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I~ INTRODUCTION

Immnoglobulins are proteins of anlimal origin endowed with known
antibody activity, and also include certain proteins related to anti-
bodies in chemicai structure and antigenic specificlity. Structural
studies have shown that all the immunoglobulins are multichain pro-
teins which consist of a four-chain unit containing two light and two
heavy chains (1). These proteins are usually heterogeneous and a fam-
1ly of proteins in the ) -globulin fraction of the blood. Therefore,
it is difficult to carry out the cheﬁﬂ.cal analysis even on preparation
of highly purified antibody to a single hapten antigen.

A group of protelns called Bence Jones protein is found in the urine
of patients who suffer from multiple myeloma. Henry Bence Jones de-
scribed this urinary protein at first, so that 1t was haned after him
(2). Since the desease of multiple myeloma is usually assoclated with
malignant proliferation of plasma cells, large amount of proteins
(myeloma protein) are secreted into the serum and Bence Jones proteins
excreted in the urine. Myeloma proteins are homogeneous and classified
as immunoglobulins because of their similarity in site of synthesis,
polypeptide chain structure, and antigenlc specificity. Edelman and
Gally (3) demonstrated that Bence Jones proteins are homogeneous light
chains of the myeloma proteins not incorporated into whole molecules.

On the basis of antigenic analysis, Bence Jones pro_teins have been
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classified into two types, X and A (4, 5). The 1light chalns are
classified into two types and determine the antigenic type of their
pémnt immmnoglobulins either X or A (6). The heavy chains determine
the class of immunoglobulins (6-10).

Because the Bence Jones proteins are homogeneous, available in
large amounts and smaller than a whole immunoglobulin molecule, they
have been studied in detail. However, there are some difficultles in
the studies of Bence Jones proteins. One is related to the varlation
of amino acld sequences for each patient (as described below). This
variation is thought to be related to antibody specificity (11). It
is difficult to find out the common properties to all Bence Jones
proteins so far as one or two specimens were studled, because each
specimen reveals to individual specific properties which are derived
from different amino acid sequences from specimen to specimen. Another
difficulty in the studies of Bence Jones proteins arises from the
limitation of the amount of samples. The patents of multiple myeloma
die ordinarily within one or two years, or if happlly recovered, they
do not excrete Bence Jones proteins again. Thus, no two Bence Jones
proteins which have precisely the same properties are obtainable.

Most Bence Jones proteins have sedimentation coefficlents of about
3.5 S, which correspond to the molecular weight of about 45,000 (12).
Edelman and Gally (3) showed that the light chains of myeloma proteins
have the molecular welght of approximately 20,000, therefore, 3.5 S

(2)



Bence Jones proteins exist as dimers of light chains. The dimer of
Bence Jones proteins occurs in two forms; dissociable dimer in which
the chains are linked by non-covalent interaction, and stable dimer
in which the chains are linked by non-covalent interaction and di-
sulfide bond. Both dissociable dimers and reduced stable dimers dis-
sociate into monomers in 1 M propionic acid or 6 M guanidine hydro-
chloride solution (13, 14). Some Bence Jones proteins do occur natu-
rally as 1.8~2.5 S units (monomer)(15).

| The shape of Bence Jones proteins has been studied by low angle
X~-ray scattering and hydrodynamic measurements by Holasek et al. (16,
17). The hydrodynamic data showed that the molecular welght was
43,000, pertial specific volume (V); 0.736 ml/mg, sedimentation coef-
); T.71 cmz/sec, |

ficient (s ); 3.6 S, diffusion constant (D

20,w 20,w
frictional coefficient ratio (£/fo); 1.19. Since the f/f, value of
the typical globular proteins lies in the range of 1.10 to 1.25, the
Bence Jones protein appears to be a globular protein. Low angle X-ray
scattering data showed that the molecular weight was 43,000, particle
volume; 75,200 ?\3, radius of gyration; 26.3 'K, specific surface;
0.190 R’l, the three average major particle axes ; 21.0 X, 48.3 X,
74.8 Z, which correspond respectively to axial ratio 1l : 2.3 : 3.6.
Optical rotatory dispersion (ORD) measurements of Bence Jones pro-
teins, carried out by Hamaguchli and Miglta, yield low values of the

Moffitt-Yang parameter b, suggesting the absence of & -helix (18).
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Jirgensons et al.(19) studied ORD spectra in the ultraviolet regions
and suggested the presence of 3 -structure. Ikeda et al.(20) studied
the circular dichroism (CD) of Bence Jones proteins and found a neg- .
ative maximum at 216 nm corresponding to [ -structure. They also
suggested that Bence Jones proteins can be classified into either X
or 7\ antigenic type on the basis of the CD bands at 216, 230, and
300 nm, though there were a few exceptions in their results (20). The
CD and ORD spectra of immunoglobulins also showed the presence of (3—
structure (21-24).

Bence Jones proteins have been known for their unusual thermal
solubility propefties of precipitation when heated to about SOOC,
dissolution at near bolling, and reprecipiv‘tation on cooling (2).

Neet and Putnam (25) studied on the thermal denaturation of Bence
Jones proteins by ultracentrifugation. They found that the polymer-
ization and depolymerization processes at various temperatures cor-
responded to the precipitation reactions.

Hamaguchi and Migita (26) studied denaturations of Bence Jones
proteins by 2-chloroethanol, guanidine hydrochloride, and lithium
salts. They found the different changes of Moffitt-Yang parameter bo
between X and , proteins in 2-chlorocethanol solution. They also
suggested that the antigenic types of Bence Jones proteins can be
identified on the basis of the ratlo 4 OD‘?93 to A OD,gg Of the dif-
ference absorption spectra produced by the addition of\guanidine
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hydrochloride (26, 27).

Studles on amino acid sequences show that Bence Jones proteins
have unusual structural features (28). One unique structural charac~
teristic of Bence Jones proteins is that both ) and A\ chains are
divisible into an amino-terminal variable region (residues 1 to 108)
and a carboxyl-terminal constant reglon (residues 109 to 214). Vari-
able regions of different proteins have divérse amino acid sequences,
while constant regions differ in only a few residues. The amino acild
substitution was observed in only one .position (position 191) in the
constant reglon of ){ proteins, which was associated with the Inv ge-
netic factor. In the case of /A proteins, the substitution  ©c-
curred at positions of 1u4, 155, 172, and 190. The position at 190
1s related with the Gm genetic factor. The slignificance of other var-
iations in the constant regions of 7L proteins is not understood yet
(28). As mentioned above, the diversity of amino acid sequences of
variable regions is observed in both antigenic type proteins. The
sequence differences observed between any two proteins have ranged
from 16 to 60. On the average, the substitution occurred in about 40
of the first 108 residues. Bence Jones proteins differ not only in
sequence but also in length in the variable reglon. The length of the
proteins vary from 213 to 221 residues.

Another feature shared by all Bence Jones proteins 1s the presence
of two intrachain disulfide bonds, each forming a loop of about 60
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amino acid residues. These are symmetrically distributed; one 1is
within the variable region and the other in the constant region of
the chain (11). It is supposéd that this apparent symmetry results in
a gross similarity in the conformation of two reglions.

Another general feature is the presence of a cysteine residue at
the constant reglons, which provides a link to a heavy chaln or a
light chain. This cyéteine residuve 1s the last residue in X proteins
and is the pénultimate residue in A proteins.

Although the locations in the primary structure is not so precisely
conservative as that of disulfide bonds, the tryptophyl residues are
preseﬁt 'in the relatively fixed positions. In most X proteins, two
tryptophyl residues are present at positioh 35 1n the variable reglon
and 148 in the constant region. In the case of A proteins, three
tryptophyl residues at position 34 (in the variable region), 150, and
187 (in the constant reglon) are invariant. The tryptophyl residue at
position 90 in some 7\ proteins is replaced by a tyrosyl or arginyl \
residues in other A proteins. The locations of tyrosyl residues are
also less frequently substituted than other residues (28).

Hamaguchi et al.(27) studied the spectrophotometric titrations of
Bence Janes proteins and showed that the lonizatlon of tyrosyl resi-
dues was abnormal. It 1s Interesting to investigate the states of
these residues of Bence Jones proteins 'in the three dimentional stfuc-

ture of the protein molecule.
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The author studied the states of amino acid residues by means of
hydrogen ion equiliburia, chemical modifications and difference ab-
sorption spectra. The studies of hydrogen ion equiliburia afford in-
formations about the location of the amino acid residues with ioni-
zable groups. The titration data showed that all of the carboxyl and
A~ and €-amino groups are avallable for titration with normal pK
values. One of two histidyl and eight of nine tyrosyl residues are
not titrated in the pH region between 4 and 10.2. The reactivity of
tyrosyl residues was studied by use of N-acetylimidazole (NAI) and
found the presence of one or two highly NAI-reactive tyrosyl residue(S)
in Bence Jones proteins. The most NAI-reactive tyrosyl residue was
estimated to be Tyr-173 in the constant reé:ions of X Bence Jones
proteins. The states of tryptophyl residues were investigated by means
of difference absorption spectra and chemical modifications with 2-
hydroxy-5-nitrobenzyl bromide. It was found that all the tryptophyl
residues (two) of a X protein and two of three residues of a7 protein
are buried in the interior of the protein molecule. One tryptophyl
residue exposed on the surface was estimated. to be Trp-186 in the
constant region of A proteins. 7 _

In. 1969,‘Ede1man (28, 29) proposed thét the constant and variable
reglons of Benée Jones proteins are folded into a compact domain, on
the basis of amino aéid sequence studies described above. Previously,

the smaller polypeptides than the monomer of Bence Jones protelns
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were found in the urine of some patients (30-34). In most cases, these
polypeptides were identified to be the variable region (half) of the
Bence Jones proteins. Solomon and McLaughlin (35) demonstrated that
Bence Jones proteins cari be cleaved into the constant and variable
halves by proteolytic enzymes. Bjork et al. (36) and Ghose and
Jirgensons (37) studied on the conformation of Bence Jones proteins
by use of the constant and variable halves obtained by limited pro-
teolysis by means of ORD and CD spectr'a, and supported the domain
hypothesis. Concurrently, the author studied the domain structure of
Bence Jones proteins by use of another approach. As described above,
the stable dimer of Bence Jones proteins has four intrachain and one
interchain disulfide bonds. The interchaiﬁ disulfide bond is much
more 'susceptible to reduction than the intrachain disulfide bonds.
The organic mercury compound (in the present experiment, fluorescein
mercuric acetate (FMA) was used) was conjugated with the cysteine
residue produced by the selective reduction. It 1s known that absorp-
tion bands of a chromophoric groups which are optical inactive when
it 1s free in solution are rendered optically active by interaction
with an asymmetric enviromment of the protein molecule and the extrin-
sic Cotton effects thus generated serve as subtle probe of the local
conformation of the protein molecule (38-41). Since the interchain
disulfide bond is located at the carboxyl-terminus in the ) proteins
and at the penult in the A proteins (28), the extrinsic Cottan effect
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of FMA introduced at this position was expected to reflect the local
conformation of the carboxyl terminal half of the protein molecule.
The FMA-Bence Jones protein conj egates of X proteins showed similar
CD spectra with one another in signs and positions of the bands. These
results suggested that the constant region of Bence Jones proteins
folded independently with little effect of the vardiable region.

Recently, X-ray crystallographlc studies on X and 7L Bence Jones
proteins showéd that the constant and variable halves folded inde-
pendently and they were connected with each other by more extended
polypeptide strech (42, 43).

It i1s interesting to examine whether the stabllity of the constant
and variable domains of the Bence Jones proteins toward denaturants
is different from each other or not. The author has studled the dena-
turation of Bence Jones proteins by guanidine hydrochloride, urea,
and acid. The denaturations of Bence Jones proteins do not proceed in
the simple two-state transition between the natlive and denatured states.
The different stability of the constant and varlable halves was ob-
served in the denaturations. The results of difference absorption
spectra and CD spectra measurenents sugg;est that the constant half is
less stable than the variable half.

As described above briefly, the author reports the studles on the
structure and stability of Bence Jones proteins in the present paper.
The 1mrunoglobulins ocmsist of much more domains than Bence Jones
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proteins. The findings in the studles of Bence Jones proteins would
contribute to understanding of the structural properties of lmmuno-
globulins.
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II EXPERIMENTAL
II-1 Materials
(1) Bence Jones Proteins—e—————— Urine samples containing Bence
Jones proteins were obtained from patents with multiple myeloma. The
urine specimen decolorized (not perfectly) with charcoal was precipi~
tated with 60 to 80 % saturated ammonium sulfate at pH 5-6. The pre-
cipitate was dialyzed against distilled water, then against 0.02 M
phosphate buffer at pH 7-8. The crude Bence Jones protein sample
contains some components such as albumin, glycoprotein, transferrin,
and y-globulin of which amounts differ specimen to speclmen. The
isolation of major component was achieved by means of gel filtration
(Sephadex G-100) and ion-change chmmatogéapny (DEAE-Sephadex A-50 or
MCeHMOse) . The buffer systems used in lon-exchange cm'omatography
were 0.02 M phosphate buffer solutions at pH 7-8 with increasing
molarity of sodium chloride up to 1 M. Rechromatography on Sephadex
G-100 or Sephadex G=75 was carrled out, if necessary. The homogeneity
of isolated Bence Jones protein was analyzed by use of polyacrylamide
gel electrophoresis and immunoelectrophoresis. The purified Bence
Jones protein was dialyzéd against distilled water and lyophilized.
The antigenic type of Bénce Jones protein was determined by the
Ouchterlony: method or immunoelectrophoresis, using rabbit antisera to
type X : ahd 7). Bence Jones proteins. Most of the Bence Jonesl proteins

were provided by Professor Migita, Kanazawa University.
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Bence Jones proteins used in the present experiments were stable
dimers. Bence Jones proteins are reffered Yo by symbols indicating
the individual patient (e.g. Ta, Ni,).

(2) Reagents——e—————— N-Acetylimidazole (NAI), 2-hydroxy-5-nitro-
benzyl bromide (HNB bromide), fluorescein mercuric acetate (FMA) were
purchased from Nakaral Pure Chemicals Co. Dithiothreitol (DTT) and
5,5'=dithiobis-~(2-nitrobenzoic acid) (DIN) were purchased from Wako
Pure Chemicals Co.

Urea was obtalned from Nakaral Pure Chemlcals Co. and recrystallized
from 80 % ethanol. Guanidine hydrochloride (GuHCl) was purchased from
Nakaral Pure Chemicals Co. and recrystallized from ethanol-benzene
and again from water (U4). Tris (hydroxymethyl) aminomethane was
obtained from Sigma Chemicals Co. and recrystallized from 70 % ethanol
or 80 % methanol.

Rabbit a‘r;tisera‘ against human IgG and human serum proteins were
purchased from the Research Institute for Microbial Diseases, Osaka
Universit‘:y. Rabbit antisera against a type )X and /A, Bence Jones
proteins were kindly donated from Professor Migita, Kanazawa Uni-
versity.

"' A1l other chemicals were reagent grade and used without further

purification.
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II-2 Methods

(1) Amino Acid Analysis Samples (Ta protein, type X) were '
hydrolyzed in 6 N HC1 for 15, 2U, 48, 72, and 96 hr at 110°C and
analyzed in a Hitachi automatic amino acid analyzer, model KLA-3B.
The procédure of analysis followed with this instrument was essen-
tially the same as that of Spackman et al.(45). In calculating the
amino acid composition, correction was made for moisture content of
the lyophylized samples by using the value of 214 for the total
nunbers of residues of the type )X Bence Jones proteins as a monomer
form.

- Tryptophan content was estimated from tyrosine to tryptophan ratio
determined by the spectrophotometric method of Goodwin and Morton (46).
(2) Potentiometric Titratione————————-Solutions containing 0.5 to
0.8 g of protein per 100 ml of 0.15 M KC1 prepared with bolled deionized
water were dialyzed against 100 volumes of the same 0.15 M KCl in capped
flask for at least 48 hr with four changes of the outer solution. The ‘
pH of the inner protein solution thus obtained was found to be 6.3-6.5.
A continuous titration was carried out under wet and C02-free nitrogen
in a water-jaketed cell at 25 + 0.1°C on Radiometer pH meter type PHM
U3 using a G2222B glass electrode and a K4112 calomel electrode.
Radiometer standard buffers, pH 4.65, 6.48, and 9.18 at 25°C, were
used to standardize the pH meter. If the difference in the value of
pH of the buffer before and after the titration exceeded 0.02 pH unit,
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the run was discarded. In each experiment, 5.0 ml of the protein
solution in .15 M KC1 after dialysis was placed in the titration
cell, thermostated at 25.0°C, and the system was stirred for 30 min
in atomosphere of nitrogen for tenperature equilibration. Then either
HC1 or KOH was added from a microburette of 1.000 ml capacity. After
the solution was stirred for 3 to 5 min with a glass-enclosed stirring
bar on‘ a magnetic stirrer and the pH was stabilized, the pH was meas-
ured. Similar titration was performed on 5.0 ml of the solvent blank
(0.15 M KC1). The titration curve of the protein was obtained by sub-.
tracting the value of the solvent blank from that of the protein so-
lution.

(3) Spectrophotometric Titration————————-Ultraviolet absorption was
measured with a Hitachi-Perkin Elmer spectrophotometer modei 139,
using 1 cm quartz cell, at 25°C. The absorbance of an alkaline solution
of the protein was read against a neutral protein solution. The dif-
ference spectra for the lonization of the tyfosyl groups have two
maxima: one at 295 nm and the other at 245 nm. In the present exper-
iments, the titration was performed at 245 nm. The buffers used for
the titration were as follows: Tris-HC1l (pH 7-8.7), glycine~-KOH (pH
g-12.5). The ionic strength of these buffer solutions was adjusted
with KC1l. Measurementsof pH were made on Toa-Dempa pH meter model
HM-8 at 25°C.

(4) Difference Absorption Spectra Difference spectra were
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recorded with a Hitachl automatic recording spectrophotameter, model
EPS-3T or model 124. The absorbance of .a solution of Bence Jones pro-
tein at a glven pH or at a given denaturant concentration was read
against a solution of the protein of a reference pH or in the absence
of denaturants. The lonic strength of the solutions was adjusted with :
KCl. The concentrations of Bence Jones prot.eins used for the spectral
measurements were in the range of 0.02 to 0.05 %. All the solutions
were allowed to stand for 20 hr at room temperature before measure-
ments.

(5) Optical Rotation—e——————— Measurements of optical rotation were
carrled out using a Jasco spectropolarimeter, model J-20. The meas-
urements were made at a protein concentraﬁion of about 0.05 % in a
1.0 cm cell. The optical rotation was expressed in terms of the mean

residue rotation,[ m'], defined as

3 . M.
272 700 @la (1)

m']Ja =

where [ A Ja is the specific rotation at wavelength A , My is the
average residue weight and n 1s the refractive index of the solvent
at wavelength 7 . The refractive indices as a function of wavelength
were obtained from those tabulated by Fasman (U47). The refractive
index of GuHC1 solution at 250 nm, as a function of the concentration,
was obtalned byvapproximating that (n2 + 2) for GuHCl solutions remains
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in a fixed ratio to (n2 + 2) for pure water. The refractive indices
of GuHC1 solutions at 589 nm were taken from the results of Kielly
and Harrington (48). The refractive index of urea solution at 250 nm
as a function of the concentration, was obtained by the same proce-
dure as that of GuHCl solutiaons. The refractive indices of urea so-
lutions at 589 nm were taken from the table given by Fasman (47).
GuHC1 and urea solutions were always freshly prepared before measure-
ments.

(6) Circular Dichroism————————CD measurements were carried out with
a Jasco automatic recording spectropolarimeter, model J-20 or model
ORD/UV-5, equipped with a CD attachment. The instrument was calibrated
with d-l0-camphorsulfonic acid (49, 50). 'ihe mean residue ellipticity,
[©], was obtalned by the equation,

[6] = 3,300 (£~ Er) (2)

where ( E L= Er ) 1s the difference between the molar extinction
coefficients for left and right circularly polarized light. The av-
erage residue welight was used in calculation of ( £ — £r) with the
exception of FMA-conjugated with Bence Jones protein. In the case of
FMA-Bence Jones protein conjugates, molecular ellipticities were ex-
pressed 1n units of degrees cm2 per dmole of FMA. Cell path-length

and protein concentrations were chosen so that the total absorbance
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was always less than 2 over the reglon. The temperature was controlled
by use of a thermostatically controlled cell holder at 25°C.

In the experiments of denaturation, all the solutions were allowed
to stand in a thermostat at 25°C for about 20 hr before spectral meas-

urements.

(7) Acetylation with NAL Acetylation of the tyrosyl groups
of Bence Jones proteins were carried out by the method of Riordan et
al.(51). To 4 mg of a Bence Jones protein per ml of 0.01 M Tris buffer
containing 0.15 M KC1 at pH 7.5 or 0.05 M sodlum borate buffer at pH
7.5, was added 30- to 300-fold molar excess of NAI, and the macﬁion
was allowed to continue for one hour. The reaction mixture was then
dialyzed for 20 hr against several changes of 0.15 M KC1 at 5°C.

The extent of modification of the tyrosyl residues was determined

from the decrease in the absorbance at 278 nm using a factor of 1,160
cm"1 per mole of tyrosyl residue (51). The number of tyrosyl residues
acetylated 1s expressed on the basis of the molecular weight of 22,500.
Deacetylation of the modified protein was carried out with 1 M hydroxyl-
amine at pH 7.5, 25°C for an hour.

(8) Reaction with HNB Bromide Modification of tryptophyl
résidues of Bence Jones proteins was carried out according to tﬁe .
method of Koshland Jr. et al.(52, 53). To 3 ml of a protein solution
of about 1 % in 0. 15 M KC1, or in a urea solution containing 0.15 M

KCl, both at pH 5 , was added 50-fold molar excess of HNB bromide at
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25°C. The pH was maintained at 5 during the reaction by adding small
increment of 1 N KOH (54). Because of the insolubility of Bence Jones
proteins in aqueous organic solvents, HNB bromide powders were added
directly to the protein soiution. The reaction was carried out for
one or two hours. After a small amount of precipitates formed during
the reaction had been filtered off, the modified protein was separated
from the reagent by gel filtration on a Sephadex G=-25 colum (1.5 x
50 cm), equilibrated with the same solvent as used for the modifica-
tion. The protein solution eluted was dialysed overnight against two
changes (two liters each) of 0.05 M KC1 at U°C. The extent of modi-
fication of tryptophyl residues was estimated from the absorbance at
410 nm at pH 11.5-12, assuming a molar extinction coefficient of
18,900 em L ML (52).

(9) Reduction of Disulfide Bonds The reduction of the di-
sulfide bonds of Bence Jones proteins was performed with DIT. To 2.5‘
ml of about 1 % Bence Jones proteins in a urea solution at pH 8.0
adjusted with KOH, was added 0.1 ml of DIT solution (0.5 M). The
reduction was continued for an hour at 25°C. The pH was maintained

at 8.0 by use of a pH stat through the reaction. After the reduction,
the pH of the reaction mixture was lowered to 2 to 3 by adding 1 N
HC1 and then subjected to gel filtration on a colum of Sephadex G-25
and eluted with 6 M urea solution at pH 2. The number of disulfide

bonds reduced was determined at pH 8.0 by adding DIN to an aliquot of
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the eluted solution. A molar extinction coefficlent for the reduced
DIN of 13,000 was used to convert the absorbance at 412 nm to sul-
fhydryl content (55). The protein concentration was estimated from

the absorbance at 280 nm for the native protein, since absorbance
change at this wavelength with urea denaturation was very small.

(10) Modification with FMA——————m——Organic mercury compounds combine
specifically with sulfhydryl group (56-58). The stable dimer of Bence
Jones protein has four intrachain and one interchain disulfide bonds.
The interchaih disulfide bond of the stable dimer of the protein is
much more susceptible to reduction than the intrachain disulfide bonds.
A low concentration of DIT reduces only the interchain disulfide bond
at pH 8 and 25°C. All the intrachain disulfide bonds remain intact
under these conditions. Reduction of the interchain disulfide bond of
a Bence Jones protein (4 x lO-u M) was carried out with DIT (2.2 x 10-3
M) in Tris buffer at pH 8 and 25°C for one hour in a glass stoppered
vessel. FMA powders were then added. The amount of FMA added was in
molar ratio'télﬁTT of 1.2 to 1.5 excess. The reaction mixture was
stirred gently for two hours at 25°C until an appreciable amount of
FMA dissolved. The reaction was allowed to continue further for ten
hours at 4°C. After a small amount of precipitate formed during the
reaction had ﬁeen filtered off, the filtrate was dialyzed against

Tris buffer at pH 8.2, and then passed through a Sephadex G-25 colum
equilibrated with the same buffer. The modified protein solution eluted
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was again dlalyzed against 0.1 M KC1 at U4°C and used as a stock so-
lution. All the procedures were carried out in the dark. The number
of FMA attached to the protein was estimated from the absorbance at
the absorption maximum of modified protein in 0.1 N NaOH assuming a
molar extinction coefficlent of 7.8 x 10" cm* ML at 499 nm (57).
The molar absorptivity of FMA conjugated with N-acetyl-L~-cysteine in
alkall was found to agree with this value.

Protein Concentration <The concentrations of unmodified Bence

Jones proteins were estimated from the absorbance at 280 nm, assuming
EJI.% om = 14.2 (26). The concentrations of modified proteins were deter-
mined by the method of Lowry-Folin (59). Unmodified protein was em-
ployed as a standard. A molecular weight of 22,500 was used for cal-
culation of the molar concentrations of Bence Jones proteins.

pH Measurement———-Measurements of pH were carried out with a

Hitachi-Horiba pH meter, model F-5 except for the titration experiments.
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I11 RESULTS
III-1 States of Ionizable Groups

Amino Acid Composition: -The results of the amino aclid analyses

of Ta protein (type X) are given in Table I. The values are expressed
as the number of residues per molecular weight of 22,500. The values
for threonine and serine were corrected by making extrapolation to
zero hydrolysis time. The values for valine and isoleucine were cor-
rected by making extrapolation to a longer time hydrolysis.

Direct Titration

-Figure 1 shows the results of the titration
of Ta protein in 0.15 M KC1 at 25.0°C. The ordinate Z represents the
algebraic sum of H* ions bound to and released from a protein molecule.
It i1s impossible to experimentally determine the isolonic point of Ta
protein owing to insolubility of the protein in delonized water.
Therefore, the point Z = 0 was obtained on the titration curve by
finding the point that the amount of acid needed to bring the titration
curve to sufficiently low pH from the isoionic point is equal to the
total number of the basic groups, which is found to be twenty four
ﬁom. the data of the amino acid analysis. The isolonic po;tnt of Ta
protein thus obtained was found to be 10.3. Since there are no binding
data of ions other than H' ion, the value of Z is assumed to be equal
to the number of the mean net charges of the protein molecule.

On back-titration after exposure to pH 2.0, solution of Ta protein
became turbid near pH 3.7 and redissolved above pH 11. On the other
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TABLE I.

Amino acld composition

Residues per 22,500 g

Amino acid Hours of hydrolysis Average or Nearest
extrapolated | integer
15 24 48 72 96 " | value
Lysine (8.4) 9.3 9.8 9.9 9.9 9.7 10
Histidine (1.6) 2.3 2.0 2.0 2.1 2.1 2
Ammonia 25.5 20.3 21.5 22.9 24.8 23.0 23(1)
Arginine (10.5) 12.0 11.4 11.9 11.9 11.8 12
Aspartic acid | 16.5 17.5 16.5 16.8 17.5 17.0 17
Threonine 20.4  20.0 18.8 18.8 18.0 21.0 21
Serine 27.8 ~ 27.4 25.0 22.3 21.3 30.5 31
Glutamic acid | 22.6 23.4 22.7 22.3 23.1 22.8 23
Proline 12.4 12.3 12.3 12.3 12.3 | 12.2 12
Glycine 13.3  13.4 13.1 12.8 13.3 13.2 13
Alanine 9.8 10.0 9.8 9.8 9.9 9.9 10
Half-cystine by 5.0 (3.9) (3.9) 4.3 4.6 5
Valine 16.0  16.3 16.6 16.5 16.9 16.9 17
Methionine 0.8 0.9 (0.3) 0.9 0.9 1
Isoleucine 4.4 4.9 5.5 5.6 5.8 5.8 6
Leucine 16.0 16.3 16.0 16.0 16.0 16.0 16
Tyrosine 9.0 8.8 8.6 8.4 8.3 9.2 9
Phenylalanine | 6.9 7.0 6.9 - 7.0 7.0 7.0 7
Tryptophan ~ 2(2)
Total 214

The values in parentheses are omitted from average or extrapolatién.
(1) Not included in the total. '
(2) Determined by the method of Goodwin and Morton.
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Flg. 1. Titration curve of Bence Jones protein (Ta) at lonic strength
0.15, 25°C. The solid line represents the values calculated by Eq. (3)
using the parameters shown in Table V. Below pH 4.0 and above pH 10.2
the values of /shown in Fig. 53 were used. | |
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hand, on back-titration from pH 12 the solution became turbid near
pH 9.5 and redissolved below pH 2.5. These back-titration data are
not shown here, since the reproducibility was not so satisfactory as
that of the forward titration.

Spectrophotometric Titration-——Flgure 2 shows the results of
spectrophotometric titration of Ta protein at 245 nm. Between pH 8.5
and 10.2 the titration curve did not change with time. Above pH 10.2
the curve obtained after exposure‘ to each pH for 24 hr was slightly
higher than the initlal cwrve. The totél change of the molar extinc-
tion coefficient at 245 nm was about 95,000 'which means 10,500 per
tyrosyl residue, since there are nine tyrosyl residues in the Ta pro-
tein molecule (Table I). This is an expected value for the lonization

of one tyrosyl residue.

III-2 States of Tyrosyl and Tryptophyl Residues
Reaction with NAI

The extent of acetylation of type X proteins
(Ta and Ya) and that of type A proteins (Fu, Sh, As, and Ko) are given
in Figs 3 and 4, respectively. Acetylation with NAI of four (Ya, Ta,
Fu, and Ko) out of six Bence Jones proteins studied proceeded in two
stages. At relatively low concentration of NAI, 1.5 tyrosyl residues
were acetylated, except for Ta protein. In the case of As protein,
however, the first stage of écetylation was not observed, but the
number of tyrosyl residues acetylated was the same as those (three)
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Fig. 2. Spectrophotometric titration of Bence Jones protein (Ta)
at 245 nm, 25°C, ionic strength 0.15.

(@ , After exposure to each pH for 5 min,

O , After exposure to each pH for 10 min,

. , After exposure to each pH for 24 hr.
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Fig. 3. Acetylation of tyrosyl residues in type X Bence Jones
proteins with NAI at pH 7.5, 25°C. (. , Ta protein; @ , Ya protein.
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Fig. 4. Acetylation of tyrosyl residues in type /A Bence Jones
proteins with NAI at pH 7.5, 25°C." (O , Fu protein; [0 , Sh protein;
A\ , Ko protein; @@ , As protein.

27
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Fig. 5. Difference absorption spectra of type X Bence Jones proteinr
(Ta). (1), acid-denatured (in 0.1 N HC1, pH 2, ionic strength 0.15)
vs. native Ta protein (in 0.15 M KC1, pH 6); (2) urea-denatured (in
6.3 M urea, pH 4.3, lonic strength 0.15) vs. native Ta protein; (3),
urea-denatured (in 6.3 M urea, pH 4.3, ionic strength 0.15) vs. acid-
denatured Ta protein (in 0.1 N HC1, pH 2, lonic strength 0.15)
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Fig. 6. Difference absorption spectra of type 7\ Bence Jones protein
(Fu). (1), acid-denatured (in 0.2 N HC1, pH 0.6) vs. native Fu protein
(in 0.15 M KC1, pH 6); (2) , urea-denatured (in 6.3 M urea, pH 4.2,
ionic strength 0.15) vs. native Fu protein; (3), urea-denatured (in

6.3 M urea, pH 4.2, ionic strength 0.15) vs. acid-denatured Fu protein
(in 0.2 N HC1, pH 0.6).
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for Ya, Ko, and Fu proteins. The nunber of tyrosyl resldues acetylated
for Sh protein was 4.5, being higher than the value for the other pro-
teins.

Reaction with HNB Bromide

Table II shows the results of modi~-
fication of the tryptophyl residues of Ta (type X ) and Fu (type 7L )
proteins with HNB bromlde. As shown in this table, HNB bromide modi-
fied no tryptophyl residue in Ta protein in 0.15 M KC1 at pH 5. In

the case of Fu protein, however, one tryptophyl residue was modified
under the same conditions. In 6 M urea, two and three tryptophyl resi-
dues of Ta and Fu proteins, respectively, were modified with the re-

agent.

Difference Absorption Spectra: Figure 5 shows the difference

spectra of acid-denatured vs. native Ta protein, urea-denatured vs.
native Ta protein, and ‘unea-denatured vs. acid-denatured Ta protein.
The solutions of acld- and urea-denatured proteins were allowed to
stand for at least 20 hr before measurements. Similar data for Fu
protein are shown in Fig. 6. The changes in the molar absorptivity

at 293 nm in the various denaturation processes for Ta and Fu proteins
are sunmarized in Table III.

ITI-3 Modification with FMA

Reaction with FMA The numbers of FMA molecule reacted wlth the

reduced Bence Jones proteins are shown in Table IV . It 1s found that
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TABLE IL. Modification of tryptophyl residues of ‘Bence Jones proteins with
HNB bromide.
Moles of modified Trp
Proteins Antigenic type Conditions per mole of protein
Ta X 0.15 M KC1, pH 5 < 0.05
6'0 M luea’ pH 5 lo9"'2ol
Fu A 0.15 M KC1, pH 5 0.9
6.0 M urea, pi 5 2.9-3.0
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TABLE III. Data of difference spectrophotometry for Ta and Fu proteins.

Number of Trp

Difference spectra AE at 293 nm
residues exposed

Ta protein (Two buried and no exposed Trp)

Acid~denatured vs. native protein ~2050 1

Urea-denatured vs. acid-denatured -2700 ' 1
proteln

Urea-denatured vs. native protein -3800 2

Fu protein (Two buried and one exposed Trp)

Acld~denatured vs. native protein -2100 1

Urea-denatured vs. acld-denatured ~2600 1
protein

Urea-denatured vs. native protein -4100 2
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approximately one mole of FMA reacted with one mole of Bence Jones
protein monomer, except for Fu protein in which considerable amount

of precipitate formed during the reaction with FMA. This shows that
one FMA molecule reacted with one sulfhydryl group of the reduced
Bence Jones protein monomer, since organic mercury compounds cmnbihe
specifically with sulfhydryl groups. Karush et al.(57) reported that
one mercury atom of FMA is utilized for the reactlon with glutathione
and ribonuclease in alkali on the basis of the results of fluorecence
spectroscopy. Since the Bence Jones proteins conjugated with FMA showed
no change in the CD spectra in the wavelength region of 200 to 230 nm
which reflect backbone conformation, no serious changes in the protein

conformation occur.

Absorption and CD spectra: The absorption spectra of FMA conju-
gated with Ta (type X ) and Ni (type A ) proteins (FMA-Ta and FMA-Ni)
at two pH values are shown in Fig. 7a. The spectra of FMA-N-acetyl-
L~cysteine conjugate (FMA-Cys) used as a reference compound are also
shown in this figure. An absorption maximum for FMA-Cys appeared at |
495 nm at pH 7.7. In the case of FMA-protein conjugates, the absor'p-.
tion spectra measured at pH 7.5 are simllar to each other in shape,
with a maximum at 510 nm and a shoulder between 480 and 450 nm, but
they differ in intensity.

The CD spectra of FMA-Ta and FMA-N1 are shown in Fig. 7b. No CD

bands were observed for FMA-Cys. In contrast, FMA conjugated with
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TABLE IV. Modification of Bence Jones proteins with FMA

Moles of FMA per mole of

Proteins ‘Antigenic type
Bence Jones protein monomer#*
Ta < 0.7
Ha _ | 48 0.8
Ya nr | 1.1
Ni N | 1.0
Fu N | 0.5
Sh VAN ' 0.7
As N 1.0.

* Average values of two to four experiments
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Bence Jones proteins generated extrinsic Cotton effects. The extrin-
sic Cotton effects disappeared on exposure to 6 M GuHCl. Although the
absorption spectra of FMA-protein conjugates were similar to each
other, the extrinsic Cotton effects characteristic of FMA were differ-
ent from each other. These facts suggest that the characteristic ex-
trinsic Cotton effects of FMA reflect the differences in the confor-
mation of each carrier protein. A negative CD band centered at 515 nm,
which corresponded to the principal absorption maximum at 510 nm, was
observed for FMA-Ta (type XX ) at pH 7.2 and 6.0. The ellipticity, [6],
at 515 nm at pH 7.2 was found to be -2 x lOu degrees e dmole”L.

The magnitude of the ellipticity decreased slightly by lowering the
pH of the solution to 6.0. On the other hand, FMA-Ni (type 7L ) exhib-
ited a negative CD band centered at 535 nm and a positive band cen-
tered near 485 nm at pH 7.5. The positive maximum corresponded to the
shoulder at around 480 nm in the absorption spectrum. The positive
and negative maxima shifted toward shorter wavelength by 10 to 15 nm
and the ellipticities decreased slightly by lowering the pH to 6.0.
The values of [6] at 535 and 485 nm at pH 7.5 were found to be =1 x

4 and 1.2 x 10“ degrees en? dmole™t

10 , respectively.

The CD spectra of FMA conjugated with X Bence Jones proteins (Ham
and Ya) are shown in Fig. 8. A negative CD band was observed at 513
nm for FMA-Ya and 510 nm for FMA-Ham. The CD spectra of these conju-

gates were very similar to those of FMA-Ta in Fig. 7b, except for a
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small positive band near 540 nm observed for FMA-Ham. The value of

4 for FMA-Ya and ~1.0 x 104

4

{e] at the negative maximum was -1.5 x 10
for FMA-Ham. The magnitude of [6] for FMA-Ya decreased to =0.7 x 10
by lowering the pH to 6.0, while the CD spectra of FMA-Ham changed
only slightly at pH 6.1.
The extrinsic Cotton effects characteristic of FMA conjugated with

2 proteins (As, Fu, and Sh) are shown in Fig. 9. The spectra were
different frbm specilmen to specimen in thelr spectral locations, signs,
and magnitudes of the CD bands. The negative maxima appeared at 530

and 470 nm for the CD spectrum of FMA-As at pH 7.4 (Fig. 9). The values

4 and -0.8 x 10" degrees el

of [8] at 530 and 470 nm were -1.8 x 10
dmole™}, respectively. In the case of FMA-Ni, a positive CD band ap-
peared at 530 nm (Fig. 7b). The CD maxima of FMA-As shifted to shorter
wavelength by lowering the pH to 6.1. The CD spectrum of FMA-Fu at

pH 7.5 exhibited positive maxima at 530 and 490 nm and a negative
maximum at 450 nm (Fig. 9). The magnitudes of these bands were smaller
than those for the other proteins. Because of the low solubility of
FMA-Fu in the aclidlic media, the measurements of CD spectra below pH 7
could not be made. The CD spectra of FMA-Sh at pH 7.4 showed positive
maxima at 545 and 440 nm and a negative maximum at 490 nm. No appre-

ciable differences were observed between the spectrum at pH 7.4 and

that at pH 6.1.
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III-4 Denaturation by GuHC1l

Type AL Bence Jones Proteins Figure 10 shows the results of

optical rotation measurements at 250 nm as a function of GuHCl con-
centration for type A proteins (Fu, Tod, and Ni). The measurements
were made at a protein concentration about 0.05 % in a 1.0 cm cell.
The pH of solutions was adjusted to 5.8-6.0 by use of 0.1 M potassium
phosphate buffer. The transitions bigan to occur above 0.9 M GﬁHCl. _
It can be seen that the transition curves of Tod and Ni proteins con-
sist of two processes, whlile the transition of Fu protein appeared

to occur in a single stage. The change in the value of [m'] at 250 nm
in the first stage of the transition for Ni and Tod proteins was about
a half the total change in the value of [m'] at 250 nm.

Figure 11 shows the CD spectra of Ni protein in the region of 250
nm to 325 nm at various GuHCl concentrations. The spectrum in the
sbsence of GuHC1 had positive maxima at 315, 289, 278, and 271 nm
and negative maxima at 293 and 286 nm. At a GuHCl concentration as
low as 0.6 M, the positive ellipticities at 289, 278, and 271 nm de-
creased and the negative ellipticities at 293 and 285 nm increased
with accompanying no change in the band position and shape of the
spectrum (Fig. 1lla). The shape of the CD spectrum changed above 1.2 M
GuHCl. The ellipticities in the region of 280 to 250 nm were almost
constant between 1.2 and 1.8 M GuHC1 (Fig. 1lb). A further lncrease
in the GuHCl concentration gradually reduced the CD bands and became
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Fig. 10. Dependence of the value of [m'] at 250 nm of type A\ Bence
Jones proteins as a function of GuHC1l concentration. 25°C, pH 5.8-6.0.
@ , Ni protein; Q , Tod protein; O , Fu protein.
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negative at 3.0 and 3.6 M GuHCl. There was essentially no difference
between the CD spectrum at 3.0 M and that of 3.6 M GuHCl (Fig. 1llc).

Figure 12 shows the CD spectra of Ni protein in the reglon of 245
to 210 nm at various GuHCl concentrations. In the absence of GulCl,
there were small positive maximum at 237 nm ([6] = +30) and a nega-
tive maximum at 218 nm. At 0.6 M GUHC1, the value of [8] at 237 nm
increased to +100, while no change in the negative band at 218 nm
occurred. Abbve 1.2 M GuCl, the positive band shifted from 237 to
233 nm. The band at 233 nm increased up to 1.5 M GuHCl and decreased
again above 1.8 M. In this concentration range, the negative ellip-
ticities at 218 nm were reduced.

The values of [B] at 237-233 and 218 nm are plotted against GuHCl
concentration in Fig. 13. The value of [8] at 237-233 nm reached a
maximum at 1.5 M GuHCL. A plateau was observed in the change in the
value of [6] at 218 nm near 1.8 M GuHC1.

Figures 14 and 15 show the CD spectra of Tod protein at various
GuHC1 concentrations. The CD spectrum in the absence of GuHCl had
positive maxima at 299, 288 and 279 nm and negative maxima at 293
and 218 nm. As in the case of Ni protein, addition of GuHC1l to 0.6 M
reduced the spectrum in the region of 225 to 310 nm with accompanying
no change in the shape of the spectrum, while the negative maximum at
218 nm remained unchanged. In the presence of 0.9 M GuWCl, a further

reduction of the spectrum in the region of 250 to 320 nm occurred
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Fig. 12. CD Spectra in the region of 210 to 240 of Ni protein at
various GuHCl concentrations. 25°C, pH 5.8-6.0. 1, O M; 2, 0.6 M;
3, 0.9 M; 4,1.2M; 5,1.5M; 6, 1.8M; T7,2.1M; 8, 2.4M

9, 3.0 M; 10, 3.6 M. ’
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with accompanying no change in the shape of the spectrum. At this
GuHC1 concentration, however, a slight reduction in the CD band at
218 nm was observed. At 1.2 M GuHCl, the negative maximum at 293 nm
changed greatly, but no significant change was observed at the posi-
tive bands at 298 to 280 nm when compared to the spectrum at 0.9 M
GuHCl. The spectrum at 1.2 M GuHCl resembles that at 1.5 M GuHCl
(Fig. 1llb). A further increase in the GuHCl concentration to 1.8 M
reduced the ellipticities of the CD bands in the magnitude. The CD
spectrum of Tod protein at 3.0 M GuHCl was very similar to that of
Ni protein at 3.0 or 3.6 M GuHCl. |

Figures 16 and 17 show the CD spectra of Fu proteiln at various
GuHC1 concentrations. The CD spectrum in the absence of GuHCl had
positive maxima at 299, 289, and 280 nm and a negative maximum at
218 nm. On addition of GuHCl to 0.6 M, a slight but reproducible
reduction of the positive maxima occurred with accompanying no change
in the negative maximum at 218 nm. An increase in the GuHC1l concen-
tration to 1.2 M had no éffect on the ellipticities of the CD bands
at 289 and 299 nm, while the trough at 293 nm became shallower and
the negative ellipticity at 218 nm became smaller. At 1.8 M GuHCl,
the positive ellipticities at 289 and 299 nm were reduced but the
position at these bands remained unchanged. The spectrum at 3.6 M
GuHC1 was similar to those of Ni and Tod proteins at 3.6 M GuHCl.

Type X Bence Jones Proteins-———Figure 18 shows the results of
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Fig. 15. CD Spectra in the region of 250 to 245 nm of Tdd protein
at various GUHC1 concentratians. 25°C, pH 5.8-6.0. 1, 0M; 2, 0.6 M;
3, 0.9M; 4,1.2M; 5,1.5M; 6, 3.0 M.

(48)



250 260 270 280 290 300 310 35
WAVELENGTH (mg)

(=]
()]

250 260 270 280 290 300 310350
WAVELENGTH (M)

Fig. 16. CD Spectra in the region of 250 to 320 of Fu protein at
various GuHCl concentrations. 25°C, pH 5.8—6.0. 1, 0M; 2, 0.6M;
3, 0.9 M; U4, 1.2M; 5,1.8M; 6, 2.4 M; 7, 3.6 M.
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Fig. 17. CD Spectra in the region of 210 to 245 nm of Fu protein
at various GuHCl concentrations. 25°C, pH 5.8-6.0. 1, 0 M; 2, 0.6 NM;

3, 1.2 M; 4, 1.8M; 5, 2.4M; 6, 3.0M; 7, 3.6 M.
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optical rotation measurements as a function of GuHCl concentration
for type X proteins (Ta and Ham). The levorotation of both Ta and
Ham proteins’ increased at the GUICl concentrations above 0.8 M. The
changes in the rotation occurred in two stages, one of which lies
between 0.8 and 2.0 M GuHC1l and the other above 2.0 M GuHCl. The
values of [m'] at 250 nm for the native and unfolded conformations
of the both proteins were dlifferent from one another, but the total
changes in the value of [m'] at 250 nm on going from the native to
denatured form were the same.

Figure 19 shows the CD spectrum of Ta protein at various GuHCl
concentrations. The spectrum in the absence of GuHC1l had positive
maxima at 292, 271, and 228 nm and a negative maximum at 215 nm.

The CD spectrum in the reglon of 250 to 320 nm was unaffected by

the presence of GuHCl up to 0.7 M. A drastic change in the CD spec-
trum occurred between 1 and 2.1 M GuHCl. At the latter GuHCl concen-
tration, all the CD bands became negative. A further lncrease in the
GuHC1 concentration from 2.1 to 4.2 M reduced the magnitudes of the
negative bands. The positive band at 228 was very sensitive to the
presence of GuHCl. The ellipticity at this wavelength decreased even
in the presence of 0.35 M GUuHC1l and became negative at the concen- ‘
trations above 1.26 M. The CD spectra in the region of 210 to 225 nm,
which reflect the conformation of the polypeptide backbone, were in-

dependent of GuHCl concentration up to 0.7 M, this being similar to
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Fig. 18. Dependence of the value of [m'] at 250 nm of type K Bence

Jones proteins as a function of GuHCl concentration. 25°C, pH 5.8-6.0.

O , Ta protein; € , Ham protein.
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Fig. 19. CD Spectra of Ta protein at various GuHCl concentrations.
25°C, pH 5.8-6.0. 1, 0M; 2, 0.35M; 3, 0.7M; 4, 1.0 M;
5, 1.25 M; 6, 1.26 M; 7, 1.4M; 8, 1.5M; 9, 2.1 M; 10, 2.25 M;

11, 2.7 M; 12, 3.0 M; 13, 4.2 M.
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that observed in the CD spectra above 250 nm. The negative maximum at
215 nm was deepened at 1 M GuHCl and disappeared above 1.4 M GuHCl.

A further increase in the GuHCl concentraticn from 2.1 to 4.2 M de-
creased the negative ellipticity at 215 nm. The facts described above
are illustrated more clearly in Fig. 20 in which the values of [6] at
293, 228, and 215 nm are plotted as a function of GuHCl concentration.
The results shown in this figure as well as those in Fig. 19 demon-
strate that the transition of Ta protein by GuHCl does not proceed in
one stage.

Figure 21 shows the CD spectra of Ham protein at various GuHCl
concentrations. The CD spectrum in the absence of GuHCl had positive
maxima at 295 and 290 nm, negative maxima at 270 and 218 nm and a
shoulder near 237 nm. The posltive maxima at 295 and 290 nm became
negative on adding 2.1 M GuHCl. A further increase in the GuHCl con-
centration to 3.6 M reduced the amplitudes of the spectrum, as was
observed for the CD spectra of Ta protein (Fig. 19). The shoulder
near 237 nm was changed by the addition of GuHCl to 0.8 M and then
disappeared at 1.2 M. In the GUWHCl concentration range of 1.2 to 2.1
M, no change in the spectrum in the region of 230 to 245 nm was ob-
served. When the GuHCl concentration increased further, a shoulder
appeared again in the vicinity of 232 nm. The negative maximum at 218
nm remained unchanged up to 0.8 M GUHCl. The changes in the elliptic-
ities at 218 and 235 nm are plotted against GuHC1l concentration in
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Fig. 20. Dependence of the values of [06] at 293 nm ( (:) ), 228 nm
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Fig.21. CD Spectra of Ham protein at various GuHCl concentrations.
25°C, pdH 5.8-6.0. 1, 0M; 2, 0.8M; 3, 1.0M; 4, 1.2M; 5, 1.8M;
6, 2.1 M; 7, 3.0M; 8, 3.6 M.

(56)



4—-1
-1F @
=
T -—'2x
= -2 o
X ~
° -3z
~ —3F
N
—4}
1 ] | | H

0 1 2 3 4
CONCENTRATION OF GuHCI (m)

Fig. 22. Dependence of the values of [06] at 235 nm ( O ) and
218 nm ( ) of Ham protein as a function of GuHCl concentration.
2500, pH 508‘600.
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Fig. 22. Although the changes in the ellipticities at 218 and 235 nm
were not exactly parallel with each other, a plateau was observed at
the concentrations between 1.2 and 2.1 M GWHC1 in each transition.
The data of Figs. 21 and 22 show that Ham protein does not obey the

two-state approximation.

III-5 Urea Denaturation

Figure 23 shows the results of optical rotation measurements at
250 nm as a function of urea concentration for a type )X Bence Jones
protein (Ta) at different pH values. Since the pH of the urea solu-
tion increased slightly with an increase in urea concentration, the
pH in this figure represents the value near the center of the tran-
sition. The ionic strength of buffer and urea solutions was adjusted
to 0.15 with KCl. The measurements were made at proteln concentrations
of about 0.05 % in a 1.0 cm cell. At pH 5.5, 8.0, and 9.4, a sharp
increase in levorotation was observed between 2 and 4 M urea. There
was then a further progressive increase in levorotatlon. The transi-
tion curve at pH 6.8 shifted to higher urea concentrations. At pH 2.1,
where the transition by acid had been completed (see the section of
acid denaturation), the addition of urea further increased the levo-
rotation. The pH dependence of the value of [m'] at 250 nm of Ta pro-
teln in 3.5 M urea is shown in Fig. 24,

Figure 25 shows the CD spectra of Ta protein at various urea
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Fig. 23. The effect of urea concentration on the optical rotation
at 250 nm of Ta protein, at various pH values. Ionic strength 0.15,

2s°c. [0, pH9.45 A, pH 8.0; ,pH6.8, O , pH 5.5
@ ,rH2.1.
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Fig. 24. The pH dependence of the value of [m'] at 250 nm for Ta
protein in 3.5 M urea ( O ) and for Fu protein in 2.5 M urea ( ).

Ionic strength 0.15, 25°C.
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concentrations at pH 5.5. The spectrum in the absence of urea had
positive maxima at 292, 271, and 228 nm and a negative maximum at

215 nm. A drastic change in the CD spectrum occurred between 2 and
4.5 M urea, all the CD bands in the reglon of 250 to 310 nm became
negative. A further increase in urea concentration increased the
negative ellipticities of the CD bands. The positive band at 228 nm
decreased in magnitude in a way simlilar to that observed in the CD
spectra above 250 nm and became negative at 4 M urea. The CD spectra
in the reglon of 210 to 225 nm, which reflect the conformation of

the polypeptide backbone, were independent of urea concentrations up
to 2 M. The negative maximum at 215 nm deepened and shifted to shorter
wavelength at 4.5 M urea and disappeared above 5 M urea. These obser-
vations are illustrated in Fig. 26, in which the values of [6] at 293,
228, and 215 nm are plotted as a function of urea concentration.

Pigure 27 shows the difference spectra of Ta protein at selected
urea concentrations. These are typical of denaturation difference
spectra, with negative peaks at 293, 286, and 279 nm.

Figure 28 shows the values of A £ at 293 nm, which reflect the
change in the state of tryptophyl residues, plotted against urea con-
centrations. The value of AZ decreased sharply between 3 and 6 M
urea.

The Bence Jones protein (Ta) dimer contains one interchain disul-

fide bond and four intrachain disulfide bonds. Ta protein contains
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Fig. 25. CD Spectra of Ta protein at various urea concentrations.
pH 5.5, ionic strength 0.15, 25°C. 1, 0M; 2, 2.0M; 3,2.5MNM;

4, 3.0 M; 5, 3.5M; 6, 4.0M; 7, 4.5M; 8, 5.0 M; 9, 6.0 M; 10, 7.0 M

urea.
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Fig. 26. Changes with urea concentration in the values of [8] at

215 nm ( @ ), 228 nm ( ), and 293 nm ( O ) for Ta protein.
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Fig. 27. Difference absorption spectra of Ta protein produced by
urea. pH 6.5, ionic strength 0.15, 25°C. 1, 4.0 M; 2, 4.5 M;
3, 5.0M; 4, 6.0M; 5, 7.0 M urea.
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Fig. 28. Change with urea concentration in the value of A §, ai:
293 nm for Ta protein. pH 6.5, 25°C.
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two tryptophyl residues per monomer. Figure 29 shows the reactivities
of the disulfide bonds at pH 8.0 and tryptophyl residues at pH 5.0
of Ta protein as a function of urea concentration. The number of di-
sulfide bonds reduced 1s expressed as a dimer units. A disulfide bond
which is reduced in the absence of urea is known to be the interchain
bond. At urea concentrations below 2 M, only the interchain disulfide
bond was cleaved. The cleavage of intrachain disulfide bonds began to
occur above 2 M urea and in the vicinity of 4 M urea, there appeared
a plateau which corresponds to the cleavage of two intrachain disul-
fide bonds per dimer unit. There was then a further increase in the
number of disulfide bonds reduced above 5 M urea, with va rather broad
profile. The reduction was incomplete even in 8 M urea. Whereas no
tryptophyl residues reacted with HNB bromide below 2 M urea, both the
tryptophyl residues were modified above 4 M urea.

Figure 30 shows the CD spectra of a type A protein, Ni, at various
urea concentrations at pH 6.5. The spectrum in the absence of urea
had maxima at 315, 289, and 271 nm and negative maxima at 298, 286,
and 218 nm. At a urea concentration as low as 2 M, no appreciable
change was observed in the CD spectrum. The shape and magnitude of
the CD bands changed above 2.5 M urea. With an increase in urea con-
centration up to 4 M, the CD spectrum between 250 and 265 nm in-
creased and the ellipticity at 237 nm increased wlth a shift to 233

nm. Above 5.0 M urea, the band at 233 nm decreased again. The neg-
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Fig. 29. Reactivities of disulfide bonds toward DIT at pH 8.0 ( )
and of tryptophyl residues toward HNB bromide at pH 5.0 ( O ) in Ta
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Fig. 30. CD Spectra of Ni protein at various urea concentrations.
pH 6.5, ionic strength 0.15, 25°C. 1, 0 M; 2, 2.0M; 3, 2.5 M;
4, 4,0 M; 5,5.0M; 6, 6.3M; 7, 7.0 M urea.
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ative ellipticity at 218 nm was reduced above 2.5 M urea. The changes
in the values of [6] at 237-233 and 218 nm with urea concentration
are 1llustrated in Fig. 31. The value of [6] at 237-233 nm reached a
maximum at 4 M urea.

Figure 32 shows the difference spectra of type 7L proteins_, Ni and
Fu, produced by urea. Negative peaks at 293 and 286 nm and a shoul-
der at about 279 nm were observed for the spectra of both proteins. |
In addition, there was a positive‘peak at 305 nm for the spectrum of
Ni protein but not in that of Fu protein.

In Fig. 33, the values of AS at 293 nm, [m'] at 250 nm and the
nurmber of disulfide bonds reduced for Ni protein are plotted against
urea concentrations. The levorotation and the value of A% at 293 nm
began to change above 2 M urea. These changes are seen to consist of
more than one process and were incomplete even at 7 M urea. In the
transition as observed by optical rotation measurements, there was
a small but distinct plateau in the vicinity of 4 M urea. On the
other hand, the number of disulfide bonds reduced by DIT increased
with increasing urea concentration from 0 to 2 M, where no change in
the values of [m'] at 250 nm and A E at 293 nm occurred, and cne
intrachain disulfide bond was reduced between 2 and 3 M urea. Above
3 M urea, a further increase in the reactivity was observed.
| Figure 34 shows the changes with urea concentration in the value

of [m'] at 250 nm, A & at 293 nm and the reactivity of the disulfide
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Fig. 31. Changes with urea concentration in the values of [8] at

218 nm ( ) and 233-237 nm ( O ) for Ni protein. pH 6.5.
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Fig. 32. Difference absorption spectra of Ni protein (A) and Fu
protein (B) produced by urea. pH 6.5, ionlc strength 0.15, 25°C.
(A) 1, 2.4M; 2, 3.0M; 3, 3.5M; L4, 5.0M; 5, 7.0 M urea.

(B) 1, 3.0 M; 2, 3.5M; 3, 4.0M; 4, 5.0 M; 5, 6.0 M urea.
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Fig. 33. The effect of urea concentration on the values of [m'] at
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Fig. 34. The effect of urea concentration on the values of [m'] at
250 nm at pH 8.2 ( O ) andpH 5.2 (Q ), A S at 293 nm at pH 6.5

( O ) and on the reactivity of disulfide bonds at pH 8.0 ( D )

for Fu proteiri. Closed triangles show data at pH 8.2 obﬁained by dilu-

tion from 8 M urea. Ionic strength 0.15, 25°C.

(73)



bonds toward DIT for another type A protein, Fu. As in the case of
Ni protein, the optical rotation began to change above 2 M urea.
However, in constrast to the transition for Ni protein, the change

in the optical rotation for Fu protein appeared to occur in a single
stage. The transition was reversible: the results obtained affter ex-
posure to 8 M urea at pH 8.2 fell on the same curve as data obtained
by addition of urea toagueous Fu protein solution. The change in the .
value of A E at 293 nm in the difference spectra was seen to parallel
the change in the optical rotation. The three tryptophyl residues
were reacted with HNB bromide in the presence of 4.5 M urea. The re-
activity of the disulfide bonds toward DIT increased with increasing
urea concentration and all the disulfide bonds were reduced above 3
M urea. The pH dependence of the value of [m'] at 250 nm of Fu pro-

tein in 2.5 M urea is shown in Fig. 24.

ITI-6 pH Dependent Conformational Change

Figure 35 shows the results of optical rotation measurements as a
function of pH for type 7\ proteins (Fu and Ni) and a type K protein
(Ta). The levorotation of all the proteins increased as the pH of the
solution was lowered below 4. The changes in the rotation for Fu and
Ni proteins occurred in two stages, cane of which lies between pH 4
and 2.5 and the other below pH 2.5. For Ta protein, on the other hand,

the transition with pH appeared to occur in only one stage.
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Figure 36 shows typical difference spectra of a type K Ta protein
(reference, between pH 1.02 and 1.33). Three peaks appeared at 279,
286, and 293 nm. It is to be noted that the height of the peak at
286 nm relative to 293 nm increased with increasing pH.

Figure 37 shows the values of A £ at 286 and 293 nm as a function
of pH. The value of & & decreased steeply below pH 4 and the height
of the peak at 293 and 286 nm became the same as the pH was lowered
below pH 2.7.

The reversibility of the acid denaturation of Ta protein was stud-
ied. Ta protein (0.071 %) in 0.08 N HC1 and 0.02 M KC1 (pH 1.2) was
allowed to stand for 20 hr at 25°C. Appropriate buffers were added
to aliquots of this solution for the purpose of raising the pH (final
protein concentration, 0.014 %). After additional 20 hr of incubation
at 25°C, the difference spectra were measured against a protein solu-
tion at pH 1.20. The spectra obtalned was identical with.those cb-
tained with protein that had not been exposed to acid prior to meas-
urements. The value of A& at 286 and 293 nm obtained from these spec-
tra are given in Fig. 37.

Figure 38 shows the CD spectra of Ta protein at various acidic
pH's. The CD spectrum of this protein at pH 6.0 had positive maxima
at 228, 271, and 292 nm and a negative maximum at 215 nm. Between
pH 6 and 3.2, the CD spectrum in the region of 255 to 310 nm remained

unchanged, while the spectrum in the region of 210 and 255 nm changed
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Fig. 36. Acid difference spectra of Bence Jones protein (Ta).at
25°C, lonic strength 0.1. Reference: Ta protein in 0.08 N HC1 and
0.02 M KC1 (pH 1.3).

1 pH 5.96; 2, pH 3.46; 3, pH 3.00; 4, pH 2.50.
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Fig. 38. CD Spectra of Bence Jones protein (Ta) at various acidic
pH's. 1, pH 6.0; 2, pH 4.1; 3, pH 3.8; 4, pH 3.2; 5, pH 2.7;

6, pH 2.3; 7, pH 1.2.

(79)



below pH 4. At pH's below 2.3 a negative maximum appeared at around
280 nm. |

Figure 39 shows the CD spectra of Ta protein at various alkaline
pH's. At alkaline pH's a positive extremum appeared at 250 nm. The
ellipticity of the negative CD band at 215 nm increased at pH 11.9
and then decreased with further increase in pH.

In Fig. 40 the values of [8] at 215, 228, 250, and 292 nm are plotted
against pH. The positive extremum at 228 nm the negative extremum at 215
rm were unchanged between pH 4 and 10. Below pH 4 and above 10 these
extrema changed steeply. The value of [6] at 250 nm increased above 10.

Figure 41 shows the éD spectra of Fu protein (type A ) at various
pH values. The CD spectra in the region of 210 to 240 nm were inde-
pendent of pH between pH 4.1 and 7.2 and had a negative maximum at 218 nm
and a shoulder at around 228 nm. Lowering pH from 4.1 to 2.5 shifted
the negative maximum to shorter wavelength but the magnitude of the
maximum remained unchanged. Further decrease in pH to 1.1 cdeepened
the negative maximum. In the reglon of 320 to 250 nm, the CD spectra
of Fu protein showed pH dependence between pH 4.1 and 7.2 but are
similar in shape with each other. These spectra had maxima at 300,

289, and 280 nm and minima at 293 and 284 nm. At pH 5.2, the CD spec-
trum changed and had positive maxima at 296 and 290 nm and a negative
maximum at 281 nm. At pH 1.1, the CD spectrum changed markedly. In

Fig. 42 the values of [6] at 210 and 300 nm are plotted against pH.
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Fig. 41. CD spectra of Fu protein at various pH values. 25°C,
ionic strength 0.15. l, pH 7.2; 2, pH6.0; 3, pH5.1;

4, pH 4.1; 5, pH 3.5; 6, pH 3.0; 7, pH 2.5; 8, pH 1.1.
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Fig. 42. The pH dependence of the values of [6] at 210 nm ( O )

and 300 nm ( ) ) for Fu protein.
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Fig. 43. CD Spectra of Ni protein at various pH values. 25°C,
ionic strength 0.15. 1, pHT7.9; 2, pH 7.3; 3, pH6.0;
4, pH 5.1; 5, pH 4.6; 6, pH 4.1; 7, pH 3.0; 8, pH2.5;
9, pH 1.8; 10, pH 1.0.
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Figure 43 shows the CD spectra of Ni protein at various pH values.
The CD spectra at neutral pH values had positive maxima at 310, 290,
280, and 271 nm and negative maxima at 293, 286, 242, and 218 nm.

The changes in the ellipticities at 210, 237-233, and 293 nm are
plotted against pH in Fig. 44. The ellipticity at 293 nm changed in
the pH range where no change in the ellipticity at 210 nm occurs.
Tne change in the ellipticity at 310 nm, which 1s not shown in this
figure because of small magnitude of ellipticity, was parallel with
that at 293 nm. It is very striking that a positive maximum appeared
at é37—233 nm when the pH of the solution is lowered below 5.1. The
value of [©] at 237-233 nm was constant between pH 3.5 and 2.5 and
then decreased with decreasing pH. Thus, the changes with pH in the
values of [6] at 210, 237-233, and 293 nm were not parallel with each
other.

Figure 45 Shows the CD spectra of Sh protein. The spectrum at pH
6.9 had positive maxima at 300 and 289 nm, negative maxima at 293,
284, and 219 nm and a shoulder at around 228 nm. The shape of this
CD spectrum is very similar to that for Fu protein. However, in the
case of Sh protein, no change with pH in the spectrum in the region
of 250 to 310 nm was observed between pH 6.9 and 5.1. The change in
the spectrum below pH 2.8 was very similar to that for Fu protein.

Figure 46 shows the CD spectra of As protein. The shape of the

spectra in the region of 250 to 320 nm at pH's between 4.1 and 7.3
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Fig. 44. The pH dependence of the values of [6] at 210 nm ( O ),

233 nm ( ), and 293 nm ( [J ) for Ni protein.
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Fig. 45. CD Spectra of Sh protein at various pH values. 25°C,
ionic strength 0.15. 1, pH 6.9; 2, pH 5.1; 3, pH 2.8; 4, pH 1.7.
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Fig. 46. CD Spectra of As protein at various pH values. 25°C,
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5, pH 1.9.

(89)

3.0;



resembles that for Ni protein. There were positive maxima at 303,
289, 280, and 272 nm and negative maxima at 293 and 218 nm. While
there was no change with pH in the CD spectrum in the region of 205
to 240 nm at pH's between 4.1 and 7.3, the spectrum in the aromatic
absorption reglon changed with pH.

The CD spectrum of To protein at neutral pH value had positive
extrema at 302 and 293 nm, a shoulder at 287 nm and negative extrema
at 268 and 219 nm (Fig. 47). There was only a slight difference be-
tween the CD spectrum at pH 5.1 and that at pH 7.0, in the region of
310 to 270 nm. The CD band at 219 nm was independent of pH in the
range of 7.0 to 4.1. At pH 3.0, a great change in the spectrum oc-
curred in the region of 250 to 310 nm.

The shape of the CD spectrum of Ko protein was very similar to
that for Fu protein at r;eutral pH values (Fig. 48). The CD spectra
in the pH range of 6.9 to 4.1 had a positive extremum at 293 nm and
shoulders at 302 and 283 nm. At pH's below 4.1, the CD spectrum
changed and the ellipticities in the region of 295 to 260 nm increased.
From Fig. 49, in which the values of [©] at 265 and 210 nm are plotted

against pH, it is seen that a conformational change occurs below pH 4.
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Fig. 47. CD Spectra of To protein at various pH values. 25°C,

ionic srength 0.15. 1, pH 7.0; 2, pH 5.1; 3, pH 3.5; 4, pH 3.0;
5, pH 2.0.
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Fig. 48. CD Spectra of Ko protein at various pH values. 25°C,
ionic strength 0.15. 1, pH 6.9; 2, pH 4.1; 3, pH 3.5; 4, pH 3.0;

5, pH 2.4; 6, pH 1.8.
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v DISCUSSION
Iv-1 States of Ionizable Groups
As shown in Table I, Bence Jones protein (Ta) contains eighteen
carboxyl, two histidyl, one X —amino, ten §g-amino, nine tyrosyl and
twelve arginyl groups per molecular weight of 22,500.
The titration data for each type of ionization groups were analyzed

by plotting them according to the equation of Linderstrgm-Lang (60)

e
1-A:

pH - log = (pK; )4 — 0.868wZ (3)
where A i is.the degree of ionization of the i th type at a given pH,
(pKint) 5 is the negative logarithm of the intrinsic dissociation con-
stant of the i th group and 0.868wZ is a term correcting for any
electrostatic interaction between proton and the protein molecule of
mean net charge Z.

Tne value of electrostatic interaction factor can be calculated
from Eq. (4), assuming the Linderstrgm-Lang model of protein as a

sphere with uniform charge distribution of the surface (60).

R S 0 N S
W= oe7 (%" Tera) )

where & is the electronic charge, D the dielectric constant, k the

Boltzmarn constant, T the absolute temperature, X the Debye-Huckel

(94%)



parameter, b the radius of the sphere which represents the protein
molecule, and a the radius of exclusion, taken as b + 2.5 Z. The
theoretical value of W for the Bence Jones protein is calculated to

be 0.040 at 25°C, ionic strength 0.15, on the basis of a radius of
25.4 K which is calculated by assuming partial specific volume to be
0.748 for ¥ G-immunoglobulin (61) and 20 % hydration. The value of b
obtained by small-angle X-ray scattering method (17) was 26.3 Z. On
the 5asis of this radius, the value of W is 0.038. The data for eight-—
een carboxyl groups of Ta protein in 0.15 M KC1l were plotted according
to Eq. (2) and are shown in Fig. 50. As shown in Fig. 50, the
Linderstrgm-Lang plot in the pH range above 4 (Z<{13) is linear. The

values of wand pKin obtained from this linear portion are 0.030 and

t
4.50, respectively. The value of Y/ thus obtained is 21-25 % lower
than that theoretical value, as has been generally observed. A value

of 4.50 for pKin of the carboxyl groups lie close to the pKin for

t t
model compounds (60, 62). A decrease in the)slope above Z = 13 (below
pH U4) can be ascribed to a conformational change of the protein mole-
cule. As will be described in followings, it was shown that Ta pro-
tein undergoes a conformational change below pH 4.0 from the measure-
ments of ultraviolet absorption spectrum, optical rotation, and cir-
cular dichroism. |

From the data of amlno acid analysis, it was expected that two

imidazole groups would be titrated in the neutral pH reglon but only
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Fig. 50. Plot of the titration data of eighteen carboxyl groups

of Ta protein in 0.15 M KCl according to Egq. (3).
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one group was actually titrated. We can construct a theoretical tit-
ration curve between pH 5.2 and 8.3 which fits the experimental points,
assuming that one imidazole and one QX -amino groups are titrated with
a pK value of 6.45 and 8.15, respectively, and the value of wis the
same as that for carboxyl growps, i.e., 0.030. The pK, . value of 6.45

for the imidazole group is normal, but pK of 8.15 for the g ~amino

int
group seems somewhat higher than that of model compounds (60).

At pH's above 8.3, the g -amino groups of the lysyl residues begin
to lonize. The number of protons binding to g£-amino groups was come
puted by subtraction of the spectrophotometric titration data shown
in Fig. 2, from the potentiometric titration data shown in Fig. 1.
Plot of the data according to Eq. (3) for ten lysyl groups is given
in Fig. 51. |

The plot consists of two linear portions with a break at Z = 0

which corresponds to pH 10.2. The values of pKirl and ys obtained from

t
the linear portion above Z = 0 were 10.55 and 0.031, respectively.
The value of pKint for the lysyl groups 1s normal and the value of W
is in good agreement with that for carboxyl groups. The change in
slope below Z = 0 (above pH 10.2) reflects a conformational change
of Ta protein. As will be shown in the following section, the same
conclusion is obtained from the pH dependence of the circular dichro-

Ism spectrum.

The result of spectrophotometric titration of tyrosyl groups of

(97)



10.7F

—

o

o
1

—

o

™
1

pH—log a/1—a

102

Fig. 51. Plot of the titration data of ften lysyl groups of Ta
protein in 0.15 i KCl according to Eq. (3).

(98)



Ta protein shown in Fig. 2 is very similar to that of other type K
protein (Lo) reported by Hamaguchi et al.(27). The Linderstrgm-Lang
plot for nine tyrosyl groups of Ta protein 1s shown in Fig. 52, where
the points above pH 11.5 are omitted.

A value of 0.005 forw and 11.24 for PK, . were obtained from Fig.

t
52. The value of w for tyrosyl groups 1s much smaller than that for

lysyl or carboxyl groups. However, as shown in Fig. 52, the points
deviate from the linear portion above Z = 0. As described above, Ta

protein undergoes a conformational change above pH 10.2 (below Z

Q).

i}

Therefore, the small value of z/ for the tyrosyl residues below Z = 0
is due to the conformational change of the protein molecule.

Comparison of the spectrophotometric titration curve (Fig. 2) with
the pH dependence of the circular dichroism spectrum (Fig. 40) shows
that only one of nine tyrosyl residues of Ta protein ionizes freely
without any conformational change. The points deviated from the linear
portion of the Linderstrgm-Lang plot for tyrosyl groups (Fig. 52) cor-
respond to those for one tyrosyl residue. A theoretical titration curve
of the tyrosyl residue can be constructed, assuming that pKint = 9,65

and 2/ = 0.031. The value of 9.65 1s normal pK value for tyrosyl

int
groups and the value of wof 0.031 was the same for lysyl groups. The
remaining eight tyrosyl residues ionize above pH 10.2 with pKint = 11.24
with a conformational change.

Table V suimarizes the value of pKint and w for all the ionizable
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TABLE V.

Parameters used to calculate titration curve of Ta protein

Number
Group
Analysis Titration pK int w

Carboxyl 18 18 4.50 0.030 (>pH 4)
Imidazole 2 1 6.45 0.030
O ~Amino 1 1 8.15 0.030
Lysyl 10 10 10.56 0.031 ((pH 10.2)
Tyrosyl 9 9 9.55 for 1 0.031 KpH 10.2)

11.24 for 8 0.005 (>pH 10.2)
Arginyl 12
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groups except guanidyl groups of Bence Jones protein (Ta). One of

the two imidazole groups 1s masked and unavailable for titration in
the native protein. Only one of the nine tyrosyl residues are located
on the surface and ionizes freely.

The conclusion about the state of the tyrosyl and histidyl groups
was also confirmed by the experiments of the acetylation of the
tyrosyl residues, as described below, and the results of lodination
of tyrosyl and histidyl residues of a X Bence Jones protein by Seon
et al.(63). Eighteen carboxyl, one g -amino and ten lysyl groups have

normal pKin values. This suggests that at least carboxyl and amino

t
groups are not involved in the dimer formation.

As Tanford et al.(64) had evaluated the value of electrostatic
interaction factor Y for serum albumin, the value of /at each pH was
célculated directly by use of Eg. (3), assuming the pKint values of
the ionizable groups to be those given in Table V. The results are
shown in Fig. 53.

As can be seen from Fig. 53, the value of ¥/ is constant in the
region of pH 4.0 to 10.2 and decreases outslde of this region. This
shows that a conformational change occurs below pH 4.0 and above 10.2.
The result shown in Fig. 53 is in good agreement with that obtained

by the measurements of circular dichroism, ultraviolet absorption

spectra and optical rotation.
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Iv=2 States of Tyrosyl and Tryptophyl Residues

States of Tyrosyl Residues-———--Bence Jones proteins contain six
to eleven tyrosyl residues per molecular weight of 22,500 (28). ihese
tyrosyl residues may be classified from the reactivity with NAI into
three types; (1) 1.5 residues which are readily acetylated at low con-
centrations of NAI, (2) additional 1.5 residues which are acetylated
at higher concentrations of NAI, and (3) the remaining residues which
are acetylated after urea denaturation. However, the amount of NAT
which is needed for maximal modification is different from protein to
protein. In the case of As protein, three tyrosyl residues are acety-
lated at low concentrations of NAIL, whereas 1l00-fold molar excess of
NAI is needed for the modification of three tyrosyl residues of Ya
and Ko proteins, and 200-fold molar excess for the three residues of
Fu protein. In the case of Ta protein, only 1.5 to 2 tyrosyl residues
are acetylated with 300-fold molar excess of NAL, and the reactivity
of the tyrosyl residues of Sh protein is exceptiocnal; it has 4.5 NAI-
reactive tyrosyl residues. These difference in reactilvity have no re-
lation with.the antigenic type of Bence Jones proteins.

As described above, one of the nine tyrosyl residues of Ta protein
ionizes freely with an intrinsic pK of 9.65. This is in good agreement
with the result of acetylation for Ta protein. Hamaguchi et al.(27)
have reported the results of the spectrophotometric titration of the -

tyrosyl groups of Bence Jones proteins at 246 and 296 nm. They showed
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that tyrosyl ionization of all the Bence Jones proteins 1s abnormal.
For instance the titration curve of Fu protein at 246 nm has at least
four stages. The first stage is the ionization of one tyrosyl residue
having an apparent pK value of 9.5. In the second stage, additional

two tyrosyl residues ionize accompanying a slight conformational change,
The number of tyrosyl residues acetylated at low concentrations of NAL
is in agreement with the nurber of tyrosyliresidues with a pK value

of 9.5.

Seon et al.(63) showed that Tyr-173 of the constant region of type
) Bence Jones protein is, in general, the most reactive residue toward
iocdination. The tyrosyl residue of Ta protein which is acetylated at
low concentrations of NAL and ionizes freely may therefore be Tyr-173
in the constant region of the molecule. The tyrosyl residue of Ya (éype

XX ) which is readily acetylated may also be Tyr-173. Type 7L proteins
have a tyrosyl residue at position 174 in place of 173 for type X (28).
This suggests that the most reactive tyrosyl residue of type /. pro-
tein (Fu and Ko) may be Tyr-1T4.

There are additional two tyrosyl residues of Ya, Fu, and Ko proteins
which are acetylated at higher concentrations of NAIL. These two resi-
dues may be less exposed. Seon et al.(63) have found that the next re-
active tyrosyl residues toward iodination are Tyr-186 and Tyr-192 in
type )i proteins. In the case of As and Sh proteins of type 7, however,

the most NAI-reactive tyrosyl residue was not found; three tyrosyl
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residues of As protein and four to five tyrosyl residues of Sh protein
could not be differentiated into subgroups from the reactivity towarg
acetylation.

States of Tryptophyl Residues-——As shown in Table II, no trypto-
phylrresidue of Ta protein was accessible to HNB bromide. In the pres-
ence of 6.3 M urea, however, two tryptophyl residues were modified
with the reagent. The value of 4 & at 293 nm in the difference spectrum
of Ta protein in 6.3 M urea was -3,800. Assuming that all the buried
tryptophyl residues (two) are exposed upon urea denaturation and cor-
rection for the effect of urea perturbation on the two tryptophyl res—
idues exposed based on the value of A & for N-acetyl-L~tryptophan ethyl
ester in 6.3 M urea, the value of 4,400 was cobtained as the change in
the molar extinction ccefficient as 293 nm accompanying exposure of
the two tryptophyl residues from the interior of the protein molecule
to agueous environment. It has been shown for some proteins that the
change in the molar extinction cocefficient at 293 nm accompanying the
transfer of one tryptophyl residue from the interior of the protein
molecule to solvent water is abcut -2,000 to 2,500 (65-67). The value,
2,200, for the transfer of one tryptophyl residue of Ta protein sup-
ports the idea that two tryptophyl residues are exposed on urea dena-
turation. As will be described in the following section, Ta protein
undergoes a conformational change at pH's below 4 and one tryptopnyl

residue i1s exposed on the acid denaturation. The change in the molar
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extinction ceefficient at 293 nm for the aclid denaturation was -2,050
to -2,100 (Fig. 5 and 3%). The addition of 6.3 M urea to the acid-
denatured Ta protein solution caused a change in the molar extinction
coefficient which corresponds to the exposure of cne tryptophyl resi-
due (Table III). These results are summarized as follows: (1) two
tryptophyl Yesidues are buried in the native Ta protein molecule, (2)
one of these tryptophyl residues is exposed on acid denaturation,
(3) the remaining buried tryptophyl residue in the acid-denatured Ta
protein is exposed with 6 M urea, and (4) both of the two.buried tryp-
tophyl residues in the native molecule are exposed by urea denatura-
tion.

The same analysis was applied to Fu protein (type A ). As shown
in Table II, one tryptophyl residue reacts with HNB bromide in 0.15 M
KC1l at pH 5. In the presence of 6.3 M urea, three tryptophyl residues
react with this reagent. These facts show that one of the three tryp-
tophyl residues is located on the surface of the Fu protein molecule
and the remaining two are burdied in the interlor of mclecule. The acld
difference spectrum of Fu protein showed a value of AF = -2,100 at
293 nm (Table III), which indicates that one tryptophyl residue is
exposed from the interior to aqueous environment. The difference spec-
trum of Fu protein denatured by 6.3 M urea showed a value of A& =
-4,100 at 293 nm. Correcting for the effect of 6.3 M urea on three

tryptophyl residues, the value of A& for the exposure of two trypto-
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phyl residues from the interior of the protein molecule to solvent
water was estimated to be -5,200. This means -2,600 for the exposure
of one tryptophyl residue, which is in agreement with the value ob-~
tained for Ta protein. The addition of 6.3 M urea to the acid-dena-
fured Fu protein solution caused a change in the molar extinction
coefficient corresponding to the exposure of one tryptophyl residue.'
These facts show that the two tryptophyl residues in Fu protein (type
A ), behave similarly to the two buried tryptophyl residues in Ta
protein (type ) ), upon both acid and urea denaturation.

Human type X Bence Jones proteins of which amino acld sequences
have been determined have tryptophyl reslidues at positions 35 and
148 (28). It may therefore conclude that the two tryptophyl residues
at positions 35 and 148 of Ta protein are buried in the interior of
the protein molecule.

In the case of type 7, Bence Jones proteins, three tryptophyl resi-
dues at positions 34, 150, and 187 are invariant, and a tryptophyl
residue at position 90 in some type A proteins 1s replaced by a tyrosyl
or arginyl residue in other type 7L protein (28). Therefore, the three
tryptophyl residues of Fu protein may occur at positions 34, 150, and
187. From analogy with Ta protein, the tryptophyl residues at positions
34 and 150 may be inferred to be buried in the interior of the Fu pro-
tein molecule and the tryptopnyl residue which is located on the sur-

face of the molecule may be Trp-187. In the case of type X Bence Jones
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proteins, Tyr-186 is invariant (28), and Seon et al. (63) have reported
that the most reactive tyrosyl residue toward iodination 1is Tyr-l173
and the next reactive ones are Tyr-186 and Tyr-192. Type /1 Bence Jones
proteins have a tryptophyl residue in place of tyrosyl residue at po-
sition 187. These facts also suggest that Trp-187 may be on the sur-

face of Fu protein molecule.

v Domain Structure

It is known that the extrinsic Cotton effects of dyes attached to
a protein reflect sensitively the local envirconment of the protein
molecule (38-41). FMA molecule combined with the sulfhydryl group at
the carboxyl terminus in type X Bence Jones proteins and at the penult
in type A proteins generates characteristic extrinsic Cotton effects.
The CD spectra of FMA conjugated with different A Bence Jones proﬁeins
are closely similar to each other (Figs.,7 and 8). The similarity of
the position and sign of the CD band observed for FMA conjugated with
) proteins suggests that the local region where FMA is attached has
closely similar environment. However, the CD spectra of Jl protelns
differ one another In intensity and pH dependence. The CD spectra of
FMA conjugated with 2 Bence Jones proteins differ greatly from speci-
men to specimen in spectral locations, signs, and magnitudes (Figs.
7 and 9).

Bjork et al.(36) and Ghose and Jirgensons (37) have demonstrated
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the constant and variable halves of Bence Jones proteins exist as
independently folded regions. In view of the simllarity of the ex-
trinsic Cotton effects of FMA conjugated with )X proteins, it is sug-
gested that the conformation of the variable portion has no signifi-
cant effect on the conformation of the constant portion and the en-
vironment or conformation of the constant portion is similar to each
other in j proteins.

The difference of CD spectra from specimen to specimen in FMA-L
protein conjugates may be explained in terms of the fact that the
constant half of X proteins has a single amino acid sequence except
the residue at position 191 which is related to Inv antigenic speci-
ficity, while in the constant half of 7l proteins replacements of amino
acid residue occur at three positions of 144, 153, and 172 in addition
to position 190 which is related Oz antigenic specificity (68). Fur-
ther variation in 158 to 167 was suggested by the peptide map analysis
of some 7\ Bence Jones proteins. The extrinsic Cotton effects generated
by FMA may reflect the difference of local conformation of the constant
half in A proteins. However, the replacements of amino acid residues
may not contribute to the conformation of the constant half largely,
because the CD spectra of the constant halves of 7L proteins calculated
are similar to one another as will be described in the following sec—
tion. Fairclough and Vallee (40) showed that the extrinsic Cotton ef-

fects are more sensitive than the side-chain Cotton effects to the

(120)



conformational change of proteins. They found the difference of the
local conformation between X -chymotrypsin and chymotrypsinogen A by
use of extrinsic Cotton effects of arsanilazo-groups, though X-ray
diffraction studies show that overall folding of their polypeptide
chains is very similar to each other. The CD spectra in the wavelength
region between 320 and 240 nm, which are originated from chromophoric
side-chains of amino acid residues of these proteins, were very similar
to each other.

Another explanation is that the difference of the CD spectra of 7L
proteins is due to the interaction between the surface of the constant
half and that of the variable half. As willl be described in the fol-
lowing section, this interaction is suggested from the pH dependence
of the CD band at 300 to 310 nm of 7\ proteins. It may be taken into
account the effect of the varlable half upon the FMA molecule conju-
gated with the constant half of 7\ proteins. In the case of X proteins,
there is no interaction between two halves or, if any, the interaction
is more weak than that in the case of A proteins.

Recently, X-ray crystalographic studies show that the constant and
variable halves of ) and 7lBence Jones proteins fold independently
(42, 43). Owing to the low resolution of diffraction studies, however,

the fine structural features are not apparent yet.
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Iv-4 Stability toward Denaturants
Iv-4-1 Denaturation by GuHC1

The transitions of all the Bence Jones proteins in the present
experiments induced by addition of GuHCl begin to occur at 0.8 or
0.9 M. The results presented apove also demonstrate that the tran-
sitions of Bence Jones proteins consist of two stages. As will be
described in the following, in the case of )\ proteins, the first
transition corresponds to disruption of the constant half and the
second to disruption of the variable half. In the case of )X{ pro—
teins, on the other hand, a conformational change in both the con-
stant half and a portion of the variable half seems to occur in the
first transition.

-The denaturation of type A Bence

Type 7\ Berice Jones Proteins
Jones proteins reveals a number of noteworthy features. (1) The cde-
naturation of all the A proteins studled in the present experiments
beginsto occur above 0.9 M GuHC1l, judging from the optical rotation
at 250 nm and from the CD band at 218 nm. (2) Two stages are observed
for the change in the optical rotation at 250 nm for Ni and Tod pro-
teins. The first transition occurs between 0.9 and 1.5 M GUHC1l and
the second above 1.5 M. The GUHCl concentration at which the second
fransition ends is different Irom each other. The change in the op-
tical rotation at 250 nm in the first stage is approximately half

the total change. In the case of Fu protein, the transition occurs
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apparently in one stage. However, the change with GUHCL concentration
in the character of the CD spectrumn in the aromatic absorption région
is very similar to those for Ni and Tod proteins. (3) In the case of
the transition of Ni protein, the positive CD band at 233 nm increased
and reached a maximum at 1.5 M GWiCl, followed by a decrease with fur-
ther increase in the GUHCL concentration. Since GuHCl has an ability
to randomize the protein molecule (69), this fact suggests that the
positive band at 233 nm for N1 protelin appears as a consequence of
disruption of a part of the N1 protein molecule which, in the native
state, has an effect of reducing this positive band. The CD band near
233 nm was not cbserved for the other two type A proteins at any GuiCl
concentration. These facts suggest that the disruption must have oc-
curred in the constant half of the Bence Jones protein molecule at the
GuliCl concentrations up to 1.5 M and the residue which 1s responsible
for the CD band at 233 nm must locate in the variable half. (4) For
Ni and Tod proteins, no appreciable difference is cobserved in the CD
spectra between 1.2 and 1.5 M GUiCl. (5) The CD spectra of the three
I\ proteins in 3.0 or 3.6 M GUWICl are very similar to each other.
This suggests that the proteins in these GUHCl solutions are denatured
completely and that there was little difference in the CD spectra be-
tween the constaﬁt and variable half, when they are unfolded completely.
On the basis of these facts, 1t 1s assumed that the variable and

constant halves are folded independently and that the constant half
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of the 7, protein molecule is less stable than the variable half in
GuHCl solutions. It will be readily accepted that, whereas the con-
stant half has the same stability for all the A proteins, the sta-
bility of the variable half is different from one specimen to another.
This 1s reflected by the fact that while the first transition beging
to occur at the same GUHC1 concentration (0.9 M) for all the 7 pro-
teins, the GUWHC1l concentration at the end of the transition is dif-
ferent from each other. Thus if it is assumed that the first stage
of the transition corresponds to a conformational change of the con-
stant half, the CD spectrum at 1.2 or 1.5 M GUHCl represents the CD
of the Bence Jones protein molecule which consists of the constant
unfolded and the varieble half folded as it is in the native whole
molecule.

The observed mean residue ellipticity ( [e]N) of native Bence
Jones protein at any wavelength can be expressed by the following

equation,

_ 1 c ., 1 V
where [e]ﬁ and EGJX are the mean residue ellipticities of the con-
stant half and variable half in the native state, respectively. The

number of the residues contained in the both halves is assumed to be

identical (107).
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Similarly, the mean residue ellipticity of the completely denatured

proteins ([8].) is expressed by the equation,
D
_1 C 1 V
[9]D = E'EG]D + E-ESJD (6)

where [e]g and [e]g are the mean residue ellipticities of the com-
pletely denatured constant and variable halves, respectively. Since
no respective CD spectrum of the constant and variable_halves are
available, CD spectrum of the whole molecule of the Bence Jones pro-
tein in 3.0 or 3.6 M GUHCl was used to estimate the CD of the dena-

tured constant and variable halves with the assumption,

(015 = £ o1, [6]) = 5 (61, %

PO
poj—

or

This assumption is veryfied by the fact that all the three A proteins
have the same CD spectrum in the completely denatured state.
At 1.2 or 1.5 M GUHC1, the observed mean residue ellipticity, [e]g,

is expressed by the equation,
H_ 1 c.,1 V

The CD spectra of the native varieble half and the natlve constant

half are obtained by the Egs. (9) and (10), respectively.
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(ol = 2 { [T - 3 (e, | (9)
and

mﬁ=z{m%*<mﬁ-%w%@ (10)

As described in "RESULTS", the presence of 0.6 M GuHCl affects the
CD spectra in the region of 230 to 280 of Bence Jones proteins but
not the negative band at 218 nm which reflects the conformation of
the polypeptide backbone. The reason for this fact is not clear at
present but 1t is not due to an ionic strength effect, since 0.5 M
KCl had no effect on the CD spectrum of Tod protein. Since, however,
the CD spectrum at GUHC1l concentrations higher than 0.6 M may involve
the effect of GuHCl on the CD spectrum, the data at 0.6 M GUHCL was
used in these calculations instead of the data in the absence of GuHCl
for the value of [e]N.

The CD spectra of the native variable halves of Ni, Tod, and Fu
proteins calculated by using Eq. (9) are shown in Fig. 54. The CD
spectra are different from one specimen to another, reflecting dif-
ferent confbfmations determined by the different amino acid sequence
of the variable halves.

Figure 55 shows the CD spectra of the native constant halves of

Ni, Tod, and Fu proteins calculated by using Eq. (10). As expected,
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Fig. 54. Calculated CD spectra of variable halves of type 7\ Bence
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Fig. 55. Calculated CD spectra of constant halves of type A Bence
Jones proteins (see the text for detail). 1, Ni protein; 2, Tod

protein; 3, Fu protein.
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these spectra are very similar to each other and had a positive maxi-
mun at 300 nm and negative maxima at 293 and 218 nm. Several humps
observed in the region of 250 to 290 nm also correspond to each other.
The value of [6] at 218 nm for the three coﬁstant halves are approxi-
mately the same (-~3.3-3.5 x 103 degrees cm? dmole—l). These values

1 obtained by

are compared to a value of -4 x 103 degrees e dmole”
Bjork et al.(36) for the constant half isolated by proteolytic diges-—
tion of a 7\ Bence Jones protein. Recently, the CD spectra of constant
and variable halves obtained by limited trypic digestion of a type A
protein have been reported by Gnhose (70). The CD spectrum of the con;
stant half is in quite agreement with the spectrum of the constant
half calculated in band positions and sign.

Comparison of the CD spectra in Fig. 54 with those in Fig. 55
reveals that the amplitudes of the CD spectrum in the region of 250
to 320 nm of the variable half are much larger than those for the
constant half. The individual variation of the CD spectra of the
Bence Jones proteins is thus due to these large amplitudes at dif-
ferent CD positicns of the vardable half. In the case of X proteins,
the amplitudes of the CD spectrum of the variable half nave zlso been ob-
served to be much larger than those for the constant half (37). The
positive CD band at 233 nm observed for N1 protein is originated from

tryptophyl or tyrosyl residue (71-73) located in its variable half.

Type )X Bence Jones Proteins— The transitions of the two type X
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proteins (Ta and Ham) induced by addition of GUHCL begin to occur at
0.8 M. The transition curves determined by the measurements of [m']

at 250 nm consist of two stages (Fig. 18). Corresponding to this, the
CD measurements also confirm the presence of an intermediate (Figs.

19 and 21). The positive CD band for Ta protein and the shoulder for
Ham protein appeared around 230 nm suggested to be originated from a
tyrosyl or tryptophyl residue located in the constant half, since
Ghose and Jirgensons (37) have found that the CD spectra of the con-
stant halves isolated by proteolytic digestion of two X proteins have '
also a positive band around 230 nm. As shown in Fig. 19, the positive
band at 228 nm for Ta protein decreased steeply above 0.8 M GuHC1.
This suggests that, in the case of X proteins also, the constant half
is first disrupted by addition of GuHCl. Unlike the 7A proteins de-
scribed above, however;Athe first stage of the transition seems to
involve not only a conformational change of the constant half but

also a conformational change of a part of the varigble half. The reason
for this is that the change in the value of [m'] at 250 nm in the first
stage (from 0.8 to about 2 M GuCl) corresponds to approximately 90 %
for Ta protein and 70 % for Ham protein of the total change in the
value of [m'] (Fig. 18). At the plateau around 2 M GuHCl, the CD spe-
ctrum of Ta protein in the regicn of 250 to 310 nm is very similar to
that of Ham protein (Figs. 19 and 21), whereas, in the case of A pro-

teins, the CD spectra at the plateau around 1.5 M are very different
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from each other. This also suggests that in the case of X proteins,

the intermediate does n6£ have a conformation in which only the con-
stant half is unfolded and the variable hall remains folded. Atfempt
to drow CD spectra of the constant and variable halves of X proteins

by use of the same procedure as was done for A proteins failed.

IV-L-2 Denaturation by Urea

The results of optical rotation measurements indicate that the
ureag denaturation of Ta protein at neutral pH values proceeds in at
least two stages. The first stage corresponds to a steep increase in
levorotation between 2 and 4.5 M urea and the second to a gradual in-
crease In levorctation gbove 5 M urea. The transition is not complete
even at 8 M urea. This observation is alsc confirmed by the CD meas-
urerents (Fig. 25).

The Bence Jones protein moncomer contains two intrachain disulfide
bonds, cne in the variable half and the other in the constant half.
The reactivity of these disulfide bonds of Ta protein changes in two
steps on addition of urea (Fig. 29). Between 2 and 5 M ﬁrea, only one
intrachain disulfide bond is cleaved and above 5 M urea a further
gradual increase in the reactivity is observed. Titani et al.(74) re~
ported that complete reduction of the intrachain disulfide bond in
the varieble half of a type X protein does not occur even in 8 M urea

solution. Therefore, it is suggested that one disulfide bond of Ta
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protein which resists the reduction by DIT at high urea concentrations
i1s located in the variable half.

As described above, Ta protein contains twoe tryptophyl residues at
position 35 in the variable half and at position 148 in the constant
half and both tryptophyl residues are buried in the interior of the
protein molecule. The change in reactivity of these tryptophyl resi-
dues with urea concentration proceeds in a single step (Fig. 29) and
all the tryptophyl residues are modified at 4 M urea where only one
disulfide bond is reduced. The change in the value of AE at 293 nm
in the difference spectra produced by urea, which originates from the
change in the state of the tryptophyl residues, also proceeds in a
single step (Fig. 28). Thus, the changes with urea concentration of
the reactivity of the intrachain dlsulfide bonds and that of the tryp-
tophyl residues are not parallel with each other. This difference is
not ascribable to the difference in the pH at which these modifications
are performed, pH 8 for the disulfide reduction and pH 5.0 for the
tryptophyl modification, since no appreciablé difference is observed
between the change with urea concentration in [m'] at pH 5.5 and that
at pH 8.0 (Fig. 23). The results of the modification of the tryptophyl
residues and disulfide bonds lead us to the conclusion that conforma-
tional changes of the constant and variable halves begin to occur
simultaneously from the same urea concentration (2 M) and that the

constant half is completely unfolded at 4 or 5 M urea while a consid—
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erable portion of the variable half remains folded, especially the
portion which contains the disulfide bond.

As described above, it was shown that there exists a stable inter-
mediate in the denaturation process of X and A proteins by GUHCl. It
was demonstrated that the constant half of A proteins is first dis-
rupted by GuiCl and the intermediate is well characterized as the
molecule in which variable half remains folded as it is in the native
state and the constant half is completely unfolded. In the case of K
proteins, however, the stable intermediate has not been adequately
characterized. The intermediate state observed during the denaturation
of X proteins by GuHCl may be similar to that observed for the urea
denaturation described above.

At pH 2.1, where acid denaturation of Ta protein is complete (See,
IV-4-3), a further increase in levorotation is observed on addition
of urea (Fig. 23). As will be described in a subsequent section, the
transition of Ta protein at low pH's reflects a conformational changé
of the constant half. Thus, the transition curve at pH 2.1 shown in
Fig. 23 should mainly represent a conformational change of the vari-
able half.

As can be seen from Figs. 33 and 34, the changes in the values of
(m'] at 250 nm and A& at 293 nm for Ni and Fu proteins begin to occur
above 2 M urea. In the case of Ni protein, the changes in the values

of [m'] and AZ occur in more than two stages, and the first stage
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appears between 2 and 4 M urea. The CD measurements also confirm the
presence of an intermediate in the couse of urea denaturation. The

CD band at 233-237 nm first increases from 2 to 4 M urea and then de-
creases. Similar change was also observed for the denaturation of Ni
protein by GUHCl. In the case of denaturation by GuHCl, it was demon-
strated that the positive CD band at 233 nm of Ni protein 1s originated
from tryptephyl or tyrosyl residue in the variable half. The finding
that the CD band at 233 nm increases from 2 to 4 M urea indicates that
the constant half of the Ni protein molecule, which has the effect of
reducing this CD band in the native state, is disrupted first by urea.
However, the change in the value of [8] at 233-237 nm on going from

2 to 4 M urea 1s smaller than that observed for the denaturation by
GudCl. This indicates that a conformaticnal change of the variable
half begins to occur prior to completion of the unfolding of the con-
stant half. The change in the réactivity of the disulfide bonds of Ni
protein in the presence of urea is quite different from the change in
the optical rotation and absorption, and occurs in the urea concen-—
tration range where no change is observable in the latter properties
(Fig. 33). Similar change is also observed for Fu protein (Fig. 34).
This is quite different from the disulfide bond reactivity of type K
Ta protein in which the change in the reactivity of the disulfide bonds
parallels that of the optical rotation (Figs. 23 and 29). In the case

of Ni protein, almost one intrachain disulfide bond 1s reduced up to
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2 M urea. This disulfide bond may be the intrachain bond located in
the constant half. Above 3.5 M urea, the number of the disulfide bonds
reduced increases again. The change in the reactivity of the disulfide
bonds may reflect a small local conformaticnal change in the region
where they exist.

In the case of Fu protein, the transition cbtained by optical ro-
tation and ebsorption are sigmoidal and no intermediate is observed
(Fig. 34). Both transitions parallel each other. The reactivity of
the disulfide bonds increases in the urea concentration range where
no changes in the optical rotation and absorption can be observed.
These facts indicate that the stabllities of the variable and constant

halves are not so different as in the case of Ni protein.

Iv-4-3 pH Dependent Conformatiocnal Change

All the Bence Jones proteins studied undergo a conformational change
at pH's below 4. It is shown that the conformation of immunoglobulin
molecules changes telow the same pH (75~78). At alkaline side, Ta pro-
tein undergoes denaturation above pH 10. The CD spectrum in the region
of 230 to 210 nm first becomes deeper at pH 11.9 and then shallower
as the pH is raised further, approaching the CD spectrum characteristic
of the randomly-coiled polypeptide chain. As described in IV-1, the
results of acid-base titration also showed that Ta protein is stable

between pH 4 and 10 and conformaticnal changes occur outside of this
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region. Similar pH-stability of the conformation was glso obtained by
other Bence Jones proteins and immunoglobulins. Jirgensons (84) has
found that the specific rotation at 589 nm for some Bence Jones pro-
teins and human ¥G-immunoglobulin is constant in the region between
pH 4 and 10 and becomes more negative outside this region. Hamaguchi
et al.(27) have shown that the Moffitt parameter a, of ORD of Fu pro-
tein (type A ) becomes more negative as pH rises above 10.

As shown in Fig. 35, the acid denaturation of type 7 proteins (Fu
and Ni) proceeds in two distinct stages. In the case of Ta protein
(type X ), the transition cotained by optical rotation is sigmoidal.
However, the results of difference spectra showed that the degree of
exposure of tyrosyl and tryptophyl residues upon acld denaturation is
different depending on pH (Figs. 36 and 37). These facts show that the
acid denaturation of Bence Jones proteins of both antigenic types oc-
curs in two or more stages like as GUHCl and urea denaturations. Be-
cause the acid denaturation proceeds to a large extent even in the ’
earlier phase of the reaction, it was difficult to measure the rate
constant of the denaturation precisely. However, the preliminary ki-
netic expériments on Ta and Fu proteins suggest the acid cenaturation
does not obey a first oder reaction. The fact also suggests that there
exists a stable intermediate in the acid transition of the Bence Jones
proteins.

The results of difference absorpticn spectra show that one of the
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two tryptophyl residues buried in the interior of the Bence Jones pro-
tein (Ta) molecule is exposed on acid denaturation. A complete exposure
of the other tryptophyl residue is acconplished only after addition of
urea. As has been described in the section of urea denaturation, the
further change in the value of [m'] at 250 nm was observed by addition
of urea to the solution at pH 2.1, where the transition by acid had
been completed. Therefore, the acid-denatured Bence Jones protein mole-
cules are not in the completely disordered state. Recently, Ghose (70)
has studled the stabilities at pH 2.1 of the constant and variable
halves obtained by limited tryptic digestion of a type X protein, and
shown that the constant half undergces drastic unfolding whefeas ne
unfolding 1s observed for the variable half. Thus, the transition curve
of Ta protein in Fig. 35 should represent a conformational change of
the constant half. Theréfore, the tryptophnyl residue which is exposed
on acld denaturation should be located in the constant half of Ta pro-
tein.

As shown 1n Fig.44, wnile the values of [8] at 210 nm change below
pH's 4, the values of [8] at 233 nm first increase from pH 5 to 3.5,
become constant and decrease below pH's 2.5 in the denaturation of Ni
protein. The change in the ellipticity at 233 nm on going from pH 5.4

l. The similar change of this

to 3.5 was agbout 300 degrees en® drole”
CD band was observed in the course of denaturation of Ni protein by

GUHCL and urea. In the case of denaturation by GUHCl, it was suggested
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that the CD band at 233 nm was originated from a tryptophyl or tyrosyl
residue in the variable half, and the increase of this band was a con-
sequence of disruption of the constant half. Therefore, it may be con-
cluded that the constant half of A proteins is first disrupted in the
acid denaturation as well as in the GuUHCl denaturation.

The CD spectra obtained in the present study and those obtained by
Ikeda et al.(20) show that, while the CD spectra of type X proteins
have a positive extremﬁh between 293 and 297 nm and have no CD band
at arcund 300 nm, the CD spectra of type;ﬂ.proteins have a positive
extremum detween 300 and 310 nm in addition to an extremum at arcund
295 nm. This reflects the difference in the state of tryptobhyl resi-
dues between type X and type A proteins. & CD band at 300 to 310 nm
has been observed for some proteins such as chymotrypsin (79), o&albmin
(80), bromelain (8l), and lysozyme (82, 83) and has been attributed
to tryptophyl residues. As descfibed above (See, IV-2), it was sug-
gested that Trp-187 in type AL proteins is exposed on the protein mole-
cule and Trp-34 and 150 in type A protein and Trp-35 and 148 in type
X proteins are buried in the interior of the protein molecules. These
two buried tryptophyl residues for type X and type A proteins behave
quite similarly in acid denaturation. The fact that type A proteins
have a CD band at 300 to 310 nm while type k proteins have no CD band
in this wavelength region, suggests that Trp-187 of type A proteins

1s responsible for the presence of the CD band at 300 to 310 nm. This
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cenelusion was supported by the results of GUHCL denaturation of type
2 proteins. The calculated CD spectra of the constant halves in the
three type A proteins have a CD band at 300nm. The CD band at 300 to
310 nm of Ni and Fu proteins change with pH in the reglon where no
conformational change occurs (Fig. 41). This fact suggests that tne
exposed tryptophyl residue at position 187 interacts with closely
spaced iocnizaple group. The replacements of amino acid which concern
lonizable groups in the constant region is that of Lys and Asn at
position 172 and Lys and Arg at position 190 which related to Oz factor.
It is difficult to interpret the pH dependence of the CD band at BOb
to 310 nm for Fu and Ni proteins in terms of the interaction of a
tryptophyl residue and lysine or arginine residue, since the midpoint
of the pH dependence lies near pH 6. Therefore, the pH dependence of
the CD band would be interpreted in terms of Trp-187 and an icnizable
groups which exist in the variable region. In the case of cther type .
A proteins, Sh and Ko, no changs with pH was observed for the CD band
at 300 to 310 nm. This fact suggests that Trp-1l87 of these proteins
does not interact with ionlzable group. However, it can not be over-
looked that the replacements of amino acid residues in the constant
half of A proteins cause the local donformational change of this half,

as was discussed in IV-3.
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\' CONCLUSION

(1) Potentlometric and spectrophotometric titrations of a type X
Ta protein show that eighteen carboxyl, one &-amino and ten ¢-amino
groups have normal pKint values. One of two imldazole groups has a

normal pKin value but the remaining cne is masked in the interior of

t
the protein molecule. Only one of the nine tyrosyl residues ilonizes
freely without any conformational change. From the change in the
electrostatic interaction factor of the Linderstrgm-Lang equation
with pH, it was found that a conformational change occurs below pH 4.0
and above 10.2.

(2) Modification of the tyrosyl residues with N-acetylimidazole (NAI)
shows that two type X proteins and two of four type A proteins had a
tyrosyl residue which is acetylated at low concentrations of NAL. At
higher concentrations of NAIL, additional two tyrosyl residues were
acetylated. Other two type 7L proteins were exceptional; one had three
and the other had five NAI-reactive tyrosyl residues. In the native
.State, no tryptophyl residue in a type X protein (Ta) was modified
with 2-hydroxy-5-nitrobenzyl bromide (HNB bromide). A type A protein
(Fu) had one HNB-bromide-reactive tryptophyl residue. In 6 M urea, all
the tryptophyl residues (two for Ta protein and three for Fu protein)
were modified. Difference absorpticn spectra showed that one of two

buried tryptophyl residues of these proteins was exposed upon acid
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denaturation and the other was exposed on further treatment of acid-
denatured protein with 6 M urea. It was suggested that the tryptophyl

residue which is located on the surface of the Fu protein molecule is

Trp-187.

(3) Extrinsic Cotton effects of fluorescein mercuric acetate (FMA)

conjugated with the cysteine resicdue procduced by reduction of the
interchain disulficde bond of Bence Jones protein were investigated.
Thne extrinsic Cotton effects of FMA attached to X Bence Jones pro-
teins were similar to each other. In the case of A Bence Jones pro-
teins, however, the extrinsic Cotton effects were greatly different
from specimen to specimen, reflecting difference in the environment
of the COCH-terminal nalf of A proteins.

(4) In the case of A proteins, the constant half is first disrupted
in the course of denaturation by GuHCl and the presence of an inter-
mediate, in which the constant half is conpletely unfolded and the
variapble half remains to be folded, is observed. The results of urea
denaturation of Ni protein also show that the variable half is more
stable than the constant half in wrea sclution. On the other hand,
for another type 7. protein, Fu, no distinct difference is observed in
the stabilities of the variable and constant halves in the denatura-
tions by GUHCL and urea. In the acid denaturation of Fu protein,
however, it was shown that one cf two buried tryptophyl residues

exposed,
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In the case of X proteins, an intermediate which appears in the
course of the denaturation by GuHCl, has not been characterized as
the state in which the constant half is completely unfolded and the
variable half is completely folded. The results of urea denaturation
of X proteins suggest that in the intermediate which appears in the
course of urea denaturation, both the constant and variable halves
are disrupted by urea but the region in which the intrachain disul-
fide bond in the variable half is located remains intact. Acid dena-
turation of type X proteins accompanies exposure of cne of the two |
buried tryptophyl residues. The tryptophyl resicdue which 1is exposed
on acid denaturaticn should be located in the constant half. Therefore,
it may conclude that the variable halves both X and A proteins so far

studied are more stable ageinst denaturing agents than the constant

halves (See Fig's 56 and 57),
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A schematic representation of the denaturation of type A Bence Jones proteins




A schematic representation of the denaturation of type K Bence Jones proteins
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