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ABSTRACT: Sensory rhodopsin Il (SRII) is unique among the archaeal rhodopsins in having an absorption
maximum near 500 nm, blue shifted roughly 70 nm from the other pigments. In addition, SRII displays
vibronic structure in thé max absorption band, whereas the other pigments display fully broadened band
maxima. The molecular origins responsible for both photophysical properties are examined here with
reference to the 2.4 A crystal structure of sensory rhodopsin Il (NpSRII) Ratronobacterium pharaonis

We use semiempirical molecular orbital theory (MOZYME) to optimize the chromophore within the
chromophore binding site, and MNDO-PSDCI molecular orbital theory to calculate the spectroscopic
properties. The entire first shell of the chromophore binding site is included in the MNDO-PSDCI SCF
calculation, and full single and double configuration interaction is included for the chromaoplaystem.
Through a comparison of corresponding calculations on the 1.55 A crystal structure of bacteriorhodopsin
(bR), we identify the principal molecular mechanisms, and residues, responsible for the spectral blue
shift in NpSRII. We conclude that the major source of the blue shift is associated with the significantly
different positions of Arg-72 (Arg-82 in bR) in the two proteins. In NpSRII, this side chain has moved
away from the chromophore Schiff base nitrogen and closer t@-thaylidene ring. This shift in position
transfers this positively charged residue from a region of chromophore destabilization in bR to a region
of chromophore stabilization in NpSRII, and is responsible for roughly half of the blue shift. Other important
contributors include Asp-201, Thr-204, Tyr-174, Trp-76, and W402, the water molecule hydrogen bonded
to the Schiff base proton. The W402 contribution, however, is a secondary effect that can be traced to the
transposition of Arg-72. Indeed, secondary interactions among the residues contribute significantly to the
properties of the binding site. We attribute the increased vibronic structure in NpSRII to the loss of Arg-
72 dynamic inhomogeneity, and an increase in the intensity of the second eXgjtedlike state, which

now appears as a separate feature withintthgband profile. The strongly allowed,* *-like state and

the higher-energyAg* ~ -like state are highly mixed in NpSRIl, and the latter state borrows intensity
from the former to achieve an observable oscillator strength.

Membrane-bound light-transducing proteins based on energy necessary to drive the dark reactions that carry out
retinal are found in unicellular eukaryotely (eubacteriaZ), either light-driven ion transport or photosensory signaling
and archaea3(-5). These proteins all share a common motif (1, 4, 6). Halophilic archaea have both types of light-
of seven transmembrane helices enclosing an interior chro-transducing proteins, including the proton pump bacterio-
mophore binding site. The photoactive moiety is retinal rhodopsin (BR),the chloride pump halorhodopsin (HR), and
attached to the seventh helix via a Schiff base linkage to athe phototaxis pigments sensory rhodopsin | (SRI) and I
conserved lysine. Upon absorption of light, the chromophore (SRII or phoborhodopsin).
isomerizes to store the electrostatic and conformational While BR, HR, and SRI have absorption maxima that fall
in a relatively narrow range (566690 nm), SRIl has an
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invertebrate visual pigments responsible for scotopic (low- during this minimization. Following hydrogen minimization,

light) vision (7). Not only does SRIlI exhibit a large blue
shift relative to BR, HR, and SRI, but it also displays an
unusual vibronic structure in thinax absorption bandg—

12). The other pigments display virtually no vibronic
development in thé .« band, even when the temperature is
reduced to<77 K (13—15). The unusual spectroscopic
properties of SRII are all the more intriguing because BR,
HR, SRI, and SRII are significantly homologous. Shimino

the chromophore (but not the lysine residue to which it is
linked) and all the hydrogen atoms were minimized using
the PM3 Hamiltonian. We favor the PM3 parametrization
over AM1, because the PM3 Hamiltonian provides a better
description of water41) and of retinal chromophored4?Z,

43). A second minimization of the hydrogen atoms was
carried out to permit additional relaxation of these atoms in
response to chromophore movement. Note that although we

et al. examined 23 archaeal rhodopsins, and noted that thereninimized the chromophore, we held the terminal nitrogen
are three residues within the binding site region which are atom (NZ of Lys-205) fixed at the crystal geometry. It is
rigorously conserved in all the sensory rhodopsin Il se- necessary to optimize the chromophore because the MNDO-
quences but which differ in the BR, HR, and SRI proteins PSDCI calculations are extremely sensitive to small varia-
(16). These are Val-108, Gly-130, and Thr-204 (position tions in bond lengths and bond angles within the delocalized
numbers refer to the NpSRIl sequence). These authorsz-system. By minimizing the chromophore and hydrogen
replaced all three residues with their sequential counterpartsatoms alone, we guarantee that the results we obtain are fully
in bacteriorhodopsin (V108M, G130S, and T204A), but consistent with the crystal structure. Minimization of the
observed an only 15 nm red shift@). These investigators  chromophore removes the minor imperfections in the chro-
concluded that the major source of the blue shift was yet to mophore geometry that are insignificant with respect to
be determined, and likely involved a change in the protein overall structure, but are highly significant to the calculated
geometry 16). photophysical properties.

The unusual spectroscopic properties of SRIlI have been A structure of bacteriorhodopsin including hydrogen was
addressed from a variety of perspectives in previous studiesprepared using the 1.55 A crystal structuté)(and the same
(8,9, 12, 16—35). The most recent studies are based on the procedures as described above for NpSRII. We assumed that
two high-resolution crystal structures that have recently beenArg-82(+), Asp-85¢), Glu-204¢), Asp-212¢), and the
published 17, 18). The study of Luecke et all{) is based chromophore Schiff base were charged. We selected Glu-
on the 2.4 A structure discussed in the same paper and204 rather than Glu-194 to carry the negative charge, because
deposited in the Protein Data Bank as entry 1JGJ. The studythe E204()—E194 pairing was calculated to be lower in
by Hayashi et al.18) is based on a separate set of coordinates energy. Our results and conclusions are insensitive to the
from the crystal structure studies of Royant et @6)( The choice, provided only one of these residues (E204 or E194)
study presented here and the Hayashi stud) ¢come to is charged.
different conclusions about the principal mechanism of  The photophysical properties of the bound chromophore
spectral tuning, as we discuss below. were calculated using MNDO-PSDCI molecular orbital
theory @2, 43, 45-48). Although we have developed
parametrizations for MNDO, AM1, and PM3 Hamiltonians,
we selected the PM3 parametrization to be consistent with

The methods and procedures for generating the 2.4 Athe ground state minimization methods. We also have
structure of NpSRII have been described separaigly We confidence in this parametrization because it does a reason-
added hydrogens to this structure by using the HBuild ably good job of reproducing the spectroscopic properties
command in CHARMM 87), assuming that the Schiff base of rhodopsin. For example, the MNDO-PSDCI (PM3)
is protonated, Asp-75, Asp-193, and Asp-201 are negatively absorption maximum of rhodopsin is predicted at 488 nm
charged, and Arg-72 is positively charged. These assignmentg43) on the basis of the crystal structurd9), in good
are all evident from the analogy to the bR assignment, with agreement with that found in the experiment (498 nm). To
the exception of Asp-193. A ground-state MOZYME cal- reduce the calculation to a tractable size, we selected only
culation indicated that Asp-193 forms a strong electrostatic the first shell of the binding site for inclusion in the self-
interaction with Arg-72 (see the discussion below). All other consistent field (SCF) treatment. The first shell was defined
ionic residues were made neutral, an approach that isto include all residues or water molecules located within 5.6
recommended in studies of this kind when a fidbanalysis A of any of the chromophore atoms, in addition to any
is not available. This approach serves to simulate neutraliza-charged residue within 12 A. The key binding site residues
tion of charges at the surface due to counterions, and avoidsfor the NpSRII calculation are shown in, or defined in the
generating an artificial electric field through the binding site caption of, Figure 1. The binding site for bacteriorhodopsin
that is associated with incorrect surface charge assumptionswas selected in an analogous fashion and explicitly defined
We tested the sensitivity of our calculations to this assump- in the footnotes of Table 1. All of our calculations used full
tion and noted that charge assignments for Glu-122 and Arg-single and double CI within the-manifold of the protonated
123, which are within 10.8 and 7.8 A of ring C3 of the Schiff base chromophore. When we included dispersion in
chromophore, respectively, do have a small impact on the the calculation, we included full single and double CI on
calculated absorption maximum of the chromophore. But the the aromatic residues as well, which simulates the dis-
effect is small, and the impact is negligible with respect to persive interaction between the residue and the chromophore
the principal conclusions of this study. The hydrogen atoms via the double excitations that occur simultaneously across
were minimized by using the PM3 Hamiltonian within the two chromophoric moieties. Such calculations rapidly
MOZYME, a version of MOPAC that can handle entire expand the basis set, and we were forced to use extrapolation
proteins 88—40). All non-hydrogen atoms were held fixed methods to do the full dispersion calculation which included

METHODS
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Ficure 1: Key binding site residues in sensory rhodopsin Il (NpSRII) fidatronobacterium pharaonifkesidues behind the plane of the
chromophore are shown in gray. A number of small, aliphatic residues (Ala-47, Val-108, Ala-111, Gly-112, Leu-126, Gly-130, Ala-131,
and Ala-172) are not shown to permit viewing of other residues more relevant to wavelength regulation. Only selected hydrogen atoms are
shown.

Table 1: Spectroscopic and Dipolar Properties of the Protein-Bound Chromophores in NpSRIl and bR as a Function of Binding Site
Environment

NpSRII bR(LA)
property residues and mettfod value residues and method value

AE(S) just chromophore 1.650 eV (751 nirs= 0.69) just chromophore 1.641 eV (756 niw; 0.66)
AE(Sy) D75, D201, HO 2.696 eV (459 nmf,= 0.56) D85, D212, KO 2.616 eV (473 nmf,= 0.63)
AE(S) R72, D75, D201, KO 2.740 eV (452 nmf,= 0.69) R82, D85, D212, D 2.436 eV (509 nmf,= 0.48)
AE(S)) full BS (ES) 2.768 eV (447 nnf,= 0.80) full BS (ES) 2.490 eV (498 nnfi= 0.70)
AE(S) full BS (ES) 3.188 eV (388 nnf,= 0.65) full BS (ES) 3.113 eV (398 nnfi= 0.44)
AE(S) full BS (ES and disp) 2.648 eV (468 niin—= 0.80) full BS (ES and disp) 2.338 eV (530 nfis 0.70)
AE(S) full BS (ES and disp) 3.091 eV (401 nifis= 0.65) full BS (ES and disp) 3.019 eV (410 nfrs 0.44)
AE(S) — AE(S) full BS (ES and disp) 0.443 eV full BS (ES and disp) 0.681 eV

Aulu(S1) — u(So)] neutral BS (ES) 12.349D neutral BS (ES) 8.359D

Aulu(S) — u(So) neutral BS (ES) 3.455D neutral BS (ES) 2.127D

a2 The same chromophore geometry, as generated through optimization (MOZYME/PM3) within the full binding site, was used for all calculations.
The MNDO-PSDCI calculations included full single and double configuration interaction (Cl) from the chromaphgstem, and the dispersive
calculations added single and double Cl on Trp-76, Trp-171, and Tyr-174. Wi@isHisted, all three water molecules near the Schiff base were
included (Figure 1). When the full binding site (full BS) was included, all the residues shown in Figure 1 were included in the SCF calculation. To
calculate the dipole moment changes, a neutral site was generated by excluding Asp-193. Abbreviations: ES, electrostatics only, as represented
within the SCF calculations; disp, dispersion as reflected in double CI across chromophore and aromatic P&3idbasassumptions and
abbreviations as in footnote a. The MNDO-PSDCI calculations included full single and double CI from the chrormophstem, and the dispersive
calculations added single and double CI on Trp-86, Trp-182, and Tyr-185. When the full binding site was included, the following residues were
included: M20, V49, A53, Y57, R8%), Y83, D85(), W86, T89, T90, L93, M118, 1119, G122, L123, W137, W138, S141, T142, M145, W182,
S183, Y185, P186, W189, E194, E264( F208, D212(), A215, and LYR216¢), in addition to all water molecules withié A of thechromophore.
To calculate the dipole moment changes, a neutral site was generated by excluding Glu-204.

CISD involving the z-systems of Trp-76, Trp-171, and (28).] In the first approach, we built up the structure from

Tyr-174. Such extrapolations are reliable for transition the chromophore in sections to observe the impact of
energies, but not for oscillator strengths, and so we reportindividual residues, or groups of residues, on the photo-
all oscillator strengths with reference to the “nondispersive” physical properties of the chromophore. These results are

basis set. presented in Table 1. In the second approach, we started from
the full binding site (constructed as described above),
RESULTS AND DISCUSSION replaced selected residues with glycine, and recalculated the

transition energies. If the residue being replaced was charged,
We used two approaches to examine the mechanism ofthe hydrogen atoms were reminimized to more accurately
spectral tuning in NpSRII and bR. [We will use the reflectthe influence of dipotedipole and hydrogen-bonding
abbreviation bR, or bR(LA), to indicate light-adapteal{ interactions on the energetics. These results are presented
trans) BR. NpSRII does not undergo lightlark adaptation  in Table 2.
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Table 2: Spectral Tuning of the Absorption Maximum in NpSRII ASPgs5 ASP212
and bR as a Function of Residue 3.80
NpSRII bR(LA) NpSRIFbR &/4.33 3¢

origin AE(S) AE(HCS)  AAE(S) oy Sy

of shift  residue (eV) residue (eV) (eV)
ES Asp-75  0.548 Asp-85 0.550 —0.002 | AE(BY)=2.70eV (4600m) \ | AE=2.62eV (473nm)__| _430_|
ES Asp-201 0375 Asp-212  0.328 0.047 AE("BI")=2.74eV (452nm) & .o | AE=2.440V (508nm) o Lo
ES Arg-72 0.044 Arg-82 —0.180 0.224 1
ES Thr-204 0.046 Ala-215 0.003 0.043
ES W402 0.274 W402 0.258 0.016 ARG72 ARGg2
disp Trp-76 —0.070 Trp-86  —0.086 0.016
d!sp Trp-171 —0.020 Trp-182 —0.017 —0.003 NpSRIl | bR
disp Tyr-174 —0.031 Tyr-185 —0.049 0.018
net shiff 1.167 0.808 0.359 . . )
observet 0.314 Ficure 2: Comparison of the key distances (angstroms) that define

— — - the electrostatic interactions among the conserved aspartic acid
#The origin of the spectral shift is either electrostatic (ES) or residues and the arginine residue near the Schiff base nitrogen in
dispersive (disp). All data are given for the lowest-lying, strongly NpSRIlI (left) and light-adapted bacteriorhodopsin (right). All
allowed'B.-like excited singlet state, which is responsible for thgx distances are from the Schiff base nitrogen, and in the case of the
absorption banc? '_I'he net shift is given in electron volts, and is relevant Asp residues, the individual distances to the carboxylate oxygens
only to those residues listed. The shifts, when added, are expected togre averaged and shown in boldface underneath the residue. The
overestimate the net shift because these values include only first-ordertransition energy data above the dotted line is for a calculation
effects and ignore second-order effects and mediation by other residuesncluding the chromophore, the two Asp residues, and all three
in the binding site® The observed energy shift of NpSRIl relative to  waters in the region. The corresponding data below the dashed line

light-adapted bacteriorhodopsin is calculated as follow&(NpSRiI, include, in addition to the molecules listed above, the Arg residue.
Ama=498 nm)= 2.490 eV,AE(bR, Ama=570 nm)= 2.175 eV, and The atomic positions for bR were taken from the 1.55 A crystal
AAE = 0.314 eV. structure (see the text).

Role of Chromophore Geometry in Spectral Tunifg.  gpticipate. Finally, we show the distance of the central carbon

Iogical_ place to start our investigation Is to |°.°|.( at the atom of the side chain of Arg-72 (Arg-82 in bR) from the
potential role of chromophore geometry in blue-shifting SRII. - g it ase nitrogen. If calculations are performed on these

;I.—I?e corlysltal tStHﬁture Irevealshs!gmﬁ%agltl dlflfg[renctestr:ntt.he residues alone, the results provide a perspective on the
bl 6}[” _ssndo ne poKenﬁ chain '? bl 1reha Ive to tha n principal mechanism of spectral tuning. When only the two
acteriorhodopsini(y). As shown in Table 1, however, there Asp residues and water are included, NpSRIl is blue shifted

is no significant difference between the transition energies relative to bR, but by only 0.08 eV (13 nm). (Note that we

of the two chromophores. One m|ght suggest that our US€included all three water molecules in the Schiff base region
of optimized chromophores will mask any effect that

chromophore geometry might have on the transition ener in this calculation.) If, however, we add Arg-72 (or Arg-82
b 9 ymig . -in bR) to the calculation, we generate a blue shift of NpSRII
We reject that suggestion for three reasons. First, the

optimization took place within the protein binding site but a red shift of bR. Now, the calculated absorption
P <p P : 9 - maximum of NpSRIl is blue shifted relative to bR by 0.30
Second, our optimized structures overlap nicely with the

crystal structures and are “visually identical”. Third, our eV, very close to the observed value of 0.31 eV. Clearly,

calculations based on the optimized chromophore structuresArg'72 Is the key to understanding the differential spectral

reproduce~90% of the observed blue shift. We conclude iglfﬁégzhz(}gfggprcéis'g:]esitgit ::f;egfggizig'fgast éngll’)
that changes in chromophore structure are of minor conse-— - derstand this hgnomenon we need to exanEl)ine tﬁe
quence in defining the spectral tuning differences between lectrostati f th P itati '
NpSRIl and bR. This observation is in good agreement with electrostatics of the excitation process.
the conclusions of Hayashi et alL§). The ground state of the protonated Schiff base chro-
Role of the Counterions in Spectral Tunifidne counterion ~ Mophore concentrates the net positive charge near the two
structure of bacteriorhodopsin is quite unusual, and involves Asp counterions, as is evident from an evaluation of the
a quadrapole system that consists of the protonated chro-€lectrostatic contours shown in Figure 3. Arg-82 destabilizes
mophore, Asp-85, Asp-212, and Arg-824. The importance the chromophore in bacteriorhodopsin indirectly by stabiliz-
of Arg-82 in defining the electrostatic environment of the ing Asp-85 and Asp-212, which forces these two residues
chromophore has been emphasized bef#®g énd previous  to distribute their negative charge further away from the
MNDO-PSDCI calculations indicate that it is responsible for Schiff base nitrogen. The situation is very different in
a red shift in thelyax band of 0.3-0.5 eV (see Table 2 of  NpSRII. Arg-72 is pointed away from the binding site to
ref 42). An alternative method of blue shifting tlig..x band, form an electrostatic bridge to Asp-193 (Figure 3A). This
however, is to move Asp-85 or Asp-212 closer to the Schiff interaction indirectly stabilizes the chromophore by allowing
base nitrogen, which would preferentially stabilize the ground Asp-75 and Asp-201 to distribute a majority of their negative
state (8). An evaluation of these possibilities as they apply charge toward the chromophore. Thus, even though Asp-
to NpSRIl versus bR is presented in Figure 2. Here we show 201 is farther from the Schiff base nitrogen in NpSRII than
the observed distances of the carboxylate oxygens of Asp-is Asp-212 from the Schiff base nitrogen in bR (Figure 2),
75 and Asp-201 (and their homologues in bR) from the Schiff Asp-201 provides 0.047 eV of enhanced stabilization relative
base nitrogen. We also show the distance of the principal to its counterpart in bR (Table 2). This second-order effect
water molecule (W402) from the Schiff base nitrogen, a value is due to electron redistribution rather than molecular
which will turn out to be more important than one might reorganization, and can only be described properly when the
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Ficure 3: Ground-state electrostatic fields in the plane of the
chromophores in NpSRII (A) and bR (B). The red contours indicate
a field associated with excess positive charge, and the blue contours
indicate a field associated with excess negative charge.

GLUz04 -#— .
entire binding site is included in the self-consistent field )&g_{}é E X
C GLU1gq ’

>
molecular orbital treatment. ARGg; Q(S1) - Q(So)

Excitation into the lowest-lying strongly allowe®,**- . ] _, ]
like excited singlet state transfers negative charge from the T'6URE 4: Change in the electrostatic fields in the plane of the
. . . - - . chromophore upon excitation into the second excitgt ~-like
ring portion into the Schiff base linkage region of the giate (A) and the lowest-lyintB,* *-like state (B) in NpSRIl, with
chromophore. Differential field contours accompanying the latter field change compared to that generated via the compa-
excitation are shown in Figure 4. The electrostatic field rable transition in bR (C). The red contours indicate an increase in
contours shown in Figure 4 are generated by assigning toPositive charge, and the blue contours indicate an increase in

; ar : negative charge. Note that the side chains of Arg-72 in NpSRII
each atom the change in charge upon excitation into elther(B) and Arg-82 in bR (C) are on opposite sides of the null-field

S (B or C) or S (A), and then drawing the electrostatic  contour, which explains why Arg-82 red shifts bR but Arg-72 blue
field contours in the normal fashion. Thus, these contours shifts NpSRII.

show the change in the electrostatic field that accompanies

excitation. As can be seen by comparing panels B and C,0.307 eV. Asp-201 is the next most important residue,
the S charge shift is very similar in both bR and NpSRII. contributing a blue shift of 0.047 eV. The third most
What is significantly different, however, is the interaction important residue is Thr-204, which is the subject of the next
of the respective arginine residues with the differential field. section.

In bacteriorhodopsin, the centroid of the positive charge of Role of Residue Replacements in Spectral Tunig.
Arg-82 is located within the negative region. Thus, Arg-82, comparison of the primary sequences of NpSRIl and bR
because it is positively charged, “stabilizes” the—S; indicates that after sequence alignment, there are 15 residues
transition in bR, which lowers the transition energy. In that differ in the binding site region. The following list shows
contrast, the centroid of the positive charge of Arg-72 is the relevant NpSRII residues directly followed by the bR
located on the positive side of the differential field in NpSRII. replacement in parentheses: lle-43 (Val-49), lle-83 (Leu-93),
Thus, Arg-72 “destabilizes” the,S S, transition in NpSRII, Val-108 (Met-118), Met-109 (lle-119), Ala-111 (Gly-122),
which increases the transition energy. We note that the chargeGly-112 (Leu-123), Phe-113 (Val-124), Leu-126 (Trp-137),
centroid is defined largely by the location of the terminal Phe-127 (Trp-138), Met-129 (lle-140), Gly-130 (Ser-141),
NH, groups, where-74% of the positive charge is localized Ala-131 (Thr-142), Phe-134 (Met-145), Ala-172 (Ser-183),
(for the two arginine residues examined here). We concludeand Thr-204 (Ala-215). After removing from this group
that the change in the position of Arg-72 is the primary replacements that are highly similar, we tested each to
source of the blue shift in NpSRII relative to bR. As shown determine which replacement, if any, was significant to
in Table 2, this residue alone is responsible for a blue shift spectral tuning. We found only one that was significant (Thr-
of 0.224 eV, which is>70% of the observed total shift of 204 — Ala-215).
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The Thr-204 residue is locatest3.5 A from the C13
methyl group (C20) (see Figure 1). The conformationally
flexible OH group aligns with the strong dipolar field in this
region, and preferentially stabilizes the ground state. We
calculate that Thr-204 produces a blue shift of 0.043 eV in
NpSRII relative to bR (Table 2). This corresponds to a
spectral blue shift of 9 nm, in good agreement with the site-
directed mutagenesis studies of Shimino et &6).(The
potential role of hydroxyl-containing side chains in blue

Biochemistry, Vol. 40, No. 46, 200113911
a single nearby residue, B, is
AAEIO(dlsp)~
3hr%e? fﬁ)aB (ZAEI;\ve_ AE{?))
© 48M, R, AEA (AEA,. — AE

(@)

wheref fj is the oscillator strength antlE}; is the transition
energy of the < 0O transition. As an example, consider Trp-

shifting the absorption spectra of cone pigments has been76, which has the centroid of its extendegystem located

discussed previously50). However, recent studies have
indicated that the position of the hydroxyl residue is an
important variable in determining the blue shd@]. In the
study presented here, we found that the Gly-13Ger-141
replacement, which involves residues neargkenylidene
ring, did not have any significant impact on the absorption
maximum, in general agreement with the spectroscopic
studies of Shimino et al1@). We were surprised to find no
significant impact for the two Leu-126> Trp-137 or Phe-

only 4.4 A from the centroid of the chromophatesystem
(see Figure 1). AssumingEj = 2.48 eV,AE,,.= 10 eV,

og = 21 A3, andff, = 0.8, we calculate AAE/y(disp) of
—0.046 eV. This is equivalent to a shift 6f10 nm. While
this is not a large shift, it is significant that a single residue
in the binding site can produce such a large dispersive shift.
Indeed, as shown in Table 2, our double CI calculations
predict that Trp-76 is individually responsible for a dispersive
shift of —0.070 eV (14 nm) in NpSRII.

127 — Trp-138 replacements, because tryptophan has the Noting that eq 2 is an approximation to the full dispersive
potential to provide a large dispersive red shift. Our expansion, we are not surprised that it underestimates the
calculations indicate, however, that both of these Trp resi- dispersive shift calculated via the CISD treatment. There is

dues are too far from the-system of the chromophore to

another mechanism through which a residue such as Trp-76

provide an observable dispersive shift (see the discussioncan red shift the absorption maximum of a nearby chro-

below).
In summary then, only one replacement (Thr-204la-

mophore. Equation 2 describes that portion of the dispersive
effect associated with the interaction of a transition dipole

215) is of any significant consequence in blue shifting with an induced dipole of a nearby polarizable group. There
NpSRiI relative to bacteriorhodopsin. The other replacementsis also a transition dipotetransition dipole term that is

may well combine to form a large secondary effect, but in missing from eq 2. This term, which is usually called an
terms of single replacements, none has an impact. We doexcitonic interaction, is given by

note that, in general, these replacements tend to increase the

refractive index of the bacteriorhodopsin binding site, a AAEj(exciton)~

subject discussed in the next section.

Role of Dispersion in Spectral Tuningsround-state
dispersive forces arise due to the motion of electrons and
the fact that, at any given instant, the electron distribution is where
not uniform. This creates an instantaneous dipole moment,
and this dipole moment can induce a dipole moment in
another molecule to create a dipoldipole interaction.

Because the instantaneous dipole moment and the induced

dipole moment are in an energetically favorable alignment, » ,

this interaction always lowers the energy of the system. The & nd AE is the transition energy of a low-lying strongly
allowed transition in the nearby re&dd% is the oscillator

energy of stabilization due to dispersion is given by

strength of this transition, an@; is the angle between the
transition dipole moments of thie<— O transition on the
chromophore (A) and the — 0 transition on the residue
(B). Equation 3 will always produce a negative exciton shift
for AAE); providedAEy is higher in energy thanEj; and
the coupling energyVas, is non-zero. If we evaluate the
~ 8 exciton splitting of the chromophore transition due to the L

energies of molecules A and B, respectively, &agd is the transition in Trp- 761’( 0= =0.12, AEB =4.43eV, and}; =
separation between the centroids of the electron densities21°), we obtain aAAE o(exciton) of —0.014 eV. The sum

on molecules A and B51). The average transition energy of eqs 2 and 3 gives a net red shift 80.06 eV, in good

is usually very close to the first ionization enerdi), and agreement with the value of0.07 eV predicted by the
that value is often used in the calculation because it can bedouble CI calculation.

measured experimentally5?). Dispersive forces are of We have presented the above equations primarily to
significant importance in describing the effect of environment provide a perspective on the variables that are important in
on electronic transitions, and it is known that these interac- red shifting the chromophore absorption band due to non-
tions are important in red shifting the absorption spectra of electrostatic mechanisms. It has long been known that the
the chromophores in rhodopsin and bacteriorhodo@sdn ( formal treatment of dispersive effects is achieved by includ-
54). If we define the chromophore as molecule A, the leading ing double configuration interactiorb®). That is the ap-
term in the dispersive red shift of the— 0 transition due to proach we used in this study (see Methods). A key advantage

JIAES — AEY — (AR — AEY? + V.6 + .. (3)

on'e*  fiflp co(Ohs

6477, M AEGAE,  Ryg’

2
V"™~

(4)

B0a0s  AEQAEqie
2R,g° AEL .+ AED

ave ave

AE g (disp)~ —

(1)

wherea, andag are the polarizabilities of molecules A and
B, respectivelyAES  and AE2,_are the average transition
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of using CISD to calculate the dispersive shifts is avoidance
of the assignment of the many variables that are given in
egs 2 and 3, many of which are subject to uncertainty.
We find that there are three residues which make a
significant contribution to the dispersive and excitonic red
shifts of the chromophores in NpSRIl and bR. These are
Trp-76, Trp-171, and Tyr-174 in NpSRIl and their homo-
logical counterparts Trp-86, Trp-182, and Tyr-185 in BR.

No other residue was found to induce a dispersive shift of . e Mp(BR)=1.5128
>0.003 eV in either protein. Although the net dispersive shift _ 1520 " ip(NpSRIN=1.5037

is slightly larger in bR than in NpSRIl, the difference is small o 1500

(0.031 eV) and provides only 10% of the differential blue |

shift in NpSRII. Although these three residues also contribute 1.480} N
to the net electrostatic shifb), our calculations indicate F6870 12 14 16 18
that they introduce no significant differential electrostatic Distance from Chromophore (A)

shift in NpSRII relative to bR_' . . . Ficure 5: Average refractive index (sodium D line) of NpSRII
Our MNDO-PSDCI calculations predict transition energies and bR as a function of the distance from the chromophore, with
for both NpSRIl and bR that are too high by0.17 eV, even values beyond the edge of the protein held at the surface values so

when we include CISD over the chromophore and the threethat edge effects are not included. The bottom graph (B) shows

: : : ; : the absolute values, while the top graph (A) shows the difference
dispersive residues. Our calculations on rhodopsin were MOre€ iween bR and NPSRII. The values assigned at 5.6 A represent

successful, predicting an absorption maximum of 488 NM, he average refractive indices (B) or difference (A) for the first
representing an error of 0.06 eV. We close this section by shell of the binding site, and indicate that bR has a slightly larger
suggesting that we are still underestimating the dispersiverefractive index than NpSRIl. The calculations were carried out

shift. An alternative approach to calculating the dispersive %ss?mi?gptjle (“10"'12‘(’)":3%% rifraz:lti\:l% érl?i(ffs f‘()lr ghoeog)mxo *}T‘ﬁ;ﬁ%ﬁe
P . . . e text): a (1. , Arg (1. , Asn (1. , Asp (1. s
red shift is to use a continuum model, and treat the binding Cys (1.4909), GIn (1.4836), Glu (1.4842). Gly (1.4675), His

sif[e asa polarizab'le medium defingd by a reaction field. We (152509), Ile (1.4333), Leu (1.4308), Lys (1.4716), Met (1.4909),
will use the equation derived by LiptapZ): Phe (1.51548), Pro (1.4365), Ser (1.4943), Thr (1.4684), Trp
(1.5826), Tyr (1.5483), and Val (1.4336).

AAE(disp)~
olclis) A A A key difference is that NpSRII has a larger oscillator strength
3%’ fio (PAE.—AE) n?—1 (5a) than bR. Itis interesting to note that the continuum approach
T Ame M. b 3 ARA A AEAY 92 predicts a dispersive shift for the entire NpSRII binding site
0T Ry AE (AR~ ABQ) 2" + 1 (—0.155 eV) very similar to the net shift calculated via CISD

322 1 AEA 21 methods for the three major dispersive residued.121 eV,
= — A 10 > (5b) Table 2). Naturally, we would be double counting if we were
167egMe R, AEL {AER, — AE}) 2n° + 1 to add both of these values together, but we note that much

of our net error of 0.17 eV may be associated with a neglect
whereR, is the cavity radius and is the refractive index  of continuum dispersion. We conclude that the ultimate
of the binding site. We have calculated the refractive index approach to this problem will be found in a combination of
of the binding site by using the methods and procedures of CISD and adjusted continuum models. One possibility would
McMeekin et al. §7). The refractive index data from réf7 be to combine the hybrid methods proposed by Houjou et
were updated using the molar refraction data of JoB8s (  al. with a discrete calculation of the exciton contributions.
and the molar volume data of Choth9]. The results are  Further work in this area is needed, as the above calculations
shown in Figure 5, and the revised refractive indices are listedillustrate the difficulty and inadequacy of the current disper-
in the caption. We assign the refractive index of the binding sion methods. Our calculations provide ample evidence that
site as that value observed for the first shell, which is 5.6 A any differences in the dispersive shifts in NpSRII versus bR
(heavy atom distance) out from the edge of the chromophore.are small.

Although BR has a refractive index (1.5128) slightly higher  Origin of the Vibronic Structure in NpSRIAs noted
than that calculated for NpSRIl (1.5037, Figure 5), the above, sensory rhodopsin Il is unique in displaying vibronic
difference is small and borders on the anticipated margin of structure, or what appears to be vibronic structure, in the
error. The refractive index of bacteriorhodopsin at 600 nm 4. absorption band8-12) (see Figure 6A). When the

is 1.534 60). Our calculations will underestimate the total separation in the vibronic bands is assigned by using a least-
refractive index of the protein because we have excluded squares fit to log-normal bands, we find that the maxima do
contributions from the chromophore, which is an important not follow any clear vibronic trend. Although our vibronic
contributor to the net refractive index. If we subtract the Separa’[ions differ somewhat from the Comparab|e assignment
average carbonhydrogen bond lengthfd A from the 5.6 of Chizhov et al. {2), both of our studies agree that the

A value, we obtain a cavity radius of 4.6 A. This radial value A—p separation is~200 cnt! smaller than the BC

is identical to the value measured fall-transretinal in separation. This observation suggests that band C is not
solution (based on a measured cavity volume of 4024 A associated with the same progression as bands A and B, and
(62). In the case of NpSRII, eq 5 predicts a dispersive red may be associated with a different electronic state. Hayashi
shift of —0.155 eV {, = 0.8, AEj; = 2.77 eV) versus a et al. have made the interesting suggestion that band C or D
value of—0.134 eV (ﬁ, = O.7,AE{?, = 2.49 eV) in bR. The might be associated with the low-lyirig\g* ~ -like state (8).
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Ficure 6: Analysis of the spectral features of NpSRII (A and B)
and bR (C) with respect to vibronic structure (A) and of the MNDO-
PSDCI predictions of the location and intensities of the electronic
transitions (B and C). Separations of the vibronic bands in NpSRlI
(A) are given in wavenumbers based on a least-squares fit of the
spectrum to log-normal bands. Only transitions involving the
chromophore are shown in panels B and C, and the symmetry
assignments are very approximate.

We agree and provide additional evidence for this assign-
ment. The MNDO-PSDCI energies and intensities of the low-

lying zr* states of the chromophores in NpSRIl and bR are

superimposed on the absorption spectra in Figure 6. This
figure shows clearly that our calculations predict that the

IA*~ -like state is closer to the lowest-lyiiB* *-like state

in NpSRIl, and further that it has a much higher intensity

(also see Table 1). The location and properties ofqe™ -

like state in bacteriorhodopsin have been assigned by using 10.

two-photon spectroscopy6®?). The two-photon maximum
of the *Ag* ™ -like (fops = 0.3) is at 474 nm, 0.44 eV above
that of the!B,**-like (fops &~ 0.8) state. Our calculations
predict the!Ag* ~ -like (fcaca= 0.44) state is at 420 nm, 0.68
eV above théB,**-like (feacg= 0.7) state (Table 1). Thus,
our calculations tend to overestimate both the oscillator
strength of théAy*~ -like state and the energy of this state
above théB* *-like state. Keeping that observation in mind,
we note that our calculations predict that tig* ~ -like state

is much closer to théB,**-like state in NpSRII (splitting
= 0.443 eV, Table 1) and more intendgyfs = 0.65). On

Biochemistry, Vol. 40, No. 46, 200113913

the basis of these results, it is logical to suggest that the
IAg*~ -like state might be experimentally observable in the
one-photon (normal UMvis) spectrum. The separation
between band C and the absorption maximum of NpSRIl is
~3300 cm?! (0.41 eV), and we suggest that band C
represents the absorption maximum of #Ag* ~ -like state.

The origin of the vibronic structure in the spectrum of
NpSRIl is less certain. We speculate that the increased level
of vibronic structure is due in part to the loss of Arg-72
dynamic inhomogeneity associated with the position of this
residue in a locked electrostatic interaction with Asp-193
(see Figure 3A). In contrast, Arg-82, the corresponding
residue in bR, occupies a binding site which has multiple
minima with similar energies, but with very different
absorption spectra. The mobility of Arg-82, and its spectro-
scopic consequences, are similar in impact to the mobility
of the -ionylidene ring of the chromophore in rhodopsin
(63). However, since R82A in BR does not exhibit fine
structure 64), the above explanation is not sufficient to
explain the vibronic structure entirely. We believe that a
significant source of the decreased inhomogeneity in NpSRI|
is associated with a more rigid counterion and water
environment near the Schiff base. From another perspective,
the quadrapole counterion environment of bR will enhance
inhomogeneity due to the flexibility such a structure provides
for the central (in this case negative) components (Asp-85
and Asp-212).
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