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Abstract L-lactate dehydrogenase (LDH) catalyses the interconversion of pyruvate and L-lactate in
the presence of the coenzyme NADH. Molecular dynamics (MD) simulations have been performed for
LDH complexed with NADH and the pyruvate-analogue inhibitor oxamate with the aim of characteris-
ing important influences on maintaining the geometry and hydrogen bond network of the active site.
Two features in particular were found to dominate. First, the tetrameric protein environment is found to
play a significant role in maintaining the active-site geometry. Simulations of the monomer alone
reproduce the crystallographic structure poorly, and at least part of the neighboring subunit is necessary
to prevent water penetration into the active site and to provide rigidity mliBex2G helix immedi-

ately adjacent to the active site. These results offer one explanation for the observation that the mono-
mer is not biologically active. Second, the confatioraof Arg109 (part of the mobile loop which
closes over the active site) is shown to play a key role in maintaining the active-site geometry. In some
simulations, a torsional rotation in the side chain of Arg109 results in the breaking of crystallographic
hydrogen bonds which are important for polarising the carbonyl bond of the substrate. This conforma-
tional change appears to be a trigger for the opening of the mobile loop. Long-range nonbonded inter-
actions are found to be influential in maintaining the proper crystallographic conformation of Arg109.
Thus, we conclude that to adequately model LDH, at least part of the neighboring subunit must be
included in the MD simulations and nonbonded interactions must be properly represented to ensure
that Arg109 remains in the crystallographic conformation. Out of a set of simulation protocols tested
here, one meets both these criteria and will be used for the generation of starting structures for future
reaction-mechanism calculations.
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After the loop closes over the bound substrate and
coenzyme, the active-site configuration required for cataly-
_sis is completely formed (Figure 2). The loop contributes two
L-Lactate dehydrogenase (LDH, EC 1.1.1.27) reversiblysidues (GIn102 and Arg109) which interact directly with
interconverts pyruvate and L-lactate in the presence of {ig supstrate. GIn102 hydrogen bonds to the inhibitor oxamate
coenzyme MDH. Typical kinetic constants for the humany, the crystal structure. (Note that this interaction is not pos-
enzyme [1] (kcat=350"sand K,=0.08 mM at pH=6) indi- sjple for the true substrates pyruvate or L-lactate, in which
cate a rate acceleration of‘1@ompared with the analogoushe amino group is replaced by a methyl group.) This amino
reaction in solution [2]. The enzymic reaction is achieved Byid has been postulated to differentiate among substrate side
the transfer of a proton from His195 and a hydride ion fromains, and has been the target for site-directed mutagenesis
NADH (residue numbering as defined by Eventoff et al. [3}tdies which aimed to vary the specificity of the enzyme
Interestingly, these chemical steps are not rate-limiting [§19]. Arg109 on the mobile loop also forms hydrogen bonds
the overall reaction, but instead the slowest step is a con{gfn the carbonyl oxygen (O1) and one carboxyl oxygen (O3)
mational change that must occur before the reaction proceggishe substrate. This interaction has been postulated to po-
This rate-limiting conformational change has been deduqg@ise the carbonyl bond and, thus, speed the reaction.
from experiment by the lack of an isotope effect [1] as w&lhectroscopic measurements show that upon binding to the
as the decreased reaction rate observed in more viscous {gyme, the substrate C=0 vibrational frequency decreases,
tions [4]. Crystallographic comparisons of the apo and tegresponding to an increase in the single bond character of
nary complexes [S] reveal that the conformational chang&tfs carbonyl bond, and, thus, its polarisation [10]. This po-
the motion of a loop (residues 98-113, as shown in Figurgdysation increases the positive charge on the carbon and the
which closes over the active site. From tryptophan fluorgfsgative charge on the oxygen*{@), facilitating hydride
cence experiments [6], this loop motion has been shownyiQy proton transfer, respectively.
occur on the same time scale as the overall enzymic ratepther residues in the active site which are not part of the
Both computational [7] and crystallographic [S] studies shqyqp, also interact with the substrate. Arg171 anchors the sub-
that the motion of the loop can be described as a displageate via a strong interaction with the carboxyl group [11,12],
ment of a rigid flap (residues 103-107) via flexible *hingepositioning the substrate to accept a proton and hydride ion
residues on either side of the flap. from His195 and NADH, respectively. Thr246 also forms a
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Figure 1 Molscript diagram of the crystallographic struc-Figure 2 Schematic diagram of the active site of LDH show-
ture of the ternary complex of LDH from dogfish muscle (PDBg important amino acid residues and the inhibitor oxamate
entry 1LDM). Subnit A Excluding the 18 residue N-termi-(Oxm), with significant atoms labelled. Hydrogen bonds found
nus) is shown in light grey with the flexible loop (residuésthe crystallographic structure are indicated by dashed lines,
98-113), shown in black, closing over the active site bountiile the two arrows indicate the path of the proton transfer
with the coenzyme NADH and the inhibitor oxamate (in spdfeam His195 and the hydride-ion transfer from NADH. Note
filling representations). Also shown is the portion of Subutiitat Arg109 and GIn102 are part of the flexible loop which
C (medium grey) which is included in the spherical calculaloses over the active site.

tions (see Methods)
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hydrogen bond to the substrate, although site-directed mianomeric simulations are found to reproduce the
genesis studies indicate that this hydrogen bond is less anystallographic structure poorly, and the problems with these
cial than the activation of the dihydronicotinamide ring afimulations offer insight into the lack of biological activity
the cofactor bythe Thr246 hydroxyl group [13]. Many or- for the monomer.
dered waters are also observed crystallographically in theA second feature of the enzyme which is crucial to repro-
active site near Glu194, Arg109, Asp168, and Asn140. In tthece in the simulations is the conformation of the mobile
crystallographic structure of the apo enzyme (i.e. witholabp which closes over the active site. In particular, one resi-
substrate or NADH), the mobile loop is open and fewer aiue from the mobile loop (Arg109) must be properly ori-
dered waters are observed in the active site, implying tlkated to polarise the substrate. Not all simulations, however,
one of the functions of the closed loop is to exclude mobiteintain the crystallographic orientation of this loop due to
water from the active site. conformational changes in §t09. This conformational
While crystallographic and mutagenesis studies have pcbange, and the hydrogen bond exchange which results, is
vided a wealth of information on the catalytic mechanissimilar to that found in a high-temperature MD simulation in
and loop behaviour of this enzyme [14,15], theoretical aphich the loop starts to open [7]. By varying the simulation
proaches can provide supplementary information at an atoonditions (such as the dielectric constant, size of the water
level of detail that is not accessible via experiments. A ranggp, and the use of counterions), we show that the conforma-
of theoretical techniques have been used to study LDH, tien of the flexible loop is strongly affected by long-range
cluding quantum mechanical calculations of isolated sulBnbonded interactions, and only when they are adequately
strates [16,17] or fragments of key species in the active $itdanced does the proper closed conformation result.
[18-21], as well as empirical calculations of the electrostatic
energy [22]. Several molecular dynamics (MD) studies have
appeared [23-25], with one particularly interesting high-terp- . .
perature study which characterised the motion of the l(;%%mputatlonal details
7].
[ ]The ultimate goal of this current work is to continue pr@,series of MD simulations was first performed.for one mono-
vious characterisation of the enzymic reaction using hybfRer of the normally tetrameric LDH bound with the inhibi-
quantum mechanical/molecular mechanical (QM/MM) tecfRr oxamate and the coenzyme NADH. In oxamate, an amino
niques [26]. Before performing QM/MM simulations, how8roup replaces the m.ethyllgroup found in the blolo.glcal sub-
ever, it is necessary to perform MD simulations of the enzynif¢ate pyruvate. The inhibitor was used so that direct com-
system for several reasons. First, these simulations areP@isons with the crystal structure could be made, without
quired to generate relaxed starting coordinates for QM/MMY a_mblgumes arising from differences in protein structure
studies. Second, MD simulations are less computationdfgulting from the binding of pyruvate or L-lactate instead of
costly than QM/MM calculations, and so the simulation pr§*amate. The starting coordinates for the monomer simula-
tocol for the portion of the system which will be treated uons were obtained from the 2.1 A crystal structure of the
ing molecular mechanics in the QM/MM studies can 9dfish muscle enzyme [27] (Brookhaven Protein Data Bank
optimised economically. Key to optimising the protocol fdfode 1LDM). As the first 18 residues of the N-terminus of
the MD simulations is characterising important influencé§lPunit Acontact only subunit D (Figure 3), these residues
on maintaining the geometry of the active site and selecti§§'® not included in the monomer calculations. Based on
simulation conditions which adequately represent these @yldence that the reaction occurs optimally at pH=6 [1,28]
fluences. and assuming typical pialues for amino acids in proteins
Of central importance in the MM region is determining9], ASp and Glu were not protonated while His, Lys, and
what proportion of the enzyme tetramer is required to mod&@ were protonated. _
the system accurately. Normally, the enzyme is active only TWO oxamate molecules are observed in each monomer
as a tetramemlthough inBacillus stearothermophiluthe in the crystallographic structure; only the one found in the
enzyme is in equilibrium between the dimer and tetram@gtive site was included in the monomer calculations. Each
Historically, MD studies have tended to focus on smallgfonomer of the crystal structure also includes 245 ordered
monomeric proteins in order to minimise computational tim@ater molecules. Of these crystallographic waters, those found
and for this same reason some previous studies of LDH hiy&he interior of the protein were included in the computa-
included only one monomer of the full tetramer [25]. WhiIE&,Onal model, comprising sixteen ord.ered'wat.ers in the active
MD simulations of the full tetramer of LDH might be feasiSite as well as three far from the active site, i.e., a total of 19
ble computationally, applying QM/MM methods to such @ut of the 245 crystallographic waters. The remaining crystal
large model may not be necessary and, thus, would beWaiers are on the surface of the protein and were not included
inefficient use of computer time. As each active site is ind@cept for those which fall under the spherical water cap which
pendent, it may be possible to model the enzyme usinéf Vverlaid on the protein to solvate the active site. This sol-
small portion of the tetramer, but the effects of such trund&Nt cap has a radius of either 24 or 28 A from oxamate, the
tion are unknown. Here, simulations of one monomer ay@aller of which is sufficient to cover the exterior of the
compared with those using either the dimer, tetramer, ofgbile loop with several layers of water. Waters in the cap
sphere of protein residues within 24 A of the substrate.
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Table 1 Key to Simulation Conditions

Protein [a] Water cap Counter Dielectric
radius (A) [b] ions [c] constant [d]
Mono24_1 Monomer 24 1.0
Mono24_c1 Monomer 24 1.0
Mono24_1r Monomer 24 1.05r
Mono28_1 Monomer 28 1.0
Mono28_c1 Monomer 28 1.0
Mono28_1r Monomer 28 1.05r
Sph24 1 Sphere 24 1.0
Dim24_1 Dimer 24 1.0
Tetra24_1 Tetramer 24 1.0
Sph24_1r Sphere 24 1.Q%r
Dim24_1r Dimer 24 1.0%r
Tetra24_1r Tetramer 24 1.Qj*r

[a] The extent of the normally tetrameric protein included iip] The radius of the solvating water cap centred on the
the calculation. Monomer includes only salh A; Sphere oxamate.

includes subnit A plus portions of subunit C to result in gc] * indicates the presence of counterions on the exterior of
sphere of protein residues of approximately 24 A radius arouttg protein not covered by the water cap.

the oxamate (see Figure 1); Dimer includeswsuts A and [d] A linear dielectric constant is indicated by 1.0 while a

C; and Tetamer includes all four subunits. The N-terminalistance-dependent dielectric constant is indicated by 1.0*r

tails are included only in the tetramer.

are prevented from evaporating via a harmonic restrainicgunterions were added to the exterior of the protein not en-
potential (k=1.5 kcal/mol-A. closed by the water cap using the CION utility in AMBER
All simulations were perfaned using the AMBER 4.1 4.1. Counterions were placed wherever the absolute value of
program [30] using the Cornell all-atom protein force fielthe electrostatic potential (calculated using a constant dielec-
[31] and TIP3P water [32]. The aneters for the adeninetric e=1) was greater than 0.5e. This procedure resulted in
nucleotide portion of NADH were adapted from D-adenotiie addition of twelve chloride ions to the protein so that the
ine in the Cornell force field. Parameters and charges for fimal total charge of the monomer was +2.
nicotinamide portion of NADH have been described previ- In addition to the monomer calculations, two series of
ously [33]. The oxamate charges were determined at the S€lffulations for larger systems were performed. One series
6-31+G* basis set level, with bond, angle, and torsion pased a dielectric constantssfl, and the second usedl*rij.
rameters adapted from the standard protein force field.In each series, increasing proportions of the tetramer are in-
Six simulations were performed for the monomer systestuded. In the calculations abbretdd as“sphere”, all pro-
using a variety of protocols (Table 1). The effect of the simgin residues within roughly 24 A from the oxamate are in-
of the water cap was explored by running simulations wittcluded. Thus, in addition to suhit A, residues 22-81 and
cap radius of either 24 or 28 A. The effect of the dielect®1-263 of subunit C were included. The same crystallo-
constant used in the calculation of the electrostatic enegyaphic and cap waters as in the monomer simulations were
E.c Was determined by running simulations with eitheriacluded (except for those waters which overlapped with the
linear dielectric constant£1) or a distance-dependent diadditional protein), as well as the oxamate and NADH in the
electric constante€1*r;) in the equation one active site. The dimer calculations included both subunits
A and C, with the exception of the 18 residue N-termini,
E. = 99 which are more closely associated with subunits D and B,
elec A (1) respectively (Figure 3). Both subunits in the dimer calcula-
: tions also included: the active-site oxamate and NADH; all
) . i interior crystallographic waters included in the monomer cal-
where [ is the distance between two chargeangl ¢ (While  cyjations; crystallographic waters found in the interface be-
the use ofe=1*r; is not formally correct with the Cornellyyeen the A and C subunits; and a 24 A water cap centred on
force field, these simulations are useful in gauging the inflgre oxamate of suimit A. Finally, the tetramer calculation
ence of long-range interactions, and in particular the posgjsuded all four subunits in their entirety, including all four

ble adverse effect of the exterior of the protein which is nQttermini as well as two oxamates and one NADH for each
shielded by solvent in these calculations.) In two simulations,
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subunitAll interior crystallographic waters used in the monawith decreasing restraints to the crystal structure (force con-
mer calculation were included for each subunit, as well stants: k=100, 50, 15, and 2 kcal/md)-dvere performed to
any crystallographic waters in the interfaces between th@radient of 0.1 kcal/mol A. Finally, all restraints were re-
subunits and a 24 A water cap surrounding the active-séased, and the system was fully minimised to 0.1 kcal/mol-A.
oxamate of sulmit A. The minimised structures were then used as starting coor-

All simulations were equilibrated in the same manner. Thdsates for MD simulations. Only those residues which were
minimisation sequence was designed to first minimise tivithin approximately 17 A of the oxamate were allowed to
water coordinates while holding protein, oxamate(s) amtbve. For the monomer simulations, this mobile belly con-
coenzyme(s) fixed, so that strong forces due to badly plaséted of residues 36-30, 52-55, 94-120, 135-149, 160-178,
waters do not distort the protein structure. First, the positidi®9-203, 225-263, 269-275, and 285-291 which includes the
of the water hydrogens were minimised (while the oxygenobile loop which covers the active site. In the multimer
atoms remained fixed) for 100 steps using the steepest sigulations (sphere, dimer or tetramer), the mobile belly also
scent method followed by the conjugate gradient method uititluded residues 55-72 of the C salt. The simuldons
the the norm of the gradient of the energy was below @Bre run at a constant temperature of 300°K with the time
kcal/mol-A. The positions of all water atoms were then mirdenstant for the coupling of the heat bath to both the solvent
mised to a gradient of 0.1 kcal/mol-A. Finally, 10 ps of MAnd the remainder of the system equal to 0.2 ps. All bonds to
were performed with only the water allowed to move. hydrogens were fixed using the SHAKE algorithm, which

Once the water structure was optimised around thkows a timestep of 0.001 ps. Each simulation was run for
crystallographic protein structure, the entire system wa%0 ps with coordinates saved every 25 timesteps. The cutoff
slowly minimised to prevent distortions due to the releasefof nonbonded interactions was 14 A and the nonbonded cut-
possible strains in the crystallographic structure. Initially, tlodf list was updated every 25 timesteps.
positions of hydrogens alone were minimised to a gradientRMS deviations from crystallographic coordinates were
of 0.5 kcal/mol-A. Next, the protein backbone was held fixedlculated using the AMBER 4.1 utility CARNAL after first
while the remainder of the system was minimised to 0.5 ka@moving all rotations and translations of the fixed portion of
mol-A while under the influence of a strong restraining ptie protein (i.e. those residuast in the mobile belly) with
tential to the crystal structure (k=100 kcal/ma)-A'he back- respect to the crystallographic structure. A typical time his-
bone was then allowed to move, and a series of minimisatitmy of the root mean square (RMS) deviation of the heavy

atoms of the mobile belly for a monomer simulation is shown

in Figure 4. The RMS deviation initially rises until a plateau

is reached at approximately 110 ps, and thereafter small fluc-

tuations (0.13 A) are observed around a mean of 1.13 A. As

all simulations reached such a plateau within 110 ps, in all

L oops Closing Over cases this first portion was discarded as the equilibration pe-

Active Sites riod and the remaining 200 ps was analysed as the data col-
lection period.

CARNAL was also used to calculate selected distances,
torsions, and hydrogen bond occupancies. Hydrogen bond
occupancy is defined as the percentage of the simulation in
which two species are hydrogen bonded according to con-
ventional geometric criteria (donor-acceptor distance < 3.5
A and donor-hydrogen-acceptor angle > 120°). Interaction
energies between different parts of the system were calcu-
lated using the AMBER 4.1 utility ANAL employing the same
force field parameters and variables as for the simulations.

Results

Monomer calculations

) o ) ] General observationsThe average RMS deviations for the
Figure 3 Schematic diagram of the entire tetrameric congrta collection period for each of the monomer simulations
plex, in the same orientation as for Figure 1. The active sitgg shown in Table 2. The heavy atoms of the mobile belly in
and loops for subunits A and C are shown, as well as thetNe protein reproduce the arrangement in the crystal struc-
terminal tails of subnits A, C,and D, which interact with tyre quite well, with small deviations ranging from 0.73 to

subunits D, Band A, espectively, to stabilise the tetramer 18 A, The RMS deviations for NADH heavy atoms are all
The N-terminal tail of subunit B is not visible.
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Table 2 RMS Deviations (A) [a] in the Monomer Simulagen bonds to His195 nearly 100% of the time for all simula-

tions tions. Likewise, the NADH C4 to oxamate C1 distance of
3.5+ 0.2 A in all simulations (data not shown) is close to the
Protein Loop flap eﬁpe.rimlen'gal distance of 3.20 A. Thereforg, structulrles frcr)lm
mobile belly backbone all simu atlons. except Mon028_1 are poised to allow the
chemical reaction to occur with respect to the geometry of
the proton and hydride-ion donors relative to the substrate.
Mono24_1 1.13 (0.13) 1.60 (0.23) Hydrogen bonds bewen Agl71 and oxamate display a
Mono24 cl 1.18 (0.12) 1.74 (0.28) high degree of occupancy throughout all simulations. Other
Mono24_1r 0.81 (0.05) 1.08 (0.09) hydrogen bonds observed crystallographically, however, are
Mono28_1 1.12 (0.12) 1.59 (0.25) not maintained in all of the monomer calculations. For ex-
Mono28_c1l 1.05 (0.11) 1.19 (0.19) ample, while a high occupancy ftire Thr246-oxamate hy-
Mono28_1r 0.73 (0.05) 1.49 (0.11) drogen bond is observed for some of the trajectories, in oth-

ers (Mono24_cl, Mono28_1, and Mono28_c1) this hydro-

[a] RMS deviations of the heavy atoms of the protein mo%én bond is broken and exchanged for one to water. While it

belly and the backbone atoms of the loop flap (residues 1
107) are calculated after first removing rotations and trang; .

lations with respect to the fixed non-belly portion of the pr roken, the hydroxyl hydrogen is also hydrogen bonded to a

tein. The RMS de\nan IS thep averaged OVer EVETY SaV€Qacond water. This second water has penetrated the active
timestep of the colle_ctlon period of the dynamics. RMS ﬂléﬁ'e via a pathway accessible to bulk solvent but which is
tuations are shown in parentheses.

usually blocked by the adjacent subunit C in the tetramer. In
Mono24_1, additional water has penetrated the active site as
well, and although the Thr246-oxamate hydrogen bond is not

changed in this case, the additional water shifts Arg171 so
t its hydrogen bonds to oxamate are not as linear (Figure

common in all monomer simulations for Thr246 OG1 to
“an acceptor in a hydrogen bond to a water bound in the
tive site, vaen the Tr246 hydrogen bond to oxamate is

approximately 0.68 A, while for oxamate the range is wid
from 0.43 to 1.19 A (data not shown). In general, these R
deviations are quite small, a result which might stem paL:
tially from the fact that only those atoms within 17 A of the
oxamate were allowed to move.

RMS deviations, however, are only gross indications
the quality of a simulation because local deviations in str

Likewise, the hydrogen bond occupancy for GIn102 and
Arg109 varies among the monomer calculations. These resi-
es are part of the active-site loop which closes over the
Yibstrate poak. This loop, which is intnsically more flex-
f¥eCthan other parts of the protein, is expected to be more

as shown in Table 3. Two of the most important interactiog;Iy deficiencies in the force field orgtocol. As ,may be

RMS Deviation (A)

T
=4
v

—

100
200
250 A
300 -

are with the proton donor His195 and the hydride-ion dorg)éen in Table 2he loo :

, : p backbone atoms always have a higher

NADH. With the exception of Mono28_1, oxamate hydquMS deviation than the heavy atoms of the rest of the pro-
deviations of all loop heavy atoms are considered.

2.0 As aresult, in two of the monomer calculations (Mono24_1

1.6 tation. In these casetie Algl109 CG-CD-NE-CZ torsion

1o - ” ' ll“"l : . ' moves from its crystallographic value of 83° to about 160°,

0.8 - that the two usual hydrogen bonds to oxamate are not possi-
ble (Figure 5a). The distance between oxamate O1 and Arg109
angle precludes hydrogen bond fotioa. An alternate hy-

0.0 drogen bond between the donor Arg109 NH1 and acceptor
observedchydrogen bond between His195 O and a water.

Time (ps) This shift in Arg109 is also accompanied by a shift in the

Figure 4 Time history of the RMS deviation of the hea@jructure, GIn102 OE1 is hydrogen bonded to the amino group

atoms of the mobile belly in Mono24_1 from the X-ray struf the inhibitor oxamate (even though such a hydrogen bond

ing snapshots (taken every 0.025 ps) so that the heavy atBhige crystallographic conformation (Figure Sc), the GIn102-

of the protein which are not in the mobile belly have the b&@&gmate hydrogen bond is typically not very highly popu-

tein belly, and this difference increases even more if the RMS

and Mono28_1) Arg109 is not positioned in its correct orien-

effectively rotating the plane of the guanidinium group so

0.4 NE increases only slightly (from 2.9A to about 3.2A) but the
His195 O is then formed, replacing a crystallographi-cally

hydrogen bonding pattern of GIn102. In the crystallographic

ture. Note that the RMS deviations are measured after rot§timpossible with either pyruvate or L-lactate). If Arg109 is
RMS overlap with the crystallographic structure. ated in the monomer simulations and is exchanged for hy-
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Figure 5 Structures of the last timestep for (a) Mono24 1

and (b) Sph24_1 compared with (c) the crystallographic struc-
ture. The loop backbone is shown as well as other critical
active site residues and two waters which surround the sub-
strate-analogue oxamate (Oxm). Hydrogen bonds are indi-
cated by dashed lines.

drogen bonds to water. In the alternative configuration (Fig-
ure 5a), in which the guanidiniumayp of Aig109 rotates,
GIn102 OEL1 acts as an acceptor in a hydrogen bond witt
donor Aig109 NE. Interestingly, in a high temperature MD
simulation of LDH [7], the formation of this same hydrogen
bond was observed to trigger loop opening. While in the cur-
rent simulations the loop does not fully open and the hinge
torsions remain near crystallographic values, it is not clear
whether the loop would eventually open if the simulations
were continued for long enough or at a higher temperature tc
speed this very slow (35@"sconformational change.

A time history of the hydrogen bond exchange that occurs
when Arg109 shifts is shown in Figure 6 for the first 20 ps of
the simulation employing the protocol Mono24_1. The
crystallographic structure (Figure 5c) is maintained for the
first 6 ps, with hydrogen bonds between oxamate and Arg10¢
NE and NH2 pesent.After 6 ps, however, Arg109 rotates
and these hydrogen bonds are exchanged for non-crystallc
graphic Arg109-GIn102 and §109-His195 hydrogen bonds.
Note, however, that the crystallographic hydrogen bond be-
tween GIn102 and oxamate is observed with a high occu-
pancy in the alternative conforttian. The crystallognahic
hydrogen bond between Arg109 NE and oxamate O1 reform:
intermittently after 6 ps, due to the atoms’ close proximity
even after Arg109 rotates, but the crystallographic hydrogen
bond betveen Agl109 NH2 and oxamate O3 is broken for
the duration of the 310 ps simulation. Even though a distinct
conformational change has occurred after 6 ps, all loop-loog
hydrogen bonds (as defined previously [5]) persist, as showr
by the top five hydrogen bonds in Figure 6. This fixed intra-
loop hydrogen bonding pattern is consistent with the model
of the loop as a rigid flap moving only in the flexible hinges.

Effect of simulation conditions on simulation behaviour
Given these general observations about the behaviour of th
monomer simulations, we can now examine whether any cor-
relation exists between the observed behaviour and a givel
protocol, and use this analysis to choose the protocol whict
produces the most physically realistesults. The simla-
tions should reproduce the crystal structure accurately in term:
of RMS deviations, as well as maintain the hydrogen bond
geometry of the active site. As discussed above, importan
specific geometric features the simulations must maintain are
the orientations of the proton and hydride-ion donors with
respect to the substrate, and the proper placement of the loc
residue Arg109.

In the evaluation of the quality of a simulation, it is diffi-
cult to separate effects which are direct consequences of th
protocol, from random fluctuations which might be rare events
unique to one trajectory and independent of the protocol. This

Argl09

Oxm

His195
Thr246
Argl7l
a g

%«;r ﬁm&%

His195 Thr246

Argl7l

His195 (A Thr246

Argl7l
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Table 3 Percentage of Collection Period of Dynamics in the Monomer Simulations in which Oxamate is Hydrogen Bonded
to Given Active-Site Residues (See Figure 2)

Donor Arg109 NE Arg109 NH2 Argl71 NH1 Argl71 NH2 His195 NE2 Thr246 OG1 Oxm N
Acceptor Oxm O1 Oxm 03 Oxm 02 Oxm 03 Oxm O1 Oxm O2 GIn102 OE1
Mono24 1 1 0 99 100 98 100 68
Mono24 cl 99 100 98 100 99 0 0
Mono24 1r 100 100 100 100 99 100 14
Mono28 1 17 0 100 99 24 0 8
Mono28 cl 96 78 100 100 99 47 14
Mono28 1r 100 100 95 100 99 100 3

event might trap the system in an unusual higher energy dation of duration 19ps. While there is certainly a small
formation which persists on the timescale of the simulatiombiance that in these short 310 ps simulations the loop would
resulting in the poor conformational sampling commonlypen (or at least start to), clearly the probability is quite low,
observed in MD simulations [34]. For instance, in the physind if multiple trajectories with the same protocol display
cal world, the mobile loop does open and close, and, thigs loop opening, it is more likely that the motion is not
one would gpect a “@od” MD simulation to model this physically realistic but instead is due to shortcomings of the
opening. However, the rate of this opening is 350ss that protocol. Therefore, before different protocols are compared,
the loop should open once in a room temperature MD sintigjectories run with the same protocol will first be compared.
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Figure 6 Time history of hydrogen bonds during the first 28re transverse loop-loop hydrogen bonds observed crystallo-
ps of the Mono24_1 simulation. Each row corresponds tgeaphically. The next three are non-crystallographic hydro-
given hydrogen bond, as labelled on the vertical axis,@ndgen bonds which are formed in the alternate Arg109 confor-
indicates that a hydrogen bond (defined by the geometric eriation (Figure5a). The final three hydrogen bonds are
teria given in Methods) is present for a given timestep. Stactystallographically observed hydrogen bonds between
ing from the top of the graph, the first five hydrogen bondgamate and GIn102 or Arg109 (Figure 5c).
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Table 4 RMS Deviations (A) [a] in the Multimer Simula-placed Ag109 and all have low hydrogen bond occupancy
tions with Results from Mono24_1 and Mono24_1r Shofar GIn102-oxamate. None of the three has both well posi-
for Comparison tioned His195 and Arg109.

In summary, the multiple Mono24_1 and Mono24_1r tra-
jectories are more reproducible than the Mono28_1 trajecto-

Protein Loop flap ries. Even though different behaviour was seen in the three
mobile belly backbone trajectories of Mono28_1, all three displayed significant shifts
in hydrogen bonding which would reduce the ability of the
Mono24_1 1.13 (0.13) 1.60 (0.23)  model to emulate physical behaviour. Therefore, it appears
Sph24_1 0.61 (0.40) 0.28 (0.04)  that trends in the stability of the hydrogen bond patterns and
Dim24_1 1.00 (0.08) 1.82 (0.33)  the RMS deviations from the crystallographic structure should
Tetra24_1 1.05 (0.08) 2.00 (0.27)  pe good guides to the quality of the protocaol.
Mono24_1r 0.81 (0.05) 1.08 (0.09)  Effect of size of water capBy comparing the pairs
Sph24_1r 0.59 (0.04) 0.33 (0.05)  Mono24 1 / Mono28_1, Mono24_cl / Mono28_c1, and
Dim24_1r 0.89 (0.06) 1.63 (0.21)  Mono24_1r / Mono28_1r, the effect of increasing the radius
Tetra24_1r 0.81 (0.05) 1.47 (0.08)  of the water cap from 24 to 28 A can be gauged. The 24 A

cap is large enough so that several layers of water are present

[a] RMS deviations of the heavy atoms of the protein molfB the exterior of the loop. However, if this cap size is inad-
belly and the backbone atoms of the loop flap (residues 169uate, imbalances in interactions on either side of the loop
107) are calculated after first removing rotations and tran&ight cause the loop (and hence Arg109) to shift. For all
lations with respect to the fixed non-belly portion of the prg2irs, the RMS deviation of the belly in the 28A cap simula-
tein. The RMS deviian is then averaged over every savetions is slightly better than that observed with the smaller

timestep of the collection period of the dynamics. RMS fly¢@ter cap (Tabl@). Thebehaviour of the loop, though, ap-
tuations are shown in parentheses. pears to be independent of the size of the water cap, with all

pairs exhibiting the same behaviour (either remaining in the
crystallographic conformation or shifting to the alternative

If the motion of the loop and Arg109 is a rare event, it is rig"formaion). Therefore the anomalous movement of the
expected to recur in multiple simulations, but if it occuHQ_lOp does not appear to be due to insufficient solvation on

more frequently, then it is more likely to be due to deficieH € €Xterior. The larger, and more computationally expen-
cies in the protocol or other errors in the model. sive, 28 A cap is thus not warranted, and indeed in some

cases may even make the simulation worse, as the simulation
Comparison of trajectories using the same protocolTwo with the lowest occupancy of the crucial His195-oxamate
additiponal simulations were run for three different protocolydrogen bond used a 28 A cap (Mono28_1).
using the same simulation conditions and starting coordinates, . . ,
but with different random numbers used to assign the initileCt Of counterions The influence of counterions can be
velocities. For the protocol Mono24 1, the average RNMEU9ed by comparing the pairs Mono24_1 / Mono24_c1 and
deviations for the belly of the protein are similar for the thr&g0n028_1/Mono28_c1. The RMS deviations are very simi-
simulations (1.13, 1.14, and 1.35 A) and hydrogen bonditgj Within each pair. In both Mono24_1 and Mono28_1,
patterns are also similar, with the crystallqgia Ag109- AT9109 is in the alternative conformation (Figure 5a), but
oxamate hydrogen bonds broken in all three cases. Restft@n adding counterions to these simulations (Mono24_c1l
for the three trajectories employing protocol Mono24_1r &#8d Mono28_cl), the crystallogisic Arg109-oxamate hy-
similarly consistent. The RMS deviations of the protein belfifo9en bonds are maintained. Therefore, counterions appear
are nearly identical (0.81, 0.81, and 0.80). Very similar h{ Improve the simulations, and in particular the Arg109 ori-
drogen bonding behaviour is observed for the three traje@8tation.
ries, with mostly 100% occupancies for all hydrogen bond? : . . .
except for GIn102-oxamate, which is low for all three simér!fect of dielectric constant By comparing the pairs.
lations. Repeats of Mono28_1 simulations, however, exhilffPn024_1 / Mono24_1r and Mono28_1 / Mono28_1r, it is
larger variability. The RMS deviations of the protein bell lear that' Chan'glng the. dlelec'grlc constant has a Iarge effect
compared with the crystal structure are 1.12, 1.19, and 15 the trajectories, and |nd'eed mfluencgs thetrajectorles_most
A for the three trajectories. However, significant differencé§amatically among all variables tested in the monomer simu-
in hydrogen bonding patterns belie the similar RMS devigions. Using a distance-dependent dielecewl{r;) al-
tions, highlighting the risks of relying on such a gross ana@@ys results in a lower RMS deviation in each pair, and
sis of the geometry of the active site. Two out of the thrPn028_1r has the lowest deviation from the crystal struc-
simulations have low occupancy of the hydrogen bond fere of a!l monomer S|mqlat|0ns. This low RMS de\_/latlon is
tween oxamate and His195, which is critical for the chen§@UPIed in Mono24_1r with nearly 100% occupancies for all

cal reaction. Twaout of the three simulations have poorlg'yStallographic hydrogen bonds except for GIn102-oxamate.
uch high occupancy is generally the case for simulations
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Table 5 Percentage of Collection Period of Dynamics in the Multimer Simulations in which Oxamate Is Hydrogen Bonded
to Given Active-Site Residues with Results from Mono24_1 and Mono24_1r Shown for Comparison

Donor Arg109 NE Arg109 NH2 Argl71 NH1 Argl71 NH2 His195 NE2 Thr246 OG1 GIn102 OE1
Acceptor Oxm O1 Oxm O3 Oxm O2 Oxm O3 Oxm O1 Oxm O2 Oxm N
Mono24_1 1 0 99 100 98 100 68
Sph24 1 100 99 100 100 99 97 93
Dim24_1 1 0 100 100 99 100 3
Tetra24_1 25 1 55 100 92 100 81
Mono24_1r 100 100 100 100 99 100 14
Sph24_1r 100 100 100 100 100 100 86
Dim24_1r 100 93 84 100 100 100 93
Tetra24 _1r 55 21 94 100 97 100 28

with e=1*r;, and neither monomer simulation employing dimer; and (3) a tetramer. These additional simulations were
distance-dependent dielectric has a poorly positioned Arg1p8rformed with either constant or distance-dependent dielec-
Similarly good results have been observed when using a tliss. To educe computational time, the smaller water cap
tance-dependent dielectric with both the Cornell [35] and tfradius=24A) was used, and the effect of counterions was not
Weiner [36] AMBER force fields. studied.
However, as argued in the Discussion, despite these ex-
cellent results, use of the distance-dependent dielectric is Bffect of including more protein In both series of calcula-
formally correct in these simulations which already includ®ns, simulations using a sphere of protein residues (Sph24_1
explicit solvation, and might be making the systemnd Sph24_1r) produce the lowest RMS deviations from the
unphysically rigid by decreasing long-range interactions aexperimental structure (0.61 and 0.59 A, Table 4) which are
altering both the water and protein force fields. Increaseden lower than for the best monomer calculation
rigidity, for example, can be observed in thkG-a2G helix (Mono28_1r,0.73 A). Themonomer, dimer, and tetramer
in simulations employing a distance-dependent dielectdalculations result in similar RMS deviations for the protein
(Figure 7a). In contrast, for the monomer calculations usimgthe constant dielectric (~1.0 A) and distance-dependent
a constant dielectric, in which the loop and Arg109 shiftgries (~0.8 A).
significant movement is observed for this helix (Figure 7b). In both the Sph24_1 and Sph24_1r simulations, the back-
In a crystallographic comparison of the apo and ternary conone of thex1G-02G helix remains near the crystallographic
plexes, [5] this helix was considered to be a minor mover,@nformation (Figure 7c). In turn, the loop does not shift,
that the distance-dependent dielectric simulations appeawith the backbone of the loop flap displaying very low de-
be modelling the physical system better in this respect. In thiations from the crystal structure (0.28 and 0.33 A, Table
monomer simulations, thelG-02G helix is in contact with 4), and Ag109 and oxamate forming the two crystallographi-
the flap of the loop on one side and the water cap on tialy observed hydrogen bonds for nearly 100% of both simu-
other. In the biological tetrameric molecule, however, in aldtions (Table 5). Surprisingly, however, including the neigh-
dition to contacting the flap of the loop, the end ofdi€5- bouring subunit does not always ensure that Arg109 is prop-
02G helix interacts with the neighbouring subunit C insteadly placed. In Dim24_1 and Tetra24_1, and even Tetra24_1r
of solvent water. This adjacent rigid scaffolding might bghe only distance-dependent dielectric simulation with an
expected to be important in maintaining the active-site geeorrect Arg109 position), Arg109 has rotated to its alterna-
ometry. tive conformation (Figure 5a) and the loop has shifted (Fig-
ure 7d). Note, however, that in Tetra24_1dli&-02G helix
does not move as much as in Mono24_1 (Figure 7b), and the
Multimeric systems movement at the end of the helix which directly contacts
subunit C is markedly decreased. Therefore, even though the
The question then arises: if more of the tetramer is include@sence of the neighbouring subunit C decreases the flex-
in the simulations, will the movement of th&G-02G helix ibility of the a1G-02G helix, the loop and Arg109 move due
(and the loop and Arg109, in turn) be reduced, thus avoiditagsome other flaw in the force field or simulation protocol.
the use of the questionable distance-dependent dielectric? T§Vhile not all of the multimer simulations result in the
answer this question, a series of simulations was perfornpgdper positioning of Arg109 and loop, adding more of the
using increasing proportions of the tetrameric molecule: (€framer to the computational model certainly improves the
a sphere of all protein within ~24 A of the oxamate; (2)acupancy othe Thr246-oxamate hydrogesonds.All of
the multimer simulations exhibit nearly 100% occupancy
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Table 6 Interaction Energy of the Loop with the Remainder of the System [a]

Oxamate NADH Mobile Charged Neutral

belly non-belly non-belly
Mono24 1 -74.5 -103.2 -237.1 2.8 -4.1
Sph24_1 -73.9 -102.6 -239.7 24.8 -2.6
Dim24 1 -73.8 -103.4 -217.8 47.2 -3.4
Tetra24 1 -73.6 -101.1 -238.0 66.8 -4.9
Mono24_1r -41.0 -56.0 -165.7 0.2 -4.6
Sph24_1r -40.2 -54.9 -166.0 1.7 -4.5
Dim24 _1r -40.4 -55.8 -163.5 3.2 -4.8
Tetra24 _1r -39.8 -55.7 -166.3 5.0 -5.1

[a] The total interaction energy (in kcal/mol) was calcumisation sequence after the water had been relaxed and the
lated between all atoms of the loop (residues 98-113) and finetein hydrogens were minimised, so that the heavy atoms
active-site oxamate; NADH; mobile belly; and the chargeaf the protein, cofactor, and substrates were still in the
or neutral non-belly (all charged or neutral amino acids ierystallographic conformation.

the fixed protein). The coordinates were taken from the mini-

(Table 5). No additional waters penetrated the active site B2 cussion
the pathwaynear hr246, as was observed in the monomer
simulationsand Ag171 maintains linear hydrogen bonds with i i . ]
oxamate. Thus, the neighbouring subunit which blocks tHig€ aim of this study was to examine the physical factors
“hole” is important for excluding water from the active sitévhich influence the stability of the active-site geometry for
Most other interactions with amino acids in the multiméfPH- This analysis acts as a guide in optimising the simula-
calculations are maintained properly. All simulations maiffon protocol which will be used in the MM region of future
tain hydrogen bonds between oxamate and His195 and Argi&A&ction mechanism calculations using the hybrid QM/MM
for most of the trajectory (Table 5), and all display an avénethod.'Thls optimum simulation pro.tocol will als'o be used
age NADH C4 to oxamate O1 distance of about 3.5+ 0.21/R MD simulations to generate physically realistic starting
(data not shown). Hydrogen bonds between oxamate gﬁgrqlmates 'for thg reaction-mechanism calqulatlons. 'Hert_e,
GIn102 persist for both Sph24_1 and Sph24_1r, with an §cSeres of simulations was evaluate.d according to their abll-
cupancy of 93% and 86%, respectively. The occupancy/®ft0 reproducg the hydrogen bonding patte'rnlof the active
this hydrogen bond is variable for the dimer and tetramife and to exhibit a low average RMS deviation from the
simulations, as in the monomer simulations, probably duecfyStallographic structure. Several issues appear to be cru-
the increased RMS deviations of the loop. Overall, thefi@l to modelling this system accurately: the conformation of
among both monomer and multimer simulations, Sph24Ai9109 and the mobile loop of which it is part, and the influ-
and Sph24_1r are clearly the best, with low RMS deviatiofgce of the surrounding tetramer on each active site.

and accurate replication of the crystallographic hydrogen Previous studies [23] have also concluded that the confor-
bonding pattern in the active site. mations of Arg109 and the mobile loop are critical discrimi-

nating features among simtitms. This region of the pro-

Effect of dielectric constant As in the monomer simula- tin is intrinsically mobile, as the loop must open and close
tions, when comparing pairs with and without distance-d®- allow substrate and cofactor binding and release, and,
pendent dielectric (Sph24_1 / Sph24_1r, Dim24_1hpn§:e, the average temperature factor of the flap of the loop
Dim24_1r, and Tetra24_1 / Tetra24_1r), simulations empldyesidues 103-107) is larger than the average for the whole
ing e=1*r; always exhibit a lower RMS deviation. But irPOtein (25.2 compared with 18.5/Atom [27]). Movement
contrast to the monomer simulations, Sph24_1 and Sph24n1{his region, however, is observed on a shorter timescale
exhibit nearly identical hydrogen bonding patterns, so tHa0 PS) in our simulations than is expected. The loop ap-
no additional benefit is gained from using a distance-depeR§&rs t0 be shifting due to deficiencies or imbalances in the
ent dielectric. For the dimeusing e=1*r; improves the hy- protocol or force field, resulting in one common alternative
drogen bonding pattern, while for the tetramer both Tetra24c9nfiguration in which Arg109 does not hydrogen bond to
and ®tra24_1r reproduce the crystallographic structuf@® 0xamate, but instead is hydrogen bonded to His195 and

poorly, with movement observed in both the loop and Arg1d9/n102 (Figure 5a). This new hydrogen bond is not observed
in the best simulations as the loop remains closed as expected
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for this timescale. This newly formed hydrogen bond betweepon adding portions of the immediately adjacent subunit in
Arg109 NH2 and GIn102 OE1 was identified in a previouke protein sphere simulations (Sph24_1 and Sph24_1r), re-
high temperature MD simulation of LDH to be the triggetuced movement was observed in both ¢ti€5-02G helix
for the opening of the loop [7]. While in the current roorand the loop containing Arg109. However, this trend did not
temperature simulations the loop does not open significantgntinue in the dimer and tetramer simulations, with
perhaps if the simulations were continued for a longer tirdém24_1, Tetra24_1 and Tetra24_1r all displaying loop move-
or at higher temperatures the formation of this new hydrogaent which disrupted the Arg109-oxamate hydrogen bonds.
bond might initiate loop opening. Given that different prdAs significant moement of thea1G-a2G helix is not ob-
grams and force fields have been used in the two studies,ghved in these simulations, the sole cause of the loop shift is
similarity between the two results is encouraging. Equalipt excessive movement of this helix.
encouraging is the observation in the current simulations thatPresumably, however, maintaining the rigidity of this he-
during the Arg109 conformational change, loop-loop hydrtix is still important even if it does not necessarily prevent
gen bonding remains constant (Figure 6), which is consistlratp motion. Other residues may move from their crystallo-
with previous studies [5,7] which describe the loop as a rigjdaphic positions if this helix shifts, so adding additional pro-
flap moving only in the flexible hinges. tein in the multimer systems (sphere, dimer and tetramer)
The crystallographic hydrogen bonds between substrafpears necessary to model this system accurately. The sur-
and Arg109 are postulated to polarise the substrate carbammyinding protein environment is also necessary to prevent
bond, facilitating both proton and hydride-ion transfer [10penetration of bulk water into the active site via a pathway
In experiments where Arg109 is replaced by glutamine [3Tigar Thr246. Théetrameric active site is normally shielded
the resulting mutant enzyme is still active, byt ks dra- from bulk water after closure of the mobile loop, with only a
matically decreased from 250 to 0:8 $hus, while Arg109 few well-ordered waters in the active site, but allowing more
is not essential for the reaction to occur, the enzymic ratater to enter the active site could affect the reaction mark-
acceleration is assisted greatly by its binding and polariggly. In addition to potentially influencing loop opening, this
tion effects. Theshift in the Arg109 hydrogen bonding arwater penetration was shown to alter the active-site geom-
rangement observed in some simulations could, thereforegly by shifting Arg171 in some monomer simulations (Fig-
expected to have major implications for future QM/MM simuwire 5a) so that its hydrogen bonds to oxamate are not as lin-
lations of the chemical reaction. ear. Additional water in the active site also alters the electro-
Initially, we suspected that the reason Arg109 shifts in te&atic environment. Therefore, the rest of the tetramer is im-
monomer simulations is the absence of a neighbouring subpwittant for maintaining the active-site geometry, and must
C. This neighbour contacts the end of 1i&5-02G helix of be represented adequately in the sitiotg. This analysis
subunit A,and in its absence, excessive movement might feggests why only tetramers or dimers (in the cagaoil-
expected in the helix, and the mobile loop, in turn. Indeed,

Figure 7 Superposition of twenty snapshots taken at 10 f&sn are first removed. The backbone atoms of both the loop
intervals from the 200 ps data collection period of simuland the alG-a2G helix are shown, as well as all atoms of
tions (a) Mono24_1r and (b) Mono24_1. Rotations and tranexamate and the side chain of the catalytic His195.

lations with respect to the fixed non-belly portion of the pro-
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lus stearothermophiljsand not monomers, are active biosymmetrical with a constant radius of protein or water sur-
logically. rounding the mobile belly, which may prevent an imbalance
Given the importance of including part of the neighbouof nonbonded interactions from a given point.
ing subunit, it is surprising that the results of the dimer and Imbalances in long-range electrostatics might be removed
tetramer simulations are worse than those employing the grpsubmerging the entire tetramer in a box of water, subject-
tein sphere, as in theory the larger systems should repregenthe system to periodic boundary conditions, and using
the environmental influence of the surrounding protein moEsvald sums to calculate the nonbonded axtgons. Wile
accurately. One possible explanation for the loop movemémt MD simulation behaviour would most likely be improved,
in the dimer and tetramer simulations (in addition to sorttés approach is impractical as the eventual goal is to per-
monomer simulations) is improper representation or balafioem QM/MM calculations, which would be prohibitively
of the long-range electrostatic interactions. Long-range gxpensive for a model with so many atoms. Alternatively, the
teractions may well stabilise overall protein structure, as f@srent simulations could be run without nonbonded cutoffs,
been observed in simulations employing Ewald sums [35]which would increase CPU time dramatically as well. Using
dual cutoffs [38]. When a nonbonded cutoff is used, the reenonbonded cutoff has the advantage of decreasing compu-
glect of interactions beyond the cutoff may be problematational time, and although not ideal, in some of the protocols
[39]. the nonbonded interactions do appear to be well balanced
The suggestion that loop movement is still observed despite this approximation. This may be the result of using a
the dimer and tetramer because of improperly representawer cutoff (14 A) than is typically used (8 A) in an effort
long-range electrostatic interactions is supported by sevemaminimise the magnitude of the forces at the cutoff.
observations. First, most simulations employing a distance-The artificial protein-vacuum interface might well be re-
dependent dielectric maintain the crystallographic orientgponsible for the imbalance of the long-range electrostatic
tion of Arg109 and the loop. A distance-dependent dielectiiteractions. Ideally, the monomer, sphere, dimer, or tetramer
reduces the contribution of long-range electrostatic interawedels in the MD simulations should be surrounded by ei-
tions relative to local interactions, and so the influence tbfer protein or water which provide salt bridges, hydrogen
charges far from the active site is minimised. Second, thends, and electrostatic shielding. These effects of the envi-
addition of counterions (which effectively neutralise chargesnment are modelled for the most important portion of the
at long ranges) improves simulations in the monomer sinauiface by adding a water cap over the active-site region.
lations. Thirdthe surface area of the artificial protein-vacuutwhile an artificial boundary between the vacuum and the
interface is larger for the dimer and tetramer than for tbatside of the water cap still exists, it appears a water cap
sphere and monomer, with a larger number of charged amiith radius 24 A is sufficiently large to prevent anomalies.
acids on the surface. Finally, the sphere model is sphericillywever, the remainder of the protein surface not under the

Figure 7 (continued) Superposition of twenty snapshotsf the protein are first removed. The backbone atoms of both
taken at 10 ps intervals from the 200 ps data collection gke loop and the alG-a2G helix are shown, as well as all
riod of simulations (c) Sph24_1 and (d) Tetra24_1. Rotatioatoms of oxamate and the side chain of the catalytic His195.
and translations with respect to the fixed non-belly portion
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water cap still encounters an artificial vacuum. Charged resffects on the dynamics and solvation which might not re-
dues in this region are particularly problematic as electiitect physical reality so well. Distance-dependent dielectrics
static interactions are long-range, and physically unrealistiere designed to mimic solvation implicitly by providing
charges might affect protein dynamics in the active site. Alhe dampening effect water exerts on long-range electrostatic
though these effects were presumed originally to be smalljrgsractions due to its high dielectric constant. When used
the exterior of the protein is fixed and a nonbonded cutoffwith explicit water molecules, however, the consequences are
14 A excludes most long-range interactions, it is possihlacertain, as dielectric screening is already accounted for
that the surface can indirectly influence the active site in and, thus, is doubly counted. The TIP3P model will not be
unpredictable fashion via interactions with the outer regioosrrect using=1*r, as it was developed and optimised using
of the mobile belly as well as the loop. Indeed, the interas=1 [32], while the Cornell protein force field was designed
tion energy between the loop and the fixed protein outsidefaf use with explicit water angk1 [31]. Therefore, the mag-
the mobile belly increases as more of the tetramer is addeditode and balance of water-water and water-protein interac-
the model (Table 6). Most of this interaction with the norions will be altered in an unpredictable fashion. In particu-
belly is due to charged amino acids, while the interactitar, the stronger TIP3P water-water interaction may be the
with neutral amino acids in the non-belly is much smaller. teaason the loop and Arg109 remained fixed. Fortunately, the
contrast, the interaction of the loop with oxamate, NADHbotential pitfalls of using a distance-dependent dielectric can
and the mobile belly is comparable among the monomer, poe-avoided by using the Sph24_1 protocol. Crystallographic
tein sphere, dimer, and tetramer simulations. The magnituwdaformations of the loop and Arg109 are observed, even
of all interactions is reduced when a distance-dependentwdiien using a constant dielectdel; water penetration is
electric is used, and, in particular, interactions between fitevented by the inclusion of a small portion of neighbour-
loop and the non-belly, explaining why the loop shift is muéhg subunit; and nonbonded interactions appear to be well-
less likely in these simulations. Thus, the unfavourable lorigglanced. This protocol is the method of choice for simulat-
range influence of the charged amino acids on the surfacéngfthis protein system.
the protein, which are not shielded by the normal protein or This conclusion has been arrived at by testing protocols
water environment, appears be the source of the imbalansimg only a single trajectory of limited duration (310 ps),
in electrostatics which causes the loop to shift. which is quite short on the biological timescale. It can be

Attempting to reduce the influence of these charged spreblematic to evaluate the quality of a protocol based on
face residues by adding counterions improved the monoreech short simulations, because of the difficulty in distin-
simulations in that Arg109 and the loop remained in tlyaiishing between random conformational transitions and
crystallographic orientation. However, counterions were ustse arising more directly and reproducibly from the simu-
only with the monomer simulations, and other problems weation protocol. Results may not necessarily be improved by
apparent resulting from the absence of a neighbouring subsmitply extending the simulation time to nanoseconds, as MD
(water penetration and increased movement ofiff®02G simulations can often have a persistent dependence on the
helix). Further studies would be required to evaluate whetli@tial conformation and velocities, resulting in inadequate
adding counterions can be beneficial for the larger systemmnformational sampling. Because of potential problems with
Two protocols, however, (Sph24_1 and Sph24_1r) generatedformational sampling, a recent paper has recommended
good trajectories without use of counterions. that many shorter trajectories are preferable to one long tra-

In both of the simulations which employ a protein spheljectory when testing protocols [34]. This concern has been
the long-range electrostatics appear to be properly repaddressed here to a limited degree by repeating several tra-
sented, so that Arg109 and the loop remain fixed. This incjeetories for selected protocols (Mono24_1, Mono24_1r, and
sion of a small portion of the neighbouring subunit resultsiono28_1). The three ajectories for Mono24_1 and
a low RMS deviation from the crystallographic structure. Tihdono24_1r are very similar, while for Mono28_1 they are
choice between using a constant (Sph24_1) or a distargigiilar in that all have a serious flaw (either the shifting of
dependent dielectric (Sph24_1r) must then be made. Sim#leg109 or the lack of a His195-oxamate hydrogen bond).
tions using a distance-dependent dielectric are generally Véfile it would certainly be desirable to perform more and
good, even when only one monomer of the tetramer is ianger trajectories for each protocol, the trends in physical
cluded. However, it is uncertain whether using this distandehaviour seem clear enough when only a single trajectory is
dependent dielectric might produce the right answer for therformed. This reproducibility might be due to the decreased
wrong reason. Other studies have shown that atomic fluctoanformational freedom for this system in which the exterior
tions in simulations with a distance-dependent dielectric arethe protein is fixed, in contrast to simulations of proteins
too small when compared with that predicted by crystalleshere all atoms are allowed to move.
graphically measured B factors, so that the structure remains
very close to experiment but with excessively damped inter-
nal motions [35]. Here, simulations usiegl*r, underesti- Conclusi

; . clusion

mate the effects of long-range electrostatics which appear 9
cause conformational changes in the active site. This effect ) ) ) )
is fortuitous, in that the crystallographic structure is maifSeries of MD simulations has been analysed to identify the
tained accurately, but it is difficult to predict other subtlkey influences on maintaining the geometry of the LDH ac-
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tive site. Two main conclusions stem from this work. First0.Deng, H.; Zheng, J.; Clarke, A.; Holbrook, J. J.; Callender,
the conformations of the mobile loop and Arg109 (which is R.; Burgner, J. W. IBiochemistryl994 33, 2297.
important for polarising the substrate) are sensitive to lorigt. Hart, K. W.; Clarke, AR.; Wigley, D. B.; Chia, W. N;
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