREDYNST|IRVYS|T[LP TQHODWMSGKEFKCKVNNKDLPISP1ERT LS KJI[K residue of Cyy; domain as
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PREEJQFINS TIFR[S[vs|e|L P IMuopwiiNekeFkc[Rvn[SaaFp AP 1 e[R]T 1S K[tk tions are,boxed. The one
letter code used is as
described in Fig. 2.
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Fig. 4 Comparison of A K T T P P S
nucleotide sequences of - - *ACATATACTTTTICTTIGTAE CCAAAACGACACCCCCATCT
the y1 and y2b chain
genes around the junction -+ ACAT-TCTCCTCTCTTGCAG CCAAAACAACACCCCCATCA
of IS and coding —_ = - -
sequences. Twenty 4 x 7 T P P S
nucleotides each of the
homologous IS and K v D kK kK I v P R D €. 6 C
coding sequences of the  CAAGGTGGACAAGAAAATTG GTGAGAGGACATATAGGG-A. .- -~ ~ACATAGCTTTCTCTCCACAG TGCCCAGGGATTGTGGITET
v1 (upper sequences) and - - - s 1 - T
;:Ylizal:i‘n g(]e(;v;:;reszgzszgisg CACGGTGGACAAAAAACTTG GTGAGAGGACATTCAGGGGA- -+ --<ATCCAGCCTTCTCTCTGCAG AGCCCAGCGGGCCCATITCA
maximise homology. The T V D XK K L E P S§ G P I S
top row is the 5’ end of the
G domain. The second, K P C 7 ¢ r v p E v s s v
third and fourth ToWs 1€ 14460 TTGCATATETACAG GTAAGTCAGTGGLCTTCALC - - - «-TTTCT-TCT-TCATCCTTAE TCCCAGAAGTATCATCIGTC
the 5' and 3’ ends of the — s e e e = e e T —
first, second and third IS, vs 2
respectively. The nucleo- ~ GEAGTETCACAAATGCCCAE GTAAGTCACTA-CCAGAGLT:--- <+ -TTTCCATCTCTCCTCATCAG CTCCTAACCTCGAGERTGGA
tide sequence of the E ¢ H K € P A P N L E € ¢
strand corresponding to
the mRNA is displayed 5 :
to 3 direction. The TS & T K 6 B P K 2 P 0
homologous nucleotides ~ AACCATCTCCAAAACCAAAG GTGAGAGCTGLAGTGTGTGA: - - ++-AICTCTTTACCCACCCACAG GCAGACCGAAGGCTCCACAG
are underlined. Amino s 3
acids predicted from the  AACCATCTCAAAAATTAAAG GTGGGACCTGCAGGACAACT- -+ -+ -GYATGTTTCTAACCCCACAG GGCTAGTCAGAGCTCCACAA
nucleotide sequences are r I s Kk I X ¢ L v &R apr o

shown in italic letter by
one letter code as
described in Fig. 2.

secondary and tertiary structures of mRNA precursors may be
important for the recognition of splicing®.
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100. Comparison of Immunoglobulin 1 and 72b Chain
Genes Cloned from Newborn Mouse

Evolutional Divergence of Intervening Sequences and Structural
Basis for Recognition of Splicing Sites

By Masahiro OBATA, Yuriko YAMAWAKI-KATAOKA,
Naocki TAXAHASHI, Tohru KATAOKA,
Toshiaki KAWAKAMI, and Tasuku HoNJO*)
Department of Ph&siological Chemistry and Nutrition, Faculty of
Medicine, University of Tokyo, Tokyo 113

(Communicated by Osamu HAYAISHI, M. J. A,, Dec. 12, 1979)

Accumulating evidence demonstrates that the coding sequences
of most eukaryotic genes are interrupted by more than one interven-
ing sequences (IVS). The IVS as well as coding sequences are shown
to be transcribed as continuous primary nuclear RNA, followed by
splicing of the coding sequence.

An important question is what is the structural basis for highly

" specific recognition of the splicing machinery. Comparisons of bound-
ary sequences between different IVS of the ovalbumin and the mouse
B-globin genes have revealed common dinucleotides GT at the 5 end

“and AG at the 3’ end of the IVS.V2 Although boundary sequences of
the homologous IVS of mouse and rabbit g-globin genes share longer
common nucleotides in general, the shortest of the common sequences
is AG at the 3’ end of the small intervening sequence.® Obviously

~ such short sequences alone are not capable of serving strong specificity

“for splicing. It may be difficult to reveal common sequences respon-

_sible for splicing signals by comparing diverse genes or the same

~.genes in different animals if different sets of the splicing enzymes
-catalyze processing of the primary transcripts of diverse genes. It is

‘gg}us important to compare the structure of closely related genes in

“order to understand structural basis for splicing.

"~ We have recently cloned two immunoglobulin heavy chain genes

. of the y subclasses 71 and r2b from the newborn mouse*:5 and com-

' pared the nucleotide sequences of the homologous IVS of these closely
‘related genes.

Comparison of the y1 and y2b chain genes by restriction mapping.

‘The mouse immunoglobulin y1 and 72b chain DNA fragments purified

¥ Present address: Department of Genetics, Osaka University School of
Medicine, Kita-ku, Osaka 530, Japan.
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from EcoRI digests of chromosomal DNA cloned in igtWES were
transposed into the EcoRI site of pPBR322 by conventional technique.
Detailed restriction maps around the structural sequences of IgH2
(r1 gene) and IgH22 (y2b gene) are compared as shown in Fig. 1.
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| ==
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Fig. 1. Comparison of the restriction maps of the immunoglobulin 71
and r2b chain genes cloned from newborn mouse. The horizontal
arrows indicate the direction and range of the sequence read for
IVS regions. CHi, CH., CH,;, domains; H, the hinge region; U,
the 3’ untranslated region.

Though most of the restriction sites shown are not conserved between
two genes, a Bam HI site in the C;;; region, a Hind II site and a Taq I
site in the Cy. region are common between the two genes.

between the two genes.

Locations and lengths of IVS in the y1 and y2b chain genes. The
IVS split the coding sequences of the y1 and y2b chain genes virtually
at the identical positions .e. between the domains and the hinge region
as shown in Fig. 1. Similar results were reported for the y1 chain
gene cloned from a mouse myeloma.® The « chain gene seems to be
separated into similar segments although the exact locations of IVS
are not known.” The result implicates that the IVS was introduced
into the heavy chain gene before the divergence of heavy chain classes.
The results also support the hypothesis that eukaryotic genes have
been discontinuous from the beginning.#-%

Three IVS were numbered with the direction of transeription.
The first, second and third IVS of the y1 and y2b chain genes as a
pair are 356/317, 98/107 and 120/111 nucleotides long, respectively.
The lengths of the homologous IVS are essentially similar between
the two genes. Possibly a certain range of the length of IVS may be
important for splicing though the precise length of IVS is not required.
_The larger IVS of two mouse 8 globin genes are also of similar
length ®

Comparison of nucleotide sequences between the y1 and y2b chain
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genes. The similarity index® can be used as a rough estimate of
homology between two sequences. The index expresses complete and
random match as 100 and 25, respectively. As shown in Table I, the

Table I. Comparison of nucleotide sequences of the r1 and 72b chain
genes cloned from newborn mouse

Gene segment I;Igl;lg:g;%e Eaps Corrected Snlpnlcligclty
(r1/72b) (bases) length (%)
Cu; domain 291/291 21 301 86
Hinge region . 39/66 36 70 41
Cuz domain 321/330 33 342 74
Cus domain 321/821 53 350 70
3’ untranslated 175/156 29 180 66
region
IVS 1 356/317 87 381 64
IVS 2 98/107 39 122 60
IVS 3 120/111 39 136 59

Sequences are aligned to maximize homology by a computer using
a modified program of Needleman and Wunsch.?? Similarity in-
dex® is computed as 100—(% gap-+% transition+% transversion).
The percentage is calculated relative to corrected length which is
obtained by adding the number of base pairs and the number of
gaps of the aligned sequences.

similarity indexes of the homologous domains of the 71 and r2b chain
genes are 70-86, showing extensive conservation of the structural
sequences. The similarity index of the hinge regions shows an exten-
sive divergence though it is certainly under-estimated because two
sequences are of quite different length. The similarity indexes of the
homologous IVS and the 8’ untranslated region are smaller than the
value of the coding sequences but greater than the values (36-38)
obtained by comparing two unrelated sequences, the g globin gene
and the domains of the y1 chain genes.” These results suggest that
the homologous IVS of the y1 and y2b chain genes share common
ancestors and have diverged considerably faster than the structural
sequences during evolution. .
Nucleotide sequences at the joint of the IVS and coding sequences.
The nucleotide sequences around the boundaries of the coding
sequences and IVS of IgH2 and IgH22 are shown in Fig. 2. All the
IVS begin with GT and end at AG as previously indicated by Breath-
nach et al.? When the first 10 nucleotides each of the IVS and coding
sequences at the homologous junctions of the 71 and 72b chain genes
are compared, the IVS are at least 70% homologous to each other,
which is not smaller than the values (30-90%) of the coding sequences.
The results suggest that the nucleotide sequences at the extreme end
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Fig. 2. Comparison of nucleotide sequences of the yl and y2b chain genes
around the junction of IVS and coding sequences. The nucleotide sequence
determination was performed according to Maxam and Gilbert™ as de-
scribed elsewhere.® Twenty nucleotides each of the homologous IVS and
coding sequences of IgH2 (upper sequences) and IgH22 (lower sequences) are
aligned to maximize homology. The top row is the 5’ end of the Cu; do-
main. The second, third and fourth rows are the 5’ and 3’ ends of the first,
second and third IVS, respectively. The nucleotide sequence of the strand
corresponding to the mRNA is displayed 5’ to 3’ direction. The homologous
nucleotides are underlined. Amino acids predicted from the nucleotide se-
quences are shown in italic letter by one letter code.

of each junction are important for the recognition of definite splicing
sites by the splicing machinery which excises and ligates precisely
at the definite nucleotide positions, and thus considerably conserved
between the two genes.

Even if there are multiple sets of the splicing enzymes, it is
reasonable to assume that the primary transcripts of the y1 and y2b
chain genes, which are expressed with a common set of the variable
region genes in the differentiated bone marrow-derived lymphocyte,
share a common set of the splicing enzymes. Otherwise we should
expect that the total number of the mouse splicing enzyme set is as
many as the total number of mouse genes. Nevertheless, we are unable
to find a universal sequence at all the joints except for dinucleotides
GT at 5’ end and AG at 3’ end of the IVS. Nor a long stretch of the
nucleotide sequences common to both yl1 and y2b chain genes are
present around each splicing point. These results suggest that the
splicing machinery recognizes not only nucleotide sequences at the
joints of the IVS and structural sequences but also some other signals
to specify the splicing points. The secondary or tertiary structure of
RNA wag discussed as a possible candidate for such recognition. D69
Combination of short nucleotide sequence and secondary structure
may serve a strong specificity as shown by processing of rRNA and
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T7 phage mRNA by RNage II1.19-12)

Deletion mutants. There are mutant cell lines of mouse myeloma
which synthesize altered heavy chains. P3(MOPC21, y1) has yielded
a spontaneous variant, IF2 that deletes the complete C,, domain,13)-14
Mutagenesis of the MPC 11 (7y2b) mouse myeloma cell line hag yielded
a number of variants which synthesize heavy chains either shorter
than the pareht or of subclass different from the parent.18)-16) The
former is of three quarters of length of the parent heavy chain. The
latter is shown to have the V region identical to MPC 11 and the C
region of the y2a subclags.!” We suspect that the first group of these
altered heavy ¢hains contain the C region lacking a whole domain and.
the second group has the MPC 11 V region directly linked to the y2a
C region although the detailed chemical structure is not yet available.

Inasmuch as each domain is separated from other structural
sequences by IVS, IF2 and variants of MPC 11 may have lost a whole
domain gene sequence by recombination somewhere in IVS. Alter-
natively, point mutations at the essential region for the splicing signal
have modified splicing frame so that the domains are trimed off from
mRNA precursors. In any event the heavy chain genes in the variants
mentioned above have mutated in such a way that the spliced pairs
of the domains or the hinge region are changed. In view of the fact
that there are no definite boundary nucleotide sequences conserved
between two immunoglobulin genes, we prefer the former possibility.
If so, the phenomena implicate that the spliced pair of the coding
sequences is not determined precisely by the nucleotide sequence alone
but different combinations are feasible as long as the topological order
and/or other signals such as the secondary structure allows.

J segments. Recently Max et al.’® and Sakano et al!® have
shown that immunoglobulin & light chain gene has five J segments
with identical nucleotide sequences at the joints of the IVS and struc-
tural sequences. At least four of them seem to be capable of joining
with the C region gene sequence by splicing. Seidman et al.22 demon-
strated that in MOPC 41 myeloma the V region gene is linked to the
J segment farthest from the Ck region, leaving four more J segments
intact between the V and the C region genes. When this gene is tran-
scribed into the mRNA precursor several combinations of spliced pairs
are possible between the J and Ck region sequences. Yet, MOPC 41 &
chain mRNA and the protein synthesized are homogeneous,2!)-22 sug-
gesting that only one combination is preferred. These results also
support our conclusion that the recognition of splicing sites depends
on not only the nucleotide sequences at the boundary of the structural
sequences and IVS but also other structural signals such as secondary
and tertiary structures of RNA.
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SUMMARY

Immunoglobulin y1 heavy chain ¢cDNA was cloned into an Escherichia
coli plasmid pCR1 and its nucleotide sequence was determined. The hybrid
plasmid contained approx. 900-bases-long y1 chain ¢cDNA sequence, including
the complete sequence of the Cyy o and Cyy 3 domains and the 3’ untranslated
region, and a partial sequence of the Cy; domain. The nucleotide sequence
predicts an extra lysine at the carboxyl-terminus of the y1 chain. Com-
parison of the nucleotide sequence of 3" untranslated regions of the immuno-
globulin y1 chain and « light chain showed a significant homology although
lengths are quite divergent.

INTRODUCTION

Cloning and characterization of immunoglobulin heavy chain ¢cDNA are
important not only to obtain a probe for cloning its chromosomal counter-
part but also to obtain direct information which is not available from the
analysis of the chromosomal gene. For example, the nucleotide sequence de-
termination of cDNA clone defines the 3’ untranslated sequence and poly(A)
additional site. The direct evidence for splicing of immunoglobulin mRNA
precursors (Rabbits, 1978) is also obtained by comparison of nucleotide se-
quences between genomic DNA and ¢cDNA.

We have constructed double-stranded immunoglobulin heavy chain cDNA
which is complementary to y1 chain mRNA purified from mouse myeloma
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MOPC 31C (Ono et al., 1977), cloned the cDNA into a bacterial plasmid
pCR1 and determined its nucleotide sequence. The ¢cDNA clone includes the
complete sequences of the Cy, and Cys; domains and 3’ untranslated region,
and a part of the Cy, domain. The ¢DNA clone has already been used for
cloning the y1 chain gene from the newborn mouse (Honjo, 1978; Honjo et
al., 1979).

MATERIAL AND METHODS

(a) Materials

Reverse transcriptase from avian myelobastosis virus was provided by Dr.
J.W. Beard. [y-**P] ATP (7000 Ci/mmol), [«-**P]dCTP (3000 Ci/mmol) and
25T were purchased from New England Nuclear (Boston, MA). Polynucleotide
kinase and restriction endonucleases (HindIll, Hinfl, Mboll, Pstl, Smal and Pvull)
were purchased from New England Biolabs (Beverly, MA). EcoRlI, Haelll,
Hapll and Hhal, which were purified according to the method of Modrich
and Zable (1976), Middleton et al. (1972), Takanami (1974) and Green et al.,
(1978), respectively. Avall and Accl were gifts from Dr. Nakanishi of Kyoto
University and Dr. Kajiro of University of Tokyo, respectively. Terminal nu-
cleotidyl transferase was provided by Dr. R.L. Ratliff.

(b) Construction of a hybrid plasmid

Preparation of double-stranded cDNA was carried out as described previ-
ously (Seidman et al., 1978). Starting with 10 ug of purified MOPC 31C
mRNA (Ono et al., 1977), we obtained 1.6 ug of double-stranded cDNA,
which was treated with S1 nuclease. Then poly(dA) stretches were attached
to the double-stranded cDNA, and poly(dT) stretches were added to pCR1
DNA (Armstrong et al., 1977), which had been cleaved with EcoRI, by the
action of terminal nucleotidy! transferase using the procedure described by
Roychoudhury et al., (1976). The poly(dA)-tailed cDNA was annealed to the
poly(dT)-tailed pCR1 to form circular hybrid molecules. The hybrid mole-
cules were used to transform EK2 host x1776. Finally, the transformants
were screened for the immunoglobulin y1 chain sequence using the procedure
of Grunstein and Hogness (1975).

(c) In situ hybridization and hybridization probes

Transfer of DNA from agarose gel to a nitrocellulose filter was done ac-
cording to Southern (1975). The filter was hybridized with *?P-labeled cDNA
as described (Kataoka et al., 1979). The cDNA complementary to the puri-
fied MOPC 31C mRNA was synthesized using [«-3?2P]dCTP and reverse trans-
criptase (Honjo et al., 1974). The specific activity was 60 cpm/pg. Immuno-
globulin heavy chain mRNA was purified as described previously (Ono et al.,
1977). TIodination of the purified mRNA was done as described (Commer-
ford, 1971). The specific activity of ['2’I]mRNA was 20 cpm/pg.



89

(d) Electron microscopy

R-loop between pG1-6 DNA and MOPC 31C mRNA were formed with
100 pg/m! of DNA (digested with HindIll) and 50 zg/ml of mRNA in 70%
formamide—0.1 M tricine pH 8.0—0.5 M NaCl—10 mM EDTA at 52°C for 16
h as described earlier (Tilghman et al., 1978). After 16 h SV40 DNA contain-
ing poly(dT) tail was added to a final concentration of 5 yg/m! and the mix-
ture was incubated at 52°C for several hours before being spread and stained
as described (Tilghman et al., 1978). Preparation of SV40 DNA-poly(dT)
was described (Tilghman et al., 1978).

(e) DNA sequence analysis

pG1-6 DNA was digested with Hhal and the 1.8 kb long fragment was iso-
lated by electrophoresis in 5% polyacrylamide gel. The Hhal fragment was
digested with various restriction enzymes shown in Fig. 4, treated with bac-
terial alkaline phosphatase and labeled at the 5’ end with polynucleotide
kinase in the presence of [y-*?p] ATP (Maxam and Gilbert, 1977). After
cleavage with a second restriction enzyme, fragments labeled at one end were
isolated by polyacrylamide gel electrophoresis. Sequencing was performed
according to the method of Maxam and Gilbert (1977). Four base-specific
reactions were used (G, A>C, C+T, C) and samples were separated by a thin
(0.5 mm) polyacrylamide gel (Sanger and Coulson, 1978). :

RESULTS

Cloning of y1 chain ¢cDNA

The construction of double-stranded ¢cDNA and its cloning were carried
out as described previously (Seidman et al., 1978). We started with y1 chain
mRNA highly purified from MOPC 31C myeloma (Ono et al., 1977). The
double-stranded DNA was formed by reverse transcriptase, E. coli DNA
polymerase I and S1 nuclease, and joined to a plasmid vector pCR1 (EcoRI
digested) using the poly(dA-dT) tailing procedure.

Using 0.2 ug of hybrid molecules to transform E. coli strain x1776, we ob-
tained 215 transformant clones. These 215 clones were grown on nitrocellu-
lose filters, and hybridized to purified !?*I-labeled y1 chain mRNA using the
procedure of Grunstein and Hogness (1975). 16 of the 215 clones hybridized
to '**I1abeled mRNA. The DNA from these 16 clones were screened for
their ability to protect y1 chain cDNA (1800 bases long) from S1-nuclease
digestion. We selected a clone whose DNA protected about 50% of the cDNA,
and designated it as pCR1-G1-6 (abbreviated pG1-6).

Restriction enzyme digestion of cDNA clones

DNA of pCR1 and pG1-6 was digested with restriction endonucleases
Smal, Pstl or Hhal. Southern blots of agarose gels of these digests were hy-
bridized with y1 chain [3?P]cDNA. As shown in Fig. 1 the largest fragment
(7.3 kb) of Smal-digested pCR1 DNA disappeared in Smal digests of pG1-6
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Fig. 1. In situ hybridization of restriction DNA fragments of pCR1-G1-6. DNAs of pCR1
and pCR1'G1-6 were digested with Smal (A), PstI (B), or Hhal (C) and electrophoresed
in 1% agarose gels. The gels were stained with ethidium bromide and DNA was transferred
to nitrocellulose filters according to Southern (1975). The filters were hybridized with
MOPC 31C [*?P]cDNA. (a) and (b) are ethidium bromide-stained agarose gels of pCR1
and pCR1-G1-6, respectively. (c) and (d) are autoradiograms of Southern blots of pCR1
and pCR1-G1-6, respectively. Smal digestion of pCR1 yields four fragments of 7.3, 2.9,
1.1 and 1.0 kb and PstI cuts pCR1 into two fragments of 11 and 1.4 kb (Armstrong et al.
1977).

)

DNA and 2 fragments of about 6.0 and 1.9 kb in length appeared. These
fragments were shown to contain the y1 chain gene sequence by in situ hy-
bridization although the 1.9 kb band was seen only by long exposure. Simi-
larly, the largest fragment (11 kb) of PstI-digested pCR1 was not seen in
Pstl-digested pG1-6 whereas two fragments of about 6.1 and 6.0 kb in length
were seen in the hybrid clone. The larger of the new fragments hybridized
with y1 chain [*?P]c¢cDNA. The results indicate that pG1-6 contains the y1
chain ¢cDNA insert of approximately 1.1 to 0.6 kb in length and that the
c¢DNA insert is cleaved by both Smal and PstI. The smaller of the new PstI
fragment may have a short cDNA sequence which does not show up in auto-
radiogram. Hhal digestion of pG1-6 showed the absence of the fragments
corresponding to the first and seventh largest fragments of Hhal-digested
pCR1 and the presence of a new fragment (about 1.8 kb) which hybridized
with y1 chain **P-cDNA. Since the largest fragment of Hhal digest contains a
EcoRI site, deletion of the seventh largest fragment may be due to exonu-
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cleolytic cleavage during dT tailing by terminal transferase. Four out of five
clones analyzed lost the same Hhal-fragment.

R-loop study

R-loop was formed between MOPC 31C mRNA and pG1-6 DNA cleaved
with HindIII (Fig. 2). Poly(dT) tailed SV 40 DNA, which was expected to
hybridize to poly(A) sequence of mRNA, was added to show the direction
of the inserted sequence. A series of R-loops was measured with the pCR1 as
a duplex standard. The mean length (+S.D.) of R-loops in 27 molecules was
calculated to be 760 + 120 base pairs. The number is consistent with the re-
sults of restriction fragment analyses (Fig. 1). The direction of translation is
from the left to the right in Fig. 2 and the HindIII site of pCR1 is closer to
the 3’ end of the insert.

Fig. 2. Electron micrograph of an R loop between pCR1-G1-6 DNA and MOPC 31C
mRNA. pCR1-G1-6 DNA cleaved with HindIIl and MOPC 31C mRNA were hybridized
to form an R loop (arrow A) under the conditions as described in METHODS. dT-tailed
SV40 DNA was added as reference, which hybridized to poly(A) tail of mRNA as indi-
cated by arrow B.

Strategy of nucleotide sequence determination

In order to sequence y1 chain cDNA we isolated the 1.8-kb long Hhal frag-
ment of pG1-6 and constructed a detailed restriction map as shown in Fig. 3.
The determination of restriction sites was accomplished by digestion with
several combinations of enzymes. The restriction sites used for terminal la-
beling were indicated by vertical bars and the ranges of sequences determined
are shown by horizontal arrows at the bottom of Fig. 3.
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Fig. 3. Restriction map of the Hhal fragment of pCR1:G1-6. The top rectangle is a restric-
tion map of the 1.8 kb Hhal fragment. A filled section indicates the inserted cDNA se-
quenced. The lower rectangle is a detailed map of the cDNA sequenced. Horizontal arrows
at the bottom show the direction of sequencing and portion of read-off nucleotides. Cy, ,
Cy, and Cy, , domains of y1 chain defined by amino acid sequence (Adetugbo, 1978);

H, hinge region; 3’ UT, 3" untranslated region; P(A), poly(A). Number is length in base-
pairs beginning at the poly(A) additional site.
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Fig. 4. Nucleotide sequence of pCR1:G1-6. Nucleotide sequence is displayed 5’ to 3’ at
the bottom line and numbered with 1 being the poly(A) additional site. Amino acids pre-
dicted from the nucleotide sequence are shown at the middle line by one letter code: A,
alanine; B, aspartic acid or asparagine; C, cysteine; D, aspartic acid; E, glutamic acid; F,
phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine;
N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W,
tryptophan; Y, tyrosine. Amino acid sequences of MOPC 21 (Adetugbo, 1978) are pre-
sented at the top line only where they disagree with the predicted residue.
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Nucleotide sequence of y1 chain structural gene

The nucleotide sequence determined is shown in Fig. 4. The sequence was
correlated with the amino acid sequence of the 1 chain of MOPC 21 (Ade-
tugbo, 1978). The nucleotide sequence determined begins at the Pro codon
of the 193rd residue which is close to the end of the Cy; domain and termi-
nates at 93 nucleotides beyond the termination codon. The number of nu-
cleotides determined is 843. The nucleotide sequence disagrees with the ami-
no acid sequences of MOPC 21 at.18 residues out of 259 residues, which is
shown at the top line in Fig. 4. A most interesting discrepancy is the presence
of an additional Lys codon (AAA) at the carboxyl-terminus of the y1 chain.
The same codon was found in the chromosomal gene of the y1 chain (Honjo
et al., 1979).

DISCUSSION

The nucleotide sequence of pG1-6 demonstrates unequivocally that the
hybrid plasmid contains the y1 chain gene structural sequence. The total
length of the ¢cDNA insert seems to be longer than the number of nucleotides
determined (843 bases). Although pG1-6 has a PstI site in the inserted cDNA
sequence as shown in Fig. 1, there is no PstI site in the 84 3-bases long cDNA
sequenced. Since we found a Pstl site in the chromosomal y1 chain gene at
56 bases upstream to the cDNA sequenced (Honjo et al., 1979), we presume
the total cDNA insert is at least 56 bases longer than that sequenced so far.
The second largest PstI fragment of pCR1-G1-6 did not hybridize with *?P-
¢DNA (Fig. 1) because the majority of the cDNA probe was not long enough
to reach the Pstl site.

We found an unexpected Lys codon at the carboxyl terminus of the y1
chain gene. Recently we found that the y2b chain gene also has an extra Lys
codon at the carboxy! terminus (Yamawaki-Kataoka, Y. et al. unpublished
data). Several explanations are possible for this discrepancy; (1) difference
between myelomas (2) amino acid sequencing error (3) removal of the Lys
residue after synthesis. Since all the y chain proteins so far sequenced have
Gly at the C-terminus (reviewed by Fudenberg et al., 1978), the first and
the second possibilities are less likely than the third. The newly synthesized
v1 chain protein has a Lys residue at the carboxyl terminus, which may be
removed eventually either during secretion or during circulation in the serum.
The proteolytic enzyme of such specificity has not been described. The pu-
tative Lys cleaving enzyme should be highly specific because there is another
Gly-Lys in the Cy, domain. The biological significance of the “shortlived”
Lys residue is not clear.

The nucleotide sequence of pG1-6 established the complete sequence of
the 3' untranslated region of the y1 chain gene. The 3’ untranslated sequence
of the y1 chain is 93 bases long, which is much shorter than that (208 bases)
of x light chain (Hamlyn et al., 1978). The nucleotide sequence before the
poly(A) additonal site of the y1 chain gene is similar but not identical to
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that of the « light chain gene as shown in Fig. 5. Both sequences share signif-
icant homology including a hexanucleotide AATAAA common to many
eukaryotic mRNAs (Proudfoot and Brownlee, 1976; Efstratiadis et al., 1977;
McReynolds et al., 1978; Hamlyn et al., 1978; Nakanishi et al., 1979). The
results suggest that the 3’ untranslated sequences of the y1 and x chain genes
may be derived from a common ancestor. The long stretch (126 bases) of ex-
tra nucleotides found in the x chain gene consists of the repetition of simple
patterns of arrangements of nucleotides (Hamlyn et al., 1978). The di-, tri-
and tetra-nucleotides of the single base and the triplet CCT are abundant.
Such a simple feature of the structure suggests that this portion of the se-
quence may be added by partial duplication or unequal crossing-over. The 3’
untranslated sequence of the v1 chain gene also contains 8 CCTs. Codon
choices for the y1 chain C region gene have been assigned (Table I). A part
of data was taken from the nucleotide sequence of the chromosomal y1
chain gene (Honjo et al., 1979) for the portion where the nucleotide sequence
of pG1-6 is unavailable, All codons are used at least once with the exception
of UUG (Leu), CUA (Leu), UCG (Ser), CGU (Arg) and CGA (Arg). Other
codons which are rarely used are UUU (Phe), UUA (Leu), CUU (Leu), GCG
(Ala), CGC (Arg), and AGA (Arg). Certain codons are strongly preferred for
some amino acids. UUC (Phe), CUG (Leu), CAG (Gln), GAG (Glu) and AGG
(Arg) are examples. Nonrandom use of codons has been noted in other euka-
ryotic mRNAs (Efstratiadis et al., 1977; McReynolds et al., 1978; Nakanishi
et al., 1979). As noted previously (McReynolds et al., 1978; Nakanishi et al.,
1979) codons with the doublet CG are relatively rare and the preference of G
or C at the third position is seen. Out of 342 codons 102 codons (29.8%)
terminate in G, 125 (36.5%) in C, 67 (19.6%) in U and 48 (14%) in A.

We did not sequence the 5’ end of the inserted cDNA because the 5 end
fragment of HaplIl-digested pG1-6 migrated as a diffuse band of 300 ~ 350

80 60 40
Y1 heavy chain gene : T-GATC-CCAGTGTCCTTGGAGCCCTCTGGTCCTACAGGACTCTGACACCTACCTCCACCC--~CTCCCTGTATA

€ light chaln gene : TAGA-GACAAAGGTCCTGAGACGCCAC==—-~ CACCAGCTC mmmmems CCCACCTCCATCCTATCTTCCCTTCTA

200 180 160

AGGTCTTGGAGGCTTCCCCACAAGCGACCTACCACTGTTGCGGTGCTCCAAACCTCCTCCCCACCTCCTTCTCCTCCTCCTCCCTTTCCTTGGCTTTT
140 120 ) 100 80 60

20 1
-AATAAAGCACCCAGCACTGC-CTTGGG  Poly (A)

ATCATCCTAATATTYCCAGANAATATTCAATAAAGTCA~-CTCTTTGCACTTG-~  poly (A)
40 20 1

Fig. 5. Comparison of 3’ untranslated sequences between y1 heavy chain and « light chain
genes. The two sequences are aligned to maximize homology by a modified computer
program of Needleman and Wunsch (1970).
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TABLE 1

THE FREQUENCY OF USE OF EACH CODON FOR AMINO ACID OF y1 HEAVY CHAIN CONSTANT
REGION?

Amino Codon Number Amino Codon Number Amino Codon Number Amino Codon Number

acid acid acid acid
Ser ucu 8 Thr ACG 4 Leu UvuA 1 Gln CAA 2
ucce 6 UUuG 0 CAG 11
UCA 3 Lys AAA 8 cuu 1
UucG 0 AAG 16 cucC 5 Tle AUU 4
AGU 3 CUA 0 AUC 7
AGC 13 Arg CGU 0 CUG 9 AUA 2
CGC 1
Val GUU 2 CGA 0 Asn AAU 5 Cys UGu 4
GUC 12 CGG 2 AAC 10 UGC 6
GUA 4 AGA 1 ’
GUG 14 AGG 17 Phe uUuu 1 His CAU 2
uuc 13 CAC 7
Pro CCU 9 Ala GCU 5
cccC 12 GCC 7 Gly GGU 5 Tyr UAU 2
CCA 9 GCA [ GGC 3 : UAC 5
CCG 2 GCG 1 GGA 4
GGG 1 Trp UGG 6
Thr ACU 10 Glu GAA 3
ACC 12 GAG 14 Asp GAU 7 Met AUG 5
ACA 5 GAC 6

aA part of codons for Cy, is taken from the data of y1 heavy chain genomic sequence (Honjo et al., 1979).

bases in length upon electrophoresis in 5% polyacrylamide gel. Digestion of
the Hapll fragment with Haelll produced a 36 bases-long fragment and a
shorter fragment of apparently heterogenous length, which, we presume, is
due to the variable length of the dA-dT tail on this side. The diffuse HaplI
band was obtained even when pG1-6 DNA was prepared from a single colony
of bacterial cells carrying the plasmid pG1-6. It is likely that a long dA-dT
tail serves as a target of the frequent recombination, resulting in the hetero-
geneous length of the dA-dT tail.

During preparation of this manuscript Rogers et al. (1979) reported the
nucleotide sequence of y1 chain ¢cDNA which contains a part of the Cy, and
Cys domains. Their sequence is in agreement with ours except for bases 237,
243 and 505 where G is replaced by A.
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Summary

The 6.6 kb DNA fragment coding for the immuno-
globulin y1 chain was cloned from newborn mouse
DNA using AgtWES-.AB as the EK2 vector. The
complete nucleotide sequence (1823 bases) of the
y1 chain gene was determined. The cloned gene
contained the entire constantregion gene sequence
as well as the poly(A) addition site, but not the
variable region gene. The results indicate that the
variable and constant region genes of immunoglob-
ulin heavy chain are separated in newborn mouse
DNA. The constant region genes of other gamma
chains (that is, y2a, y2b and y3) are not present in
the cloned DNA fragment. The sequence demon-
strates that the y1 chain gene is interrupted by
three intervening sequences at the junction of the
domains and the hinge region, as previously shown
in the y2b and a chain genes and in the y1 chain
gene cloned from myeloma. The results suggest
that the intervening sequence was introduced into
the heavy chain gene before divergence of the
heavy chain classes, and also support the hypoth-
esis that the splicing mechanism has facilitated the
evolution of eucaryotic genes by linking duplicated
domains or prototype peptides not directly adjacent
to one another. Comparison of the nucleotide se-
quence of the y1 chain gene around the boundaries
of the coding and intervening sequences with those
of other mouse genes revealed extensive diver-
gence, although short prevalent sequences of AG-
GTCAG at the 5’ border of the intervening sequence
and TCTGCAG-GC at the 3’ border were deduced.
A limited homology of nucleotide sequences was
found among domains and between the hinge re-
gion and the 5’ portion of the CH2 domain. Com-
parison of 3’ untranslated sequences from the y1
and y2b chain genes and the mouse major S-globin
gene shows significant homology and a palindrome
sequence surrounding the poly(A) addition site.

Introduction
An immunoglobulin polypeptide chain is composed of

a variable (V) and a constant (C) region. The C portion
of the immunoglobulin heavy chain contains three

lin y1 Chain Gene

3y 3
o= ]

Vi e

= rEgioRs eFomotogy, each of which is similar in size

and homologous to the C region of the light chain. The
homology regions seem to have a similar three-dimen-
sional structure consisting of a compact domain which
contributes to at least one active site (Edelman et al.,
1969). Comparison of the amino acid sequences of
each domain and light chain C region indicates that
immunoglobulin heavy chains have evolved by gene
duplication of a domain which shared a common
ancestor with the C region of the light chain. Such
analysis also suggests that gamma chain subclasses
have evolved by gene duplication after the establish-
ment of a three-domain structure (Grey, 19689, Milstein
et al., 1974). Homologies between gamma chain
genes were assessed by cross-hybridization using
cDNA complementary to purified gamma chain mRNA
(Yamawaki-Kataoka et al., 1979). The results show
that gamma chain subclass genes share various ex-
tents of homology ranging from 20-60%, although
gamma chain cDNAs do not have any significant ho-
mology with alpha and mu chain mRNAs.

We have recently cloned two immunoglobulin C
genes of the gamma subclass, y1 and y2b from the
newborn mouse (Honjo, 1978; Kataoka, Yamawaki-
Kataoka and Honjo, 1979). Partial base sequence
determination of the y2b chain gene demonstrated
that an intervening sequence (IVS) splits the heavy
chain gene at the junction of the domains and the
hinge region (Kataoka et al., 1979). Similar results
were also reported for y1 and « chain genes cloned
from mouse myelomas (Early et al., 1979; Sakano et
al., 1979). These results suggest that an IVS may
have interrupted the immunoglobulin heavy chain
gene at an early stage of its evolution, as has been
proposed by Gilbert (1978) and also by Darnell
(1978).

To trace the evolutionary history of immunoglobulin
heavy chain genes, we have set out to determine the
complete nucleotide sequences of the y1 and y2b
chain genes and to compare them to each other. In
this paper we report the cloning and complete nucleo-
tide sequence of the y1 chain C gene of the newborn
mouse. The sequence not only allows us to identify
the gene and precisely locate the three IVS that inter-
rupt it, but also to characterize several interesting
features of the coding region, the boundaries of the
IVS and coding sequence and the 3’ untranslated
sequence. A preliminary report has been published
(Honjo, 1978).

Results and Discussion

Partial Purification of the Immunoglobulin y1 Chain
Gene )

To enrich immunoglobulin gene sequences we used
sequential purification steps of RPC-5 column chro-
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matography and agarose gel electrophoresis. Approx-
imately 40 mg of Eco Rl-digested DNA derived from
whole newborn mice were fractionated by RPC-5
chromatography. Aliquots of pooled fractions were
electrophoresed in an agarose gel, and the Southern
blot of the gel was hybridized with MOPC 31C (y1)
cDNA and autoradiographed. A marked 6.6 kb band
was visible in fractions 5-7, as shown in Figure 1. No
other bands were observed in any other fractions.
Approximately 3.5 mg of DNA obtained in fractions 5-
7 were applied to a preparative agarose gel. Aliquots
of DNA fractions were again electrophoresed in a 1%

agarose gel and blotted to a Millipore filter (Southern, -

1975). The filter was hybridized with MOPC 31C (y1)
cDNA cloned in pCR1. As shown in Figure 2, the 6.6
kb fragment was found in fractions 14 and 15, in
which the y2b chain"gene was simultaneously en-
riched (Kataoka et al., 1979). Faint 6.6 kb bands were
observed in fractions 16-18, although ethidium bro-
mide-stained bands of DNA were larger than 6.6 kb.
Fraction 14 was concentrated by ethanol precipita-
tion, and approximately 0.1 mg of DNA was obtained.
The y1 gene was estimated to have been purified
about 100 fold from the total digest. This estimate is
made from the relative proportion of the DNA in that
pool after adjusting for the recovery of DNA and
immunoglobulin-hybridizing sequences. Since Eco Rl
digestion of the mouse genome would be expected to
generate about 6.7 X 10° fragments, fraction 14 is
expected to contain one y1 chain gene fragment
among 6.7 x 10° fragments.

Isolation of a Recombinant Phage Containing the
Immunoglobulin y1 Chain C Gene

Purified outer fragments of AgtWES -AB were annealed
with the DNA from fraction 14, ligated and used for
transfection. Screening of clones was carried out ac-
cording to the method of Benton and Davis (1977).
After screening about 10* phages we found one re-
combinant containing the y1 gene sequence, which
was referred to as AgtWES-IgH2 (abbreviated IgH2).
The recombinant phage was grown in large quantities
and the DNA was extracted. DNA was hybridized with
vy1 cDNA in solution, as shown in Table 1. y1 cDNA
hybridized with AgtWES-IgH2 but not with AgtWES-
AB.

AGtWES.IgH2 DNA hybridized with MOPC 31C
cDNA to an extent (73%) similar to that obtained for
MOPC 70A mRNA containing the same C sequence
and a different V sequence. The extent of hybridization
is slightly greater than expected since the y1 cDNA
used and the C sequence including the 3’ untranslated
sequence are about 1800 and 1100 bases in length,
respectively (Honjo and Kataoka, 1978; see below).
The extent of hybridization did not increase even when
the amount of AgtWES.-IgH2 DNA was increased 10
fold. The plasmid pG1-6, used as a control, contained
about 900 bases of y1 cDNA which hybridized to 50%
of the cDNA, although the parental plasmid did not
hybridize with the y1 cDNA at all. The results suggest
the AgtWES -1gH2 contains the C gene of the y1 chain
but does not encompass the V gene of the MOPC 31C
heavy chain. To test whether AgtWES-IgH2 encodes

Figure 1. Fractionation of Eco RI-Digested
Mouse DNA on RPC-5 Column Chromatogra-
phy

(Upper section) An ethidium bromide-stained
1% analytical agarose gel of each pool. Migra-
tion is from top to bottom. (Lower section) An
autoradiogram of the Southern blot which was
hybridized with MOPC 31C 2P-cDNA (y1
chain). Eco Ri-cleaved ACI857 was used as a
size marker.
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Figure 2. Fractionation of Eco RI-Digested Mouse DNA by Preparative Agarose Gel Electrophoresis

(Upper sections) An ethidium bromide-stained 1% analytical agarose gel of each fraction. Migration is from top to bottom. (Lower sections) An
autoradiogram of the Southern blot which was hybridized with the *?P-labeled Hha | fragment of pG1-6 (nick-translated). (S) Eco Rl-cleaved

ACI857 as size marker.

Table 1. Hybridization of AgtWES-1gH2 with MOPC 31C cDNA

Table 2. Hybridization of A\gtWES-IgH2 with Gamma Chain cDNAs

MOPC 31C cDNA

DNA or mRNA % Hybridization
AGtWES-IgH2 73
AGIWES - AB 2
pG1-6 50
pCR1 2
MOPC 31C mRNA ~ 100
MOPC 70A mRNA . 79

Hybridization of DNA (1 ug) or mRNA (5 pg) was performed in the
presence of 1300 cpm of MOPC 31C cDNA (y1 chain), which is 1800
bases long. mRNA used in this experiment was partially purified from
MOPC 31C and MOPC 70A myelomas which are y1 chain producers.

the C genes of the other gamma subclasses, AgtWES -
IgH2 DNA was hybridized to the other gamma chain
cDNAs. Table 2 shows that AgtWES-IgH2 hybridized
specifically to the y1 cDNA. Small amounts of hybrid-
ization with y2a, y2b and y3 cDNAs seem to be
attributable to partial homology between the gamma
chain C gene sequences (Yamawaki-Kataoka et al.,
1979).

Restriction Site Mapping

AGtWES -IgH2 was digested with restriction endonu-
clease Eco Rl and the 6.6 kb insert was isolated by
agarose gel electrophoresis. Both the 6.6 kb insert
and AgtWES-IgH2 were digested with Sac I, Bam HlI,
Hind Il and Sma |, and the digests were electropho-
resed in a 1% agarose gel. DNA was transferred to a
nitrocellulose filter for hybridization as shown in Figure
3. Sac | digested AgtWES-IgH2 DNA into 23, 15.2,

cDNA % Hybridization
MOPC 31C (y1) 77
HOPC 1 (y2a) 13
MPC 11 (y2b) 13
J 606 (y3) 15
MOPC 41 (k) 2

Hybridization of 0.5 ug of AgtWES-IgH2 DNA was performed in the
presence of 2000 cpm of each *H-cDNA.

2.5 and 0.6 kb fragments while the 6.6 kb insert was
cleaved by Sac | into four fragments of 2.5, 2.0, 1.5
and 0.6 kb. Since Sac | has no cleavage sites in the
outer fragment of AgtWES, 2.5 and 0.6 kb fragments
produced by the digestion of AgtWES-IgH2 DNA-must
be derived from the 6.6 kb insert, and 2.0 and 1.5 kb
fragments derived from the 6.6 kb insert are located
at the ends of the insert. Bam HI cleaved the insert
into four fragments of 3.35, 1.5, 1.18 and 0.62 kb.
Comparison with known cleavage sites of Bam Hl in
AGtWES.AB (Leder, Tiemeier and Enquist, 1977)
places the 3.35 and 0.62 kb fragments at the right
and left ends of the insert, respectively. Other frag-
ments produced by Sac | or Bam HI were ordered by
the double digestion with Sac | and Bam HI. The
remaining restriction sites were determined by com-
paring the sizes of new insert fragments to known
adjacent enzyme sites in AgtWES left and right outer
fragments and by cleavage with a combination of
several restriction endonucleases. 'Hybridization with
the MOPC 31C cDNA clone shows that most of the
structural sequence is present on the largest fragment
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Figure 3. Digestion of AgtWES-IgH2 and lts Insert DNA with Various Restriction Endonucleases

Approximately 2 ug of AgtWES-IgH2 DNA and 0.36 pg of the insert DNA were cleaved and electrophoresed in a 1% agarose gel. The DNA was
transferred to a Millipore filter (Southern, 1975) and hybridized to a nick-translated Hha fragment of pG1-6. Size markers used are fragments
produced by Eco RI digestion of ACI857 DNA and Hae Ill digestion of Col E1 DNA. The following pairs of lanes are the ethidium bromide stain and
autoradiogram of AgtWES-IgH2 and the insert DNA cleaved with Eco Rl (a and b); Sac | (c and d); Bam HI (e and f); Sma | (g and h); Hind Il (i and
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Figure 4. Diaéram of Restriction Endonuclease Cleavage Sites in the
y1 Chain Gene and Strategy for Sequencing

The top line represents the cloned 6.6 kb Eco RI fragment in AgtWES -
IgH2. The rectangle shows a magnified detail of the 2.5 kb Sac |
fragment containing the entire structural gene of the y1 chain. Cleav-
ages used for sequencing are shown in the lower part of the figure.
The horizonatal arrows indicate the direction and range of the se-
quence read. The fragments are aligned in the 5’ to 3' direction
relative to the coding sequence. (IVS) Intervening sequence; (U)
untranslated sequence. The dashed line indicates the region where
restriction sites are not determined.

of the Sac | digest, somewhere between 2.6 and 5.1
kb from the left end of the insert. The enzymes Sma |
and Hind Il cut within the coding sequence.

A more detailed restriction map was developed for
the largest fragment (2500 bp) of Sac | digests con-
taining the entire structural sequence. The mapping
was carried out by combined cleavage with several
restriction endonucleases and partial cleavage of the
terminally 3?P-phosphorylated fragment (Smith and

Birnstiel, 1976). Figure 4 summarizes the results ob-
tained with this approach.

Sequencing Strategy

For DNA sequencing of IgH2, plasmid clone DNA
(pBR322-.1gH2) was digested simultaneously with Eco
Rl and Sac |. Since pBR322 does not have any
restriction site for Sac | it was easy to isolate a 2.5 kb
Sac | fragment on a 3% polyacrylamide gel. The 2.5
kb Sac | fragment was further digested with the re-
striction endonucleases indicated in Figure 4 and
labeled at the 5’ ends with y=2?P-ATP and polynucle-
otide kinase. The labeled DNA was either cut with
another restriction enzyme to obtain fragments la-
beled only at one end or subjected to strand separa-
tion.

DNA sequencing was performed using the partial
chemical degradation method of Maxam and Gilbert
(1977), except that the thin polyacrylamide gel system
(0.5 mm) of Sanger and Coulson (1978) was used to
increase resolution. Regions were sequenced in both
5" — 3’ and 3' — 5’ directions whenever feasible.
Restriction sites used for sequencing and the range
of sequences obtained are shown in Figure 4.

Nucleotide Sequence of the y1 Chain Gene

The complete sequence of the mouse y1 chain gene
is shown in Figure 5. The sequence starts 98 nucleo-
tides before the structural sequence which begins
with Ala at residue 121 of the y1 chain sequence
(Adetugbo, 1978). Our sequence ends 175 nucleo-
tides after the termination codon (TGA) and includes
a complete 3’ untranslated sequence. The total num-
ber of nucleotides in the segment sequenced is 1823.
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CAGAAGATCAAAAGTTGTICTTCTCCCTTCTGGAGATTTCTATGTCCTTTACAACTCAATTGGTTAATATCCTGGGTTGGAGTCCCACACATC TTGACAA
ACAGAGACARATTTGAGTATCACCAGCCAARAGTCATACCCARAARACAGELTGGCATGACCACACACCAGACTCARACTTACCCTACCTTTATLLTGGTG

VPR DCGC K P CICT
GCTTCTCATCTCCAGACCCCAGTAACACATAGCTTTCTCTCCACAGTGCCCAGGGATTGYGGTTGTAAGLCTTGCATATGTACAGGTAAGTCAGTGECCY
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TCACCTGACCCAGATGCAACAAGT GGCAATGTTGGAGGGTGGCCAGGTATTGACCTATTTCCACCTTTCTTCTTCATCLTTAGTCCCAGRAGTATLATCT
v r TZTPKVTCVVVDISXDDPE
G;’CT;CATICT;CCCPC(_gAA:GCE’CA:GG:TG;/BC;CACTCATITACTCTGACTCCTAAGGTCACGTGTGTTGTGGTAGACATCAGCAAGGATGATCCCGAGG
> F N S T F R ; v s : L
:CC:GT:CA‘ECT:GT:TGTVAG:TG:TGTVGG:GG;GC:CACTAGGCSGA:GC:ACCPCCSGG:GG:G(‘\OGTTCAACAG(A(TTTCCGUCAGTCAGTGAACT

PIHHODWLNGKEFKCRVNSAATPAPIEXTISXT
TCCCATCATGCACCAGGACTGECTCAATGGCAAGGAGTTCAAATGLAGGGTCAACAGTGCAGCTTTCCCTGCCCCCATCGAGAARALCATCTCCAAMACE

K
RAAGGTGAGAGCTGCAGTGTGTGACATAGAAGCTGCAATAGTCAGTCCATAGACAGAGL TTGGLATRACAGACCLLTGCLLTGTICETGACCTCTETRCT
13 R

G R P KAP OV YT IPPPKXKEODMNZAELKDIXUVS L
BGACCAATCTCTTTACCCACLCACAGGCAGACCGAAGGLTCCACAGGTGTACACCATTCCACCTCCCAAGGAGCAGRTGECCAAGGATAMAGTCAGTCTGA
5 D A P D

T &M I TDpFFPEDICTVEWOWDNGOPAENTYEXNTOEPTINGS
CCTGCATGATAACAGACTTCTTCCCTGAAGACATTACTGTGGAGTEGCAGTGGAATEGGCAGCCAGCGGAGAAC TACAAGAACACTCAGCCCATCATGAA

Figure 5. Nucleotide Sequence of the Mouse
v1 Chain Gene

The nucleotide sequence of the strand corre-
sponding o the mRNA is displayed 5‘ (o 3’ on
the bottom fine. The amino acid predicted by
the nucleotide sequence is shown above the
coding sequence in italic letters. The amino
acid sequence of MOPC 21 ¥l chain (Ade-
tugbo, 1878} is presented on the top line. Only
the amino acids which disagree with the pre-
dicted residue are shown. Dashes indicate
deletions. (Term) refers to the termination co-
don UGA. [Poly(A)}indicates the site of poly(A)
addition. Amino acids are expressed by a one
letter code as follows: (A) alanine; (C) cysteine:;
(D) aspartic acid; (E) glutamic acid; (F) phen-
ylalanine; (G) glycine: (H) histidine; (1) isoleu-
cine; (K) lysine; (L) leucine; (M) methionine;
(N) asparagine; (P) proline’ (Q) glutamine; (R)
arginine; (S) serine; (T) threonine; (V) valine;
(W) tryplophan; (Y) tyrosine.

o

TNGSYFVYSKLNVDKSNWEAGNTFTCSVLHEG[_
1500 CACGAATGGCTCTTACTTCETCTACAGCAAGCTCAAT GTGCAGAAGAGCAACT GEGAGGCAGGAARTACTTTCACCTGCTCTGTETTACAT GAGGECCTE

B N B H T E XK S$ L S H S P G Kterm

1600 CACAACCACCATACTGAGAAGAGCCTCTCCCACTCTCCTGGTAAATGATCCCAGTETECTTEEAGLLCTLTGETCCTACAGGAC TCTEACACCTACETCL

» pol

Wpoly 4 .
1700 ACCCCTCCCTGTATARATARAGCACCCAGCACTECLTI GEGACCCTECAATAALGTCCTGETEATTTCTGAGATGTAGAGTCTAGCTAGGTCATGRAATG

1800 AGGGGTCTCCATGGTTTGAGCCT

The nucleotide sequence can be correlated with the
amino acid sequence already determined for the y1
chain of MOPC 21 (Adetugbo, 1978). Our sequence
disagrees at 27 of 324 residues. Nine of them are
substitutions with other amino acids, including four
Asn-Asp exchanges. Fourteen can be explained by
displacement of amino acids. The nucleotide se-
quence predicts additional Arg-Pro-Ser residues be-
tween positions 194 and 195 of the MOPC 21 se-
quence. Since there are Trp-Pro-Ser residues at cor-
responding positions in the y2a chain (Fougereau et
al., 1976) and the codon for Trp (TGQ) is similar to
the codon for Arg (CGQG) in our sequence, this dis-
crepancy is likely to be an error of amino acid se-
quence. Another important discrepancy is a Lys resi-
due predicted at the carboxy terminal end of the y1
chain. We have sequenced the cDNA clone (pG1-6)
synthesized from the y1 chain mBNA of MOPC 31C,
and the sequences for CH2 and CH3 domains, the
hinge region and the 3’ untranslated sequence were
identical to the genomic sequence (M. Obata and T.
Honjo, unpublished data).

The nucleotide sequence clearly demonstrates that

the V gene is separated from the C gene in newborn
mouse DNA. Hybridization experiments (Table 1) and
R loop studies (H. Yamagishi and T. Honjo, unpub-
lished data) indicate that the V gene of the MOPC 31C
heavy chain is not present in IgH2. We have recently
cloned an 8.3 kb Eco RI fragment of mouse myeloma
DNA, the 3’ terminal portion (6.3 kb) of which is
identical to IgH2 by resfriction site analysis (T. Ka-
taoka, unpublished data). We are now investigating
whether this conversion is related to a genetic rear-
rangement designed to bring the V and C genes closer
together (Honjo and Kataoka, 1978).

Homology between the Domains and the Hinge
Region .

A computer-assisted search revealed limited homol-
ogy between domains, as already indicated by the
amino acid sequence. The similarity index (van den
Berg et al., 1978) can be used as a.rough estimate of
homology between two sequences. The index ex-
presses complete and random match as 100 and 25,
respectively. As shown in Table 3, the similarity in-
dexes between domains are 39.5-42.9, while the
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Table 3. Homology between Domains®
CH1 CH1 CH2 B-Globin® B-Globin B-Globin
CH2 CH3 CH3 CH1 CH2 CH3
Matched bases 1561 147 161 117 123 127
Deletions (bases) 117 126 102 108 129 129
Corrected fength® (bases) 369 372 375 315 342 339
Similarity index*® 40.9 395 42.9 37.1 36 37.5

® Sequences are aligned to maximize homology using a modified computer program described by Needieman and Wunsch (1870).

® The larger coding segment (residues 31-104) of major f-globin of mouse (Konkel et al., 1978).

¢ Similarity index (van den Berg e al., 1978) is computed as 100 — (% detetion X a + % transition X b + % transversion X c). Since the factors
a, b and c are taken as 1, the similarity index is equal to the percentage of maiched bases. The percentage is calculated relative to the corrected
length, which is obtained by adding the number of base pairs and the number of deletions of the aligned sequences.

similarity indexes between two unrelated se-
quences—a segment of f~globin structural sequence
(amino acid residues 31-104) and y1 chain do-
mains—are 36-37.5. We think that the latter numbers
are an overestimate because the proportion of dele-
tion is much higher. The most interesting homology
occurs between the hinge region and the 5' end of
the CH2 domain, although the amino acid sequences
of these regions are quite divergent. As shown in
Figure 8, the homology extends into the intervening
sequence. The similarity index of the sequence shown
is 47.6. The results may suggest that the hinge region
was derived from the 5’ end of the CH2 domain.

Intervening Sequence

Comparison of the nucleotide sequences of IgH2 and
y1 chain cDNA (M. Obata and T. Honjo, unpublished
data) clearly shows that the y1 chain C gene of new-
born mouse is interrupted by three IVS of DNA dividing
the coding sequence at the domain junctions and the
hinge region as shown in Figure 4. The first VS splits
the y1 chain gene after the end of the CH1 domain at
residue 217. The second IVS begins after the codon
for residue 230, separating the hinge region from the
CH2 domain. The third IVS interrupts the gene be-
tween the codons for residues 337 and 338, separat-
ing the CH2 from the CH3 domain. The first, second
and third IVS are 356, 98 and 121 bp long, respec-
tively. No IVS was found in the 3’ untransiated se-
quence. The locations of the three IVS in the y1 chain
gene are virtually identical to those in the y2b chain
gene of the newborn mouse (Kataoka et al., 1979)
and the y1 chain gene of mouse myeloma (Sakano et
al., 1979), and probably similar to those in the a chain
gene of mouse myeloma (Early et al., 1979). The most
probable conclusion to be drawn from these results is
that the IVS was introduced into the heavy chain gene
before divergence of the heavy chain classes. The
results are also consistent with, although they do not
prove, the hypothesis proposed independently by Gil-
bert (1978) and Darnell (1978) that the IVS and its
splicing played a significant role in the evolution of
eucaryotic genes. Gene duplication does not neces-

sarily produce a contiguous domain structure, since
duplicated domains are often interspersed by sur-
rounding sequence which prevents the expression of
a new function. Thus introduction of a splicing mech-
anism may have facilitated the evolution of a new
functional gene and interspersed surrounding se-
quences may have diverged intc present day IVS.

The first IVS contains three initiation and eight ter-
mination codons. The translation of the first IVS would
produce a polypeptide 42 amino acids long, starting
at base 95 after the end of CH1. The second IVS has
two initiation codons, both of which are in correct
phase with transiation of the CH2 domain. The second
and third IVS contain two and seven termination co-
dons, respectively. All the IVS have termination co-
dons in phase with the preceding coding block.

Comparison of Nucleotide Sequences at the
Boundary of the IVS and Coding Sequence

It is evident that IVS are present in a nuclear mRNA
precursor and that subsequent processing eliminates
VS by splicing structural sequences (Smith and Lin-
grel, 1978; Kinniburgh, Mertz and Ross, 1978; Tilgh-
man et al.,, 1978). One might expect stable dyad
symmetries to form the structural basis of the precise
splicing machinery. However, the complete nucleotide
sequence of the mouse S-globin gene did not reveal
such sequences (Konkel, Tilghman and Leder, 1978).
We have also searched for the sequence complemen-
tary to the IVS boundaries elsewhere in the flanking,
coding and intervening sequences. So far we have
been unable to find a region that forms stable du-
plexes with the boundary sequences.

It is also possible that the nucleotide sequences
around the joints between IVS and the structural se-
quences may serve as signals for splicing enzyme(s).
The nucleotide sequences surrounding the joints of
IVS and structural sequences of known mouse genes
are listed for comparison in Table 4. A direct compar-
ison of the sequences listed allows us to derive the
prevalent sequences AG-GTGAG at the 5' border and
TCTGCAG-GC at the 3’ border. These sequences
share tetranucleotides—AG-GT at the 5’ border and
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v P
Hinge  TC-TCCACAGTGCCCAGGGATTGTGGT-TGTAAGCCTTGCATATGTACAGET-AAGTCA-GTE

Figure 6. Comparison of the Hinge Region
and &’ Terminal Portion of the CH2 Domain

Two sequences with preceding intervening se-

CH2 TCATCCTTAGT-CCCAGAAGT-ATCATCIGTCTTCATCTTCCCCCCAAAGCCCAAGG-ATGTG quences are aligned to maximize homology.
D

v P E V 5 § v F I F P P

v The common sequences are underlined.
Amino acids encoded are shown by italic let-
ters (see legend to Figure 5).

P X

Table 4. Comparison of Nucleotide Sequences around Junctions between Coding and Intervening Sequences

Gene 5’ Junction 3’ Junction Location

y1 chain TTTCTTGTAGCCAAAACGAC VH:CH1

y1 chain AAGAAAATT G GTGAGAGGAC CTCTCCACAG TGCCCAGGGA CH1:hinge

¥1 chain ATATGTACAG GTAAGTCAGT TCATCCTTAG TCCCAGAATG hinge:CH2

y1 chain AAAACCAAAG GTGAGCT GCA CCACCCACAG GCAGACCGAA CHZ:CH?»

A1 chain CTCAGATCAG GTCAGCAGCC CTGTTTGC&GGGCCATTTC teader:VLL

A1 chain ACTGTCCTAGGTGAGTCACT CATCCTGC-GGCCAGCCCAA VL:CL

A2 chain CTCTGCTCAGGICAGCAGCC CTGTTTGCAG GAGCCAGTTC leader:VL
Major S~giobin CCCTGGGCAG GTTGGTATCC CCCTTTTTAGGCTGCTGGTT position 30-31
Major S-globin GAACTTCAGG GTGAGTCTGA ATTCCCACAGCTCCTGGGCA position 104-105
Minor giobin T CAGE gG

a-globin TC-AGGTAT

Prevalent sequence AG EGA G TCTGCAG GC

Known mouse IVS border sequences are aligned to show maximum homology. The mouse A chain sequences were determined by Tonegawa et
al. (1978) and Bernard et al. (1978). The mouse globin sequences were reported by Konkel et al. (1878). The homotogous nucleotides are

underlined.

CAG-G at the 3’ border—with the proposed ancestral
sequence (Breathnach et al.,, 1978; Konkel et al.,
1978). The common sequences are dinucleotides, GT
atthe 5 end and AG at the 3’ end of the IVS. Obviously
such a short homology segment will not provide the
strong specificity required for precise splicing.

Although we cannot determine exact splicing points
for the y1 chain gene, Breathnach et al. (1978) found
that it was possible to define unique common excision-
ligation points by aligning sequences of the joint re-
gion. They found GT at the 5' end and AG at the 3’
end of the intervening sequences to be excised. This
rule applies to all the boundary sequences of mouse
genes thus far published, except the A1 chain gene
determined by Bernard, Hozumi and Tonegawa
(1978). It should also be noted that the 5’ ends of IVS
are rich in purines, especially G, and that the 3’ ends
are rich in pyrimidines and rare in G. The base com-
position of the first and last 20 nucleotides of the IVS
in the y1 chain gene is shown in Table 5. A similar
observation was made by Breathnach et al. (1978)
and Konkel et al. (1978).

Comparison of y1 Chain Genes Cloned from
Newborn Mouse and Myeloma

During the preparation of this manuscript, Sakano et
al. (1979) published the sequences of the DNA sur-
rounding the IVS boundaries of the y1 chain gene
cloned from mouse myeloma. Their sequence agrees

Table 5. Base Composition of the Boundary of the Coding and
Intervening Sequences of the y1 Chain Gene

5' £nd {%) 3' End (%)
Location ot I T —
VS G A T C G A T C
VH:CH1 5 25 50 20
CH1:hinge 45 40 10 5 6 20 30 40
Hinge:CH2 3% 256 25 15 O 15 50 35
CH2:CH3 45 20 25 10 O 30 25 45

Base composition was calculated for 20 nucieotides at each end of
the IVS excluding AG-GT.

with ours except for 9 bases scattered throughout the
iVS. The most important discr'epancy is the presence
of GGT, a codon for Gly, at the 3’ end of the CH1
domain in our clone. Thus the splicing codon of their
sequence is GAG(Val)-GTG(Val), another exception to
GT-AG rule. There are several possible explanations
for this discrepancy: differences between the undif-
ferentiated gene of the newborn mouse and the dif-
ferentiated gene of myeloma; mutations in the tumor
cell; sequence error; or a combination of these fac-
tors. It would be interesting to see whether modifica-
tion of the splicing frame is required for the expression
of the y1 chain gene in differentiated lymphocytes.
Since the IVS is eventually excised, it seems less
probable that replacement of several nucleotides in

the IVS accompanies differentiation.
/
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y1 Chain CTG TAT-JAAATAAAL -GCACCCA-G--CA
& Globin CTG -AC-AAATAAARAGCATTTATGTTC
v2b Chain  TTGTAT-AAATAAAL -GCATCCA-G--

30 40 50
v1 Chain  GATTTC-TGAGATGTAGAGTCTA-GCTA
g Globin

GC-C-TGGTACCATG---TAA---AACT|GTCCTG)

10 20

TTGGGACCCTG--C--AAT-AAC-|GTCCTGRT

|

A---TGTTTTAAATTATTTGT

«
1
=
T
|~

| =

L 6G--TCA---T----GGAA-TGAGGGGTCTCCATGGT-TTGA

G---TCAT-AGAAG--G-GTTTATGCTAAGTTTTCAAGATACAAAGAAGTGAG-GGTFTC-A-GGTCTCGA

Figure 7. Comparison of the 3’ Terminal Portion of Mouse y1 Chain, y2b Chain and Major B-Globin Genes

Three sequences were aligned to maximize homology. Long homology regions are boxed. The common sequences are underlined, Dashes
indicate artifical deletions required for maximal homology. The putative poly(A) addition site of the y2b chain gene was assigned by comparison

with the y1 chain gene. (*) Poly(A) addition site.

* ©
y1 Chain TGGGACCCT
*
y2b Chain CCTGGT°ACCATG
*
g Globin TCACTGC°GCAATGA

Figure 8. Palindrome Sequences around Poly(A) Addition Sites

Palindrome sequences are underlined. (*) Poly(A) addition site; (O)
center of symmetry.

3’ Flanking Sequence
Comparison of the nucleotide sequences of the y1
chain gene and y1 chain cDNA (pG1-6) indicates that
the 3’ untranslated sequence is 93 nucleotides long,
starting at TCC and ending at GGG (M. Obata and T.
Honjo, unpublished data). We find GG at the poly(A)
addition site instead of the GC found in many other
eucaryotic mRNAs (Proudfoot and Brownlee, 1976;
Hamlyn et al., 1978; McReynolds et al., 1978). The
hexanucleotide AATAAA is found 20-25 bases before
the poly(A) addition site, as is true of other eucaryotic
mRNAs including globin, ovalbumin, immunoglobulin
light chain and corticotropin-g-lipotropin (Proudfoot
and Brownlee, 1976; Efstratiadis, Kafatos and Man-
iatis, 1977; Ullrich et al., 1977; Konkel et al., 1978;
McReynolds et al., 1978; Nakanishi et al., 1979).
The nucelotide sequence around the poly(A) addi-
tion site in the y1 chain gene was compared with that
of the mouse major B-globin gene (Konkel et al.,
1978). The similarity indexes of the 3' untranslated
sequences before and after the poly(A) addition site
are 46 and 49, respectively, showing significant ho-
mology compared to the 36-37 index for the coding
sequences of the y1 chain and the B-globin genes
(Table 3). As shown in Figure 7, with proper deletions
there is significant homology between two sequences
which have evolved independently for hundreds of

millions of years. A partial sequence of the y2b chain
gene is also presented. Four homology regions are
boxed. The first homology region is the hexanucleo-
tide mentioned above. The second homology region
at positions 20-25 is the most interesting because it
has a symmetric sequence, GTC-CTG or GT(C)TG.
There are AT-rich sequences between the poly(A)
addition site and the second homology region as
shown in the 58 RNA gene (Korn and Brown, 1978).
[itis worth noting that there are palindrome sequences
around the poly(A) addition sites of these genes, as
shown in Figure 8.] it is not clear where RNA polym-
erase ll terminates the transcription of these genes or
how a primary transcript is processed, given poly(A)
at the 3’ ends. The significant homology of the nu-
cleotide sequences, AT-rich sequences and palin-
drome sequences around the poly(A) addition sites of
two genes suggest that such sequences might be a
signal for poly(A) addition or transcriptional termina-
tion or both.

Experimental Procedures

Materials

y-2P-ATP (spec. act. > 5500 Ci/mmole) and a-**P-dCTP (spec.
act. > 300 Ci/mmole) were purchased from New England Nuclear
(Boston, Massachusetis). Restriction endonucleases (Kpn |, Xba |,
Hinf I, Pvu Il and Taq 1) and polynucleotide kinase were from New
England Bioclabs (Beverly, Massachusetts).

Eco Rl, Sac |, Hha |, Hap Il and Bam Hi were purified according to
the methods of Yoshimori (1871), R. J. Roberts (unpublished data),
Greene et al. (1978), Sugisaki and Takanami (1973) and Greene et
al. (1978), respectively. T4 DNA ligase and Sma | were gifts from M.
Takanami (Kyoto University). Ava Il and Acc | were supplied by S.
Nakanishi (Kyoto University) and Y. Kajiro (University of Tokyo),
respectively. Bacterial alkaline phosphatase was obtained from
Worthington Biochemicals and dialyzed against 0.5 M Tris—HCI (pH
8.0) containing 50% glycerol to remove ammonium sulfate. PRC-5
resin was a gift from P. Leder (NIH).

Partia! Purification of the y1 Chain Gene

Whole newborn mice (sacrificed within 24 hr after birth) were homog-
enized in 50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 0.15 M NaCl with
a Waring blender for 30 sec at 4°C. Sodium dodecylsulfate to 0.3%
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and NaClO. to 0.5 M were added to a whole homogenate. The
homogenate was extracted with 0.5 vol each of water-saturated
phenol and a chloroform-iscamyl alcohot mixture (24:1). The water
phase was separated by centrifugation and dialyzed against 0.1 X
SSC(1 x SSCis 0.15 M NaCl, 0.015 M Na citrate) for 24 hr. RNAase
was added to 100 ug/ml and digestion was continued for 24 hr in a
dialysis bag. DNA was extracted with the phenol-chloroform mixture
as above and dialyzed extensively against 0.1 x SSC. High molecular
weight DNA was digested with Eco Rl and fractionated on a PRC-5
column as described (Pearson, Weiss and Kelmers, 1971; Tilghman
et al.,, 1977). DNA containing the immunoglobulin heavy chain gene
was assayed by in situ hybridization as described below. Fractions
which hybridized with the y1 chain ¢cDNA by in situ hybridization were
pooled, concentrated by ethanol precipitation and further purified by
preparative agarose gel electrophoresis as described previously (Pol-
sky et al., 1978). )

Preparation and Screening of Recombinant Phage -
Bacteriophage AgtWES-AB (Leder et al., 1977) was used as the EK2
vector and propagated in ED8656. Cloning experiments were carried
out in a P2 facility according to the proposed Japanese Guidelines
(1978) and revised NIH Guidelines (1976). Ligation of AgiWES outer
fragments and purified mouse DNA and transfection of recombinants
were carried out as described (Tiemeier, Tilghman and Leder, 1977).
Sets of about 200 plaques were transferred directly from LB broth
agar plates to Millipore filters according to the method of Benton and
Davis (1977). The Millipore filters were hybridized to a *?P-labeled
Hha | fragment of the y1 ¢cDNA cloned in pCR1 (pG1-6) and then
autoradiographed. Recombinant phage DNA was prepared as de-
scribed (Tiemeier et al., 1877). The 6.6 kb insert DNA was isolated
by agarose gel electrophoresis and recloned inte pBR322 by ligation
(Bolivar et al., 1977). Plasmid DNA was purified according to the
procedure of Clewell and Helinski (1969).

Hybridization

DNA fixed on a Millipore filter was hybridized to an appropriate probe
as described by Jeffreys and Flaveti (1977) except that 1 M NaCl, 50
mM Tris.HCI (pH 7.4), 10 mM EDTA replaced 6 X SSC. The probes
used were **P-cDNA (spec. act. 62 cpm/pg) complementary to
MOPC 31C mRNA (Ono et al., 1977) or a nick-translated *?P-labeled
Hha | fragment (spec. act. 20 cpm/pg) of pG1-6. A Cot value of 2
X 10~ was reached with respect to the y1 chain sequence. When
*2P-cDNA was used as a probe, oligo(dT)-cellulose bound mRNA
from MOPC 511 myeloma (IgA producer) was added to 10 ug/ml.
The plasmid pG1-6 is a hybrid of pCR1 (Armstrong, Hershfield and
Helinski, 1977) and contains approximately 900 bases of y1 chain
cDNA sequence. The y1 chain insert was isolated as the Hha !
fragment of 1.8 kb in length. Detailed characterization of the plasmid
will be presented elsewhere. Nick translation of DNA was carried out
as described (Maniatis, Jeffreys and Kleid, 1975). Solution hybridi-
zation was carried out as described (Honjo et al., 1974; Kataoka et
al., 1979).

Preparation of 5' Terminally Labeled Restriction Fragments

DNA fragments were digested with restriction enzymes, treated with
bacterial alkaline phosphatase and phosphorylated with T4 potynu-
cleotide kinase as described (Maxam and Gilbert, 1977). After cleav-
age with a second restriction enzyme, fragments labeled at only one
end were isolated by polyacrylamide gel electrophoresis. In some
cases, fragments labeled at both ends were first separated by poly-
acrylamide gel electrophoresis, eluted and then either digested with
a second reslriction enzyme or subjected to strand separation. Elec-
trophoresis was performed in 150 x 150 X 2 mm slab gels of 5-
15% acrylamide (1/30 as bisacrylamide) in 50 mM Tris-borate (pH
8.3) and 2.5 mM EDTA. Samples to be eluted were cut out, put in 10
mM Tris.Cl (pH 8.0), 5 mM EDTA in a dialysis bag and electropho-
resed for 4-16 hr at 120 mA. The eluted DNA was purified over
Sephadex G100 and concentrated by evaporation.

DNA Sequence Analysis

Sequencing was performed according to the method of Maxam and
Gilbert (1877) using 20% urea-acrylamide gels (3 hr at 1600 V) and
8% gels (5 and 3 hr at 1800 V). Thin gels (0.5 mm) were used
according to the procedure of Sanger and Coulson (1978) to increase
resolution. Four base-specific reactions were used (G,A>C,C + T,
C), and samples were loaded in 90% formamide rather than urea-
NaOH. The limit of the accuracy of the sequence determined by the
chemical modification method was critically evaluated by Konkel et
al. {1978), and we reached essentially similar conclusions.
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ORGANIZATION AND REORGANIZATION OF
IMMUNOGLOBULIN HEAVY CHAIN GENES-
ALLELIC DELETION MODEL
, Tasuku Honjo and Tohru Kataoka
Department of Physiological Chemistry and Nutritionm,
Faculty of Medicine, University of Tokyo

We have assessed the number of times the gene sequence
encoding constant regions of immunoglobulin heavy chains,
Y1 and Y3 are represented in mouse genome by hybridization
kinetic analysis. Both Yyl and y3 genes are present in one
copy per haploid genome in normal tissues and myelomas
producing IgM or IgG3. IgGl-producing myelomas, however,
contain one copy of the y1 gene and 0.5 copy of the Y3 gene
per haploid genome. In myelomas producing IgGeb, IgGla or
IgA, both y1 and Y3 genes are represented 0.5 time per haploid
genome. In order to account for the results we propose the
allelic deletion model: (A) The specific deletion of heavy
chain constant region genes accompanies the recombination of
a variable region gene to a constant region gene. (B) The
portion of the chromosome which resides between two joining
sequences is excised out of the chromosome. (C) The recombi-
nation occurs on one of the alleles. Based on this model we
propose that heavy chain genes are arranged on one chromosome
in the following order; variable region genes, unknown spacer
sequence; u, Y3, Y1, v2b, vy2a, and a.

I INTRODUCTION

Organization of immunoglobulin genes has been a focus
of recent investigations in eukaryote molecular biology as
well as immunology. Purification and reverse transcription
of immunoglobulin light (L) chain mRNA have provided a power-
ful probe for nucleic acid hybridization studies on the par-
ticular genes. Extensive kinetic studies (1-9) have produced
general agreement on important points of the organization of
light chain genes. The kappa L chain constant (C) region
gene sequence is present in very few copies - probably no
more than two - per haploid genome. Since a contiguous mRNA
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molecule contains both variable (V) and C region sequences
(10), the above results strongly support the V-C recomblnatlon
argument proposed by Dreyer and Bennett (11).

In contrast there have been few reports of molecular
studies on organization of heavy (H) chain genes (12,13).
This is mainly because purification of H chain mRNA is much
more difficult than that of L chain mRNA. Recently we
have succeeded in purification of H chain mRNA from mouse
myelomas of several classes by immunoprecipitation of poly-
somes (14). Using these probe we have measured the number
of H chain gene sequences and shown deletion of H chain
constant region genes in mouse myelomas which produce immuno-
globulins of specific classes.  Based on these results we will
propose the allelic deletion model for the mechanism of Vy~-Cy
recombination.

Genetic studies have shown that Cy genes of six classes
and subclases, i.e., p, vl, v2a, y2b, y3 and a, are clustered
in such a narrow segment of one chromosome as there have been
found no recombinants within the Cy region among more than
2,000 hybrid mice (15). These CH genes share a family of Vy
genes which sits on the same chromosome and is separated
probably from the Cy genes by spacer sequences.

II CHARACTERIZATION OF PROBES

H chain mRNAs were purified from MOPC 31C (yl) and J606
(y3) myelomas by immunoprecipitation of polysomes as described
previously (1l4). The mRNA preparation obtained ran as an
homogeneous band upon polyacrylamide gel electrophoresis in
formamide with molecular weight of 700,000, i.e. 2,000 bases.
In wheat germ cell-free system yl and Y3 mRNAs directed
synthesis of proteins which are slightly smaller than the
authentic H chain proteins containing polysaccharide (14).
Tryptic peptides derived from the in vitro synthesized
products are similar to those obtained from the authentic
proteins.

The mRNAs were reverse-transcribed with RNA-dependent
DNA polymerase derived from avian myeloblastosis virus. The
purities of MOPC 31C and J606 mRNAs were also determined by
hybridization kinetics with respective c¢DNA. The Cy,tl/2
values obtained for MOPC 31C and J606 mRNAs were 3.4 x 10°%
and 3.3 x 10'4, respectively, as compared to a Crtl/2 value
of 1.8 x 1074 for a and B globin mRNA under the same condi-
tions (14). Given the genetic complexities of 1,200 bases
and 2,000 bases for globin and H chain mRNAs, respectively,
comparison of the C,tl/2 values indicates that the purities of
MOPC 31C and J606 mRNAs are 97% and 99%, respectively.
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MOPC 31C and J606 cDNAs were purified by hybridization
to homologous mRNA and/or by alkaline sucrose density
gradient. The cDNA preparations employed for the present
study are 1,500 bases long as determined by polyacrylamide
gel electrophoresis in formamide. Since we do not see any
difference in the extent of hybridization of cDNA between
homologous and heterologous H chain mRNAs of the identical
class, the cDNA preparations represent most of the C gene
sequences but not of the V gene sequences. Diagramatic
representation of H chain mRNA and its c¢DNA is shown in
Fig. 1.

2000

330 990 480 200

1500

'y

{ cDNA

Fig. 1. Diagramatic representation of H chain
mRNA and 1ts eDNA. V, variable region sequence;
Cy, constant region sequence; U, untranslated
sequence; A, poly(4). Numbers in bases.

IIT REITERATION FREQUENCY OF THE vyl GENE

MOPC 31C 3H—-cDNA was hybridized to a vast excess of
cellular DNA derived from MOPC 31C myeloma. Reassociation of
mouse unique DNA was assessed by the addition of a trace
amount of 14C-1abeled MOPC 31C DNA. All the Cot analyses were
carried out in similar double-labeled experiments under the



464 Tasuku Honjo and Tohru Kataoka

identical conditions.
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Pig. 2. Hybridization kinetic analyses of MOPC 31C cDNA with
total cellular DNA from MOPC 31C myeloma and mouse liver.
Arrows indicate Cotl/2 points. Reactions were carried out as
deseribed previouslg (7). The concentrations of MOPC 31C
(3H)~cDNA, cellular “C-DNA and Na® were 465 pg/ml, 9.4 mg/ml
and 1 M, respectively. Specific radioactivities of MOPC 31C
(3H)-cDNA and 14C-DNA were 1.6 x 107 cpm/ug and 610 cpm/mg,
respectively. ® , (3H)-cona; O, '“c-DN4; B, Kappa
chain (3H)-cDNA; A, globin (3H)-cDNA.

As shown iIn Fig. 2, vl cDNA hybridized to about 65% with a
Cotl/2 value of 3,500, while that of mouse unique sequences

is 2,700. Comparison of these Cotl/2 values yields a reitera-
tion frequency of 0.8 copy per haploid genome for the vyl gene
sequence in MOPC 31C DNA. As control experiments kappa L
chain cDNA derived from MOPC 41 mRNA (2) and globin cDNA were
hybridized to the same batch of MOPC 31C DNA. Cotl/2 values
for the kappa chain cDNA and globin c¢DNA were 2,900 and 1,400,
respectively, indicating that the kappa chain and globin genes
are represented 0.93 and 1.9 times per haploid genome
respectively, which are in agreement with previous reports
(1-9). Similar experiments were carried out with liver

DNA. The results are essentially identical to what

obtained with MOPC 31C DNA. Namely, reiteration frequencies
of the vl, x chain and globin genes are calculated to be 1.3,
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1.0 and 1.9 copies per haploid genome, respectively.
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As

summarized in Table I, the yl gene sequence is present in
one copy per haploid genome in IgGl-, IgM- and IgG3-
producing myelomas as well as normal mouse tissues.

% HYBRIDIZATION

.

Table I Retteration Frequency of the vyl Gene

Origin of DNA Copies/haploid
Myeloma Subclass Hy, Lk Globin
MOPC 31C Y1 0.8  0.93 1.9
MC 101 Y1 1.2
MOPC 704 Y1 0.8
MOPC 104E ! 1.0
J606 Y3 . 1.1
Liver - 1.3 1.0 1.9
Spleen - 1.0
Newborn - 0.96 1.0

Mouse
Kidney - 0.98

On the other hand when the Yyl c¢DNA was hybridized to DNA
derived from a IgG2b-producing myeloma, MPC 11, hybridization
kinetics are quite different from those shown in Fig. 2.

L 1
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— 1

T

MPC 11 DNA
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Log Cot {mole-sec-i-")
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Fig. 3. Hybridization kinetic analyses of MOPC 31(C cDNA with
total cellular DNA from MPC 11 and MOPC 511 myelomas.
@, 3H-cDN4; O, l“c-DnA.



466 Tasuku Honjo and Tohru Kataoka

As shown in Fig. 3, a Cotl/2 value of 6,200 was obtained as
compared to that of 2,600 for mouse unique copy DNA.. The
results yield a reiteration frequency of 0.42 copy per hdploid
genome. The extent of hybridization reached approximately
48%, which is smaller than the value (65%) obtained with

MOPC 31C and liver DNA.

We have tested the congruity of the cDNA-DNA hybrids by
thermal stability to S1 nuclease digestion. The vyl cDNA
hybrids formed with MOPC 31C DNA and MPC 11 DNA showed sharp
melting profiles with Tm values of 90.6° and 86.8°,
respectively, indicating that congruently matched duplexes
were formed. A slight reduction in a Tm value for MPC 11 DNA
hybrids is probably due to degradation of ¢DNA before hybrids
are formed.

The possibility that the reduction of the extent of
hybridization is due to a partial deletion of the Yyl sequence
was excluded since the experiments using the cDNA preparations
of different length (500 bases, 1,000 bases and 1,500 bases)
gave the identical extent of hybridization. The yl gene
sequence seems to be present also in 0.5 copy per haploid
genome in a IgA-producing tumor, MOPC 511.

In seven lines of myeloma producing IgG2a, IgG2b, IgA or
no H chain the number of yl gene copy ranged from 0.39 to 0.56
as summarized in Table II.

Table II Reduction of the Number of the vl
Gene Copy in Myelomas Producing IgG2a, IgG2b

and IgA
Origin of DNA Copies/haploid

Myeloma Subclass H L Globin
RPC 5 v2a 0.56
MPC 11 v&b 0.42 1.1
np 2 v2b 0.39 1.1
MOPC 511 o 0.48
MOPC 315 o 0.52
MOPC 41 - 0.58 1.0 1.8
RPC 20 - 0.44

The maximal extent of hybridization is approximately 45% in
average. The results indicate that the average number of the
vl gene copy is reduced to 0.5 per haploid genome in these
myelomas.
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Obviously the results can be interpreted in two ways. One
possibility is that general chromosomal abnormalities in

these myelomas happen to have reduced the apparent reiteration
frequency of the vl gene (17). The alternative possibility,
which we prefer, is that the vl gene is specifically deleted
from one of the alleles in mouse myelomas which produce the
immunoglobulins of defined classes, i.e., IgG2a, IgG2b and
IgA.

v REITERATION FREQUENCY OF THE y3 GENE

In order to test our favorite possibility mentioned
above we have assessed the number of times the gene sequence
corresponding the y3 cDNA probe is represented in various
myelomas by hybridization kinetic analysis.

0 T . - T T
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O (@]
— —T
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Fig. 4. Hybridization kinetic analyses of J606 cDNA with
total cellular DNA from J606 and MOPC 70A myelomas.
@ , 3H-cona; O, l4c-pDwa.
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Typical examples of such experiments are shown in Fig. 4, in
which J606 3H-cDNA was hybridized to a vast excess of cellu-
lar DNA derived from J606 (1gG3) and MOPC 70A (IgGl) ‘
myelomas, respectively. The results are quite clear. The
Cotl/2 values for J606 DNA and MOPC 70A DNA are 3,000 and
5,800 respectively, as compared to a Cotl/2 value of 3,000
for unique copy mouse DNA. These values are equivalent to
reiteration frequencies of 1.0 and 0:52 per haploid genome
for J606 and MOPC 70A DNA, respectively.

Similar experiments are carried out with DNA derived
from seven other myelomas and three tissues, the results of
which are summarized in Table III.

Table III Reiteration Frequency of the

Y3 Gene

Origin of DNA Copy/haploid
Myeloma Subelass
MOPC 104E M 0.856
JE06 Y3 1.0
MOPC 31IC \7) 0.55
MOPC 704 vl 0.52
MPC 11 Ye 0.52
NP 2 v2b 0.6
UPC 10 Y2a 0.52
MOPC 511 a 0.66
MOPC 315 o 0.4
Liver - 1.18
Kidney - 0.88
Newborn mice - 1.27

IgM- and IgG3-producing myelomas in addition to normal tissues
seem to contain one copy of the y3 gene sequence per haploid
genome, whereas IgGl-, IgG2a-, IgG2b- and IgA- producing
myelomas have only a half copy of the y3 gene sequence per
haploid genome. It is worth emphasizing that IgGl-producing
myelomas, MOPC 31C and MOPC 70A have lost a half copy of the
Y3 gene sequence per haploid genome. Nevertheless they

retain one copy of the Yyl gene sequence per haploid. Since
both sequences are shown to cluster on a small segment of one
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chromosome, it is unlikely that the reduction of the number
of the Y3 gene copy is attributable to general chromosomal
abnormalities in these myelomas. Therefore, we are inclined
to conclude that reduction of the yl or Y3 gene copy is due
to the specific deletion of the particular genes.

Given the reiteration frequency of the vyl and y3 genes,
we can classify mouse myelomas into three groups. The group
I contains one copy each of the vyl and Y3 gene sequences.
The IgM- and IgG3~producers belong to this group. The group
II contains half a copy of tHe Y3 sequence and one copy of vl
sequence as is the case of the IgGl producer. The group III
consists of IgG2a, IgG2b and IgA producers in which both vl
and v3 sequences are represented only 0.5 time per haploid
genome.

v THE ALLELIC DELETION MODEL

In order to put all these results together, we propose
a model which we call the allelic deletion model., We assume
that the specific deletion of Cy gene sequences accompanies
the V-C gene recombination which takes place only on one of
the alleles as shown in Fig. 5.

Dl R [l wser [ 0 [ [ v | 7w [ 7a [ o |

el AT ] = [ o]

Pig. 6. Allelic deletion model for Vy-Vp recombination.
The diagram shows recombination of a Vi sequence with the v2b
gene, resulting in deletion of the v, yv3 and vyl genes.
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Upon joining of the Vy and Cy gene sequences the portion of
the chromosome which resides between two sequences is excised
out of the chromosome. Consequently the dele-
tion of the Yl or Y3 gene in mouse myeloma of the specific
class reflects the relative locations of the class-gpecific

CH genes that have undergone recombination with a Vy gene.
Inasmuch as the group I myelomas (IgM and IgG3 producers)
retain both vl and y3 gene sequences, the u and y3 genes must
reside closer to Vg genes than the yl gene. It is also k
reasonable to put the u gene closer to the VY :sequences than
the Y3 sequence. Otherwise, the y3 gene should be deleted in
the IgM-producing myeloma. Obviously the group II gene, Yyl
is the second closest to the Vg genes and the group III genes
are the furthest. Our preliminary data suggest that the y2b
gene is closer to Vg genes than the y2a gene. We put the a
gene tentatively at the furthest end based on the evolutional
consideration. This order of Cy genes is compatible with
recent genetic studies using rabbit allotypes (18-20).

We have recently succeeded in purification . of y2a, Y2b
and u chain mRNA from mouse myeloma. Using these probes we
will be able to assess whether other Cy gene sequences are
deleted according to the manner which the allelic deletion
model predicts.

Although no experimental data were available, all the
possible mechanisms have been so far proposed to account for
the V-C recombination, which include 1) the copy-insertion
model (21); 2) the translocation model (22); 3) the inversion
model (23) and 4) the looping-out excision model (24). None
of the models except the looping-out excision model can
explain our results. As a matter of fact we learned this
theory very recently and were impressed by its great insight.
Kabat's theory was designed to explain mutual exclusivity of
gene function in the hemoglobin system and suggested to be
applicable to immunoglobulin genes as well.

Vi CONCORDANCE OF THE ALLELIC DELETION MODEL WITH
IMMUNOLOGICAL PHENOMENA

Any mod el for the immunoglobulin genes has to explain
such unique immunological observations as allelic exclusion
and switch of the immunoglobulin class synthesized in a single
lymphocyte.

A. Allelic Exclusion

Genetic studies using allotype markers have shown that
only one of the alleles of immunoglobulin genes is expressed
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in activated B lymphocytes (25-27). Genetic information for
the Vy and Cy which are genetically linked on one parental
chromosome are coordinately expressed, which is referred to
as cis expression (28). Apparently the allelic deletion model
postulates allelic exclusion and cis expression by nature.

B, Switch of Immunoglobulin Class

The switch within a clomne from u chain synthesis to ¥y
chain synthesis is well established as the normal process in
which B lymphocytes begin to secret 1gG and this easily
explains the simultaneous presence of both IgM and IgG on the
cell surface (29-31). It is not clear, however, whether this
switch may include a period in which a single cell simultane-
ously synthesizes p and y chain and, in particular, u and vy
mRNAs. According to the allelic deletion model the successive
recombination of a Vy gene sequence first with u gene then
with vy gene can account for the shift of the immunoglobulin
class synthesized in a lymphocyte. The switch to the reverse
direction has not been found and is very difficult to explain
by this model. 1In view of the relatively long half life of
immunoglobulin proteins and mRNAs (32,33), we do not have to
postulate the concurrent transcription of u and Y gene sequen-
ces within a single lymphocyte.
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Mutual Homology of Mouse Immunoglobulin y-Chain Gene

Sequences’

Yuriko Yamawaki-Kataoka, Kazue Sato, Akira Shimizu, Tohru Kataoka, Yoshitake Mano, Masao Ono,

Masaya Kawakami, and Tasuku Honjo*

ABSTRACT: We have assessed the relative homology of mouse
immunoglobulin heavy-chain gene sequences using comple-
mentary DNAs (cDNAs) synthesized against y-chain mRNAs
(v1, vy2a, y2b, and +3) purified from mouse myelomas.
cDNAs complementary to the y-chain mRNAs did not
cross-hybridize with the u- and a-chain mRNAs, whereas they
cross-hybridized to significant extents (22-66%) with the
v-chain mRNAs of other subclasses. The heterologous hybrids
formed, however, melt at 5-13 °C lower temperatures as
compared to the homologous hybrids, indicating that sig-

Immunog]obu]in heavy chains are encoded by a family of V!
region genes and a set of C region genes (reviewed by
Eichmann, 1975). In order to study the organization of
immunoglobulin heavy-chain genes, it is essential to isolate
the specific probe for cach heavy chain gene. Recently we have
succeeded in purifying mRNAs encoding mouse immuno-
globulin heavy chains (Ono et al,, 1977). Using purified
mRNAs we have synthesized and purified complementary
DNAs (cDNAs) corresponding to the heavy chains of all four
v subclasses, namely, 1, y2a, ¥2b, and 3 chains.

In this paper we will report the mutual homology among
four «y-chain gene sequences. The extent and rate of hy-
bridization and the thermal stability of hybrids formed showed
that although these gene sequences share partial homology with
each other, each cDNA is specific to its own subclass.

Materials and Methods

Materials. Mouse myeloma tumors were kindly supplied
by Dr. M. Potter of National Institutes of Health, except that
MC 101 was provided from Dr. Migita of Kanazawa Univ-
ersity. Tumors were maintained as described (Swan et al.,

Y From the Department of Physiological Chemistry and Nutrition,
Faculty of Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan
(YXK,KS, AS, TK, Y.M, and T.H.), and the Molecular Biology
Laboratory, School of Medicine, Kitasato University, Sagamihara,
Kanagawa 228 (M.O. and M.K.). Received June 21, 1978. This study
was supported in parts by grants from the Ministry of Education, Science
and Culture of Japan, Jane Coffin Child Memorial Fund for Cancer
Research, and Matsunaga Science Foundation.

nificant portions of the heterologous hybrids are mismatched.
The rates of the cross-hybridization reactions are 2- to 17-fold
slower than those of the homologous hybridization reactions.
Therefore, the y-chain gene sequences of four subclasses share
a part of homology with each other, but they are different
enough to be measured separately. Cross-hybridization
analyses indicate that the y2a and y2b genes are the most
closely related, while the y1 and 3 genes are the least related
among the v subclass genes.

1972). *H-Labeled dCTP (24 Ci/mmol) was obtained from
the Radiochemical Center, Amersham, England, and *H-
labeled dATP and dGTP (12 Ci/mmol) were purchased from
New England Nuclear. Hydroxylapatite of DNA grade was
obtained from Bio-Rad Lab.

Preparation and Purification of mRNAs and ¢DNAs.
Preparation and purification of heavy-chain mRNAs derived
from mouse myelomas MOPC 31C (y1), HOPC 1 (y2a),
MPC 11 (y2b), and J 606 (v3) were done as described in the
previous report (Ono et al., 1977). Purities of y1, y2a, y2b,
and v3 mRNAs were 97, 63, 80, and 100%, respectively, as
assayed by hybridization kinetic analysis. Detailed charac-
terization of mRNAs will be described elsewhere. [*H]cDNAs
complementary to the mRNAs were synthesized using
[*H]dCTP, [*H]dATP, and [*H]dGTP by avian myeloblastosis
virus reverse transcriptase and purified as described (Honjo
et al.,, 1974). The specific radioactivity of [*H]JcDNA was 1.6
X 107 cpm/pg. Although each cDNA showed a single
transition in hybridization kinetic analysis to corresponding
mRNAs (Ono et al., 1977), y2a and v2b cDNAs showed, in
our preliminary experiments, the presence of some quantity
of contaminants in their preparations. As the contaminants
seem to come from minor mRNA species present in common
in tumor cells, they were removed by hybridizing y2a and vy2b

! Abbreviations used: V and C regions, variable and constant regions;
cDNA, synthetic DNA complementary to mRNA; Cot (Crt) values,
product of concentration of nucleotide sequences of DNA (RNA) and
time of incubation (mol of nucleotides X s/L).
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FIGURE 1: Electrophoretic pattern of MPC 11 cDNA. Purified MPC
11 [*H]cDNA was run on polyacrylamide gel electrophoresis in
formamide. The reference position of 28S, 18S, 58, and 4S rRNA
from mouse myeloma is also indicated.

¢DNA with a crude mRNA preparation derived from a tumor
(MOPC 511) producing « chain. After hybridization to a Crt
value of 40, the reaction mixture was loaded on a hydroxy-
lapatite column and ¢cDNA remaining as single stranded was
eluted with 0.14 M phosphate buffer. By this purification,
about 65% of the original cDNA was recovered.

Determination of cDNA Length. [*H]cDNAs were elec-
trophoresed at 130 V for 3 h at room temperature in 4%
polyacrylamide gels made up in 99% formamide (Staynov et
al., 1972). After electrophoresis the gel was cut into 2-mm
thick slices. Each slice was solubilized in 20% H,0, and 20%
perchloric acid at 70 °C for 2 b (Mahin & Lofberg, 1966),
and then radioactivity was measured by adding 10 mL of
Aquasol-2 (New England Nuclear).

¢DNA-RNA Hybridization. Hybridization reactions were
carried out as described (Honjo et al., 1974). Hybridization
was assayed with S1 nuclease digestion as described (Honjo
et al,, 1976). RNAs were partially purified from various
myeloma tumors up to the dT1 stage (Honjo et al., 1974),
which comprise about 4% pure mRNA. Briefly, the homo-
genate of myeloma tumors was centrifuged to remove nuclei
and the total cytoplasmic RNA was isolated by phenol—
methacresol extraction (Kirby, 1968). mRNA was purified
by oligo(dT)-cellulose column chromatography.

Thermal Denaturation of Hybrids. Hybridization was
carried out in 0.6 M NaCl-0.2 mM EDTA-20 mM Tris-HC},
pH 7.2, at 75 °C. When a Crt value of 0.5 was attained, the
hybridization mixture was immediately chilled and diluted to
0.25 M NaCl. The thermal stability of cDNA~RNA hybrids
was determined by measurement of the S1 nuclease resistance
upon heating (Honjo et al., 1976).

Results

Characterization of cDNAs. Complementary DNAs were
synthesized against y-chain mRNAs of four subclasses which
were highly purified from MOPC 31C (IgG 1), HOPC 1 (IgG
2a), MPC 11 (1gG 2b), and J 606 (IgG 3) myelomas (Ono
et al., 1977). The sizes of the [’ H]JcDNAs were determined
by polyacrylamide gel electrophoresis in 99% formamide. A
typical electrophoresis pattern is shown in Figure 1. The size
distribution patterns were rather heterogeneous with an av-
erage chain length of about 1500 nucleotides, having a peak
length of 1500, 1900, 1900, and 1600 nucleotides for MOPC
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FIGURE 2: Diagramatic representation of v-class mRNA and cDNAs.
P, precursor region sequence determined from the amino acid sequence
of the MOPC 315 precursor (Jilka & Pestka, 1977); V, variable region
sequence; C, constant region sequence; UT, untranslated scquence;
A, poly(A) sequence. Numbers in bases.

31C {(v1), HOPC 1 (y2a), MPC 11 (v2b), and J 606 (v3)
cDNA, respectively. y-Chain mRNAs are 2000 nucleotides
long (Ono et al., 1977), of which the V region and C region
sequences occupy 330 and 990 nucleotides, respectively.
Nucleotide sequence analysis of MOPC 31C ¢cDNA inserted
in a plasmid indicates that the untranslated sequence of about
500 nucleotides is present at the 3’ end of mRNA (Honjo and
Leder, unpublished observation). Assuming that the mMRNAs
contain poly(adenylic acid) of 200 nucleotides, these cDNAs
include almost the entire C region sequence but do not
necessarily include the V region sequence (Figure 2).

Cross-Hybridization within a Subclass. To determine
whether these cDNAs extend into the V region sequence or
not, the cDNAs were hybridized with partially purified (dT1
stage) mRNAs derived from myelomas producing other v
chains of the same subclass, namely, heavy-chain proteins with
the same C region sequence and a different V region sequence.

As shown in Figure 3, MOPC 31C (y1) ¢cDNA hybridized
with MC 101 (y1) mRNA to the extent similar to that with
MOPC 31C mRNA. However, HOPC 1 (y2a), MPC 11
(¥2b), and J 606 (v3) cDNAs hybridized to UPC 10 (vy2a),
MOPC 141 (y2b), and FLOPC 21 (y3) mRNAs, respectively,
to less extents than those to the respective homologous
mRNAs; the final extents of hybridization obtained for the
heterologous mRNAs were about 85 (y2a) and 90% (y2b and
v3) of those obtained for the homologous mRNAs. HOPC
1, MPC 11, and J 606 cDNAs seem to be long enough to
extend into the V region sequence, while MOPC 31C cDNA
covers only the constant region sequence.

The Crt,, values of these cross-hybridizations are com-
parable to those of the homologous hybridizations, which
indicates the presence of different but roughly similar
quantities of mRNA among different tumors. The thermal
denaturation profiles of hybrids formed between cDNAs and
corresponding partially purified mRNAs were sharp and
undistinguishable from those obtained for hybrids with highly
purified mRNAs (data not shown).

Cross-Hybridization between y-Chain Genes of Different
Subclasses. The y-chain cDNAs derived from MOPC 31C
(v1), HOPC 1 (v2a), MPC 11 (v2b), and J 606 (v3) mRNAs
were examined for their cross-hybridizability to other mRNA
sequences. [3H]cDNA probes were hybridized to large excess
of mRNAs {rom various myelomas and assayed for their
extents of cross-hybridization and thermal stability of hybrids
formed. All possible sets of cross-hybridizations were ex-
amined as shown in Figures 4 and 5. 1t is clear that, although
each cDNA probe reacted extensively (89-94%) with mRNA
of the identical subclass, it hybridized poorly with mRNAs
of other subclasses and classes under the conditions used.
Between the y-chain subclasses, only small extents (20-39%)
of cross-hybridization were observed except in the case of the
y2a-y2b cross-hybridization where the extent of cross-hy-
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FIGURE 3: Cross-hybridization of y1, y2a, y2b, and v3 cDNAs with
mRNAs of the corresponding subclasses. Hybridization reactions
were carried out as described under Materials and Methods. A,
MOPC 31C cDNA (y1) with v1 mRNAs from MOPC 31C and MC
101 myelomas. B, HOPC 1 ¢cDNA (vy2a) with y2a mRNAs from
HOPC 1 and UPC 10 myelomas. C, MPC 11 ¢cDNA (y2b) with y2b
mRNAs from MPC 11 and MOPC 141 myelomas. D, J 606 cDNA
(73) with +3 mRNAs from J 606 and FLOPC 21 myelomas. Arrows
indicate Crt,;, points. Crt; values for mRNAs are 2.7 X 1077
(MOPC 3]C§, 5.6 X102 (MC 101), 1.4 X 1072 (HOPC 1), 1.6 X
1072 (UPC 10), 1.8 X 10°2 (MPC 11), 5.5 X 1073 (MOPC 141), 1.65
X 1072 (J 606), and 2.4 X 102 (FLOPC 21).

bridization reached as high as 60% of the input cDNA. The
possibility that the small extents of cross-hybridization are due
to contaminants present in the cDNA probes was excluded
by the experiments in which the y1 gene cloned in a phage
did hybridize to similar extents with all the other y-chain
mRNAs (Honjo, unpublished data). «- and u-chain mRNAs
did not hybridize to the y-chain probes at any significant
degree even at a Crt value of 10 or 100. Neither did liver
mRNA hybridize with any of the y-class probes. The results
indicate that the y-chain cDNAs used are not contaminated
with other sequences present in myelomas or liver.

Since a Crt); value is inversely proportional to a rate of
hybridization reaction, relative rates of cross-hybridization of
a single mRNA to different cDNAs were calculated from
Crt;/, values obtained in Figures 4 and 5. Table I shows that
the heterologous hybridization reactions are 2- to 17-fold
slower than the homologous reactions. It seems that the
smaller the extent of cross-hybridization, the slower the re-
action rate. For example, J 606 mRNA hybridized with
MOPC 31C cDNA to 26% with a 17-fold slower reaction rate
as compared to that with J 606 cDNA. On the other hand,
HOPC 1 mRNA hybridized with MPC 11 cDNA to 60%,
with a twofold slower rate than that with HOPC 1 cDNA.
Retardation in a hybridization rate has been reported for
imperfectly matched DNA-DNA or mRNA-cDNA hy-
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FIGURE 4: Cross-hybridization of y1 and y2a cDNAs with mRNAs
of other subclasses. Hybridization reactions were carried out as
described under Materials and Methods. Arrows indicate Crt, /, points.
Crt,, values are shown in Table I. Hybridization of each cDNA with
homologous mRNA is also shown on these figures in dotted line. A,
MOPC 31C cDNA (v1). B, HOPC 1 ¢cDNA (y2a). ©, MOPC 31C
mRNA (v1); ®, HOPC 1 mRNA (y2a); @, MPC 11 mRNA (y2b);
3, J 606 mRNA (v3); A, MOPC 104E mRNA (u); ® MOPC 511
mRNA (a); O, liver mRNA.
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FIGURE 5: Cross-hybridization of v2b and ¥3cDNAs with mRNAs
of other subclasses. Condition of hybridization and explanations of
symbols are described in the legend of Figure 4. A, MPC 11 ¢cDNA’
(y2b); B, J 606 cDNA (v3).
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Table I: Summary of Cross-Hybridization

Table II: Relative Homologies between y-Chain Gene Sequences

cDNA gene sequences ATS® % divergenceb
MOPC HOPC MPC J yl-y2a 25 38
mRNA 31C 1 11 606 ¥1-y2b 30 45
MOPC31C Crt,,x10*° 27 59 63 14 13 42 63
y2a—y2b 13 20
rate 1 0.46 0.44 0.19 ~2a-y3 25 38
extent? (%) 100 41 § 29 22 v2b—y3 30 45
AT C 104 10.1 12.9

HOPC 1 Crt,, X 10? 8.9 1.4 2.8 9.1 @ Difference of thermal stability for total hybridizable cDNA
rate’ 0.16 1 0.5 0.15 used between the cross-hybrid and the homologous hybrid. ? Cal-
extent? (%) 43 100 63 37 culated by ATS X (1.5% nucleotide pairs substituted/1 °C lower-
ATyC 11.5 5.2 6.4 ing of TS) according to Kohne et al. (1972).

MPC 11 Crt,y, X 10? 19 5.4 1.8 13
;:;t;mb o 3g.lo 6(‘3‘33 10(1) 38-14 cDNA were, as expected, in good agreement with those for
AT E 1.6 57 8.9 the reciprocal combination of cDNA and mRNA.

J 606 Crt,;, X 102 30 7.9 8.4 1.65 From the extent of hybridization and the thermal stability
rate? 2(9)~06 021 020 1 of hybrids, it is possible to estimate the evolutional proximity
extent® (%) 37 31 100 among the vy genes. The temperature (T,,) at which a half
ATy 13.0 6.4 9.7

¢ The relative rate of hybridization of a single mRNA to differ-
ent cDNAs is shown by taking the rate of the homologous hybridi-
zation as 1. 7 The relative extent of hybridization of a single
mRNA to different cDNAs is normalized by taking that of the
homologous reaction as 100%,; the actual final extents for the
homologous reactions varied from 89 to 94%. € Difference of Ty,
values of the heterologous hybrids formed between a single ¢cDNA
and different mRNAs from that of the homologous hybrids. Ty,
values for the homologous hybrids of MOPC 31C, HOPC 1, MPC
11,and J 606 cDNAs are 93, 90, 92, and 94 °C, respectively.
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FIGURE 6: Thermal stability profile of hybrid formed between MPC
11 cDNA (¥2b) and HOPC 1 mRNA (y2a). MPC 11 cDNA was
hybridized with HOPC 1 mRNA to a Crt value of 0.5 as described
under Materials and Methods. The final extent of hybridization was
65%. The temperature at which a half of the hybrids melt (T,,) was
86 °C, and the temperature at which a half of total hybridizable cDNA
(see text) remained as hybrid form (TS) was 78 °C. Arrows indicate
positions of T, and TS.

bridization (Kohne et al., 1972; Leder et al., 1973).

The thermal stability of hybrids formed was measured by
resistance to S1 nuclease digestion (Figure 6). Differences
in 7, values between the homologous and heterologous hybrids
and final extents of the cross-hybridization are also sum-
marized in Table I. The heterologous hybrids formed melt
at 5-13 °C Jower temperatures as compared to the homologous
hybrids, indicafing that significant portions of the heterologous
hybrids are not congruently base-paired. A AT,, value and
extent of hybridization for a given combination of mRNA and

of the hybrids melt is used often as a measure of divergence
in nucleotide sequences. However, a T, value of hybrid
depends on the temperature at which hybrids are formed.
Thus we used the temperature (TS) at which 50% of the total
hybridizable cDNA remains in a hybrid form (Kohne et al.,
1972) to estimate the divergence of nucleotide sequences
among -y-chain genes. The total hybridizable cDNA represents
the fraction of C region sequence which varied from 85 (y2a)
to 100% (1) of cDNAs (Figure 3). Table II summarizes ATS
values of cross-hybrids and percentages of nucleotide sub-
stitution calculated. It is evident from this table that y2a and
v2b gene sequences are most closely related, showing 80%
homology in nucleotide sequences. On the other hand, 63%
of nucleotide sequences seems to be substituted between y1-
and 3 chain genes, indicating that the v1 and v3 genes are
most distantly related among the v gene subclasses. A close
relationship between y2a and 42b chain is also reported based
on serological studies and tryptic peptide maps of the Fc
fragment of these proteins (Potter, 1972).

Discussion

We have shown that the y-chain genes are different from
cach other although they share partial homology in nucleotide
sequence. The divergence in nucleotide sequence is manifested
as the low extent of cross-hybridization, reduced thermal
stability of heterologous hybrids, and retardation in a rate of
cross-hybridization (Figures 4 and 5 and Table I). These
properties enable us to distinguish the y-chain gene sequences
from one another distinctively. Class specificity of the vy-chain
cDNAs is certified by the fact that none of them cross-hy-
bridized with the u- and a-chain mRNA. -

The specificity of the y-chain cDNAs offers a great virtue
to quantitate the vy gene sequences represented in mouse
genome. A relatively small extent and a decreased rate of
cross-hybridization indicate that, in the case of Cot analysis,
the formation of homologous hybrids is predominant and
completes almost before the formation of heterologous hybrids.
Each vy-chain cDNA has little chance to form heterologous
hybrids since reassociation of the y-chain gene DNA proceeds
faster, leaving little heterologous -y gene sequences available
for hybridization with the cDNA. Taking all these into
consideration, we assume that the contribution of cross-hy-
bridization to the Cot curve would be negligible. This as-
sumption has been verified by sharp melting profiles of
¢DNA-DNA hybrids and monophasic unique kinetic curves
(Honjo & Kataoka, 1978). Although the ¥1, y2a, ¥2b, and
v3 genes are shown to present one copy each per haploid
genome in mouse normal tissues, the allelic deletion of these



494 BIOCHEMISTRY

genes was reported in mouse myelomas (Honjo & Kataoka,
1978).

Since the y-chain gene sequences did not show any hom-
ology with other class (&« and p) gene sequences, early di-
vergence of classes of immunoglobulins must have occurred.
This observation agrees with phylogenetic evidence that lower
vertebrates such as sharks appear to have only 1gM and
amphibians have IgM and IgG, although all these classes in
addition to JgA commonly exist in mammalians (Fudenberg
et al,, 1972). The emergence of subclasses is probably a result
of recent evolution because the members of the y-chain gene
share considerable homology with each other. Pink et al.
(1971) have concluded that subclasses in scveral species have
evolved after differentiation of species. The amino acid se-
quence studies on 1 chain (Milstein et al., 1974) and y2a
chain (Fougereau et al., 1976), which are the only two cases
that the complete amino acid sequences of mouse immuno-
globulin heavy chains are determined, showed that 62% of the
C region sequences of two chains is homologous. Our esti-
mation that nucleotide sequence homology between the y1 and
v2a genes is about 62% (Table II) is in agreement with the
amino acid sequence data.
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126. Purification and Cloning of a Ribosomal RNA
Gene Fragment from Mouse DNA®

By Yukio MIsSHIMA,® Masaharu SAKAL*) Masami MURAMATSU,*)
Tohru KATAOKA,**) and Tasuku HoNJo**)

(Communicated by Toshio KUROKAWA, M. J. A., Dec. 12, 1978)

Introduction. Since the advent of the cloning systems employ-
ing either plasmids or i phage, the isolation and characterization of
a single gene from a eukaryotic genome has become a potent approach

to the understanding of the complex mechanism of gene regulation in
mammalian cells. Several eukaryotic genes from various species have
already been isolated and characterized at least partially. We have
also reported cloning of an immunoglobulin heavy chain gene from
the newborn mouse (Honjo, 1978; Honjo, Kataoka, and Y-Kataoka,
in preparation).

The genes coding for ribosomal RNA (rRNA) have been cloned
from Yeast (Kramer et al., 1976), Drosophila (Thomas et al., 1974),
Xenopus (Morrow et al., 1974), Mouse (Tiemeier et al., 1977) and
Chicken (McClements and Skalka, 1977). For mammalian rRNA
genes, however, the fragments so far obtained were only internal
segments containing neither the promoter nor the terminator region.
In order to study the regulatory mechanism of rRNA transcription,
it is essential to isolate a fragment containing the 5’-terminal region
of the rRNA gene which would contain the promoter.

This work has been initiated for this purpose and, in this report,
we describe a successful isolation of such a gene fragment from mouse
DNA.

Materials and methods. High molecular weight DNA from new-
born mice was prepared by a phenol-chloroform method as described
elsewhere (Honjo et al., in preparation). The digestion of the mouse
DNA with EcoRI, RPC-5 column chromatography and agarose gel
electrophoresis were also described in the paper cited above. The
detection of 18S rRNA sequences was performed as described (Honjo
et al., in preparation). The procedures of ligation and phage DNA
preparation were as described by Tiemier et al. (1977). Introduc-
tion of DNA by in vitro packaging technique was carried out as

*®  Department of Biochemistry, Cancer Institute, Japanese Foundation for
Cancer Research, Tokyo.
##  Department of Physiological Chemistry and Nutrition, Faculty of Medi-
cine, University of Tokyo, Tokyo.
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described (Becker and Gold, 1975; Hohn and Murray, 1977; Stern-
berg et al., 1977; Blattner, personal communication). Detection
of the recombinant phage by in sttw hybridization was éssentially
according to Benton and Davis (1977). Detection of the recombinant
plasmid by in situ colony hybridization was done as described by
Grunstein and Hogness (1975). Transformation of Escherichia coli
LE392, a derivative of strain KD8656, by pBR322 ligated with rRNA
gene fragments was done according to Enea et al. (1975). 3P- or
*H-labeled complementary DNA (¢cDNA) of 183 rRNA was prepared
by reverse transcription with random oligonucleotide as described by
Taylor et al: (1976). *H-cDNA has been purified by incubating to a
Cot of 10-2 and fractionating by a hydroxyapatite column. The specific
activity of %P- and 3H-cDNA was >1.0x10% and 1.0x107 cpm/ g,
respectively. All the cloning procedures were carried out in a P.2
laboratory according to the revised NIH Guidelines. This also con-
formed to the current recommendation by the Japanese Committee
on Recombinant DNA.

Results and discussion. 1) Concentralion of ribosomal RNA
gene fragments containing the promoter region. Fig.1 presents a
diagram of the structure of ribosomal RNA genes of the mouse.
When the mouse DNA was digested with a restriction endonuclease
EcoRI], two categories of gene fragments were produced which could
be identified with labeled rRNA probes (Arnheim and Southern,
1977). Although the smaller fragment containing parts of both 18S
and 28S RNA was homogeneous in size (~6.6 kb) the larger frag-
ment containing only 183 RNA and the §-terminal region of the gene
was rather heterogeneous (14-17 kb) suggesting sequence hetero-
geneity of the spacer region preceding the promoter.

In order to isolate the fragment containing the promoter region,
approximately 40 mg of newborn mouse DNA digested with EcoRI
was fractionated by an RPC-5 column and each fraction tested for
the presence of rRNA sequences after running on an agarose gel.

i i As 14kb ~14=17kb ' ~sB.6kb

Fig. 1. Organization of ribosomal RNA gene of the mouse. Broken
bars indicate the cleavage sites of restriction endonuclease EcoRlI.
Thick lines indicate the transcribed spacer of 45S-preribosomal RNA.
kb: Kilobases.

The fractions containing 14-17 kb bands hydridizable with
rRNA probe (data not shown) were pooled and used for cloning, The
general scheme for the cloning is summarized in Fig. 2.
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Newborn mouse (BALB/c) DNA
!
EcoRI complete digest
|
Concentration by RPC-5 column chromatograpy

Cloning with gt tVESJB vector by
n vitro packaging technique
Plaque detection byl filter hybridization
Propagation ofl positive clones
Transfer to plBR322 plasmid
Clone :;ulM'rEL-l

Fig. 2. Scheme of rDNA Cloning.
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2) Cloning and screening of Ribosomal RNA gene fragments.
The DNA fragments partially purified with respect to ribosomal
RNA sequence as described above were ligated n vitro with two outer
fragments of a mutant coliphage lambda (gt WES.2B) and trans-
fected into a mutant strain of Escherichia coli (LE392). We used the
in vitro packaging method for the cloning of these DNA fragments,

Fr:u,\x-. " -
hes & §

.
.

Fig. 3. Detection of hybrid clones. Approximately 2,000 phage
clones were transferred to each filter. Detection of 18S rRNA
gene was carried out by hybridization with %P-18S-cDNA fol-
lowed by autoradiography. The arrow indicates the recombinant

clone 3.
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Table I. Presence of 18S rRNA sequence
in clone $3 DNA

Input ((H-18S-cDNA) 100 %
S;-Nuclease treated 0
18S rRNA 97.9
#3 47.4
$7 1.7

Percentages of the input counts (564cpm) were
shown. S;-unclease-treated *H-¢cDNA count (45 cpm)
was subtracted from each counts.

because it showed a much higher (>10?) transfection efficiency than
ordinary Ca** method in our preliminary experiments.

Approximately 20,000 phage plaques were screened by in situ
hybridization using 3:P-labeled ¢eDNA of 185 rRNA as a probe. Six
out of twelve positive spots obtained (Fig.3) were picked up and
separately propagated in a small scale (2 ml) to prepare DNA, which
was then tested for the presence of 185 rRNA sequence both by liquid
hybridization and by Southern technique after digesting with EcoRI,

Although all the clones were positive with 3P-cDNA of 18S
rRNA, one of the clones named #3 was further examined using Cot-
purified *H-cDNA (see Materials and methods) as a probe. Table I
shows the clone #3 DNA hybridized with 47.4% of input ¢cDNA,
whereas clone #7 DNA which had not hybridized originally, did not
hybridize with 3H-¢cDNA at all. These results indicate that clone #3
DNA does contain nearly half of the 185 rRNA sequence.

3) Re-cloning of the clone #3 DNA into pBR322. On exami-
nation by gel electrophoresis, clone #3 was found to be contaminated
wit hanother clone containing a 7.4 kb fragment of mouse DNA. It
has also been known that phage DNA having a large inserted DNA
fragment tends to cause deletions during growth. In addition, the
ribosomal DNA fragment contained in clone #8 had a size (14-15 kb)
which was rather hard to separate from the DEF fragment of igt
WES by agarose gel. To solve these problems, we tried to transfer the

Table II. Presence of 18§ rRNA sequence in
recloned #$3 DNA-pBR322-recombinant

Input (®*H-18S-cDNA) 100 %
S;-Nuclease treated : 0
188 rRNA 72.3
Clone $(1-4) 48.8

Precentages of the input counts (749cpm) that
were resistant to S;-nuclease were shown. §;-
nuclease treated *H-18S-cDNA counts (56 cpm) was
subtracted from each counts.
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fragment in clone #3 into a plasmid pBR322 DNA in which the in-
serted DNA was supposed to be more stable and could be recovered
more easily. .

Clone #3 DNA was digested with EcoRI and the fragments were
ligated with pBR322 DNA which had been cleaved with the same
enzyme and treated with alkaline phosphatase. Among 60 colonies
screened, one positive clone numbered as # (1-4) was obtained. The
existence of 185 rRNA sequence was examined by liquid as well as
filter hybridization. The results shown in Table II indicate that this
clone actually contains roughly half of the 1835 rRNA sequence. To
demonstrate that the size of the cloned rRNA gene fragment was the
same as that originally concentrated and picked up, the recombinant
plasmid DNA was digested with EcoRI, electrophoresed on an agarose
gel and examined by the Southern blotting technique (1975). As
seen in Fig. 4, whereas the DNA in an originally pooled DNA fraction
(#30) contained somewhat heterogeneous bands ranging from 14 to
17 kb, the cloned DNA # (1-4) digested with EcoRI showed a single
band of approximately 14 kb which was hybridized with ¢cDNA com-
plementary to 18S rRNA. This band did not hybridize with the cDNA

Fig. 4. Presence of 18S rRNA sequence in clone #(1-4). (a, b) shows
the ethidium bromide-stained 1% agarose gel and (c, d) represents
the autoradiography which was hybridized with 32P-18S-cDNA.
DNA of columns (a) and (c¢) was the fraction $30 of RPC-5 column
chromatography containing the 14-17kb rDNA fragment. DNA
of column (b) and (d) was EcoRI-digested #(1-4) plasmid clone.
EcoRI fragments of 2CI857 were used as size markers.
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complementary to 285 rRNA (data not shown). This recombinant
plasmid containing a part of 183 rRNA sequence and most probably
a promoter region of an rRNA gene of the mouse was designated
pMrEL-1.

While this study was under way, we recieved a personal com-
munication that M. H. Edgell at the University of North Carolina
had obtained a similar clone from the mouse.

Summary. Newborn mouse DNA was digested with a restric-
tion endonuclease EcoRI and concentrated with respect to ribosomal
RNA sequences by an RPC-5 column.

DNA fragments of 14-17 kilobases in length, most probably con-
taining promoter region of the ribosomal RNA gene, were used for
cloning with igt WES.2B as a vector using an i vitro packaging
technique. Several clones containing 185 rRNA sequences were
obtained. One of the clones which was transferred to a plasmid
pBR322 (designated as pMrEIL-1) was 14 kilobases in length, having
only a part of 188 rRNA sequence. These results strongly suggest
that this fragment carries a promoter region of the ribosomal RNA
gene.

Acknowledgements, We thank Dr, P, Leder, NIH, USA, for his
generous gift of igt WES-2B-LE392 vector-host system used in this
study. We also thank Professor Y. Mano, University of Tokyo, for
continuous encouragement. This investigation was supported in part
by grants from Ministry 'of Education, Science and Culture of Japan.

References

Arnheim, N., and Southern, E. M. (1977): Cel}, 11, 363-370.

Becker, A., and Gold, M. (1975): Proc. Natl. Acad. Sci. U.8.A,, 72, 581-585.

Benton, W. D., and Davis, R. W. (1977): Science, 196, 180-182.

Enea, V., Vovis, G. F.,, and Zinder, N. D. (1975) : J. Mol. Biol,, 96, 495-509.

Grunstein, M., and Hogness, D. S. (1975): Proe. Natl. Acad. Sci. U.S.A,, 72,
3961--3965. ’

Hohn, B., and Murray, K. (1977) : Proc. Natl. Acad. Sci. U.S.A., 74, 8259-3263.

Honjo, T. (1978): Immunology '8 (eds. Yamamura, Y., and Tada, T.). Naka-
yama Shoten, Tokyo, pp. 76-82.

Kramer, R., Cameron, J., and Davis, R, (1976) : Cell, 8, 227-232.

McClements, W., and Skalka, A. M. (1977): Science, 198, 195-197.

Morrow, J. F., Cohen, S. N,, Chang, A. C. Y., Boyer, H. W., Goodman, H. M., and
Helling, R. B. (1974): Proe. Natl. Acad. Sci. U.S.A,, 71, 1743-17417.

Sternberg, N., Tiemeier, D., and Enqguist, L. (1977): Gene, 1, 255-280.

Southern, E. M. (1975): J. Mol. Biol., 98, 503-517.

Taylor J. H., Illmensee, R., and Summers, J. (1976): Biochim. Biophys. Acta,
228, 324-330.

Thomas, M., Cameron, J., and Davis, R. (1974) : Proe. Natl. Acad. Sci. U.S.A., 71,
4579-4583.

Tiemeier, D. C., Tilghman, S. M., and Leder, P. (1977): Gene, 2, 173-191.



i 7 M
{
4 oy o i

=

Vol. 74, No. 2, 1977 BIOCHEMICAL AND BIOPHYSICAL RES

TR

-

EXISTENCE OF BOTH KAPPA AND LAMBDA LIGHT CHAIN MESSENGER RNA SEQUENCES
IN MOUSE MYFLOMA, MOPC-104E, KNOWN AS A LAMBDA CHAIN PRODUCER
Masao Ono and Masaya Kawakami

Molecular Biology Laboratory, School of Medicine, Kitasato
University, Sagamihara, Japan

Tohru Kataoka and Tasuku Honjo

Department of Physiological Chemistry and Nutrition, Faculty of
Medicine, University of Tokyo, Tokyo, Japan

Received December 7,1976
SUMMARY: A mouse myeloma, MOPC-104E, which is known to synthesize and secrete
A type light chain protein as a constituent of immunoglobulin M, was shown
to contain mRNA sequences coding for « as well as X type light chain protein.
Light chain mRNA sequences were quantitated by nucleic acid hybridization
reaction using radioactive DNA complementary to light chain mRNAs which had
been purified from other myelomas. The amount of k type light chain mRNA
present in MOPC-104E is almost equivalent to that of X type light chain mRNA.

k chain mRNA was not separated from A chain mRNA either by centrifugation in
sucrose density gradient or by polyacrylamide gel electrophoresis in formamide.

INTRODUCTION: It seems to be generally taken for granted that immunoglobulin
mRNA derived from a mouse myeloma encodes the immunoglobulin protein secreted
by the myeloma. In fact, this had been proved in most of the myelomas (1-6),
although some mRNA had not been well characterized (7,8). MOPC-104E myeloma
is known to produce X type light (L) chain and to secrete it as a constituent
of IgM (9). Upon purification of L chain mRNA from MOPC-104E we have found
that the myeloma contains k type L chain mRNA as much as A type L chain mRNA.
The results give warning against using MOPC-104E mRNA or other not-well-
characterized myeloma mRNA as probe for analysis of immunoglobulin genes or

mRNAs .

MATERIALS AND METHODS

Mouse myeloma cell lines were kindly supplied by Dr. M. Potter, NIH. MOPC-
104E (Kyoto) is aculturedcell line donated by Dr. Y. Namba of Kyoto Univer-
sity (10). MOPC-104E (Osaka) was provided by Dr. T. Kishimoto of Osaka Uni-
Versity. Purification of L, chain mRNAs from MOPC-41 and MOPC-31C myelomas

Abbreviations: cDNA, complementary DNA; Crt value, product of concentration
of nucleotide sequences of RNA and time of incubation (mole of nucleotides

X sec/liter); Crt1 9 Crt value at 50% hybridization; L, and L, chains, kappa
and lambda light céains of immunoglobulin protein
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Fig. 1. Cross-hybridization of Ly and L) cDNAs with myeloma RNAs. Total reac-
tion mixture (150ul1) contained 12,400cpm (4.1ng) of MOPC~31C L, cDNA or
9,650cpm (0.97ng) of RPC~20 L) cDNA. Fifteen ul aliquots were removed at
appropriate intervals. The RNA was present in at least 15-fold excess over
¢DNA. A. MOPC-31C immunoprecipitated RNA. B. MOPC-41 RNA. C. RPC-20 RNA.
Hybridization with Lo c¢DNA ( @ ); L) ¢DNA ( B ). Endogenous 5] nuclease
resistance (2.6% for Ly cDNA and 2.0% for L) cDNA) was subtracted from all
values.

and preparation of L, chain cDNA from respective mRNA have been described (1,
11). Ly chain cDNA was prepared from L) chain mRNA purified from RPC-20 myelo-
ma (5,6). Unless otherwise specified, mRNA preparations employed for hybridi-
zation were partially purified by two successive chromatographies on an oligo
(dT)-cellulose column as described before (1). Total cytoplasmic RNA was
obtained according to Kirby's method (13). Hybridization reactions were
carried out in 0.6M NaCl at 75°C and assayed by S1 nuclease digestion as
described (1). Other sources of reagents have been described (1,5,6,11,12).

RESULTS

Characterization of hybridization probe

L¢ chain cDNA prepared from MOPC-41 mRNA has been shown to hybridize speci-
fically to Ly chain mRNA (1,6). Reciprocally, L) chain cDNA prepared from RPC-
20 mRNA has been demonstrated to be specific for L) chain mRNA (1,6). In these
myelomas the chain specificity of L chain mRNA present coincides with that of
L chain protein secreted by the myeloma. In order to confirm these‘results we
have examined specificity of L, chain cDNA prepared from MOPC-31C mRNA (11).

As shown in Fig. 1, MOPC-31C cDNA hybridized with Ly chain mRNAs derived from
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Fig. 2. Hybridization of MOPC-104E (Kyoto) RNA with Lg and L) c¢DNA. Hybridi-
zation was carried out as described in Fig. 1. Hybridization with L, cDNA
(O); L) cDNA (m ).

3

MOPC-31C and MOPC-41 myelomas. The Crt values (1.2 x 10~ for MOPC-31C

1/2
mRNA and 3 x 10_3 for MOPC-41 mRNA) of each hybridization are comparable to
that reported for respective mRNA (1,11). The lower extent of hybridization to
the heterologous mRNA reflects the proportion of the cDNA complementary to the
constant region sequence. In contrast, MOPC-31C cDNA hardly hybridized with

L) chain mRNA derived from RPC-20 myeloma at Crt values where Lj chain (RPC-
20) ¢DNA hybridized to completion (Fig. 1C). A slight hybridization observed
at high Crt values may reflect a contaminant L, chain mRNA sequence present

at less than 1/100th concentration of L) chain mRNA in RPC-20 myeloma (1). If

the slight hybridization is due to a contaminant L) cDNA present in MOPC-31C

Le cDNA, the C!'t:l/2 values for hybridization of RPC-20 mRNA with L, (MOPC-31C)
and Ly (RPC-20) cDNAs should be identical.

L) chain cDNA prepared from RPC-20 mRNA showed little hybridization with
L¢ chain mRNAs at Crt values comparable to hybridization with L, chain cDNA
(Fig. 1A, B), whereas the Ly chain ¢DNA hybridized with homologous mRNA at

low Crtl/2 value (8 x 10_3)(Fig. 1C). These results clearly indicate that
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Fig. 3. Hybridization of MOPC-104E (NIH) cytoplasmic RNA with L, and L) cDNA.
Increasing amounts of MOPC-104E cytoplasmic RNA were hybridized with MOPC-41
L. cDNA (2,200cpm) and RPC-20 L) cDNA (2,400cpm) in 200ul reaction mixture
for 36 min. Hybridization with Lg ¢DNA ( O ); Ly cDNA ( m ).

MOPC-31C L¢ chain cDNA and RPC-20 Ly cDNA are specific for the respective
chain type.

Presence of both ¢ and ) chain mRNA sequences in MOPC-104E myeloma

The concentrations of Ly and L) chain mRNA sequences in MOPC-104E (Kyoto)
myeloma were quantitated by hybridization with respective chain-type specific
cDNA (Fig. 2). There is, as expected, extensive hybridization between RPC-20
cDNA and mRNA derived from a Ly chain producing tumor, MOPC-104E (Kyoto). A

Crt value of 9 x 10_3 is comparable to RPC-20 mRNA (Fig. 1C). Unexpectedly,

1/2
hybridization between MOPC-104E mRNA and MOPC-31C cDNA attained 60% hybridi-
zation with a Crtl/2 value of 7 x 10—3. Since the Crtl/2 values are quite
similar to each other, the amounts of L, and Ly chain mRNA sequence in MOPC-
104E mRNA are almost equivalent. The lower extent of hybridization indicates
that the L¢ chain sequence present in MOPC-104E myeloma has a variable region
sequence different from MOPC-31C Ly chain. Similarly, almost equivalent amo-
unts of Ly and Ly chain mRNA sequences were present in total cytoplasmic RNA
prepared from MOPC-104E myeloma (NIH) which had been maintained independently
from MOPC-104E (Kyoto) (Fig. 3). Polysomal RNA prepared from MOPC-104E (Osaka)

also contained Ly chain mRNA slightly more than L) chain mRNA (unpublished

observation).
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Fig. 4. Sucrose gradient centrifugation of MOPC-104E (NIH) RNA. After heat
quenching, cytoplasmic RNA of MOPC-104E tumor (1.75mg) was layered on a 5-22%
(w/v) sucrose gradient and centrifuged at 37,000rpm for 15h at 15°C in a Hita-
chi RPS 40T rotor (1,11). Fifteen ul of each fraction was hybridized with
either MOPC-41 L, cDNA (1,270cpm) or RPC-20 Lj cDNA (773cpm) in a 200ul reac-
tion mixture for 30 min. Locations of 18S ribosomal RNA and tRNA (4S) markers
were indicated in the figure. Hybridization with Lg cDNA ( O ); L) cDNA (W ).
Endogenous S nuclease resistance was subtracted from all values.

Characterization of light chain mRNA sequences present in MOPC-104E

The molecular size of Ly and L) chain mRNA present in the MOPC-104E (NTH)
cytoplasmic RNA fraction was analyzed by sedimentation in sucrose density
gradient under conditions which abolish nonspecific aggregation of RNA (1) (
Fig. 4). Both LK and Lk chain mRNA sedimented together with a single peak of
12.5S which was known as the size of immunoglobulin light chain mRNA (1-8,11).
The MOPC-104E L chain mRNA preparation purified by the method successfully
employed for purification of MOPC-41 and RPC~20 mRNAs (1,5) migrated as a
single band upon polyacrylamide gel electrophoresis in formamide, although
this preparation contained equivalent amount of both L, and L; chain mRNA
sequences. Both L . and L) chain mRNAs present in MOPC-104E contain poly(A)

sequences because they were adsorbed to oligo(dT)-cellulose.

DISCUSSION

Available evidence indicates that three lines of MOPC-104E myeloma, which had
been maintained in different laboratories, contain L chain mRNA in a quanti-

ty almost equivalent to that of Ly chain mRNA. Schechter (4) reported that the
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) type mRNA preparation purified from MOPC-104E myeloma contained about 3% of
k type mRNA. The discrepancy is probably attributable to their purification
method which includes immunoprecipitation of polysomes dsing antibodies again-
st Ly chain protein. Myeloma tumors producing two classes of antibody have
been observed (14). Investigators from several laboratories including our own
(1,2,4) reported that light chain mRNA preparations from some myelomas contain
a tiny amount of light chain mRNA sequences of the heterologous type. In these
cases the major sequence is usually orders of magnitude more than the contami-
nant sequence, which could arise from circulating lymphocytes present in tumor
tissues or from leaking transcfiption of the repressed gene in the myeloma
cells.

Following questions should arise: 1) whether an individual MOPC-104E myeloma
cell produces both L¢ and L) chain mRNA sequences; 2) whether the L, chain
mRNA sequence is translated in vivo and the product is secreted from the cells.
Hausman and Bosma (15) reported that they were unable to detect any Ly chain
protein in IgM secreted by MOPC-104E. However, a variant of MOPC-104E which
was obtained by the alternate passage between in vitro culture and subcuta-
neous propagation in mice, produced IgM containing Ly instead of L, chains
and an altered u type H chain. It is interesting to know whether the variant
contains L) chain mRNA or not. At present we have no definitive answer to any
of the above questions. We are trying to clone the MOPC-104E cell line and to
study immunological properties of protein secreted by the myeloma, which will
answer these questions.
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Accumulation of Immunoglobulin Messenger Ribonucleic Acid in

Immunized Mouse Spleent

Tasuku Honjo,* Akira Shimizu, Masa-aki Tsuda, Shunji Natori, Tohru Kataoka, Chieko Dohmoto, and

Yoshitake Mano

ABSTRACT: We have measured the concentration of mRNAs
coding for immunoglobulins, x and X type light chains and v,
type heavy chain, in mouse spleen cells activated by bacterial
lipopolysaccharide or sheep red blood cells. These mRNAs
were quantitated by hybridization to radioactive DNA com-
plementary to highly purified immunoglobulin mRNAs from
mouse myelomas. In the lipopolysaccharide-stimulated spleen
cells, only light chain mRNA accumulated, whereas v, type
heavy chain mRNA remained unvaried. The light chain
mRNA concentration also increased in purified bone-mar-
row-derived lymphocytes. The lipopolysaccharide-induced

In order to elucidate the molecular mechanisms of the im-
mune response, it is essential to know which step(s) of antibody
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light chain mRNA was similar to light chain mRNAs purified
from myelomas. The accumulation and disappearance of light
chain mRNA in bone-marrow-derived lymphocytes coincide
with the kinetics of synthesis of immunoglobulin M which is
the major species induced by lipopolysaccharide. In sheep red
blood cell stimulated spleen, the specific accumulation of « type
light chain and -y, type heavy chain mRNAs parallels immu-
noglobulin G synthesis. These résults seem to indicate that the
increment of immunoglobulin mRNA concentration in
bone-marrow-derived lymphocytes is important for induction
of immunoglobulin synthesis.

~
N

synthesis is stimulated upon activation of immunocompetent
lymphocytes. A vital question is whether induction of antibody
synthesis is due to activation of Ig! gene transcription or of
translational steps of preexisting Ig mRNA. Purification of

! Abbreviations used are: 1g, immunoglobulin; [, and L, chains, x and
A type light chains; H,, chain, v; type heavy chain; LPS, lipopolysac-
charide; SRBC, sheep red blood cells; C,1, the product of the concentration
of RNA and the time of incubation; T and B lymphocytes, thymus-derived
and bone-marrow-derived lymphocytes; poly(A), poly(adenylic acid).



IMMUNOGLOBULIN MRNA

Ig L and H chain mRNAs and their reverse transcription have
provided tighly radioactive DNA complementary to the Ig
mRNA for a nucleic acid hybridization probe to quantitate
mRNA (Honjo et al., 1974, 1976a,b; Faust et al., 1974;
Stavnezer et al., 1974; Rabbitts, 1974; Schechter, 1975; Ono
et al,, 1977a,b). Using this probe, we have measured the Ig
mRNA content in mouse spleen cells which had been im-
munized with bacterial LPS or SRBC.

LPS which is commonly termed B lymplfocyte mitogen
activates polyclonal B lymphocytes to induce I1gM synthesis
in the absence of any accessory cells such as T lymphocytes or
macrophages (Coutinho and Méller, 1975). In contrast a
normal antigen like SRBC requires cooperation of the acces-
sory cells to induce 1gM and 1gG syntheses in B lympho-
cytes.

We will report here that Ig mRNA accumulates and dis-
appears specifically coincidental to Ig synthesis in the LPS (or
SRBC)-stimulated spleen. Accumulation of Ig mRNA is due
to the increased concentration of mRNA in a B lymphocyte
but not due to the increased number of B lymphocytes con-
taining a constant amount of J|g mRNA.

Experimental Procedures

(a) Animals and Immunization. Six to 7 week old dd/Y
strain mice received intraperitoneal injection of 250 ug/0.2
mL LPS. SRBC (2 X 108 cells/0.2 mL) were injected from the
tail vein. On days indicated five mice were sacrificed, and
spleens were removed. Spleens were immediately frozen and
kept at —80 °C until RNA extraction. LPS was prepared from
Escherichia coli according to Westphal et al. (1952). SRBC
was obtained commercially.

(b) Preparation of RNA. MOPC 41 L, chain mRNA was
purified from myeloma as described before (Honjo et al.,
1974). MOPC 31C L, chain mRNA was a generous gift of Dr.
Ono (Ono et al., 1977a). To quantitate mRNA in spleen cells,
RNA was extracted from cytoplasmic fraction of spleen by a
slight modification of the method described by Kirby (1968).
Spleens were homogenized with a Potter-type homogenizer
(9 strokes) in 10 volumes of 0.25 M sucrose containing 50 mM
Tris-HCI (pH 9.0), 25 mM KCli, 5 mM Mg(CH3COO}),, 0.5
mM cycloheximide, and 0.1% diethyl pyrocarbonate. The
homogenate was centrifuged for 10 min at 5000g at 0 °C. To
the supernatant was added sodium dodecyl sulfate to 0.3%. The
mixture was extracted with an equal volume of phenol-m-
cresol mixture (water-saturated phenol/m-cresol, 9:1, v/v)
containing 0.1% 8-hydroxyquinoline. After centrifugation the
aqueous phase was removed and extraction was repeated until
no more white material was visible at the interphase. The RNA
was precipitated with ethanol at —20 °C. The precipitated
RNA was dissolved in H,O and stored at ~80 °C.

(¢c) Preparation of ¢cDNA. L, chain cDNA was prepared
with avian myeloblastosis virus reverse transcriptase (a gift
from Dr. Leder) from L, chain mRNA purified from MOPC
41 myeloma (Honjo et al., 1974). L, chain cDNA was pre-
pared from RPC 20 myeloma mRNA (Honjo et al., 1976a,b).
Preparation of H.,, chain cDNA from MOPC 31C H,, chain
mRNA was described previously (Ono et al., 1977b). Globin
c¢DNA was synthesized according to Ross et al. (1973). The
specific radioactivity of cDNAs was 1 X 107 cpm/pug. L chain
cDNAs, H,, chain cDNA, and globin cDNA thus prepared
were approximately 490, 600, and 400 nucleotides long, re-
spectively, as measured by polyacrylamide gel electrophoresis
in formamide (Honjo et al., 1976a). Most of the sequences of
the Ig cDNAs employed in the present study are comple-
mentary to the constant region sequences which are common
to all the Ig mRNAs of the respective subclasses (Honjo et al.,
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1974, 1976a,b; Ono et al., 1977b). Accordingly, hybridization
to these cDNAs allows us to determine the total concentration
of the Ig mRNAs which have a variety of variable region se-
quences.

(d) Quantitation of mRNAs in Spleen RNA. Increasing
amounts of splenic RNA were hybridized to respective
{3H]cDNA in 0.6 M NaCl at 75 °C. Hybrids formed were
assayed by S1 nuclease digestion as described before (Honjo
et al., 1974). The initial hybridization rate (percentage hy-
bridized per C;t) was determined from the slope obtained as
shown in Figure 1 (Marbaix et al., 1975; Orkin et al., 1975).
Under the conditions employed the amount of hybridizable
RNA is at least in fivefold excess over that of hybridized
c¢DNA. The fraction of mRNA in total RNA is calculated
{rom the ratio of the initial hybridization rate of spleen RNA
to that of purified mRNA, assuming that the purified mRNA
is 100% pure. The initial hybridization rates (hybridization
percentage per C;t) of MOPC 41 mRNA (L,), RPC 20 (L»),
MOPC 31C mRNA (H,,), and mouse globin mRNA are 1.66
X 105, 1.66 X 10°, 1.38 X 105, and 2.4 X 105, respectively,
under the same conditions. The average number of mRNA
molecules in a spleen cell was calculated as follows: (total RNA
content per cell) X (fraction of mRNA in total RNA) X 6.02
X 1023 /(molecular weight of mRNA). L, chain mRNA, Ly
chain mRNA, H,, chain mRNA, and globin mRNA (« and
B chains combined) are 4.5 X 105, 4.0 X 105, 7.0 X 10°, and
4.2 X 105 daltons, respectively (Honjo et al., 1974, 1976a; Ono
et al., 1977b).

(e) Purification of B Lymphocytes from Mouse Spleen.
Spleen cells were suspended in Gey’s solution (Gey and Gey,
1936) containing 0.08 M NH4CI for 2 min at 0 °C to lyse
erythrocytes and erythroid cells. The residual cells were spun
down and suspended in Eagle’s minimal essential medium to
make 1 X 107 spleen cells/mL. T lymphocytes were lysed by
rabbit antiserum directed against mouse brain-associated T
lymphocyte antigen (a gift from Dr. Okumura of Chiba Uni-
versity) and guinea pig complement by the method of Sato et
al. (1976). B lymphocytes which survived the anti-T-lym-
phocyte serum treatment were spun down, washed several
times by centrifugation, and frozen at —80 °C until RNA
extraction. Alternatively, B lymphocytes were isolated by
adsorption to nylon wool (Julius et al., 1973).

(f) Determination of IgM - and IgG-Producing Cell Num-
ber. LPS induces production of IgM against a variety of an-
tigens. We have counted the number of spleen cells which
produce IgM against SRBC as a measure of IgM synthesis in
spleen. The indirect plaque assay was used to measure the sum
of IgG- and IgM-producing cells (Sterzl and Riha, 1965;
Dresser and Wortis, 1965). The number of 1gG-producing cells
was determined as the difference of the direct plaque count
(IgM-producing cells) from the indirect plaque count. The
number of plaque-forming cells was determined according to
Cunningham (1965). The plaque numbers were counted in
four slides which contain 103 to 106 cells for each time point
and the average numbers were plotted.

(g) Other Methods. Thermal stabilities of the hybrids
formed between spleen RNA and cDNA were tested by S1
nuclease digestion as described by Honjo et al. (1976b). The
size of RNA was determined by centrifugation in a sucrose
gradient (5 to 22%) as described before (Honjo et al., 1974).
RNA was heated at 70 °C for 10 min and immediately chilled
before centrifugation. DNA and RNA were determined col-
orimetrically according to Schneider (1957).

Results
(a) Quantitation of L Chain mRNA Sequence in Spleen
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FIGURE 1: Hybridization of LPS-stimulated spleen RNA to L, chain
cDNA. Increasing amounts of splenic RNA were hybridized to a constant
amount of L, chain [2H]cDNA as described in Experimental Procedures.
Each reaction mixture (250 pL) contained 800 cpm of cDNA and was
incubated for 30 min. Fractions of L, chain mRNA were calculated from
stopes as described in Experimental Procedures and summarized in Table
1. Symbols represents spleen RNA obtained on various days after LPS
injection. (A) (O) Day 0; (o) day 1; (@) day 2; (B) (O) day 3; (A) day
5; (@) day 7, (m) day 10.
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FIGURE 2: Hybridization kinetics of spleen RNA to L, chain cDNA.
RNAs obtained from normal spleen and from LPS-stimulated spleen (day
3) were hybridized to L, chain cDNA. Aliquots were removed at time
intervals and hybrids formed were assayed as described in Experimental
Procedures. Spleen RNA used were the same batch as used in Figure 1.
(0O) Normal spleen RNA, 2.2 mg/mL; (A) 3.5 mg/mL of normal spleen
RNA; (®) 0.56 mg/mL of LPS-stimulated spleen RNA; (A) 5.4 mg/mL
of LPS-stimulated spleen RNA.

RNA. Cytoplasmic RNA was extracted from mouse spleen
at various time intervals after LPS injection and tested for its
hybridizability to [*H]cDNA complementary to the L, chain
mRNA purified from a mouse myeloma, MOPC 41. Our assay
scores all L, chain mRNA since RNA was hybridized to
cDNA, 78% of whose sequence is complementary to the con-
stant region sequence (see below). Figure 1 shows the initial
rates of hybridization obtained from the plot of the extent of
hybridization vs. C;t. The sequence hybridizable to L, chain
cDNA began to increase 2 days after LPS injection, reaching
a maximum (4.4-fold) on day 3. The hybridizable sequence
decreased rather quickly, going back to the normal level by day
7. The results indicate that the L, chain mRNA sequence ac-
cumulated temporarily in mouse spleen by LPS injection. The
concentration of L, chain mRNA sequence increased similarly
in total cellular RNA extracted from LPS-treated spleen.
(b) Characterization of L, Chain mRNA Sequence in
Spleen. Hybridization kinetics between L, chain cDNA and
RNA derived from day 0 and day 3 spleens gave C.1;, values
of 26 and 6.3, respectively, as shown in Figure 2. Since the
City7 value is inversely proportional to the concentration of
the sequence, the ratio of the C1y,> values indicates that
4.1-fold greater concentration of the L, chain mRNA sequence
is present in day 3 spleen RNA than in day 0 spleen RNA,
which 1s in good agreement with the results measured by the
initial rate of hybridization as shown above. The maximal
extent of hybridization reached 64% to 67% with RNAs from
day 0 and day 3 spleens. The extents of hybridization likely
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FIGURE 3: Thermal stability of hybrids formed between L, chain cDNA
and spleen RNA. L, chain cDNA was hybridized with normal spleen
RNA, LPS-stimulated spleen RNA (day 3), and L, chain mRNAs puri-
fied from MOPC 41 and MOPC 31C myelomas until C,1 values of 470,
450, and 0.2, respectively, were attained. The hybrids formed were tested
for their thermal stability as described in Experimental Procedures. Tpy
values for hybrids with normal spleen RNA, LPS-stimulated spleen RNA,.
MOPC 41 mRNA, and MOPC 31C mRNA were 84, 86,90, and 90 °C,
respectively. (O) Normal spleen RNA; (@) LPS-stimulated spleen RNA;
(a) MOPC 41 mRNA; (w) MOPC 31C mRNA.

reflect that proportion of the cDNA complementary to the L,
chain constant region sequence (Honjo et al., 1974). Hybrid-
jzation with L, chain mRNAs purified from myelomas,
MOPC 41 (homologous) and MOPC 31C (heterologous),
attained the maximal extent of 73% and 65% (data not shown),
respectively, indicating that 78% of the hybridizable sequence
of the cDNA preparation employed represents the constant
region sequence. Figure 3 shows the thermal stability of the
hybrids. The melting profiles of the hybrids were reasonably
sharp and Ty, values for the hybrids with normal spleen RNA,
LPS-stimulated spleen RNA, and purified L, chain mRNAs§
(both MOPC 41 and MOPC 31C mRNAs) were 84, 86, and
90 °C, respectively. The results indicate that most of the se-
quences in the spleen RNA hybrids are congruently base
paired. Nonetheless, a slight reduction of the T, values for the
splenic RNAs compared with those of the purified L, chain
mRNAs could be due to partially inaccurate base pairing in
the variable region and/or untranslated sequences which
constitute approximately 20% of the cDNA sequence (Honjo
etal., 1974).

When the RNA fractions from normal as well as LPS-
stimulated spleen were treated with RNase or alkali, hybrid-
ization with the L, chain cDNA was completely abolished,
indicating that the sequence assayed is present in RNA mol-
ecules. Heat denaturation of normal spleen RNA did not in-
crease the amount of the sequence hybridizable to L, chain
c¢DNA. This excludes the possibility that a double-stranded
“precursor” RNA exists in normal spleen and is converted to
a hybridizable form by the LPS stimulation. The sequence
hybridizable to the L, chain cDNA from both normal and
LPS-stimulated spleens sedimented with a major peak at 13
S upon centrifugation in sucrose gradient under the conditions
which abolish nonspecific aggregation of RNA (Honjo et al,,
1974), although some degradation of RNA was inevitable. The
sedimentation profile of myeloma L chain mRNA shows a
single peak at 13-14 S (Honjo et al., 1976a). The L, chain
mRNA sequences in splenic RNA were adsorbed to oli-
go(dT)-cellulose, suggesting that they contain poly(A) se-
quences. : o

(¢) L, Chain mRNA Accumulation and IgM Synthesis.
Intraperitoneal injection of LPS brings about a variety of
biochemical as well as cytological chang'es in mouse spleen .
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TABLE 1: Quantitation of L, Chain mRNA in LPS-Stimulated Spleen.

Days after RNA/ RNA/ Tnitial mRNA {mRNA
LPS (Cellsa/ cell spleen rate of (mRNA/ molecules/ molecules/
injection spleen) X108 (pg) (Ll:lg) hybridization® total RNA) X105 cell spleen) X10~10
0 3.1 2.1 0.65 3.15 1.90 53 1.65
1 2.5 419 ¢ 1.06 3.15 1.90 105 2.63
2 3.6 3.98 1.44 9.20 5.54 292 10.5
3 5.8 3.05 1.76 14.0 8.43 340 19.7
5 4.7 3.07 1.45 4.85 2.92 119 5.58
7 7.9 2.89 2.28 2.15 1.30 50 3.93
10 5.6 2.37 1.39 3.00 1.81 57 3.18

a Cell numbers were calculated from DNA contents assuniing that a mouse spleen cell contains 6 pg DNA. ® Initial rates of hybridization
were expressed as percentage hybridized per C,¢ which was calculated from Figure 1.

H
T
I

O

N
T

L ]

L_‘, A S 1
o] 2 4q 6 8
Days ofter LPS injection

Plaque-forming celis / {0 cells

(e
o]

L chon mRNA, molecules x |0% cel
w
,
N

—
10

FIGURE 4: Effects of LPS injection on spleen cells. IgM-producing cell
numbers were determined as described in Experimental Procedures. The
number of L, chain mRNA molecules per spleen cell were determined as
described in Figure 1. (®) Average number of L, chain mRNA molecules
§_n a spleen cell; (4) number of plague-forming cells against SRBC.

(Gronowicz and Coutinho, 1974; Takano et al., 1967; Fruh-
man, 1966). Consistent with previous reports from other lab-
oratories (Coutinho and Méller, 1975) that both DNA and
RNA syntheses are stimulated by LPS injection, the number
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FIGURE 5: Kinetics of Ig mRNA accumulation in LPS-stimulated spleen.
Fraction of each mRNA was determined by hybridization to a constant
amount of respective cDNA exactly as described in Figure 1 and Exper-
imental Procedures. Data for L, chain mRNA were taken from Table I1.
Spleen RNA used was the same batch as used in Figure 1 and Table I1.
(®) L,chain mRNA; (0) L, chain mRNA; (a) Hy, chain mRNA; (m)
giobin mRNA.

TABLE I1: Accumulation of L, Chain mRNA in LPS-Stimulated B
Lymphocytes.

Fraction of L, chain mRNA

of cells per spleen almost doubled on day 3 and the amount of Method of B-lymphocyte (X10%)

RNA per spleen increased by 2.7-fold as shown in Table L. isolation? Control LPS (day 3)

Assuming that the purified L, chain mRNA is 100% pure we

can calculate the average number of L, chain mRNA mole- ~ Nylon wool 4.92 17.5
anti-T-lymphocyte serum 1.02 6.50

cules present in a spleen cell or in a spleen. On day 3 the frac-
tion of L, chain mRNA, the average number of L, chain
mRNA molecules per cell, and the average number of L, chain
mRNA molecules per spleen were elevated by 4.4-fold, 6.4-
fold, and 11.9-fold, respectively. IgM synthesis as measured
by the number of plaque-forming cells against SRBC increased
and reached a maximal level on day 3, followed by a rapid
disappearance by day 7 as shown in Figure 4. It is clear that
the accumulation of L, chain mRNA parallels the increase of
IgM synthesis.

(d) Specific Accumulation of L Chain mRNA. In order to
see whether the accumulation of L, chain mRNA is specific
we have measured the concentration of several other mRNAs
in LPS-stimulated spleen. Figure 5 shows such studies on Ly
chain mRNA, H,, chain mRNA and globin mRNA. The
fractional content of Ly chain mRNA, as expected, increased
by 3.3-fold on day 3 though the concentration of Ly chain
mRNA is one order of magnitude less than that of L, chain
mRNA. L) chain mRNA seems to accumulate and disappear
in'good coincidence with L, chain mRNA. On the other hand,
the ¢oncentration of H.,, chain mRNA remained essentially
constant. The results are consistent with the reports from other
laboratories that a single injection of LPS does not induce 1gG
synthesis in vivo (Britton and Maoller, 1968; Coutinho and

Bl

2 Methods of B-lymphocyte isolation were described in Experi-
mental Procedures.

Moller, 1975). The globin mRNA concentration remained
constant until day 5. On day 6, however, a significant increase
(3-fold) of the mRNA concentration was seen which was
conserved until day 10. The results confirm the report that LPS
stimulates the erythropoietic activity in mouse spleen (Fruh-
man, 1966).

(e) L, Chain mRNA Content in Purified B Lymphocytes.
We have measured the L, chain mRNA concentration in B
lymphocytes which were purified from normal and LPS-
stimulated spleen cells by adsorption to nylon wool or by the
treatment with rabbit antiserum directed against mouse T
lymphocytes. Table I1 shows that the L, chain mRNA con-
centration increased by 3.6- 1o 6.3-fold in B lymphocytes de-
rived from LPS-stimulated spleen. The 1, chain mRNA
concentrations in normal and LPS-stimulated B lymphocytes
were comparable to those in normal and LPS-stimulated spleen
cells, respectively. Since about 50% of spleen cells are B lym-
phocytes, they seem to contain a major portion, if not all, of L,
chain mRNA in spleen.
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TABLE HI: Quantitation of L, Chain mRNA in SRBC-Stimulated Spleen.

Days after RNA/ RNA/ Initial mRNA (mRNA
SRBC (Celise/ cell spleen rate of (mRNA/ molecules/ molecules/
injection spleen) X108 (pg) (mg) hybridization® total RNA) X105 cell spleen) X10~10
0 43 1.58 0.679 2.04 1.23 26 1.11
1 4.0 2.05 0.820 2.78 1.67 48 1.91
2 4.0 1.70 0.680 2.70 1.63 37 1.47
3 40 2.71 1.08 2.88 1.73 62 ) 2.48
5 40 2.35 0.940 3.53 2.13 66 2.65
7 38 1.89 0.718 5.23 3.15 79 2.99

10 4.1 1.88 0.771 5.97 3.60 90 3.67

2 Cell numbers were calculated from DNA contents assuming that a mouse cell contains 6 pg of DNA. # Initia} hybridization rates were
expressed as percentage hybridized per C,f which was determined as described in Figure 1.
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FIGURE 6: Increase of IgM- and IgG-producing cells in SRBC-stimulated
spleen. Numbers of IgM- and IgG-producing cells were determined as
described in Experimental Procedures at time intervals indicated after
SRBC injection. (O) Total number of plaque-forming cells; (4) number
of IgM-producing cells; (®) number of 1gG-producing cells.

(f) Ig¢ mRNA Accumulation in SRBC-Stimulated Spleen.
It is important to see whether a normal antigen also induces
accumulation of Ig mRNA or not. We have used SRBC which
is known as a potent antigen. As shown in Figure 6, SRBC
stimulates IgM synthesis in mouse spleen within 2-3 days after
its injection, followed by extensive 1gG synthesis around day
5 to 7 in confirmation of the results reported by Dresser and
Wortis (1965) and Sterzl and Riha (1965). Table 111 shows
the kinetics of the spleen cell number, RNA content, and the
L, chain mRNA concentration in SRBC-stimulated spleen.
In contrast to LPS stimulation, SRBC injection did not in-
crease the number of spleen cells. The RNA content was
slightly elevated (1.6-fold per spleen at most). The fractional
mRNA content rose slightly on day 1 and then increased sig-
nificantly on day 5, reaching a 2.9-fold higher level on day 10.
Similar studies on Ly chain mRNA, H,, chain mRNA, and
globin mRNA are shown in Figure 7. The concentration of Ly
chain mRNA maintained the original level until day 7 and
increased slightly (1.5-fold) on day 10. The H,,, chain mRNA
concentration began to increase extensively on day 5, reaching
a 2.5-fold higher level on day 10. The results are in agreement
with the results that SRBC injection induces IgG synthesis in
a later stage (days 5-7) of the immune response (Figure 6).
There was no increment of the globin mRNA content
throughout 10 days after SRBC injection. These results show
that an ordinary antigen like SRBC also induces the specific
accumulation of Jg mRNAs concurrently to the increase of
IgG synthesis.

Discussion

The final step of the immune response, which is manifested
as induction of Ig synthesis in B lymphocytes, might be con-
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FIGURE 7: Kinetics of Ig mRNA accumulation in SRBC-stimulated
spleen. Fraction of each mRNA was determined by hybridization to a
constant amount of respective cDNA exactly as described in Figure 1 and
Experimental Procedures. The same batch of spleen RNA was used
throughout the experiments. (@) L, chain mRNA; (O) L, chain mRNA
(A) H,, chain mRNA; (DO) globin nRNA.

trolled in terms of amplification of the Ig genes or in terms of
inducing their transcription or translation of the corresponding
mRNAs. The genes coding for L chain mRNA have been
shown to be repeated not more than five times in the mouse
genome regardless of whether the cells from which DNA was
obtained are actively engaged in Ig synthesis or not (Honjo et
al., 1974, 1976b; Stavnezer ct al., 1974; Faust et al., 1974). The
results rule out the possibility that gene amplification plays an
essential role for the immune response.

We have shown accumulation of Ig mRNAs in mouse spleen
cells as they divide and differentiate into high-rate antibody-
secreting lymphocytes in response to LPS or SRBC injection.
Since the concentration of L, chain mRNA increases in the
total cellular RNA including nuclear as well as cytoplasmic
RNA, it is unlikely that the accumulation of Ig mRNA is at-
tributable to the increase of nucleocytoplasmic transport. The
apparent accumulation of Ig mRNAs in spleen could be also
due to an increase of the B-lymphocyte population in a spleen
while each B lymphocyte contains the unvaried amounts of Ig:
mRNAs. The above possibility was excluded by the experiment -
in which purified B lymphocytes were shown to contain an
elevated amount of L, chain mRNA per cell upon LPS stim--
ulation (Table 11). Furthermore, the quantitative consideration
makes the above possibility unlikely. Shands et al. (1973) have
reported that about 50% of spleen cells are activated by LPS.
stimulation. Since approximately 50% of spleen cells are 1
lymphocytes in normal spleen (Raff et al., 1971; Storb etal,,”
1976), LPS seems to stimulate a majority of B lymphocytes
in spleen. Therefore, the enlargement of the B-lymphocyte
population within a spleen cannot increase the average Ig-
mRNA content per spleen cell more than twice as much as the .-
normal level. .

Since the time course of the accumulation and dnsappear-
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ance of the L chain mRNA agrees with kinetics of IgM syn-
thesis, the number of mRNA molecules present seems to be
closely related with the Ig synthetic capacity of lymphocytes.
This implies that regulation involving the translational acti-
vation of a reserve population of L chain mRNA does not seem
to play a major role in induction of Ig synthesis. Although our
data do not allow us to conclude whether the accumulation of
L chain mRNA is attributable to the incfease of the Ig gene
transcription or to the reduction of mRNA degradation, pre-
liminary studies which have been undertaken in in vitro cul-
tured spleen cells show that transcription of the L, chain gene
is enbanced by LPS stimulation (Tsuda, Natori, and Honjo,
manuscript in preparation).

It is apparent that there are quantitative as well as quali-
tiative similarities between L, chain mRNA from spleen and
from mouse myelomas. Both mRNAs have poly(A) sequences
and a similar size. The extent of hybridization of splenic RNA
to MOPC 41 cDNA is similar to that of heterologous L, chain
mRNA purified from MOPC 31C myeloma. The hybrids with
splenic mRNA have the Ty, values slightly Jower than mye-
loma mRNA hybrids. The difference of the T, values (4 to
6 °C) corresponds to a maximum of 4 to 6% mismatching
(Britten et al., 1974). It is plausible that partially mismatched
hybrids are formed between MOPC 41 ¢cDNA and splenic
mRNA, which is a mixture of hundreds of L, chain mRNA
species, each containing different variable region sequences.
In fact, the extent of hybridization of splenic mRNA is similar
to, nonetheless, usually slightly higher than that of the het-
erologous L, chain mRNA. The decreased thermal stability
of the hybrids could be ascribed to several other factors such
as length of hybridizing RNA and/or presence of L chain-like
RNA of unknown function. Storb et al. (1976) reported that
the L, chain cDNA hybrid with spleen RNA melts 10.7 °C
below the T, value of the hybrid with homologous mRNA.

The kinetics of Ig mRNA accumulation agree with those
immunological observations which have been known to be in-
duced by LPS or SRBC injection. LPS injection induces ac-
cumulation of L chain mRNA but not of H,,, chain mRNA,
corresponding to stimulation of IgM synthesis but not of IgG
synthesis. SRBC-induced accumulation of L chain mRNA and
H,, chain mRNA coincides with IgG synthesis. It was rather
unexpected that SRBC injection did not increase L chain
mRNAs significantly at an early stage (days 2-3) when spleen
cells produce IgM. This is probably due to the fact that SRBC
injection induces much smaller quantities of IgM synthesis
than does LPS injection. The increase of the globin mRNA
level coincides with the report that LPS injection stimulates
erythropoiesis in a week or so in mouse spleen (Fruhman,
1966). Our preliminary data show that LPS does not stimulate
the erythropoietic activity in cultured spleen cells (Tsuda,
Natori, and Honjo, manuscript in preparation), suggesting that
LPS-induced erythropoiesis in spleen is a secondary effect of
the bacterial endotoxin.

-Investigators from another laboratory reported the quan-
titation of Ig H chain mRNA in LPS-stimulated mouse spleen
cells cultured in vitro (Stevens et al., 1975). The assay method
employed for mRNA measurement, however, was shown to
be difficult to reproduce (Stevens and Williamson, 1975).
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SUMMARY : Tryptophan 5-monooxygenase was purified approximately 1,000-fold from
the bovine pineal gland. The purified enzyme catalyzed the hydroxylations of
both L-tryptophan and L-phenylalanine at a comparable rate. Evidence was pre-
sented suggesting that the hydroxylations of both amino acids were catalyzed by
the single enzyme. The apparent Km values for L-tryptophan and for L-phenyl-
alanine were approximately 16 and 32 pM, respectively, when tetrahydrobiopterin
was used as a cofactor. The apparent molecular weight of the enzyme was esti-
mated to be approximately 30,000 by gel filtration on columns of Sephadex G-75
and G-100 and by ultracentrifugation in sucrose density gradients. These prop-
erties of bovine pineal tryptophan 5-monooxygenase were distinguishable from
those of rat liver phenylalanine hydroxylase, another enzyme which had been
shown to catalyze the hydroxylations of both L-tryptophan and L-phenylalanine.

Tryptophan 5-monooxygenase (E.C.1.99.1.4) catalyzes the hydroxylation of L-
tryptophan to L—SHTP+, the initial reaction in the biosynthesis of serotonin in
the brain and of melatonin'in the pineal gland. The enzyme activity has been
detected in various cell-free preparations from these organs (1-7) but the en-
zyme has not been extensively purified mainly due to low activity in tissue
extracts and poor yields upon attempts at purification.

In a previous report from this laboratory (6), tryptophan 5-monooxygenase
of the bovine pineal gland was shown to exist largely as an inactive form in
tissue extracts. Preincubation of the inactive enzyme under anaerobic condi-
tions in the presence of DTT resulted in an approximately 100-fold activation.

During the course of this study, we have observed that the inactive form of the

* Present address, Department of Medical Chemistry, Faculty of Medicine
Kyoto University, Yoshida, Sakyo-ku, Kyoto 606, Japan.
%% On leave from the Department of Public Health, Faculty of Medicine,
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan.
#%% Present address, Department of Bilochemistry, Hamamatsu University School
of Medicine, Hamamatsu-shi, Shizuoka 432, Japan.

+ Abbreviations used are : 5HTP, 5-hydroxytryptophan; BpH,, 5,6,7,8-tetra-
hydrobiopterin; DMPH,, 6,7-dimethyl-5,6,7,8-tetrahydropterin; 6MPH,, 6-
methyl-5,6,7,8-tetrahydropterin; DTT, dithiothreitol; BSA, bovine serum
albumin; Tryptophan-1-léc, tryptophan-(side chain- l)i (o] Tyrosine—l—14c
tyrosine-(side chain—l)lAC.
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enzyme was much more stable than the actlvated enzyme. In the present study,
therefore, tryptophan 5-monooxygenase was purified as the inactive form about
1,000-fold from the bovine pineal gland. The enzyme activity was determined
each time after the enzyme was activated. This communication describes the

procedure for the purification and some properties of the purified enzyme.

MATERIALS AND METHODS

Bovine pineal glands were obtained at a slaughterhouse and stored frozen
at -80° until use. L—tryptophan-l—14C and L—tyrosine—l—14C (New England
Nuclear), L-phenylalanine-4-T (Radiochemical Centre), DMPH,, 6MPH, and DTT
(Calbiochem), hydroxylapatite (Clarkson), P-cellulose and DEAE-cellulose
(Brown), Sephadex G-75, G-100 and G-200 and CM~Sephadex C~50 (Pharmacia) were
purchased from the sources indicated in parentheses. Biopterin was kindly
donated by Drs. H. Hasegawa, T. Fukushima and M. Akino, Tokyo Metropolitan
University and reduced to the tetrahydro form by a modification1 of the method
of Bobst and Viscontini (8). Sheep liver dihydropteridine reductase was puri-
fied according to the methoa of Kaufman and Levenberg (9) up to the step of the
calcium phosphate gel treatment.

The activation and the assay of tryptophan 5-monooxygenase were performed
as described previously (6), except that the activation was carried out at 30°
for 30 min unless otherwise stated. Tyrosine and phenylalanine monooxygenase
activities were determined under the same conditions as those for the assay of
tryptophan 5-monooxygenase, except that L—tryptophan-l—l4c was replaced by 200
pM L—tyrosine—l—lAC or 200 pM L-phenylalanine-4-T, respectively, and the
tyrosine monooxygenase reaction was carried out for 15 min, Tritium released
from L-phenylalanine-4-T as THO or migrated to the adjacent position of the
benzene ring was determined by a slight modification of the method of Guroff
and Abramdwitz (10). L—Dopa—lAC formed from L—tyrosine-l—lAC was isolated by
an alumina column according to the method of Nagatsu et al.(1l) and counted.
When the enzyme preparation contained L-tryptophan, the enzyme was dialyzed
against 5 mM K-phosphate (pH 7.0) containing 5% glycerol, 3% ethanol and 20 mM
(NH,) 280, before the assay. The sucrose density gradient ultracentrifugation
and the gel filtration on calibrated columns of Sephadex G~75 or G-100 were
carried out according to the method of Martin and Ames (12) and of Andrews (13)
or Siegel and Monty (14), respectively. Protein was determined by the method

of Lowry et al.(15) with BSA as standard.

1. The authers are grateful to Drs. H. Hasegawa, T. Fukushima and M. Akino,
Tokyo Metropolitan University, for making available their unpublished
modified method for the reduction of bilopterin.
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RESULTS AND DISCUSSION

Purification --~ All procedures for the purification of tryptophan 5-wmonooxy-
genase were carried out at 4°. The extraction of the enzyme from bovine pineal
glands, the ammonium sulfate fractionation and the chromat;graphy on a hydroxyl-
apatite column were carried out as already described (6). All buffers used for
the subsequent purification procedures contained 5% glycerol, 3% ethanol, 20 mM
(NH4)ZSO4 and 0.1 mM L-tryptophan unless otherwise stated.

The concentrated hydroxylapatite fraction (6) obtained from 400 g of bovine
pineal glands was applied on a column of P-cellulose (3.2 x 24 cm) which had
been equilibrated with 5.mM K-phosphate (pH 7.0) and the enzyme was eluted by a
linear gradient between 1.2 1 each of 5 mM and 300 mM K~phosphate (pH 7.0). The
active fractions (1-1.4 1) were combined, concentrated to 50 ml by ultrafiltra-
tion and dialyzed against 5 mM K-phosphate (pH 7.3)2. The dialyzed enzyme was
then applied on a DEAE-cellulose column (2 x 36 cm) which had been equilibrated
with 5 mM K-phosphate (pH 7.3). After the column was washed with 150 ml of the
same buffer, a linear gradient elution was carried out between 500 ml each of
5 mM and 50 mM K-phosphate (pH 7.3). Fractions (12 ml each) were collected at
a flow rate of 60 ml per hour. The enzyme was eluted into 2 peaks; a small peak
in tubes No.9-20 was followed by a maln activity peak in tubes No.30-55. The
second active fractions were combined and made 807 saturated with respect to
(NH4)950,. The precipitate was collected by centrifugation and dissolved in a
small amount of 20 mM K-phosphate (pH 7.0). The enzyme solution was then ap-
plied on a column of Sephadex G-200 (2 x 81 cm) which had been equilibrated with
20 mM K-phosphate (pH 7.0). Elutlon was carried out to the ascending direction
at a flow rate of 10 ml per hour and 2 ml-fractions were collected. Active
fractions (tubes No.76~-88) were combined and concentrated to about 5 ml with the
aid of a collodion bag. A summary of the purification is gilven in Table 1. The
overall purification achieved was about 1,000-fold with a yield of 3%.

Properties of the enzyme --- Throughout the purification procedure phenyl-
alanine monooxygenase activity remained associated with tryptophan 5-monooxy-
genase, Furthermore, when the purified enzyme was subjected tc Sephadex G-100
column chromatography, both enzyme activities were eluted in the same single
symmetfical peak and upon sucrose density gradient ultracentrifugation they
moved down to an identical position. As shown in Fig. 1, both enzyme activities
increased approximately 100-fold on the anaerobic preincubation in the presence
of DIT and the time course of the activation was in parallel with each other

both in the presence and absence of FeZt, When the enzyme was subjected to the

2. 5 mM K-phosphate (pH 7.3) used in the DEAE-cellulose column chromatography
contained no (NH4)2504.
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Table 1. Purification of tryptophan 5-moncoxygenase.

3

Enzyme Enzyme Specific
preparations Volume activity Yield Protein activity
(ml) (units)* (%) (mg) (units/mg)
Homogenate 1,300 11,040 100 50,700 0.22
Digitonin Sup. 1,820 9,397 85 24,600 0.38
Amm. sulfate
(25-57% ) 270 7,171 65 5,990 1.20
Hydroxylapatite 125 3,548 32 1,100 3.23
P-Cellulose 46.5 2,521 23 393 6.42
DEAE-Cellulose 5.3 748.5 6.8 33.8 22.14
Sephadex G-200 4.6 400.2 3.6 1.7 235.40

* One unit of enzyme activity was defined as the amount which catalyzed
the hydroxylation of 1 nmole of L-tryptophan per min under the
standard assay conditions.

heat treatment at various temperatures (45-65°) for 2 min or at 53° for various
periods of time (1-10 min), both monooxygenase activities decreased to nearly
the same extent. In good agreement with Lovenberg et al.(3), L-phenylalanine
inhibited tryptophan 5-monooxygenase activity competitively with respect to L~
tryptophan and vice versa. All experimental evidence described above thus sug-
gested that hydroxylations of both L-tryptophan and L-phenylalanine were cata-
lyzed by the single enzyme. On the other hand, the hydroxylation of L-tyrosine

by a purified enzyme preparation3

occurred at less than one-hundredth the veloc-
ity of the hydroxylation of L-tryptophan. Furthermore, L-tyrosine inhibited
tryptophan and phenylalanine monooxygenase activities appreciably only at a high
concentration with an approximate Ki value of 500 to 600 pM, suggesting that L-
tyrosine is a much poorer substrate of this enzyme, if at 3114.

The apparent Xm values of ﬁhe enzyme for L-tryptophan and for L-phenyl-

3. The enzyme preparation was purified with the following modifications of the
procedure: 1. The DEAE-cellulose step was omitted, 2., P-Cellulose and
Sephadex G~200 were replaced by CM-Sephadex (-50 and Sephadex G-100, re-
spectively. The specific activity of this preparation was 140 and 310
nmoles of tryptophan and phenylalanine hydroxylated, respectively, per min
per mg of protein.

4. The trace activity of tyrosine hydroxylase in the purified preparation was
first detected by Dr. S. Nagatsu, Aichi Gakuin University. The authers are
grateful for his help. The possibility has not been excluded that the
tyrosine hydroxylase activity was due to the contamination of other enzyme.
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Fig. 1. Effect of preincubation on tryptophan and phenylalanine monooxy-
genase activities. The preincubation of the enzyme was carried out at 12° in
the presence of either Fe +, DTT or Felt plus DIT as described previously (6).
At various time intervalg an aliquot (50 pl) of the preincubated enzyme was

removed and assayed for tryptophan (e and o) and phenylalanine (x and +) mono-
oxygenase activities as described under '"Methods".

Fig. 2. Tryptophan (A) and phenylalanine (B) monooxygenase activities as a
function of substrate concentration. Enzyme activities were determined as des~
cribed under "Methods" with the following modifications; 1. Reactions were car~
ried out for 1 min instead of 3 min, 2. The concentration of DTT in the reaction
mixture was reduced to 1.67 mM and an excess amount of dihydropteridine reduc~
tase and 0.1 mM NADPH were included, 3. Various concentrations of L-tryptophan-
1-14¢ (A) or L-phenylalanine-4~T (B) were used as substrate, 4. bMPH, (o, 0.89
mM), 6MPH, (+, 0.36 mM) or BpHy (e, 0.77 mM) was used as a cofactor. The appar-~
ent Km values for L-tryptophan and L-phenylalanine estimated from this experi-
ment were 14 and 70 pM (cofactor: DMPH;), 11 and 37 pM (cofactor: 6MPH,) and 16
and 32 pM (cofactor: BpH,;), respectively.

alanine were approximately 16 and 32 pM, respectively, when 0.77 mM BpH, was
used as a cofactor (Fig. 2). The Km for tryptophan did not change significantly
with the structure of the pterin cofactor used -but the value for phenylalanine
increased to approximately 70 pM when BpH, was replaced by DMPH,. The Vmax of
phenylalanine hydroxylation was 2~ to 3-fold higher than that of tryptophan
hydroxylation. The apparent molecular weight and the Stokes radlus of the en-
zyme were estimated to be approximately 30,000 and 25 A, respectively, by gel
filtration on calibrated columns of Sephadex G~75 and G-100 and by ultra-
centrifugation in sucrose density gradients (Fig. 3).

Rat liver phenylalanine hydroxylase (E.C.1.14.3.1) has been shown to cata-
lyze tryptophan hydroxylation as well (16) and the tryptophan 5-monooxygenase
activity of that enzyme was shown to be stimulated by lysolecithin (17). How-
ever, the Km value for L-tryptophan and the Vmax of the tryptophan hydroxylation
of rat liver phenylalanine hydroxylase were shown to be 1 mM and 0.1% of that
of phenylalanine hydroxylation, respectively, even in the presence of lyso-
lecithin (17). The molecular weights for the two major forms of phenylalanine
hydroxylase have been reported to be 110,000 and 210,000 (18). 1In a prelimin~
ary experiment, phenylalanine hydroxylase was purified from the rat liver ac-

cording to the method of Kaufman and Fisher (18) up to the step of second am-
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Fig. 3. Gel filtration on a Sephadex G-75 column (A) and sucrose density
gradient ultracentrifugation (B) of tryptophan 5-monooxygenase. Analytical gel
chromatography was carried out on a calibrated column (3.5 x 85 cm) of Sephadex
G-75 equilibrated with 5 mM K-phosphate (pH 7.0) containing 5% glycerol, 3%
ethanol, 20 mM (NH4)2504 and 0.1 mM L~tryptophan. Six ml-fractions were col~
lected at 4° at a flow rate of 12 ml per hour. Proteins with the following
molecular weights and Stokes radii were employed as standards: BSA (Fraction V),
68,000, 36.4 A; horse radish peroxidase (POX), 44,000, 31.4 A; beef pancreatic
X~chymotrypsinogen (x-Chy), 23,500, 22.6 A; and horse heart cytochrome C (Cyt C),
13,400, 16.5 A. The ultracentrifugation was carried out at 4° and 40,000 rpm
for 42 hours in a sucrose gradient (5 to 16%) containing 50 mM K-phosphate (pH
7.0), 5% glycerol, 3% ethanol, 20 mM (NH,),S0,; and 0.1 mM L-tryptophan. After
centrifugation 44 fractions (120 pl each) were collected from the bottom of the
tube. Standard proteins used were rabbit skeletal muscle lactate dehydrogenase
(LDH, S20,w = 7.0~7.3), horse liver alcohol dehydrogenase (ADH, S20,w = 4.82),
horse radish peroxidase (POX, S20,w = 3.85), beef pancreatic X-chymotrypsinogen
(x~Chy, $20,w = 2.58) and horse heart cytochrome C (Cyt C, S20,w = 1.9-2.1).

The arrows indicate the peak of tryptophan 5-monooxygenase activity. The
dotted arrow represents the presence of s smaller peak or a shoulder of the
enzyme activity.

monium sulfate fractionation and this enzyme was shown to be activated only less
than 2-fold on the anaerobic preincubation in the presence of DTT and Fe2t,
6-Fluorotryptophan at 1 mM was found, in the present study, to produce greater
than 90% inhibition of bovine pineal tryptophan 5-monooxygenase whereas the in-
hibitory effect on rat liver phenylalanine hydroxylase has been reported to be
no more than 5% (19). The experimental evidence thus indicated that bovine
pineal tryptophan 5-monooxygenase and rat liver phenylalanine hydroxylase are
distinguishable by a number of criteria. The high activity of the pineal enzyme
for tryptophan may suggest that the hydroxylation of tryptophan in the pineal
gland is an important function of this enzyme.
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ABSTRACT We have assessed the number of times the gene
sequence encoding constant regions of mouse immunoglobulin
heavy chains 1, ¥2a, and ¥3 are represented in the mouse ge-
nome by hybridization kinetic analysis. All three genes are
present at one copy each per haploid genome in normal tissues
and myelomas producing IgM or IgG3. IgG1-producing mye-
lomas, however, contain 1 copy each of the 41 and y2a genes
-and 0.5 copy of the v3 gene per haploid genome. IgG2b-pro-
ducing myelomas contain 1 copy of the y2a gene and 0.5 copy
each of the y1 and 3 genes per haploid genome. IgG2a-pro-
ducing myelomas contain 1 copy of the y2a gene and 0.5 copy
each of the v1 and v3 genes per haploid genome. In myelomas
roducing IgA, all three v genes are represented 0.5 time per
Eaploid genome. In order to account for the results we propose
an allelic deletion model: {i) The specific deletion of heavy cﬁain
constant region genes accompanies the recombination of a
variable region gene to a constant region gene. (if) The portion
of the chromosome that resides between two joining sequences
is excised out of the chromosome. (iii) The recombination occurs
on one of the alleles. Based on this model we also propose that
heavy chain genes are arranged on one chromosome in the fol-
lowing order; variable region genes, unknown spacer sequence,
#,73,v1, v2b, y2a, and a. S

The genetic control of immunoglobulin synthesis has been a
puzzle to molecular biologists as well as to immunologists. The
organization of immunoglobulin genes is a key to those unre-
solved problems unique to immunology, such as the two
gene-one polypeptide theory, allelic exclusion, and the origin
of antibody diversity.

There are at least seven classes and subclasses of immuno-
globulins in the mouse—IgM, IgD, IgG1, IgG2a, IgG2b, IgG3,
and IgA—which differ from each other in the amino acid se-
quences of the constant regions (C) of the heavy (H) chains.
Genetic studies have shown that the H chain C genes of the
mouse are clustered to such a narrow segment of one chromo-
some that there have been no recombinants found among 2069
progenies derived from two crosses (1, 2). These Cy genes share
a family of variable region (V) genes (3-5) that resides on the
same chromosome and is separated from the Cy genes by un-
known spacer sequences (6).

Dreyer and Bennett (7) have proposed that V and C are en-
coded by two separate genes which eventually join to form a
single gene. Extensive kinetic studies using probes derived from
purified light (L) chain mRNA have produced general agree-
 ment in favor of the V-C recombination hypothesis (8-16).

In contrast, there have been few reports of molecular studies
on organization of H chain genes (17, 18). This is mainly be-
cause purification of H chain mRNA is much more difficult
than that of L chain mRNA. Recently we have succeeded in

purifying H chain mRNA from mouse myelomas of several
subclasses by immunoprecipitation of polysomes (19). Using
these probes we have measured the number of H chain gene
sequences and shown deletion of H chain ¢ genes in mouse
myelomas that produce immunoglobulins of specific classes.
Based on these results we will propose an allelic deletion model
for the mechanism of Vg-Cy recombination. The H chain ¢
genes are proposed to be aligned on one chromosome in the
order Vy, spacer, g, v3, v1, v2b, ¥2a, and .

MATERIALS AND METHODS

Myeloma tumor lines used in the present study were kindly
supplied by M. Potter (National Institutes of Health), T. Kish-
imoto (Osaka University), M. Kawakami (Kitazato University),
and S. Migita (Kanazawa University). Myeloma tumors were
propagated and harvested as described (9).

H chain mRNAs were purified from MOPC 31C (IgG1), J606
(1gG3), MPC 11 (IgG2b), and HOPC 1 (IgG2a) myelomas by
M. Ono as described (19). The purities of MOPC 31C, HOPC
1, MPC 11, and J606 mRNAs are 97%, 54%, 92%, and 99%,
respectively, as determined by hybridization kinetic analysis
(9). More detailed characterization will be described elsewhere.
Mouse globin and « L chain mRNAs were prepared from mouse
reticulocytes and MOPC 41 myeloma, respectively, as described
(9). [*H]cDNAs complementary to mRNAs encoding globin,
« L chain, and H chain were synthesized and purified as de-
scribed (9, 20). H chain ¢cDNAs derived from MOPC 81C and
J606 mRNA are about 1500 bases long; H chain ¢cDNA from
HOPC 1 mRNA is about 1800 bases long. The specific ra-
dioactivities of globin, x L chain, and H chain [3H]cDNAs thus
prepared were 10, 10, and 16 cpm/pg, respectively. DNAs from
tumors and normal tissues were prepared as described (21).
DNA was digested twice with RNase (100 pg/ml, 2 hr at 37°)
and treated with alkali (0.2 M, 60 min at 37°) before use. DNA
was sheared to 800 base-pairs long by sonication.

Hybridization of radioactive probes with cellular DNA was
performed as described (9, 14) except that 14C-labeled DNA
derived from MOPC 31C myeloma cells was added to all the
hybridization reaction mixtures to 610 cpm/mg. The concen-
trations of cellular DNA, [BH]cDNA, and Na* were 9.4 mg/ml,
350 pg/ml, and 1 M, respectively. The hybrids formed were
assayed by S1 nuclease digestion.

RESULTS AND DISCUSSION

Characterization of Probes. H chain mRNAs were purified
from MOPC 81C (1), HOPC 1 (y2a), MPC 11 (v2b), and J606

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U. S. C. §1734 solely to indicate
this fact.
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Abbreviations: V and C, variable and constant regions; H and L chains,
heavy and light chains; cDNA, synthetic DNA complementary to
mRNA; Cot value, product of concentration (mol/liter) of nucleotide
sequences of DNA and time (sec) of incubation. .
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(¥83) myelomas by immunoprecipitation of polysomes (19). The
mRNA preparations obtained ran as homogeneous bands upon
polyacrylamide gel electrophoresis in formamide, with a mo-
lecular weight of 700,000 (i.e., 2000 bases).

The ¢cDNA preparations used for the present study were
about 1500 bases long as determined by polyacrylamide gel
electrophoresis in formamide. Because we did not see any
difference in the extent of hybridization of ¢cDNA between
homologous and heterologous H chain mRNAs of the identical
subclass, the cDNA preparations represent most of the C gene
sequences but not of the V gene sequences. A diagram of H
chain mRNA and its cDNA is shown in Fig. 1. Nucleotide se-
quence analyses of MOPC 31C ¢DNA inserted in plasmids in-
dicated that the untranslated sequence of about 500 nucleotides
is present at the 8’ end of mRNA (unpublished data).

Reiteration Frequency of the y1 Gene. MOPC 31C [3H}-
c¢DNA was hybridized to a vast excess of cellular DNA derived
from MOPC 31C myeloma. Reassociation of mouse unique
DNA was followed by the addition of a trace amount of 14C-
labeled MOPC 31C DNA. All Ct antalyses were carried out in
similar double-label experiments under the identical conditions.
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F1G. 2. Hybridization kinetic analyses of MOPC 31C ¢cDNA with
total cellular DNA from MOPC 31C (IgG1l) and MOPC 511 (IgA)
myelomas. MOPC 31C [?H]cDNA was hybridized to MOPC 31C DNA
or MOPC 511 DNA. In separate experiments, « L chain [*H]cDNA
and globin [3H]eDNA were hybridized to total cellular DNA from
MOPC 31C myeloma; these reactions were carried out as above except
that concentrations of globin [3H]cDNA and « chain [3H]cDNA were
540 and 800 pg/ml, respectively. Hybridization profiles of MOPC 31C
[**CJDNA in three experiments were superimposable. Arrows indicate
Cotys2 points. 0, MOPC 31C [“C]DNA; @, MOPC 31C ¢cDNA with

“MOPC 31C DNA; ,-MOPC 31C cDNA with MOPC 511 DNA; m, «
chain cDNA; A, globin cDNA.
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Table 1. Reiteration frequency of the y1 gene

Origin of DNA
H chain
class Copy/haploid
Myeloma produced v1 Lx Globin
MOPC 104E o 1.0
J606 v3 1.1
MOPC 31C y1 0.79 0.93 1.9
MOPC 70A vl 0.82
MC 101 vl 1.03
MPC 11 v2b 0.42 1.1
NP 2 v2b 0.39 1.1
MOPC 141 v2b 0.59
uUpPC10 ’ v2a 0.60
RPC5 v2a 0.56
MOPC 511 o 0.48
MOPC 315 a 0.52
MOPC 41 None 0.53 1.0 1.8
RPC 20 None 0.44
Liver — 1.3 1.0 1.9
Spleen — 1.0
Kidney — 0.96
Thymus — 1.3
Newborn mice — 1.1 1.0

As shown in Fig. 2, v1 ¢cDNA hybridized with a Cot, /3 value
of 3500, whereas that of mouse unique sequences is 2700.
Comparison of these Cot, /g values yields a reiteration frequency
of 0.8 copy per haploid genome for the v gene sequence in
MOPC 31C DNA (22). We have tested the congruity of the
c¢DNA-DNA hybrids by thermal stability to S1 nuclease di-
gestion (14). The y1 ¢cDNA hybrid formed with MOPC 31C
DNA showed a sharp melting profile with a t,, value of 90.6°,
indicating that congruently matched duplexes were formed.
As control experiments, x L chain cDNA derived from MOPC
41 mRNA and globin cDNA were hybridized to the same batch
of MOPC 31C DNA. Cot; /9 values for the x chain cDNA and
globin ¢cDNA were 2900 and 1400, respectively, indicating that
the « chain and globin genes are represented 0.93 and 1.9 times
per haploid genome, respectively, in agreement with previous
reports (8-14, 21). Similar experiments were carried out with
DNA derived from many myelomas and normal tissues. As
summarized in Table 1, the ¥1 gene sequence is present as 1
copy per haploid genome in IgG1-, IgM-, and IgG3-producing
myelomas as well as in normal mouse tissues.

On the other hand, when the y1 ¢cDNA was hybridized to
DNA derived from an IgA-producing myeloma (MOPC 511),
the hybridization kinetics were quite different from those ob-
tained for MOPC 31C DNA. As shown in Fig. 2, a Cgt; /2 value
of 6200 was obtained, compared to 3000 for mouse unique copy
DNA (not shown). The results yield a reiteration frequency of
0.48 copy per haploid genome. The extent of hybridization
reached approximately 42% which is smaller than the value
(65%) obtained with MOPC 31C DNA. The possibility that
reduction in the extent of hybridization is due to a partial de-
letion of v1 sequence was excluded by the following experi-
ments. First, cDNA preparations of different length (500, 1000,
and 1500 bases) gave the identical extent of hybridization.
Second, the extent of hybridization reached about 65% when
the ratio of DNA to cDNA was doubled.
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FIG. 3. Hybridization kinetic analyses of J606 cDNA with total
cellular DNA from J606 and MOPC 70A myelomas. Arrows indicate
Coty/o points. O, J606 [14C]DNA; @, J606 [PH]cDNA with J606 DNA;
O, MOPC 70A [4C]DNA; m, J606 [*H]cDNA with MOPC 70A
DNA.

In nine lines of myeloma producing 1gG2a, 1gG2b, TgA, or
Bence Jones protein, the number of y1 gene copy ranged from
0.39 to 0.60 (Table 1). The results indicate that the average
number of the v1 gene copy is reduced to 0.5 copy per haploid
genome in these myelomas. Our technique is sensitive enough
to distinguish 1 copy per haploid from 2 copies per haploid
because the number of gene copies encoding globin and « chain
remained constant regardless of the reduction in the y1 gene
copy. Obviously, the results can be interpreted in two ways. One
possibility is that chromosomal abnormalities in these myelomas
happen to have decreased the apparent reiteration frequency
of the 1 gene (23). The alternative possibility, which we prefer,
is that the 1 gene is specifically deleted from one of the alleles
in mouse myelomas that produce immunoglobulins of the de-
fined classes (i.e., JgG2a, IgG2b, and IgA).

Reiteration Frequency of the ¥3 Gene. In order to test the
possibilities mentioned above, we assessed the number of times
the gene sequences corresponding to the 43 cDNA probe are
represented in various myelomas by hybridization kinetic
analysis. Typical examples of such experiments are shown in
Fig. 3, in which J606 [*H)cDNA was hybridized to a vast excess
of cellular DNA derived from J606 (1gG3) and MOPC 70A
(IgG1) myelomas, respectively. The results are quite clear. The
Cot1 /2 values for DNAs from J606 and MOPC 70A are 2700 and
5800, respectively, compared to 2700 for unique copy mouse
DNA. These values are equivalent to reiteration frequencies
of 1.0 and 0.46 per haploid genome for DNAs from J606 and
MOPC 704, respectively.

Similar experiments were carried out with DNAs derived
from 11 other myelomas and 3 tissues (Table 2). IgM- and
IgG3-producing myelomas, as well as normal tissues, contain
1 copy of the ¥3 gene sequence per haploid genome whereas
1gG1-, 1gG2a-, IgG2b-, and IgA-producing myelomas contain
only 0.5 copy per haploid genome. The maximal extents of
hybridization decreased in concordance with reduction in the
reiteration frequency. It is worth emphasizing that IgG1-pro-
ducing myelomas MOPC 31C, MOPC 704, and MC 101 have
lost 0.5 copy of the ¥3 gene sequence per haploid genome.
Nevertheless, they retain 1 copy of the y1 gene sequence per
haploid. Because both 1 and v3 gene sequences have been
shown to be located on a small segment of one chromosome, it
is unlikely that the reduction in the number of the v3 gene copy
is attributable to general chromosomal abnormalities in these
myelomas.

Proc. Natl. Acad. Sci. USA 75 (1978)

Table 2. Reiteration frequency of the 43 and y2a genes
Origin of DNA

H chain
class Copy/haploid
Myeloma produced v3 y2a
MOPC 104E u 0.85 0.94
J606 ~v3 1.0 1.20
FIOPC 21 ¥3 0.82 0.93
MOPC 31C ~y1 0.67 1.13
MOPC 70A 1 0.52 —
MC 101 +1 0.54 -
MPC 11 v2b 0.52 1.36
NP 2 v2b 0.5 —
MOPC 141 v2b 0.63 —
UPC 10 v2a 0.52 1.2
RPC5 v2a 0.68 —
HOPC 1 v2a — 1.2
MOPC 511 a 0.46 0.56
MOPC 315 a 0.37 0.60
Liver — 1.18 -
Spleen — — 1.0
Kidney — 0.88 J 10
Newborn mice —_— 0.9 —

Reiteration Frequency of the v2a and v2b Genes. Deter-
mination of the copy number of the ¥2 gene represented in the
myeloma genome provided further evidence for the specific
deletion of the v genes in mouse myelomas (Table 2). Ap-
proximately 1 copy of the y2a gene sequence is present per
haploid genome in DNAs derived from normal tissues and
myelomas producing IgM, 1gG3, IgG1, IgG2b, and IgG2a. Only
0.5 copy of the y2a gene is present per haploid genome in DNA
derived from myelomas producing IgA.

Preliminary results indicate that the v2b gene is represented
once per haploid genome in DNAs derived from spleen and
myelomas producing IgM, TgG3, IgG1, and IgG2b whereas it
is reduced to approximately 0.5 copy per haploid genome in
DNAs from myelomas producing IgA.

Summary of v Gene Deletions. Taking all these results to-
gether, we are inclined to conclude that the reduction in the
number of the v gene copy in mouse myelomas is due to the
specific deletion of the particular genes from one of the alleles.
A summary of our interpretation is shown in Table 3. Assuming
that the H chain genes are arranged on a chromosome in the
order Vy genes, spacer sequence, u gene, ¥3 gene, 1 gene, v2b
gene, v2a gene, and « gene, a whole set of the results can be
easily explained by deletion of a chromosomal segment from
one of the alleles. Apparently, the deletion starts next to the C
gene expressed in each myeloma, suggesting that the deletion

Table 3. Summary of deletion of y genes

Copy/haploid

Origin of DNA ~v3 1 v2b v2a
1gM producer 1 1 1 1
1gG3 producer 1 1 1 1
1gG1 producer 0.5 1 1 1
1gG2b producer 0.5 0.5 1 1
1gG2a producer 0.5 0.5 y 0.5 1
IgA producer 0.5 0.5 0.5 0.5
Nonlymphatic tissues 1 1 1 1
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F16. 4. Allelic deletion model for Vu-V¢ recombination. The dlagram shows recombination of a V; sequence with the v2b gene, resulting in

deletion of the y, v3, and v1 genes.

of the Cy genes is related to expression of the remaining Cy
gene.

Allelic Deletion Model. In order to put all these results to-
gether, we propose a model that we call the “allelic deletion
model.” We assume that the specific deletion of Cy gene se-
quences accompanies the V-C gene recombination which takes
place only on one of the alleles, as shown in Fig. 4. Upon joining
of the Vg and Cy gene sequences the portion of the chromo-
some that resides between the two sequences is excised out of
the chromosome. The deletion of the v genes in myelomas
producing the specific classes of immunoglobulin reflects the
relative location of the class-specific Cy genes that have un-
dergone recombination with a Vi gene. Given the deletion
profile shown in Table 3, it is possible to assume that Cy genes
are arranged in the order (u, ¥3), v1, v2b, v2a, and « genes.
Tt is also reasonable to put the u gene between the Vi sequences
and the 3 sequence. Otherwise, the v3 gene should be deleted
in the IgM-producing myeloma

We think that a given Vg gene recombines successwely with
different Cy genes during immunodifferentiation of a single
lymphocyte. Inasmuch as Cy gene deletion accompanies the
V-C recombination, differentiation proceeds irreversibly from
an IgM-producer to an IgG- or IgA- producer according to a
linear arrangement of Cy genes. We have no information
concerning the location of the § gene because there has been
no IgD-producing mouse myeloma available. We speculate that
the & gene is located between the u gene and the ¥3 gene be-
cause the § gene is expressed prior to the v genes but after the
# gene during the course of differentiation (24, 25). But we
reserve the possibility that the & gene is an exception to the
model.

The proposed order of Cy genes is compatible with recent
genetic studies using rabbit allotypes (26-28), which indicate
that the p gene is closest to the Vi genes and that the « gene is
farthest from the Vi genes. Preud homme et al. (29) reported
that MPC 11 myeloma cells (IgG2b producer), when treated
with mutagens, gave rise to mutant clones that produced y2a
H chains. This report is also in agreement with the proposed
order of the ¥2b and y2a genes. Lieberman and Potter (30)
iproposed the order ¥2a, v2b, v1, and « genes on the basis of the
assumption that an H chain gene allele of the Japanese wild

mouse has arisen from recombination between two alleles of
inbred strains BALB/c and C57BL/6. However, different
conclusions are drawn if different combinations are chosen as
parent alleles.

Concordance of the Allelic Deletion Model with Immu-
nological Phenomena. Any model for the immunoglobulin
genes has to explain such unique immunological observations
as allelic exclusion and switch of the immunoglobulin class
synthesized in a single lymphocyte. Genetic studies using al-
lotype markers have shown that only one of the alleles of im-
munoglobulin genes is expressed in activated B lymphocytes
(31-33). Genetic information for the Vgz and Cy which are
genetically linked on one parental chromosome are coordinately
expressed, which is referred to as cis expression (34-36). Ap-
parently, the allelic deletion model postulates allelic exclusion
and cis expression by nature. Tonegawa et al. (37) reported that
rearrangement of « chain genes occurs on both alleles. It remains
to be seen whether different mechanisms operate on the L and
H gene systems.

The switch within a clone from g cham synthesis to v chain
synthesis is well established as the normal process by which B
lymphocytes begin to secrete IgG, and this easily explains the
simultaneous presence of both IgM and IgG on the cell surface
(38-40). It is not clear, however, whether this switch may in-
clude a period in which a single cell simultaneously synthesizes
pand « chains and, in particular, ¢ and y mRNAs. According
to the allelic deletion model the successive recombination of
a Vg gene sequence, first with a p gene and then with a v gene,
can account for the shift of the immunoglobulin class synthe-
sized in a lymphocyte. The switch to the reverse direction has
not been found and is very difficult to explain by this model.
In view of the relatively long half-life of immunoglobulin
proteins (96 hr) and mRNAs (14 hr) (41, 42), we do not have to
postulate the concurrent transcription of u and +y gene se-
quences within a single lymphocyte. A similar explanation may
be applicable to the simultaneous presence of IgM and IgD on
the cell surface (43).

Although no experimental data are available, all the possible
mechanisms thus far proposed to account for the V-C recom-
bination include (i) the copy-insertion model (5, 44), (ii) the
translocation model (45), (ii1) the inversion model (37), and (iv)
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the looping-out excision model (46). None of the models except
the looping-out excision model can explain our results.
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from the Jane Coffin Child Memorial Fund for Cancer Research, the
Matsunaga Science Foundation, and the Ministry of Education,
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Fourteen clones were isolated in culture from a
mouse myeloma, MOPC104E. All clones had xk and A
types of light chain mRNAs in approximately equimo-
lar quantity as assayed by hybridization with specific
complementary DNA (¢cDNA). However, the myeloma
produces and secretes only A-type light chain protein.
Both k- and A-type mRNAs in these clones were indis-
tinguishable from k- and A-type mRNAs of other mye-
lomas with respect to (a) adsorption to oligo-(dT) cel-
lulose, (b) molecular size (12.6 S), and (c¢) thermal sta-
bility of the hybrids formed with corresponding ¢cDNA.
The x chain mRNA of MOPC104E cells, however, was
translated very inefficiently both in vivo and in vitro,
whereas the A chain mRNA was translated efficiently.
These results indicate that each cell of MOPC104E mye-
loma synthesizes a crippled ¥ chain mRNA in addition
to a normal A chain mRNA.

Several lines of evidence suggest that an immunoglobulin-
secreting lymphocyte produces a single class of heavy chain
and a single type of light chain at a time (1-3). Since a
myeloma produces and secretes a homogeneous immunoglob-
ulin (3), mRNA derived from the myeloma has been thought
to encode the class and type of the immunoglobulin secreted.
This point has been proven for many mouse myelomas by
purification of L chain’ mRNAs (4-9). We have shown, how-
ever, that a mouse myeloma MOPCI104E, which produces a
A-type L chain as a constituent of immunoglobulin M (11),
contains both ¥ and A type L chain mRNAs in an equal
quantity (10). We report here that several cloned cell lines of
MOPCI04E contain both L, and Ly chain mRNAs in a similar
quantity. The L, chain mRNA, however, seems to be trans-
lated very inefficiently both in vivo and in vitro.

EXPERIMENTAL PROCEDURES

Materials—Mouse myelomas MOPC41 and RPC20 were kindly
donated by Dr. M. Potter, National Institutes of Health, and main-

* This investigation was supported in part by grants from the
Ministry of Education, Science, and Culture, Japan, and from the
Jane Coffin Childs Memorial Fund for Cancer Research. The costs of
publication of this article were defrayed in part by the payment ot
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this fact.

1 To whom all correspondence should be addressed at the Depart-
ment of Genetics, Osaka University School of Medicine, Kita-ku,
Osaka 530, Japan.

! The abbreviations used are: L chain, light chain; L, and Ly chain,
x and A type light chains, respectively; SDS, sodium dodecy! sulfate;
FCS, fetal calf serum.

tained by subcutaneous transplantation. Cultured MOPC104E cell
line was donated by Dr. Y. Namba of Kyoto University. Purified
reverse transcriptase from avian myeloblastosis virus was obtained
from Dr. P. Leder of the National Institutes of Health. Rabbit antisera
against L, or L, chain protein of mouse were raised and donated by
Dr. S. Migita of Kanazawa University. IgG was further purified from
the antisera by ammonium sulfate fractionation and DEAE-cellulose
chromatography (12). Culture media and radiochemicals were pur-
chased from Gibco and New England Nuclear Co., respectively. Other
reagents unless specified were from the Wako Pure Chemicals Co.,
Osaka, Japan.

Cell Cloning—MOPCI104E cells were first adapted to grow in
HAM-F12 medium supplemented with 10% FCS and kanamycin, 60
pg/ml (Banyu Pharmaceutical Co., Tokyo). Subculture frequency was
twice a week, with 1 X 10° cells/ml seeded. MOPCI104E cells thus
maintained were resuspended in fresh medium, and the cell suspen-
sion was diluted so that one drop of 0.2 ml contained 0.8 cells (by
calculation). One drop was poured into each well of a microtiter plate
(Falcon, Microplate II). Thirty-two stable clones were obtained. Four-
teen clones were randomly selected for the present study.

Synthesis of Type-specific cDNAs—°H-Labeled L, chain cDNA
was synthesized by avian myeloblastosis virus reverse transcriptase
and [*'H]dCTP (23 Ci/mmol) from purified MOPC41 L, chain mRNA
as described (6). Long ¢cDNA species with an average length of 900
nucleotides were selected by alkaline sucrose density gradient cen-
trifugation (13). Two kinds of L, cDNA were used. cDNA synthesized
from purified MOPC104E L chain mRNA was hybridized with puri-
fied Ly chain mRNA of RPC20 myeloma (8), and the resultant hybrids
were selected by hydroxylapatite chromatography (14). The hybrid-
ized cDNA was used as L, ¢cDNA after alkaline treatment. Ly cDNA
synthesized against purified Ly chain mRNA of RPC20 myeloma (8)
was also used and gave identical results. The type specificity of the
cDNAs was shown previously (10).

Preparation of Intra- and Extracellular Proteins—Cultured
MOPCI04E cells were suspended in 16.4 ml of L-15 medium depleted
of leucine at 2 X 10° cells/ml and incubated at 37°C for 5.5 h in the
presence of 25 pCi of [U-"*C]leucine (311 mCi/mmol). After centrifu-
gation at 2000 rpm for 7 min, the supernatant was used to isolate
extracellular proteins. The precipitated cells were washed twice with
phosphate-buffered saline, suspended in 25 mm Tris-HCl, pH 7.4, 25
mM NaCl, 5 mm MgCl,, 0.2 M sucrose, and 1% Triton X-100, homog-
enized with a Potter’s homogenizer, and centrifuged at 100,000 X g at
4°C for 1 h. The resultant supernatant was used to isolate intracellular
proteins. ?

Immunoprecipitation—Anti-L, chain IgG (22 mg) or anti-Ly chain
IgG (18 mg) were separately coupled to 10 ml of Sepharose 4B
activated by cyanogen bromide in 0.2 M potassium phosphate, pH 6.4,
at 4°C overnight (15, 16). The residual activated groups were blocked
by 1 M ethanolamine/HCIl, pH 8.7. Immunoprecipitation was per-
formed in 10 mm Tris-HC, pH 7.4, 50 mm NaCl, 1% Triton X-100, 1%
sodium deoxycholate, and 10 mM L-leucine. Labeled proteins and
various amounts of anti-x or anti-A Sepharose suspensions were
included in 1.0 ml of the reaction mixtures. After incubation at room
temperature for 1 h, Sepharose particles were centrifuged through a
solution of 1.2 M sucrose containing the reaction buffer to reduce the
background (17). The centrifugation was repeated three times. The
particles were trapped on a GF/C filter (Whatman), washed, and
dried under a lamp. Proteins bound to the Sepharote were solubilized
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by 1 ml of NCS solubilizer {(Amersham) and counted in 10 ml of
toluene-based scintillator. For immunoprecipitation of in vitro trans-
lation products, the reaction mixtures were diluted with 1 ml of 2%
Triton X-100, 10 mM L-leucine, 10 mm Tris-HC}, pH 74, and 0.15 M
NaCl, and centrifuged for 1 h at 100,000 X g. The supernatant
obtained was mixed with antibodies coupled to Sepharose. '*I-Radi-
oiodination of L, chain protein and L, chain protein (urinary MOPC41
and RPC20 protein, respectively, Litton Bionetics) was performed as
described (18). The specific activity of the iodinated proteins was 2
X 10° cpm/pg of protein.

RNA Preparation and Cell-free Protein Synthesis—Cells from
500 ml of culture (1 X 10° cells/ml) were harvested, and cytoplasmic
RNA was extracted as described previously (19). Wheat germ cell-
free system was prepared and used as described (20) with the following
modifications: spermidine phosphate was added to 800 pm, and the
magnesium concentration was decreased to 1.5 mm (21). [°'H]Leucine
(60 Ci/mmol) was used for labeling.

SDS-Polyacrylamide Gel Electrophoresis and Fluorography—
Proteins and immunoprecipitated Sepharose particles were treated
with 0.5 M B-mercaptoethanol and 1.5% sodium dodecyl sulfate at
80°C for 1 min followed by electrophoresis in a 20% polyacrylamide
slab gel 2 mm in thickness with a 5% polyacrylamide stacking gel (22).
The gel was processed for fluorography as described (23, 24).

Hybridization and Other Methods—RNA excess hybridization
was performed at 75°C in 20 mM Tris-HCI, pH 7.4, 0.6 m NaCl, and
0.2 mM ethylenediaminetetraacetic acid. The hybrids formed were
assayed by S1 nuclease digestion (6). In all cases, the hybridizable
RNA was in at least 8-fold excess over cDNAs used. Thermal stability
of ¢cDNA-RNA hybrids was examined by 81 nuclease digestion (6).
Oligo(dT)-cellulose chromatography and sucrose density gradient
centrifugation were performed as described (6, 25).

RESULTS

All of the 14 Clones of MOPCI04E Have Both L, and L)
Chain mRNAs—Fourteen clones of MOPC104E cultured cells
were isolated by the microtiter plate technique. L, and La
chain mRNAs in cytoplasmic RNA of each clone were quan-
titated by hybridization with ¢cDNA specific to respective
mRNA. RNA from clone 4 hybridized with both L, and L,
c¢DNAs at similar C,t,/» values around 1.0 (Fig. 1). Since a
C,t12 value of hybridization is inversely proportional to the
concentration of corresponding RNA (26), the results indicate
that the RNA contains similar quantities of L, and L, chain
mRNAs. Results of similar experiments with all of the 14
clones are summarized in Table 1. The ratio of the amount of
L, chain mRNA to L, chain mRNA ranged from 0.63 to 1.72,
with a mean value of 1.02. This is similar to the value of 1.3
obtained for the original MOPC104E tumor cells (10). The
mean values for the final extents of hybridization with L, and
Ly cDNAs were 56% and 73%, respectively. Purified L, and L,
chain mRNAs hybridized to 72% and 75% with their respective
cDNAs. The lower extent of hybridization between L, cDNA
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Fi1c. 1. Hybridization kinetics of clone 4 RNA to L, and L,
c¢DNAs. Cytoplasmic RNA extracted from clone 4 cells (0.136 mg/
ml) was hybridized to MOPC41 L, ¢cDNA (3.7 x 10* cpm/ml) or
MOPCI04E L, cDNA (2.5 X 10* cpm/ml): Aliquots were removed at
time intervals, and hybrids formed were assayed as described under
“Experimental Procedures.” @, L, cDNA; O, L, ¢cDNA.
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TaBLE 1

Quantitation of L, and L, mRNA in RNA of cultured MOPCIME
clones

Cytoplasmic RNA of each clone was hybridized with L, or L,

c¢DNA and C.t), values were determined. The ratios of L, to Ly chain

mRNAs were calculated from the ratios of Cf,,2 values for Ly cDNA

to L, cDNA, since the C.t;,, value is inversely proportional to RNA

concentration and the genetic complexity of L, and L, mRNA is
identical.

Cit,
Clone number & L. mRNA/L, mRNA
L. cDNA L, cDNA
1 1.32 1.10 0.83
2 0.63 0.62 0.98
3 1.23 1.30 1.06
4 1.00 1.06 1.06
5 0.80 0.58 0.73
6 0.72 1.24 1.72
7 1.16 117 1.01
8 1.25 1.35 1.08
9 0.98 1.39 1.42
10 1.10 1.02 0.93
11 0.95 1.06 1.12
12 1.58 1.00 0.63
13 0.92 0.98 1.07
14 2.40 1.50 0.63

and MOPC104E RNA may be ascribed to the difference in
the variable region sequences, since the L, cDNA used is long
enough to encode the variable region sequence. The variable
region sequences of A chains cross-hybridize with one another
(8).

The thermal stability of hybrids formed between L. cDNA
and MOPC104E RNA was examined by S1 nuclease digestion
(Fig. 2). The T, value (89.2°C) was indistinguishable from
that of hybrids formed between L, cDNA and MOPC41 L,
chain mRNA. A similar result was obtained for hybrids formed
between MOPC104E RNA and L, cDNA.

Characterization of L. Chain mRNA in Cloned
MOPCI04E Cells—The molecular size of L, and L, chain
mRNA in cytoplasmic RNA of clone 7 cells was analyzed by
sedimentation in a sucrose gradient under conditions which

_abolish nonspecific aggregation of RNA (6). Both L, and L,

chain mRNAs sedimented with a single peak of 12.6 S (data

not shown), the known size of L chain mRNA (4-9). Approx-

imately 70% of L, chain mRNA and 80% of L, chain mRNA

were adsorbable to oligo(dT)-cellulose, indicating that both

types of mRNA have poly(A) sequences. Since the results

using RNA from cloned cells shown above were identical to -
data using RNA from MOPC104E tumor cells (10), subse-

quent experiments were performed using RNA from uncloned

MOPC104E tumor cells.

In Vitro Translation of L, and L, Chain mRNAs Purified
from MOPCI104E Tumor—L chain mRNA was purified from
MOPC104E tumor by two successive oligo(dT)-cellulose chro-
matography and sucrose density gradient centrifugations (6).
This preparation contained an equal amount of L, and L,
chain mRNAs, each of which comprised about 25% of the
total RNA as estimated by hybridization kinetic analysis.
Upon electrophoresis in 98% formamide, the RNA migrated
as 14 and 18 S bands corresponding to L chain mRNAs and
ribosomal RNA, respectively (data not shown). The purified
L chain mRNA was translated in the cell-free translation
system derived from wheat germ. L, and L, chain proteins in
the translation products were measured by immunoadsorption
to rabbit anti-mouse L, and L, chain antibodies coupled to
Sepharose matrices (anti-x and anti-A Sepharose), respec-
tively. The immunoadsorption was specific to each type of L
chain {Table II). Radioiodinated L, and L, chain proteins
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F1G6. 2. Thermal denaturation profiles of hybrids formed be-
tween clone 7 RNA and L chain ¢cDNAs. Cytoplasmic RNA of
clone 7 cells was hybridized with L, and Ly cDNAs until a C.¢ value
of 21 was reached. The hybrids formed were tested for their thermal
stabilities in 0.25 M NaCl. Thermal stabilities of hybrids between
MOPC41 RNA and L, cDNA and between RPC20 RNA and L, cDNA
were also analyzed as a control. @, hybrids with L, cDNA: @ MOPC41
RNA (T, = 89.0°C); O, clone 7 RNA (T,, = 89.2°C). b, hybrids with
La CDCNA: ®, RPC20 RNA (T, = 87.2°C); O, clone 7 RNA (T =
87.2°C).

TaBLE II
L chain proteins synthesized in MOPCI04E myeloma

L. and L, chain proteins were determined by immunoadsorption to
the saturating amounts of antibody-coupled Sepharoses (300 pl of
anti-k or anti-A Sepharose suspension/1 ml of reaction mixture) as
described under “Experimental Procedures.” Radioactivity adsorbed
to the ethanolamine-blocked CNBr-activated Sepharose (300 ul) was
used as the background value and subtracted. The background values
were less than 1.5% of the total radioactivity for in vivo proteins and
4% for in vitro proteins.

Bound to Bound to
Materials employed Total protein anti-L, chain anti-L, chain
Sepharose Sepharose
cpm cpm cpm
'5]-L, chain protein 60,000 27,600 120
'1-L, chain protein 64,000 240 33,580
In vitro translation product
of
MOPC104E L chain 38,460 1,730 28,700
mRNA
MOPCA41 L chain mRNA 9,070 4,700 480
In vivo protein
Extracellular proteins 8,560 60 7,080
Intracellular proteins 30,000 1,050 2,540

were immunoadsorbed as controls. Approximately 75% of the
translated material was precipitated with the saturating
amount of anti-A Sepharose. On the other hand, only 4.5% of
the translation products bound to the saturating amount of
anti-x Sepharose. Since the mRNA preparation contained an
equal amount of L, and L, chain mRNAs, the L, chain mRNA
was translated at least 16-fold less efficiently than L, chain
mRNA in the cell-free translation system. SDS-polyacryl-
amide gel electrophoresis and fluorography of the material
immunoprecipitated by anti-A\ Sepharose revealed a single
band (24,000 daltons) corresponding to the L, chain precursor
(Fig. 3, lane g) (25, 27, 28). The precipitate with anti-x Seph-
arose also gave a faint single band of the same molecular
weight (Fig. 3, lane h) which might be due to nonspecific
adsorption of the L, chain precursor to anti-x Sepharose. As
a control, L, chain mRNA partially purified from MOPC41
myeloma was translated in vitro, and the products were
analyzed similarly. About 52% and 5% of the translation
products were precipitated with anti-x and anti-A Sepharose,
respectively.
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Absence of L. Chain Protein Inside and Outside
MOPCIO4E Cells—In order to determine whether L, chain
mRNA was translated in vivo, we searched for L, chain

_ protein inside and outside MOPC104E cells. MOPCI104E cells

were cultured in the presence of [*CJleucine for 5.5 h. Proteins
secreted into the culture fluid were referred to as extracellular
proteins, and intracellular proteins were extracted from whole
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F1c. 3. SDS-polyacrylamide gel electrophoresis of immuno-
precipitated proteins. Labeled proteins and their immunoprecipi-
tates were treated with 1.3% SDS and 0.5 M B-mercaptoethanol and
subjected to polyacrylamide gel electrophoresis. The gel was stained
with 0.5% Coomassie Brilliant Blue to stain the molecular weight
marker bands and then subjected to fluorography as described under
“Experimental Procedures.” Molecular weight marker proteins used
were bovine serum albumin (68,000 daltons), immunoglobulin y heavy
chain from MOPC31C myeloma (62,000 daltons), chick ovalbumin
(44,000 daltons), chymotrypsinogen (26,000 daltons), and equine heart
cytochrome ¢ (13,400 daltons). a, '*C-extracellular proteins (8000
cpm); b, *C-extracellular proteins adsorbed to anti-A Sepharose (3000
cpm); ¢, “C-intracellular proteins (23,800 cpm); d, "*C-intracellular
proteins adsorbed to anti-A Sepharose (1500 cpm); e, '*C-intracellular
proteins adsorbed to anti-x Sepharose (760 cpm); f, “"H-in vitro trans-
lation products of MOPC104E L chain mRNA (20,700 cpm); g, *H-in
vitro translation products adsorbed to anti-A Sepharose (7000
cpm); h, *H-in vitro translation products adsorbed to anti-k Sepharose
(640 cpm).
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F1c. 4. Immunoprecipitation of extracellular proteins. "“C-
Labeled extracellular proteins (8600 cpm) were .incubated with in-
creasing amounts of anti-A Sepharose (@), anti-« Sepharose (O), and
ethanolamine-blocked CNBr-activated Sepharose (A). The Sephar-
oses were treated and counted as described under “Experimental
Procedures.”
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cells with Triton X-100. When extracellular proteins were
mixed with increasing amounts of anti-A Sepharose, radioac-
tivity adsorbed increased linearly and then reached A plateau
level (80% of the input radioactivity), whereas essentially no
radioactivity was adsorbed to anti-k Sepharose (Fig. 4 and
Table II). The immunoadsorbed material was further ana-
lyzed by SDS-polyacrylamide gel electrophoresis. Extracellu-
lar proteins bound to anti-A Sepharose yielded only two bands,
corresponding to the molecular weights of immunoglobulin
'heavy (u) chain and L chain proteins (Fig. 3, lane b). The
stronger intensity of L chain band than of heavy chain was
explained by the fact that MOPC104E tumor secretes L chain
dimer as well as IgM (ushs) (11).

Intracellular proteins were analyzed similarly (Table II).
Approximately 8.5 and 3.5% of the input radioactive protein
was adsorbed to anti-A and anti-x Sepharose, respectively.
SDS-polyacrylamide gel electrophoresis, however, demon-
strated the absence of a band corresponding to the L chain in
the intracellular proteins adsorbed to anti-x Sepharose (Fig.
3, lane e). Faint bands and smears were seen in the high
molecular weight region, suggesting that the adsorbed proteins
are not L, chain but unknown cross-reactive materials. In
contrast, the proteins bound to anti-A Sepharose contained a
prominent L chain band (Fig. 3, lane d). These results indicate
that MOPC104E myeloma cells synthesize or secrete very
little, if any, L, chain protein, in confirmation of the reports
from other laboratories (11, 29).

DISCUSSION

Presence of Both Types of L Chain mRNAs in MOPC104E
Myeloma—It is well established that a single lymphocyte
synthesizes only one L chain type and one heavy chain class
(1, 2). Furthermore, studies on immunoglobulin allotypic
markers have demonstrated that genetic markers on one allele
are exclusively expressed in a mature plasma cell of hetero-
zygotic animals (30-32). This phenomenon is called allelic
exclusion. The restrictions on types, classes, and allotypic
markers of immunoglobulin also hold for myeloma cells (3).
MOPCI104E is the first case in which an individual myeloma
cell has been shown to contain both x and A chain mRNAs in
an equal quantity. Storb et al. (33) reported that MOPC104E
and S178 myelomas contain both types of L chain mRNA, in
confirmation of our previous report using uncloned myeloma
cells (10). Myeloma tumors producing two classes of antibody
have been observed (34-36).

L, Chain mRNA in MOPCIO4E is Translated Ineffi-
ciently—Although the amount of L, chain mRNA is equiva-
lent to that of L, chain mRNA in MOPCI104E cells, the L.
chain mRNA is translated very inefficiently in a cell-free
system. In addition, we were unable to detect any L, chain
protein present in the cell or secreted into the culture media
in confirmation of the results from other laboratories (11, 29).

On the other hand, L, chain mRNA, which is present in the
same cell and the sarne RNA preparation as L, chain mRNA,
is actively translated in vivo as well as in vitro, indicating that
the translational machinery is working normally in
MOPCI04E cells. Taken together, these results suggest that
MOPC104E L. chain mRNA per se has an aberrant structure
in a region vital to its function. One possibility is the portion
close to the 5’ end of mRNA including a cap structure and the
ribosomal binding sequence.

Examples of possible defects in mRNA structure have been
reported. A variant of mouse myeloma P3 cell line does not
produce L chain protein (37). In vitro translation of 13 S RNA
from these cells does not yield any protein corresponding to
L chain precursor, although upon fingerprint analysis the 13
S RNA contains apparently normal ribonuclease T1 oligonu-
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cleotides similar to those of L, chain mRNA (37). 8-Globin
mRNA present in a class of °f thalassemia patients was
reported not to be translated either in vivo or in the cell-free
protein synthesis system (38, 39). A recent report on this 8-
globin mRNA suggested a possible defect in the structure of
the mRNA molecule itself (40).

L Chain Genes in MOPCIO4E Cells—Recent studies on
immunoglobulin genes indicate that the gene conversion plays
an important role in the expression of immunoglobulin genes
in lymphocyte (41-45). Brack et al. (41) have clearly demon-
strated that the variable and constant region genes which are
far apart in embryonic tissues are brought together in close
proximity in plasma cells expressing the particular gene. There
seems to be a mechanism which restricts the gene conversion
to one type of L chain genes, since only the gene for that type
of the L chain which is expressed in plasmacytomas has
undergone the recombination (41, 42). In this regard, it would
be interesting to know whether or not L. chain mRNA of
MOPCI104E contains a variable region sequence,

Several possibilities may account for synthesis of two types
of L chain mRNA in MOPCI104E cells. These include chro-
mosomal abnormalities often found in myeloma cells (46),
fusion of different myeloma cells or lymphocytes (47, 29), and
unknown defects in the regulation of the specific gene acti-
vation. The phenomenon reported here has two abnormalities:
(a) transcription of the L, chain gene, which is normally
repressed; and (b) the dysfunction of this L, chain mRNA.
These results could be explained by two unusual events in the
MOPC104E myeloma. However, we prefer to hypothesize that
synthesis of the inactive L, chain mRNA may be attributable
to an aberrant conversion of the gene. The structure of the L
chain gene in MOPCI104E may give some insights into the
mechanism of the gene conversion and its relationship to the
expression of immunoglobulin genes.
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ABSTRACT DNA from newborn mice was digested with
restriction endonuclease EcoRI, and a 6.6-kilobase fragment
encoding immunoglobulin y2b chain mRNA derived from MPC
11 myeloma was enriched about 100-fold by RPC-5 column
chromatography and agarose gel electrophoresis. The 6.6-kilo-
base fragment was cloned with Agt WES-AB as EK2 vector. The
cloned phage (Agt WES-IgH22) contained the constant region
gene of the ¥2b chain but not the variable region gene of MPC
11 mRNA. The constant region genes of the other 7 chains (i.e.,
1, ¥2a, and y3) were not present in Agt WES-IgH22 DNA. R-
loop mapping indicates that the y2b chain structural gene is
divided into two parts (330 £ 60 SD base pairs and 930 + 110 SD
base pairs) by an intervening sequence (360 £ 100 SD base pairs).
The nucleotide sequence around the junction of the hinge region
and Cyx2 domain was determined and shown to match the
amino acid sequence of the initial part of the Cyx2 domain of
the 2b chain. The base sequence upstream from the junction,
however, is unrelated to the amino acid sequence of the Cyl
domain and the hinge region of all the iy chains whose se-
quences have been determined. These results indicate that the
42b chain gene is interrupted at the junction of the hinge region
and Cy2 domain by an intervening sequence. The existence of
two more intervening sequences, one between the Cyl domain
and the hinge region and the other between the Cyx2 and Cy3
domains, is discussed.

Immunoglobulin heavy chain genes consist of a family of
variable region (V) genes and several constant region (C) genes.
V and C genes are genetically linked and expressed as a cis
combination (1-3). In a given lymphocyte, immunoglobulin
genes on one allele are exclusively expressed (4-6). Recently,
we have shown that specific C genes are deleted from one allele
in mouse myelomas depending on which C genes are expressed
(7, 8). We have proposed an allelic deletion model as the
mechanism of the V-C gene recombination that results in the
expression of the specific immunoglobulin genes (7, 8). Ac-
cording to the model, a chromosomal segment that is located
between recombining V and C genes is excised out from one
allele so as to bring C and V genes together. A linear arrange-
ment of heavy chain C genes is also proposed as follows: V
genes, spacer, g, 73, v1, v2b, y2a, and a.

The use of recombinant DNA technology to clone a given
segment of the mammalian genome offers the most direct
means of testing the allelic deletion model. With this goal in
mind, we have set out to clone immunoglobulin heavy chain
genes from mouse genome. Recent advances in the availability
of a vector (9) and in purification of the mammalian gene (10)
have enabled us to clone the immunoglobulin heavy chain gene
(1 C gene) in EK2 phage A, AgtWES-AB (11). As the first step
in testing the model, we wish to determine the relative location
of v chain genes by cloning a large piece of DNA that contains

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked “ad-
vertisement” in accordance with 18 U. S. C. §1734 solely to indicate
this fact.
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two or more neighboring genes. For this purpose it is essential
to clone two putative adjacent -y chain genes. In this paper we
will describe cloning of the ¥2b chain C gene, which is proposed
to be adjacent to the Y1 chain gene, and its structure.

EXPERIMENTAL PROCEDURES

Partial Purification of DNA Fragment. High molecular
weight DNA was extracted from whole newborn mice (killed
within 24 hr after birth). DNA was digested with EcoRI, ex-
tracted with phenol, and precipitated with ethanol. Forty
milligrams of EcoRI-digested DNA was chromatographed on
an RPC-5 column (0.8 X 90 cm) as described (10, 12). Fractions
that hybridized with the v2b chain cDNA by in situ hybrid-
ization were pooled and concentrated by ethanol precipitation.
The DNA obtained was applied to a 1% agarose gel (7 X 15 X
4 cm) and fractionated as described (13). Fractions were assayed
by in situ hybridization with nick-translated +2b chain
[32P]cDNA cloned in a plasmid (pG2b-4).

Preparation and Screening of Recombinant Phage. Bac-
teriophage AgtWES-AB (9) was used as the EK2 vector and
propagated in ED8656 (14). Cloning experiments were carried
out in a P2 facility (15, 16). Bacterial strains N5428 [N205 (A
Aamll b2 red 8 ¢I857 Sam7)] (17) and Adg805 {W3350
(Adgal805 ¢I857 Sam7)] were used for in vitro packaging.

Partially purified 6.6-kilobase (kb) mouse DNA (2 ng) was
ligated with 5.1 pg of AgtWES outer fragments in a 50-ul re-
action mixture with 0.6 unit of T4 ligase as described (18). The
recombinant DNA was packed into coat proteins in vitro and
the recombinant phages were plated by the method of Blattner
et al. (19). Twenty sets of about 2000 plaques were directly
transferred from LB broth agar plates to Millipore filters as
described (20). The Millipore filters were hybridized to 32P-
labeled Hha 1 fragment of pG2b-4 and autoradiographed.
Recombinant phage DNA was prepared as described (18).

In Situ Hybridization. DNA, fixed on a Millipore filter (21),
was hybridized to an appropriate probe as described by Jeffrey
and Flavell (22) except that 1 M NaCl/50 mM Tris-HCl, pH
7.4/10 mM EDTA replaced 0.9 M NaCl/0.09 M sodium citrate.
The probes used were [32PJcDNA (specific activity, 50 cpm/pg)
complementary to MPC 11 mRNA (7, 23, 24) or a 32P-labeled
Hha 1 fragment (specific activity, 60 to =100 cpm/pg) of
pG2b-4 DNA. When [3?P}cDNA was used as a probe, oli-
go(dT)-cellulose-bound mRNA from MOPC 511 myeloma (IgA
producer) was added to 10 ug/ml. The plasmid pG2b-4 is a
hybrid of pBR322 (25) and an ~250-base sequence of ¥2b chain
¢DNA (unpublished data). The y2b chain insert ‘was isolated
as the Hha I fragment of 460 base pairs in length. Nick trans-
lation of DNA was done as described, with [@-32P}dCTP (300
to =400 Ci/mmol, 1 Ci = 8.7 X 10'° becquerels) (New England
Nuclear) (26). -

Abbreviations: V and C, variable and constant region, respectively;

kb, kilobase.
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Hybridization in Solution. Phage or plasmid DNA was
sonicated, heat-denatured, and hybridized to the -y chain cDNA
as described (27). Hybrid formed was determined by §1 nu-
clease resistance (27). cDNAs complementary to the purified
7 chain mRNAs were synthesized as described (%3). Specific
activity of [®H]JcDNA was 17 cpm/pg. The y chain mRNA used
in the hybridization reaction was partially purified from mouse
myeloma by an oligo(dT)-cellulose column as described (28).
@he purity of the mRNA was about 4%.

. Electron Microscopy. R-loops (29, 30) between the cloned

6.6-kb insert DNA and MPC 11 2b chain mRNA were formed
with 8.7 ug of DNA per ml and 16 ug of RNA per ml in 70%
‘vol/vol) formamide 0.1 M Tricine (N-[tris(hydroxymethyl)-
methyllglycine)-NaOH, pH 8.0/0.5 M NaCl/10 mM EDTA
at 56°C for 12 hr. The sample was diluted, spread, stained, and
shadowed as described (31).

DNA Sequence Analysis. The 6.6-kb insert DNA of
AgtWES-1gH22 was separated from AgtWES outer fragments
by EcoRI digestion and subsequent preparative agarose gel
electrophoresis. The DNA (200 ug) was cleaved with Sac 1, and

the 520-base fragment was isolated on 3% polyacrylamide gels, -

treated with bacterial alkaline phosphatase, and labeled at the
5’ ends with polynucleotide kinase. The DNA was cleaved with
Hap 11 and the 280-base fragment was isolated on 5% polyac-
rylamide gels. The fragment was chemically modified and
analyzed as described (32).

Enzymes. EcoRI (33), Sac 1 (R. J. Roberts, personal com-
qunication), Hap 11 (34), and T4 polynucleotide kinase (35)
sere purified as described. T4 ligase was a generous gift of M.

Takanami (Kyoto University). Other restriction endonucleases
were obtained from New England BioLabs.

RESULTS

Partial Purification of the Immunoglobulin v2b Chain
Gene. In order to enrich the immunoglobulin gene sequence,
we used sequential purification steps of RPC-5 column chro-
matography and agarose gel electrophoresis that were suc-
cessfully adopted to cloning of the globin gene (10). DNA de-
rived from whole newborn mice was digested with restriction
endonuclease EcoRI. Approximately 40 mg of EcoRI-digested
DNA was fractionated by RPC-5 chromatography. Aliquots
of pooled fractions were electrophoresed in an agarose gel (36,
387) and DNA was transferred to a Millipore filter according to
Southern (21). The Southern blot was hybridized with MPC 11
{y2b) ¢cDNA and autoradiographed. Fractions containing a
harked 6.6-kb band were pooled, and approximately 3.5 mg
of DNA obtained was applied to a preparative agarose gel.
Aliquots of DNA fractions were again electrophoresed in a 1%
agarose gel and blotted to a Millipore filter. The filter was hy-
bridized with MPC 11 ¢DNA cloned in pBR322. As shown in
Fig. 1, the 6.6-kb fragment was found in fractions 14 and 15.
No other bands were seen in all the fractions obtained (up to
20 kb). Fraction 14 was concentrated by ethanol precipitation,
and approximately 0.1 mg of DNA was obtained.

Isolation and Identification of a Recombinant Phage
Containing the Immunoglobulin y2b Chain Gene. Purified
outer fragments of AgtWES-AB were annealed with the DNA
from fraction 14, ligated, and used for in vitro packaging. After
screening about 4 X 10* phages we found four recombinants
containing the y2b gene sequence. One of them was referred
to as AgtWES-IgH22 and grown in large quantity. DNA was
extracted and hybridized with MPC 11 (y2b) ¢cDNA in solution
‘Table 1). y2b ¢cDNA hybridized with AgtWES-IgH22 but not
with AgtWES-AB. The other three recombinants were similar
to AgtWES-IgH22 in the extent of hybridization to y2b ¢cDNA
and the cleavage sites of several restriction endonucleases.

Proc. Natl. Acad. Sci. USA 76 (1979) 4241

g .y
TR P SR

F1G. 1. Preparative agarose gel electrophoresis of EcoRI-digested
mouse DNA. (A) Ethidium bromide-stained agarose gel of preparative
agarose gel fractions. Migration is from top to bottom. Only the rel-
evant eight fractions are presented here. (B) Autoradiogram of the
Southern blot of the gel hybridized with pG2b-4 [32P]DNA. Fraction
numbers are shown on the top of each lane. EcoRI-cleaved \cI857 was
used as size markers.

Substantially less AgtWES-IgH22 DNA hybridized with
MPC 11 ¢DNA than with MPC 11 mRNA and MOPC141
mRNA containing the same C sequence and a V sequence
different from that of MPC 11 mRNA (Table 1). The extent of
hybridization did not increase even when the amount of
AgtWES-IgH22 DNA was increased by 10-fold. As a control,
plasmid pG2b-4, containing about 250-base y2b ¢cDNA, hy-
bridized to 19.6% of the cDNA in proportion to the length of
the inserted cDNA. The [3H]cDNA probe used was approxi-
mately 1800 bases Jong and estimated to encode the whole C
sequence, including the 8"-untranslated portion, but only a part,
if any, of the V sequence {38). These results indicate that
AgtWES-IgH22 contains a considerable part of the v2b chain
gene although it may not encompass the whole sequence.

Table 1. Hybridization of Agt WES-IgH22 DNA with
MPC11 y2b ¢cDNA

% hybridization

with MPC11

DNA or mRNA v2b ¢cDNA
AgtWES-1gH22 67.9
AgtWES-AB 0.6
pG2b-4 19.6
MOPC141 mRNA 84.3
MPC11 mRNA 89.5

Hybridizations of DNA (3 ug for X phage DNA, 2 ug for pG2b-4
DNA) or mRNA (3.8 ug) were performed in the presence of 2100 cpm
of MPC11 [*H]cDNA in 50 gl of reaction mixture at 65°C for 2 hr. The
hybrids formed were assayed by S1 nuclease digestion.
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Table 2. Hybridization of Agt WES-IgH22 DNA with
v chain cDNAs

%
cDNA hybridization
MOPC31C (1) 9.6
HOPCI1 (y2a) 17.9
MPC11 (y2b) 75.7
J606 (v3) 11.2

Hybridization of A\gt WES-IgH22 DNA (3 pg) was performed in the
presence of about 2000 cpm of [*H]¢cDNA. The extent of hybridization
of each cDNA was normalized, taking the extent of hybridization with
homologous mRNA as 100%.

In order to test whether AgtWES-IgH22 contains the genes
of the other 7y subclasses, we hybridized AgtWES-IgH22 DNA
with the other v chain ¢cDNAs. Table 2 shows that AgtWES-
IgH22 hybridized specifically with y2b ¢cDNA. Small but sig-
nificant extents of hybridization with y1, y2a, and y3 cDNAs
seem to be attributable to partial homology shared among the
7 chain C gene sequences (38).

Location of Structure Sequence. Both AgtWES-IgH22 DNA
and the 6.6-kb insert DNA were digested with several restriction
endonucleases and electrophoresed in 1.2% agarose gel. The
restriction map (see Fig. 4) was constructed by a comparison
of the size of a new insert fragments with known adjacent en-
zyme sites in AgtWES outer fragments and by combined
cleavage with several restriction endonucleases (data not
shown). In order to localize the y2b chain gene in the 6.6-kb
insert DNA, the DNA fragments were transferred to nitrocel-
lulose filters and hybridized with MPC 11 [32PJcDNA synthe-
sized with random oligonucleotides as primer (24). As shown
in Fig. 2, Sac I cleaved the 6.6-kb insert DNA into five frag-
ments of 3.8, 2.1, 0.52, 0.3, and 0.28 kb. The five fragments
were placed into order as shown in Fig. 4. The fragments of 2.1
and 0.52 kb hybridized with MPC 11 ¢DNA. The fragments
of 3.8 and 0.28 kb hybridized weakly and their bands on au-
toradiography were seen only by longer exposure (data not
shown). BamHI cut the 6.6-kb insert into 4.9-, 1.3-, 0.25-, 0.17-,
and 0.09-kb fragments (see Fig. 4). The fragment next to the
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left-end fragment (1.3 kb) hybridized very weakly with MPC
11 ¢DNA; the 4.9- and 0.25-kb fragments hybridized intensely.
Among three fragments (3.0, 2.8, and 0.84 kb) produced by
digestion of the 6.6-kb insert DNA with Kpn I, the middle

‘fragment (0.84 kb) did not hybridize with the cDNA. These

results suggest that the v2b chain sequence is present some-
where between 1.3 and 3.0 kb from the left end of the insert
DNA. Xho I seems to cut within the y2b chain sequence.

R-Loop Mapping. To further analyze the structure of the
v2b chain gene, R-loops were formed between the 6.6-kb insert
DNA and MCP 11 ¥2b chain mRNA (Fig. 3). Two R-loops of
unequal size virtually adjacent to one another were interrupted
by a looped-out, double-stranded region. Such a structure in-
dicates the presence of an intervening sequence within the
structure sequence for the y2b chain, as has been reported in
other eukaryote genes (30, 39, 40). A short whisker of mRNA
was observed at the ouler end of the smaller R-loop. A series of
R-loops formed between the 6.6-kb insert DNA and MPC 11
mRNA were measured with the 6.6-kb insert as a duplex stan-
dard. The mean lengths (£SD) of the shorter R-loop, the
looped-out region, and the Jonger R-loop were estimated to be
330 £ 60, 360 + 100, and 930 + 110 base pairs, respectively.
The left and right double-stranded regions were 1220 + 75 and
3770 + 160 base pairs long, respectively. The results are con-
sistent with the conclusion based on the restriction mapping that
the y2b chain sequence is present somewhere between 1.3 and
3.0 kb from the left end of the insert DNA.

Base Sequence Determination around Junction of Inter-
vening and Coding Sequences. Our interpretation of R-loops
and restriction site analyses could be directly confirmed by the
determination of the nucleotide sequence around the junction
of the intervening and coding sequences. A Sac I site 2100 base
pairs away from the left end of the insert was expected to be
close to the junction of the larger R-loop and looped-out region.
The base sequence starting from this site to the right was de-
termined by the chemical modification method of Maxam and
Gilbert (32). As shown in Fig. 4, the nucleotide sequence
matched the known amino acid sequence perfectly at positions
236-259 of mouse y2b chain (41), except for position 241, with
the direction of the gene from left to right. The codon for po-

~df'.k’-~ D
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F1G. 2. Digestion of Agt WES-IgH22 DNA and its insert DNA by various restriction endonucleases. Approximately 1.6 ug of \gt WES- IgH22
DNA or 0.8 ug of the insert DNA was cleaved by the restriction endonucleases indicated and electrophoresed in 1.2% agarose gels. The DNA'
fragments were transferred to a nitrocellulose filter and hybridized with y2b [32P]cDNA synthes:zed with random oligonucleotides as primers
(24). Size markers used were from a HindllI digest of A\c/857 DNA (lanes a and h). The sizes of the marker fragments were 23.5, 9.8, 6.6, 4.5,
2.5,2.2,and 0.6 kb from top to bottom. The following pairs of figures are ethidium bromide stains and autoradiograms of Southern blot for cleavage
of )xgtWES-IgH?Q DNA by EcoRI (lanes b and c¢), Sac 1 (Janes d and f), BamHI (lanes i and k), Kpn I (lanes m and o), and Xho I (lanes q and
s) and of the insert DNA by Sac I (lanes e and g), Bam HI (lanes jand 1), Kpn I (lanes n and p), and Xho I (lanes r and t). The location of small
outer fragments were determined by cleavage of terminally 32P-labeled 6.6-kb insert DNA. )
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Fi1G. 3. Electron micrograph of R-loops between the 6.6-kb insert
DNA of AgtWES-IgH22 DNA and MPC 11 mRNA. R-loops formed
were visualized by a magnification of 60,000. (Inset) Diagram of the
structure. Heavy lines represent double-stranded DNA, narrow lines

represent single-stranded DNA, and broken lines indicate y2b chain
mRNA.

sition 241 predicts the presence of Ser, which coincides with the
v2a chain but not with the y2b chain. The discrepancy is likely
to be an error in amino acid sequence. The base sequence
predicts the amino acid sequence of Leu-Ser-Ser-Ser-Ala-
Pro-Asn for positions 229-235, although the amino acid se-
quence data are unavailable for the NH; terminus to position
236 of the y2b chain. Because the known amino acid sequence
of the ¥2b chain shares extensive homology with that of the y2a
chain, we have compared the predicted sequence with the
amino acid sequence of the y2a chain. As shown in Fig. 4, the
homology extends to Ala-Pro-Asn (positions 233-235), which
is considered to be the beginning of the Cy2 domain (41, 42).
Upstream from this junction, however, essentially no homology

CHI 3 IVS

[ _cHz cH3
Jay A ] f A 1
BamHl BamHI Hap Il
Sac! Xhol Sac | Sacl

CTC-CCA-GGA - GAATGG TAA-GTG-CTG TAA-AAATCC-CTG- TAATGG:

AGG-ATA-AGC-CAT-GTA-CAAATC -CAT-TTC-CAT-CTC-TCCTCATCA"

GCT-CCT-AAC-CTC-GAG-GGT-GGA-CCATCC GTC-TTCATC-TTC-CCT-
2b LeuGlu - Gly- Gly~Pro- Leu- Val - Phe-lle - Phe - Pro-
Y2q Aa- Pro-Asn- Leu Ser

233 240

CCAAAT-ATC: AAG-GAT GTACTC-ATG'ATC-TCC-CTG-ACA-CCC-

Pro -Asn-lle - Lys - Asp Val- Leu: Met- Ile- Ser- LeuThr- Pro -

Lys- Asn Ser
250 259

FiG. 4. Restriction map and nucleotide sequence of 6.6-kb insert
DNA of A\gt WES-IgH22. The top line indicates the position of ¥2b
chain gene within the 6.6-kb insert DNA. The direction of tran-
scription is from left (5%) to right (3’). The entire y2b chain gene es-
timated by R-loop and restriction site mapping is represented by the
boxes. The middle line shows an enlargement of the gene and its
neighborhood. An intervening sequence is labeled as IVS. The ser-
rated lines in the box indicate that the borders are not definitely as-
signed. The restriction endonuclease cleavage sites are indicated by
(})Sac1, (1) Xhol, (V) Kpnl, (v) BamHI, and (v) Hap II. The
bottom lines are the nucleotide sequences of the anti-coding strand
starting from the Sac I site towards the right. The Xho I site is indi-
cated by a box. The amino acid sequences of the y2b and y2a chains

e shown below the nucleotide sequence. Only those amino acid
residues of the y2a chain that are different from the corresponding
residues of the y2b chain are indicated.
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was seen between two sequences. The cysteine and proline
residues at positions 231 and 232 is the COOH terminus of the
hinge region and is highly conserved among mouse y1 (43),
mouse y2a (42), guinea pig Y2 (44, 45), rabbit 7y (46, 47), and
human Eu 71 (48) chains although the base sequence predicts
Ser-Ser for these positions. There is a long stretch of the con-
served amino acid sequence (Thr-Lys-Val-Asp-Lys) at positions
210-215, which does not coincide with the base sequence.
Furthermore, a termination codon (TAA) was found 46 to =48
base pairs upstream from the junction in the same frame with
the matched sequence. These results tempted us to conclude
that an intervening sequence splits the y2b chain gene some-
where very close to the junction of the hinge region and the Cy2
domain.

DISCUSSION

The 6.6-kb DNA fragment isolated from newborn mice was
shown unambiguously to contain the ¥2b chain C gene and its
flanking sequence. The results of the R-loop study and the
nucleotide sequence determination show that it is likely that
the smaller R-loop region (330 + 60 base pairs) codes for the
Cyl domain and the larger R-loop region (930 + 110 base pairs)
codes for the Cy2 and Cy3 domains. The looped-out, double-
stranded region seems to correspond to the intervening se-
quence that interrupts the y2b chain gene at the junction of the
hinge region and the Cy2 domain. Recently we have completed
a base sequence determination of the y2b chain gene. The re-
sults demonstrate that intervening sequences separate the hinge
region from the Cyl domain and the Cy2 domain from the
Cy3 domain. Less than ~30% of the molecules observed by
electron microscopy have the structure indicating the presence
of a short intervening sequence at the middle of the large R-
loop, suggesting that our conditions for formation of R-loops
were not optimal for detecting a short intervening sequence
(about 100 bases). The smaller whisker at the outer end of the
smaller R-loop probably corresponds to the V sequence of MPC
11 mRNA, which is not encoded by AgtWES-IgH22.

There are several myeloma variants that produce heavy chain
proteins of altered structure. Among them the most common
is the deletion of a whole domain from the C sequence, which
comprises a tandem array of three or four domains (49-53). A
mouse Y1 chain mutant (IF2) was also reported to lack the
whole Cy1 domain (43). Another set of variants seems to arise
by recombination between different C genes at the junction of
domains (54, 55). These phenomena tempted each domain to
be conceived of as a separate gene (50). The idea seems to be
valid because each domain is separated from the other. It will
be interesting to see whether the presence of the intervening
sequence facilitates the recombination rate or whether im-
proper splicing is responsible for these abnormalities.

The intervening sequence and its splicing mechanism have
been proposed to play an important role in the evolution of
eukaryote genes by linking duplicated genes or prototype
peptide genes that are not directly adjacent to each other (56,
57). The hypothesis is consistent with our results that inter-
vening sequences split immunoglobulin heavy chain genes at
the junction of functional units of the protein (i.e., domains and
the hinge region). A phylogenic study based on the comparison
of amino acid sequences indicates that the heavy chain protein
has evolved by successive duplication of a domain (48). Because
precisely contiguous duplication of a domain may be a rather
rare event, introduction of the splicing mechanism may have
facilitated construction of a new gene by linking “unsuccess-
fully” duplicated domains. After submission of this manuscript,
Sakano et al. (58) and Early et al. (59) also reported that 71 and
« chain genes are interrupted by intervening sequences at the
junction of domains and the hinge region.



4244  Biochemistry: Kataoka et al.

We thank Dr. Y. Mano for his continuous encouragement. We also
thank Dr. P. Leder, Dr. F. Blattner, and Dr. R. J. Roberts for bacterial
strains, phages, and unpublished protocols. Thanks are also extended
to Drs. M. Kawakami and M. Ono for preparation of purified H chain
mRNAs. This investigation was supported in part by grants from the
Matsunaga Science Foundation and the Ministry of Education, Science
and Culture of Japan.

1. Kindt, T. J,, Mandy, W.]. & Todd, C. W. (1970) Biochemistry
9, 2028-2032.

2. Landucci-Tosi, S., Mage, R. G. & Dubiski, S. (1970) J. Immunol.
104, 641-647.

3. Knight, K. L. & Hanly, W. C. (1975) in Contemporary Topics
in Molecular Immunology, eds. Inman, F. P. & Mandy, W. J.
(Plenum, New York), Vol. 4, pp. 55-88.

4. Pernis, B., Chiappino, G., Kelus, A. S. & Gell, P. G. H. (1965) J.
Exp. Med. 122, 853-876.

5. Cebra, J. J., Colberg, J. E. & Dray, S. (1966) ]. Exp. Med. 123,
547-558.

6. Mikeld, O. & Cross, A. W. (1970) Prog. Allergy 14, 145-207.

7. Honjo, T. & Kataoka, T. (1978) Proc. Natl. Acad. Sci. USA 75,
2140~-2144.

8. Honjo, T. & Kataoka, T. (1979) in Oncogenic Viruses and Host
Cell Genes, eds. Tkawa, Y. & Odaka, T. (Academic, New York),
pp. 461-473.

9. Leder, P., Tiemeier, D. & Enquist, L. (1977) Science 196,
175-1717.

10. Tilghman, S. M., Tiemeier, D. C., Polsky, F., Edgell, M. H,,
Seidman, J. G., Leder, A., Enquist, L. W., Norman, B. & Leder,
P. (1977) Proc. Natl. Acad. Sci. USA 74, 4406-4410.

11.  Honjo, T. (1978) in Immunology 78, eds. Yamamura, Y. & Tada,
T. (Nakayama-Shoten, Tokyo), pp. 75-82.

12. Pearson, R. L., Weiss, J. F. & Kelmers, A. D. (1971) Biochim.
Biophys. Acta 228, 770-774.

13. Polsky, F., Edgell, M. H., Seidman, J. G. & Leder, P. (1978) Anal.
Biochem. 87, 397-410.

14. Wood, W. B. (1966) J. Mol. _Bl'ol. 16, 118-133.

15. Recombinant DNA Research Guidelines (1978) Jpn. Sci. Monthly
31, 626-647.

16. Recombinant DNA Research Guidelines (1976) Fed. Reg. (Sept.
9, 1976).

17. Sternberg, N., Tiemeier, D. & Enquist, L. (1977) Gene 1,
255-280.

18. Tiemeier, D. C., Tilghman, S. M. & Leder, P. (1977) Gene 2,
173-191.

19. Blattner, F. R., Blechl, A. E., Denniston-Thompson, K., Faber,
H. E., Richards, ]J. E., Slighton, J. L., Tucker, P. W. & Smithies,
Q. (1978) Science 202, 1279-1284.

20. Benton, W. D. & Davis, R. W. (1977) Science 196, 180-182.

21. Southern, E. M. (1975) ]. Mol. Biol. 98, 503-517.

22. Jeffrey, A. ). & Flavell, R. A. (1977) Cell 12, 429-439.

23. Ono, M., Kondo, T., Kawakami, M. & Honjo, T. (1977) J. Bio-
chem. (Tokyo) 81, 949-954.

24. Taylor, ]. M, llmensee, R. & Summers, J. (1976) Biochim. Bio-
phys. Acta 442, 324-330.

25. Bolivar, F., Rodriguez, R. L., Greene, P. J., Betlach, M. C,,
Heynecker, H. L. & Boyer, H. W. (1977) Gene 2, 95-113.

26. Maniatis, T., Jeffrey, A. & Kleid, D. G. (1975) Proc. Natl. Acad.
Sci. USA 72,1184-1188.

27. Honjo, T, Packman, S., Swan, D., Nau, M. & Leder, P. (1974)
Proc. Natl. Acad. Sci. USA T1, 3659-3663.

28.  Honjo, T., Packman, S., Swan, D. & Leder, P. (1976) Biochemistry
15, 2780-2785.

29.

30.
3L

32,
33.

34.
35.

36.
37.

38.
39.

40.
41.
42.

43.

44.

45.
46.

47.

48.

49.
50.
51.

52.

54.
55.
56.

58.

59.

Proc. Natl. Acad. Sci. USA 76 (1979)

Thomas, M., White, R. L. & Davis, R. W. (1976) Proc. Natl. Acad.
Sci. USA 73, 2294-2298.

White, R. L. & Hogness, D. S. (1977) Cell 10, 177-192.
Yamagishi, H., Inokuchi H. & Ozeki, H. (1976) J. Virol. 18,
1016-1023.

Maxam, A. M. & Gilbert, W. (1977) Proc. Natl. Acad. Sci. USA
74, 560-564. )

Yoshimori, R. N. (1971) Dissertation (Univ. California, San
Francisco, CA).

Takanami, M. (1973) FEBS Lett. 34.318-322.

Richardson, C. C. (1965) Proc. Natl. Acad. Sci. USA 54, 158~
165.

Helling, R. B., Goodman, H. M. & Boyer, H. W. (1974) J. Virol.
14, 1235-1244.

McDonell, M. W_, Simon, M. N. & Studier, F. W. (1977) J. Mol.
Biol. 110, 119-146.

Yamawaki-Kataoka, Y., Sato, K., Shimizu, A., Kataoka, T., Mano,
Y., Ono, M., Kawakami, M. & Honjo, T. (1979) Biochemistry 18,
490-494.

Tilghman, S. M., Tiemeier, D. C,, Seidman, J. G., Peterlin, B. M.,
Sullivan, M., Maizel, ]. V. & Leder, P. (1978) Proc. Natl. Acad.
Sci. USA 75,725-729.

Brack, C. & Tonegawa, S. (1977) Proc. Natl. Acad. Sci. USA 74,
5652-5656.

Francus, T. & Birshtein, B. K. (1978) Biochemistry 17, 4324~
4331, * .
Fougereau, M., Bourgois, A., Preval, C., Rocca-Serra, J. & Schiff,
C. (1976) Ann. Immunol. (Paris) 127C, 607-631.

Milstein, C., Adetugbo, K., Cowan, N. ]. & Secher, D. S. (1974)
in Progress in Immunology, eds. Brent, L. & Holborow, J.
{North-Holland, Amsterdam), Vol. 1, pp. 157-168.

Birshtein, B. K., Hussain, Q. Z. & Cebra, J. . (1971) Biochemistry
10, 18-25.

Turner, K. J. & Cebra, J. J. (1971) Biochemistry 10, 9-17.
Cebra, J. J., Steiner, L. A. & Porter, R. R. (1968) Biochem. ]. 107,
79-88.

Fruchter, R. G., Jackson, S. A., Mole, L. E. & Porter, R. R. (1970)
Biochem. J. 116, 249-259.

Edelman, G. M., Cunningham, B. A., Gall, W. E., Gottlieb, P.
P, Rutishauser, V. & Waxdal, M. J. (1969) Proc. Natl. Acad. Sci.
USA 63, 78-85.

Frangione, B. & Milstein, C. (1969) Nature (London) 224,
597-599.

Franklin, E. C. & Frangione, B. (1971) Proc. Natl. Acad. Sci. U. 4
68, 187-191.

Cooper, S. M., Franklin, E. C. & Frangione, B. (1972) Science
176, 187-189.

Frangione, B., Lee, L., Haber, E. & Bloch, K. J. (1973) Proc. Natl.
Acad. Sci. USA 70, 1073-1077.

Robbinson, E. A., Smith, D. F. & Appella, E. (1974) J. Biol. Chem. .
249, 6605-6610.

Kunkel, H. G., Natvig, J. B. & Joslin, F. G. (1969) Proc. Natl.
Acad. Sci. USA 62, 144-149.

Natvig, ]. B. & Kunkel, H. G. (1974) J. Immunol. 112, 1277-
1284,

Gilbert, W. (1978) Nature (London) 271, 501.

Darnell, J. E., Jr. (1978) Science 202, 1257-1260.

Sakano, H., Rogers, J. H., Happi K., Brack, C., Traunecker, A.,
Maki, R., Wall, R. & Tonegawa, S. (1979) Nature (London) 277,
627-633.

Early, P. W. Davis, M. M., Kaback, D. B, Davidson, N. & Hood,
L. (1979) Proc. Natl. Acad. Sci. USA 76, 857-861.



Proc. Natl. Acad. Sci. USA
Vol. 77, No. 2, pp. 919-923, February 1980
Biochemistry

Rearrangement of immunoglobulin y1-chain gene and mechanism

for heavy-chain class switch

(cloning/nucleotide sequence/recombination site/S region/u-chain gene)

IOHRU KATAOKA, TOSHIAKI KAWAKAMI, NAOKT TAKAHASHI, AND TASUKU HONJO*

Department of Physiological Chemistry and Nutrition, Faculty of Medicine, University of Tokyo, Tokyo 113, Japan

Communicated by Osamu Hayaishi, December 4, 1979

ABSTRACT Cloning and nucleotide sequence determina-
tion suggest that the rearranged yl-chain gene in a yl-chain-
producing myeloma appears to be {ormed by the recombination
between the 5 flanking regions of the y1- and p-chain genes of
undifferentiated cells. The recombination site is distinct from
the putative J region and is a novel region that we call the Sre-
gion. We have extended éur previous model that explains the
heavy-chain class switching by two or more successive recom-
bination events. : '

A complete immunoglobulin gene is formed by a recombina-
tion event that brings the variable (V) gene into close proximity
~with the constant (C)-region gene (1-3). Studies (4-6) on cloned
immunoglobulin light (L)-chain genes have unequivocally
demonstrated that such recombination takes place between a
‘germline V gene and a J-region gene that encodes 13 amino
acids at the carboxyl end of the V region. In addition to the
_similar V-] recombination, immunoglobulin heavy (H)-chain
genes must have unique features (absent from L-chain genes)

that explain the phenomenon called H-chain class switch by

- which a given lymphocyte appears to be able to sequentially
" associate a single V region with two or more different classes
of H-chain C regions.

We have presented evidence that deletion of specific Cyx
genes accompanies expression of the Cy gene in mouse mye-
loma cells (7). We proposed the allelic deletion model in which
recombination of Vy and Cy genes occurs on one allele by
deletion of the DNA segment that is Jocated between the re-

~ combining Vy and Cy genes. Furthert, the Cy genes are pro-
posed to be aligned in the order of Vi, spacer, u, v3, v1, v2b,
v2a, and . We explained the H-chain class switch by succes-
sive allelic deletion events. )

In this report we present evidence that the y1-chain gene on
one allele is rearranged in y1-chain-producing myeloma cells
whereas the -yl gene on the other allele remains indistin-
guishable from the embryonic form. Comparison of the nu-
cleotide sequences of the rearranged and embryonic y1-chain
genes indicates that the 5 portion of the two genes are different
but the other portions appear to be identical. The recombination
site of the rearrangement is not the J region, as shown in L-chain
genes, but a novel region referred to as the S region, which may
be responsible for heavy-chain class switch. The sequence ho-
mologous to the 5’ new segment of the rearranged vy1-chain
gene is found in the 5’ flanking region of the p-chain gene in
DNA from newborn mice. :

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked “ad-
vertisement” in accordance with 18 U. §. C. §1734 solely to indicate
this fact.
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EXPERIMENTAL PROCEDURES

High molecular weight DNA was prepared from newborn mice
or myeloma tumor and digested with EcoRI to completion. The
fragments containing immunoglobulin genes were partially
purified by RPC5 column chromatography (8) and agarose gel
electrophoresis (9) as described (10, 11). The EcoRI fragments
obtained were cloned with AgtWES (12) as an EK2 vector in
a P2 facility. The recombinant DNA was packaged in vitro into
phage coats (18), and the resultant plaques were screened by
in situ hybridization (14) with the nick-translated DNA as
probe. Recombinant phage DNA was prepared as described
(15), and the insert was recloned into the EcoRI site of pBR322
(16).

Nucleotide sequence was determined by the method of
Maxam and Gilbert (17), with slight modifications (11). Re-
striction DNA fragments were electrophoresed in 0.7% agarose
gels (type 1, Sigma) and transferred to nitroceliulose filters (18).
The filter was hybridized to an appropriate probe as described
(19) with slight modifications (10). R loop was examined by
electron microscopy as described (10). Sources of restriction
enzymes have been described (10, 11). [32PJcDNA comple-
mentary to p-chain mRNA was synthesized with oligo{dT) as
primer (20). The mRNA used as template was partially purified
by successive oligo(dT)-cellulose chromatography from TEPC
183 myeloma.

RESULTS AND DISCUSSION

41-Chain Gene Is Rearranged in y1-Chain-Producing
Myelomas. Total cellular DNAs extracted from various mye-
lomas and newborn mice were digested with EcoRl, electro-
phoresed in an agarose gel, and transferred to nitrocellulose
filters. By using the nick-translated 7y1-chain gene fragment
{IgH2) cloned from EcoR1 digests of newborn mouse DNA (11)
as a hybridization probe, we detected DNA restriction frag-
ments containing the y1-chain géne in various DNAs. As shown
in Fig. 1, a 6.6-kilobase (kb) fragment equivalent to IgH2 was
found in all the DNA preparations tested. The y1-chain-pro-
ducing myelomas, MC101 and MOPC 31C, however, had extra
bands of 8.3 and 4.0 kb, respectively. The 8.3-kb band of
MC101 DNA was also observed with the nick-translated
~1-chain ¢DNA clone pG1-6 (22) as probe. The 6.6-kb bands
are faint in DNA of the y2b-chain-producing myelomas, in-
dicating that the y1-chain gene was deleted in these myelomas

Abbreviations: C and V regions, constant and variable regions, re-

spectively; H and L chains, heavy and light chains, respectively; kb,

kilobase. ' .

* Present address: Department of Genetics, Osaka University School
of Medicine, Osaka 530, Japan.
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F1G. 1. Identification of EcoRI fragments of myeloma DNAs that
contain the y1- or y2b-chain gene. EcoRI-digested DNAs (10 ug each)
of myelomas and newborn mice were electrophoresed in 0.5% agarose
gels and transferred to nitrocellulose filters (Schleicher & Schuell).
The filters were hybridized with [**P]IgH2 or [32P]IgH22 (specific
activity, 2 X 108 cpm/ug) labeled by nick-translation (21), washed,
and autoradiographed. Shown are autoradiograms of the Southern
blots hybridized with [*?P]IgH2 (A) and [32P]IgH22 (B). EcoRI-
digested DNAs of myelomas (H-chain-producing): lanés a, newborn
mice; lanes b, MOPC 104E (u); lanes ¢, J606 (y3); lanes d, MOPC 31C
(v1); lanes-e, MC 101 (y1); lanes {, MOPC 70A (vy1); lanes g, MOPC
141 (y2b); lanes h, MPC 11 (y2b).

in agreement with our previous results (7). When the nick-
translated y2b-chain gene clone IgH22 (10) was used as probe,
DNAs of all myelomas except MOPC 141 showed a single
6.6-kb fragment equivalent to IgH22. DNA of the y2b-chain-
producing myeloma MOPC 141 showed an extra band of 7.8
kb in addition to the 6.6-kb band. Although EcoRI digestion
of MPC 11 DNA produced the 6.6-kb band of the y2b-chain
gene, we have recently cloned a partially digested EcoRI
fragment (13 kb) from MPC 11 DNA and shown that there is
a rearrangement upstream from the 6.6-kb fragment of one
allele (unpublished data). We suspect a similar rearrangement
in the y1-chain gene of MOPC 70A that produced the 6.6-kb
EcoRlI fragment of the y1-chain gene. These results indicate
that the y1 (y2b)-chain gene is specifically rearranged in the
1 (7v2b)-chain-producing myelomas and that the site of re-
arrangement varies between myelomas.

The 6.6-kb y1-chain gene of MC 101 DNA was indistin-
guishable from IgH2 by digestion with BamHI, Sac 1, Hha 1,
Xba 1, Kpn 1, or HindIlI (data not shown). We refer to the
6.6-kb y1-chain gene fragment (equivalent to IgH2) in mye-
lomas and newborn mice as the embryonic gene and the 8.3-
and 4.0-kb y1-chain gene fragments in myelomas as the rear-
ranged genes. These results indicate that the H-chain genes
expressed in myelomas have undergone a rearrangement that
takes place on only one of the alleles although we cannot ex-
clude the possibility that the intact allele has a different rear-
rangement outside the 6.6-kb fragment which we did not de-
tect.

Cloning and Characterization of Rearranged «y1-Chain
Gene. The rearranged 7y1-chain gene of MC101 was cloned by
using nick-translated pG1-6 as a probe. Three independent
positive clones were obtained after about 1.2 X 10° plaques
were screened. DNAs of the three clones were extracted and
shown to hybridize with y1-chain [3H]cDNA in solution. One
clone was designated AgtWES-IgH7 (abbreviated IgH7), and
the insert DNA was recloned into a plasmid pBR322, which was
called pIgH7.

Then, IgH7 DNA was characterized by restriction enzyme
cleavage and R-loop formation. The restriction maps of the
IgH7 and IgH2 inserts were compared (Figs. 2 and 5). The 3’
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F1G. 2. Comparison of restriction enzyme cleavage maps of IgH7
and IgH2 and strategy for nucleotide sequence determination. De-
tailed restriction maps of the 5-terminal 600 bases of IgH2 and the
corresponding region of 1gH7 are shown. Sites for phosphorylation
and range and direction of sequences read are shown by horizontal
arrows. DNAs of the hybrid plasmids were isolated as described (23).
Restriction cleavage sites were mapped by combined cleavage of the
plasmids with various restriction enzymes or by partial digestion of
DNA fragments labeled at one of their 5’ termini with T4 polynucle-
otide kinase and |y-3P]ATP (24).

terminal, 6.3-kb portions of the IgH7 (8.3-kb) and IgH2 (6.6-kb)
inserts were indistinguishable from each other by restriction
cleavage sites. The 5’-terminal portions of the IgH7 and IgH2
inserts were different from each other with respect to locations
of various restriction sites.

R loops formed between IgH7 DNA and MC101 y1-chain
mRNA had shapes identical to those formed between IgH2
DNA and MOPC 31C «y1-chain mRNA, showing intervening
sequences between domains (10, 11, 25). No R loops corre-
sponding to the V gene of MC101 71 chain was observed. These
results indicate that a new DNA segment (about 2 kb) replaced
the 5’-terminal portion (about 300 base pairs) of the embryonic
v1-chain gene to yield the rearranged 7y1-chain gene of 8.3
kb.

Comparison of Nucleotide Sequences of Rearranged and
Embryonic y1-Chain Genes. Detailed restriction enzyme
cleavage maps were constructed and the nucleotide sequences
were determined to characterize the new DNA segment in-
troduced to IgH7. Fig. 2 shows the detailed restriction maps and
the sequencing strategy of the 5’-terminal portions to the
BamHI sites, which are located 6.0 kb from the 3’ ends of the
TgH7 and IgH2 inserts. The two clones share common restric-
tion enzyme cleavage sites between the BamHI sites and the
Kpn Tsites, which lie 2.0 kb and 0.35 kb from the 5" ends of the
TgH7 and IgH2 inserts, respectively. However, a Hae I1I site
0.28 kb away from the 5" end of IgH2 is absent from IgH7 at
the corresponding position relative to the Kpn 1 site. Other
cleavage sites upstream from the Hae I site are different in
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IgH 7 GGTGATTATGAGCTGGGATGAGCTGAGCTAGGCTGGAATAGGCTGGGCTGGGCTGGTGTGCGAGCTAGGTTAGGCTGGGCTGAGCTGGAATGAGCTGGGT 400
IgH 7 TGAACTGAGCAAGGCTGCATGGAATAGGCTGGGCTGGGCTGGTGTGAGCTGGGTTAGGCTGAGCTGAGCTGAGCTGAGCTGAGCTGAGCTGAGCTFAGCT -300
Igh 2 GAATTCCAGACCCAGCAGCCTAGGCAAACCA
MboIl EcoRI
IgH 7 GAGCTGAGCTGAGCTGGAAGGACAGGAGAAGAGAGGAGAGFAGAGGAGAGGAGAGGAGAGCAGAGGACAGGAGAGGACAGGAGACFAGAGGAGAGCAGCT -200
1gH 2 AACCAGCCGGAGTGCGGGAGTCCTAACCGAACAAATACCAGGCATATGAAGCTGATAAGTGTGTATAGTGTACCAAGCTGAGCAGCTACAGGAGAGCTGG
HinfI
198 7 GGGCTGCAATAGGTTGGGCTGGGCTGGTCEGGCTEGGTTAGGC TGRGCTGAGCTGRAATGGGCTAGGATGAGCTG6GCTAGGCTGAATAGGCTGEGTTTG ~200
IgH 2 GATAGCTATGTGGGGAGACCAGGT TAAGCAAACAGTGGAGAGCAAGATAAAGTCTTAATGTAGGCATCCAGGCTGAATAGACACAGGGGAGCTGAGGAAC
IgH 7 GCTGGTGTGAGCTGAGTTAGGCTGAACCGAGCTGAATGGGCTGGGGTTAGRT TAGCTAGRCTGGAATAGGC TGGGCTGGGCTGGTGTGTGCTAGGCTGET -0
Tgh 2 CTAGTACTAGAGGATTCAGGCTCAGAAGTCACAGGGAAACTGAGGCCTEGGTGAGGETGTACATCCTAGCTGGRAAANTCACCAGE
HinfI Haelll
IgH 7 GGGTATAAAAAGGTACCAGGTTGAGCAGCTACAGGAGAGCTAGGACATGTGGGGATGTTTTGTTCCAGGCTGAACAACTGTAGAGCATCAGGGGGAGGTG +100
Igh 2 GGGTATAAAAAGGTACCAGGTTGAGCAGCTACAGGAGAGCTAGGACATGTGGGGATGTTTTGTTCCAGGCTGAACAACTGTAGAGCATCAGGGEGAGGTG
KpnI
IgH 7 GAACTTTAAGAAGTCAGGCTGAGCAGCTACAGGAGAGCTGCAGCTATTCGGTATGTGGAGGTCCAGCCAGAGCAGCTACAGGGTAGCTGGGATAAATGEE +200
198 2 GAACTTTAAGAAGTCAGGCTGAGCAGCTACAGGAGAGCTGCAGCTATTCGGTATGTGGAGGTCCAGCCAGAGCAGCTACAGGGTAGCTGGGATAAATGEG
PstI Avall
198 7 GCTGGAGAACCAAGCTAAGAAGACACAGGGGAGCAGGTTCTAGTCTGCATAGGAGTRGGGATCC
198 2 GCTGGAGAACCAAGCTAAGAAGACACAGGGGAGCAGGTTCTAGTCTGCATAGRAGTGGGGATCC

BamHI

FiG. 3. Nucleotide sequences of the 5'-terminal portions of IgH7 and IgH2. The nucleotide sequences of the 5'-terminal 600-base-pair segment
of IgH2 and the corresponding region of IgH7 are displayed with the direction of the transcription of the structural gene. A vertical line shows
the site of recombination. A palindrome sequence A-G-C-T-(G-G)-A-G-C-T and a pentanucleotide A-A-A-A-A, whlch are adjacent to the re-

combination site, are boxed.

the two clones. Comparison of the nucleotide sequences of IgH7
and IgH2 (Fig. 3) unambiguously locates the recombination
site of the rearranged gene at base 17 before the Kpn I site. The
nucleotide sequences of the region (=270 bases) from the re-
combination site to the BamHI site of IgH7 and IgH2 match
each other completely. The two sequences upstream from the
recombination site, however, diverge from each other. Tandem
repetitive sequences of (G-A-G-C-T),, (G-A-G-A-G),, and
(G-G-C-T-G), are prominent in the ~400-base-pair-long region
before the recombination sitein IgH7. No such sequences were
found in the corresponding region of IgH2.

We searched for the base sequences corresponding to the V
region of MC101 ~y1 chain. Though the amino acid sequence
of the V region of MC101 +1 chain was not determined, the
homology in the framework regions shared among many V-
region sequences of other known H chains (26-30) enabled us
to identify a possible V-gene sequence. Six COOH-terminal
amino acids (Try-Gly-X-Gly-Thr-X-X-Thr-Val) are especially
well conserved (26-30) and have been assigned as a part of the
putative ] region in H-chain proteins (30). We have determined
the sequence of almost the entire 5'-terminal portion of IgH7
and failed to find these conserved sequences, confirming an
earlier observation that no R loops corresponding to the V gene
were formed. The results indicate that rearrangement of the
y1-chain gene requires a recombination other than a direct
recombination between a V gene and a J region that is a single
genetic event to complete the A- or k-type L-chain genes (2-
6).

5-Terminal Portion of Rearranged <y1-Chain Gene Is
Linked to p-Chain Gene in DNA of Newborn Mice. To search
for the origin of the 5'-terminal segment of IgH7 in DNA of
undifferentiated cells, we tested EcoRI-digested DNA of
pewborn mice by in situ hybridization by using nick-translated

BamHI fragment B of pIgH7 (Bam B fragment), which con-
tained the 5’-terminal 2.2-kb DNA segment of 1gH7 and
0.38-kb DNA segment derived from pBR322, as a probe. The
Bam B fragment has a sequence about 200 base pairs long
common to IgH2. DNA from newborn mice contained three
bands 13, 10, and 6.6 kb long which hybridized with the Bam
B fragment of plgH7. The three fragments were purified by
preparative agarose gel electrophoresis and cloned by using
AgtWES. The clones that contained the inserts of 13, 10, and
6.6 kb were designated IgH701, IgH703, and IgH705, respec-
tively. IgH705 was shown to be identical to IgH2 by restriction
mapping and in situ hybridization.

Locations of the sequence homologous to the Bam B frag-
ment were determined by in sifu hybridization of restriction
DNA fragments (Fig. 44). When digested with EcoRI, HindIII,
and BamHI1/EcoRl, DNA of IgH701 produced one band (13
kb), three bands (24, 3.8, and 0.7 kb), and one band (7.2 kb),
respectively, that hybridized with the Bam B fragment. Simi-
larly, digestion of IgH703 with EcoRl, HindIll, and Xba I
produced 10-, 10.3-, and 3.4-kb fragments, respectively, hy-
bridizing with the Bam B fragment of IgH7. As summarized
in Fig. 5, the homologous sequences were located at the end of . |
IgH701 close to the EcoRl site and at the middle of IgH703.
Comparison, of the restriction cleavage maps of IgH7, IgH701,
and IgH703 indicated that the 5’-end portion (about 1.8 kb) of
IgH701 is identical to the 5" end of IgH7. The relative locations
of EcoRI, Xba 1, Sac I, HindI1l, and Hha I cleavage sites in the
5’-terminal 1.8-kb portion were conserved between IgH7 and-~
IgH701, except for a Sac 1 site located 1.8 kb away from the &,
end of IgH701. The Kpn 1 and BamHI cleavage sites of IgH7, -
which were shared by IgH2, were absent from IgH701 (Fig.
5). The portion of IgH703 that hybridized to the Bam B frag- -
ment was significantly different from the Bam B fragment of
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IgH7. Tt is possible that only a small portion of the Bam B
fragment sequence is shared by IgH703.

We then tested the possibility that other H-chain genes might
be linked to the embryonic clones IgH701 and IgH703. DNAs
of these clones were digested with EcoRI and Xba 1, electro-
phoresed in 0.7% agarose gels, and hybridized with 32P-labeled
H-chain ¢cDNA of various classes after Southern blotting of the
gel. As shown in Fig. 4B, the u-chain [32P]cDNA hybridized
specifically with certain restriction fragments of IgH701. No
hybridization was observed with IgH703. Combination of the
restriction map of IgH701 and in situ hybridization with the
u-chain ¢cDNA indicated that the p-chain gene lies between
approximately 6 and 8 kb from the 5" end of IgH701 (Fig. 5).
We isolated the 1.2-kb HindIII fragment of IgH701, digested
it with Hinfl, and determined the nucleotide sequences of more
than 300 bases that match the amino acid sequences of the u
chain (81). For example, we found the nucleotide sequence

bod e .

1gH703

i J
P

IgH701

} Ecorl
1 Hindlll
= Kpn |
o= BamHlI
v Xba |
v Sac |

| Hha |

0 5 10 13
Fi1G. 5. Schematic relationship between IgH2, IgH701, IgH703,
and IgH7. Restriction cleavage maps of IgH2, IgH701, 1gH703, and
1gH7 inserts are compared. The restriction map was constructed as
described in the legend to Fig. 2. Dotted and filled segments indicate
IgH2 (and its equivalent) and the newly introduced segment of IgH7
(and the region hybridizing with it), respectively. Oblique regions
show the g, ¥1, and v1 chain genes in 1gH701, IgH2, and 1gH7, re-
spectively.

: 4

FI1G. 4. In situ hybridization of IgH701 and IgH703 restriction DNA fragments with the 32P-labeled Bam B fragment of pIgH7 and p-chain
[32P]cDNA. 1gH701 and 1gH703 DNAs (0.3 ug of each) were cleaved with the restriction enzymes indicated (E, EcoRI; H, Hindlll; B, BamHI,;
X, Xba 1) and electrophoresed in 0.7% agarose gels. The Southern blot of the gel was hybridized with 32P-labeled Bam B fragment (A) or u-chain
[32P]cDNA (B). Ethidium bromide stains and autoradiogram of Southern blots of gels are shown: lanes a and b, IgH701; lanes ¢ and d,
1gH703.

of CCA-CAG-AAG-AAA-TTC-ATC-TCA-AAA-CCC-AAT-
GGT-AGG-TAT-CCC-CCC, only the first 30 bases of which
coincide with the u-chain amino acid sequence (31) of Pro-
Gln-Lys-Lys-Phe-Ile-Ser-Lys-Pro-Asn (residues 436-445)
corresponding to the end of the CH3 domain. The nucleotide
sequence not only demonstrates unambiguously that IgH701
contains the u-chain gene, but also indicates that the u-chain
gene is interrupted by an intervening sequence at the junction
of the CH3 and CH4 domains as shown in other H-chain genes
(10, 11, 25, 32). These results led us to conclude that the DNA
segment proximal to the 5" end of the p-chain gene in DNA
from newborn mice has recombined with the sequences
flanking the 5’ end of the y1-chain gene in the y1-chain-pro-
ducing myeloma MC101.

S Region. In view of the fact that such rearrangement takes
place specifically in the y1-chain gene in the y1-chain pro-
ducing myeloma, it is likely that this rearrangement is re-
sponsible for the class-switch expression of the y1-chain gene.
We postulate that IgH7 is the 3" part of the completed y1-chain
gene that is linked to the V gene and expressed in MC 101
myeloma although we do not find the V-region sequence in
IgH7. Early et al. (32) found that the a-chain gene from MOPC
603 has a 6.8-kb intervening sequence between the V- and
C-region sequences; thus it is not surprising that the V-region
sequence is not present in JgH7. We cloned the 7.8-kb rear-
ranged y2b-chain gene of MOPC 141 myeloma (Fig. 1), the
5’ portion of which seems to be identical to the 5 portion of
IgH701. The results suggest that such rearrangement is uni-
versal and not an abnormal rearrangement specific to MC 101
myeloma. We define the DNA segment responsible for the
class-switch recombination as switch (S) region. We assume that
the DNA segments adjacent to the recombination sites of JgH2
and TgH701 contain the S regions. The S regions originally
linked to the p- and y-chain genes are referred to as the Sy and
S regions, respectively. We presume that the class-switch re-
combination takes place by a looping-out mechanism forming
a stem structure between the Sp and Sy sequences in a fashion
analogous to the V| -] recombination in which the two iden-
tical palindrome sequences C-A-C-(A)-G-T-G adjacent to the
recombination sites of the V- and Jg-region sequences are
assumed to form an inverted repeat-stem structure toJoop out
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F1G. 6. A model for heavy-chain class switch. Recombination
events producing a complete y1-chain gene are schematically repre-
sented. The alignment of Vy and Cy genes is based on our previous
model (7), in which the 6 gene was omitted. Dotted segments show the
J regions. Filled segments before the Cy genes (i, v1, e, etc.) indicate
the S region of the Cy genes (Su, Sv1, S, etc.). Both V-J and S-S
recombinations are accompanied by deletion of in-between DNA
segments as proposed (7).

the intermediate DNA segment (4, 5). We found a palindrome
sequence A-G-C-T-(GG)-A-G-C-T at the portion immediately
adjacent to the recombination site of the embryonic y1-chain
gene (IgH2). There is a pentanucleotide, A-A-A-A-A, 22 base
pairs away from the recombination site of IgH2. The pen-
tameric A-T base pairs were found in the inverted repeat-stem
structures of the Vi -Ji recombination and the bacterial in-
sertion elerment 1S1 (4, 5, 33).

Model for Heavy-Chain Class Switching. During differ-
entiation of a B lymphocyte, a single Vi gene is first expressed
as the constituent of the p chain; later the C part of the ex-
pressed H chain switches to y or & with the V part unchanged.
We extend our previous model (7) based on the recent findings.
The VL gene recombines with the J-region segment located
close to the k- or A-chain C gene (2-6). It is reasonable to assume
a similar structural basis for joining the Vi and Cy genes be-
cause recent amino acid sequence data of Vy regions have
presented evidence for the existence of the ] segment corre-
sponding to the 3’-terminal portion of the variable region (29,
30). If this is so, as the first step of H-chain gene expression, a
selected V gene recombines with one of the J regions that may
be clustered at the region flanking the 5’ end of the Su region,
resulting in expression of the u-chain gene(Fig. 6). We have
demonstrated that the y1-chain gene undergoes recombination
at the S region, which is distinct from the J region. As predicted
by our previous model (7), the class switch from the p-chain
gene to the y-chain gene requires a second recombination event
which takes place between the Sy and S+ regions (Fig. 6).

There may be several Sy regions between the ] and p-chain
gene sequences and other sets of S regions at the 5’ end of each
heavy-chain C gene (S7, Se, S0, and Se). Each Su region may
be designed to recombine with the S regions of the specific Cyx
gene. It is also possible that each J is followed by an Su region(s).
We postulate multiple S regions before each Cy gene because
EcoRI fragments of the rearranged vy1- and y2b-chain genes
in diffzrent myelomas are of varied lengths (Fig. 1). We have
obtained preliminary evidence that JgH703, but not IgH701,
contains a sequence homologous to the small region (a few
hundred base pairs) immediately before the recombination site
of IgH7. The results suggest that a third recombination may be
necessary to complete the rearranged <yl-chain gene. This
model is essentially an elaborated version of our previous model
(7) and can easily explain the phenomenon that the V region
remains unchanged after the class switch.
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