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2 (Abstract)

LB

WE 4t T CORMEBIW O ML I BV Tld, OMPIKTEMRS A 4 > F v > F LB v
THEH, B4+ D HBANFEAL TS, AT EHA A OKESIENS TH B A
Ca" b RIFHICHA L T b, MR ATEA L7z Ca® idna K /C" SR i X iz
ANBEHE T Wb, IEIE ST &, G -4 U0 E RAKRVIATT —F
DIMERIEHAL S L, OMPIRIFUR A 4 > F v Y AVl L 5, ZHUlfEv HIBEN A~
DA F Y OWADIEE Y, HHASEISESET 5, Na-K'/Ca” 28 B 136 & 13 1 B
FRIZ, Ca¥ B HEH LT B DT, BT Tid, WSt FIC MmN Ca™ iR 13
5, TOCIREDZEALDS, HHIBONISICEETH AT EPHLPIZINTETZ,
ATV AL I RCa RETO K/ v D) VB EET 55 Vs B (S-EVa
V) PFLELTCRA, UFT7Yro) YBBIRD F 7Y Y OREHLICEETH S D
T S—EVa) VIdHCRETHRM D 7Y Y OHFGET ST L, BSICHY
LTWwa EZZ N5, B, PEMBERICBVWTS, S—TVa) VEBY V30 HE
DEESHLPICENTETEY . S—F V21 YOBIIEA T RO OFZED FER M 72 1%
LB HDOLMEFETX B,

RS — T2 (s26) Orua—4k
FiZ, D VBRSO - %Ca ey N0 (s 26) zyu—igli-, #EE
ENBs 26073 /BEAIG, ¥YY (=7 NUMBBICIET 2 LELONT VS
FUNIE) DYDETT%, S—FEV2)rDLDE 6 T%A—H LTIz, Kk
BAVENTFEA VTS —EJa) Yy, s 26D VBTG CORBE <25,
S—ETa ) VMEABMIEIC, s 2 6 IXSERARMIRLCAEAET 2 S LIS Il o T,
CHOZEPOFMEIDOS —ET 2 VRS X IR L SRR (&
b2REDT TI A THFLELTEZ EBMHL PR o7,

S—EVay¥, s260RHE

S—ETVa) ., s2 6DONKIIEI YA M VAT Vise ) NRITBRIE i
ENTVEEEZONL, LTFTOREIZE D, NERKEHDOS -T2 ks 26,
RUNKIVAPIWELES—EV 2 vEs 26D 4AFR 2N EPRABRORTH
HE, 1 ORBEE, OB TmgD s Vs BERPT I LKL, S—EV
J¥. s26%3— K3 HADNAWA 2HBAY ¥ — (ET-16t) (T AR A, KIGH
(BL21DE3) # B HE¥ER L, IPTCEMATRBE2HFE L, NEKDI ) A F A IVfLid
RVARVEFI VAT 2T —BREFH S, BRPIIJAFUVBEMALZ LI
ENFTotze BBLY YNy BREAMEE LTHELZ0, RETTELLHE,
RS, ShoDy URIZBIIRROS—ET2) ¥, 526 LD HETH
BN EETH - 77,




NEIYVRA M WALS —EV ) ¥, RUs 2 6 DCBEIKTF LA MN) T 77
YOMIBANRT FVEALERBLZE S, MEOCHHEERICKE 2EIRONR
MNotze ¥ NEI YR ALY 3y BidECa™ 8 B T oMM A S I L7
DS, RBEIO Y VX HiEb T LS Laholz, OIS, NEDI) A K
A WAL E~ OB AICEETH 5 & L25F Sz,

S—FV2Y O CKMEDEMHDRE

BHA ST A AU LRI A, STV 2 Vids 2 612HT, X
DV AEUE R o TV A LA HO NI ko7 NARDL 1 73FHOTI/VRET
Bs26D8F., CERD29TI/EBENFES -2 YOI EFo/-F AT s 261
S—EVa) YEFEDOEEEUEZ KL, TSI L, BOMAGHEDOF AT S
—EVa) Vids 2 6 RSO E R LT, FCRITEDIEEBMZIRE L2
BS—EV2)Vids 26 LTOREWUL RSB olns, AEBWEZHRALALS —F
Ja) rTCiE, BAEMOS -V ) YULOREEWER L, £, IhbDy ¥
NoBou F7Y v YEBCKT A BB AR, BueRESH RO S LN
7B IIERESHOEN S S BIZHA, X ERgicu KT 0 YEMEEIE L
72 SDZENPHS—EY ) yOCEKDEEBMIL, BEANOKEML®D, £HIZLD
OR7orn) VBALIESRE SO T LEEZONS, BMIICHFETAS—EY 2
) VRS TNy BIGARARED & RN S B S, AMRENE SR RN IR CORFTE
WEIDNELDIEBWZHE ST I VA EATWVE, Z0720 X 0 iR CARMIALEIE I &
L. VI, v F7vro) VBLERET S L ER O, @RI RICTE
RC, LR EIHRETAZ EPMONT VD, s 260385 -ET 1) I~
THWE Y Y BALBEEOIFEIME & & DO R VIR B IS LT 4 TR
BEZLND,

S—ET2YVDFNEFNDOI N T ARSI ORE

S—FY a2 it 4 DDEF-hand®F — 7HFEHET LD, 2D bCa 2 HATE
%5 DIEEF-hand 2¢ EF-hand 30 2 7 FiChH b, D) bDO—F e FRINERIZL -
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TrT 7 VO ANY FVIFFHERS - £V 2) 00 IT-R L, DTk
POERDEAES —EV2) YOWEF RESBEL R EEZ LML, THE
NB LI, BAERMS —ETa) Yid145FH7) 2 o0C " 2#4G L. E8SMIZ 1 47
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Chapter 1

Introduction




Photoreceptor is a highly specialized neuron which responds to light and transmits
electrical signals to secondary neurons. Rod photoreceptors of vertebrates are one of
the most well-studied neurons by using physiological and biochemical techniques. in
the dark adapted vertebrate rod photoreceptor cell, cGMP-gated cation channels are
opened and a steady current flows into the cell (1, 2). Most of this current (~70%) is
carried by Na*, buta small portion (~15%) is carried by Ca® (3). This Ca** entered into
the cell is continuously pumped out by a Na*-K*, Ca** exchanger (4, 5). Light activates
visual pigments, which activates GTP-binding proteins (transducin) (Fig. 1-1). Then the
activated transducin activates phosphodiesterases (PDE), which cause the
decreasement of the cytoplasmic cGMP concentration. Consequently, cGMP gated
cation channels are closed, and the photoreceptor is hyperpolarized. Since the entry of
Ca®™ is blocked, during light-adaptation, the cytoplasmic Ca®" concentration is
decreased. This change of the cytoplasmic Ca* concentration is the underlying
mechanism of the photoreceptor's adaptation (6, 7).

The phosphorylation by rhodopsin kinase is important for the deactivation of
light-activated rhodopsin (8, 9). A Ca®"-binding protein (S-modulin) found in frog rods
inhibits the rhodopsin kinase activity at high Ca® concentrations, but does not interfere
atlow Ca” concentrations (Fig. 1-2) (10). In this mechanism, S-modulin contributes to
increase the light-sensitivity of the dark-adapted rod photoreceptor cell. Since
S-modulin is one of the key proteins in the adaptation, great efforts were made by
many groups to clarify the molecular mechanism of S-modulin. For example, Ames et
alinvestigated the structures of Ca®*-free and Ca®-binding forms of S-modulin by NMR
technique (Fig. 1-3) (11). Zozulya et al and Dizhoor et alindicated that the N-terminus
of S-modulin is myristoylated, and the Ca®-binding causes the exposure of myristoy!
group, which enables S-modulin to bind ROS membrane (12, 13). This property is

called " Ca*-myristoyl switch" and may be important for S-modulin functions. Recently
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S-modulin like proteins were found in the central nerve systems, so the knowledge of
S-modulin may lead us to understand the modulation system of these neurons.

There are two kinds of photoreceptor cells, rods ar.d cones which are thought to be
responsible for the twilight and daylight vision, respectively. Rods are more sensitive
than cones, and the light response of cones is faster and is terminated more rapidly
than that of rods (14) (Fig. 1-4). Recent works suggest that the signal transduction
pathway of cones is similar to that of rods, and there are rod and cone types of proteins
participating in the phototransduction (15-19).

In the chapter 2, cDNA encoding s26 (a Ca*-binding protein in frog retina) was
isolated, and the localization of S-modulin and s26 was investigated. It was shown that
s26 is a cone homologue of S-modulin. The difference in the amino acid sequence
between S-modulin and s26 is found mainly in carboxyl terminal regions. That is
S-modulin C-terminus has more charged amino acids than that of s26. In the chapter 3,
the over-expression system of S-modulin and s26 were established, and biochemical
properties were investigated. In the chapter 4, the role of carboxyl terminal charges of
S-modulin were investigated by using chimeric and site directed-mutants. It was
indicated that the C-terminal positive charge of S-modulin enhances rod outer
segment (ROS) membrane association and increased the inhibitory efficiency on
rhodopsin phosphorylation.

There are four EF-hand motifs in S-modulin, but anly two of them (EF-hand 2 and
3) are thought to be able to bind Ca®* (20). Therefore, Ca**-binding to these regions
induce ROS membrane-association and irhibition of rhodopsin phosphorylation. In the
chapter 5, the role of each EF-hand was investigated by using site directed mutants. It
was suggested that Ca**-binding to EF-3 induces the exposure of myristoyl group, and
enables EF-2 to be a functional Ca®**-binding site. Ca®"-binding to EF-2 is essential for

the inhibition of rhodopsin phosphorylation.
6
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Figure 1-3: Three dimensional structures of bovine S-modulin (recoverin)
determined by NMR (11). A and B indicate the Ca*-free and Ca*-bound forms,

respectively.
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Figure 1-4: A and B indicate the photo-response of rod and cone photoreceptor

cells, respectively (21, 22).
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Chapter 2
Photoreceptor Protein s26,

a Cone Homologue of S-modulin
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Introduction

On light absorption, vertebrate rods hyperpolarize through a well characterized
phototransduction cascade (1-3). Photoreceptors not only respond to on and off of
light, but also adapt to environmental light. The underlying mechanism of light
adaptation has been shown to be the decrease in the intracellular Ca®** concentration
in the rod outer segment during light. Frog S-modulin and its bovine homologue,
recoverin (5), inhibit the phosphorylation of the light activated rhodopsin at high Ca**
concentration (6, 7). Rhodopsin phosphorylation is the shutoff mechanism of light
activated rhodopsin. Therefore, the Ca*-dependent inhibition of rhodopsin
phosphorylation probably contributes to increase in the light sensitivity of a rod
photoreceptor during dark adaptation by increasing the lifetime of light activated
rhodopsin. Recent studies showed that S-modulin family proteins are expressed in
several nervous tissues.

A protein named s26 (small 26-kDa protein) was found during purification of
S-modulin (12). The molecular characteristics of s26 are similar to those of S-modulin
in several aspects. For example, their apparent molecular weights are slightly different
but close to 26-kDa on the SDS-PAGE gel and they both bind to a hydrophobic
column, phenyl-Sepharose, in a Ca®*-dependent manner (12). The major difference is
that s26 is eluted from a DEAE column at higher salt concentrations than S-modulin.
These results raised the possibility that s26 is either a chemically modified form of
S-modulin or a molecule different from S-modulin having a similar or different function
in photoreceptors or other cells in frog retina. A chicken photoreceptor protein, visinin,
has been reported to be present in cones (13) and have similar activity as S-modulin

(14). Therefore, one possibility is that visinin is a cone homologue of S-modulin and
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that s26 is frog visinin. However, the possibility that visinin is the cone homologue has
been questioned because only the recoverin immunoreactivity has been found in both
rods and cones in mammals (5, 15-17). Another possibility is that s26 localizes in some
bipolar cells, because a recoverin-like protein is suggested to be presentin these cells
in human and monkey retina (17). In the present study, to clarify these points, | cloned

cDNAs encoding s26, and examined the localization of s26 in frog retina.

Experimental Procedure

Determination of Partial Amino Acid Sequence of s26 — Purified s26 was digested
with lysyl endopeptidase (Wako) according to the manufacture's protocol. The peptide
fragments were isolated by reversed phase HPLC (C,, ODS column, Nakarai) by
applying 0-100 % gradientof 80% CH,CN in the presence of 0.1% trifluoroacetic acid.
Major peak fractions were collected (Fig. 2-1), and the amino acid sequences of these

peptides were analyzed by a protein sequencer (Applied Biosystem model 473A).

Isolation of cDNA Clones of s26 — The cloning strategy of s26 cDNA is illustrated in
Figure 2-2. | synthesized degenerate oligonucleotides corresponding to the region
between site specific to s26 and that conserved among S-modulin, visinin, and
recoverin (see Results). The synthesized oligonucleotides were used as the primers for
PCR. The PCR products were then used for the search of cDNA encoding s26. Since
the full-length cDNA of s26 was not found in our cDNA library, RACE-PCR (18, 19) was
applied to determine the complete nucleotide sequence at both ends. In this PCR, frog

retinal cDNA was prepared according to an ordinary method (20), and RVF1
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(CGAAGCTTCATCTAACCTCTTCAGGG) and RVR1 (CGAAGCTTGGAGGGATCATCT
TGATT) primers were used for amplification of the 3' and the 5' regions, respectively

(21).

Antibody Production — A Japanese White rabbit was immunized by a synthetic
peptide of s26. An s26 peptide (see Result) was conjugated with maleimide-activated
KLH (Pierce) through cysteine attached to the amino terminus cf the peptide. Anti-s26
peptide antibody was affinity purified by its elution from a Western blot of purified s26.
Anti-S-modulin antibody was raised against S-rnodulin in a mouse. Due to
cross-reactivity of this antibody with s26, S-modulin antibody was preabsorbed by s26

before use.

Immunohistochemistry — Frogs were dark-adapted for atleast 2 h, and the retina was
removed with the aid of IR converter. A piece of the retina was fixed in the dark
overnight at 4°C either with Omni Fix (Xenetics Biomedical Inc.) or Bodian Il solution

(70% ethanol, 5% acetic acid and 5% formaldehyde) and then dryosectioned.
Immunoreactivity of anti-s26 antibody was detected by fluorescein

isothiocyanate-labeled anti-rabbit IgG antibody (Zymed laboratories Inc.) and
anti-S-modulin antibody by Texas Red-labeled anti mouse IgG antibody (Zymed
Laboratories Inc.). Fluorescence was detected using a confocal microscope (Bio-Rad

MRC 500 and MRC 600).

Evolutionary Distance Analysis among S-modulin Family Froteins — Evolutionary
distance of the sequence (k) were calculated for 192 amino acids in the regions from
Met-1 to Val-192 of s26. In this calculation, | used the proportion value (p) determined

for the two amino acids and took multiple substitution into consideration with an
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equation of K = -In(1-p-p?5) (22). A phylogenetic tree was constructed by the
neighbor-joining method (23) using chicken VILIP (24), bovine neurocalcin (25), and

human hippocalcin (26) as outgroups.

Result

Amino Acid Sequence of s26 — Qur preliminary study showed thatthe N terminus of
s26 is blocked. For this reason, partial amino acid sequence were first determined in
the proteolyzed fragments of s26. Furified s26 was digested with lysyl endopeptidase,
and the peptide fragments were isolated by reversed phase HPLC (peak a-fin Fig.
2-2). The amino acid sequences of the six peptides were analyzed by a protein
sequence analyzer (inset a-fat the top of Fig. 2-1). The result showed thét the partial
amino acid sequence of s26 is similar but definitely different from that of S-modulin,
which showed that s26 is a protein distinct from S-modulin.

The amino acid sequence data of the six peptides were compared with those of
S-modulin. Based on this comparison, PCR amplification of a partial cDNA clone of
s26 was attained between two regions, one determined in peptide a (/arge dots in Fig.
2-3) and the other having consensus amino acid sequence among S-modulin,
recoverin, and visinin (small dots in Fig. 2-3). Degenerate oligonucleotides
corresponding to those regions were synthesized and used as primers. The PCR
product was then used for the search of cDNAs encoding s26. The results, however,
showed that our frog retinal cDNA library does not contain the full-length cDNA of s26.
Then, RACE-PCR method was applied to determine the 5' and the 3' ends of cDNA of

s26. A primer RVF1 (Fig. 2-3 arrow indicated by *) was used for determination of the 3'
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region and RVR1 (arrow indicated by * * ) of the 5' region (see "Experimental
Procedure").

Fig. 2-3 shows the nucleic acid and deduced amino acid sequences of s26. The
first ATG is followed by an open reading frame of 588 bases and fulfills the Kozak
criteria for the initiation signal in eukaryote (27). As this ATG being the translational
initiation codon, this cDNA encodes 196 amino acids.

As underlined in Fig. 2-3, the deduced amino acid sequence in the cDNAs
contained all the sequences found in the six peptide fragments of s26 shown in Fig.
2-2. In addition, the calculated molecular mass was 22,818, which is close to the
molecular mass of s26 estimated by SDS-PAGE. |, therefore, concluded that these
cloned cDNAs encode s26.

In Fig. 2-4, the amino acid sequence of s26 was compared with those of S-modulin
(7) and visinin (13). Similarly as in S-modulin and visinin, s26 contains three putative
EF hand structures (Fig. 2-4, dotted lines). However, EF1 might be defective because
of the cysteine residue in this structure, and EF2 and EF3 are probably the actual
Ca®-binding sites (28.). The N-terminal region of s26 has a consensus N-terminal
myristoylation site (GXXXS; ltalic) (29); therefore, the terminal methionine would be
cleaved, and the N-terminal glycine is modified by lipids. This idea is consistent with
our finding that the N terminus of s26 is resistant to Edman degeneration. Even though
both s26 and S-modulin are found in frog retina, the amino acid sequence of s26
shows only 67% identity to S-modulin but 77% identity to visinin, a Ca*-binding
protein reported to be present in chicken cones (Table 2-1). The evolutionary distances
calculated from the sequence data showed that s26 is a closer member to visinin than

S-modulin (Fig. 2-5).

Localization of s26 in Frog Retina — Rabbit anti-s26 antibody was obtained to
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examine the localization of s26 in frog retina. S-modulin and s26 are both present in
frog retina, and their amino acid sequences are similar. Therefore, a highly specific s26
antibody is required. An antibody was raised against a synthetic peptide whose amino
acid sequence is speéiﬁc to s26 (GIn-174 to Met-183; underlined in Fig. 2-4). This
antibody did not cross-react with S-modulin on the Western blot (Fig. 2-6, middle three
lanes).

Localization of s26 in frog retina was detected by fluorescence attached to
secondary antibody. Immunoreactivity of anti-s26 antibody was present in the
photoreceptor layer in frog retina but not in other layers (Fig. 2-7 A). A magnified
picture indicated that cones are immunoreactive but rods are not (Fig. 2-7 B). The
result, therefore, showed that s26 is expressed in cone photoreceptors. The
immunoreactivity of 526 distributed uniformly within a cell. By comparing a
transmission image with a fluorescence image, it was found that most of the
immunoreactive cells had oil droplets and the cells having oil droplets were mostly
immunoreactive.

We also tried to obtain an anti-S-modulin antibody against a synthetic peptide of
the corresponding region of S-modulin to examine the localization of S-modulin.
However, the attempt failed. As an alternative, | obtained a polyclonal anti-S-modulin
antibody raised against S-modulin whole protein. This antibody recognized both
S-modulin and s26 (data not shown); for this reason, the S-modulin antibody was
preabsorbed by s26 before use. This partially purified S-modulin antibody recognized
S-modulin but not s26 on the Western blot (Fig. 2-6, right three lanes) and stained
mainly the photoreceptor layer (Fig. 2-7 C). Since the cell body of a rod is present at
the outer half of the outer nuclear layer (onl in Fig. 2-7), the immunoreactive cells were

judged as rods (Fig. 2-7 D).
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Discussion

In the present study, the cDNAs of s26 were cloned, and the deduced amino acid
sequence showed a higher homology to visinin (Fig. 2-4 and 2-5, Table 2-1).
Immunohistochemical analysis showed that the immunoreactivity of anti-s26 antibody
was found in cones (Fig. 2-7). It was indicated that the purified s26 inhibited
phosphorylation of rhodopsin at high Ca®* concentrations as S-modulin does (30).
These results showed that s26 is frog visinin and is a cone homologue of S-modulin in
frog retina. In addition, the immunoreactivity against anti-S-modulin antibody was

found in rods (Fig. 2-7).

Rod-and-cone Cell-type Specific Expression of S-modulin Homologue — The present
study showed that s26 is presentin cones and S-modulin in rods in frog retina. This is
the first demonstration that a different set of the S-modulin homologues is expressed in
the same retina in a cell-type specific manner. The rod-and-cone cell-type specific
expression is generally observed in the proteins involved in the phototransduction. For
example, besides visual pigments, arrestin (31, 32), transducin (33, 34), cGMP
phosphodiesterase (35, 36), cGMP-gated channel (37) are expressed in a cell-type
specific manner. In this sense, the result in the present study is consistent with previous
studies. In mammalian retina, however, cone homologues of S-modulin have not been
found. Namely, immunoreactivity of anti-recoverin antibody was found in both rods and
cones in human, monkey, bovine and rat retinas (5, 15-17). Furthermore,
immunoreactivity agaihst an antibody specific to chicken visinin has not been found in
human and bovine retina (16), and an attempt to isolate visinin from bovine retina was

not successful (16). In mammals, therefore, recoverin might be expressed
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exceptionally in both rods and cones. However, the cone homologue may have not
been detected because the cone homologue has high homology to recoverin and
differs significantly from chicken visinin in its amino acid sequence.

The present study suggests that cell-type specific expression of S-modulin
homologue is also present among cone cells in frog retina. In frog retina, three kinds of
cone cells are present (38): single cones and double cones consisting of principal and
accessory member. Single cones and the principal member of the double cone have
oil droplets, but the accessory member does not. In the present study, most of the
cones immunoreactive to anti-s26 antibody possessed oil droplets and inversely,
cones having oil droplets were mostly immunoreactive to s26 antibody (see "Result").
These observations suggest that s26 is presentin both single cones and the principal
member of the double cone but not in the accessory member. In agreement with this
view, microspectrophotometry has shown that the absorption maximum of the visual
pigment in single cones is the same as that in the principal member but differs from that
in the accessory member (39). The above consideration, therefore, suggests that
another S-modulin-like protein is present in the accessory member of the double cone
in frog retina.

In frog retina, another type of rod photoreceptor, green rods are present
Unfortunately, it was not clear in the present study whether green rods have the same

S-modulin as red rods.

Function of s26 — As shown by Kawamura et al (30), s26 inhibits thé phosphorylation
reaction of rhodopsin at high Ca®" concentrations. This observation is consistent with
the previous finding that visinin and recoverin have the same effect on the prolongation
of a photoresponse in gecko rods (14). S-modulin in frog rods has been postulated to

be a Ca’-dependent regulator of rhodopsin phosphorylation (6). Similarly, as

21




S-modulin does, s26 would regulate the phosphorylation reaction of cone visual

pigments in a Ca*-dependent manner.

Distribution of s26 and S-modulin in a Cell — According to the postulated function of
s26 and S-modulin, these proteins are expected to be present in the outer segment.
However, it does not‘seem to be the case for two lines of evidence. One is that
immunoreactivities against s26 and S-modulin antibodies distributed throughout the
cell (Fig. 7). This observation agrees with the previous studies done by others (5, 15,
16). However, this result does not always mean that these proteins distribute
throughout the cell under in situ condition. Since S-modulin and s26 are essentially
soluble, these proteins may diffuse from the outer segment to other parts of the cell
during fixation. This possibility, however, is excluded by the second line of the
evidence that the molar ratio of s26 to S-modulin is much higher than that of their
corresponding visual pigments. The molar ratio of core to rod visual pigment could be
an indicative of the volume ratio of their outer segments. For this reason, if s26 and
S-modulin are present exclusively in the outer segment, the molar ratio of
$26/S-modulin should be similar as that of cone/rod visual pigment. According to the
microspectrophotometric measurementin the retina of a frog (Rana pipiens), the molar
ratio of cone visual pigment to that of rod visual pigment (rhodopsin) is ~0.2/10 (38),
while s26 /S-modulin ratio was ~7/10 in the present study (see "Results"). The
population of cones is almost equal to that of rods in frog retina (39), and the sizes of
their inner segment aﬁd cell body of a cone are not so different from those of a rod
(rough estimation from electron micrographs in Ref. 38). For this reason, the ratio of
526/S-modulin (~7/10 in this study) could be explained by uniform spatial distribution
of s26 and S-modulin in cones and rods, respectively.

The uniform distribution of these proteins may mean that these proteins not only
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inhibit phosphorylation of visual pigment but also have some other function(s) in other
part of the cell. Alternatively, the uniform distribution may just reflect that these proteins

are essentially soluble. Further studies are required to solve this issue.

23
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Figure 2-1: Separation of proteolyzed s26 fragments by reversed phase HPLC and
their amino acid sequences. Purified s26 was digested with lysyl endopeptidase. The

proteolytic fragments were isolated by reversed phase HPLC. Amino acid sequences

of the six major peptides (a-f) are shown (upper inset).
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Figure 2-2: Cloning strategy of cDNA coding s26.
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TGTTTACAGTCTATAATAAAAGGATATAGATACTGAAATCTAATAATTAAAAGAATCTAC

CATAGAAAAAAARAAAAAAA

Figure 2-3: cDNA and deduced amino acid sequence of s26. Large and small dots

indicate the regions used as the primers in PCR. Arrows indicate the primers used for

RACE-PCR; one (*)'for determination of the 3' end and the other (*

sequence (a-fas in Fig. 2).

26

60

120

180
28

240
48

300
68

360
88

420
108

480
128

540
148

600
168

660
188

720

780

840

%) of the 5' end.

The sequences in the six peptides obtained by reversed phase HPLC are found in this
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Figure 2-4: Alignment of amino acid sequences cf S-moauiin, s26, and visinin. A

colon shows identical amino acid and dotted lines EF hand structures. /talic (Gly-2 to

Ser-6) shows a consensus N-terminal myristoylation site,'and a line (GIn-174 to

Met-183) shows the sequence used for generation of anti-s26 antibcdy.
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S-modulin Recoverin Visinin S26

% % % %
S-modulin 100 83 61 66
Recoverin 100 59 66
Visinin | 100 77
s26 100

TABLE 2-1: Amino acid sequence identities among frog S-modulin, bovine

recoverin, chicken visinin, and frog s26
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Chicken Visinin

Frog s26

Frog S-modulin

—— Bovine Recoverin

———— Human Recoverin

7 .
0.1 Mouse Recoverin

Figure 2-5: A phylogenetic tree of S-modulin protein family. According to the
reported sequences of the proteins shown, evolutionary distances of the sequences
were calculated. The sequences used were those of visinin (13), S-modulin (7), bovine
recoverin (5), human recoverin (40), and mouse recoverin (41). Bar indicates 10%

replacement of an amino acid per site (k = 0.1; see "Experimental Procedure").
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Figure 2-6: Western blot analysis of antibodies raised against an s26 peptide and
S-modulin molecule. Purified s26 (s26), S-modulin (S-mod.), and retinal homogenate
(retina homog.) were subjected to SDS-PAGE and then transferred to a nylon
membrane. The transferred proteins were stained with Coomasie Brilliant Blue (left
three lanes) or subjected to Western blot analysis by the anti-s26 (middle three lanes)
and the anti-S-modulin antibodies (right three lanes). Inmunoreactivity was detected

by the ABC method and visualized with horseradish peroxidase-diaminobenzidine

reaction.
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Figure 2-7: Immunofluorescent staining of frog retina with the anti-s26 and the
anti-S-modulin antibodies. A and B, staining with the s26 antibody at low and high
maghnification, respectively. C and D, staining with the S-modulin antibody at low and
high magnification, respectively. Each bar in the figure shows 50 um; olm, outer limiting
membrane; onl, outer nuclear layer; opl, outer plexiform layer. Fluorescence image

was superimposed on the transmission image.
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Chapter 3
Functional EXpression and Characterization of Frog

Photoreceptor-Specific Calcium-Binding Protein
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Introduction

In rod cells, light activates rhodopsin, which triggers the phototransduction
cascade, resulting in the closure of cation channels. Ca* influx through this cation
channel is then stopAped, and consequently the intracellular Ca* concentration
decreases. The light-activated rhodopsin is inactivated probably with phosphorylation
by rhodopsin kinase, cGMP-gated cation channels are then opened, and the
intracellular Ca?* concentration is then restored to a high level. This change in the Ca®*
concentration has been suggested to be the underlying mechanism of the light-dark
adaptation of vertebrate photoreceptor cells (1, 2). Kawamura and Murakami (3) found
a photoreceptor-specific Ca®*-binding protein, S-modulin (sensitivity-modulating
protein), which controls the phosphorylation of light-activated rhodopsin in frog rods.
S-modulin inhibits rhodopsin phosphorylation at high Ca®* concentration (thatis, in the
dark-adapted state), but not at low Ca* concentration (light-adapted state) (4).

The visual transduction cascade in cones is less well understood than that in rods.
However, cones are reported to have similar isozymes of phototransduction proteins,
including the cGMP-sensitive channel (5, 6), opsins (7), transducin (8), and
phosphodiesterase (PDE) (9). It was suggested that the basic signal transduction
pathway of cones and rods is similar, even though cones are less sensitive than rods.
In primates, cones require 100 times as many as photons to elicit a half maximal signal
in comparison with rods (10). The time course of the light response is faster in cones
than rods, and light adaptation is much mo;e pronounced in cones than in rods (11).
However, the biochemical bases underlying these physiological differences are still

unclear.

In the chapter 2, | have reported the isolation of s26 cDNA, a homologue of
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S-modulin, which exists in frog cones (12). The deduced amino acid sequence shows
68% and 77% identity with, respectively, S-modulin and chicken visinin, a
cone-specific Ca*-binding protein. Functional expression of these recombinant
proteins will provide useful tools for studying the molecular mechanism of adaptation in
rods and cones. In this paper, we report the functional expression of S-modulin and
s26 in Escherichia coli (E. coli), and the characterization of these photoreceptor

-specific Ca®*-binding proteins.

Experimental Procedure

Construction of expression vectors for S-modulin and s26 — The construction of
expression vector for S-modulin is carried out as shown in Figure 3-1. S-modulin
cDNA was cloned into a plasmid vector as described by Kawamura et al. (13), and
used as the template for polymerase chain reactions. The coding region of S-modulin
was amplified using as primers SMD-NTF (5'-CGCCCGGGCTCGAGCCACCATGGG
TAACACCAA-3') and SMD-CTR (5'-GCGTCGACTCGAGCTAGTGTTTTT-3) (14),
inserted between the Ncol and BamHI sites of a pET-16b (Novagen) plasmid vector
(forming vector pET-Smd).

The construction method of expression vector for s26 is summarized in Figure 3-2.
s26 cDNA was isolated and cloned into a pUC18 plasmid vector as described in
Kawamura et al. (12). To make additional restriction sites in the 3' end of the s26
coding region (for insertion into a pET-16b vector), 40 cycles (94-50-72°C) of
amplification were carried out, using a frog retinal cDNA as the template and s26-F3

(5'-TGATAAAATTGCTGAAGG-3') and s26-CTR (5'-CCTAAGCTTGGATCCTCAAGTCT
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TGTTAGC-3') as primers. The amplified 3' fragment was cloned and ligated with a 5°
(Pstl-EcoRI) fragment of s26. The coding region of s26 was then inserted between the

Ncol and BamHl sites of a pET-16b plasmid vector (forming vector pET-s26).

Expression of eS-modulin and es26 in E. coil. — In this paper, S-modulin and s26
expressed in E. coli are designated eS-modulin and es26, respectively, to discriminate
them from the native S-modulin and s26 isolated from frog retinas. BL21(DE3) cells
were transformed with pET-Smd or pET-s26. Cells were pre-cultured in 10-50 mi of
Luria-broth (LB) medium containing 50 ug/mi of ampicillin at37°C for 4-5 h, and were
then added to 1 | of LB medium. After optical density at 600 nm reached 0.6-1.0 (about
3-4 h later), 1 mM (final concentration) of isopropyl-B-D-thiogalactopyranoside (IPTG)
was added to the medium, and the cells were further cultured for 8-12 h.

For the expression of myristoylated S-modulin anc s26, BL21(DES3) cells previously
transformed with pBB131 (kindly provided by Prof. Jeffrey |. Gordon; an expression
vector of N-myristoyl transferase), were co-transformed with pET-Smd or pET-s26 (15).
Cells were cultured in LB medium containing ampicillin and kanamycin (final
concentration 50 pug/ml each), and 50 uM (final) of myristic acid was added to the
culture medium 1 h before the addition of IPTG.

E. coli cells were harvested by centrifugation (2,700 xg for 15 min), washed with
0.9% NaCl aqueous solution and recentrifuged. The pellet was suspended in 100 ml of
lysis buffer (50 mM Tris-HCI, 200 mM KCI, 1 mM DTT, 1 mM EDTA, 0.1 mg/mi
phenylmethylsulfonylfluoride, pH 8.0), and incubated at 0°C for 30 min. The lysates

were then sonicated 5 times for 5 min, with intervals of 5 min on ice, and centrifuged at

6,500 xg for 30 min.

38




Purification of eS-modulin and es26 — The purification methods of eS-modulin and
es26 are shown in Fig.3-3. eS-modulin expressed in BL21(DE3) cells was mainly
found in the insoluble fraction. Cell debris from centrifugation was suspended in 200
ml of buffer A (50 mM Tris-HCI, 50 mM KCI, 5 mM EGTA, 5 mM DTT, pH 8.5)
containing 8 M urea, and the soluble fraction was then isolated by recentrifugation. In
order to remove urea, the supernatant was dialyzed stepwise (3h each) against buffer
A containing 4 M urea, buffer A containing 2 M urea, and then buffer B (50 mM
Tris-HCI, 1 mM DTT, 1 mM EGTA, pH 8.0, 50 mM KCi). A small amount of precipitated
protein was removed by recentrifugation.

The centrifugal supernatant from the dialysate was applied to a DEAE-Sephadex
(Pharmacia) column equilibrated with buffer B, and the recombinant proteins were
eluted with a linear gradient of 0.05-1M KCI! in buffer B. The fractions containing
eS-modulin were dialyzed against buﬂ‘er C (50 mM HEPES, 1t mM DTT, pH 7.5)
containing 500 mM KCI and 5 ?nM CaCl, at 4° C for 3 h, and applied to a
phenyl-Sepharose (Pharmacia) column equilibrated with buffer C. eS-modulin was
eluted with buffer C containing 50 mM KCI and 5 mM EGTA, and stored at 4° C until

use. The refolding and purification protocols of es26 were performed likewise.

Phosphorylation assay — Rhodopsin in ROS (rod otiter segment) membranes of frog
retinas washed with the low (1nM) Ca®* buffer, was bleached in the presence of [y -**P]
ATP and the exogenous recombinant proteins (4). After separation by
sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), the
radioactivity of **P incorporated into the bleached rhodopsin was measured by

Cerenkov counting and densitometric analysis of the autoradiographs.
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Spectroscopic measurements — The amounts of purified eS-modulin and es26 were
quantified by spectrophotometrical measurement at 280 nm using the specific

absorbance (E = 1.9). Fluorescence emission spectra were recorded from 300 to

1mg/mi
400 nm by a fluorescence spectrophotometer (Hitachi, F-4500) with an excitation
wavelength at 290 nm, in mixtures containing 2 uM recombinant protein, 100 mM KClI,
5 mM 2-mercaptoethanol, 1 mM EGTA, 100 mM HEPES (pH 7.0) and CaCl, of various
concentrations, adjusted with the Ca*/EGTA buffers described by Sitaramayya and
Margulis (16). Free C.a"’+ concentration in the buffers was determined by using the
fluorescent indicator Fura-2 (17). Circular dichroism (CD) spectra were measured by a
CD spectrophotometer (Jasco, CD-J600), using mixtures containing 10 uM

recombinant protein, 20 mM KCI, 10 mM HEPES and 4 mM DTT (pH 7.0), in the

presence of 1 mM EGTA or 0.5 mM CaCl,.

Results

Expression and purification of eS-modulin and es26 — For the high-leve! expression
of eS-modulin, | constructed an expression vector, pET-Smd, and transformed
BL21(DE3) cells with the vector. Judging from the SDS-PAGE pattern stained with
Coomassie brilliant blue (CBB), the amount of eS-modulin was estimated to comprise
more than 30% of the total protein (Fig. 3-4, lane 1). Although the native S-modulin
being a soluble protein, eS-modulin was found in the insoluble fractions (Fig. 3-4, lane
2) and was considered unlikely to have the native conformation. Therefore, we
solubilized it with buffer A containing 8 M urea, and refolded the protein by three steps

of sequential dialyses (see Experimental procedures). This stepwise dialysis was
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required to avoid aggregation induced by the dialysis of the 8M urea solution directly
against buffer B. The centrifugal supernatant from the dialysate was applied to a
DEAE-Sephadex column. Similar to native S-modulin isolated from frog retinas,
eS-modulin was found in the pass-through fraction (Fig. 3-4a, lane 3). The eS-modulin
fraction was further purified with a phenyl-Sepharose column, and the resulting
eS-modulin showed a single band on SDS-PAGE analysis (Fig. 3-4a, lane 4). We
ordinarily obtained 20-50 mg of purified eS-modulin from 1 | of culture. es26 was
purified in the same way, except for the DEAE-Sephadex column step, where es26
was eluted with buffer B containing 400 mM KCI (Fig. 3-4b, lane 3).

The amino acid compositions of eS-modulin and es26 showed values reasonably
close to those calculated from their amino acid sequences. The N-terminal amino acid
sequences of eS-modulin and es26 expressed without pBB131 were directly
confirmed by peptide sequencing. N-terminal myristoylation was‘suggested by the fact
that the N-termini of eS-modulin and es26 expressed with pBB131 were blocked
against the Edman degradation (myristoylated and unmyristoylated recombinant
proteins are discriminated by the notations (+myr) and (-myr), respectively). The
existence of myristoyl groups in the N-termini of eS-modulin (+myr) and es26 (+myr)
was further confirmed by the fact that the retention time from a C-18 column for the
(+myr) species was longer than that for the (-myr) species. Judging from HPLC
patterns, the presence of (-myr) species in purified eS-modulin (+myr) or es26 (+myr)

samples, if present, was less than 1 % (dala not shown).

Physicochemical properties of eS-modulin and es26 — Figure 3-5 shows the
inhibition of rhodopsin phosphorylation in the presence of eS-modulin and es26. Both
(+myr) and (-myr) species of eS-modulin and es26 (+myr) inhibited the

phosphorylation at a high (10 uM) Ca® concentration, as do native S-modulin and s26
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isolated from frog retinas (4, 12).

The CD spectra of these proteins indicated helical structures because they
exhibited the typical pattern of a a-helix with paired troughs at 208 and 222 nm. The
effects of the myristoylation were observed on the CD spectra of eS-modulin (Fig. 3-6).
In the region from 200 to 250 nm, the CD spectra of (+myr) and (-myr) species of
eS-modulin had different profiles in the absence of Ca®* (Fig. 5a, solid line), but those
of es26 showed less difference (Fig. 3-6b). The CD spectra of both (+myr) and (-myr) of
both proteins species were almost the same in the presence of 0.5 mM Ca*. In all
cases, negative peaks around 222 nm were enlarged in the presence of Ca®,
suggesting that the a-helical content of these proteins was increased by binding Ca®".
Similar CD spectral changes were ohserved in our analysis of bovine recoverin (18). It
seems that these Ca’*-binding proteins undergo similar structural changes when they
bind Ca*.

N-terminal myristoylation also affected the tryptophan emission spectra of
eS-modulin (Fig. 3-7a) and es26 (Fig. 3-7b). eS-modulin (+myr) showed emission
maxima at 322 in the absence of Ca®*, and shifted their maxima to a longer wavelength
337 by increasing Ca* concentration to 1 mM. eS-modulin (-myr) had emission
maxima at 332 and 340 nm in the absence and presence of Ca®*, respectively. In the
case of es26, emission maxima of (+myr) and (-myr) species appeared to be at 324
and 331 nm, respectively, and also underwent red-shifts (at 334 and 336 nm,
respectively) by increasing free Ca?'. Similar emission spectra were reported for (+myr)
and (-myr) species of recombinant recoverin, which had maxima at 333 and 339 nm,
respectively, in the absence of Ca*. Emission maxima of both (+myr) and (-myr)
species of recoverin underwent red-shift to at 339 nm in the presence of Ca* (19). The
half maximal Ca®* concentrations of the emission changes at 370 nm were estimated at

0.73 uM for eS-modulin (+myr) and 0.67 uM for es26 (+myr) (Fig. 3-7c). Similar values
42




were calculated on monitoring either wavelength or integration of emission intensity

from 350 to 400 nm.

Discussions

es26 (+myr) inhibited rhodopsin phosphorylation to almost the same extent as
eS-modulin (+myr) (Fig. 3-5). This indicates that s26 is involved in the adaptation
mechanism in cones, that is, by binding to the cone outer segment membrane,
inactivates cone kinase (if it exists) and inhibits phosphorylation of cone pigments.

Recoverin is thought to bind two Ca* ions per mqlecule (20). In our preliminary
experiments by the rapid flow dialysis method (21), both eS-modulin and es26 were
shown to bind two Ca®". The peptide segments of S-modulin and s26 corrésponding to
the EF-2 and EF-3 regions of recoverin may bind Ca?*. The half-maximal Ca®
concentrations of bovine recoverin, which affect binding to phenyl agarose resin and
the inhibition of rhodopsin phosphorylétion, are reported to be 1.0 uM and 0.56 uM,
respectively (22, 23). These are close to the values obtained for eS-modulin and es26
in the present experiments of the half-maximal emission changes (about 0.7 uM).
S-modulin and s26 seem to have similar Ca*-dependent physical properties
irrespective of their localization in the retina. However, some difference between es26
and eS-modulin was found in response to the change of the local environment; that s,
the Ca®-bound form of eS-modulin showed a slightly larger shift of the emission
maximum than that of es26. Furthermore the CD spectral changes induced by Ca*
concentrations also showed some difference between S-modulin and s26 (Fig. 3-6). It

is not yet clear if these differences have some reiationship with the physiological
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differences between rods and cones.

A variety of proteins with diverse biological activities have their N-termini linked to
fatty acids such as myristic acid (24). The (-myr) species of eS-modulin inhibited
rhodopsin phosphorylation to almost the same extent as the (+myr) species, but the
fatty acid modification of S-modulin is more likely to influence the membrane binding
properties (22, 25) rather than the direct interaction with target proteins (26, 27).
However, it has been éuggested recently that N-myristoylation of recoverin enhances
its efficiency as an inhibitor of rhodopsin kinase (28, 29).

It has been suggested that the myristoyl group is in contact with hydrophobic
residues, including tryptophan, of recoverin in the Ca*-free form and is exposed to
solvent in the Ca®*-bound form (30). This conformational transition of recoverin is not
grossly affected by the presence or absence of myristoylation (30). Bovine recoverin,
frog S-modulin and s26 have three conserved tryptophan residues at corresponding
positions. The change of fluorescence emission spectra leads us to speculate on the
Ca®* dependent structural changes of S-modulin and s26 as follows. One or more
tryptophan residues of both eS-modulin and es26, irrespective of the myristoylation,
are in the more polar environments in the Ca®-bound form than in the Ca*-free form.
The difference of the local environments between (+myr) and (-myr) species is larger in
the Ca®-free form than in the Ca®-bound form. In these Ca®"-binding proteins, the
exposure of hydrophobic surfaces to solvent may play a more essential role in the
inhibition of rhodopsin kinases than fatty acid modification of the proteins.

Our overexpression system of ‘S-modulin or s26 with and without myristoylation
should enable more detailed structural analyses, by providing large enough samples
for multidimensional nuclear magnetic resonance spectroscopy and X-ray
crystallography. It may provide informations to understand the physiological

differences between rods and cones.
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Figure 3-1: The construction of expression vector for S-modulin
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Figure 3-2: The construction of expression vector for s26
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insoluble fraction from BL21(DE3)

'

solubilized by 8M urea

'

supernatant was dialyzed stepwise

supernatant was applied to DEAE-Sephadex cclumn

S-modulin was contained in the 526 was eluted with a linear
pass through fraction gradient of 0.05-1M KCI

v '

dialyzed against high calcium buffer dialyzed against high calcium buffer

v '

applied to a phenyl-Sepharose column applied to a phenyi-Sepharose column

' '

eluted by low calcium buffer eluted by low calcium buffer

Figure 3-3: Purification of eS-modulin and es26
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Figure 3-4: Expression and purification of eS-modulin (a) and es26 (b),
expressed in BL21(DE3) cells: total protein (lane 1); insoluble fraction (lane 2); and
soluble fraction after purification by DEAE-Sephadex (lane 3) and phenyl-Sepharose
(lane 4) column chromatographic steps. Arrows indicate mobilvity of molecular weight

markers (kD), and arrowheads the bands of recombinant proteins.
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es26. Bars represent standard deviations from the means of experiments.
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Figure 3-7: Fluorescence emission spectra of myristoylated (+myr; upper panels)
and unmyristoylated (-myr; lower panels) eS-modulin (a) and es26 (b), in the presence
of 1 nM (curve 1), 0.77 uM (curve 2),or 1 mM (curve 3) free Ca®*. (c) Emission intensity
at 370 nm and titration curves for eS-modulin (+myr; open squares and selid line) and

for es26 (+myr; closed circles and dashed line).
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Chapter 4
The Role of S-modulin Carboxyl-Terminal Charges
on its Membrane Affinity and Inhibition of Rhodopsin

Phosphorylation
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Introduction

In the dark-adapted photoreceptors of vertebrates, cGMP-gated cation channels
are opened and Ca* flows into the cell (1, 2). Intracellular Ca* is continuously pumped
out by a Na'-K'/Ca®" exchanger in the outer segrnent (3, 4). Light initiates the
phototransduction cascade, closes the cation channels, and blocks the Ca?'influx. The
result is a cytoplasmic Ca®* concentration decrease in the iight-adapted state. This
decrease of Ca* concentration is the underlying mechanism of light adaptation of the
vertebrate photoreceptor (5, 6). A frog photoreceptor Ca®*-binding protein, S-modulin,
and its bovine homologue, recoverin (7), inhibit the phosphorylation of light-activated
rhodopsin at high Ca®* concentration, but do not interfere at low Ca® concentration (8,
9). As phosphorylation of the rhodopsin carboxyl-terminus is thought to be the shut off
mechanism for the activation of transducin (10, 11), S-modulin and recoverin
contribute to increased light-sensitivity in the dark-adapted state (high ca®
concentration). These Ca*-binding proteins associate with rod outer segment (ROS)
membrane at high but not at low Ca* concentrations, a process involving N-terminal
acylation (N-myristoylation): the "Ca®*-myristoyl switch" (12, 13).

The basic signal transduction pathway is thought to be similar for rods and cones
(14-18) but there are some differences. Rods are more sensitive than cones, and the
light response of cones is faster and is terminated more rapidly than that of rods (19).
We have found another Ca*-binding protein, s26, in frog retina which is localized to
cone photoreceptor cells, suggesting that S-modulin and s26 regulate the
phosphorylation of rhodopsin and cone pigment, respectively (20). The
Ca*-dissociation constants of S-modulin and s26 show only a small difference (21).

In the this section, | first describe the membrane affinities of recombinant
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S-modulin and s26 with or without N-myristoyiation, demonstrating that
N-myristoylation is important for membrane-binding and that S-modulin has a higher
affinity for ROS membrane than s26. Second, | describe the membrane affinities of
recombinant proteins and the efficiency of their ability to inhibit rhodopsin
phosphorylation, which is shown o coincide with an increase in the number of

C-terminal positive charges.

Experimental Procedures

Construction of expression vectors for chimeric proteins and site-directed mutants— |
tried to express chimeric proteins and site-directed mutants shown in figure 4-1. cDNA
fragments were exchanged between Ncol and EcoRI recognition sites& of plasmid
vectors, pET-Smd and pET-s26 (containing S-modulin and s26& coding regions,
respectively) (21). The resulting plasmids (pET-Smd/173/s26 and pET-s26/173/Smd)
were used as expression vectors for chimeric S-modulins and €26, respectively.

S-modulin cDNA cloned into a plasmid vector (9) was used as the template for
polymerase chain reaction to generate site-directed mutants. Oligonucleotide primers
5-GCGTCGACTCGAGCTAGTGTTGTTGCTCTTGTAGCTGGTCCTGGACTTGTTGAGG
TTCGT-3', and 5'-GCGTCGACTCGAGCTAGTGTTTTTTCTGTTTTAGCTTGTTCTTGAC
TITTTGAGGTTCGT-3' were made to generate S-moduiin mutants, Smd/del+
(K192/194/196/198/200/201Q, lysine residues at 192, 194, 196, 198, 200 and 201 of
S-modulin were replaced with glutamine) and Smd/del- (D195N/E199Q, Asp195 and
Glu199 were replaced with Asn and Gin, respectively). Using SMD-NTF as an external

primer (21), mutant cDNAs were amplified and inserted between Ncol and Xhol sites of
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a pET-16b (Novagen) plasmid vector (forming vectors pET-Smd/del+ and

pET-Smd/del-).

Expression and purification of recombinant proteins — The procedures of
expression and purification of the recombinant proteins have been described in detail
by Hisatomi et al (21). Briefly, the expression vectors, pET-Smd, pET-s26,
pET-s26/173/Smd, pET-Smd/173/s26, pET-Smd/del+ and pET-Smd/del- were
transfected to E. coli, BL21DE3 (Novagen) with (+myr) or without (-myr) pBB131, an
expression vector of N-myristoyl transferase. The recom‘binant proteins were
expressed by the addition of 1 mM isopropy!-p-D-thiogalactopyranoside, solubilized
with 8 M urea buffer, refolded by three steps of dialysis, and applied to a
DEAE-Sephadex column. S-modulin, Smd/173/s26, Smd/del+ and Smd/del- were
contained in the pass-through fraction, and s26 and s26/173/Smd were eluted with
400 mM KCI. The recombinant proteins in the high Ca** buffer were then applied to a

phenyl-Sepharose column and eluted by decreasing the Ca® concentration.

Preparation of frog rod outer segment membranes— Retinas were dissected from
bullfrogs, Rana catesbeiana (about 10 cm in length). ROS membranes were isolated
by flotation on 45% sucrose in gluconate buffer (40 mM K-gluconate, 2.5 mM KCI, 2
mM MgCl,, 1 rhM DTT, 1 mM EGTA, 10 mM HEPES, pH 7.5), and washed twice with
gluconate buffer, and then with giuconate buffer containing 4 M urea to eliminate (strip
away) endogenous S-modulin, s26 and other peripheral proteins, and used (as
‘urea-stripped ROS membranes") for membrane binding experiments. For the
phosphorylation assay, ROS membranes were isolated in phosphorylation buffer (115
mM K-gluconate, 2.5 mM KCI, 2 mM MgCl,, 1 mM DTT, 1 mM EGTA, 10 mM HEPES,

pH 7.5) in complete darkness with the aid of an infrared converter and washed three
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times with the same buffer to eliminate endogenous S-modulin, s26 and ATP.

Ca’*-dependent membrane association of recombinant proteins— Membrane
binding properties of the recombinant proteins were investigated according to the
method of Kawamura et al. (shown in Fig. 4-2 Ref: 22), using plastic tubes siliconized
to prevent non-specific binding. ROS membranes containing 6 nmolie rhodopsin were
mixed with 0.5 ml gluconate buffer, containing 1% bovine serum albumin to block
non-specific binding sites. After washing twice by centrifugation (37,000 x g for 5 min at
4 °C) with 1 ml gluconate buffer containing 1 mM free Ca** (adjusted by Ca*/EGTA
buffer) and from 0 to 500 mM NaCl {Ca**-NaCl gluconate buffer), the ROS membranes
were re-suspended in 20 ul Ca*-NaCl gluconate buffer containing recombinant
proteins (120 pmol). The mixtures were then incubated at room temperature for 30 min
and then centrifuged (37,000 x g for 5 min at4 °C) to obtain the recombinant proteins
that did not associate with the membranes even at the high (1 mM) Ca®* concentration.
Extraction was repeated once to minimize the loss of unbound proteins. The resulting
two soluble fractions (high Ca®* extract) were mixed and analyzed by SDS-PAGE. The
membrane fractions were then suspended in 20 ul gluconate buffer containing 10 mM
EGTA and from 0 to 500 mM NaCl (EGTA-NaCl gluconate buffer), and centrifuged to
extract proteins liberated from the membrane by decreasing the Ca* concentration.
The extraction was repeated and the resuiting two soluble fractions (low Ca®* extract)
and membrane fractions were analyzed by SDS-PAGE. The integrated densities of
Coomassie Brilliant Blue (CBB) stained bands of the recombinant proteins were

quantified by a two dimensional densitometer (pdi. The Discovery Series).

Rhodopsin phosphorylation— Rhodopsin phosphorylation was measured by the

method of Kawamura (8) and Sanada et al (23) (shown in Fig. 4-6). Briefly, the reaction
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was carried out in 25ul of the mixture, containing rhodopsin (final concentration 10 uM)
and recombinant proteins (1 uM) in phosphorylation buffer. Free calcium concentration
in the mixture was adjusted by adding 1M CacCl, solution. The reaction mixtures were
exposed to light for 2 min, and the phosphorylation reactions were initiated by adding
ATP (0.1 mM, final concentration), [v-**P] ATP (0.25 1M, 168 TBg/mmol) and GTP (0.5
mM). After incubation at room temperature for 2 min in light, the reaction was
terminated by an addition of 150 ul 10% trichloroacetic acid. The reaction mixtures
were then centrifuged (10,000 x g) for 5 min, and the precipitates were washed with
500 ul of phosphorylation buffer and applied to SDS-PAGE. The incorporation of *P

into rhodopsin was evaluated with an image analyzer {bas 2000 Fuji Film).

Results

Membrane association of recombinant expression products —To investigate the
membrane-binding properties of S-modulin and 526, we carried out extraction
experiments using urea-stripped ROS membranes and recombinant proteins as
described by Kawamura et al (22). The recombinant proteins, either myristoylated
(eS-modulin (+myr) and es26 (+myr)) or unmyristoylated (eS-modulin (-myr) and es26
(-myr)) (21), were rﬁixed with urea-stripped ROS membranes at high Ca®
concentration. Soluble fractions (high Ca®" extracts) containing proteins that did not
bind to ROS membrane even at high Ca** concentration were stored. Membrane
fractions were re-suspended with low calcium (10mM EGTA) buﬁer, and centrifuged to
isolate the supernatant (low Ca®" extracts) containing proteins that were liberated from

the membrane by lowering calcium concentration. The high and low Ca* extracts and
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membrane fractions were analyzed by SDS-PAGE. The amount of recombinant
proteins remaining in the final membrane fractions was less than 5% (data not shown),
indicating that these recombinant proteins exhibit virtually no binding to the membrane
at low Ca® concentration. The ratio of membrane-bound protein (low Ca*
extract)/(high Ca®* extract + low Ca* extract) was estimated to be 54.7% for
eS-modulin (+myr), 36.0 % for es26 (+myr), 13.7% for eS-modulin (-myr) and 4.6% for
es26 (-myr) (Fig. 4-3 unshaded bars). These results indicate that (i) the N-terminal
myristoylation is very important for the membrane association of both S-modulin and
s26; and (ii) the membrane affinity of eS-modulin is greater than that of es26. In our
Western blot analysis, a similar difference of membrane affinity was observed between
native S-modulin and s26 in frog retina (data not shown). The latter difference in
membrane affinity also seems to be due to differences in the protein moiety, because
even unmyrstoylated eS-modulin (-myr) showed a higher membrane affinity than es26
(-myr).

The same extraction experiments were carried out with boiled ROS membrane

(Fig. 4 shaded bars), which did not affected the binding ratio.

Electrostatic interaction to Ca®-dependent membrane association —To reduce
electrostatic interaction, the same extraction experiments were carried out in the
presence of various concentrations ‘of NaCl. Figure 4-4 shows that the membrane
affinity of eS-modulin was reduced to that of es26 levels by increasing the NaCl
concentration, so it is concluded that S-modulin binds to the ROS membrane by
electrostatic interactions in the protein moiety as well as by hydrophobic interaction of

the N-terminal myristoyl group.
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Membrane-association of chimeric and mutant proteins— Two myristoylated
chimeric recombinants, es26/173/Smd (+myr) and eSmd/173/s26 (+myr), were made
with the N-terminal 175 amino acids from s26 and S-modulin but with the remaining
C-terminal residues swapped: that is from S-modulin and s26 sequences, respectively.
The ratios of membrane bound protein were 64.0 % for es26/173/Smd (+myr) and 40.5
% for eSmd/173/s26 (+myr) at 0 mM NaCl (Fig. 4-5). suggesting strongly that the
carboxyl terminus of S-modulin enhances ROS membrane affinity.

Two site-directed mutants of myristoylated S-modulin were also isolated,
eSmd/del+ (+myr) and eSmd/del- (+myr), in which positively and negatively charged
residues near the C-terminal were replaced with neutral residues

(K192/194/106/1 98/260/2010 and D195N/E199Q), respectively. The ratio of
membrane bound protein was 29.6 % for eSmd/dei+ (+myr) and 74.3 % for eSmd/del-
(+myr) (Fig. 4-5), indicating that the C-terminal charges of S-modulin are important for

membrane binding.

Inhibition of rhodopsin phosphorylation by recombinant proteins — The present
study has shown that the Ca*-binding form of S-modulin has a higher membrane
affinity than that of s26, and that this difference is due to charges at the carboxyl
terminus (Fig. 4-6). Does this difference of membrahe' affinity affect the efficiency of
rhodopsin phosphorylation? To answer this question, phosphorylation of rhodopsin
was examined in the presence of recombinant proteins eS-modulin (+myr), s26 (+myr),
$26/173/Smd (+myr), Smd/173/s26 (+myr), eSmd/del+ (+myr) and eSmd/del- (+myr)
(Fig. 4-7). All of them inhibited rhodopsin phosphorylation at high (0.1 mM) Ca*
concentration, but there were certain 'differences in inhibitory efficiency. The
recombinant proteins with high membrane affinity, eS-modulin (+myr), es26/173/Smd

(+myr) and eSmd/del- (+myr), inhibit rhodopsin phosphorylation more efficiently than
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proteins with low membrane affinity, such as es26 (+:nyr), e>md/173/s26 (+myr) and
eSmd/del+ (+myr). These results indicate that the C-trminal positive charges increase

the inhibitory effect on rhodopsin phosphorylation.

Discussion

The mechanism of membrane association — Our results suggest that S-modulin
binds to the ROS membrane not only by hydrophobic interaction with the N-terminal
myristoyl group but also by electrostatic interaction with the C-terminal charges. It has
been reported that S-modulin also binds to ROS membrane lirid extracted with
chloroform-methanol (24), so itis likely that these protzins bind v the membrane lipid
rather than membrane proteins. Our result shown in figure 4 (the ratio of membrane
bound protein was not affected by boiling ROS membranes) alsc supports this
suggestion.

Although the structure of myristoylated bovine S-modulin {recoverin) is determined
by using NMR techniques (25), there was no description abouit the structure of carboxyl
terminus. A part of C-terminal structure (except for residues 193‘—202) is determined in
the unmyristoylated crystal bovine S-modulin with one Ca®' (Fig. 4-8 Ref 26). In this
structure, C-terminal positive charges exist in the protein surface anc face to various
directions. Though the strucrure of S-modulin bouind to the ROS membrane was
unknown, in order to bind to the membrane effectively, C-terminal positive charges
shoud be arranged in the same direction.

| propose a model of membrane-binding forms of S-moduiin (Fig. 4-9 A) and s26

(Fig. 4-9 B) by modifying the model proposed for bovine S-modulin (13). This model

62




can explain the difference in membrane-binding properties between S-modulin and
s26. In the Ca?-binding forms of S-modulin and s26, the N-terminal acyl groups will
partition into the phospholipid bilayer, and C-terminal positive charges may bind to the
negatively charged lipid head groups. Since the C-lerminus of S-modulin has more
positively charged amino acids than s26 (9, 20), ROS membrane affinity with
S-modulin is higher than that for s26.

Physiological implications of membrane binding properties— There are two groups
of these photoreceptor Ca®*-binding proteins (20), one includes S-modulin and
recoverin, the other includes s26 and visinin (a cone-specific Ca**-binding protein
found in chicken retina; Ref 27). Bovine, human, and mouse recoverin have 4-6
positively charged residues at their C-terminus (7, 28, 29), whereas visinin has only
two (Fig. 4-10). The C-termini of Ca®-binding proteins belonging to the S-modulin
group (rod type proteins) were expected to have more positive charges at
physiological pH than those belonging to the s26 group (cone type proteins).
Therefore, the rod type proteins may bind to the photoreceptor membrane more tightly
and inhibit the phosphorylation of visual pigments more efficiently than the cone type. It
has been reported that the phosphorylation of light-activated rhodopsin is required for
normal shutoff of the electrophysiological response (11), so the difference in
membrane affinities between S-modulin and s26 may explain, at least partly, the more

rapid recovery of the photoresponse in cones than in rods.
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eS-modulin

es26

es26/Smd

eSmd/s26

del+
(K192/194/196/198/200/201Q)

del-
(D195N/E199Q)

s26

S-modulin

S-modulin

QQQQQQ

Figure 4-1: A schematic drawing of the recombinant proteins in chapter 4
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4 M urea-stripped frog ROS membrane {1 mMCaz+)

\

Ca2+-binding protein (120pmol)

room temperature for 30 min

* | (1st extract)

+10mM EGTA buffer

ppt sup — - SDS-PAGE
* (2nd extract)

SDS-PAGE
(Ca2+-binding protein was not detected)

The ratio of membrane bound protein

=2nd extract/(1st extract+2nd extract)

Figure 4-2: A method to investigate membrane-binding properties of recombinant

proteins

65




o
p g
75
£
(¢))
)
®)
.
Q 50-
©
C
>
O
O
Q) —
o 25
©
| -
RO)
5
c 0
eS-modulin es26 eS-modulin es26
(myr+) (myr+) (myr-) (myr-)

Figure 4-3: Membrane-Binding Properties of S-modulin and s26. Binding of
eS-modulin (+myr), es26 (+myr), eS-modulin (-myr), and es26 (-myr) to urea-stripped
(open bars) and boiled (shaded bars) ROS membranes, quantified by densitdmetric
analysis of CBB-stained SDS-PAGE bands . Bars represent standard deviations (n =

2).
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Figure 4-4: NaCl Effects on Membrane association. Binding ratios of eS-modulin
(+myr), es26 (+myr), eS-modulin (-myr), and es2€ (-myr) to urea-stripped ROS
membranes plotted against NaCl concentration. [} : eS-maaulin (+myr), ll: es26
(+myr), O:eS-modulin (-myr), @ : 2s26 (-myr). Bars represent standard deviations (n
=2).
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Figure 4-5: Membrane-Binding Properties of Chimeric and Mutant Proteins.
Binding of es26/173/Smd (myr+), eSmd/173/s26 (myr+), eSmd/del+ (myr+) and
eSmd/del- (myr+) to urea-stripped ROS membranes at 0 mM NaCl concentration.
Arrows and dashed lines indicate the membrane bound protein ratios of eS-modulin

(myr+) and es26 (myr+). Bars represent standard deviations (n = 2).
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Isolation of ROS membrane under complete darkness

\

wash with 1mM EGTA

\

exposed to light

\

add Ca2+-binding protein

-

adjust free Ca2+ concentration

-

add ATP, y32P-ATP mixture

D a

incubate for 2 min

\

add TCA

\

SDS-PAGE and Autoradiograph

Figure 4-6: A method for measurement of the rhodopsin phosphorylation. The final

concentration of rhodopsin and Ca®*-binding protein are 10uM and 1uM, respectively
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Figure 4-7: |Inhibiton of Rhodopsin Phosphorylation. **P incorporation of
rhodopsin in the presence of [y-**P] ATP at low (1 nM, open bars) and high (0.1 mM,
shaded bars) Ca** concentrations. Experiments were carried out without recombinant

proteins (control), or in the presence of 1uM recombinant proteins. Bars represent

standard deviation (n = 2).
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Figure 4-8: A crystal stracture of unmiristoylated bovine S-modulin with one Ca®.
Lysine residues at carboxyl terminus (192-198) were shown iri ball and stick model. +
indicate positive charges. This figure is made by using MOLSCRIPT (a program to

produce both detailed and schematic plots of protein structure Ref 30)
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Figure 4-9: A Model for Membrane Association of S-modulin and s26. (A) and (B)
indicate membrane-bound myristoylated S-modulin and s26, respectively.
+ and - represent, respectively, protein C-terminal positive’ charges and negative

charges on lipid head groups.
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191 192
Chicken Visinin - - - KK

191 196
—Frogs26 ~~ -~ -~ """~ KVANKT
161 202
—Frog S-modulin - - ~-—--—--- -~ OKVKDKLKEKKH
191 202
—Bovine Recoverin - - - - - -~ - -~ QKVKEKLKEKKL
191 200
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Figure 4-10: A Phylogenetic Tree (20) and C-terminal Amino Acid Sequences of
Proteins in the S-modulin Family. Numbers represent amino acid numbers, counting
from the N-terminus. Underlines and italic amino acids indicate the positively and

negatively charged residues, respectively.
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Chapter 5
The Role of Calcium-binding sites

on S-modulin Functions
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Introduction

In vertebrate rod photoreceptors, cGMP-gated cation channels are opened in the
dark-adapted state (1, 2). Light activates rhodopsin and triggers the phototransduction
cascade, which results in the closure of the cation channels in the rod outer segment
(ROS)1, and blocks the influx of Ca®* . As intracellular Ca®* is continuously pumped out
by a Na‘-K'/Ca* exchanger in the outer segment (3, 4). the cytoplasmic Ca*
concentration decreases in the light-adapted photoreceptors. This decrease of Ca*
concentration is the underlying mechanism of light adaptation of vertebrate
photoreceptors (5, 6).

Phosphorylation of rhodopsin plays a role in shutting off the activation of transducin
(7, 8), and the efficiency of phosphorylation is regulated, in a Ca**-dependent manner,
by a Ca®*-binding protein, frog S-modulin (9, 10) or its bovirie homologue, recoverin
(11). At high Ca* concentrations (dark-adapted state), S-modulin inhibits
phosphorylation of light-activated rhodopsin, but does not interfere at low ca*
concentrations (light-adapted state). Therefore, S-modulin and recoverin contribute to
increase light-sensitivity in the dark-adapted state.

These Ca*'-binding proteins contain covalently attached fatty acyl groups at their
N-terminus (12). The binding of Ca* to these proteins induces exposure of the fatty
acyl groups, and enables them to associate with ROS membrane (13, 14). This
property is the so-called "Ca*-myristoyl switch", and may be important for their function
(13). There are four EF-hand motifs in S-modulin and recoverin, but only two of them
(EF- 2 and 3) are thought to be able to bind Ca®* (15). Therefore, S-modulin function
| (inhibition of rhodopsin phosphorylation) is mediated by the binding of Ca®* ions to

EF-2 and -3.
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| made site-directed mutants of S-modulin that lack Ca®*-binding ability of EF-2 or
-3. The present paper describes the Ca*-binding properties, membrane-association
and inhibitory effects on rhodopsin phosphorylation of wild-type S-modulin and these
mutants. The results suggest that EF-3 first binds Ca®*, which enables S-modulin to
associate with ROS membrane and to accept Ca* at EF-2. This EF-2 binding of Ca*

ions inhibits phosphorylation of rhodopsin.
Experimental Procedures

Site-directed mutagenesis—Site-directed mutants used in this study are shown in
Figure 1. Oligonucleotides, 5'-GGTCATATGTAGCGCTATCATGTA CATCTTAAA-3' and
5'-TTGAATATTGCCGTAATGATTTCAAGCACCATTTTTTT-3' were used as anti-sense
primers to generate site-directed mutants, E85M and E121M, respectiveiy (Fig. 5-1).
S-modulin cDNA fragment (10) and the SMD-NFT primer (16) were used as a template
and sense primer for the polymerase chain reactions. cDNA fragments encoding E86M
and E121M were inserted between Ncol and Xhol sites of pET-16b (Novagen) plasmid

vector, designated pET-E85M and pET-E121M, respectively.

Expression and purification of recombinant proteins—The procedures for expression ‘
and purification of recombinants have been described by Hisatomi et al (16). Briefly,
BL21DE3 (Novagen) previously transformed with pBB131 (an expression vector of
N-myristoyl transferase; kindly provided by Prof. Jeffrey |. Gordon, Washington
University) was co-transformed with pET-Smd (16), pf=T-E85M or pET-E121M, and the
expression of myristoylated recombinants was induced by the addition of

isopropyl-B-D-thiogalactopyranoside and myristic acid. Recombinant proteins were
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solubilized in 8 M urea buffer, refolded by dialysis, and applied to a DEAE-Sephadex

column. Further purification was carried out by using a phenyl-Sepharose column.

Ca”*-Binding Assay— Binding of Ca®*" ions to S-modulin or mutant proteins was
evaluated by ultra filtration (17) (shown in Fig. 5-2). Furified proteins were extensively
dialyzed against 25 mM Tris-HCI (pH 8.0) to remove EGTA and calcium, then 20 umol
of each calcium free protein in 1 mi 25 mM Tris-HCI| (pH 8.0) was placed on a
Centricon-10 concentrator (Amicon). 1 ml 0.2 mM CaCl, solution in 256 mM Tris-HCI
(pH 8.0) was then added and protein and calcium solution trioroughly mixed. The
calcium-protein mixtures were centrifuged and the amounts of calcium in the filtrated

fractions were measured by atomic absorption detector (Shimazu AA-660).

Tryptophan emission spectrum—Spectroscopic measurement was carried out as
described by Hisatomi et al (16). Briefly, fluorescence emission spectra were recorded
from 300 to 400 nm with a fluorescence spectrophotometer {Hitachi, F-4500) with an
excitation wavelength at 290 nm, in mixture containing 2 M recombinant protein, 100
mM KCI, 5 mM 2-mercaptoethanol and 1 mM EGTA, 100 mM HEPES (pH 7.0). Free

Ca2+ concentration was adjusted by adding 1 M CaCl,,

Ca”-dependent membrane association of recombinant proteins— Membrane
association of wild type and mutant S-modulins were investigated as shown in Figure
5-4. Frog ROS were isolated by flotation with 45% sucrdse in gluconate buffer (40mM
K-gluconate, 2.5 mM KCI, 2 mM MgCl,, 1 mM DTT, i mM EGTA 10 mM HEPES, pH
7.5), and washed with gluconate buffer containing 4 M urea to eliminate endogenous
S-modulin and s26 (cone homologue of S-modulin), and other peripheral proteins.

Urea-stripped ROS membranes were mixed with gluconate buffer containing 1%
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bovine serum albumin to prevent non-specific binding of the recombinant proteins to
the ROS membrane and tube. After washing with gluconate buffer containing various
concentrations of Ca* (Ca®* gluconate buffer), the ROS membranes were

re-suspended in Ca®* gluconate buffer containing recombinant proteins (120 pmol).
The mixtures were incubated at room temnperature for 30 min, and the soluble and
membrane fractions after centrifugation (37,000 x g for 5 min) were analyzed by
SDS-PAGE. The integrated densities of Coomassie Brilliant Blue (CBB) stained bands
of the recombinant prbteins were guantified by a two dimensional densitometer (pdi.

The Discovery Series).

Phosphorylation assay—Phosphorylation of rhodopsin was measured by the method
described by Kawamura (9) and Sanada et al (18) (shown in chapter 4). For the
phosphorylation assay, ROS were isolated in phosphorylaton buffer (115 mM
K-gluconate, 2.5 mM KCI, 2 mM MgCl,, 1 mM DTT, 1 mM EGTA, 10 mM HEPES, pH
7.5) in complete darkness, and washed with the buffer to eliminate endogenous
S-modulin, s26 and ATP. The reaction was carried out in 25ul of the mixture,
containing 10 uM (final concentration) of rhodopsin and 5 uM of S-modulin or its
mutants in phosphorylation buffer. Free calcium concentration in the mixture was
adjusted by adding 1M CaCl, solution. The reaction mixtures were exposed to light for
2 min, and the reaction was initiated by addition of a mixture of ATP (0.1 mM final
concentration), [y -**P] ATP (168 TBg/umol, 0.25 uM) and GTP (0.5 mM). After 2 min
incubation at room temperature, the reaction was terminated by adding 150 ul 10%
trichloroacetic acid. After centrifugation (10,000 x g for 5 min) of the reaction mixture,
the precipitates were Washed with 500 ul of phosphorylaticri buffer and applied to
SDS-PAGE. The amount of **P incorporated into rhodopsin was quantified by using an

image analyzer (BAS 2000, Fuji Film).




Results and Discussions

Ca®*-binding of S-modulin and mutants—It has been estabiished that the conserved
glutamic acid at position 12 of the Ca*-binding loop is imponant for coordinating Ca®*
(19, 20). To investigate the role of each Ca*-binding site, EF-2 or EF-3 was inactivated
by replacing glutamic acid with the hydrophobic amino acid, vﬁethionine. Myristoylated
wild-type and mutant (E85M and E121M) S-modulins were expressed and purified as
described in the experimental procedures. The number of Ca® ions bound to each of
these proteins was quantified in the presence of 0.1 mM Ca® (Table 5-1). As expected,
wild-type S-modulin and E85M bind two and one Ca®* per a molecule, respectively. On
the other hand, E121M can not bind Ca?'. These results indicate that Ca®*-binding to
EF-3 is necessary for EF-2 to bind Ca* at physioclogical Ca® concantrations. It has
been reported that EF-3 has the conformation of a classic EfF-hand, but E'F—2 is rather
different (21). The conformational change induced by Ca?-binding to EF-3 may be

required for EF-2 to be a functional EF-hand.

Fluorescence properties of S-modulin and mutants—E85M and E121M can be
purified as wild-type S-modulin, so it seems that the structure of S-modulin is not
largely disrupted by the mutagenesis. Figure 5-3 shows the tryntophan emission
spectra of the wild type and mutant S-modulins. Wild-type S-modulin, E85M and
E121M showed almost the same spectrum in the presence of 1 nM Ca* (Fig. 5-3 upper
panel). This suggests that the mutations of glutamic acid to methionine in EF-2 or EF-3
do not significantly change the environment of the three tryptophan residues in the
Ca®*-free form of these proteins. However, the emission spectra of mutants were

different from that of wild-type at 0.1 mM Ca®* concentration (Fig. 5-3 lower panel): The
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spectrum of the wild-type is red-shifted by increasing Ca* concentration (16); that of
E85M shows a smaller red-shift; and that of E121M was not affected by Ca*
concentration. The red-shift observed in E85M, which can b.nd one Ca® ion per a

molecule, is probably caused by the binding of Ca®* to EF-3.

Membrane association of wild-type, E85M and E12°M S-rodulins — The
recombinant S-modulin (wild-type or E85M or E121M) was mixed with urea-stripped
ROS membranes at various Ca® concentrations, and separated by centrifugation into
membrane and soluble fractions. The soluble fraction (containing proteins free from
ROS membrane) and the membrane fractions (containing proteins bound to ROS
membrane) were subjécted to SDS-PAGE. The densities of CBB stained bands of the
wild-type and mutant S-modulins were analyzed quantitatively, and the ratio of
membrane bound protein, (membrane fraction)/(membrane + soluble fraction), was
plotted against Ca® concentration (Fig. 5-5). This shows that E85M has almost the
same membrane affinity as the wild-type, suggesting that binding of Ca®* to EF-3
induces exposure of the myristoyl group. It is reported that the ejection of myristoyl
group is required for the rotation at Gly 42, the unclamping ot the myristoyl group and
the melting of part of the N-terminal helix (21). Ca*-binding to EF-3 may induce these
changes until the level necessary for membrane association.

As E121M can not bind Ca®* at concentrations less than 0.1 mM CaZ ,itcan hardly
bind to the ROS membrane at all, although in the presence ot 1TmM Ca*, E121M does
bind slightly. This may be explained by the binding of Ca’®" to EF-2 or inactivated EF-3
at very high (more than 1mM) Ca®* concentration, which is well above normal

physiological Ca®* concentrations. g
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Inhibition of rhodopsin phosphorylation by wild-type or mutant S-modulins—Figure
5-6 shows the incorporation of *P-labeled phosphatic aci® into rhodopsin in the
presence of wild-type or E85M or E121M S-modulins. Wild-type S-modulin inhibits
rhodopsin phosphorylation at high (0.1 mM) Ca* coricentration, out neither E85M nor
E121M can inhibit rhodopsin phosphorylation even at high Ca®* concentration. This
indicates that the Ca®* binding to EF-3 is not enough to inhibit rhodopsin
phosphorylation, and suggests that Ca®* binding to EF-2 is important for the inhibitory

activity of S-modulin.

A model for Ca®*-binding and conformational changes of S-modulin —1 propose a
model to explain the Ca*-binding properties and induced conformational changes of
S-modulin (Fig. 5-7). In the Ca®" free state (upper parel), EF-3 is thought to be the only\
functional Ca®-binding site. If there is enough Ca®, EF-3 binds Ca®" (middle panel),
which causing exposure of the myristoyl group which converts EF-2 to a functional
Ca*-binding site. If the Ca** affinity of resulting EF-2 is high, cooperative Ca®* binding
(22) can be explained. Finally, EF-2 binds Ca® and S-madulin can now inhibit

rhodopsin phosphorylation (lower panel).
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Figure 5-1: Ball and stick models of the roops of the two functional EF-hands of
bovine S-modulin (oxygens are red; nitrogens, blue; calcium bound to EF3, green),

and site-directed mutants used in this study
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No. of Calcium |
ions bound
E85M 0.97+0.02
E121M 0.02+0.04

Table 5-1: The number of Ca* ions bound to wild-type, E85M and E121M

S-modulin (per molecule) in the presence of 0.1 mM Ca*".
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Figure 5-3: Tryptophan emission spectra of wild-type and mutant S-modulins.
Fluorescence emission spectra of wild-type S-modulin (curve 1). E85M (curve 2) and
E121M (curve 3) in the presence of 1 nM (upper panel) and 0.1 mM (lower panel) free

Ca2+
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Figure 5-4: A method to investigate membrane-binding properties of recombinant

proteins
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Figure 5-5: Membrane-binding properties of wild-type and mutant S-modulins. The
ROS membrane affinity of wild-type, E85M and E121M at various Ca* concentrations.
Bars represent standard deviations (n = 2). []: wild-type S-modulin, ll: E85M, O:

E121M.
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Figure 5-6: Inhibition of rhodopsin phosphorylation by wild-type and mutant
S-modulins. **P-incorporation of rhodopsin in the presence of [y -**P] ATP at low (1 nM;
open bars) and high A(0.1 mM; shaded bars) Ca®* concentration. Experiments were
carried out without recombinant protein (control) or in the presence of 5 uM S-modulins

(wild-type, E85M or E121M). Bars represent standard deviations (n = 2).
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Figure 5-7: A model for Ca® induced structural changes of S-modulin.
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