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ABSTRACT In dark-adapted bacteriorhodopsin (bR) the retinal moiety populates two conformers: all-trans and (13,15)cis.
Here we examine factors influencing the thermodynamic equilibrium and conformational transition between the two forms,
using molecular mechanics and dynamics calculations. Adiabatic potential energy mapping indicates that whereas the
twofold intrinsic torsional potentials of the C13=C14 and C15=N16 double bonds favor a sequential torsional pathway, the
protein environment favors a concerted, bicycle-pedal mechanism. Which of these two pathways will actually occur in bR
depends on the as yet unknown relative weight of the intrinsic and environmental effects. The free energy difference between
the conformers was computed for wild-type and modified bR, using molecular dynamics simulation. In the wild-type protein
the free energy of the (13,15)cis retinal form is calculated to be 1.1 kcal/mol lower than the all-trans retinal form, a value within
~kgT of experiment. In contrast, in isolated retinal the free energy of the all-trans state is calculated to be 2.1 kcal/mol lower
than (13,15)cis. The free energy differences are similar to the adiabatic potential energy differences in the various systems
examined, consistent with an essentially enthalpic origin. The stabilization of the (13,15)cis form in bR relative to the isolated
retinal molecule is found to originate from improved protein-protein interactions. Removing internal water molecules near the
Schiff base strongly stabilizes the (13,15)cis form, whereas a double mutation that removes negative charges in the retinal
pocket (Asp®® to Ala; Asp?'? to Ala) has the opposite effect.

INTRODUCTION

Bacteriorhodopsin (bR) is the light-driven proton pump548 nm, respectively. Experiments on retinal extraction
protein from the purple membrane of the bacteriumfollowed by high-pressure liquid chromatography have led
Halobacterium salinarium(Oesterhelt and Stoeckenius, to the suggestion that the bR form populates about two-
1971). BR contains a retinal chromophore (see Fig. 1}hirds of the total in the dark-adapted state (Scherrer et al.,
covalently linked to Ly8'® via a protonated Schiff base. 1989; Song et al., 1995). The population ratio is modified by
After absorption by bR of a 568-nm photon, the retinalchanges in temperature, pH, amino acid sequence of bR
undergoes a conformational change that leads to the transfetong et al., 1995), and pressure (Schulte and Bradley,
of a proton from the intracellular to the extracellular side 0f1995; Schulte et al., 1995). The retinal isomer ratio has also
the membrane. . been determined on membranes treated with Triton X-100,

The light-adapted form of bR contains100% alltrans 5 detergent that produces monomers of bR (Massote and
retinal (in which all of.the double bonds of the polyepe aré aghion, 1991), giving a population of 71% of B at 277
in thetrans conformatl'on). However, after several minutes K (Scherrer et al., 1989). The relative populations of the two
in the dark, the protein reaches a dark-adapted state. _Thfgrms in the dark-adapted bR suggest that the difference in
state has an absorption maximum at 558 nm and contains,a.ir free energies issk,T (where ks is the Boltzmann
mixture of two isomers qf retinal (Harbison et aI.,.1984): constant and is the temperature).
ﬁg-rtéatgs(fgciagisgr?vﬁiglr?,thcelgi?el,-\:jlrgl 2:1” Isgtg;mzmﬁd Important questions remain concerning dark-adapted bR,
and C15=I\i16 a,re botkcis). The two corres%onding forms including thg isomerization pathway frpm (alns) to
of the protein, denoted bR, (all-trans retinal) and bR (13,15%isretinal, and the factors influencing the conforma-

' 48 tional equilibrium. Calculations based on atomic models

13,15xis retinal), have absorption maxima at 568 nm and i .
(« r ) P can be used to address these questions. Molecular dynamics
simulations have been performed to examine other aspects
Received for publication 4 September 1998 and in final form 6 Januar)pf bR, including steps along the photocycle (Humphrey et
1999. al., 1994, 1998; Xu et al., 1995, 1996; Edholm et al., 1995;
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puting, IWR, Universita Heidelberg, Im Neuenheimer Feld 368, 69120 simulation model of bR has been presented (Ferrand et
Heidelberg, Germany. Tel.: 49-6221-54-8857; Fax: 49-6221-54-8850; E-al., 1993b) and the thermOdynamiC Stablllty of internal
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FIGURE 1 Retinal bonded to L¥%%. Arrows indicate the isomerized dihedral angles in the dark-adapted state.

Schiff base nitrogen points to the intracellular side afterThe potential energy function includes bonded interactions, comprising
photoisomerization of retinal. The isomerization pathwaybond stretches, bond angle bends and dihedral angle contributions, and

and the dark-adaptation kinetics have also been examindlf"Ponded interactions between pairg)(of atoms. In Eq. 1b, u, 6, and
 are the bond lengths, Urey-Bradley 1:3 distances, bond angles, and

(Logunov and Schulten, 1996). improper dihedral angles in any given configuration, agdi,, 6y, andw,

In preliminary work on the dark-adapted conformationalare the reference values for these properties. The associated force constants
equilibrium, we used quantum chemical calculations andhre kg, k., k,, andk,. The improper dihedral contributions are used to
free energy simulations to examine the relative energies dEepresent out-of.-plane deformations 9? gpoups. For the intrinsic dihe-
the alltrans and (13,15()is conformers of isolated retinal dral anglesp, k, is the force‘constann is the symmetry of the rotor (e.g.,

. . . . 3 for a methyl group), and is the phase angle.
molecules, subject to harmonic restraints designed such that tpe nonbonded interactions are included between jjies atoms on
the conformational flexibility of the chromophore in the dgitferent molecules and on the same molecules separated by three or more
protein was approximately reproduced (Baudry et al.bonds. They consist of a Lennard-Jones term, with parameteasdo; ;,
1997). The alltrans form was found to be~2.1 kcal/mol and a Coulombic electrostatic term between partial chargeg. The

. [ dielectric constant = ¢,. €, was set ta = ¢, i.e.,e, = 1. Hydrogen bonds
lower in free energy than the (13,I% form. This is in are described by the nonbonded terms in the energy function. In all of the

contrast t(? the higher proportion of the (13.diS)form __calculations the long-range electrostatic terms were smoothly brought to
observed in dark-adapted bR, suggesting that the equilibrero at a cutoff of 12 A by multiplication by a cubic switching function
rium in bR is significantly affected by interactions between between 10 A and 12 A. Pairs of atoms on the same molecule separated by
the protein and the retinal and/or the effect of the retinal orPnly two bonds may interact via a Urey-Bradley term harmonic in the
the protein-protein interactions. Here the dark-adaptatioff’st2"ce Petween atomsnd;.

pathway for the conformational change from téns to

(13,15)isretinal is examined. The (13,15§-alltransfree  perivation of an adiabatic potential energy map

energy difference is calculated using umbrella sampling

with the Weighted Histogram Analysis Method (Kumar et The Automatic Map Refinement Procedure (AMRP) was used to derive
adiabatic potential energy maps for rotation about the=5C34 and

al," ,1992)' Agreemen,t with the e,)(,perlment is found to(:15=N16 dihedral angles of retinal. This method, described in detail by
within ~kgT. Calculations on modified bR allow factors gaudry et al. (1997), uses iterative energy minimizations in all of the wells

strongly influencing the conformational equilibrium to be in the potential energy surface examined. Smooth interpolation between the
identified. points obtained was performed using Akima’s quintic polynomials imple-
mented in the IDL package.

METHODS

Molecular mechanics force field

Free energy calculations on retinal in bR

The goal of the free energy calculations was to compute the free energy
The CHARMM (Brooks et al., 1983) potential energy function was em- difference between the two conformers in question. In theory this is
ployed in all of the molecular mechanics and dynamics calculations andndependent of the pathway between them. However, the pathway is

has the following form: important in practice, as it influences the statistical accuracy of the calcu-
lations. In the present work we performed umbrella sampling along the
V(R) = Zbondskb(b - bo)2 + Eangleske(e - 90)2 “bicycle-pedal” pathway (Warshel, 1976), defineddas= — ¢,, whered,
is the C12-C13=C14-C15 dihedral and, is that of C14-C15=N16-Ce.
+ EUrey_Bra dleJ(u(u — u0)2 This pathway was chosen because it preserves the direction of the retinal
chain and is accompanied by only a small change in its shape, thus
+ Eimproperl‘w(“’ _ wo)z minimizing the environmental perturbation at each step. It has been sug-

gested to be the pathway taken by retinal in bR during dark adaptation
(Orlandi and Schulten, 1979; Tavan et al., 1985; Seltzer, 1987; Logunov

+ Danearaks(1 + cogne — 8)) and Schulten, 1996).
The starting structure for the MD free energy calculations on these
Tij 12 Tijj 6 molecules was obtained from Roux et al. (1996), based on the crystallo-
+ Ei,j4€ij r“ - T” graphic structure of Grigorieff et al. (1996). Water molecules buried in the

protein were placed according to thermodynamic criteria (Nina et al., 1995;
1 qo Roux et al. 1996). These essentially reproduce the hydration patterns
Eij - (1) suggested by the newer x-ray crystallographic analyses of Pebay-Peyroula
T4mey 1y et al. (1997) and Luecke et al. (1998). A3js involved in hydrogen bonds
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with two water molecules that are in very good agreement with those of thavhere & and W(&*) are arbitrary constants. The version of WHAM used
model of Luecke et al. (1998). Moreover, Pebay-Peyroula et al. suggesakes advantage of the periodicity of the reaction coordinate to remove
that four water molecules may lie between A%pnd the retinal, as in the  hysteresis.
model of Roux et al. (1996). However, we have repeated the basic con- The potential of mean force was calculated &y (= —¢,) varying
formational equilibrium calculation discussed in the present paper on thérom +180° to —180° in steps of 30°, using the following protocol:
wild-type bR with the newer structure of Pebay-Peyroula et al. (1997). The Step i.¢, and ¢, were restrained to the desired values (idg.= 180°,
result obtained was very similar to that obtained with the older, electrond, = —180°;¢, = 150°,¢, = —150°; . .. ;¢, = —180°,¢, = 180°) with
crystallographic structure. a force constant of 15 kcal/mol/degfegiving a total of 13 windows of
To investigate the protein-retinal or water-retinal interactions, five simulation.
systems were studied, four of which include some modification of the Step ii. A 1-ps equilibration run was performed.
wild-type: Step iii. Langevin production dynamics runs were performed, using the
Wild-type bR, including five water molecules placed by Roux et al. Langevin parameters listed in Roux et al. (1996).
(1996), i.e., four water molecules in the channel between H15 angfAsp For the simulations on mutated bR (i.e., mutations D85A, D212A,
and a water near the Schiff base forming a hydrogen bond between th@ouble mutant) and dehydrated binding-site bR, the time lengths were 20

Schiff base, Asf® and Asg*2 We call this “hydrated” bR. ps per production window, giving a total production time of 260 ps for each
A bR in which these five water molecules close to the Schiff base aremodified protein. For the simulations on wild-type, hydrated bR, two
removed (called here the “dehydrated retinal binding site”). simulations were performed:
A bR in which As{?® is mutated to Ala (called “D85A"). A simulation with ¢, varying from +180° to —180°, for which the
A bR in which Asg'? is mutated to Ala (called “D212A"). production runs were performed for 18 ps. An additional 18-ps production
A bR in which both Asf® and Asp*? are mutated to Ala (called here run was performed in a window centered ¢p = 160°, ¢, = —160° to
the “double mutant”). increase the sampling on this part of the diagonal, over which the free
The retinal force field of Nina et al. (1995), modified as in Baudry et al. energy was found to have a relatively steep gradient. The total production
(1997), was used in the MD calculations to evaluate the ((18i&5)I- time was 252 ps. This simulation is called the “forward” simulation.

trang) potential energy and free energy differences. For the protein part, A simulation with ¢, varying from —180° to +180°, for which the
version 22 of the CHARMM force field was used (MacKerell et al., 1998). production runs were 20 ps long. The total production time was thus 260
The umbrella sampling method of Valleau and Torrie (1977) was used tgs. This simulation is called the “backward” simulation.

calculate the two-dimensional potential of mean force (PMF) atbpgnd For all of the simulations the potentials of mean force were calculated
.. In this methodN,, biased distributions are generated using harmonicwith 81 bins of width 5° for values o, and¢,, ranging from+202.5° to
functions of the form —202.5°. For the simulations on wild-type, hydrated bR, the potential of

mean force was calculated from the forward and backward simulations
. _1 )2 _i)\2 independently, and from the combined umbrella-sampled distributions
W'((Pl’ ¢2) 2 Ka(ex (Pl) T Kol = ¢2) @) from both the forward and backward simulations, which is equivalent to a
) ) production time of 512 ps.
centered on successive valuesfgfand ¢,. The umbrella sampled distri-
butions were analyzed using the Weighted Histogram Analysis Method
(WHAM) (Kumar et al., 1992), which has been extended to calculations
along more than one degree of freedom (Roux, 1995). The WHAMRESULTS AND DISCUSSION
equations express the optimal estimate for the unbiased distribution fun
tion as a weighted sum over thg, individual biased distribution functions
(Kumar et al., 1992; Roux, 1995) In the case of two varialbdgsand ¢,, Isomerization pathway
if n; is the number of independent data points used to construct each biased
distribution function, we have (Roux, 1995) We first examine possible isomerization pathways for the
(13,15Fis to all-trans transition. This is done using adia-
Nuw N batic potential maps as a function ¢f and ¢, in which all
(p(1, ) = 2 np(y, o))i| D, nye Wilen ¢~ FkeT (3)  other degrees of freedom are relaxed. To aid in interpreta-
i=1 =1 tion, we separate the potential energy into two components,
the V,, twofold sinusoidal intrinsic torsional terms faf;
In Eq. 3,p(¢,, ¢,) is the distribution function of the dihedral anglésg ¢., and¢, in Eq. 1, and the other terms, which we collectively

and Wi and w; are thg harmonic restraint pot‘entlals used in umbrellaIabel here the “environment.” The environment can include

sampling, where andj denote the two constrained degrees of freedom. . . . . L .

The undetermined constarfs are defined from rethal-retlnal, protem-retmgl, and protein-protein interactions.

Fig. 2,a andb, show adiabatic potential energy maps for
retinal isolated and in wild-type bR, respectively. These
e T = | | depydep,eMilen @-FlkeT(n( b)) (4) maps were calculated with the twofold intr.insic d.ihe.dral

terms for¢, and ¢, set to zero and thus provide an indica-
tion of the contribution of the environment to the rotational

Because the distribution function itself depends on the set of constants potential. The potential map for the retinal in bR shows

the WHAM equations 3 and 4 must be solved self-consistently. In practicelarger variations than for isolated retinal, reflecting the
this is achieved through an iterative procedure. Self-consistency was typ- ’

ically reached after 2500 iterations, corresponding to a maximum change iRf€S€Nce of an eXp"(_:it protein enVironment- In Fid ﬂl?
F; of 2 X 10~* kcal/mol between successive iterations. The PMz)  diagonal corresponding to the bicycle pedal pathway is the
along a coordinaté = (¢,, ¢,), is defined from the average distribution lowest-energy pathway for affans to (13,15kis conver-

CWiId-type bacteriorhodopsin

function {p(&)): sion (i.e., going fromp, = 180°, ¢, = 180° to ¢, = 0°,
(p(9) ¢2TT1e03:.omplete rotational map is given by the sum of the
W(E) = W(E¥) — ksT In 5 . R
(p(&")) environmental contribution (in Fig. 23 and b) and the
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FIGURE 2 Adiabatic potential en-
ergy map for rotation around
C13=C14 (¢,) and C15=N16 ().
(@) In vacuo retinal (Baudry et al.,
1997), calculated with the parameters
of Table 1, set B. The dashed line in- }
dicates the bicycle-pedal diagonath) (
Retinal in bR, calculated with the pa-
rameters of Table 1, set B.

C15=N16 angle (degrees)
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intrinsic terms. However, the values of the force constants In recent molecular dynamics studies, the intrinsic tor-
for the intrinsic torsional terms are not known accurately.sional barrier for C13=C14 was set to values ranging from
Although the torsional terms are difficult to derive directly 20.0 kcal/mol (Humphrey at al., 1994) to 25.8 kcal/mol
from quantum chemistry, they can be expected to dominatéHermone and Kuczera, 1998), whereas the=MN.6 dou-
quantum-mechanical rotational potentials of isolated poly-ble bond was set to values of 20.0 kcal/mol (Humphrey et
ene molecules. Semiempirical quantum-chemical calculaal., 1994) to 30 kcal/mol (Nina et al., 1995), i.e., corre-
tions, using the modified neglect of diatomic overlap sponding approximately to average values among those
(MNDO) method on a retinal model without tigionone  calculated from semiempirical methods. Nevertheless, the
cycle and truncated after.Cgave isomerization barriers of above considerations suggest that there is considerable un-
13.7 kcal/mol and 21.5 kcal/mol for rotation around certainty about the optimal values kf in Eq. 1 for thed,
C13=C14 and C15=N16, respectively (Orlandi and (i.e., C13=C14) andd¢, (i.e., C15=N16) torsions.
Schulten, 1979). The isomerization barriers and the effect of We find that the pathway of isomerization depends crit-
negative fluoride ions near the retinal were subsequentlycally on the values chosen fd¢,; andk,,. Use of the
studied with the modified neglect of diatomic overlap cor-intrinsic dihedral potential of Table 1, set A (i.&,; = 3.15
relation (MNDOC) method (Tavan et al., 1985). Dependingkcal/mol andk,, = 3.55 kcal/mol, i.e., with intrinsic bar-
on the existence and position of the ions, the £4314
torsional barrier varied between 6.3 and 46.0 kcal/mol. The
barrier along the bicycle-pedal pathway has been calculatef*BLE 1 Dihedral angle C13=C14 and C15=N16

. \p . . force-field parameters
using the modified neglect of diatomic overlap (MNDO)

method with and without a negative ion located near the 5

retinal (Seltzer, 1987). Without the ion, the energy barrier K, (kcal/imol) n (degrees)

corresponding to a bicycle-pedal mechanism was found tGet A  X—C13=C14—X 3.15* 2 180

be 24.6 kcal/mol. A negative ion located near the N16 atom C12—C13=C14~C15  0.65 1 0

of the Schiff base increased the barrier to 62.2 kcal/mol. In )élfﬁlcslz;\':l,\?l_sx_cé 3(;251’ 21 11%%

contrast, a ion located near the C13 carbon decreased the Rm E.

barrier to 15.2 kcal/mol. The above results suggest that the 1.6 -0.11

intrinsic barrier heights might be sensitive to the electro-

static environment of the retinal. SetB  X—Cl13=Cl4—X 0.00 2 180
Protonation of Asf’ is believed to be transient and to 21_221(:51:3’\‘:1(:61_4;&5 (?f(f’ 21 188

catalyze dark adaptation by lowering the free energy barrier Cl4—C15-N16—Ce 051 1 180

between the altrans and doublesis species (Balashov et Roin Ein

al., 1995, 1996). Transient protonation of A3pannot 1.6 -0.11

change the equilibrium population (tois-transfree energy | cHARMM notation. Set A: Parameters used to computeAhevalues
difference). However, it might affect the pathway for con- of Table 2. Set B: Parameters with zero intrinsic dihedral terms. X means
formational change and the associated potential energy ba&ny atom type. Four terms with periodicity= 2 and one with periodicity
riers. In the present pathway calculations part of this effecP =1 cont_rlbute to the |ntr|_n§|c torsional energ‘ymn_ (in A) is the van der_

. . . . e . . Waals radius of the 1-4 vicina{? carbon atoms (i.e., atom type CR* in

is approximately included in the “intrinsic torsional term,” o,z (Nina et al., 1995), an,,,, (in keallmol) is the depth of the
which can include the effect of direct retinal polarization corresponding potential energy well.

change induced by protonation. *From Humphrey et al. (1995).
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riers of ~25 kcal/mol for¢, and of ~28 kcal/mol for¢,) (13,15is and alltrans species in the protein. Calculation
gives the adiabatic map in Fig.s8 This map is dominated of the energy difference including only the [3f$retinal
by twofold cosine functions. The (13,1588 (¢, = 0°, d, = atoms in Fig. 1 gives an energy for alans 1.7 kcal/mol
—5°) structure is the global minimum of the map. The lower than that for (13,15)s. This value is not far from the
all-trans (¢, = 180°, ¢, = 180°) structure is in a local value of 2.1 kcal/mol found for the isolated retinal mole-
minimum, 2.1 kcal/mol higher than (13,15. The bicycle  cule. The energy difference for bR not including the s
pedal is not the lowest energy pathway here, which correretinal atoms is, in contrast, 3.9 kcal/mol in favor of the
sponds to a sequential isomerization of the two dihedra(13,15kis form. In contrast, the difference in the remaining
angles with a barrier of-34 kcal/mol. A situation in which  energy, the interaction between the LYR moiety and the rest
two alternative pathways can be sampled was found byf the protein, is only~0.1 kcal/mol. These calculations
lowering the intrinsic dihedral force constarkg, andk,,,  indicate that the presence of the protein stabilizes the
to 1.88 kcal/mol, i.e., with intrinsic barriers of15 kcal/  (13,15kis retinal form relative to altrans and that this
mol. This gives the adiabatic map in Fig.I8 The two  stabilization results from improved protein-protein interac-
low-energy pathways, A and B, have potential energy bartions in the (13,15)is species, rather than protein-retinal or
riers of ~22 kcal/mol each, equal to a value proposed in theretinal-retinal interactions. Decomposition of the protein-
previous quantum-chemical study of dark adaptation in bRorotein interactions themselves showed that they contain
(Logunov and Schulten, 1996). This potential energy barriemany small contributions.
was calculated by Logunov and Schulten along the bicycle- The low value of the interaction energy between LYR
pedal pathway with AS{y protonated. Transient protonation and the rest of the protein is due to cancellation between
of Asp®® is suggested to catalyze the dark adaptation of bRelatively large contributions. In particular, the deprotonated
(Balashov et al., 1995, 1996) by lowering the free-energyresidue Asp'?was found to stabilize the (13,15 form by
barrier along the transition pathway. Thus the adiabatic map-9 kcal/mol, whereas in contrast, the water molecules
in Fig. 3b is obtained with a barrier that corresponds to theplaced by Roux et al. (1996) in the retinal binding site have
case of Asf’® protonated. Path A in Fig. Bis very close to  the opposite effect, stabilizing the athns form by ~4
the bicycle-pedal mechanism, whereas path B involves sekcal/mol. Asf® was found not to strongly influence the
guential rotations of thep, (i.e., C13=C14) andd¢, (i.e.,  potential energy difference. These results indicate that re-
C15=N16) dihedral angles, as in the case of Figa3 moval of buried water molecules or of the A3presidue
Further reduction ok,, andk, leads to the bicycle pedal near the Schiff base might have significant effects on the
pathway being that with the lowest barrier. conformational equilibrium. These possibilities are further
examined below in free energy calculations.

Decomposition of the (13,15)-all-trans potential
energy difference Potential of mean force along the bicycle-pedal pathway

The structures obtained from the adiabatic maps were usethe umbrella sampling method was used to calculate a
to decompose the potential energy difference between theotential of mean forceAA, along the bicycle-pedal path-

180

20

N16 angle (degrees)

C15=

-180 -90 0 90 180 -180 -90 0 0 180
C13=C14 angle (degrees) C13=C14 angle (degrees)

(a) (b)

FIGURE 3 Adiabatic potential energy map for rotation around-€€34 ($,) and C15=N16 (¢,) retinal in bR. &) Calculated with the parameters of
Table 1, set A. The arrow indicates the lowest energy pathwayrdos to cis isomerization of the two double bondd) (Calculated with the intrinsic
dihedral force constants of 1.88 kcal/mol for these dihedrals. Arrows indicate the lowest energy pathwayssforcis isomerization of the two double
bonds.
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way, as described in Methods. Figaghows the calculated energy, as in the hydrated wild type. However, the free
free energy surface in the protein with the use of theenergy of the the alfrans dehydrated retinal binding
potential energy function of Table 1, set B. In this set, thepocket species was found to be 4.2 kcal/mol higher than the
twofold dihedral terms for the C£C14 and C15=N16  (13,15kis species (1.1 kcal/mol in the case of the hydrated
angles are zero. Two minima are seengat= +70° and  species). Therefore these calculations confirm the stabiliza-
—110°, the former being the lowest. The maximum of thetion of the allirans species by the internal buried water
surface is located a#$, = +130° and is~10 kcal/mol  molecules in bR. Experimental dehydration has been shown
above the minimum. The corresponding bicycle-pedal diagto destabilize the alirans chromphore (Korenstein and
onal for the isolated retinal model is shown in Figo4The  Hess, 1977). However, the water molecules removed in the
maxima and minima of this diagonal are similar to those ofpresent calculations are the five water molecules placed by
the potential energy map in Fig.& However, the maxi- Roux et al. (1996) between residues Asand Asp3°. This
mum in the free energy profile along the bicycle-pedalgehydration probably does not correspond to that experi-
diagonal is two times higher in the protein than for the mentally performed (Zactal987; Ferrand et al., 1993a;
isolated retinal. Use of the potential of Table 1, set A, i.e.,| ehnert et al., 1998), in which the water molecules removed
including the int'rinsi.c torsional tgrms, gives the free energyhy dehydration are mainly localized around the lipid head-
surface shown in Fig. 4. The minima here are located at groups. The dehydration simulated here corresponds to a
(¢ = 185% d, = —180%) and ¢, = 5% ¢, = —5°), the  gglective dehydration of the core of bR, in the retinal bind-
latter being the lower. These two minima correspond to thqng site.

all-transand (13,159is forms of retinal, respectively. - The interaction energy calculations also suggested that
The free energy surface in Figcds calculated to provide 1o offect of Asp2 might be to stabilize the (13,16

a means of estimating the free energy differend®)( jsomer the opposite of the effect of the water molecules.
between the conformers. The free energy barrier betweed, . ~oculation ofAA for the D212A mutant led to the

the two equ!lllbrlur.n SPecies, altho.ugh lmpqrtant for the rate, | trans species being 0.8 kcal/mol lower in free energy
of the transition, is not necessarily meaningful in our cal-

culations, because of the errors and uncertainties of ththan the (13,15)s species. This result again concurs with
' . e interaction energy calculations, in that ASpsignifi-
method. Table 2 gives the values of the calculate 9y Spsig

. . ntl ilizes the (13,1& isomer.
(13,15ris-all-trans free energy for the different systems cantly _stab e_st e ( 3.’ 8 isome o :
; : : The interaction energies showed no significant influence
examined. For the forward and backward simulations of 5 . . ) .
: ; of the Asp® residue on thecis-trans interaction energy
wild-type, hydrated bR, the calculated (13.di5}all-trans . . .
. difference. This was also found for the calculationsA@f
free energy differencedA are —1.6 kcal/mol and—1.2

kcal/mol, respectively, the (13,15) species being the mor]cor the D85A mutant, which gave the result that the
stable. When the umbrella-sampled distributions of the for?l?"ls):IS species is 1.6 kcal/mol lower in free energy than

ward and backward simulations are merged together anFe alltrans species. Thi\A is not significantly different
r

unbiased with WHAM, the ((13,1Bjs-alltrang AA is om the wild type, again in accord with the interaction
—1.1 keal/mol. This vall,Je is close ,to theA calculated from  €NET9y calculations. There is experimental evidence that the

. 5 oy .
the backward simulation. In comparison, the experimentallyProtonation of Asff° affects the equilibrium, although not
observed population ratio of 67% (13,t&)and 33% all- very strongly (Fischer and Oesterhelt, 1979; Turner et al.,
trans at 300 K corresponds to a free energy difference of-993; Balashov et al., 1996). However, the accuracy of the
—0.5 kcal/mol between the two species, the (1;Egpe-  Present free energy calculations is certainly not better than
cies being the more stable. These results contrast with th T, and consequently only large population changes are

calculations on isolated retinal for which the calculatedl ~ @Menable to investigation by simulation techniques.
is 2.1 kcal/mol in favor of the alfrans species. Finally, to investigate the effect of complete removal of

the negative charge around the Schiff base, free energy

calculations were performed on the double mutant D85A
. . . and D212A. The (13,18)s-all-transfree energy difference
Modified bacteriorhodopsin obtained was 1.9 kcal/mol, the atlns species being the

Calculations were performed of the (13,&5)all-transfree ~ more stable, as in the case of the single mutation D212A.
energy difference for the modified bR structures described his result suggests that mutation of these aspartic acids to
in Methods. The results are summarized in Table 2. alanine, which renders impossible the formation of hydro-
The interaction energy calculations discussed above (urgen bonds between retinal and these side chains, leads to a
der Wild-Type Bacteriorhodopsin) suggest that internal wa-stabilization of the allrans species.
ter molecules might stabilize the dtians conformer in the Table 2 also gives the (13,1%3-all-trans adiabatic po-
protein. To determine if this result is also true in free energytential energy differencesAg) for the above molecular
terms, the (13,18)s-all-trans free energy difference for systems. The values &ft andAA are generally quite close,
dehydrated binding-site bR, with the internal water mole-with a maximum difference of-1 kcal/mol. This suggests
cules removed from retinal binding pocket, was calculatedthat the calculated free energy differences are essentially
This led to the (13,1%)s being the form of lowest free enthalpic.
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TABLE 2 Free energy (AA) and potential energy (AE)
(a) differences
AA (kcal/mol) e il AA[(13,15)%is- AE [(13,15)is-
b T S all-trang all-trang
m‘ In vacuo retinal* +2.1 +2.1
Wild-type, hydrated bR -21
Forward simulation -1.6
Backward simulation -1.2
Forward + backward -1.1

Mutated or modified bR
w Dehydrated binding site —4.2 —4.6

i M o D85A —-16 1.4
0o dihedral L ) D212A +0.8 +1.1
¢y dihedral (degrees) Double mutant D212A and D85A +1.9 +1.3

*From Baudry et al. (1997).

AA (kcal/mol) (b) Structures of bR in the wild-type, hydrated protein
6.0 . - —‘ The structure of retinal in bR is shown in Fig.&andb, for
the alltrans and (13,15gis species, respectively. The hy-
ol drogen-bonding network between the water molecules is
- essentially unaffected by the conformational transition. The
' planarity of the retinal is preserved in the (13 diSppecies,
3.0 with the notable exception of a twist of the GE&14-
C15=N16 dihedral angle, from-179° in the equilibrated
20 all-trans structure to 162° in the equilibrated (13,t5)
structure. The presence of distortion in the retinal is in
1 agreement with conclusions from solid-state NMR measure-
” J ments, in which a3C resonance of bR that is shifted
-2000  -100.0 0.0 100.0 2000 downfield compared to bRg was explained by a possible
Reaction coordinate ¢ (= - ¢;) in degrees twist in the retinal chain in the C£3C14-C15 region (de
Groot et al., 1989). This is also in agreement with resonance
Raman spectra of b2g (Smith et al., 1989), which showed
an intense out-of-plane vibration of the proton attached to
(C) C14 that was also interpreted as a distortion from the planar
retinal structure.

AA (kcalfmol)

LS

as i

CONCLUSIONS

The present work involved investigating factors influencing
the (13,15%is-all-trans conformational transition and ther-
modynamic equilibrium in dark-adapted bacteriorhodopsin.
Errors in the calculated free energies are unlikely to be
smaller than~kgT (i.e., 0.6 kcal/mol at 300 K), even for
long simulations on systems of a limited number of atoms
(Baudry et al., 1997). Comparison of the wild-type hydrated
bR free energy difference calculated from the forward,
backward, and forward- backward simulations shows re-

FIGURE 4 @) Free energy surface along the bicycle-pedal diagonal,Sults that are in agreement with each cher to withkyT.
calculated with the parameters of Table 1, set B. The 22 kcalimol energMOr€oVer, our best estimate of the wild-type\ of —

contour is represented by a dashed lif.Rree energy profile along the kcal/mol is also within~kgT of experiment. Consequently,
bicycle-pedal diagonal for retinal in vacuo constrained to have the samgve consider the present results to be satisfactory, given the
(all-trans) average structure as retinal in bR (see Baudry et al., 1997). Onljnherent limitations of the methods.

the portion of the two-dimensional free energy map corresponding to the . . .
strict diagonal-pedal (i.e¢, = ¢,) is shown here, to facilitate the com- The calculations Identlfy two groups of atoms that

parison witha. (c) Free energy surface along the bicycle-pedal diagonal, strongly influence the conformational equilibrium. The dou-
calculated with the parameters of Table 1, set A. ble mutation D85A/D212A modifies the free energy differ-

op dihedral %

“ ¢, dihedral (degrees)



1916 Biophysical Journal Volume 76 April 1999

Y @ »f
. 9
¥V T4E o
D L & ‘-‘d
'3-—4 nitrogen L

FIGURE 5 @) Average structure of

the retinal region in the alirans form.
LabelsA-Efor the water molecules are

taken from Roux et al. (1996)b) Av-

erage structure of the retinal region in :
the (13-153is form. This figure was ‘bf
made with the program VMD (Hum- h
phrey et al., 1996). e+ T

(A) (B)

ence by~3 kcal/mol, in favor of the altrans species. In  vironment”). Whereas the intrinsic terms favor sequential

contrast, removal of the internal water molecules stabilizesotation, the environment favors a bicycle-pedal mecha-

the (13,15¢is species by~3 kcal/mol. Thus the Asp resi- nism. We find that the lowest-energy pathway found de-

dues located near the Schiff base and the internal watgrends critically on the balance between these effects. As
molecules have effects on the stability of the two speciegjuantum-chemical and molecular-mechanical calculations
that are opposite but of similar magnitude. The presenbecome more precise, it should be possible in the near future
calculations suggest that the opposing actions of these twim use theory to help decide which of the two pathways is

groups of atoms approximately cancel in wild-type bR,favored in bR.

leading to a similar free energy of the two species to within

~kgT. The effects on the free energy difference of the

protein modifications examined here arebkgT and are  We acknowledge support from NATO grant number 920093.

likely to be above the error level. The results suggest that if

it were possible experimentally to remove the internal water
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