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ABSTRACT

Revealing the mechanisms of animal adaptation to different habitats is one of the central tasks of evolutionary physiology. A particular case of
such adaptation is the visual adaptation of marine species to different depth ranges. Because water absorbs more intensively longer
wavelengths than shorter wavelengths, the increase of habitat depth shifts the visual perception of marine species towards the blue region. In
this study, we investigated the molecular mechanisms of such visual adaptation for two squid species — Alloteuthis subulata and Loligo forbesi.
These species live at different depths (200 m and 360 m, respectively) and the absorption maximum of A. subulata visual rhodopsin is slightly
red-shifted compared to L. forbesi rhodopsin (499 and 494 nm, respectively). Previously, the amino acid sequences of these two species were
found to differ in 22 sites with only seven of them being non-neutral substitutions, and the S270F substitution was proposed as a possible
candidate responsible for the spectral shift. In this study, we constructed computational models of visual rhodopsins of these two squid species
and determined the main factors that cause the 5 nm spectral shift between the two proteins. We find that the origin of this spectral shift is a
consequence of a complex reorganization of the protein caused by at least two mutations including S270F. Moreover, the direct electrostatic
effect of polar hydroxyl-bearing serine that replaces non-polar phenylalanine is negligible due to the relatively long distance to the
chromophore.

AHHOTaIMA

OrmpepienieHne MeXaHM3MOB afJaNITAIIMY >KVBOTHBIX K PAs/IMYHBIM YCTIOBVAM CPeJibl ABJIAETCA OJHON U3 LIeHTPAIbHBIX 3ajlad SBOMIOLVIOHHO
¢busnonormy. YacTHBIM C/TyyaeM TaKoil afaNTallvy ABIAETCA 3pUTeNbHAA afJalTalA MOPCKMX KMBOTHBIX K Pa3/MYHbIM ITyOuHaM. Tak Kak
BOJIa IIOIJIOLIAET JUIMHHOBOJIHOM CBeT 60J/lee MHTEHCUBHO, YeM KOPOTKOBOIHOBOIA, TO C YBeIMYeHNeM ITyOMHbI OOUTaHNUS MIPOUCXOJUT CABUT
BUJMMOJ 4acTM CHEKTpa MOPCKMX >KMBOTHBIX B CMHIOIO 00/1acTh. B JJaHHOM MCClIeOBaHMM MBI M3YUMIM MOJIEKY/IAPHbIe MEeXaHV3MBI,
obecrieunBaoIe 3pUTETIbHYIO afialTalvio AByX KanbmapoB — Alloteuthis subulata m Loligo forbesi. 9T KambMapbl >KMBYT Ha pasHBIX
rry6uHax (200 M m 360 M COOTBETCTBEHHO), M MAaKCMMyM IIOITIOIIEHNs 3PUTENIbHOTO pomoncuHa A. subulata crnerka CHBMHYT B
IIVIHHOBOJTHOBYIO 00/1aCTh OTHOCUTENBHO poporcyuHa L. forbesi (499 u 494 HM cOOTBETCTBEHHO). B Gonee paHHelt paboTe y>ke IMPOBOAMICA
aHa/IM3 aMMHOKJVIC/IOTHBIX IIOC/IeIOBATE/IbHOCTEN STUX JBYX BUJIOB, KOTOPBIiI IOKa3aa Hamuyuye 22 aMIHOKIC/IOTHBIX 3aMeH, TONIbKO CeMb 13
KOTOPBIX OBUIM HEKOHCEPBATUBHBIMM. BBIIO BBIABUHYTO IPEAIIONIOXKEHMe, YTO aMUHOKMCIOTHas 3aMeHa S270F sABmsdeTcs BO3MOXKHOI
HPUYMHOI HAabII0NAeMOro CIIeKTPaTbHOTO CABUIA. B MaHHOI paboTe MBI CreHepyMpoOBaIy KOMIbIOTEPHbIE MO/ BU3YaIbHBIX POJIONICHIHOB
IBYX KaJIbMapoB J OINIpefie/ININ OCHOBHBIE (DaKTOPBI, KOTOPbIE OTBEYAIOT 3a 5 HM CIIEKTPANbHBIN CABUT MeXAy OenkaMu. Mbl 06Hapyxmm,
YTO NPUYMHON CIIEeKTPATbHOTO CHBMTA SB/IAETCA CIOKHAsA peopraHmsanys Oe/ka, BhI3BaHHAas KaK MMHMMYM ABYMs MyTaLVSAMM, BKIIOYas
S270F. Bonee TOro, Mbl IIOKa3alyu, 4TO IPAMON 37IEKTPOCTATUMYECKMI 3PQEKT MOIAPHOTO CepUHA, KOTOPBIN 3aMEeHAETCS HEIOJIAPHBIM
(beHMIaHNHOM, He3HAUNTeIeH, TaK KaK JaHHasA aMMHOKMC/IOTA HAXOMMUTCA Ha 3HAYMTETbHOM PacCTOAHMM OT XpoModopopa.

Keywords: Visual adaptation; squid rhodopsins; molecular mechanisms of visual adaptation; L. forbesi vision; A. subulata vision; non-direct
tuning in rhodopsins; spectral tuning in rhodopsins

*Corresponding author: Mikhail N. Ryazantsev, candidate of chemical sciences, associate professor of Saint-Petersburg State University, Institute of Chemistry,
Universitetskiy Ave. 26, St. Petersburg, Petergof, 198504, Russia.

273 1-7:1



Dmitrii M. Nikolaev et al., 2019 | Journal of Integrated Omics

1. Introduction

Understanding the molecular mechanisms of visual
adaptation is an essential problem of evolutionary
physiology that allows for deriving general patterns of
rhodopsin alterations during the evolution of vision. A
prime example is the visual adaptation of marine species to
the habitat depth. An increase of habitat depth correlates
with a blue-shifting of visual range of marine animals, which
can be rationalized by the fact that longer wavelengths are
more intensively absorbed by water. For example, the rod
pigments of a majority of deep-sea fish exhibit A,,,, around
480 nm close to the maximum of oceanic water light
transmission. A similar blue shift has been found both in the
rod and cone pigments of cottoid fish species that live in
fresh-water Lake Baikal, in visual pigments of rockfishes and
crustacean.[1-3]

In this study, we consider a particular case of such visual
adaptation by comparing the visual rhodopsins of two squid
species. While Alloteuthis subulata squid lives at the depth
range around 200 m and its rhodopsin demonstrates an
absorption maximum at 499 nm, Loligo forbesi lives at the
depth around 360 m and the absorption maximum value of
its thodopsin is 494 nm. The origin of this shift has already
been studied experimentally.[4] According to this study, the
amino acid sequences of these two rhodopsins differ only in
22 sites, and only seven of them are non-neutral
substitutions. The substitution S270F was attributed as a
possible candidate responsible for the 5 nm difference. The
S270F substitution was singled out as a reasonable candidate
because it is the only substitution of a polar hydroxyl-
bearing serine located relatively close to the chromophore
with the non-polar phenylalanine. In this study, we
constructed a series of computational Quantum Mechanics/
Molecular Mechanics (QM/MM) models for rhodopsins of
A. subulata and L. forbesi and their mutants.

We found that direct electrostatic effect of the S270F
substitution cannot lead to any spectral shift due to the
relatively long distance from the chromophore. However,
the S270F substitution, along with other substitutions, is
responsible for the significant reorganization of the
hydrogen bond network in the protein that leads to change
in the position of the polar and charged residues including
the counterion E180. Thus, the spectral shift between A.
subulata and L. forbesi rhodopsins is an example of complex
non-direct spectral tuning rather than a direct electrostatic
effect of substituted residues. In addition, the spectral shift
between A. subulata and L. forbesi rhodopsins cannot be
explained completely by a single S270F substitution, and
other non-neutral substitutions are involved in the tuning of
the spectral shift.

2. Material and Methods

The structures of A. subulata and L. forbesi visual

rhodopsins were generated using a homology modeling
approach on the basis of their primary sequences (UniProt
codes Q17094 and P24603, respectively).[4, 5] The X-ray
structure of Todarodes Pacificus visual rhodopsin (RCSB
code 2773) was used as a template.[6] To align primary
sequences we used AlignMe program package.[7] The
obtained values of sequence identity between target proteins
and the template (83% and 85% for A. subulata and L.
forbesi, respectively) were very high, i.e. the structures of all
three proteins are very similar. To generate the three-
dimensional structures of target rhodopsins we applied the I
-TASSER program package.[8] Because I-TASSER can
generate several structures based on its scoring
functions and does not take into consideration the
membrane environment, we used visual inspection to sort
out the structure(s) with the correct fold. For each of the
studied rhodopsins and mutants, all structures except a
single one folded incorrectly, i.e. they could not exist in the
membrane environment. The final structures were subjected
to additional processing and optimization. We inserted the
retinal chromophore in rhodopsin models bound to the
K305 residue. Proteins were hydrated with Dowser++
program.[9] Then we used pdb2pqr (version 2.1.1)[10] and
propka (version 3.0)[11] programs to calculate pKa values
for the titratable amino acids in proteins, assign their
protonation states (pH=7.0) and add hydrogen atoms. These
complete models were subjected to geometry optimization
first at the MM level (AMBER force field)[12] and then
applying a  hybrid = quantum-mechanics/molecular-
mechanics approach [QM:MM (SORCI+Q//B3LYP/6-31g
(d):AMBER-96)] implemented in Gaussian09 program
package.[13] To calculate absorption maxima values of the
retinal chromophore in protein environment we applied
SORCI+Q/6-31G* level of theory implemented in ORCA 4.0
program package.[14] The same methodology was applied to
perform all other spectral calculations performed in the
current work. All applied protocols have been successfully
tested in a number of previous studies.[15-24]

For both proteins amino acid numbering is in accordance
with the published L. forbesi amino acid sequence.[5] .

3. Results

The absorption maxima values calculated for the generated
three-dimensional rhodopsin models were in good
agreement with experimental values and reproduced the
experimentally observed spectral red shift of A. subulata

Table 1 | The comparison of calculated and experimental absorption
wavelengths of rhodopsins from A. subulata and L. forbesi.
CpaBHeHMe PACCUMTAHHBIX ¥ 9KCIIEPYMEHTATbHBIX 3HAYEHMI Apgy
IIsL POLOIICUHOB KanbMapoB A. subulata u L. forbesi.

A. subulata Ao, nm L. forbesi Apay, NM

experimental 499 494
calculated 473 467
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Table 2 | Absorption maxima values for several computational models of visual rhodopsins from A. subulata, L. forbesi, A. subulata S270F
mutant and L. forbesi rhodopsin F270S mutant. a) Model 2 is the retinal chromophore with geometry optimized in corresponding protein
environment of rhodopsin in the absence of external charges. b) Model 3 is the retinal chromophore in the presence of charges correspond-
ing to the E180 residue, the rest of AMBER charges of protein atoms are set to zero. c¢) Model 4 is the retinal chromophore in the presence of
charges corresponing to the E180 residue, polar residues and water molecules located within 5 A from the retinal chromophore. d) Model 5
is the model that contains all residues of the protein. 3HaueHMs M. JI1 HECKONBKMX BBIUMCINMTENBHBIX MOJe/IeNl M3Y4aeMbIX OeIKOB:
3PUTENTbHBIX POLONICKHOB KanbMapoB A. subulata, L. forbesi, myranta pogoncuna A. subulata S270F u myranTa pogorncusa L. forbesi F270S.
a) Mogenb 2 mpezcrasisieT co601 peTMHANBHBIA XPOMOGOp, TeOMeTpysi KOTOPOTro GbUIa ONTUMM3MPOBAHA B COOTBETCTBYIOLEN 6eIKOBOI
cpesie poponcuHa. b) Mopens 3 mpepcraBisieT co60i peTHMHAIBHBIT XpOMOGOP UM 3apsibl, COOTBETCTBYMOLIMe amuHokucnore E180,
ocranbHble AMBER sapsijipl Ha aToMax Gefka IpupaBHEHbI HY/IIO. €) Mogienb 4 mpeicTasisieT co60i peTHHANBHBIN XpOMOGDOP 1 3apsifibl,
COOTBeTCTBYyIOIMEe aMMHOKMCToTe E180, a TakKe TMOMAPHBIM aMUHOKMCIIOTAM M MOJIEKY/IaM BOJIBI, PAacIOIOKEHHBIM B Ipefienax 5 A or
peruHanbHOro XxpoMmodopa. d) Mopens 5 npeficTabisieT co60i1 peTMHAIBHBIA XpOMOGDOP U 3apsAfibl BCEX aMMHOKHUCIIOT OenKa.

A. subulata S270F L. forbesi F270S

Model A. subulata \,,,,, nm L. fobesi A, N Ao nm Ao nm
Model 22 603 601 596 603
Model 3P 525 501 524 532
Model 4¢ 487 467 487 501
Model 5¢ 473 467 476 485
full protein with charges of S270/F270 set to zero 471 465

rhodopsin relative to L. forbesi rhodopsin (Table 1). To
analyze the origin of this spectral shift we performed a series
of additional calculations for each rhodopsin model (Table
2).

A-L _ jAsubulata _ jL.forbesi
ﬂ“:l’mnx - “:l’mnx ":l’mn.r

Eq. 1
To discern the impact of different factors to the 5 nm
spectral shift between two proteins (Equation 1), we
performed the following analysis (see Figure 1). First, we

calculated A, for the gas-phase chromophore (11-cis
protonated Schiftf base, PSB11) (Model 1). After that, we
evaluated the spectral shift caused by the retinal geometry
modification by a protein environment. To accomplish this
task, we calculated the absorption maxima of retinal
chromophores (with geometries optimized in corresponding
protein environments of two rhodopsins) in the absence of
external charges (Model 2). These calculations provide the
+2 nm absorption red shift of retinal from A. subulata
rhodopsin compared to retinal from L. forbesi rhodopsin.

a) )

—24

) -0 = A. subulaia | '
— 0 — L. forbesi . 1o ;
=huss (A subulata) - |
E E 15 bnay (L forbesi)
— L] - I
= .r‘.
j-E: - 55 E 10 '
. -6
S00 —_— 0 | 5L |
—T ] —3 |
—ar =g o —0 |
i i 1 i 1 i | | 1
Model Model Model Model Model Model Model Model Model Model
1 1 3 4 5 1 2 3 4 5

Figure 1 | a) A, of the investigated computational models of rhodopsins from A. subulata (blue) and L. forbesi (green). b) The values for the
models. Model 1 is the gas-phase chromophore (11-cis protonated Schiff base, PSB11). Model 2 is the retinal chromophore with geometry
optimized in corresponding protein environment of rhodopsin in the absence of external charges. Model 3 is the retinal chromophore in the
presence of charges corresponding to the E180 residue, the rest of AMBER charges of protein atoms are set to zero. Model 4 is the retinal
chromophore in the presence of charges corresponding to the E180 residue, polar residues and water molecules located within 5 A from the
retinal chromophore. Model 5 is the model that contains all residues of the protein. a) PaccunranHble 3HaYeHMA A,y IS M3YYEHHBIX
Mofpenelt pogoncuHoB A. subulata (cvumit) and L. forbesi (3enenstit). b) CrekTpanbHble CIBUTY MeXAY Mopensamu. Mopens 1 mpefcrasser
coboit xpomodop (11-1mc nporoHnposanHoe ocHoBaHye IlIndda), reoMerpusa KOTOporo 6pIa ONTUMU3MPOBAHA B OTCYTCTBUY 3apPATOB.
Mogenp 2 mpepcraBisgeT cobo0il peTMHANbHbI XpoModop, reoMeTpys KOTOpOro Oblla ONTMMMU3MPOBAHA B COOTBETCTBYIOIIE 6elTKOBOII
cpene poporicutaa. Mogpenb 3 npefcTaBisieT co60il peTHHATbHBIN XpoModOp U 3apsifibl, COOTBETCTBYOIIE aMuHOKucnoTe E180, ocranbHble
AMBER 3apsappl Ha aToMax OefKa IpMpaBHEHbI Hymo. Mopenb 4 IpefcTaBisfeT co00il peTMHAIbHBII XpoModop M 3apspbl,
cooTBeTCTByIOIME aMyuHOKMCToTe E180, a Takxke TIONAPHBIM aMUHOKMCTOTAM M MOJIEKYZIaM BOJIbL, PACTIONIOKEHHBIM B TIpefienax 5 A ot
peTUHaIBbHOTO XpoModopa. Mofiens 5 mpeficTaB/sieT cOO0I PeTHHATBHBIN XpOMO(Op 1 3apsAAbI BCeX aMMHOKICTIOT OefKa.
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Next, we evaluated the effect of a negatively charged
residue located in the retinal-binding pocket (counterion
E180). We calculated the absorption maxima of retinal
chromophores in the presence of charges corresponding to
the E180 residue, setting the rest of AMBER charges of
protein atoms to zero (Model 3). The results showed that, in
A. subulata rhodopsin, the counterion causes a smaller
spectral blue shift than in L. forbesi rhodopsin (-78 and -100
nm relative to absorption of the retinal model without
external charges). Analysis of rhodopsin structure reveals
that E180 of A. subulata rhodopsin is located further from
the NH part of the chromophore than E180 of L. forbesi
rhodopsin. The distance measured from the closest oxygen
atom of E180 to the carbon atom C15 of the chromophore is
6.03 A vs 3.99 A for A. subulata and L. forbesi, respectively
(see Figure 2). This trend is in full agreement with previous
studies[19,25,26] that state the importance of the counterion
distance to NH moiety for spectral tuning. Adding polar
residues and water molecules located within 5 A from the
retinal chromophore to the model containing only E180
residue (Model 4) gives the total +20 nm spectral shift of A.
subulata model relative to L. forbesi model. Thus, all residues
and water molecules in the retinal-binding pocket except the
counterion only slightly decrease the spectral red shift
between A. subulata and L. forbesi rhodopsins caused by the
change of the distance from NH moiety to the E180
counterion. In the Figure 3 we show some of the polar
residues in the binding pocket with most prominent
reorganization. The impact of these residues on A, is
estimated by setting the charges of the corresponding
residues to zero. The calculated A, shifts are given in the
Table 3. It worth mentioning that total 4 nm effect for the
polar residues reorganization is due to the complex
reorganization of many residues, and each of them is
responsible for much larger shift than 4 nm. For example,
the impact of N87 residue, which is connected to the -N-H
part of the chromophore through the hydrogen bond, is -49

\ a)

6.01i% 6.17

0&:1@
OE27% 180

Figure 2 | The comparison of structural differences between four
investigated proteins: visual rhodopsins from A. subulata (a), L.
forbesi (b), A. subulata rhodopsin S270F mutant(c) and L. forbesi
rhodopsin F270S mutant (d). All distances are given in A. CpaBuenue
CTPYKTYp deTbIpeX W3yYeHHBIX MOJe/eil (eNKOB: 3pUTeNbHOrO

Table 3 | The impact of polar residues in the retinal-binding cavity of popmoncuna A. subulata (a), L. forbesi (b), myranta A. subulata S270F

A. subulata and L. forbesi rhodopsins that show the most prominent
reorganization (see Figure 3) on A, The effect was estimated by
setting the charges of the corresponding residues to zero. dddexr
HOJIAPHBIX AMMHOKMCIOT B XpPOMO(OPHOIT IMOMOCTU POSOIICKHOB U3
A. subulata wn L. forbesi, KoTopble HE€MOHCTPUPYIOT Hambonee
CHIBbHYI0 peopraHmsanuio (cM. PrucyHok 3), Ha 3HadeHust Amax. s
pacdera  addexra  3apAmbl,  COOTBETCTBYIOLIME  IIe/IeBOIl
AMMHOKMCIIOTe, OBITN IIPUPABHEHBI HYITIO.

A. subulata A\,

Residue L. forbesi A\,
nm
N87 -49 -33
N185 -19 13
C186 -16 -7
S187 16 -12
Y190 17 6

(c) u Myranrta L. forbesi F270S (d). Bce paccTrosnns npuseyieHst B A.

nm and -33 nm for A. subulata and L. forbesi models,
respectively. This A\, difference can be explained by the
change in the orientation of the ~-C(O)NH, part of the N87
residue relative to the -N-H part of the chromophore (see
Figure 2 a,b). Another striking example is the reorganization
of the ~OH part of the S187 residue: due to the change of the
dipole moment orientation, the AA,,, sign changes from
positive to negative for A. subulata and L. forbesi models,
respectively. Similarly, a flip of the -C(O)NH, part of the
N185 residue leads to the change of the AA,,, sign. The
above-described effect of polar residues reorganization is
also well-known and it has been reported before.[19, 27]

.ﬂ..-;LA —L

Eq.2 max

The Model 5 is the model that contains all residues of the

273|1-7: 4



JIOMICS | VOL 9 | ISSUE 1 | JUNE 2019 | 273 | 1-7

N185

Y190

S187% (186

Figure 3 | Polar residues in the binding pocket of A. subulata (tan)
and L. forbesi (gray) rhodopsins that demonstrate the most promi-
nent reorganization. Hambomee CMIBHO peopraHM30BaHHbBIE
TIOJIAPHbIE aMUHOKMCIIOTBI B XpOMOCbOpHOI?I IIOJIOCTU POOIICMHOB A.
subulata (xxenrto-kopuuHessiit) and L. forbesi (cepsiit).

protein. The difference in the (Equation 2) values between
models containing the 5 A cavity and the complete protein
models (i.e. -14 nm) can be explained by the reorganization
of the charged residues outside the binding pocket.

We also tested the hypothesis proposed in a previous
experimental study[4] that the spectral shift is caused by
S270F substitution. First, we analyzed the direct electrostatic
effect of S270 and F270 residues on the absorption
maximum value of retinal chromophore in A. subulata and
L. forbesi rhodopsins, respectively. To perform this task, we
constructed new models by setting to zero charges of S270
and F270 in our models of A. subulata and L. forbesi
rhodopsins, and recalculated the absorption maxima
without preliminary geometry optimization. The results are
given in Table 2. One can see that the above-described
elimination of charges does not lead to any change of
(Equation 2) value. Moreover, the charges on these residues
have a negligible effect on the absorption maxima of the
corresponding rhodopsins. The analysis of the predicted
rhodopsin structures showed that S270 and F270 residues
are located too far from the retinal chromophore (8.13 A
and 7.75 A, see Figure 2 a,b) to produce a detectable direct
electrostatic effect.

As the next step, we investigated if the F270S substitution
in L. forbesi rhodopsin or S270F substitution in A. subulata
rhodopsin lead to notable structural reorganization and,
consequently, to a spectral shift for the absorption band of L.
forbesi and A. subulata rhodopsins. To address this issue, we
predicted a three-dimensional model of F270S and S270F
mutants of L. forbesi and A. subulata rhodopsins respectively
starting from their amino acid sequences following the
protocol described in the “Materials and methods” section.

The analysis of the obtained structures reveals that the
F270S substitution causes the structural reorganization of
the L. forbesi rhodopsin binding pocket including
counterion. The distance from the oxygen atom of the
counterion E180 to the C15 atom is 5.16 A (Figure 2d) that

is between 6.03 A and 3.99 A found for A. subulata
rhodopsins and L. forbesi rhodopsin, respectively. On the
contrary, the S270F substitution in the A. subulata
rhodopsin does not change the distance from the oxygen
atom of the counterion E180 to the C15 atom of the
chromophore that is 6.01 A comparing to 6.03 A (see Figure
2¢). Additional analysis of the obtained structures reveals
(see Figure 4) that in the A. subulata rhodopsin, the M126
residue located in the a-helix III (shown in orange in Figure
4a) is connected by a hydrogen bond network through a
water molecule to the S270 residue located in the a-helix VI
(shown in green in Figure 4a) and, finally, to the counterion
E180, which is located on the relatively flexible P-sheet
(shown in red in Figure 4a). For the L. forbesi rhodopsin and
both studied mutants, M126 does not make a hydrogen
bond that is connected the a-helix III and the counterion
through the residues of the a-helix VI (Figure 4b). For the L.
forbesi rhodopsin and the S270F mutant of the A. subulata
rhodopsin, the F270 residue does not have a part to make a
hydrogen bond (Figures 4b, c). For the F270S mutant of the
L. forbesi thodopsin, M126 is H-bonded to another residue
but not to S270 (Figure 4d). Thus, one of the roles of the
S270 residue is an adjustment of the counterion position
and, therefore, its distance to the chromophore through an
H-bond network.

To summarize, a comparative analysis of the spectral
tuning mechanism for the F270S and S270F mutants, L.

el e
& 222 ¥ ‘ PR

d S g g
1.77 ;
, 5270?*' < 4
VR 1.99 % ‘ <
.- N - W274
\ *.} ”5“ v v kl » v 1.99 &
p o~ ol s -~
e 251 ;% >
A |(:§ m|; " 2.88“
IS ' 4
@) ‘ v277 Q169 b) ~ Y277 \l.-6,
. rign E180
MI126 ’-{ Y il
\ F270
“ y 1.68(
& W 203} M s270 ¥
SO w274 &~ {
§:_ [T v SIS Y 1.85
v A 2.32% @ v P l" F274 =
A : , PR 3.01%
o Faru , TR fk\
¢ Y . Y277 1.85
©) ) v277 {3530 E180 4 - ¢
e ) E180

Figure 4 | The differences in hydrogen-bond network that is related
to the orientation of E180 counterion in four investigated proteins:
visual rhodopsins from A. subulata (a), L. forbesi (b), A. subulata
rhodopsin S270F mutant (c) and L. forbesi rhodopsin F270S mutant
(d). All distances are given in A. CpaBHeHMe ceTeil BOOPOTHBIX
CBsA3€l, KOTOpble BBI3BIBAIOT peopMeHTanuioo KoHTpuoHa E180 B
YeThIpeX M3y4eHHBIX 0Oe/Kax: 3pUTeNbHBIX pORONCMHOB A. subulata
(a), L. forbesi (b), myranra poponcuna us A. subulata S270F (c) n
MyTaHTa popmoncuHa u3 L. forbesi F270S (d). Bce paccrosams
npuBeneHst B A.
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tuning mechanism for the F270S and S270F mutants, L.
forbesi and A. subulata rhodopsins shows that the
reorganization of the charged and polar residues in the
binding pocket, which is caused by F270S substitution, is
responsible only for a part of the spectral shift between L.
forbesi and A. subulata rhodopsins. The rest of the spectral
shift is due to the reorganization of residues located outside
of the binding pocket. According to our models, this
reorganization is caused by other substitution/substitutions
than F270S. Additional computational/experimental work
has to be performed to locate these mutations.

4. Concluding Remarks

In this study we investigated the origin of a spectral shift
between visual rhodopsins from two squid species - A.
subulata and L. forbesi that live at different depths in the
ocean. To accomplish this task, we constructed a series of
QM/MM models for these two rhodopsins, the F270S
mutant of L. forbesi rhodopsin and the S270F mutant of A.
subulata rhodopsin. We calculated A, values for these
proteins, and performed an extensive analysis of their
spectral tuning mechanisms. We showed that the origin of
the 5 nm spectral shift between rhodopsins from A. subulata
and L. forbesi is the consequence of the protein
reorganization (non-direct tuning) caused by at least two
mutations including S270F rather than an effect of a single
specific amino acid substitution. Also, we find that the effect
of the S270F substitution cannot be explained by the direct
electrostatic effect of polar hydroxyl-bearing serine that
replaces non-polar phenylalanine due to its far location from
the chromophore.

Generally, these two squid rhodopins provide a striking
example of non-direct tuning mechanism. The obtained
results can be useful for the rational design of modern
rhodopsin-based tools with altered optical properties that
can be used in the fields of optogenetics and molecular
visualization.[28,29] .

3akmroueHne

B manHOJ pab6oTe MBI M3y4MIM HPUYMHY CHEKTPaJbHOTO
COBUIA  MEXJy  3pUTE/bHBIMU  PONONCHHAMM  OBYX
KampMapoB — A. subulata u L. forbesi, KoTopble XUBYT Ha
pas/mM4HOl IMyOuMHe B OKeaHe. A pelleHMA NaHHONM
3ajjlauyl MBI CTeHEPUPOBAIN PAN KBAHTOBO-MeXaHUYECKUX/
MOJIEKY/LIPHO-MeXaHMYeCKNX MOfie/iell I 9TUX [JBYX
POLOIICKHOB, a TaKXXe MyTaHTa poponcumHa us L. forbesi
(F270S), paccumranu Oasi HUX 3HAUEHUSA Ay, U MPOBENN
HeTa/IbHBI/ AaHAIM3 MEXaHM3MOB, OTBEUAIOIINMX 3a UX
CIeKTpa/IbHble CBOJCTBAa. Mbl mOKasamu, YTO IPUYMHON 5
HM CIIeKTPaJIbHOTO CABUIA MeXAy poponcuHamn A. subulata
u L. forbesi sBnsercst peopranmsaius Oenka (Hempsmas
peryiAnusa CHeKTPaIbHBIX CBOJCTB), BbI3BaHHAad Kak
MUHMMYM OBYMS MYTalUsAMU, BKMo4asa 3ameHy S270F, a He
olpefie/ieHHasA OfMHOYHAsA MyTauuA. Taxoke MblI ITOKa3alu,

4T0 3¢ PeKT aMUHOKUCTOTHOI 3aMeHbl S270F He sBrsiercs
OpsAMBIM ~ 9NIEKTPOCTATUYECKUM  3P(PEKTOM  3aMeHbI
MOJIIPHOTO CEPMHA, COJlep KALIero IUAPOKCUIbHYIO IPYIIILY,
Ha  HeNOJApHBII  (DeHMWIaHWH, TaKk Kak  JiaHHad
AMIHOKIC/IOTa HAXOUTCSA Ja/IeKO OT XpoModopa.

Takum 06pasoM, W3ydYeHHBIE POMOICUMHBI KalbMapoB
HpeNCTaB/AIT co00il MOKa3aTebHbI IpUMep HEIPsIMOii

perysaumyu  CHeKTPaIbHBIX  CBOMCTB.  IlonydeHHbIe
pesy/IbTaThl MOTYT  OBITh ~ WCIOJBb30BAHBI  JUIA
pallMOHAIBHOTO  [iM3aliHa  COBPEMEHHBIX  YCTPOICTB
OIITOTEHETUKNU ¥ MOJIEKY/IIPHON BU3Ya/lM3al[M}i Ha OCHOBE
POJOICMHOB C  MOAM(UIMPOBAHHBIMU  ONTHYECKUMM
CBOJICTBaMI
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