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Abstract: The distribution of activation energies for ligand rebinding in conformational substates of sperm whale
myoglobin is investigated with a molecular dynamicgienching method. The technique approximately locates
transition states for curve crossing processes using an interpolating Hamiltonian as in Marcus’s electron transfer
theory. Linear free energy relations are examined. The transition from the dissociated state to the activated state
involves a collective motion of the protein. The activation energy is correlated more to the extent of the collective
motion of the protein than to the change of any single bond or bond angle. The predicted average structures of fast
and slow rebinding substates which will soon be accessible to determination by cryogenic X-ray crystallography are
compared. The CO geometry of the activated protein complex from the simulation agrees well with the structure of
a low temperature photodissociated intermediate determined by Schlighttalg

Introduction Computer simulations of biomolecules also confirm the
existence of conformational substatés?® Even over short
periods of time, numerous distinct minima on the potential
energy surface are sampled by molecular dynamics simulations.
Although this is not a fair sample of all possible configurations,
it does give one an idea of the lower bound of structural
differences between conformational substates. The existence
of conformational substates is a limiting feature in carrying out
thermodynamic analyses of proteins via computer simulations.
The inadequacy of sampling can mean that dynamically crucial
conformations are missed in looking at protein reaction mech-
anisms. The sampling of conformational substates in many
proteins has been shown to be adequate to explain the structural
inhomogeneity as exhibited by the Deby#aller factors. To
our knowledge, previously no study of conformational substates
eoy molecular dynamics simulations has sought directly to
" address their role in the inhomogeneity of the chemical kinetics,
which is their most dramatic manifestation. As we shall see,
this is a difficult undertaking involving the estimation of small

The dynamic complexity of biomolecules in solution has been
dramatically demonstrated by cryochemical studies of their
reaction kineticd™2 At physiological temperatures, many
biological reactions can be effectively described by simple
kinetic laws, but these conceal many steps in the biochemical
transformationg:®> Low temperature kinetics unravels the
individual steps by spreading them out in time salbut
simultaneously shows that there are a large number of distinct
conformational substates which may have very different indi-
vidual chemical reactivitie%:11 The number of these confor-
mational substates is sufficiently great that a statistical analysis
of them is necessary for the interpretation of the experiments.
The inhomogeneity of the configuration space of biomolecules
has been confirmed by structural studies that show the existenc
of discrete conformations as well as large ranges of conforma:
tions as summarized in the Deby&aller factors of X-ray
diffraction1?
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enthalpy differences for large systems. An attempt in this
direction, studying the role of conformational substates in the
carbon monoxide dissociation reaction in sperm whale myo-
globin, is the focus of this paper.
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translate into chemically large energies. Similarly, changes of Tim in MO um
the electronic energy of reactant or product states caused by
long-range forces and global perturbations of the structure can Trnuilit Bieke
give significant changes in reaction rates. A major obstacle in
studying chemical heterogeneity by computer simulation meth-
ods has been the difficulty of locating transition states for
chemical reactions. The most natural approach to studying
chemical heterogeneity would be to sample a variety of
conformational substates of the reactant protein molecule as well
as those of the final product state after the chemical change of
covalent modification has occurred and then find the transition
state between these two. Both the assignment of initial and
final states and the finding of a bottleneck are difficult

algorithmically. Prmh-r--,_;_-‘a//
Instead, the approach we take here is to locate approximately " :

a series of transition state configurations and then to utilize Reactant P

ordinary quenching dynamics to discover which states these e

would go in reaction and from which states they originate. This Figure 1. Schematic representation of the quenching procedure. The

strategy is most easy to apply for reactions that involve system is initially quenched to the transition state described by an

nonadiabatic curve crossing. Our approach was motivated byinterpolated Hamiltonian and then to the reactant and product surfaces.

our earlier study of quantum effects on nonadiabatic electron

transfer reaction¥:-2% Using path integral simulations tech-

niques, we located conformation tunneling paths by simulating

the protein with a Hamiltonian that interpolates between that

of the product and reactant. A purely classical analog of this,

in the case of electron transfer reactions, is to simulate the

protein with a Hamiltonian corresponding to an intermediate

state of charge, just as in the Marcus theory of electron traffsfer. qr) = {

After a long simulation is carried out, one can quench the system

to a minimum on the partially charged potential energy surface.

In the classical Marcus picture, this corresponds to finding the The cutoff radius in our simulations was 12 A. This atom-

minimum on the excited state potential energy surface. For apased shifting function has been shown to be superior to the

locally harmonic Hamiltonian, this would be very close to the yagitional smoothing functio?® The crystal structure of sperm

transition state for the reaction, and, indeed, one can easily find\yhale myoglobin determined by Kuriyan, Wilz, Karplus, and

a nearby crossing to any state prepared in this way. After a petsko was taken from the Protein Data B&hkAfter polar

sequence of such transition states is obtained, a further quenchpygrogen atoms were added, the protein structure was prepared

ing of each transition state can be carried out on the reactantinrough conjugated gradient energy minimization (1000 steps)

and product energy surfaces leading to an assignment of bothang standard thermalization steps (50 ps with 1 fs step size).

reactant (deoxy myoglobin), product (myoglobiBO), and e ysed a Morse potential of the Stratarplus type to

transition state (myoglobirCO). The procedure is shown  describe the €0 interaction's The bound state was modeled

schematically in Figure 1. by a Morse potential and the dissociated state by a repulsive
It is relevant to point out that the Marcus intermediate exponential function first used by Agmon and Hopfféld

charging strategy, while most appropriate for quasi-harmonic

models, is a natural first approximation for any nonadiabatic V(r) =

process. The notion is implicit in Jortner and Ulstrup’s

treatmerf® of ligand recombination in heme proteins. While | Vs = Ddexp(=25r) — 2 exp(-pr)], bound state M

Frauenfelder and one of us have argued elsevitieag ligand V, = Ddexp(=pr) — A], dissociated state

recombination is actually adiabatic, estimation of the splitting

at the curve crossing would suggest that the energy splitting is wherer is the Fe-C distanceff = 1.5 au?, andDe andA are

not so large as to greatly change the location of transition states fitted to experimental dataDe = 138 kJ/mol,A = 26 kJ/mol.

In any case a detailed quantum chemical treatment including Vs is the potential function for the bound state in which the

the location of the triplet states is desirable to settle this. Such spin state of Fe is singletVy is for the dissociated state with

a treatment is beyond the scope of this study. a quintet spin state. This form of potential has been successfully
This quenching simulation was carried out in this study for applied by Li, Elber, and Straub in a molecular dynamics study

the dissociation reaction of carbonmonoxy myoglobin. The Of the dissociation reaction of NO in mutant myoglobinFree

Hamiltonian we used in the simulations was of the GROMOS €nergy of dissociation was calculated using the free-energy

type26 with the heme coordination parameters modified to fit Perturbation metho#; with the charging parametet = 0

the experimental X-ray structures of the bounded and dissociatedcorresponding to carbonmonoxy myoglobin (myoglebTO)
and/ = 1 to deoxy myoglobin. We fitted the Morse potential

states (see the Appendix). The atomic charges were scaled
according to their distances from the center of the protein to
mimic the solvent screening effe€t. Nonbonded interactions
were truncated by multiplying the potential functions by the
atom-based shifting function

1— (3% 0<r=r,
0, re<fr
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Free Energy Change for the Myoglobin-CO Dissociation Reaction Histogram of Activation Energies
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Figure 2. Free energy as a function of the charging parametér=
0 corresponds to carbon monoxy myoglobin ahd= 1 deoxy
myoglobin. The transition state is at= 0.44.

Five subsequent free energy perturbation runs were carried out, ]
and the average free energy profile from these runs was obtained 40 10K

(Figure 2). The transition state was determined from this profile 80
to be atA = 0.44 £ 0.02 with activation free energy 1t 3 ]
kJ/mol. The system was then subjected to a 50 ps (1 fs/step) §20~

equilibration run at the transition state at 300 K before data
collection. A 50 ps data collection run was carried out
afterwards. The transition state conformation was recorded at 0 aen AL — - T "
every 100 fs followed by a quenching to a local minimum on -50 0 Activa E5° ol 100 150
the transition state potential surface. This state was again ) cm{a“o? neroy { _mo) )
quenched to local minima at the reactant and prOdUCt pOtential Flgure 3. HIStogram of activation energies at various temperatures.
surfaces._ 'I_'h(_a qqench proceglure we used was asteepest de?'ceﬁésults and Discussion
energy minimization run terminated when energies of successive _ . .
steps differed in less than 0.1 kd/mol. Similar sampling runs ~ Distribution of Barrier Heights. The histogram of the -
were carried at other temperatures (10 and 600 K). activation energy barrier for th(_a CO dissociation reaction is
Using this approach, we obtained, thereby, a sampling of shown in Figure 3. The survey is conducted for 200 substates
transition states and the initial conformational substates from €ach on the reactant, transition and product surfaces, and the
which they arise. We are thus able to get some idea of the activation energies calculated as the difference of energies
distribution of barrier heights. In addition, we can correlate between the transition and reactant states. The increase of the
individual barriers with changes in reactant and product energiesdistribution width with temperature reflects a larger fluctuation
as well as look at the structural causes of kinetic heterogeneity. of the protein structure at higher temperature. It also contains
The CO dissociation reaction is easy to study by this method More errors because of the larger fluctuation. The distribution
because of the relative ease of finding effective potential energyat low temperature (10 K) has a width similar to the experi-
surfaces. The same technique can be applied to other reactionghentally determined value-0 kJ/mol)? The peak position
such as the carbon monoxide recombination to cytochrgme S around 10 kJ/mol at 300 K, compared to the overall activation
once an appropriate model of the two surfaces is available frombarrier of 11 kJ/mot. The negative tail and the near zero values
guantum chemical calculations and experimental measuréfent. Of the distribution are largely due to noise. They disappear if
A technical issue which faces us in evaluating the distribution the cutoff radius for the computation of activation energies is
of activation energies is noise generated by the numerical less than 5 A. The distribution width at 300 K is larger than
minimization method. In a large enough anharmonic system the experimental value, also due to the noise produced by the
distant regions from the active site may be near to saddle pointsCutoff and other approximations. o
for configurational motion, and errors in minimization determine _ Linéar Free Energy Relationship. The activation energy
to which side of the local saddle the system falls on quenching. iS plotted against the difference of the energies of the initial
Although this will not change the structure very much at the (dissociated) and final (bound) states in Figure 4. Each dot in
active site, it will introduce an absolute error in the energy which the figure represents a triplet of initial, transition, and final states
is considerable when taking differences. Apparently this occurs obtained by the quenching procedure mentioned above. As
when we use the total energies in determining the activation emperature increases gnd more substates are accessible, the dots
energy distribution. In particular the noise from the electrostatic & more delocalized in the graph. The slope of the least-
interaction is significant and of order 11 kJ/mol. We used an Squared fitted line changes from 0.47 at 10 K to 0.64 and 0.56
8 A cutoff sphere around the CO in evaluating the energy &t 300 and 600 K, respectively. The slope is close to the
differences. This interaction region shown in Figure 12 does classical Marcus value of 0.5, indicating that the transition is
not include those surface residues far from the active site butin the normal region. In Marcus theory, the activation free
does contain 21 residues close to the active site including the€nergyAG* depends quadratically on the difference of free
proximal and distal histidines. As the interaction sphere is €nergies between the product and reacta?

extended beyond this point there is increasing sensitivity to o\2
minimization noise and considerable broadening of the activation AG* = A (1 + £)
energy distribution. 4 A

(32) Bren, K.; Gray, H. BJ. Am Chem Soc 1993 115 10382. In the normal regionAG? is usually much smaller than the
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Figure 4. Activation energy vs the energy difference between the initial
(deoxy myoglobin) and final (carbonmonoxy myoglobin) states at
various temperatures. The straight lines are least-square fits.

reorganization energy. A first order approximation of the
equation thus yields a slope of 0.5.
Transition to Transition State and to Connecting Substate.

J. Am. Chem. Soc., Vol. 118, No. 12, 15881
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Figure 6. Histogram of the number of atoms moving more than 1 A
for the 200 quenched substates.

protein,P will be of the order of the total number of atoms in
the protein. The participation number was calculated after the
overall translational and rotational motions of the protein were
removed using a least-square fitting procedure.

The histogram of the participation number in Figure 5 was
calculated using the 200 triplets obtained by the quenching
procedure mentioned above. The participation number for a
transition from one substate to another was calculated only for
adjacent substates separated by the 100 fs interval in the
simulation. During this short time, we assume that the substates
are connected in the sense that they can make a transition to
each other without going through a third one. Figure 5 shows
that the atomic motion of the transition from an initial substate
(dissociated CO) to the transition state is more widely spread

The microscopic motions of the protein atoms during the in the protein, whereas a transition to a connecting substate on

transitions are summarized in Figures 5 and 6. Figure 5 is the the reactant (dissociated CO) surface is more localized, possibly
histogram of the participation number of the transitions between involves a motion of a side chain or a rotation of a functional
the adjacent, connecting substates on the reactant (dissociatedroup. The RMS displacement of the atoms within the 8 A
CO) surface. The participation numbRris defined as pocket of CO is about 0.4 A, while that of the atoms of the
whole protein is about 0.3 A. In addition, Figure 6 shows that

|mr2[|]2 although the structural difference between substates on the initial

2 potential surface is more localized, there are more atoms moving
[ArD larger distance (greater than 1 A). A transition to an activated

whereN is total number of atoms in the protein and the state, hoyvever, is more of a collective motion involving more
atoms with each moving at a small distance. The RMS

individual atomic displacement during a transition, the average . .
<...> is taken over all atoms in the protein. If the displacement ﬁﬁﬁfc\;\?hngfem gtg;r? iztgbmosultngrf }f‘ plggrkgér?]f gr(i)sgr? vtvrt]eél s:/l S
is localized in a few atoms? will be the order of oné3340n P o P '

: . L . atomic displacement between the reduced and oxidized tuna
the other hand, if the displacement is widely spread in the cytochromec structures is about 0.5 %, and the atomic
displacement in am subunit of the R and T states of

P=N

(33) Stillinger, F. H.; Weber, T. APhys Rev. A 1983 28, 2408.
(34) Ohmine, |.; Tanaka, H.; Wolynes, P. &.Chem Phys 1988 89,
5852.

(35) Takano, T.; Dickerson, R. B. Mol. Biol. 1981, 153 95.
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5 substates of myoglobin

Figure 7. Five quenched sperm whale myoglobin substates on the
product (bound CO) potential surface.
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Figure 8. Distant map of the ¢ atoms of the 1.5 A sperm whale
myoglobin X-ray structure.

hemoglobin is about 0.8 & Figure 7 shows five substates on
the final potential (bound CO) surface (translational and rotation
motions of the protein were removed). The largest difference
is in the side chains.

Zheng et al.
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Figure 9. Map of the RMS distant fluctuations in the substates of
sperm whale myoglobin in the product (bound CO) surface. Ogly C
and G fluctuations with RMS greater thal A are shown.

a-helix can be close to 5 A. Similarly, the distance between
C, atoms in a turn can also be short. This protein has eight
helices, starting at Ser3, Asp20, His36, Thr51, Ser58, Leu86,
Pro100, and Gly124. The helices consist of about 75% of the
main chain, thus the protein is rather rigid. These helix regions
are close to the diagonal in the map (off by abotu#3esidues).

The same type of description can be used fgr-C, distance
fluctuations between substates. Figure 9 is the C, distance
fluctuation map of the 200 myoglobin substates on the product
surface (bound CO). Only fluctuations larger tha A are
plotted. Two features in the plot stand out. First, there are
more G, fluctuations than & It is expected because side chains
are more flexible than the backbone of the protein. Secondly,
the larger fluctuations are not in the helices and turns, as they
are more rigid than the loops. Similar patterns are also observed
for substates on the transition and the reactant potential surfaces.

Correlation between Structural Change and Activation
Energy. Low temperature X-ray crystallography has become
one of the most powerful tools to study protein conformation
change during enzyme catalysis. The structure of the activated
complex, for example, can be obtained by X-ray crystallographic
method at low temperature when the lifetime of the complex is
sufficiently long® It is therefore important to ask which
conformation is associated with high activation energy and
which with low activation energy. The correlation between the
activation energy and the change of the heme geometry is plotted

The structural difference between the substates on the initialin Figure 10. Five parameters were used to investigate the
surface can be quantified using the distance map. The distancecorrelation. The first is the change of +€ distanceARee-c

map of the 1.5 A X-ray crystal structure of sperm whale is
shown in Figure 8. Itis a plot of the distances between the C
atoms of all the residues. Various islands in this plot are
associated to the secondary structures in the préteifor
example, the distance betweith and {+4)th G, atoms in an

(36) Baldwin, J.; Chothia, CJ. Mol. Biol. 1979 129 175.

when the dissociated complex is activated at the transition state.
The correlation is plotted in the top panel of Figure 10. Each
dot represents a pair of conformations (dissociated and transition
state) from which the activation energy amtRe.c are

(37) Richards, F. M.; Kundrot, C. Proteins: StructFunct Genet 1988
3, 71.
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) ) ) ~ltisclear in this figure that the activation energy is likely to be
Figure 10. Scatter plot showing the correlation between the activation larger when more atoms are involved in large amplitude

energy and the change of heme geometry in the activation process. . tions. It is the atoms around the heme group that are

Ifh ;Egikéogggz?gaii ﬁ%gdcagagecgl? trﬁszgg&% ftrgichgr:g?h e respon_sible for the activation process, and the nu_mber of these
plane defined by the pyrrole nitrogen atomsingleo_c_re the O-C— atoms is around the order of a few tens. From Figures 10 and
Fe angle change; amtAnglere_c and heme norma the change of the angle 11, We can say that the activation process is a collective motion
between the FeC bond and the heme normal. involving many atoms.

Heme Geometry of the Activated Substates. Recent
calculated by the simulation. From the graph it can be seen advances in X-ray techniques at liquid-helium temperature have
that there is only a weak correlation, smAlR:._c can have made it possible to obtain protein structures during biological
both large and small activation energies. The same is truereactions. Schlichtingt al. have determined the structure of
for other parameters: the change of the distance from Fe toan intermediate, transition state of the myogleb80 dissocia-
the plane defined by the pyrrole nitrogen atormsRre np; tion reactiof One of the main differences between the
the O-C—Fe angle changeAAngleo—c-re and the change  intermediate and the final carbon monoxy structures is the angle
of the angle between Fe&C bond and heme normal, betweenthe CO bond and the heme normal. Inthe intermediate
AANglere—c and heme normal HOWeVer, the correlation between  structure, the angle is 91 degrees, i.e., CO lies rather parallel to
the number of atoms moving a large distance and the activationthe heme plane. The IR result of 8010 degrees also supports
energy in an activation process is much more significant, as is this fact. In the carbon monoxy structure the angle is 32
shown Figure 11. Since the correlation is more probabilistic degrees, rather perpendicular to the heme plane. To examine
than deterministic, an intrinsic feature of substates of proteins the validity of our model, we analyzed the 200 activated
and glasses, we show both the individual and an averagesubstates. The CEheme geometry obtained is compared with
correlation. Thus in Figure 11, the dots are the plot of the the low-temperature X-ray structure in Table 1. Itis clear that

AAngleF&C & heme normal (degrees)
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Figure 13. Average structures of substates with activation energies between 0 and 12 kJ/mol (blue), between 12 and 24 kJ/mol (green), and

between 24 and 36 kJ/mol (red).

Table 1. Heme Geometry of the Activated Substates structural difference between the intermediate species possessing
X-ray  simulation different activation energies. The structures averaged over three
angle between CO bond and heme normal (deg) 91 <28 gctlvann ranges are shgwn in Flgyre 13. Only the heme .pocket
O-C—Fe angle (deg) 111 104 39 is shown as the activation energies were calculated using the
angle between FeC bond and heme normal 39 #49 residues in this vicinity. The blue is the structure averaged for
Fe—C distance (&) 414 3.0+0.6 all substates with activation energies between 0 and 12 kJ/mol,
Fe-O distance (A) 360 3306 the green is the average structure of substates with activation
Fe—Np plane distance (A) 0.19  0.890.07 . . L
(Fe—Npl(A) 198  1.99+ 0.04 energies between 12 and 24 kJ/mol, and the red with activation
Fe—N<2 (proximal his) (A) 225  2.16£0.04 energies between 24 and 36 kJ/mol. Within the framework of
angle between FeN¢2 (proximal his) 3.3 9+5 our quenching model, we can see that the proximal histidine

and heme normal tilts more to the side of the propionate chains of the heme for

aThe X-ray structure assumed that O is closer to Fe than C, oppositethe structures with higher activation energies. The distal
to our simulation set-up. The X-ray data do not exclude the possibility histidine also bends more toward the heme plane for the structure
that C is closer to Fe. with higher activation energy. This seems in disagreement with
Table 2. Modified GROMOS Force Parameters the experimentgl _ol_oservation that the angle between the Fe
Ne2 (proximal histidine) bond and the heme normal decreases
upon activation, but in fact there is no contradiction, since the

myoglobin—-CO deoxy myoglobin

NR5—Fe (A) 219 2.10 substates with smaller tilt will be favored as they have lower
NP—Fe (A) 1.98 2.02 activation energy. Furthermore, theF8—0 angle decreases
NR5—Fe NP (deg) 0 100 as the activation energy increases. Other residues that shift
NP—Fe—NP (deg) 90 88 :

significantly with activation energy are Leu 86, Pro 88, and
Leu 89. The most significant shift is of the order of 0.8 A,
our model catches the essential feature of the activation larger than the RMS deviation of 0-8.4 A of structures within
geometry, i.e., CO is more parallel than perpendicular to the the same activation energy interval. However, our simulation
heme plane. The ©C—Fe angle obtained by our simulation did not reproduce the displacements of Phe 43 and Leu 29 that
is also close to the experimental value. The-Eeand Fe-O were observed experimentally. It would be interesting to see
distances, however, are slightly shorter than the experimentalif our prediction based on a very approximate model agrees
data, possibly due to the limited simulation time and unrelaxed with future experimental measurements.

protein structure in the activated state. Note that the experi-
mental structure assumes that O is closer to Fe than C, oppositéa‘p
to our simulation set-up. However, the experimental data do  The modified GROMOS force parameters are listed in Table
not exclude the possibility that C is closer to Fe. Our simulation 2.
also indicates that CO can rotate rather freely above the heme
plane.

Activation Energy and lIts Correlation to the Heme
Geometry of the Intermediate Species. One of the most
intriguing issues that the time-resolved X-ray crystallography
concerns is the connection between the structure and associatio
rate of the CO to the protein. Since the association rate is
determined by the activation energy, we should examine the JA9523092
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