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Abstract: Molecular dynamics simulations and quantum chemistry calculations have been combined to describe the
dark adaptation in bacteriorhodopsin (bR). The process involves the reversible thermally activated transformation
of retinal from an all-trans to a 18s,15synconfiguration. The potential surface governing the thermal isomerization

of retinal around two (1314, 15-N) double bonds has been determined for representative protein configurations
taken from molecular dynamics trajectories. CASSCF(8,8)/6-31G kyehitio calculations (within Gaussian94)

were carried out for this purpose. The charge distributions of all atoms in the protein are represented by partial
point charges and explicitly included in the electronic Hamiltonian. Placement of retinal into bR is found to reduce
the calculated isomerization barrier. Thermal fluctuations of the protein lead to a further effective reduction of this
barrier. The isomerization process is shown to be catalyzed by the protonation of an aspartic acid (Asp85) side
group of bacteriorhodopsin.

Introduction (a)

18 19 20
Bacteriorhodopsin (bR)is a protein composed of seven

a-helices which spans the purple membranéiafobacterium NG 15\N{Lys 216
halobiumand which functions as a light-driven proton pump. H
Itis a member of the retinal protein family, which encompasses 7
proteins with a retinal chromophore bound within the protein 16
interior via a protonated Schiff base linkage to a lysine side
chain. Figure la shows the chemical structure of retinal and (b)
its conventional numbering scheme. The retinal isomer com- K/\
position in bR is 66% 13is and 34% allrans in the dark- NN
adapted form of the pigment (DA), a ratio which is altered in H
mutants of bR and in bacterial rhodopsins of other spécies. rigyre 1. (a) Numbering scheme of the retinal chromophore bound
The two isomers, denoted b3 (13-cis) and bRes (all-trans), via a protonated Schiff base linkage to a lysine side chain of
absorb at 548 and 568 nm, respectively. Retinal in thes®R  bacteriorhodopsin; (b) retinal analogue employed in our quantum
pigment exists in an alrans 15-anti configuration and in chemical calculations.
the bRu4g pigment in an 13is,15syn cvonfiguration as sug- ) ) . )
gested originally on the basis of semi-empirical quantum Which, accordingly, is called the light-adapted form. The
chemical calculatiosand observed by Resonance Raman photocycles of bacteriorhodopsin are discussed in detail in recent
experiment$:® reviews! 12

Both the bRssand the bRsgisomers undergo a characteristic A widely accepted _model for the three-dimensional structure
photocycle (see Figure 2) initialized in both cases by a of bR has _been provided by Henderson and co-wc_)rkers’usmg
photoisomerization involving rotation around the-1131 double elegtron microscopy at Ilch temperat%ﬁré“tpgether with bR S
bond. However, proton pumping is restricted to the photocycle MO acid sequencé® The ob.servau'ons regulted in-a
of bRsss. The photocycle of bRg does not involve vectorial structure for the_mem_bran_e-spannmg helical portion of bR at a
proton translocatiof. The photocycle of native bi leaks into ~ resolution &3 A'in a direction parallel to the membrane and at
the bRyg form whereas the bR photocycle replenishes only a resolution of 10 A perpendlcglar to the membrane. This
the bRgg form. As a result, under the influence of light any Structure provided an opportunity to explore, by means of
mixture of bRegbRs4s eventually becomes a pure fgpigment (7) Khorana, H. GJ. Biol. Chem 198§ 263, 7439.

(8) Birge, R. R.Annu Rev. Phys Chem 199Q 41, 683.
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ks.uiuc.edu. Biochem Bioeng 1991, 20, 491.
® Abstract published irAdvance ACS AbstractSeptember 15, 1996. (10) Lanyi, J. K.J. Bioenerg Biomembr 1992 24, 169.
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PhotochemPhotobiol 1991, 54, 1039. 24, 181.
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trans photocycle 13-cis photocycle bacteriorhodopsin, processes like photoinduced and thermal
isomerization ofin situ retinal, as well as proton transfer

W s kr I processes (see Figure 2) require potential surfaces which _need

‘o“" ~ A, tbF! bR J to be provided by quantum chemical methods. Transformations
(trans) (trans) (13-cis,15-syn) (15-syn) important for the function of bacteriorhodopsin, which are

. beyond the realm of molecular dynamics simulations based on

" hm e standard force fields, involve the thermally activated isomer-

ization of retinal around one or two of its double bonds. This

N % g 10 w00 includes the conversion of 1d8s-retinal to its alltransisomeric

(13-cis -~ trans) (13-cls) L «<—— K state during the later stages of the bR proton pump cycle and

(15-syn) (15-syn) includes also the process of dark-adaptation in bR. An
” understanding of these processes requires quantum chemical
descriptions of the respective ground state potential surfaces of

in situretinal. Due to a lack of an atomic level protein structure,
M*? K ** only crude potential energy surfaces were applied in studies of
(13-cle) (13-cls) the isomerization ofin situ retinal until recenth?>-2” The
structure of Hendersoet al.}4 and its refinement by means of
molecular dynamics simulatioh’s1923.28 allow one now to
explore the electronic properties and chemical transformations
(It of retinal in a model-free environme#.
(13-cls) Major challenges arise fomb initio electronic structure
Figure 2. Photocycles of bacteriorhodopsin. Shown are thesbdhd calculations ofn situretinal. A first challenge originates from
bRsas photocyclgs. Superscripts on intermediat(_as indicqte m(_aasuredthe strongly correlated nature of the conjugateetlectron
ab;orpt!on maxima of thesg states. I§0mer|zat|on conflguratlong of system of retinal. Retinal belongs to the family of polyene dyes,
retinal in every state are indicated in brackets. Steps involving which are well-known for their characteristic structure of
photoinduced or thermal isomerization of retinal, as well as proton - .
transfer reactions, are marked accordingly. alternating single ar_1d doubjeelectron_ bonds. Several research
groups have studied the electronic structure and potential
computer simulations, the mechanism of bR’s light-driven surfaces of conjugated polyene systef¥ 37 A distinct
proton pump at the atomic level. MD simulations have been feature of the electronic structure of a conjugated polyene
used to refine the structure of Hendersetrall” and to study molecule is the existence of near-degenerate excited states and
structural properties of the BR pigment and its photo-  crossings between different potential surfaces for the twisted
cycle intermediates. The first MD simulation of bacterior- geometries of a polyene chaifr.*2 The most efficient way of
hodopsin demonstrated that the model of Hendesestoal 14 handling near-degenerate states in quantum chemical calcula-
remains stable in such simulations and also investigateththe tions is through a multiconfigurational (MCSCF) treatm&nt
situ photoisomerization of retind® A second MD study placed  Electronic correlation effects can be taken into account further
water into bR and enforced a complete proton pump cycle by performing configuration interaction (Cl) calculatiots>°
proving that the mechanism of bR’s pump cycle assigns a key However, the use of Cl calculations on top of ah initio
role to bound watet® A third MD study attempted a systematic = MCSCF treatment is computationally prohibitive for aimost any
placemgnt of Wgter and a reflnemer\t of pR in an all-atom (25) Warshel, ANature 1976 260, 679,
description®” This structure served to investigate the nature of  (26) warshel, AProc. Natl. Acad Sci U.SA. 1978 75, 2558.
the very early, so-called J and K, intermediates of bR’s pump  (27) Birge, R. R.Biochim Biophys Acta199Q 1016 293.

cycle? the K and L intermediates, the M intermediate and its ggége[g”‘ljés';’é;Szgccza;éG-? Nina, M.; Smith, J.; Etchesbest, C.; Roux,
1 : . f .
decay?! as well as the photocycle of B demonstrating why (29) Warshel, A.; Chu, Z. T.; Hwang, J.-Kchem Phys 1991 158 303.

the 13eis,15-syn isomer does not pump protohs.These (30) Nakanishi, K.; Arnaboldi, M.; Baloghnair, V.; Honig, B. Am
simulations, summarized in a recent revi€&argue that retinal ~ Chem Soc 198Q 102, 7945.

: ) (31) Hudson, B. S.; Kohler, B. E.; Schulten, K. Linear polyene electronic
acts as a proton switch at the M stage of bR’s photocycle and’structure and potential surfaces. Excited StatesLim, E. C., Ed,;

thereby, explain the proton pump mechanism. Other MD simu- academic Press: New York, 1982; Vol. 6, p 1.
lations, combined with evaluations oKpvalues, investigated (32) Tavan, P.; Schulten, Khys Rev. B 1987, 36, 4337.

the pump mechanism of bR as well, suggesting that shuttling  (33) Du, P.; Davidson, R). Phys Chem 199 94, 7013.
. . - (34) Graham, R.; Freed, K. Chem Phys 1992 96, 1304.
of Arg82 between the extracellular site and the retinal binding (35 Raj, S.: Buenker, Rndian J Chem 1992 31, 215.

site is instrumental in the vectorial proton translocafioff (36) Serrano-Andreas, L.; Merchan, M.; Nebot-Gil, I.; Nebot-Gil, I.;
While molecular dynamics is a powerful tool for structural RO&SY')%]]_- Ch‘%mMPhéS 1993’, 93 3015|1 bR L Robb. MIA
- : T H il Ivuccl, M.; bernaral, F.; Celani, P.; Ragazos, I.; Robb, .
refinement, i.e., for t_he descrlpnon of proteins at equ_|l_|br_|um, Am Chem Soc 1994 116, 1077.
the realm of protein conformations far from equilibrium (38) Schulten, K.; Karplus, MChem Phys Lett 1972 14, 305.

amenable to this technique is rather limited. In case of (39) Tavan, P.; Schulten, K. Chem Phys 1979 70, 5407.
(40) Ollivuci, M.; Ragazos, |.; Bernardi, F.; Robb, M.Am Chem Soc
(17) Humphrey, W.; Logunov, |.; Schulten, K.; Sheves,Bibchemistry 1993 115 3710.

1994 33, 3668. (41) Ollivuci, M.; Bernardi, F.; Ottani, S.; Robb, M. Al. Am Chem
(18) Nonella, M.; Windemuth, A.; Schulten, K. PhotochemPhotobiol Soc 1994 116, 2034.
1991, 54, 937. (42) Bonacic-Koutecky, V,.; Schoffel, K.; Michl, Iheor Chim Acta
(19) Zhou, F.; Windemuth, A.; Schulten, Riochemistry1993 32, 2291. 1987, 72, 459.
(20) Xu, D.; Martin, C.; Schulten, KBiophys J. 1996 70, 453. (43) Roos, B.; Taylor, P.; Siegbahn, €hem Phys 198Q 48, 157.
(21) Xu, D.; Sheves, M.; Schulten, IRiophys J. 1995 69, 2745. (44) Lengsfield, BJ. Chem Phys 198Q 73, 382.
(22) Schulten, K.; Humphrey, W.; Logunov, |.; Sheves, M.; Xu 8. (45) Werner, H.-JAdv. Chem Phys 1987, 69, 1.
J. Chem 1995 35, 447. (46) Shepard, RAdv. Chem Phys 1987, 69, 63.
(23) Scharnagl, C.; Hettenkofer, J.; Fischer, SnE.J. Quantum Chem (47) Langhoff, S.; Davidson, Hnt. J. Quantum Cheml1974 8, 61.
1994 21, 33. (48) Hay, P.; Shavitt, 1. Chem Phys 1974 60, 2865.
(24) Scharnagl, C.; Hettenkofer, J.; FisherJSPhys Chem 1995 99, (49) Tavan, P.; Schulten, K. Chem Phys 1980 72, 3547.

7787. (50) Tavan, P.; Schulten, K. Chem Phys 1986 85, 6602.
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length of a conjugated polyene. An alternative and very Methods
promising approach is the implementation of multireference Molecular dynamics (MD) anih situ quantum chemistry calcula-
perturbation methods, S_UCh as CASPHZ tions were performed independently of each other. All structures were
Another challenge arises from the need to account for the generated by the MD method which utilizes empirical force fields.
protein environment when studying the electronic structure of z-matrices for the retinal molecule employedaih initio calculations
retinal in bR. Protein side groups in the vicinity of the retinal were constructed on the basis of retinal Cartesian coordinates obtained
Schiff base strongly affect the bR absorption spectrum as shownfrom snapshots of MD trajectories. Coordinates of all the protein
through mutation studie€8. These side groups affect also charges (which were explicitly included in the electronic Hamiltonian
drastically the rates of both therrfsnd photoisomerizati§h56 of retinal) were taken from the same snapshots. It should be emphasized
in bR. The experiments imply that the protein environment that in MD simulations, motions of the retinal molecule itself were

plays a crucial role in determining the physicochemical proper- governed by the empirical force fields (see below) and not described
ties of retinalin situ by ade nao evaluated potential surface.

. . Molecular Dynamics Simulations. Molecular dynamics simulations
The problem of the proper representation of the environment rgported here are based on the refined and equilibrated structure of bR
in electronic structure calculations of a molecute situ is reported in Humphregt all” derived from the structure reported in
complex. Initially>”%8 a combination ofin vacuo ab initio Hendersoret alX* Following Humphreyet al}” the present description
guantum chemical and classical solvation energy calculationsinvolves explicit hydrogens, includes sixteen water molecules placed
were carried out. Later, various techniques were developedand equilibrated within the protein interior and assigns standard
which permit the self-consisteab initio treatment of a molecule ~ Protonation states to all side groups, except to Asp-96 and Asp-115,

embedded in a dielectric continuthfr®t At present, there which are assumed to be protonatéé: The water molecules are
exist a number oéb initio as well as semiempirical techniques
which try to account for the realistic atomic structure and
charge distribution of the environment via explicit incorporation
of protein (or solution) point charges in the electronic
Hamiltonian®2-69

The present study of the dark-adaptation process in bacteri-

orhodopsin combines molecular dynamics abdnitio quantum
chemistry calculations. Dark-adaptation involves a reversible
thermally activated transition between thesgfand bR4sforms
which, at room temperature, occurs with a halftime of about 1
h. Dark-adaptation is believed to proceed through the co-
isomerization around the 334 and 15-N retinal double bonds
(bicycle-pedal motion). This mechanism is supported by both
molecular dynamics studies of the retinal binding site in®bR,
semiempirical calculations of the retinal ground state potential
surfacein vacuq? as well as Resonance Raman measureniénts.
In the present work we perforin situ ab initiocalculations of

modeled using TIP3P parametéfsThe program X-PLOR with the
CHARMM force field™ was used for all simulations. bR was modeled
in vacuum at a temperature of 300 K. A cut-off distance of 12 A and
a dielectric constant of = 1 were used for the evaluation of Coulomb
forces. All simulations used the standard X-PLOR protein topology
file topallh22x.pro and parameter file parallh22x.pro.

Partial charges of retinal atoms, employed in our MD simulations,

were determined with Gaussian92using a Mulliken population

analysis at the MP2/6-31G level. (We favored Mulliken charges to
the alternative ESP-based chardges? since the distribution of retinal
charges was used not only in MD simulations, but also as a tool to
study effects of fluctuating protein environment on the retinal electronic
structure.) The retinal topology and parameters for the equilibrium
(bRssg) configuration are the same as those in Humpletegl.,”® with

the exception of the dihedral angle rotations for the “single” and
“double” bonds, which were modified to enhance the planarity of retinal
and, thus, assure better convergence of the employed CASSCF quantum
chemical calculations. The increased torsional rigidity of retinal for
its single bonds is justified on account of the fact that double bond

the retinal potential surface which governs dark-adaptation of rotations, i.e., around the +¥34 and 15-N bond, increase the double
bacteriorhodopsin and estimate the overall rate of dark-adaptabond character of the single bond, rendering torsional barriers higher.

tion. We have also recently completed a combined quantum
chemistry-MD study of the spectrum of bR

(51) Roos, B.; Serranoandres, L.; Merchan,Mire Appl Chem 1993
65, 1693.

(52) Serrano-Andreas, L.; Lindh, R.; Roos, B.; Merchan, MPhys
Chem 1993 97, 9360.

(53) Turner, G. J.; Miercke, L. J. W.; Thorgeirsson, T. E.; Kliger, D. S.;
Betlach, M. C.; Stroud, R. MBiochemistry1993 32, 1332.

(54) Balashov, S. P.; Govindjee, R.; Kono, M.; Imasheva, E.; Lukashev,
E.; Ebrey, T. G.; Crouch, R. K.; Menick, D. R.; Feng, Biochemistry
1993 32, 10331.
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1994 116, 11875.
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(64) Singh, U. C.; Kollman, P. AJ. Comp Chem 198§ 7, 718.
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This effect was originally demonstrated by semiempirical MINDO-3/
MNDO calculationd and by ourab initio calculations at the CASSCF-
(8,8) level. Non-additivity of the retinal torsional potentials makes a
parametrization of the retinal ground state potential surface difficult
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MD simulations.

Quantum Chemical Calculations. The quantum chemistry pack-
ages Gaussian92/@4vere employed to study the electronic structure
and potential surface @f situretinal. Since a treatment of the complete
retinal is computationally prohibitive, calculations have been performed
on a retinal analog (Figure 1b) with th2ionone ring and theCo-
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Figure 3. Stereoviews of the retinal binding site, showing retinal, water molecules, as well as key side groups: (a) structure for deprotonated

Asp-85; (b) structure for the protonated state of Asp-85.

methyl groups removed. CASSCF(8,8)/6-31G leatelinitio calcula-
tions have been carried out. Molecular orbitals obtained from the
unrestricted HartreeFock SCF calculations have been used as an initial
guess in the CASSCF calculations. The four HOMO’s and four
LUMO's of retinal displaying a strong-character have been included
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briefly structural and dynamical properties of the bR binding site and

then consider energetics and kinetics of the dark-adaptation process.
Atomic Structure of bR and Its Dynamical Properties. A stereo-

view of the retinal Schiff base region is shown in Figure 3a. The figure

shows the relative position of active groups in the binding site, as well

in a complete active space (CAS) description. The convergence as the positions and orientations of water molecules in the region. The

criterium of 10 hartree was used in all the CASSCF calculations.

counterion complex of the positively charged protonated retinal Schiff

The protein environment was represented through explicit point chargesbase is composed of two negatively charged aspartic acids, Asp-85

in the electronic Hamiltonian using the CHARGE statement within
Gaussian.

Computation of the Isomerization Potential Surface. In situ
isomerization of retinal has been modeled by following a predefined
reaction coordinate. Retinal was gradually rotated around thel43
and 15-N bonds by altering the respective dihedral angles simulta-
neously, i.e., bicycle peddle style, in steps d88d constraining these
values, permitting the motions of all remaining retinal degrees of
freedom to minimize the employed empirical potentials. All protein
degrees of freedom were minimized according to the empirical
CHARMM force field. In calculating then vacuo potential surface
of retinal, the same sequence of retinal conformations as imtbi¢u

and Asp-212, a positively charged Arg-82, and a few neutral water
molecules. One of the water moleculegl] plays the role of the
primary Schiff base contact, forming a hydrogen bond with the Schiff
base NH group.

Isomerization barriers of retinal are influenced by the arrangement
of the surrounding side groups. All such groups, as well as retinal
itself, are in thermal motion, which should play a significant role for
the properties ofin situ retinal. Shown in Figures 4a,b are time-
dependent conformational properties. Figure 4a presents the motion
of the 13-14 and 15-N retinal double bonds. The dihedral angles of
these bonds fluctuate within a range of E28A5° in a strongly coherent
fashion. The strong coherence of the torsions around thel43nd

case had been chosen except that charges of the protein environmeMs_N bonds shows that the protein can accommodate co-rotation

were not taken into account. Multiple isomerization barriers were

calculated by determining the energy difference between the conforma-

tion in which retinal is co-rotated around the-1B4 and 15-N bonds
by 9C¢° and O, respectively. All calculations of thm situ potential

surfaces and isomerization barriers were computed for two different

protonation states of Asp-85, since it has been suggested that th
protonation state of this residue controls the rate of dark-adaptdtion.

Results and Discussion

The refined structure of bacteriorhodopgiwas equilibrated during

around the 1314 and 15N retinal bonds and supports the notion
that dark-adaptation occurs via a “bicycle peddle” type motion. Figure
4b shows the time dependence of the distance between the Schiff base
nitrogen and the Cof Asp-85 and Asp-212. Both distances fluctuate
within approximately 1.5 A, which implies that Coulomb interactions

Chetween retinal and the rest of the protein are properly accounted for

only after exhaustive sampling.

Time Dependence of the Isomerization Barriers. The dark-
adaptation isomerization barriers have been determined for 25 snapshot
structures taken every 2 ps along a 50 ps molecular dynamics trajectory.

100 ps using the CHARMM22 force field and new retinal parameters An isomerization barrier for each structure has been computed as
depicted in Methods. Another 10 ps of molecular dynamics simulations described in the Methods section. The observed time dependence of
were performed to generate protein structures utilized in the calculationsthe isomerization barriers in case of deprotonated and protonated Asp-
of potential surfaces and the rate of dark-adaptation. We first describe 85 is shown in Figures 5a and 5b, respectively. It is seen that the
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Figure 4. (a) Time dependence of the dihedral angles of theBand 15-N bonds. (b) Time dependence of the distance between the Schiff
base nitrogen and the,€arbons of Asp-85 and Asp-212. (c) Autocorrelation function of the dihedral angles of thie4lahd 15-N bonds. (d)
Autocorrelation function of the distance between the Schiff base nitrogen and, thertidns of Asp-85 and Asp-212.

barrier height values fluctuate significantly, ranging from 20 to 70 kcal/ conformations assumed by retinal in the binding sites containing
mol. The majority of points lie between 30 and 60 kcal/mol. For the protonated and deprotonated Asp-85. The effect can be understood in
deprotonated state of Asp-85, the average isomerization barrier is 51terms of the strongly correlated nature of theelectron system of
kcal/mol, while for the protonated state the average barrier height is retinal: rotations around particular bonds are strongly coupled to
43 kcal/mol. It can also be noticed that the difference betvieaitu rotations around the other bonds and, thus, to the overall conformation
and in vacuo barriers is not very significant, varying in sign and of retinal. Distributions of dihedral angles along retinal’'s backbone
magnitude, and rarely exceeding 10 kcal/mol. Thus, one should for the structure presented in Figure 3 are shown in Figure 6b. No
conclude that the barrier height is controlled mainly by the internal specific quantitative relationships between the distribution of dihedral
geometry of retinal. angles along retinal and the values of isomerization barriers can be
The internal degrees of freedom of retinal, which undergo large drawn. However, the general tendency for the more twisted retinal to
changes due to the thermal fluctuations and could affect considerably have larger isomerization barrier is confirmed.
isomerization barriers, are the torsions around retinal’s single and double The placement of retinal inside the protein in one case (Figure 7a)
bonds. The time dependence of retinal’s dihedral energy is presentedincreases and in the other case (Figure 7b) reduces the isomerization
in Figure 6a for both protonation states of Asp-85. It is seen that barrier governing the thermal isomerization of retinal around twe-(13
dihedral energy fluctuations constitute about 6 kcal/mol which is 14 and 15-N) double bonds, by about 10 kcal/mol with respect to the
approximately 30% of the average value of retinal’s dihedral energy. in vacuocalculations. The question arises whether this reduction can
It should be noticed that the average values of retinal’s dihedral energy, be explained on the basis of first-order perturbation energy invoking
in case of deprotonated and protonated states of Asp-85, are different,chromophore-protein electrostatic interactions. Figures 7c,d show the
measuring respectively 19 and 16 kcal/mol. The lower average value effect of Coloumb interactions at the retinal binding site on the
of the dihedral energy for deprotonated Asp-85 correlates well with isomerization potential surface computed exactly and in the first-order
the lower average value of the dark-adaptation isomerization barrier. perturbation theory approximation.
Thus, one can conclude that a higher degree of retinal twist inhibits, We denote byAE; the sum of electrostatic interactions between
on average, rotation around the-1B4 and 15-N double bonds. retinal and the apoprotein evaluated in first-order perturbation theory
Potential Surface for Dark-Adaptation. We will first consider using the conventional MD point charge model. We denote\By
the character of the potential surface governing dark-adaptation, andthe difference between situ andin vacuopotential surfaces evaluated
later discuss how fluctuations of the isomerization barrier control the quantum chemically, e.g., as shown in Figures 748; includes the
rate of the dark-adaptation process. Given in Figure 7 are two samplepolarizing effects of the protein environment. UnlikeE, the
surfaces, one for protonated and one for deprotonated Asp-85. RespeceontributionAE; appears to have a negligible effect on the isomerization
tive structures of the bR binding site are shown in Figures 3a,b. Theseprocess. It can be concluded that the standard MD force field, wehich
two particular structures are chosen to demonstrate possible effects ofneglects changes of retinal’s electronic structure induced by the protein
retinal torsions and of the protein environment on the nature of the environment, fails to represent the potential surfacenditu retinal.
dark-adaptation potential surface. The effect described bXE, can be rationalized as being due to the
The in vacuo potential curve shown in Figure 7b is much flatter  polarization of retinal’s electronic system by the counterion complex
than the one shown in Figure 7a and displays the isomerization barrier of the bR binding site. A factor which affects significantly retinal’'s
which is 18 kcal/mol lower. This difference is due to the different electronic structure is hydrogen bonding to the Schiff base NH group.
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Figure 5. Time dependence of the isomerization barrier in case of
deprotonated (a) and protonated (b) Asp-85. Dashed lines represen
respectiven vacuoisomerization barriers for identical retinal geometries
(see text).

In our bR structure, a water molecule is engaged in such bonding (see

Figure 3). A stronger hydrogen bonding to the retinal Schiff base
increases electronic density in the= bond and should increase the
isomerization barrier. This is confirmed by the two cases shown in
Figures 3 and 7. In the case of deprotonated Asp-85, the strong
hydrogen bonding to the Schiff base (the distance between the Schiff
base hydrogen and oxygen of watet measures 1.8 A) increases the
isomerization barrier by 9 kcal/mol. In the case of protonated Asp-
85, the hydrogen bonding to the Schiff base is weak (the distance
between the Schiff base hydrogen and oxygen of wagmeasures
2.2 A), and the isomerization barrigr situis 10 kcal/mol lower than
thatin vacua

Rate of the Dark-Adaptation Process. We have demonstrated that
the potential barrier for dark-adaptation depends on the momentary
protein structure. In order to evaluate the overall rate of the dark-
adaptation process, one must consider an ensemblgan&bR
structures and determine the distribution of energy barriers. In general,
a rigorous determination of the reaction rate of a chemical process in
a fluctuating environment is difficu®® However, simplifications can
be made when the characteristic time of the environmental fluctuations
is short as compared to the overall rate of the reaction, but is long as

compared to the time of elementary reaction events. In this case, the

effect of the environmental fluctuations can be accounted for through
the static distribution of potential barriers, and integration over this
distribution yields the observed reaction rate. Here we employ such a
description to determine the rate of dark-adaptation of bR.

Effective Energy Barrier of Dark-Adaptation. In order to
determine the rate of the dark-adaptation process for fluctuating
isomerization barriers, the barriers were determined for a sample of

(80) Kampen, N. G. vStochastic Processes in Physics and Chemistry
North-Holland: Amsterdam, New York, 1992.

t

Loguaind Schulten

snapshots selected from an MD trajectory. Since the protein confor-
mational changes occur on a time scale much faster than the observed
rate of dark-adaptation, the distributiop(E) remains unchanged
throughout the dark-adaptation process. The effective rate of dark-
adaptation is then described by

k=ky [ PE)exp-EKTdE; [pE)E=1 (1)

The pre-exponential factok, is a characteristic frequency for the
degrees of freedom (rotations around-13t and 15-N bonds) which
control the dark-adaptation process and can be assumed to be
independent of the barrier height If there exists a discrete set f
barrier heightsE,, E,, ..., En, €q 1 reads

N

Z exp—E/KT)

1
k= koN 2

Matching this expression to the conventional Arrhenius expression

k =k, exp(Ey/kT) 3)
N

1
—kTIn(NIZ exp(—Ei/kT))

Catalysis via Protonation of Asp-85. To test the hypothesis that
the dark-adaptation process in bR is catalyzed by protonation of the

yields

Eqi “4)

Asp-85 side group (see Figure 8), we evaluated isomerization rates for

both unprotonated and protonated states of Asp-85. Isomerization
barriers were computed for 25 different structures for the two
protonation states of Asp-85 (see Figure 5). We determiager 29
kcal/mol for unprotonated Asp-85 aifigk = 22 kcal/mol for protonated

Asp-85, i.e., protonation of Asp-85 lowers the effective barrier of dark-

adaptation by 7 kcal/mol. This effect of Asp-85 protonation implies

an increase of the reaction rate by four orders of magnitude. Our
calculations are in a qualitative agreement with the experimental
observation that transition from high pH (Asp-85 unprotonated) to low
pH (Asp-85 protonated) is associated with a 1000-fold increase in the
rate of dark-adaptatiott.

Absolute Rate of Dark-Adaptation. In order to determine the
absolute rate of dark-adaptation, one must obtain an estimate for the
pre-exponential factok,, We define the characteristic frequenky
as the inverse of the decay timgeof the autocorrelation function for
the torsional motions around the 134 and 15-N double bonds of
retinal. The autocorrelation function is depicted in Figure 4c. From
Figure 4c followsty ~ 2 x 10714 s. Thus, we obtaitk ~ 5 x 104
s 1. According to eq 3 and usinge« ~ 22 kcal/mol (see above), the
rate of dark-adaptation, in the case of protonated Asp-85, iskhen
=6x 108%s1~ 102s L Comparison with the observed maximum
ratekmax= 4 x 1072 s7* of bR dark-adaptation at low pH values, i.e.,
for protonated Asp-85* shows that our calculations give the right order
of magnitude for the absolute rate.

In evaluating the rate constant for the dark-adaptation process, a
static distribution of the activation barriers was assumed. This
assumption is equivalent to the postulate that the elementary act of
retinal isomerization occurs on a time scale which is fast compared to
the structural rearrangements within the bR binding site. To test this
assumption, the characteristic time scale for the torsional motions of
retinal along the reaction coordinate and the time scale for the motions
of side groups in the retinal binding site were compared. For this
purpose we computed the autocorrelation functions for the torsions
around retinal’'s 1314 and 15-N double bonds and compared them
with the autocorrelation functions for the distances between the Schiff
base nitrogen and,&arbons of Asp-85 and Asp-212, two key amino
acids in the retinal binding pocket. Figure 4c,d shows that the
autocorrelation function for the retinal dihedral torsions decays five
times faster than the autocorrelation function of the distance between
the Schiff base and aspartic acids. The observation, that fluctuations
along the reaction coordinate (rotation around retinal’'s-18 and
15—-N bonds) occur on a shorter time scale compared to the fluctuations
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bR active site are shown in Figures 3a,b.
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Asp-85. Shown arén situ andin vacuo potential surfaces obtained from the same sequence of retinal conformations. (c, d) Effect of Coulomb
interactions on the dark-adaptation potential surfaces in the case of deprotonated (c) and protonated (d) Asp-85: dashed lines represent interaction
energies evaluated according to first-order perturbation theory accounting for the Coulomb interaction between retinal and the protein matrix (see
text); full lines represent interaction energies evaluated as the difference betweaersitueandin vacuo potential curves shown in parts a, b.

of the side group positions within the bR binding site, lends support within a picosecond. However, the major change of the dihedral angle
to the procedure employed for evaluatiBg:. However, a rigorous values occurs within 50 fs. This implies that, although energy
prove of eq 4 requires analysis of the autocorrelation function for the accumulation in the reaction coordinate takes about 1 ps, the sharp
isomerization barrierE(t) itself. Such a procedure is currently jump along the reaction coordinate happens within 50 fs. This time is
computationally prohibitive. to be compared with the characteristic time of 200 fs for the noticeable
Elementary Act of Dark-Adaptation. The characteristic time of rearrangement of protein side groups within the retinal binding site
the elementary microscopic act of dark-adaptation can also be (Figure 4d). One can conclude that the assumption concerning time
monitored. Activation of the torsional degrees of freedom from their scale separation between the elementary isomerization act and envi-
equilibrium values to the twisted conformations in a transition state ronmental fluctuations within the retinal binding site is justified.
(see Figure 8) is a microscopic time reversal of the relaxation fromthe  Accuracy of Performed Calculations. The accuracy of the
transition state to the equilibrium. Thus, simulation of such a relaxation performed calculations is determined by the levehbfinitio calcula-

process provides information about the elementary isomerizatiGh®ct.
Figure 9 portrays the behavior of the-184 and 15-N dihedral angles

in the course of their relaxation from the transition state to equilibrium. barriers of dark-adaptation, as well as by the limited statistics employed
It is seen that complete energy dissipation from the 18 and 15-N
torsional degrees of freedom to other protein degrees of freedom occurs(8,8)/6-31G level ofab initio calculations has been employed in the

(81) McCammon, J. A.; Harvey, S. Oynamics of Proteins and Nucleic

Acids Cambridge University Press: Cambridge, 1987.

(82) Brooks, C. L., lll; Karplus, M.; Pettitt, B. MProteins: A Theoretical
Perspectie of Dynamics, Structure and Thermodynamikzhn Wiley &

Sons: New York, 1988.

tions employed, by the way in which the protein environment is
accounted for, by the procedure chosen to calculate the isomerization

for evaluation of the overall rate of dark-adaptation. The CASSCF-

present work. Our sample calculations with a double-polarized basis
set (6-31G**), performed on a smaller retinal analog, have demonstrated
that rotation barriers around the double bonds of protonated Schiff bases
essentially do not change when one uses basis sets larger than 6-31G
at the CASSCF(8,8) level. Improvements in the basis set combined
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Figure 8. Sequence of retinal conformations involved in the dark-adaptation process of bacteriorhodopsin. Shown are two possible pathways. It
is currently believed that dark-adaptation occurs via protonation of Asp-85 (bottom pathway).

tion theory on top of CASSCF) could further improve the barriers for
dark-adaptation, but such calculations are computationally prohibitive
at present.

The role of the environment was taken into account by explicitly
including all protein partial charges in the Hamiltonian. Improvements
of the representation of the environment should account for the protein
polarizability, as well as for protein atoms in direct van der Waals
contact with retinal.

The co-rotation around retinal’'s £34 and 15-N double bonds
has been chosen as the isomerization reaction pathway. This choice
of the reaction coordinate is well justified. On the one hand, this

13-14

160 -

angle(degrees)
2

140 |}
\ “bicycle peddle” motion is favored by the protein environment,
120 |- ¢ ; L . , .
! BN since it invokes the smallest possible perturbation of the surrounding
100 & ! . . . \ | | | | i groups. Thein vacuo ab initio calculations also favor co-rotation
0 01 02 03 04 05 06 07 08 09 1 over the sequential isomerization, e.g. tadlns — 13-cis — 13-<Cis,-

15syn Calculations performed for the planar optimized retinal

Figure 9. Time dependence of the torsional angles of the 18 and geometry yield isomerization barriers of 34 kpal/mol for the rotation

15—N bonds ofin situ retinal starting { = 0) at the transition state of around the 1314 bond, 47 kcal/mol _for rotation around the 1§

dark-adaptation (i.e., for an initial twist of the #34 and 15-N double bond, and 47 kcal/mol for the co-rotation around the-18 and 15-N

bonds of 90, see Figure 8); the time reversal of this process corresponds bonds.

to an elementary dark adaptation event; Asp85 protonated. The main shortcoming of the described calculations is that retinal
geometries are computed by empirical potentials, while energies are

with improvements in thab initio level (via increase of the complete  determined byab initio calculations. While completab initio
active space and implemention of configuration interaction or perturba- minimization of in situ retinal would be more preferable, it is

time (ps)
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computationally prohibitive. Thén situ ab initio calculations per- is not restricted to a mere “key-lock” relationship and that
formed in the study are already computationally very expensive. The Coulomb interactions cannot be properly described within first-
evaluation of an isomerization barrier height for a given structure grder perturbation theory accounting for the retirlotein
requires approximately 1 day on an HP-735/125. Thus, we had to electrostatic interactions. We observe that steric interactions

restrict ourselves to a very limited number of data points. between retinal and the protein cause conformational changes
_ of the chromophore resulting in a noticeable change of its
Conclusions electronic structure and isomerization potential surface. Explicit

E . ld o dih ical ref  th incorporation of protein charges in the electronic Hamiltonian
xperimental determination and theoretical refinement ofthe ¢ q4ing) is of crucial importance, since the protein charge

bacteriorhodopsin structure have led to a point where detailed g ironment polarizes the chromophore and alters substantially
S|_mu_lat|ons of elementary processes occurring in the retinal ji5 electronic structure.
binding pocket have become feasible. In the present work we
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(13—14 and 15-N) retinal double bonds.Ab initio in situ for assistance in the preparation of the manuscript. The research
guantum chemical calculations were performed on an ensemblewas carried out at the Resource for Concurrent Biological
of protein structures. The calculations provide important insight Computing at the University of Illinois, funded by the National
into the regulation ofn situ transformtions of retinal by the Institutes of Health (grant P41RR05969). The research has been
protein environment. The employed levelaif initio calcula- supported also by the Roy J. Carver Charitable Trust. The
tions (CASSCF(8,8)) proved to be adequate for describing the majority of simulations were carried out on Hewlett-Packard
ground state protential surfaceiofsituretinal. The calculated  and Silicon Graphics workstations operated by the Resource. I.
absolute rates of the dark-adaptation process are in accord with-ogunov received a graduate fellowship from the University
observations. of Illinois.

Our study supports the notion that steric and Coulomb ja953091M
mteractlons_ are_the two major factors that govern chemical (83) Warshel, A Aqvist, JAnnu Rev. Biophys Biophys Chem 1991
transformations in a protein active s#e.8384 However, our 54267,
simulations also demonstrate that the effect of steric interactions (84) Warshel, ACurr., Opinion Struct Biol. 1992 2, 230.




