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ABSTRACT

A theoretical QM/MM study
of the [NiFe] hydrogenase
from Desulfovibrio fructoso-
vorans has been performed to
investigate possible routes of
proton transfer between the
active site and the protein
surface. We obtained the
minimum energy paths, with
a modified version of the
nudged elastic band method,
for a set of proposed path-
ways. The calculations were
carried out for the crystallo-
graphic structure and for sev-
eral structures of the protein
obtained from a molecular
dynamics  simulation. The
results show one of the stud-
ied pathways to be preferred
for transport from the active
site to the surface, but the
preference is not so strong
when transport occurs in the
opposite direction.
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INTRODUCTION

Hydrogenases are enzymes capable of catalyzing both the oxidation of H, to 2H™
and the reverse reaction, the formation of H, from two protons and two electrons.
They play a vital role in many anaerobic metabolisms and can be found in bacteria and
archaea, as well as in some eukaryotes.! The H, production function of hydrogenases
has generated great interest, as hydrogen has a great potential as a clean energy carrier,
provided that it is produced from a clean source like water. This might be achieved
through the coupling of hydrogenase with photosystem II, which would allow the elec-
trons and protons liberated from water during photosynthesis to be directly converted
into Hy,. A major complication is the inactivation of most hydrogenases by O,, the
other product of water photolysis. Much research effort is going on to produce hydro-
gen from water in a cheap, safe, and convenient way.

A classification of hydrogenases can be established according to the metal composi-
tion of their active sites. In [FeFe] hydrogenases, this contains two Fe atoms, whereas
in [NiFe] hydrogenases it contains one Ni and one Fe atom.2 In both types of enzymes,
the iron atoms have CO and CN ™ as ligands. The metal pairs are bridged and kept in
place by thiolate groups. Another common feature is that the active site is deeply
buried and connected to the protein surface by a series of Fe—S clusters, which pro-
vide a likely pathway for the electrons to be transferred toward or from the redox
partners of the enzymes. In addition, hydrophobic tunnels that allow the diffusion of
hydrogen molecules to and from the active site have been identified in both types of
hydrogenase.3—0

The mechanism of the actual reaction catalyzed by these enzymes (H, = 2H™ + 2¢7)
and the different redox states displayed by their active site have been widely studied
both theoretically and experimentally.”~14 Nevertheless, there is still not a clear agree-
ment on the structure—function relationships of the active sites of hydrogenases.

The evidence regarding the proton transfer pathways is relatively scarce. It is in gen-
eral assumed that the mechanism for proton transport inside the protein is related to
the Grotthuss mechanism, in which the location of an excess proton is displaced by a
series of individual proton transfers between water molecules and amino acid residues
with acid—base properties.15’16 There have been several possible routes proposed for
proton transfer to and from the active site of hydrogenases.17_19 A wide agreement
exists for the involvement, after H, cleavage, of a terminal cysteine ligand of the nickel
atom.2 Moreover, recent experimental evidence has shown that a neighboring glutamate
residue is essential for the H*/D™ exchange function,20 leading to the conclusion that
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proton transfer to this residue is the next step in the pro-
cess. From here the distance to the protein surface is still
rather large, and the pathways of escape remain to be
determined. It is of great interest to increase our under-
standing of proton transfer in hydrogenase, as this is cru-
cial for enzymatic hydrogen production.

In this work, we study theoretically the proton trans-
port in a [NiFe] hydrogenase from Desulfovibrio fructoso-
vorans and attempt to identify pathways for the proton
transport between the active site and the protein surface.
We used a combined quantum mechanics and molecular
mechanics (QM/MM) potential and a modified nudged
elastic band (NEB) algorithm to optimize energy profiles
for possible paths. The minimum energy paths (MEPs)
thus obtained allow us to compare the energy barriers of
the different pathways.

While this manuscript was in preparation, an article of
Teixeira et al. appeared,2! which also addresses the issue
of proton transport pathways in a [NiFe]-hydrogenase.
They worked on the enzyme from D. gigas and employed
different, but complementary, techniques to the ones that
we use here. We will compare their results with ours in
more detail in the final section.

METHOD

We have tackled the problem of finding the pathways
for proton transport in a hydrogenase by performing
atomistic QM/MM calculations on a complete model of
the system. Given a particular pathway, we obtain the
MEP for the process, which is the energetically optimum
path in configuration space between reactant and product
structures. If determined properly, the energy maxima in
a MEP approximate the saddle points (transition states)
for the reaction while minima represent more or less sta-
ble intermediate states. By comparing the MEPs obtained
for different pathways in the model, we hope to establish
the preference or likelihood of the corresponding path-
ways in the real system.

There has been much speculation about the routes of
proton transfer in [NiFe] hydrogenases.w’22 Based on
extensive geometrical analyses of networks of protonat-
able groups in the crystallographic structures, using both
visual inspection and calculation, two basic pathways
appear possible. In the hydrogenase from D. fructosovor-
ans (PDB code: 1YQW, subunits A and Q), which is the
structure that we use in our calculations, both pathways
start at GLU-25(Q), as this residue is the initial acceptor
for departing protons produced in the [NiFe] active
site.20 The first pathway (Fig. 1) goes through Glu-16(A)
to Glu-46(A), which is at the bottom of a groove on the
protein surface. This pathway entails five proton-transfer
steps and, in the crystal structure of the protein, has a
length of around 14-15 A. The second pathway (Fig. 2)
goes through the C-terminal His-549(Q) to Glu-53(Q)
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First hypothesized proton transport pathway in hydrogenase, Glu-25(Q) — Glu-
46(A). Image created with VMD.%

and then onto waters, lying close to the surface, that sur-
round a nearby Mg** cation.1922 This second pathway
is around 27 A long and entails not less than 10 proton-
transfer steps. Based on the length of these pathways, the
first would seem more attractive.

Although there are only two basic pathways, many
more were in fact studied. First, each basic path had at
least two variants, depending on the exact route followed
by the protons. Second, paths were calculated for struc-
tures of the protein derived from molecular dynamics
(MD) simulation, in addition to the experimental crystal-
lographic one. This is essential to see how sensitive the
MEP energy profiles for a given pathway are to structural
perturbations.

Model building

The enzyme model for the QM/MM calculations was
built from the crystal structure of the [NiFe] hydrogenase
from D. fructosovorans, obtained by X-ray diffraction at a
resolution of 1.8 A, and published with the PDB code
1YQW.13 The crystallographic model consists of three
hydrogenase heterodimers. The unit formed by chains A
(small subunit) and Q (large subunit) was isolated, to-
gether with the solvent molecules inside and surrounding
it (bicarbonate and glycerol molecules were replaced by
waters). Residues 1 and 2 from the A chain and 1-5
from the Q chain are absent in the pdb file; since these
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Second hypothesized proton transport pathway in hydrogenase, Glu-25(Q) —
Glu-53(Q). Image created with VMD.*

portions are at the protein surface and far from the
regions concerned in this work, their influence is pre-
sumed to be negligible, and thus, residues Ala-3(A) and
Pro-6(Q) were converted to N-terminal residues. In the
cases where alternate locations are given in the PDB
structure, the location with a higher occupancy was
chosen.

The aforementioned structure corresponds to an inac-
tive form of the hydrogenase. To build a model for the
active form, the active center was modeled after the crys-
tal structure of a reduced hydrogenase of the same orga-
nism obtained at 2.1 A resolution (Volbeda A, unpub-
lished), which is similar to other published structures of
the reduced enzyme.24’25 This reduced structure is
almost identical to 1YQW (rms deviation of the back-
bone atoms: 0.19 A), the most noticeable differences
being around the [NiFe] center. For this reason the coor-
dinates of the atoms in residues NI and FCO, as well as
atoms S, and Cg from Cys-72(Q), Cys-75(Q), Cys-
543(Q), and Cys-546(Q), were copied from the reduced
structure. Additionally, the O atom close to S, in Cys-
75(Q) (assigned to H,O-557(Q) in 1YQW) was removed
in order to transform the sulfenate into a thiolate, and
the PER residue, representing a hydroperoxide anion, was
substituted with a hydride at the O, position, assumed to
be present in the active form.2>26 The partially occupied
FE2 residue in 1YQW that is bound to the C-terminal
His-549 of the large subunit was replaced by a Mg”* ion.

The position of the hydride with respect to the [NiFe]
center was optimized, in vacuo, with DFT quantum
chemical calculations (B3LYP functional, 6-31+G(d)
basis set) of the system formed by residues NI, FCO, and
HYD (hydride). Atomic charges for these atoms were
obtained from the resulting wavefunction with the
CHELPG method.2” The charges for the FS3 and FS4
residues were obtained from similar calculations. In all
quantum calculations, NI was modeled as Ni'' with low
spin. The Fe—S clusters were assigned as [Fe,S,]°" and
[FesS,]" with low spin as well. Although some X-ray
absorption spectroscopy experiments28 and DFT calcula-
tions2? suggest the presence of high spin Ni', the spin
state was found to have a rather small effect on the
atomic charges obtained with CHELPG. The sensitivity
of the results to a change in oxidation state of the nickel
and Fe—S clusters was also tested, but no significant dif-
ferences were found (see Results and discussion, later).

The OPLS-AA force field was used as the MM poten-
tial. 30 Standard parameters were taken for all atoms and
groups except for the metallic centers. For these, only
nonbonding parameters were needed, because the geome-
tries of the Fe—S clusters (FS3 and FS4) and the active
center residues (NI, FCO, HYD) were kept fixed in all
calculations. Charges for the atoms in these groups were
obtained from the DFT calculations discussed earlier,
whereas the Lennard-Jones parameters were all standard,
except for the Ni atom which was given the same param-
eters as Fe. The Cys residues bonded to Fe and Ni were
deprotonated and represented as thiolates.

Hydrogens were added to the structure and their posi-
tions were optimized. The pK,s for the different residues
were estimated in two different ways using the
PROPKA3! and UHBD32 programs. From this informa-
tion and with confirmation by visual inspection, the
most likely tautomer was assigned for each His residue:
histidines 5, 13, 92, and 184 from chain A and 27, 66,
79, 113, 115, 118, 121, 123, 188, 210, 228, 349, 419, and
481 from chain Q were protonated at the N, atom; histi-
dines 204, 305, and 538 from chain Q were protonated
at both the N, and Ny atoms; and all other histidines
were protonated at the Ny atom. All other protonable
side chains were set to their standard states in aqueous
solution at pH 7. Only water molecules present in the
crystal structure were included in the model (i.e., no
additional solvent was added), since the calculations that
were performed involved zones buried quite deep within
the protein. The final model consisted of 14,649 atoms.

Computational details

To get different starting structures for the pathway cal-
culations that showed some variability in their hydrogen-
bond networks, an MD simulation was run on the sys-
tem. During this run, the positions of the metallic centers
were kept frozen, as mentioned earlier, and the positions
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of the other heavy atoms were held in the vicinity of
their positions in the crystallographic structure with a
weak harmonic force constant of 2.0 k] mol ™! A2, The
time step for the simulation was 1 fs and 26 ps of dy-
namics was run (1 ps of equilibration followed by 25 ps
of data collection) at a temperature of 300 K using a
Langevin thermostat with a collision frequency of
25 ps'. From the resulting trajectory, seven configura-
tions were selected and the reaction paths (see later)
were computed for each of them, as well as for the crys-
tal structure. With respect to the starting, crystallographic
structure, the rms coordinate deviations of the dynamics
structures was between 0.86 and 0.96 A for the heavy
atoms (0.43-0.57 A for the backbone atoms only).

For each reaction path studied, the following proce-
dure was carried out. The residues affected by the proton
transfer (the QM region) were treated with the PDDG/
pM333 semiempirical QM method, the rest of the system
(the MM region) was described with the aforementioned
MM force field (OPLS-AA). The number of atoms in the
QM region varies between 39 and 52, depending on
the path studied. All residues within 12.0 A from any of
the oxygen atoms implied in the proton transfer were
allowed to move (except the atoms of the metallic cen-
ters) and all atoms further than 12.0 A were held fixed.
The number of moving atoms varies between 1604 and
2274. This is necessary to reduce the number of degrees
of freedom in the optimization which would otherwise
affect NEB convergence and introduce too much noise
into the results. A proton was added to the system and
the initial and final states were optimized. When a spe-
cific pathway is studied, it defines the location of the ini-
tial excess proton and the particular rearrangement of
O—H bonds occurring in the final state, which in turn
defines the location of the final excess proton.

The MEP between the initial and final states was opti-
mized with an improved version of the NEB method.3%
Briefly, the NEB method works by representing the MEP
between two fixed structures as a set of discrete interme-
diate structures called “images.” The best approximation
to a MEP is obtained by minimizing the total force per-
pendicular to the path on each image using an iterative
procedure, while keeping the images evenly spaced in con-
figuration space. The improved version employs a para-
metric spline representation of the path and a second-order
optimization method for the minimization of the force
on each image.3> Each path was first calculated with 25
images and then refined with 51 images. Convergence
was achieved when the rms force on each image was
lower than 1.0 k] mol ! AL

For the MEPs calculated from the crystal structure, a
corrected energy profile was calculated using a higher
level DFT method. For each image on the path the in
vacuo PDDG/PM3 energy of the QM region was sub-
tracted from the total QM/MM energy (E) and, in
exchange, the in vacuo B3LYP/6-31G** energy of the QM
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region was added. This results in a corrected energy E’
with a DFT term for the QM part, a semiempirical/MM
term for the electrostatic interaction between QM and
MM parts, and an MM term for the QM/MM Lennard-
Jones interaction and for the pure MM part. This proce-
dure only gives a first-order estimate of what the DFT
QM/MM energy profile would look like as it assumes
that the intermediate MEP structures obtained with the
semiempirical calculations are correct, that the DFT QM/
MM electrostatic interaction energies are the same as
their semiempirical equivalents and that the only differ-
ences arise from those in the intrinsic QM energies.

All QM/MM modeling, simulations, and NEB calcula-
tions were performed with the DYNAMO library.36 QM
(DFT) calculations were performed with the Gaussian-98
program.3”

RESULTS AND DISCUSSION

The two basic pathways introduced earlier were stud-
ied using the crystallographic structure and seven struc-
tures derived from the MD simulation as starting points.
For practical purposes, both pathways were split in two
sections, and the four resulting sections were studied in-
dependently. The results obtained using the crystal struc-
ture as the initial structure will be presented first in
detail and those for the dynamical structures afterwards.

First pathway: Glu-250(Q) - Glu-46(A)

In the first pathway (Fig. 1), the initial section is the
proton transfer from Glu-25(Q) to Glu-16(A). There are
two possibilities: the proton can be transferred through
Thr-18(A) and then to O, of Glu-16(A), or through a
water molecule (H,0-53) and then to Og; of Glu-16(A).
The MEPs for both possibilities were obtained and the
energy profiles are shown in Fig. 3. In each profile, there
are two barriers corresponding to the two proton transfer
steps that occur. In this and equivalent figures the
profiles shown correspond to an interpolating cubic
spline32>38 of the MEP data.

It must be noted that the “normalized path length”
shown in the graphs is not a direct representation of the
excess proton location, but rather a kind of general reac-
tion or event coordinate. The & coordinate represents the
change in the whole system structure as it proceeds from
reactants (§ = 0) to products (§ = 1). Because of the
way the NEB method works, there is not an obvious def-
inition of &, and the correspondence between its value
and particular structures (such as the location of the
excess proton) can only be established a posteriori, and
will be different for every path. In the graphs, the loca-
tion of the excess proton, when it can be established, is
marked for each curve.

Table I lists the main energetic features of this section
of the pathway. For both possibilities, the results show
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Figure 3

Energy profiles for the proton transport Glu-25(Q) — Glu-16(A). Thick line:
the branch through H,O-53; thin line: the branch through Thr-18(A). The
dashed lines are the ab initio corrected energies. & is the normalized path length.
The labels mark the approximate location of the excess proton.

that AE is small (—3.3 k] mol ' or —11.0 k] mol™ ") and
the activation energy, which is the highest energy along
the calculated MEP, A*E is around 65 kJ mol ™.

In the second section of the pathway, the proton is
transferred from Glu-16(A) to Glu-46(A) through two
intermediate water molecules (numbered 378 and 87). As
a starting point, the initial excess proton can be bonded
to either the O, or O, of Glu-16(A), and both possibil-
ities were tested. The energy profiles obtained for this
second section appear in Fig. 4. The peaks and shoulders
in the profiles correspond to three proton-transfer steps.
In the curve corresponding to the transfer from O,,, the
twin peaks around & = 0.8 are caused by a water mole-
cule changing its orientation and should not be consid-
ered in the proton transport process (it may be called a
“parasite event”). Also, in this curve, from & ~ 0.2 to
& ~ 0.4 the excess proton remains localized in H,0-378,
so that the peaks at & = 0.2 and & = 0.3 correspond to a
water movement and not an actual proton transfer step.

The energy results for the second section of the path-
way are also displayed in Table I. The AE is now larger
in absolute value, —50 k] mol ' or —80 kJ mol !, but
A'E has a similar magnitude to the first section, between
55 and 75 kJ mol .

Table |
Energy Difference and “Activation” Energy (in kJ mol™") for the Proton

Transport Glu-25(Q)— Glu-46(A) (First Pathway)

1 Glu-16(A)

Energy (kJ-mol~")

00 02 04 0.6 0.8 1.0

Figure 4

Energy profiles for the proton transport Glu-16(A) — Glu-46(A). Thick line: the
branch from Ogy; thin line: the branch from Og,. The dashed lines are the ab
initio corrected energies. § is the normalized path length. The labels mark the
approximate location of the excess proton.

Although the energies are not strictly comparable,
because different residues are included in the QM region
in the different calculations, we can combine information
for the two sections and get, for the whole pathway a AE
of between —55 k] mol ™! and —90 k] mol™ ! and a A'E
of around 65-70 kJ mol ™! for the two branches (through
Thr-18(A) or H,O-53).

Second pathway: Glu-250Q) - Glu-53(Q)

For the second pathway (Fig. 2), the initial section
involves proton transport from Glu-25(Q) to His-
549(Q). There are four water molecules (numbered 53,
360, 314, and 321) joining these two residues. The pro-
ton can be transported either through all four water mol-
ecules (first transfer to H,O-53), or just the last three of
them (first transfer to H,0-360). Note that H,0O-53 is
also involved in the first pathway. The MEP profiles are
shown in Figure 5. Here, the first low peak, at around &
= 0.2 corresponds to the movement of H,0-360 toward
Glu-25(Q) (thin line) and to the proton transfer from
Glu-25(Q) to H,0-53 (thick line), whereas the energy
increase up to the plateau at & =~ 0.5 represents the

Table Il
Energy Difference and “Activation” Energy (in kJ mol ™) for the Proton

Transport Glu-25(Q)— Glu-53(Q) (Second Pathway)

Second section

First section (Fig. 3) Second section (Fig. 4) First section (Fig. 5) (Fig. 6)
Intermediate AE A*E AE A*E  First transfer AE A'E AE A*E
Thr-18(A) -3.3 66.7 0. —50.2 753  H,0-53 107.5 239.4 39.8 105.9
H,0-53 -11.0 65.3 0, —78.1 53.5  H,0-360 744 222.1
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Figure 5

Energy profiles for the proton transport Glu-25(Q) — His-549(Q). Thick line:
the branch through H,O-53; thin line: the branch through H,O-360. The
dashed lines are the ab initio corrected energies. & is the normalized path length.
The labels mark the approximate location of the excess proton.

movement of water molecules and a proton transfer to
H,0-360. The final high peak at & ~ 0.6 corresponds to
the last three proton transfer steps which are almost
simultaneous (“concerted”). In both MEPs, the final pro-
ton transfer from H,0-321 to His-549(Q) occurs slightly
before the protons are transferred to H,0-314 and H,O-
321, as can be seen in the shoulder at £ = 0.6 of the
thick line in Figure 5.

Table II shows the energies for the two possibilities.
For both, the AE and A*E values are high, more than 70
and 220 kJ mol ™', respectively, but the option with only
three participating water molecules seems to be slightly
favored.

The high energy increase when the proton moves
along this pathway can be understood from the structure
in this region. In the first portion of the pathway, as in
the other studied pathway, the environment of the water
molecules provides proton donor and acceptor groups
that keep the waters in the correct orientation for proton
transport (with one hydrogen pointing to another water
molecule and the other hydrogen outside the water
“chain”). By contrast, the last two water molecules do
not have such a benign environment and H,0-321, in
particular, lacks any good proton acceptor group around
it, apart from the neighboring residues involved in the
proton transport pathway. This lack of hydrogen-bonding
reduces the stability of the structures in this region that
contain the excess proton.

The second section of this pathway was considered
only until the excess proton reaches the Glu-53(Q) car-
boxyl group. This residue is coordinated to the Mg*"
ion, which has three other water ligands and lies close to
the protein surface. The proton is first transferred from
His-549(Q) to an intermediate water molecule (H,O-
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404) and then to Glu-53(Q). Before the first step, the
proton has to transfer between the carboxyl oxygens of
the C-terminal His-549(Q), or the carboxyl group has to
rotate. Both possibilities were tried, but only the first one
(intraresidue proton transfer) led to a stable path (Fig.
6). The peak at & = 0.4 corresponds to this intraresidue
proton transfer, while the peak at & = 0.8 represents the
two other transfers that occur simultaneously. The AE
and A*E for this section are around 40 and 105 kJ
mol ", respectively, as shown in Table II.

Different oxidation states

In order to test the sensitivity of the results to the
partial charges assigned to the [FeS] clusters and [NiFe]
center, the MEP calculations above were repeated for
systems in which the clusters were modeled as [Fe,S,] "
and [Fe;S4] or the nickel atom as Ni'"". The results were
qualitatively and quantitatively very similar to those
shown in the previous sections and so will not be pre-
sented separately. The implication is that the proton
transfer, once it is underway, is not significantly affected
by charge density changes that occur at the active site ei-
ther during catalysis or due to electron transfer. How-
ever, this does not mean that the proton transfer func-
tion of hydrogenase and these other processes are
uncoupled. Thus, George et al. found that the Ni—C
state can only heterolytically cleave H, when the proxi-
mal cluster is oxidized, suggesting that the resulting pro-
ton can only escape when the active site first loses one
electron.3? Likewise, the redox potentials of the active
site and the proximal Fe—S cluster are pH-dependent,
suggesting that redox change is coupled to changes in
protonation state, although not necessarily to that of the
proton-transfer tunnels.
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Figure 6

Energy profile for the proton transport His-549(Q) — Glu-53(Q). The dashed
line is the ab initio corrected energy. & is the normalized path length. The labels
mark the approximate location of the excess proton.
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Table 11l

Average and Standard Deviation of the Energy Difference and “Activation”
Energy (in kJ] mol~ Y for the Proton Transport Glu-25(Q)— Glu-46(A)

First section Second section

Table V
Ab Initio Corrected Energy Difference and “Activation” Energy (in kJ mol™"') for

the Proton Transport Glu-25(Q)— Glu-46(A)

First section (Fig. 3) Second section (Fig. 4)

Intermediate AE A'E AE A'E Intermediate AF AP AF' AYF
Thr-18(A) 84 + 180 855+30 0, —169 £ 273 927 =183 Thr-18(A) 315 333 0., —-37.0 784
H,0-53 296 + 175 605+72 0, —199 4+ 193 767 +65  H,0-53 06 38.8 041 —62.0 75

Results from other initial structures

MEP calculations of the same paths were performed
starting with structures obtained from a MD simulation
in which the heavy atoms were restrained to their crystal
positions, as explained in Method section. The shapes of
the energy profiles are, in general, similar to those
shown earlier, although with some variation, but the dif-
ferences are not significant and so they will not be
shown here.

The average reaction and activation energies and their
standard deviations are displayed in Tables III and IV for
the first and second paths, respectively. These values cor-
respond to the seven additional structures obtained from
the MDs, and do not include the results from the crystal
structure, presented in the previous sections.

The results agree roughly with those from the crystal
structure. For the first pathway, an overall A*E value of
around 60 kJ] mol ! can be estimated when the first
transfer takes place through the H,0-53 molecule,
whereas transfer through Thr-18(A) seems less favored,
with an activation energy of some 100 kJ mol™". In both
cases, the process is energetically favored and has a nega-
tive AE, but more so for the H,O-53 branch. The second
pathway shows higher values than in the crystal structure
for both AE and A*E. The overall energy barrier is
greater than 150 kJ mol ' and reaction energy is now
positive and greater than 100 kJ mol .

By comparing the global results for the two pathways,
the first seems to be more likely as a route for the pro-
tons out of the protein. However, the reaction catalyzed
by hydrogenase is reversible, and there must also be
some way for the protons to get inside the protein from

Table IV

Average and Standard Deviation of the Energy Difference and “Activation”
Energy (in kJ/mol™ %) for the Proton Transport Glu-25(Q)— Glu-53(Q)

the surrounding medium. In principle, the same proton
transport pathways could work in both senses. When the
reverse process is considered, the signs of the AE change
and the A¥E should be calculated with respect to the op-
posite end of the path. In this case, the activation barrier
for both pathways becomes close to 100 kJ mol ',
although the second pathway is favored based on the
value of AE alone.

Ab initio corrections

Ab initio corrections for the two pathways were esti-
mated for the MEPs obtained from the crystal structure.
The results for the first pathway are shown in Table V
(cf. Table I). In general, the values of AE’ tend to be
smaller in absolute value than the corresponding AE val-
ues and, most important, the A*E’ values are consider-
ably smaller, meaning that the semiempirical QM/MM
activation energies are probably overestimated. In Figures
3 and 4 the corrected profiles are represented with
dashed lines. Except for one case, the activation barriers
decrease significantly or almost disappear.

The results obtained for the second pathway are shown
in Table VI (cf. Table II). In the first section, the A*E’
values are not significantly affected, but the AE’ are
much larger than the semiempirical AE values. In the
second section, both quantities, AYE’ and AE’ become
larger, but now AE’ is almost as high as AYE’, as also
happens in the first section. The corrected profiles are
shown as dashed lines in Figures 5 and 6. It is significant
that the barrier for the intra-residue proton transfer (the
peak at & ~ 0.4 in Fig. 6) practically vanishes.

Table VI

Ab Initio Corrected Energy Difference and “Activation” Energy (in kJ mol™ ") for
the Proton Transport Glu-25(Q)— Glu-53(Q)

Second section

First section Second section First section (Fig. 5) (Fig. 6)
First transfer AE A'E AE A'E First transfer AF AP AF AP
H,0-53 1132 £ 348 2186 +50.0 557 =77 1153 =148 H,0-53 183.8 2353 116.1 126.5
H,0-360 60.5 + 30.8 167.7 + 414 H,0-360 187.9 2125
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By extrapolating these correction results to the paths
obtained from other structures, we can estimate that the
activation energies for the first pathways would be
reduced by around 50%, while the values for the second
pathway would remain high (more than 100 kJ mol™ ")
and the AE would also become higher. This would result
in a stronger preference for the first pathway when con-
sidering the proton transport out of the protein, with a
calculated activation barrier of 40 kJ mol~'. But if the
reverse process is considered, the activation energies for
the second pathway seem to be greatly reduced and AE
would be even more favorable. The results would then
suggest a preference for the second pathway when the
proton transport occurs from outside the protein to the
active site.

In their recent work, Teixeira et al.2l propose a path-
way for both directions of transport that practically over-
laps with the first pathway that we have studied here.
They also considered the pathway corresponding to our
second one (through the waters coordinating the Mg, "
ion), but find that the first is preferred. An interesting
point is whether the water molecules coordinated to the
Mg, " are suitable for transporting protons. Although
waters in [Mg(HZO)GH] could easily participate in pro-
ton transport, the complex environment of the magnesium
in hydrogenase could make it harder for the remaining
waters.40 This would further disfavor the second pathway,
and thus make the first pathway more likely for the proton
transport in both directions, as Teixeira ef al. suggest.

A comparison of protonation states shows that His-
13(A) and His-27(Q) were singly protonated in our sim-
ulations but doubly protonated in the D. gigas protein
studied by Teixeira et al. It is possible that these residues
could play a role in proton transfer since they are in the
vicinity of the first pathway. His-27(Q) is located closest
as it lies between Glu-16(A) and Glu-46(A), and it could
also transport a proton through a ring rotation. These
possibilities would add another branch to the second
portion of the first pathway but have not been investi-
gated in the present work, because the other competing
branches appeared to be the more feasible. In any case,
proton transfer with a lower energy barrier via this extra
branch would only reinforce the preference of the first
pathway over the second.

CONCLUSIONS

Two main proton-transport pathways in the [NiFe] hy-
drogenase from Desulfovibrio fructosovorans have been
studied with a semiempirical QM/MM method and their
MEPs have been obtained. The MEPs have been calcu-
lated for the crystal structure and a number of structures
obtained from a constrained MD simulation. Higher level
quantum chemical (DFT) corrections were also made to
some of the calculated energy profiles.
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As a general conclusion, it appears that the pathway,
involving proton transfer via Glu-25(Q), Glu-16(A), and
Glu-46(A), seems to be most likely, with an estimated
activation barrier of around 40-60 kJ mol™!. For the sec-
ond pathway, which involves Glu-25(Q), His-549(Q),
and Glu-53(Q), the activation barrier is higher than 150
k] mol~'. These results apply to the proton transport
from the active site to the protein surface. If the reverse
direction is considered, the differences are not so high
and the second pathway might be slightly preferred.
Nevertheless, it is worth pointing out that the proton
transport need not be limited (and probably is not) to a
single pathway.

It is interesting to note that the results we obtain for
the first pathway are in agreement with the results of a
recent study by Teixeira et al21 They used Poisson—
Boltzmann and Monte Carlo techniques to determine the
pK, values of protonatable groups within the protein
combined with a distance-based network analysis to find
likely pathways for the proton transport. Our two
approaches are different, but complementary. That of
Teixeira et al. defines pathways in terms of the ability of
neighboring groups within the protein to accept or
donate protons, whereas ours gives the detailed move-
ments and energetics of the proton-transfer process
within a predefined pathway. It would be of interest to
apply our method to the other pathways mentioned by
Teixeira et al. that we have not studied in this work.

The results obtained in this article and that of Teixeira
et al. 21 are suggestive, but not decisive. First of all, only
a limited set of possible pathways was examined, albeit
the ones that were most evident by analysis of the
crystallographic structures of the various [NiFe] hydroge-
nases, and it would be desirable to investigate other alter-
natives. Second, only “static” pathways have been consid-
ered, but the possibility exists that alternatives form by
medium- or large-scale movements of the protein as is
well known to occur in other cases involving molecular
transport in proteins. Third, the methodology we have
employed, while relatively sophisticated, could be
improved by increasing the precision of the QM method
and by including effects, such as QM tunneling, that
have been neglected. All of this leaves the field open for
further research.
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