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Ab initio quantum chemical and free energy molecular dynamics calculations are performed to examine
energy differences between th#-trans and (13,15)cisconformers of retinali.e., those populated in the
dark-adapted state of bacteriorhodopsin. The quantum chemical results are used to derive an empirical
force field that is used to calculate an adiabatic potential energy map for rotation about the bonds concerned.
The same potential function is used in restrained molecular dynamics free energy calculations, with and
without umbrella sampling. The simulation model yields a free energy ofitBd 5)cisisomer~2.1 kcal/

mol higher than that of thall-trans species.

INTRODUCTION Both theall-trans and(13,15)cisisomers have their own

) . . photocyles, but only that of thall-trans isomer leads to
_ The retlnal_molgcule (Figure 1) plays an |mpc_)rtant r_ole proton pumping® In recent MD work a structure was
in many phyS|oIog|(;aI processes. One of these is the I|gr_1t— proposed fo(13,15)cis its photocycle was simulatédand
driven proton pumping in bacterlorhodop_sm (bR), the_proteln the dark-adaptation mechanism was exam#ietHere we
of the purple membrane of the bacteriudalobacterium  se quantum chemical analysis and free energy simulation
salinarium? Retinal is covalently bonded to Lys 216 inthe {5 examine the relative energies alf-trans- and (13,15)-
bR molecule and acts as the chromophore in the bR ¢isyetinal. In the first part of the worlab initio quantum
photocycle. Electron cryomicroscopy has been used 10 chemical calculations are performed to probe the conforma-
obtain an atomic-resolution three-dimensional structure of {jgng] energetics of a retinal fragment. The results of these
bR in which the retinal is in the light-adaptedl-trans calculations are used to refine an empirical molecular
conformatior?®a state that absorbs at 568 nm. This structure mechanics force field for retinal which is subsequently
is of sufficient accuracy to be used as the basis for atomic- employed to calculate the free energy difference between

detail simulations of the system. These simulations can betheal|-trans and(13,15)cisstates, using molecular dynamics
performed to examine aspects of the structure and to simulat&yith and without umbrella sampling.

steps along the bR photocycie?

In previous work we presented a simulation model of METHODS
bRsse” and examined the thermodynamic stability of interal  ap, hitio Calculations on Retinal Fragments. Ab initio

) 0 .

water molecules in the protefn® In the present paper we . jations were performed on the following three mol-
examine energetics of retinal conformers that charactenzeecmeS using the GAUSSIAN 90 progr&twith the RHF/
the dark-adapted state. The dark-adapted state absorbs %_31(3; basis set: (i) NMM3P:N-methyl-methyl-3-pente-
558 nm and contains a mixture of two isomers of retirel- nylidenimine CH,.-NH=CH—CI—i=C(CI-I3)—CH=CH2 (Fig-

trans, in which all the double bonds of the polyene are in ;o 2a), (i) NMB: E)-N-methyl-2-butenylidenimine, Ci
the trans conformation, andC13=C14 cis, C15N16 syn, NH=CI1I-CH=CH-CH3 (Figure 2b), and (iii) AMP: a’mine—
abbreviated here t(13,15)cis,in which the dihedral angles I-methyl-3-penteny|id7enimine Nﬁ=CH-CH=C(CH3)-
C13=C14 and C15N16 are bothcis'™ A variety of  cp—ch, (Figure 2c). Geometry optimizations were per-
experiments, !ncludlng retinal extraction followed by hlgh— formed on two isomers of the NMB molecule, in which the
pressure liquid chromatography,'®C nuclear magnetic ¢ _N16=C15-C14 dihedral ifans(defined agransNMB),
resonance spectroscopand Raman spectroscopy;*have o ¢is (defined asis NMB), and on two isomers of the AMP
suggested that under physiological conditions the population ,jecule in which the C15C14=C13—-C12 dihedral is
ratio of (13,15)cisio all-trans s between~50% and~66%. trans (defined asrans AMP) or cis (defined ascis AMP).
The approximately equal populations of the two forms The gptimizations were performed while constraining the
suggests that the difference in their free energies is less than,glecules toC2 symmetry, in which all the atoms are
koT (wherek, is Boltzmann’s constant anflis the temper-  ¢oplanar except for the two hydrogens in each of tke C
ature). The population ratio is modified by changes in 5nq c20 methy! groups.

temperature, pH, amino-acid sequence of bR, pressure, and NMM3P is a protonated Schiff base with a formal charge

lipid composition of the membrarié:** of +1 and is conjugated over three double bonds. The
— carbon C13 is methylated, as in retinal. The molecule thus
lg”'\{,erS'g?deB_MOr:“f@'- des Prites et des Memb contains eight heavy (non-hydrogen) atoms. NMM3P was

S BMC/DBMS CEAGronoble, et des Membranes. built using the optimized fragments of the NMB and AMP

® Abstract published irAdvance ACS Abstractdyovember 1, 1997. molecules. Four conformers of NMM3P were optimized:
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all-trans, in which the C—N=C15-C14 and C15 Table 1. Dihedral and van der Waals Parameters of the Potential
C14=C13-C12 dihedrals are bottrans, and the corre-  Energy Function, in CHARMM Notatich #
sponding(13,15)cis (13cis 15trans), and (13rans 15cis) ks (kcal/mol) n ¢ (deg)
conformers. The geometries of the NMM3P were optimized Set A
using the RHF/6-31G* basis set. To evaluate the energy X C13 C14 X 3.18 2 180
differences between the conformers of NMM3P single point €12 C13 Cla C15 0.65 1 0
calculations were made with various basis sets and electronCl 4 %1155 '\,Lll% )((; g’g’f 21 1188%
correlation up to the MP2 level. Ruin () Emin (kcal/mo)

Determination of the Molecular Mechanics Force Field. 1.6 -0.11
The determination of an accurate molecular mechanics force SetB
field is prerequisite to the subsequent evaluation of reliable X C13 C14 X 0.3 2 180
thermodynamic energies using simulation methods. Ci12 Ci3 Cl4 Ci15 0.65 1 0

The CHARMM! potential energy function was employed €15 N16 - X 0.3 2 180

C15 N16 C 0.51 1 180
in all the molecular mechanics and dynamics calculations Rm.n (R)  Emn (kcal/mo)
and has the following form -0.11
. 2 2 aSet A: The full parameter set used to obtain the results of Table
V= Zbondé%(b — by + Zangle:l(e(g — 6"+ 5 line b. Set B: Parameters used in MD free energy simulations. “X”

Z ku(u —-u )2 4 Zdh g IJ( (1 4+ COS[ngb _ 6]) + means wildcard atom. Four terms contribute to thes 2 dihedrals
1:3 0. ihedrals™p i i R

- p and one term to tha = 1 dihedrals Rnin is the van der Waals radius
O; O; of the “1—4" vicinal sp? carbons (i.e., “CR*” Atom Typ8, andEnmin is
2 i ij
Zimproperé(w(w - wO) + Zi,j4€ij (I’_) - (I’_) +
[ 1
1 4G

the depth of the corresponding potential energy ved}, from ref 5.
¢k, from ref 17.
2”4”6 I cedure (AMRPj-allows the derivation of a one- or two-
dimensional adiabatic energy map. The procedure is ex-
The potential energy function includes bonded interactions, plained here for the case of a one-dimensional energy vector
comprising bond stretches, bond angle bends and dihedrakepresenting the energies obtained at N different values of a
angle contributions, and nonbonded interactions betweenreaction coordinates. The program takes as input the list
pairs {, j) of atoms. In eq 1b, u, 6, andw are the bond of N structure file names and energies ranked in increasing
lengths, Urey-Bradley 1:3 distances, angles, and improperorder of& from which a list of neighbors to each structure
dihedral angles in any given configuration, almg uo, 6o, is calculated. In the case of a periodicthe structures 1
wo are the reference values for these properties; the associatednd N are neighbors to each other. The energy refinement

force constants are, ky, ke, andk,. The improper dihedral  involves the following steps:
contributions are used to represent out-of-plane deformations (1) The program looks for all local minima in the map

of the sp? groups. For the intrinsic dihedral anglgsk, is that have not yet been used as initial structures for refinement
the force constanty is the symmetry number of the rotor (flag unset) and energy minimizes each of their two
(e.g.,3 for a methyl group), and is the phase angle. neighbors-(their only neighbor for minima 1 or N or cases

The nonbonded interactions are included between pairs without dihedral periodicity)-from the coordinates of the
j of atoms separated by three or more bonds. They consistminima.

of a Lennard-Jones term, with parametefsando;j and a (2) After one pass over all minima, the program checks
Coulombic electrostatic term between partial charges;. that these minima still have an energy lower than the newly-
The dielectric constant = €p ¢, was set toc = ¢, i.€., & minimized structures. If such is the case, a flag is set to

= 1. Hydrogen bonds are described by the nonbonded termsndicate that these minima have already been used as initial
in the energy function. In all the calculations long-range structures for refinement, the next minima are calculated and
electrostatic terms were smoothly brought to zero at a cut- the loop continues with Step 1. If, on the other hand, a
off of 12 A by multiplication by a cubic switching function  newly-minimized structurem;, has an energy lower than
between 10 and 12 A. Pairs of atoms on the same moleculethe minimumm used to calculatey, then the flag omrg is
separated by only two bonds may interaieta Urey-Bradley unset,m, is kept, and the loop continues with step 1. The

term harmonic in the distance between atéms In previous loop ends when all points in the map have been flagged as
work®® a force field was developed based aln initio and minima.

semiempirical quantum chemistry calculations oraistrans The above procedure can be easily extended to an
retinal fragment andall-trans retinal. In the present work  n-dimensional map by changing the number of neighbors
this force field was refined to reproduce tlabd initio from 2 to 2n. The method ensures smoothing of the

conformational energetics of NMM3P. The final force field adiabatic map and removal of hysteresis in the case of a
parameters are given in refs 9 and 10 together with the periodic &. However, the calculations can become quite
modified parameters that are listed in Set A of Table 1.  time-consuming fom > 2. Therefore, to limit computer
Automatic Map Refinement Procedure—AMRP. Adia- time, the required precision in the comparison of the energies
batic potential energy and MD free energy calculations were of a minimum and its minimized neighbor should be a
performed on the retinal structure bonded to lysine depicted function of the system size (0.1 kcal/mol, typically, for more
in Figure 1. The potential function was used to derive an than 1000 atoms). A lodfile is written containing all the
adiabatic potential energy map for rotation about the refinement steps done so that the program can be stopped
C13=C14 and C15N16 dihedrals of retinal. The method and restarted easily. The ARMP program is available by
used-which we call the Automatic Map Refinement Pro- e-mail from S.C. at crouzy@bonne.ceng.cea.fr.
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Figure 1. Atom numbering for retinal bonded to lysine. The arrows indicate the isomerized double bonds.

Table 2. Force Constants for Harmonic Restraints (in kcal/m@l/A
atom (a) C1 Cc2 C3 Cc4 C5 Cé6 C7 cC8 pCc Cy Co N Ca C (0]
1.3 0.5 0.1 0.1 0.1 2.4 2.4 2.4 0.5 0.5 0.5 3.4 0.3 2.0 1.8

aThe last four atoms are on the Lys216 backbone.

Table 3. Ab Initio Optimized Bond Lengths (in A) and Bond Angles and Dihedral Angles (in deg) of NMB, AMP, and NMM3P

NMB AMP NMM3P
bond 15t 15¢ 13t 13c all-trans 13tl5¢ 13c15t (13,1%8)s
C15=N16 1.282 1.285 1.297 1.296 1.290 1.293 1.289 1.292
C14-C15 1.429 1.427 1.406 1.409 1.415 1.413 1.417 1.415
H15-C15 1.076 1.076 1.073 1.073 1.073 1.072 1.074 1.072
H14-C14 1.075 1.073 1.075 1.075 1.076 1.073 1.075 1.072
C13=C14 1.340 1.342 1.367 1.367 1.361 1.364 1.362 1.365
C20-C13 1.490 1.489 1.505 1.505 1.505 1.505 1.506 1.506
H20A—-C20 1.081 1.081 1.078 1.080 1.079 1.084 1.080 1.080
H20B—-C20 1.086 1.086 1.084 1.085 1.084 1.078 1.084 1.084
H20C-C20 1.086 1.086 1.083 1.084 1.084 1.084 1.084 1.084
C.—N16 1.466 1.467 1.469 1.466 1.469 1.466
H16—N16 1.003 1.000 1.001 0.996 1.001 0.997
He3—Ce 1.080 1.080 1.081 1.078 1.078 1.081
He2—Ce 1.079 1.080 1.078 1.081 1.081 1.078
Hel—Ce 1.080 1.080 1.081 1.081 1.081 1.081
C12-C13 1.461 1.462 1.465 1.464 1.466 1.465
C11=C12 1.330 1.329 1.327 1.328 1.327 1.328
H12-C12 1.075 1.073 1.075 1.075 1.073 1.073
H11A-C11 1.073 1.073 1.074 1.074 1.073 1.073
H11B-C11 1.073 1.074 1.074 1.074 1.074 1.074
NMB AMP NMM3P
angle 15t 15¢ 13t 13c all-trans 13tl15c 13c15t (13,185)s
Bond Angles
C14-C15=N16 124.6 125.9 123.6 123.6 123.8 125.0 123.7 125.0
H15-C15=N16 116.4 115.7 115.0 115.0 115.3 114.6 115.2 1145
H14-C14-C15 118.8 119.90 116.8 116.6 116.6 117.6 116.4 117.4
C13=C14-C15 119.6 119.0 125.4 124.5 124.7 124.1 124.8 124.2
C20-C13=C14 125.2 125.2 124.6 117.7 124.7 124.9 117.9 117.7
H20A—C20-C13 112.3 112.3 114.0 111.5 114.0 109.5 111.4 1114
H20B—C20-C13 109.5 109.5 109.5 110.2 109.6 114.1 110.2 110.2
H20C-C20-C13 109.5 109.5 109.5 110.2 109.6 109.5 110.2 110.2
C15=N16—-Ce 126.1 126.3 124.9 126.4 125.0 126.4
H16—N16=C15 117.8 117.2 118.0 1171 118.0 117.1
He3—Ce—N16 109.2 109.9 110.1 107.9 108.1 110.2
He2—Ce—N16 109.3 110.0 108.1 110./2 110.1 107.9
Hel—Ce—N16 109.2 109.9 110.1 110.2 110.1 110.2
Cl12-C13=C14 116.9 123.7 117.0 116.9 123.7 123.9
C11=C12-C13 124.7 123.7 124.8 124.8 123.9 123.8
H12—C12-C13 116.2 118.6 116.1 116.1 118.4 118.5
H11A—-C11=C12 123.5 1235 123.5 123.5 123.4 123.4
H11B—C11=C12 120.3 120.4 120.4 120.4 120.5 120.4
Dihedral Angles
He3—Ce—N16—H16 —60.0 119.0 —60.9 180.0 180.0 —60.9
He2—Ce—N16—H16 180.0 —119.0 180.0 60.9 60.9 180.0
Hel—Ce—N16—H16 60.0 0.0 60.9 —60.9 —60.9 60.9
H20A—-C20-C13=C14 0.0 0.0 0.0 0.0 0.0 121.0 0.0 0.0
H20A—-C20-C13=C14 1215 121.6 —-121.0 —-120.5 —121.0 0.0 —120.5 —120.5
H20A—-C20-C13=C14 —-121.5 —121.6 121.0 120.5 121.0 —121.0 120.5 120.5

Free Energy Calculations on Retinal Linked to Lysine. and ¢, is that of C15=N16. This pathway leads to the
The free energy difference between thktrans and cis smallest change in overall shape of the retinal chain and has
species was calculated along the “bicycle-pedal” pathway, been suggested to be the pathway followed by the retinal in
defined asp; = —¢» where ¢, is the C13=C14 dihedral bR 15162223 The present work does not aim to calculate the
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most probable pathway but concentrates specifically on the Table 4. Ab Initio Single Point 13,15)cis-all-transEnergy

all-trans — (13,15)cisenergy difference.

The force field 2-fold intrinsic dihedral terms lead to
barriers of~25 kcal/mol to rotation of each of the double
bonds31” This leads to poor sampling @f and¢, in MD
both with and without umbrella sampling. To circumvent
this problem the intrinsic dihedral terms along the reaction

Difference (in kcal/mol) Using Geometries Optimized at the
RHF/6-31G* Level

RHF MP2
4-31G  6-31G  6-31G* 6-31G* 4-31G 6-31G 6-31G*
0.46 0.43 0.65 0.63 0.44 0.41 0.58

coordinate were modified; the terms used are given in Table tapje 5. Relative Energies (kcal/mol) of Isomers of NMM3P

1 Set B. These terms were used in the adiabatic and MD

calculations, which were therefore all performed with the

same force field. Twofold cosine terms have minima located (@

at @ and+18C°, and therefore their modification does not

modify the energies of thall-trans and (L3,15)cisisomers.
The starting structure for the MD free energy calculations

on this molecule was obtained from ref 3. During the MD

calculations harmonic restraints were placed on some atoms
of the simulated system, so as to keep the retinal in a similar

region of configurational space as in the protein. The

harmonic restraints were manually optimized from a series

of test MD runs to ensure that the “bicycle pedal” diagonal
was adequately sampled a 1 ns MDsimulation without
umbrella sampling. The harmonic restraints are listed in
Table 2.

Free Energy Calculations. The improved force field
was used in MD calculations to evaluate th#-trans
— (13,15)cisfree energy difference at 300 K with and
without umbrella sampling. We call here “free MD” the
MD calculation without umbrella sampling. In the free MD
run 10 ps equilibration was followed by a Langevin produc-
tion step of 16 ns, with an integration timestep of 2 fs, saving
the coordinates every 20 steps, with a friction coefficient on
the heavy atoms of 5 ps The values of they; and ¢

all-trans  13trans,15cis  13cis,I5trans  (13,15)cis
0.00 0.00 0.64 0.65
(b)° 0.00 0.03 0.62 0.65

2(a): RHF/6-31G* geometry optimizatioA(b): geometry-opti-
mized molecular mechanics.

20

11\ 13\

1
(a)

5
16/C8
\N+

14 ‘

Cg
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20 14 +’
16
H
20
\ o 15
11 HI6 A
13 ©
12 14 * “Hies

dihedral angles were computed and saved to disk every 40rigure 2. (a) NMM3P, (b) NMB, and (c) AMP.

fs. For each simulation, a two-dimensional probability
histogram was calculated, as a functiorpgind¢,, in bins

of 7°. The relative free energyAA was computed using
AA = —koT In(pi/pmay, Where p; is the population of bin
numberi and pmax iS the population of the most populated
bin.

ab initio-optimized molecules. The bond lengths and angles
vary between thab initio conformers by less than 0.01 A
and 2, respectively, with two exceptions: the AMP bond
angles, C26-C13=C14 (which closes by-7°, from 124.6

in the 13rans conformer to 117.7in the 13is conformer)

The 16 ns free MD free energy profile was compared with and C12-C13=C14 (which opens by a similar amount:
shorter, less-expensive umbrella sampling simulations. Thel3trans= 116.9, 13cis= 123.7). The internal geometries
umbrella-sampled distributions were analyzed using the of the ab initio-optimized NMM3P are close to the corre-
Weighted Histogram Analysis Method (WHAM)that has sponding values of thab initio-optimized AMP and NMB,
been extended to more than one degree of freedomn. though they are not equal. The values of the bond lengths
the present WHAM calculations the same potential energy and angles inab initio-optimized NMM3P are generally
function was used as for the free MD. The potential of mean intermediate between the corresponding length in AMP and

force was calculated fap, (= —¢,) varying from+180° to
—18C in steps of 30in the following stages: (ip; and¢,

NMB.
Ab initio calculations were performed to obtain the energy

were restrained to the required values with a force constantdifferences between the conformers of NMM3P as described

of 20 kcal/mol/ded (ii) A 10 ps equilibration run was
performed. (iii) Langevin production runs were made with
time lengths of 125, 180, and 250 p&; and¢, were saved
every 40 fs.

The total production time was 1.625 ns for the 125 ps
production/window, 2.34 ns for the 180 ps production/
window, and 3.25 ns for the 250 ps production/window.
The total equilibration time was 130 pise(, 10 ps/window).
The potentials of mean force were calculated with bin
widths of 7.

RESULTS AND DISCUSSION

Geometries and Conformational Potential Energy Dif-
ferences. Table 3 lists the geometries of the RHF/6-31G*

in Methods. The results are listed in Tables 4 and 5. Table
4 gives the results of single-point calculations of the
(13,15)cis-all-transenergy difference with various basis sets
at the Hartree-Fock level or in the presence of second-order
Mgller—Plesset (MP2) electron correlation corrections. The
single-point calculations were performed on the geometries
optimized at the RHF/6-31G* level. All the calculations
indicate that theall-trans conformer has a slightly lower
energy than thg13,15)cisspecies, by~0.5 kcal/mol. In-
creasing the basis set up to the 6-31G** level or adding
MP?2 corrections do not significantly affect this result. Table
5 gives the RHF/6-31G* geometry-optimized energy
difference of the isomers of NMM3P. Thall-trans and
13trans,15cidsomers are nearly of the same energy, as are
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Figure 3. Adiabatic potential energy map for retinal molecule in
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Figure 5. Adiabatic energy map computed with the full potential

Figure 1, calculated with the ARMP method. The bicycle pedal function of the retinal molecule (including Table 1 Set A).

pathway is the diagonal from (186180) to (0,0).
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Figure 4. Free energy map for retinal computed from 16 ns free
MD. The nonsampled regions are in white.

the 13cis,15transand (13.15)cisisomers, indicating that
energy difference arises mainly from rotation around the
C13=C14 bond.
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Figure 6. Dihedral angle distribution from umbrella sampling MD
calculations with 250 ps/window.

-150

force field are in good agreement with thb initio results
of Table 5(a).

Figure 3 shows thef, ¢;) adiabatic potential energy map,
and Figure 4 shows the corresponding free energy map
computed from the 16 ns free MD run. Some small parts
of the free energy map are not sampled in the MD. Apart

The parametrization of the molecular mechanics energy from these regions, the general forms of the free energy and
function was made by comparing the molecular mechanical adiabatic maps are similar. The “bicycle pedal” diagonal is

geometry-optimized energies with those obtainedlbynitio
for the four conformers. To reproduce thbé initio ener-

not a minimum-energy pathway on these maps. However,
as described in the Methods section, Figures 3 and 4 were

gies it was found to be necessary to modify the previously calculated without the strong 2-fold torsional potential that

published molecular mechanics force fi€ldn particular,

represents the energy penalty for deforming the double

a too-strong van der Waals repulsion was found betweenbonds. When these are addee,, with the potential of Table

carbon atoms C15 and C12 in tthansconfiguration. These
sp? carbons are separated by three bonids.,(they are
vicinal, 1-4 atoms). To reduce the repulsion between
them the van der Waals radius used for this4linterac-
tion was reduced and is given in Table 1. A further
modification was of the intrinsic dihedral terms for the
C13=C14 and C15N16 angles. These are also given in

1 Set A, the full potential map is obtained. Such a full
potential adiabatic map, dominated by the 2-fold cosine
function is shown in Figure 5. Thall-trans (¢1 = ¢, =
18C), (13,15)cis (p1 = o2 0°), 13-trans,15-cis,and
13-cis,15-transstructures are now all energy minima, with
energies of 1.62, 4.07, 0.00, and 1.44 kcal/mol, respectively.
The 13-trans,15-cisand 13-cis,15-transconformations are

Table 1 Set A. The energies of the geometry-optimized of relatively low energy on Figure 5 but have not been
conformers obtained from the new molecular mechanics observed in dark-adapted bR. This suggests that the protein
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Figure 7. Superposition oéll-trans and(13,15)cisretinal from the umbrella sampling calculations. The isomerized bonds are represented
as cylinders.

.0 — T . T
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Enangy (kealimol)
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—2iL0 = 100Lk ] TCHLLD 20000

Faaction coondinate | C13=014 /-1 5=N16) in degresas
Figure 8. Energy profiles along the bicycle-pedal pathway. Blue: adiabatic potential energy. Black: 16 ns free MD free energy. Red:
umbrella sampling free energy with 250 ps/window. Green: umbrella sampling free energy with 70 ps/window, except for windows centered
at¢, = 120, 90,—120, and—90°, for which 250 ps/window were run. The average difference between the green and black curves is 0.3

kcal/mol, with a standard deviation of 0.2 kcal/mol. INSET: free energy profile from the umbrella sampling simulation with 250 ps/
window, calculated with the full potential function of the molecule, including the intrinsic dihedral terms of Table 1 Set A.

might have a destabilizing effect on them. Another effect do not include the 2-fold intrinsic CE3C14 and C15N16
of the protein should be to reduce the approximate 4-fold dihedral barriers of~25 kcal/mol. However, as these
symmetry of the map in Figure 5, as the protein environment intrinsic 2-fold barriers are zero at @nd 180, they do not
does not possess this symmetry. On Figure 5 the bicycle-change theall-trans — (13,15)cis energy difference of
pedal pathway again is not the lowest-energy isomerization principal interest here. In the inset of Figure 8 is given the
pathway. free energy profile along the bicycle pedal, calculated with
The WHAM method was used to calculate a free energy the full parameter set Table 1 Set A, including the 2-fold
profile along the bicycle-pedal pathway. The dihedral angle intrinsic terms. Thaall-trans and(13,15)cisare minima of
distribution obtained in the umbrella sampling calculations this profile.
is illustrated in Figure 6. In Figure 7 is shown a superposi-  The free energy profiles in Figure 8 are in an agreement
tion of the average structures in the first and middle windows with each other to within~k,T and give a free energy
of the WHAM calculations, in whiclp, and¢, are bothtrans difference between thél3,15)cisand all-trans forms of
and bothcis, respectively. Whereas the overall shape of the retinal of ~2.1 + 0.4 kcal/mol. The adiabatic profile is
retinal remains similar, some differences in the average similar to the PMF profiles, suggesting that the entropic
positions of equivalent atoms are apparent, especially in thecontribution to the free energy difference is relatively small.
regions of the Schiff base. Finally, we examine the convergence properties of the free
Figure 8 compares the adiabatic energy profile along the energy calculations. Tests indicated that an apparently-
bicycle-pedal pathway with free energy profiles calculated converged energy profile along the bicycle-pedal pathway
using the 16 ns free MD calculation and using WHAM with was determined in 6 ns free MD; lengthening this to 16 ns
250 ps/window (3.4 ns total simulation time). These profiles produced only minor changes in the profile. The free MD/
were calculated using the parameters of Table 1 Set B andWHAM comparison confirms that the WHAM method can
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produce similar results to free MD with a saving of computer

time. Further calculations (not shown) suggest that using

BAUDRY ET AL.

(5) Humphrey, W.; Xu, D.; Sheves, M.; Schulten, K. Molecular dynamics
study of the early intermediates in the bacteriorhodopsin photocycle.
J. Phys. Chem1995 99, 14549-14560.

an even shorter sampling time of 180 ps/window (2.47 ns (6) Zhou, F.; Windemuth, A.; Schulten, K. Molecular dynamics study of

total) does not affect the WHAM results significantly.
However, further reducing the time to 125 ps/window
produces a free energy profile that differs significantly from
the longer simulations by up to 1 kcal/mol. Finally, a
calculation was performed with 70 ps/window for all
windows except for those four for which the gradient of the
potential of mean force is steepesentered ap' = 120,
90°, —12C, and—90°—for which the production time was
set to 250 ps/window, giving a total simulation time of 1.72

ns. The potential of mean force thus calculated is also shown

in Figure 8 and is still within~k,T of the other profiles.

CONCLUSIONS

The free energy calculations presented here all point to

the all-trans conformation of retinal being more stable by
~2.1+ 0.4 kcal/mol in the present simulation model. The

the proton pump cycle of bacteriorhodopdaiochemistry1993 32(9),
2291-2306.

(7) Ferrand, M.; Zaccai, G.; Nina, M.; Smith, J. C.; Etchebest, C.; Roux,
B. Structure and dynamics of bacteriorhodopsin: comparison of
experiment and simulation§EBS Lett.1993 327(3), 256-260.

(8) Nina, M.; Smith, J. C.; Roux, BAb initio quantum chemical analysis
of retinal Schiff base hydration in bacteriorhodopsinMol. Struct.
(THEOCHEM)1993 286, 231—245.

(9) Nina, M.; Roux, B.; Smith, J. C. Functional interactions in bacterio-
rhodopsin: a theoretical analysis of retinal hydrogen bonding with
water. Biophys. J.1995 68, 25—39.

(10) Roux, B.; Nina. M.; Pomes. R.; Smith, J. C. Thermodynamic stability
of water molecules in the bacteriorhodopsin proton channel: a
molecular dynamics free energy perturbation stigigphys. J1996
71, 670-681.

(11) Harbison, G. S.; Smith, S. O.; Pardoen, J. A.; Winkel, C.; Lugtenburg,
J.; Herzfeld, J.; Mathies, R.; Griffin, R. G. Dark-adapted bacterio-
rhodopsin contains 18is,15-synandall-trans,15-antiretinal Schiff
basesProc. Natl. Acad. Sci. U.S.A984 81, 1706-1709.

(12) Song, L.; Yang, D.; El-Sayed, M. A.; Lanyi, J. K. Retinal isomer
composition in some bacteriorhodopsin mutants under light and dark
adaptation conditionsl. Phys. Chem1995 99, 10052-10055.

simulation model probes some of the effects on the popu'a_ (13) Shulte, A.; Bradley I, L.; Williams, C. Equilibrium composition of

tions ofall-trans and(13,15)cisretinal in bR. The calcula-
tions were performed on retinah vacuo with harmonic
restraints designed such that the conformational flexibility
of theall-trans chromophore in the protein is approximately

reproduced. The calculations do not include explicit interac-
tions between the protein and the retinal nor the effect of

the retinal on the protein-protein interactions. As, in dark-
adapted bR, th€13,15)cisand all-trans species are both
significantly populated, with perhaps a higher proportion of
the (13,15)cisconformation, the calculations presented here
are consistent with an interpretation in which explicit protein:
retinal interactions lead to a significant stabilization of the
(13,15)cisform. Further calculations to examine these effects
are in progress and will be reported later.
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