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ABSTRACT. Previously we reported the sequence of the member of the short wavelength sensitive 2 (SWS2)
family of vertebrate visual pigments from the retina of the Japanese commonQwavaps pyrrhogaster
[Takahashi, Y. et al. (2001FEBS Lett. 501151-155]. Now we have expressed the apopigment and
regenerated it with Al retinal. Its absorption maximum, 474 nm, is greatly red shifted compared to other
known SWS2 pigments (418155 nm). To determine the amino acid residues that control its spectral
tuning, we replaced the residues that were near the chromophore and which differed between the newt
and the bullfrog Amax= 430 nm) wild-type SWS2 pigments: Pro91Ser, Ser94Ala, lle1l22Met, Cys127Ser,
Ser211Cys, Tyr261Phe, and Ala292Ser. Each of these site-directed mutants led to blue shifts of the newt
pigment with five of them causing substantial shifts; their sum was about equal to the difference between
the absorption maximum of the bullfrog and newt pigments, 44 nm. The 32 nm shift of the absorption
maximum of the multiple seven-residue mutant to 442 nm is fairly close to that of the wild-type bullfrog
pigment. Thus, the seven amino acid residues that we replaced are the major cause of the red shift of the
newt SWS2 pigment’s spectrum. Two of the residues, 91 and 94, have not previously been identified as
wavelength regulating sites in visual pigments. One of these, 91, probably regulates color via a new
mechanism: altering of a hydrogen bonding network that is connected via a water to the chromophore,
in this case its counterion, Glu113.

On the basis of their amino acid sequences, vertebrate(discussed in red). You can (i) twist the retinal about single
visual pigments can be classified into five groups: rhodopsin or double bonds, (ii) alter the distance between the protonated
(RH1) ! rhodopsin-like (RH2), short wavelength sensitive 1 Schiff base and its counterion or alter other aspects of their
and 2 (SWS1, SWS2), and middle and long wavelength environment, or (iii) place charged/polar residues near the
sensitive (M/LWS). Most vertebrate retinas contain several retinal. Later, in the discussion, we will present what could
kinds of rod and cone photoreceptors, each often havingbe called a fourth mechanism. So far, there is no experimental
different spectral sensitivities, since a distinct visual pigment evidence to suggest that alterations in twisting about single
is usually expressed in each type of photoreceptor cell (seeor double bonds of the chromophore, which would be caused
review ref2, and for an exception red). Each member of by changes in the type of amino acid residues in the binding
any one of the five pigment groups has a very roughly similar pocket, are used to control wavelength in visual pigments.
absorption maximum within a broad rang#.(There are With respect to the second mechanism, at present there seems
about 31 amino acids located within 4.5 A of the chro- to be only one or two types of mutations that probably act
mophore; these define the retinal binding pocket). Some directly on the Schiff base environment (except for the
of these residues are highly conserved for all visual pigment addition of a chloride ion in place of the two polar residues
sequences, while others can vary from pigment to pigment near the Schiff base at positions 181 and 184 for the M/LWS
and so are prime candidates for those residues that arepigments). This is a change initiated by the replacement of
involved in spectral tuning. Ser292 by an alanine. Ser292 is one alpha helix turn down

In general, there are three mechanisms for controlling the from the Schiff base lysine and seems to interact witfit (
Spectra of retinal pigments having protonated Schiff bases 8) Another candidate reSidue, Ser127, is investigated below.

Thus, with these possible exceptions, the lack of variation

J— : of the Schiff base/counterion environment in visual pigments
Instim'gs"‘c’)‘f’rm’;ﬁ supported by Grant EY01323 from the National geems to be in distinction to what happens in a halobacterial
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RH1 (rhodopsin), RH2 (rhodopsin like), SWS1 (short wavelength sin 11 (500 nm) , 10).
sensitive-1), SWS2 (short wavelength sensitive-2) and M/LWS (middle  The third wavelength regulating mechanism relies on

and long wavelength sensitive), PCR (polymerase chain reaction), ; ; ;
HEPES R-[2-hydroxyethyl]piperazindi-[2-ethanesulfonic acid]), DM changes in the electrostatic environment of the chromophore

(B-p-dodecyl maltoside), PBS (phosphate buffer saline), PMSF (phe- Y changing an amino acid residue in the binding pocket to
nylmethylsulfonylfloride). another with different polarity and/or polarizability. A dozen
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or so examples of such amino acid residue changes are giversuspensions are layered on 40% sucrose in HEPES bulffer,
in the Appendix. A specific example of this type of variation and the membrane fractions that floated to the interface were
is the changing of three residues near fh®none ring of collected after centrifugation. The membranes were washed
the chromophore of some M/LWS visual pigments from 2 times with 25 mL of HEPES buffer and resuspended with
nonpolar to polar residues. The triad of changes, Alal164Ser,500 uL of HEPES buffer. All subsequent steps were done
Phe261Tyr, and Ala269Thr, are largely responsible for the in the dark or under dim red light. The membrane suspen-
shifting of the spectrum of the human green cone pigment sions were then incubated with Tis-retinal in the dark in
from 530 nm to that of the red cone pigment, ca. 560 nm a 4 °C cold room fo 3 h and then solubilized in a 1%
(11—-13). It is this type of change, involving the electrostatic solution of the detergent dodecyl maltoside (DM) in HEPES
environment of the retinal, which is most often invoked to buffer for 1 h. The supernatants of the crude soluble fractions
explain differences in visual pigment spectra. were separated by centrifugation (19005 min) and

To understand the mechanisms of spectral tuning (wave-incubated with monoclonal anti-bovine rhodopsin antibody
length regulation) of visual pigment spectra, many studies MAb-1D4 coupled to sepharose 4B in the dark in a cold room
have been made of site-directed mutants of RH1 (rhodopsin)overnight as described by Oprian et a24). The bound
(e.g., refs8, 14—16; see refs in Appendix), M/LWST7( 12), pigment was washed with 0.02% DM in HEPES buffer and
or SWS1 (7—-20) pigments and some important spectral then eluted with 45¢.L of 100 M C-terminus peptide in
regulating residues were identified (summarized in Ap- 0.02% DM in HEPES buffer. The elutions were concentrated
pendix). Until recently, there have been no studies on spectralinto about a 10Q:L volume with Microcon-30 (Amicon)
tuning of members of the SWS2 family of visual pigments. used as recommended by the manufacturer.

Cowing et al. {) have just reported results for the SWS2  Analyses of Absorption Spectr@bsorption spectra were
pigments in fish from Lake Baikal. They proposed that the recorded at 20C with an AVIV model 14DS UV-Vis
amino acid residues which shifted the absorption maxima Spectrophotometer interfaced with an IBM PC300-GL.
among various species of Lake Baikal fish are at positions Temperature was regulated by a RM6 LAUDA (Brinkmann)
118 and 269: however, these are conserved in other SwsAemperature controller. To determine their absorption maxima,
pigments from most other animals (see Figure 3 andlyef =~ We used at least two different independent preparations of
so there must be other amino acid residues that regulate the¢ach pigment. For the high absorbance spectra that have
spectra in these species. The fish of Lake Baikal might evolve €asily apparent peaks, we picked this point/asx and

in their own way because of the very unique environment calculated the average from a couple of measurements on
of this lake @1, 22). each sample. For the low absorbance noisier signals, for

oexample, the lle122Met mutant, we did a smoothing/fitting,
d’noving average to determirig,., and then confirmed this
value by a Gaussian fitting around thgax. The value via
the Gaussian fitting gave us almost the same value within
the error range=£2 nm).

Sequence Analysis of SWS2 Pigmemtse amino acid
sequences of several SWS2 pigments which include members
EXPERIMENTAL PROCEDURES of the bony fish 25, 26), amphibian 27, 28), reptilian Qg),

and avian families 30—32) have been reported (see the

Expression, Reconstitution, and Purification of SWS2 legend of Figure 2). We aligned these sequences along with
PigmentsThe coding regions of the Japanese common newt that of the newt pigmen2@) manually and shaded identical
and the bullfrog SWS2 pigments, to which is added the amino acids as black and similar amino acids as gray using
epitope sequence (ETSQVAPA) of the bovine rhodopsin the “Box-shade” program (Figure 2) (http://www.ch.emb-
monoclonal antibody mAb-1D4, are amplified with PCR and net.org/software/BOX_form.html).
ligated between the Hindlll and EcoRI sites of pBluescript ~ Mutagenesis of Newt SWS2 PigmeS8ite-directed muta-
KS+ (Stratagene) to confirm those sequences. The construction at certain positions (91, 94, 122, 127, 211, 261, 292
is then recut and religated into the same enzyme sites of theaccording to bovine rhodopsin numbering) were made in the
expression vector pcDNA3 (Invitrogen). The host cell line, wild-type sequence using a QuickChange site-directed mu-
HEK293T cells, which are derived from the human embry- tagenesis kit (Stratagene); for each mutation primers were
onic kidney cells, are incubated at 3€ and 5% CQin designed as recommended by the manufacturer. The se-
DMEM/F12 medium containing 10% fetal bovine serum quences of primers (Invitrogen) used to create the mutants
(Invitrogen). Forty 10-cm diameter plates were used per trial. (Pro91Ser, Ser94Ala, llel22Met, Cys127Ser, Ser211Cys,
Using the calcium phosphate methdib), we transfected  Tyr261Phe, and Ala292Ser) were as follows:

10 ug of the plasmid DNA for transient expression in newtSWS2-P91S-F, 5-GGTCATCTTCATCGGCTC-
HEK293T cells. These cells were harvested-80 h post- TACCCTGTCCTTCTACTC-3 newtSWS2-P91S-R,
transfection, washed with PBS, collected by centrifugation, 5-GAGTAGAAGGACAGGGTAGAGCCGATGAAGAT-
and then stored in a deep freezer until used. The cell pelletsGACC-3; newtSWS2-S94A—-F, 5-CGGCCCTACCCTG-
were resuspended with ice cold 8.6% sucrose in HEPESGCCTTCTACTCTAACTCCC-3 newtSWS2-S94A-R,
buffer (50 mM HEPES (pH 6.5), 140 mM sodium chloride, 5-GGGAGTTAGAGTAGAAGGCCAGGGTAGGGCCG-
and 3 mM magnesium chloride including 1 mM DTT 3'; newtSWS2-1122M—F, 5-GCCGCCACACTTGGAG-
(Sigma), 1ug/mL aprotinin (Sigma), lug/mL leupeptin GTATGGTCGGTCTGTGG-3 newtSWS2-1122M—R, 5-
(Sigma), and 10@M PMSF (Sigma)) and homogenized by CCACAGACCGACCATACCTCCAAGTGTGGCGGC-
a glass homogenizer (Tenbroeck) on ice. Homogenized cell3'; newtSWS2-C127S-F, 5-GGTATTGTCGGTCTGT-

Previously we presented the sequence of the SWS
pigment of the Japanese common newt, which is expresse
in one particular type of single cone cell in its retir8);

In this paper, we report on the molecular basis for spectral
tuning of the newt SWS2 pigment using site-directed single
and multiple mutants.
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Ficure 1: The absorption spectra of amphibian SWS2 pigments.
The absorption spectra of the reconstituted bullfrog (solid line) and
newt (broken line) SWS2 pigments made from expressed apopig-
ment and Al retinal. The absorption spectrum of the frog SWS2
pigment has itdmaxat 430 nm and the newt pigment is at 474 nm.

GGTCTTTAGCTGTGGTGGCC-3 newtSWS2-C127S-

R, 5-GGCCACCACAGCTAAAGACCACAGACCGA-
CAATACC-3 newtSWS2-S211C-F, 5-CTTCCTCTT-
CTGCTTCTGTTTTGGTGTCCCGCTC*3 newtSWS2-

S211C-R, 5-GAGCGGGACACCAAAACAGAAGCA-

GAAGAGGAAG-3; newtSWS2-Y261FF, 5-GTCATG-

GTGCTCGGCTTCCTGATCTGCTGGAGC :newtSWS2-

Y261FR, 5-GCTCCAGCAGATCAGGAAGCCGAGCA-
CCATGAC-3; newtSWS2-A292SF, 5-GGATGGCTTC-
CATCCCATCCATTTTCTCAAAGTCG-3; newtSWS2-
A2925-R, 5-CGACTTTGAGAAAATGGATGGGATG-
GAAGCCATCC-3.

Underlined nucleotides indicate the mutagenic substitutions

that have been introduced. The sequences of the site-directe

mutant were confirmed by ABI-3700 Auto analyzer (ABI

Prism), and then each of the coding regions was ligated into

the expression vector, pcDNA3.
For making the multiple mutant (seven altered residues)
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with the “green rod” opsin and Al retinal, is at 430 nm
(Figure 1). Thedmax Of our expressed bullfrog SWS2 pig-
ment, reconstituted with Al retinal (Figure 1), is in good
agreement with this report. Some amphibians and reptiles
utilize the A2 retinal chromophore in their natural environ-
ment @5, 36); at present we do not know if the Japanese
common newt uses Al, A2, or a combination of these retinals
in nature.

Identification of Candidate Residues for Spectral Tuning
of the Newt SWS2 Pigmerftigure 2 shows the alignment
of the SWS2 pigment sequences for which an absorption
spectrum has been obtained with Al retinal as the chro-
mophore (see figure caption). There are several amino acid
residues at or near the retinal binding pocket as defined in
the introduction (see Figure 3) that are unique for the newt
SWS2 pigment compared to the other SWS2 pigments:
Ser94, lle122, Cys127, Ser211, and Tyr261 (Figure 2). The
binding pocket residues are marked in Figure 2, along with
two other residues known to influence visual pigment spectra,
90 and 292. To these, we add Ser/Pro91, slightly outside
the 4.5 A distance from the chromophore originally used to
define the chromophore binding pocket. Recently, Okada et
al. (37) have shown that in bovine rhodopsin the amide of
the serine residue at position 91 is hydrogen bonded to a
water which is hydrogen bonded in turn to Glu113. Glu113
is of course in the binding pocket and is the counterion for
the protonated Schiff base. In the Discussion, we examine
if these seven residues are in similar positions in the newt
SWS?2 pigment as in the bovine RH1 pigment by energy
minimizations 88). We expected that these residues could
have a role in red shifting the newt pigment compared to
the bullfrog pigment, which absorb at 430 nm (with an retinal
Al chromophore), and so each residue was mutated.

Absorption Spectra of the Newt SWS2 Site-Directed and
Multiple Mutant PigmentsOne at a time, the Pro91Ser,
Ser94Ala, lle122Met, Cys127Ser, Ser211Cys, Tyr261Phe,

nd Ala292Ser substitutions were introduced into the wild-
ype newt SWS2 pigment. In each case, the newt residue
was changed to the residue in the bullfrog sequence. It seems
that the nucleotide changes to make these mutations are
plausible, because all were obtained by a single nucleotide
substitution (see primer sequences in Experimental Proce-

of the newt pigment, we carried out each reaction separatelydures)_ Each mutated DNA was transfected into HEK293T

to add each mutation. To create the initial double mutant at

positions 91 and 94, since these two positions were too close
to introduce these mutations using the above primers, we
designed other primers. These sequences were as follows

newtSWS2-91+94-F, 3-CGGCTCTACCCTGGCCTTC-
TACTCTAACTCCC-3; newtSWS2-91+94-R,3-GGGAGT-
TAGAGTAGAAGGCCAGGGTAGAGCCG-3

RESULTS

cells using the calcium phosphate methdd)( We then
carried out reconstitution and purification following the same
procedures as for the wild-type pigments.

" The dark and photobleached spectra for the site-directed
mutants are shown in Figure 4; each absorption maximum
was calculated by the average of2 independent samples.
All of the site-directed mutations caused blue shifts. Mutating
amino acid residues at positions 91, 94 122, 261, and 292 to
those of bullfrog led to comparatively large blue shifts. The

Absorption Spectra of Reconstituted Amphibian SWS2pPro91Ser substitution resulted in a 10-nm blue shift to 464

pigments.The SWS2 apopigments tagged with the mAb-
1D4 epitope were expressed in HEK293T cells and recon-
stituted with 1leis-retinal. The spectra of reconstituted and
purified newt and bullfrog wild-type SWS2 pigments are
shown in Figure 1. The absorption maximum of the recon-
stituted newt SWS2 pigment is at 474 nm, 19 nm more red
shifted than the hitherto known SWS2 champion, the chicken
P455 pigment33).2 The bullfrog SWS2 pigment is expressed
in its so-called “green rods2@), and its absorption maxi-
mum as purified from bullfrog retina84) or as reconstituted

nm (Figure 4A), and the Ser94Ala substitution resulted in a
14-nm blue shift to 460 nm (Figure 4B). The lle1l22Met

21t has been suggested that the reconstituted retinal A1 SWS2
pigment of the fisiCottus gobicabsorbs at 463463 nm (). However,
the data were presented as difference spectra, in which the absorption
maximum would be red-shifted to considerably longer wavelengths
compared to the actual absorption maxima. We estimate that the
absorption maximum of th€. gobioSWS2 pigment is at around 450
nm, and believe that chicken SWS2 pigment is the most red-shifted
SWS2 pigment before our report.
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zebrafish (P418)* 121

bullfrog (P430) 123

zebrafinch (P430) 122

salamander (P431) 123

chameleon (P437) 123

goldfish (P441l) 116

pigeon (p448) 122

chicken (P455) 121

newt (P474) 123

zebrafish (P418)+* 182

bullfrog (P430) 184 FEFCFCFG
zebrafinch (P430) 183 FLFCFCFG|
salamander (P431) 184

chameleon (P437) 184

goldfish (P441) 178

pigeon (p448) 183

chicken (P455) 182

newt (P474) 184

zebrafish (P418)* 243

bullfrog (P430) 245

zebrafinch (P430) 244

salamander (P431) 245

chameleon (P437) 245

goldfish (P441) 240

pigeon (P448) 244

chicken (P455) 243

newt (P474) 245

zebrafish (P418)* 304 EXCRGIEIFREERlL. S
bullfrog (P430) 306 ‘STVYNPEIYIF kY
zebrafinch (P430) VWA STVYNPR{IYVig G
salamander (P431) 306 EERRRS pRARedT F V|
chameleon (P437) WA STVYNPVIY VA G
goldfish (P441) DR STVYNPVIY VAL T
pigeon (P448) WA STVYNPVIYVg (el
chicken (P455) 304 SERNRSSRNEANT.| (el
newt (P474) 306 SERNSIPAPEEYF

Ficure 2: Alignment of amino acid sequences of SWS2 pigments. The alignment of the sequences of those SWS2 pigments whose absorption
spectrum has been determined by reconstitution with the Al retinal chromophore. The number in parentheses indicates thdirgeported

with an A1 retinal chromophore. Roman numbet%/1l indicate the seven transmembrane regions. These Arabic numbers colored as gray

and black indicate important amino acids that are located around retinal binding pocket. The underlined black numbers indicated the seven-
amino acid residues that differ between the newt and frog sequences: 90, 94, 122, 127, 211, 261, and 292. All of the amino acid residue
numbering followed the bovine rhodopsin numbering. Genebank accession numbers for the respective sequences are zebrafinch SWS2,
AF222332; tiger salamander SWS2, AF038946; bullfrog SWS2, AB010085; American chameleon SWS2, AF133907; goldfish SWS2,
L11864; zebrafish (danio) SWS2, AF109372; pigeon SWS2, AF149238; chicken SWS2, M92037; newt SWS2 AB040148. *The absorption

SQ-TQVSSVGSASA Q PA
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maximum of the zebrafish SWS2 pigment reconstituted with Al retinal was at 418 nm (Kono, M., unpublished data).

substitution resulted in a 6-nm blue shift to 468 nm (Figure tively small shifts. The Ser211Cys substitution resulted in a
4C), while the Tyr261Phe substitution resulted in a 5-nm 2-nm blue shift to 472 nm (Figure 4F), and the Cys127Ser

blue shift to 469 nm (Figure 4D). The Ala292Ser substitution substitution also resulted in a 2-nm blue shift to 472 nm

resulted in an 8-nm blue shift to 466 nm (Figure 4E). The (Figure 4G). The Cys127Ser and Ser211Cys mutants do not

other mutants Ser211Cys and Cys127Ser showed comparahave a large effect on wavelength regulation.
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its red shift from ca. 440 nm is probably the substitution of
threonine for alanine at position 269, the same residue that
is responsible for much of the human green cone to red cone
absorption spectrum change. This replacement led to about
a 10-15 nm red shift in RH1 or M/LWS group pigments
(see Appendix), so probably this same underlying mechanism
is causing the red shifg). However, this substitution cannot
explain the shift of newt SWS2 pigment, because it has an
alanine residue at position 269, just like the bullfrog SWS2
pigment. So we must look for other candidates for the
residues that cause the large red shift.

To examine how the absorption maximum of the pigment
is influenced by changing amino acid residues in the retinal
_ binding pocket of the newt SWS2 pigment, we first examined
FIGURE 3: Location of some residues in the retinal binding pocket the structure of the binding pocket itself. We took the
of the newt SWS2 pigment. This figure was created using “Swiss chromophore binding pocket of bovine rhodopsin and asked
model” and is based on the crystal structure of the bovine rhodopsinif there are any alterations in the position of the backbone
VTV;%?C\;\?';;C’IOSC‘;% g?ﬁﬁn%r tt&ﬁo‘;%”n”eti?r?g“' llel22, Ser211, and 1, qopsin, for which the X-ray structural determination was

' done 6, 37), to that of the newt or bullfrog SWS2 pigments.
To do this, we threaded the newt and bullfrog SWS2
pigment’s sequences into the bovine rhodopsin structure and
then performed a molecular dynamics simulation leading to
an energy minimization3@g), to see if the newt and bullfrog
igments had any major structural differences compared to
ach other or to bovine rhodopsin. All differences between
the newt and bullfrog backbone residues which made up the
binding pocket were quite close to that of bovine rhodopsin,
except for Pro91 in the newt pigment (Atkinson, H., Ebrey,
T. G., and Parson, W. unpublished simulations). So, taking
DISCUSSION the backbone structures of the binding pockets as similar,

In this paper, we investigated the molecular basis of we examined which amino acid residues in or near the
spectral tuning for the newt SWS2 visual pigment. Initially, binding pocket were changed in going from the amphibian
we expected that the absorption maximum of the newt SWS2 SWS2 pigments to the newt one. In all, we have identified
pigment would be close to that of the other amphibian and seven candidate residues that were suspected of being able
reptilian SWS2 pigments, 430140 nm, but when the newt  to change the absorption maxima of the newt SWS2 pigment
SWS2 pigment was expressed and reconstituted with Alto that of bullfrog. They were identified by three different
retinal, the resulting pigment was at 474 nm, greatly red sorts of criteria: (a) one replacement (Ala292Ser) which is
shifted from our expectation. known to affect the spectrum of other visual pigments and

The SWS2 family of vertebrate visual pigments is which probably acts by varying the environment near
especially interesting since many members of this family Lys296. A second change (Cys127Ser) might alter kelix
have their absorption spectrum close to that of the model helix interactions and so possibly alter counterion/Schiff base
compound for most visual pigmenta protonated Schiff  interactions (see Figure 5C of r6j. (b) Four residues are
base of retinal, which absorbs at ca. 440 nm. Most memberspart of the retinal binding pocket and are changed in going
of other visual pigment families do not absorb as closely to from newt to the bullfrog pigment (Ser94Ala, 1s0122M,
440 nm, and thus it seems like the SWS2 family is a natural Ser211Cys, and Tyr261Phe); and (c) one residue (Pro91)
place to start when trying to fashion an understanding of disrupts the usually present hydrogen bond to a water, which
the molecular basis for all visual pigment specta Eor in turn is hydrogen bonded to Glu113, the counterion to the
the newt pigment, we wanted to find out what amino acid chromophore’s Schiff bas@T7). To evaluate their effect on
residues were responsible for shifting the spectrum of the the spectral shift, these seven amino acid residues from the
newt pigment, 474 nm, down to that of a more typical newt SWS2 sequence were substituted with the residues
amphibian pigment, bullfrog, ca. 430 nm. Other similar found in the bullfrog (and salamander/anolis) SWS2 se-
pigments are salamandémibystoma tigrinugd31 nm, 8)), qguence.

American chameleorApolis carolinesis437 nm, R9)), and, Discussing our results in the order of the amino acid
although they have not been sequenced nor expressed ancesidue numbers: In the newt the replacement of Pro91 to
regenerated with retinal Al, several amphibian “green” rod Ser91 introduces a hydrogen bond from the peptide amide
pigments whose absorption spectra have been measured usin a water that is in turn hydrogen bonded to Glul113.
microspectrophotometry: frodgR@na pipiens432 nm, 89)), Probably the 10-nm blue shift caused by the Pro91Ser mutant
(Rana temporanigd37 nm, 40)), (Rana ridibunda432 nm, is attributable to this creation of a hydrogen bonded network
(42)), and toad Bufo marinus 433 nm, 42)), (Bufo bufq from this residue to Glu113. A proline at this position would
432 nm, @1)). Until the newt SWS2 pigment, the furthest not be able to have its amide participate in the hydrogen
red shifted SWS2 pigment known was that of chick&ga{ bonding. The creation/disruption of such hydrogen bonded
= 455 nm)? For the chicken pigment, the major source of networks from amino acid residues to the Schiff base/

A multiple mutant, consisting of the replacement of all
seven amino acid residues, had its absorption maximum
shifted by 32 nm, to 442 nm (Figure 5). This value is fairly
close to thelna of the bullfrog SWS2 wild-type pigment
(430 nm). These results suggested that the seven amino aci
residues which are replaced are largely responsible for the
large red shift in the newt SWS2 pigment compared to the
bullfrog pigment.
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Ficure 4: The absorption spectra of site-directed mutants of the newt SWS2 pigment. The solid line indicates the absorption spectrum in
the dark and the broken line shows the bleached pigment spectra. (A) Pro91Ser, (B) Ser94Ala, (C) lle122Met, (D) Tyr261Phe, (E) Ala292Ser,
(F) Ser211Cys, and (G) Cys127Ser.
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] Table 1: Summary of the Spectral Shift of the Newt SWS2
20 LA Mutantg
[ 1 pigmentname A max(nm) Al max Opsin shift (cm?)
newt WT 474+ 2 0
f 1 newt— P91S 464+ 0 —-10 460
157 1 newt— S94A 460+ 1 —14 640
o newt— 1122M 468+ 2 -6 270
3 newt— C127S 472+ 0 -2 90
S newt— S211C 472+ 1 -2 90
-g 1.0 newt— Y261F 469+ 1 -5 230
2 newt— A292S 466+ 2 -8 370
© total shift —47 2150
bullfrog WT 430 +1 —44 2160
05 - newt multiple 442+ 1 -32 1530
[ 7 \ ] 2 The absorption maxima and calculated opsin shift of the wild-type,
L site-directed and multiple mutant pigments.
0

In the X-ray structure of bovine rhodopsin, His211 is
located near retinal ring, but its side chain faced away from

FicURE 5. The absorption spectrum of the newt SWS2 pigment the retinal §). The substitution of Ser211 by cysteine in the
with seven residues mutated. This figure shows the absorption newt SWS2 pigment has only a minor e:ffect on the tSpeCtrum’
spectrum of the reconstituted newt SWS2 multiple mutant in which 2 "M, perhaps because of the direction of the side chain.
seven residues have been replaced: Pro91Ser, Ser94Ala, lle122Mef[he substitution of Tyr261 by phenylalanine in bovine
Cys127Ser, Ser211Cys, Tyr261Phe, and Ala292Ser. The absorptiorrhodopsin (RH1) or some members of the M/LWS group of
spectrum of this multiple mutant has itgax at 442 nm. pigments leads to about a70 nm blue shift (data collected

i ] o in Appendix). In the newt SWS2 pigment, we found a similar
counterion region which incorporate water molecules can be resylt: theima, of the Tyr261Phe mutant is blue shifted by
considered a new type of mechanism for regulating wave- 5 nm. The substitution of Ala292 by serine in bovine

250 300 350 400 450 500 550 600 650

wavelength (nm)

length in visual pigments. rhodopsin (RH1) or the M/LWS group of pigments leads to
The amino acid residue at position 94 is located very close ghout a 16-20 nm blue shift (see Appendix, refs 8, 44).
to counterion and Schiff base (see Figure 6 of feésd6), In the newt SWS2 pigment, we found a similar result: the

and its substitution to an alanine leads to a 14-nm blue shift. ;. of the Ala292Ser mutant is blue shifted by 8 nm. Since
The effect of this substitution is probably via a direct electro- our Tyr261Phe and Ala292Ser mutants showed similar sized
static effect on the chromophore. The absorption spectrumplue shifts as found in previous studies of other pigment
of the Ser94Ala mutant was not only blue shifted it also families, probably similar mechanisms underlie their effects
showed a slightly wider bandwidth compared to other on spectral tuning in the SWS2 pigment.
mutants. However, after bleaching, the difference spectrum  Other considerations are that the highly conserved, within
had a similar bandwidth to the other mutants (data not visual pigment families, of the amino acid residue at positions
shown). It may be that there are two or more components 122 may affect the efficiency of activating transducin and
perturbing the environment around Schiff base or counterion the rate of regeneration of a visual pigmed§) alligator
because of the replacement of Ser94 by alanine. The effectrhodopsin, which has a very similar binding pocket to bovine
of the Ser94Ala substitution is the first report of a visual rhodopsin except for residue 127, shows a much faster
pigment using the residue at position 94 to regulate its regeneration rate compared to bovine rhodopé®).(The
absorption spectrum. newt SWS2 pigment has unique residues at both these
The lle122Met mutant showed a 6-nm blue shift, a smaller positions, so that some of its properties, for example,
effect on spectral tuning compared to the changes at positiongegeneration rate, may be quite different when compared with
91 and 94. It has been proposed that the amino acid residuether SWS2 pigments.
at position 122 forms a salt bridge with the residue at position  There was a 44-nm difference, equivalent to a 2160'cm
211 @3). Although this may be possible with bovine opsin shift, between the newt and the bullfrog SWS2
rhodopsin, the quite different electrostatic properties of the pigment. The total opsin shift taken as the sum of the changes
residues in these positions in the newt and indeed in all theat the seven positions is 2150 cin(see Table 1). This
SWS2 pigments, make the existence of any crucial salt bridgededuced value is very close to the size of the opsin shift
linkage between these two groups unlikely. between newt and bullfrog. We note that the seven residue
It may be that a usually conserved serine residue at positionmutant of the newt SWS2 pigment has a smaller blue shift
127 can alter the spectrum by exerting an influence at a dis- (Amax 442 nm; opsin shift 1530 cm) than the sum of the
tance like Ser292Ala, by altering the environment of or the seven individual changes, suggesting that the spectral shift
distances between the Schiff base and its counterion. Ser12fnechanisms are not quite as simple as just the sum of the
(helix 1) makes internal hydrogen bonds connecting it to individual site-directed mutant shifts. To obtain the full
Helix-1l (via Asn78 and Asp83), and Helix-VIl (via the spectral shift, it probably is necessary to mutate additional
carbonyl of Ala299) %); changes in the Ser127 contribution residues even if by themselves they probably would not give
could alter distances between helices Il (Glu113) and VII alarge spectral shift; this was shown necessary in obtaining
(Lys296). The replacement of Cys127 by serine in the newt the full spectral shift from a green human cone pigment to
SWS2 pigment had a just minor effect on spectral tuning, a red one 12).
and so we conclude that its alteration does not modulate the Finally, it is of interest to ask whether the changes at
chromophore. positions 91 and 94 have been used to regulate the spectra
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of other visual pigments. Among the SWS2 pigments, that plausible speculation is that the hydrogen bonding of the
of goldfish also has an alanine at position 94; its red shift water is essential for the stability or efficient function of
from most of the amphibian pigments from ca. 435 to 441 visual pigments. It would be quite interesting to know the
nm can plausibly be explained by this substitution. Three of physiological effect, if any, of this proline being present in
the visual pigment families have a conserved residue atthe newt SWS2 pigment. In any case, in the newt pigment,
position 94 (RH1, Thr; M/LWS, Ser; and SWS1, Val) and we propose that a new mechanism of visual pigment
so do not seem to use this residue to modulate the absorptiorabsorption spectrum regulation has been introdtuded
spectrum. With respect to Pro91, an examination of all the alteration of the hydrogen bonding patterns of a water which
available visual pigment sequences finds that the newt SWS2;s itself hydrogen bonded to the counterion of the Schiff base.
pigment is unique in having a proline at this position; all

other sequenced SWS2 pigments have a serine. There is alspPPENDIX

conservation within the other visual pigment families. They

either have a valine or isoleucine (SWS1), phenylalanine Mutations of visual pigments that can cause significant
(RH1 and RH2), or a serine (M/LWS) at this position. A spectral shifts are given in Table 2.

Table 2: Mutations of Visual Pigments that Can Cause Significant Spectral®Shifts

visual spectral visual spectral
pigment shift pigment shift

mutation family (nm) ref mutation family (nm) ref

D83N RH1 +0 Nakayama & Khoranad(7) E122Q RH1 —16  Nakayama & Khorana{)
D83N RH1 -6 Nathans 15, 48 E122Q RH1 —20  Sakmar et al.60)

D83N RH1 -2 Nagata et al.49, 50 E122Q RH1 —17 Nagata et al49)

D83N RH1 -6 DeCaluwe et al.g1) E122Q RH1 —15 Nagata et al.50)

D83N RH1 +0 Zhukovsky & Oprian $2) E122Q RH1-chicken —21 Imaietal. 45

D83N RH1 -9 Fasick & Robertsordd) Q122E RHZ-Coelacanth +10  Yokoyama et al.g1)
D83G RH1 +3 Nathans15) Q122E RH2-Coelacanth +13  Yokoyama et al.g1)
F86Y SWS1(UVS) +66 Fasick et al.17) L125T RH1 +7  Andres et al.§2)

F86Y SWS1(UVS) +60 Cowing et al. 18) L125D RH1 +5  Andres et al.§2)

Y86F SWS1(VS) —-71 Fasick et al.17) L125N RH1 —5  Andres et al.§2)

Y86F SWS1(VS) =75 Cowing et al. 18) L125P RH1 +8  Andres et al.§2)

F86L SWS1(UVS) +0 Cowing et al. 18) W126L RH1 —8  Nakayama & Khorana(?)
F86M SWS1(UVS) +38 Cowing et al. 18) W126A RH1 —13  Nakayama & Khoranai{)
V87D RH1 -9 Nathans48) S164A M/LWS —7 Asenjoetal .12

C90s SWS1(UVS) +38 Yokoyama et al.19) A164S RH1 +2  Chanetal.14)

C90S SWS1(UVS) +35 Wilkie et al. 63) A164S M/LWS +2  Asenjoetal. 12

S90C SWS1(VS) —46 Yokoyama et al.19) A164S M/LWS +4  Merbs & Nathansg3)
S90C SWS1(VS) —34 Yokoyama et al.19) A164S M/LWS +6 Neitzetal (1)

S90C SWS1(VS) -7 Fasick et al.17) E181Q RH1 +4  Nathans48)

S90G SWS1(VS) -7 Fasick et al.%4) H181Y  M/LWS —28 Sunetal.q)

G90S SWS1(VS) -11 Linetal. @) E197Q RH1 —4  Nathans49)

G90S RH1 -13 Janz & Farrenshb) L207M  RH2 +6  Yokoyama et al.§1)
G90D RH1 —18 Kaushal & Khorana56) H211C RH1 —6  Nathans15)

G90oD RH1 -17 Rao et al.§7) F261Y RH1 +10 Chanetal.14)

G90D RH1 —16 Zvyaga et al.§8) F261Y M/LWS +6 Asenjoetal.12)

Al117G  RH1 -4 Linetal. @) F261Y  M/LWS +9  Neitz etal. 1)

A117G  RH1 -4 Han et al. $9) Y261F RH1 —8  Yokoyama et al.4)
Al117F RH1 -8 Nakayama & Khoranad(7) Y261F M/LWS —7  Merbs & Nathan§3)
A117W RH1 +4 Han et al. $9) Y261F M/LWS —10 Asenjoetal.12)

T118S RH1 -13 Nagata et al.50) W265Y RH1 —15 Nakayama & Khorana{)
T118C RH1 —16 Nagata et al.50) W265Y RH1 —15 Linetal 8,65

T118G RH1 —26 Nagata et al.50) W265Y RH1 —17 Nagata et al50)

T118V  RH1 —15 Nagata et al.50) W265F RH1 —18 Nakayama & Khorana&{)
T118I RH1 -12 Nagata et al.50) W265F RH1 —19  Lin & Sakmar 65)

T118A RH1 —18 Nagata et al.50) W265F RH1 —20 Nagata et al50)

T118A RH1 —16 Janz & Farrenshh) W265A RH1 ~ —28 Nakayama & Khorana)
A118T  SWSI1(UVS) +3  Wilkie et al. 63) Y265W  SWSI1(VS) +10  Fasick et al.§4)

G120P RH1 —10 Nagata et al. 50) Y268F RH1 —5  Nakayama & Khorana(?)
G121S  RH1 —3  Hanetal.$9) A269T  RH1 +14  Chanetal.14)

G121T RH1 —-17 Han et al. §9) A269T M/LWS +15 Neitz et al. {1)

G121V RH1 —23 Han et al. §9) A269T M/LWS +10 Asenjo etal.12)

G121l RH1 —-25 Han et al. §9) T269A M/LWS —16 Asenjoetal.12)

G121L RH1 —-25 Han et al. §9) T269A M/LWS —15  Merbs & Nathansg6)
G121P RH1 +7 Nagata et al.50) A292S RH1 —10 Sunetal.q)

E122A RH1 —-25 Zhukovsky & Oprian§2) A292S RH1 —10 Fasick & Robertsordd)
E122A RH1 —22 Nakayama & Khoranal{) A292S RH1 -9 Linetal @)

E122L RH1 -5 Linetal. @) A292S RH1 —10 Janz & Farrensb)
E122L RH1 -3 DeCaluwe et al.g1) S292A RH1 +8  Yokoyama et al.§1)
E122D RH1 —-22 Nakayama & Khoranal{) S292A M/LWS +18 Sunetal.?)

E122D RH1 -25 Sakmar et al.60) S292A M/LWS +28  Fasick & Robertsondd)
E122D RH1 -23 Janz & Farrenssh) S292A SWS1(VY) +0  Fasick et al.§4)

E122D RH1-chicken  —20 Imai et al. 45) A292D RH1 —10 Nakayama & Khorana{)
E122Q RH1 —-20 Zhukovsky & Oprian§2) A295S RH1 =5 Linetal @)

E122Q RH1 -19 Nathans15, 48 A295S RH1 —2 Janz & Farrenssb)

aThis table was updated from Table 3 of #efCopyright 2001 Valdenmar Publishing Company. A significant shift is taken as at least one study
of the pigment finding an absorption shift in the mutant of more than 2°BWS1(UVS; UV-sensitive) and SWS1(VS; violet (or visible region)-
sensitive) pigments belong to same SWS1 group, but we gave these names to make differentiate between them in this table.
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NOTE ADDED IN PROOF

After we submitted our paper, a paper by Ramon et al.
((2003) J. Biol. Chem. 2786427-6432) appeared which
reported that the Thr94lle mutant of bovine rhodopsin was
blue shifted to 478 nm compared with the WT. And in a
very interesting paper Yokoyama and Tada ((20G&ne
306, 91—-98) identified several other residues that can control
spectral tuning in SWS2 pigments.
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