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ABSTRACT Incoherent elastic neutron scattering experiments on members of the cholinesterase family were carried out to
investigate how molecular dynamics is affected by covalent inhibitor binding and by differences in primary and quaternary
structure. Tetrameric native and soman-inhibited human butyrylcholinesterase (HuBChE) as well as native dimeric Drosophila
melanogaster acetylcholinesterase (DmAChE) hydrated protein powders were examined. Atomic mean-square displacements
(MSDs) were found to be identical for native HuBChE and for DmAChE in the whole temperature range examined, leading to
the conclusion that differences in activity and substrate specificity are not reflected by a global modification of subnanosecond
molecular dynamics. MSDs of native and soman-inhibited HuBChE were identical below the thermal denaturation temperature
of the native enzyme, indicating a common mean free-energy surface. Denaturation of the native enzyme is reflected by
a relative increase of MSDs consistent with entropic stabilization of the unfolded state. The results suggest that the stabilization
of HuBChE phosphorylated by soman is due to an increase in free energy of the unfolded state due to a decrease in entropy.

INTRODUCTION

Protein dynamics and function occur on timescales spanning

several decades, from femtosecond electronic rearrange-

ments (e.g., in photosynthesis) to folding processes that can

take minutes or longer (1). An important time window in the

picosecond-to-nanosecond time range is occupied by atomic

thermal fluctuations, which have been extensively investi-

gated by molecular dynamics (MD) simulations (2), and by

various experimental approaches including neutron scatter-

ing (3,4) and nuclear magnetic resonance (NMR) (5). It has

been suggested that thermal fluctuations are correlated with

and act as a lubricant for slower, functional motions taking

place on the microsecond or longer timescales (6). Large-

amplitude thermal fluctuations, requiring adequate protein

hydration, have been shown to be mandatory for the function

of bacteriorhodopsin, the light-driven proton pump in the

purple membrane of Halobacterium salinarum (7). How-

ever, a direct correlation of the dynamical transition of fast,

thermal fluctuations with the onset of enzymatic activity has

been questioned (8). Establishing quantitative relationships

between thermal fluctuations and functional motions is

challenging, taking into consideration the vast variety of

protein functions (synthesis, catalysis, electron- and proton

transfer, etc.) that are likely to require completely different

dynamical behavior on an extended timescale. Comparing

enzymes of the same family would certainly be of value in

this context.

Several NMR studies have been carried out on protein-

ligand complexes (reviewed in Palmer (5)), suggesting that

both increases and decreases in protein entropy may occur

upon ligand-binding. These findings are supported by MD

simulations that suggest that the flexibility of protein

residues may either decrease or increase upon ligand-binding

(9). Incoherent inelastic neutron scattering experiments prob-

ing the vibrational density of states are scarce but seem to

favor an increase of low-frequency, collective motions

resulting in increased protein flexibility upon ligand binding

(10). In considering data obtained by x-ray crystallography,

Frauenfelder and Petsko (11) found that binding of oxygen

was accompanied by a reduction in B-factors of residues

close to the heme pocket in myoglobin. James et al. (12)

reported localized B-factor reductions within the substrate

binding site in serine protease A upon binding of an inhib-

itor. In contrast, binding of xenon in the four internal cavities

of myoglobin was shown to reduce the overall protein

B-factors by ;15% (13). It should be noted, however, that

B-factors from x-ray crystallography, in general, include

contributions from static disorder, and care must be taken in

comparing them to thermal atomic fluctuations (14).

Denaturation of proteins, whether to a totally unfolded

conformation or to a partially unfolded molten globule, has

been shown to be reflected in increased atomic thermal mo-

tions relative to the native state by several techniques, in-

cluding NMR (Idiyatullin et al. (15) and references therein),

MD simulations (16), and incoherent neutron scattering (17).

To contribute to the ongoing discussion and to investig-

ate the relationship among molecular dynamics, activity,
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inhibitor-binding, and unfolding, we carried out incoherent

elastic neutron scattering experiments on two members of the

cholinesterase (ChE) family: Tetrameric human butyrylcho-

linesterase (HuBChE), both native and covalently inhibited

by the organophosphate nerve agent, soman (18), and

dimeric native Drosophila melanogaster acetylcholinester-

ase (DmAChE).
Cholinesterases belong to the a/b hydrolase fold family

(19). The principal function of acetylcholinesterase (AChE,

EC. 3.1.1.7) is to terminate impulse transmission at

cholinergic synapses by rapid hydrolysis of the neurotrans-

mitter acetylcholine (ACh). Due to its crucial physiological

role, AChE is the target of nerve agents and insecticides, as

well as of the first generation of anti-Alzheimer medications

(for literature, see (20)). Butyrylcholinesterase (BChE, EC.

3.1.1.8) is structurally and catalytically very similar to AChE

(21). Although its physiological role is still unknown (22), it

has found use as a stoichiometric bioscavenger for toxic

organophosphate nerve agents (23). Indeed, administration

of high doses of HuBChE confers efficient protection against

otherwise lethal doses of nerve agents (24).

ChEs provide a particularly suitable system for studying

relationships between activity, ligand binding, unfolding,

and thermal molecular fluctuations due to the following

properties:

1. The catalytic turnover number of ChEs is among the

highest known, approaching the diffusion limit (25). This

is particularly intriguing, since its three-dimensional

structure reveals that the active site of AChE, which, like

other serine hydrolases, features a Ser-His-Glu catalytic

triad, is buried at the bottom of a deep and narrow gorge

lined by aromatic residues (26). The three-dimensional

structure of BChE is very similar (21). Since the diameter

of this gorge, at its narrowest point, is smaller than the

cross-section of the quaternary group of ACh, substantial

breathing motions of the whole AChE catalytic subunit are

necessary to allow the substrate to penetrate to the active

site. A number ofMD simulations have been carried out to

shed light on this topic. Shen et al. (27) conducted a 500-ps

MD simulation focusing on the gorge radius. Most in-

terestingly, they found that a substantial part of the AChE

molecule is involved in the gorge opening andnot just a few

gorge residues. In another MD simulation, Tai et al. (28)

found by principal component analysis that gorge-opening

behavior is not dominated by a few principal dynamical

components but rather by a hierarchy of motions on dif-

ferent timescales acting together. Other MD studies have

demonstrated that transient openings in the wall of the

gorge, so-called back-doors or side-doors, provide putative

alternate routes for traffic of substrate, products, and/or

solvent (29,30).

2. Members of the ChE family differ from each other in

turnover number. DmAChE, for example, hydrolyses its

natural substrate (turnover number;1000 s�1) 50% faster

than HuBChE ((31) and references therein). This factor,

however, depends on the substrate. For example, the

calculated ratio of kcat (DmAChE/HuBChE) for hydrolysis
of various substrates at 25�C is 1.8 for acetylthiocholine,

1.4 for propionylthiocholine, and 0.6 for butyrylthiocho-

line (32,33). Are these activity differences on the

millisecond timescale reflected in differences in atomic

thermal fluctuations on the pico- to nanosecond timescale?

3. It has been proposed that binding of an inhibitor can

modify ChE molecular dynamics. Tara et al. (9) com-

pared root-mean-square atomic fluctuations of free AChE

and of the AChE-huperzine A complex by a 1-ns MD

simulation. Although differences between the two sim-

ulations were small, their results suggest that binding of

the inhibitor results in a decrease in global molecular

flexibility. Moreover, irreversible inhibition by the organ-

ophosphate, soman, produces a so-called aged conjugate

in which a salt bridge between the organophosphate

moiety and the active-site histidine contributes to inhi-

bitor stabilization (34). This has been shown to alter the

conformational stability of HuBChE (35), and to raise

stability against thermal denaturation by 10�C from 63 to

73�C (18). Are the biochemical modifications produced

upon binding of soman reflected by changes in molecular

dynamics?

In the following, we use incoherent elastic neutron

scattering (IENS) to investigate ChE molecular dynamics

and to address the above issues experimentally. IENS is

a technique sensitive to global hydrogen molecular dynamics

on an Ångström-nanosecond scale (depending on the in-

strumental energy resolution and angular range). In the usual

space-time windows of IENS experiments, this represents

dynamics of larger atomic groups such as protein side chains

(3). At physiological temperatures, atomic mean-square

displacements (MSDs) measured by IENS reflect sampling

of conformational substates (entropy) as well as vibrational

amplitudes. IENS is, therefore, well suited for experimental

investigations of thermal fluctuations within biological macro-

molecules under different biochemical conditions on timescales

that match those of MD theoretical calculations.

In a first experiment, we compared MSDs of native

HuBChE and soman-inhibited HuBChE over a large tem-

perature range (20 to ;349 K), passing the denaturation

temperature of native HuBChE. In a second experiment, we

compared dimeric DmAChE and tetrameric HuBChE. These

two enzymes also differ in the extent of their glycosylation;

sugar residues account for only 10% of the mass of

DmAChE, but for 25% of that of HuBChE.

MATERIALS AND METHODS

Enzyme purification and characterization

HuBChE was purified to homogeneity from outdated human plasma

according to an improved protocol based on that of Grunwald et al. (23). The
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tetrameric enzyme has nine glycosylation sites per monomer, and

carbohydrates account for ;25% of its dry weight. The highly purified

HuBChE was stored at 4�C after lyophilization from 10 mM sodium

phosphate, pH 8.0. The HuBChE samples were assayed before and after

neutron scattering experiments by the Ellman procedure (36), with

butyrylthiocholine iodide (1 mM) as the substrate. Activity of the native

batch (258 U/mg) was not significantly reduced by the neutron scattering

experiments. The activity of the inhibited batch was ,2 U/mg. Sodium

dodecyl sulfate polyacrylamide gel electrophoresis (10% acrylamide) in the

presence of b-mercaptoethanol (37) revealed a dominant 85-kDa band,

assigned to the HuBChE monomer, and a weaker band at ;170 kDa

assigned to residual, nonreducible, covalent HuBChE dimer. Contamination

by other proteins was negligible.

Wild-type DmAChE was expressed in the baculovirus system (38). The

C-terminal hydrophobic peptide was deleted by insertion of a stop codon to

obtain a soluble protein, and the loop 103–136 was replaced by three

histidines to facilitate purification. Secreted DmAChE was purified to

homogeneity using the following steps: 70% ammonium sulfate pre-

cipitation, dialysis, affinity chromatographies on a procainamide-Sepharose

column and on nitrilotriacetic acid-nickel agarose (39). The overexpressed

dimeric enzyme has four glycosylation sites per monomer, with carbohy-

drates accounting for ;10% of the dry weight. Protein concentration was

determined from the absorption at 280 nm and enzymatic activity was tested

before and after neutron scattering experiments (36) at 25�C in a 25-mM

phosphate buffer (pH 7.0) with 1-mM acetylthiocholine iodide as substrate.

A 45% decrease in activity was recorded after the neutron scattering

experiment. Circular dichroism experiments were carried out on the

DmAChE sample before and after the neutron scattering experiment,

to see if any conformational change had occurred. The optical pathlength

was 1 mm and the protein concentration (determined from the absorption at

280 nm) varied from 0.08 to 0.25 mg/ml. No significant difference in the

circular dichroism spectrum was seen in either the far UV (190–230 nm) or

the near UV (260–300 nm) before and after the neutron scattering

measurement.

Sample preparation for neutron scattering

A batch of ;250 mg of HuBChE was dialyzed against 25 mM ammonium

acetate, pH 7.0. Since this buffer is completely volatile, lyophilization

resulted in salt-free protein powder. Approximately half of the HuBChE was

inhibited with soman, as described by Masson and Goasdoue (35), before

dialysis and lyophilization. Both lyophilized powders were placed in

aluminum sample holders (30 3 40 3 0.2 mm3), dried for two days at

atmospheric pressure over silica gel, and weighed. The measured weights

were taken as their dry weights (h ¼ 0 g water/g dry powder, denoted by g/g

in the following). For the neutron scattering experiments in which native and

soman-inhibited HuBChE were compared, hydration of the dry samples was

carried out by D2O vapor exchange during 2–3 days over pure water (¼
100% relative humidity) at 25�C. The final water content was measured by

weighing shortly before closing the sample holders and was 0.45 g/g for both

samples. The samples are denoted HuBChE-D2O and Soman/HuBChE-

D2O, respectively.

A sample of ;200 mg DmAChE was dialyzed against, and then

lyophilized from 0.1 M ammonium acetate, pH 7.0. After lyophilization, the

powder was dried over silica gel for two days and hydrated by H2O vapor

exchange for two days over a saturated KNO3 salt solution (93% relative

humidity) at 25�C. Its water content (0.48 g/g) was measured by weighing

shortly before closing the sample holder. In the following, this sample is

denoted as DmAChE-H2O. It was compared to a native HuBChE sample,

denoted HuBChE-H2O (0.44 g/g), prepared as described above, but using

H2O as the hydration medium rather than D2O.

To verify that no loss of material had occurred, all samples were weighed

before and after the neutron scattering experiments. No losses were detected

for any sample.

Incoherent elastic neutron scattering

Considering only incoherent scattering from the sample hydrogen atoms, the

theoretical scattering law can be written in the form

SðQ;vÞ ¼ 1

2p

Z 1N

�N

Z 1N

�N
gðr; tÞexpð�ivtÞexpðiQ � rÞd3rdt;

(1)

with the intermediate scattering function

IðQ; tÞ ¼
Z 1N

�N
gðr; tÞexpðiQ � rÞd3r (2a)

and the hydrogen atom autocorrelation function

gðr; tÞ ¼ 1

N
+
N

l¼1

Ædfr� Rlð0Þ � RlðtÞgæ: (2b)

Q is the wave vector transfer in a scattering event, i.e., the neutron

momentum exchange in units of h bar. For confined atomic motions with no

preferential orientation, exhibiting no time-dependence on the timescale of

the instrument (40), and complying with the condition

Q
2Æu2æ# 2 (3)

(where Æu2æ are the MSDs), the elastic intensity S(Q,0) can be approximated

by

SmeasðQ; 0Þ � expð�1

6
Q

2Æu2æÞ: (4)

This is the so-called Gaussian approximation, which is in mathematical

analogy to the Guinier approximation (41) in small-angle scattering (SAS).

The MSDs Æu2æ, defined by Eq. 4, correspond to twice the radius of gyration
Rg in SAS and represent the full amplitudes of the thermal fluctuations (3).

Instrumental aspects and data analysis

Neutron scattering experiments were carried out on the backscattering

spectrometer IN16 (energy resolution DE ¼ 0.9 meV, corresponding to

a time window of ;730 ps; accessible Q-range: 0.19–1.93 Å�1) at the

Institute Laue Langevin, Grenoble, France.

Transmission values varied from 0.9 to 0.95, according to the sample.

The scattered signals were corrected for container scattering, absorption, and

instrumental resolution (determined by separate runs of the empty container

and of a vanadium sample) by a standard FORTRAN 77 program Iq0 based

on the correction formula of Paalman-Pings coefficients (42). Due to high

transmission values, data were not corrected for multiple scattering.

To assure the absence of (salt or water) crystalline structures in the

samples, we used the IN16 option to record a diffraction pattern in parallel to

the elastic spectra (43). For all samples and all measured temperature points,

we observed no Bragg peaks corresponding to water or salt crystalline struc-

tures.

Determination of atomic
mean-square displacements

The elastic intensity (Eq. 4) of each sample at a given temperature T was

normalized to its elastic intensity at the lowest temperature (;20 K) for each

detector, and the values so obtained were plotted in a semilogarithmic plot

versus Q2. We refer to these plots in the following as Guinier plots, due to

their analogy to the Guinier plots in SAS. MSDs were extracted from the

slopes of linear regimes.

The plots can be interpreted in analogy to Guinier plots of polydisperse

dilute solutions: In SAS experiments, linear regimes can be assigned to
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populations of distinct radii of gyration Rg, provided Q*Rg , 1 (41). In

analogy, if several linear regimes are present in IENS Guinier plots, they can

be associated to dynamically different atomic populations with distinct

MSDs. Nonlinear Guinier-plots (lnI versus Q2) will arise, in general, from

large amplitude motions for which the condition Q*Rg , 1 breaks down in

the Q time domain. In the monodisperse non-Gaussian case, the intensity

function is expected to vary smoothly; a pronounced kink is more likely to

occur in the polydisperse case of motion populations with distinct MSD

values (40).

Whereas at low temperatures, intensities decreased linearly over the

whole Q-range measured for all samples, a more or less pronounced kink

appeared in the Guinier plots above ;200 K (Fig. 1), permitting separation

into two linear Q-ranges. We extracted MSDs only from the smaller

Q-range, 0.19 Å�2 , Q2 , 1.13 Å�2. The separation into two Q-ranges and

its implication for populations and dynamical heterogeneity has been

described elsewhere (44). The criterion (Eq. 3) for the validity of the

Gaussian approximation was checked a posteriori: The maximum value

found for the product Æu2æQ2 was 2.7.

RESULTS

Mean-square displacements

DmAChE-H2O versus HuBChE-H2O

Fig. 2 shows that the MSDs for the two enzyme samples are

identical, within experimental error, over the whole tem-

perature range measured (20–285 K). MSDs increase con-

tinuously, but display a dynamical transition at ;200 K.

Linear regimes are hard to identify. In both cases, the rate of

increase of the MSDs decreases drastically at the highest

measured temperatures (T . 270 K), as observed previously

(44). The effect is due to the limitation of the instrumental

resolution regarding the measurement of hydration water

large-scale motions (40).

HuBChE-D2O versus Soman/HuBChE-D2O

MSDs for the native and the inhibited enzyme are identical in

the temperature range below 334 K (61�C) and increase

smoothly (Fig. 3). Above that temperature, the MSDs for

HuBChE-D2O are larger than those for Soman/HuBChE-

D2O, which remain in a quasiharmonic regime, as shown by

their linear dependence on temperature (Fig. 4). These data

reveal an increased flexibility of native HuBChE relative to

its soman-inhibited counterpart above 334 K (61�C).
A control comparison of HuBChE-H2O and HuBChE-

D2O (not shown) revealed identical MSDs below 260 K,

but higher MSDs of the H2O-hydrated sample at higher

temperatures. This latter observation has been ascribed

elsewhere to contributions to the scattering signal from the

hydration water protons, which are more flexible than protein

protons in the temperature range above 260 K (44).

DISCUSSION

The effect of covalent inhibition by soman on the
molecular dynamics of HuBChE

The structure and stability of the aged organophosphate

conjugate of HuBChE produced by inhibition with soman

FIGURE 1 Guinier plot of HuBChE-D2O at 25 and 344 K with error bars.

The lines define the linear fits used to extract MSDs.

FIGURE 2 MSDs of DmAChE-H2O (open circles) and HuBChE-H2O
(solid circles) obtained from linear fits in the Guinier plots. Error bars are

shown for one data point for each data set. At the lowest measured tem-

peratures, the errors are ;20% smaller.

FIGURE 3 MSDs of HuBChE-D2O (open circles) and Soman/HuBChE-

D2O (solid circles) obtained from linear fits in the Guinier plots. Error bars

are shown for one data point for each data set. At the lowest measured tem-

peratures, the errors are ;20% smaller.
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are known to be modified compared to native HuBChE.

Studies involving thermal, urea or pressure denaturation all

show that the conformational stability of the enzyme is in-

creased in the presence of soman (18,35,45). The inhibited

enzyme has a denaturation midpoint temperature in D2O-

solution which is shifted by 10�C from 337.5 K (64.5�C) to
347.5 K (74.5�C) with respect to its native counterpart. MD

simulations of the binding of both fasciculin (46) and

huperzine A (9) to AChE suggest that enzyme molecular

dynamics are modified upon binding of inhibitor. How can

our results, i.e., no significant differences in global molecular

dynamics on an Ångström-nanosecond scale between native

and soman-inhibited HuBChE below 334 K (61�C), but

increased flexibility of the native sample with respect to its

inhibited counterpart above that temperature—be reconciled

with the cited studies?

Results below 61�C

Identical MSDs of two samples over a temperature range as

extended as 20–334 K means that the atoms of both samples

are placed in common mean free-energy surfaces (47). Since

the dealkylated soman moiety bound to the HuBChE

monomer subunit contributes only three hydrogen atoms

(P-CH3) to the enzyme-inhibitor conjugate, while the de-

glycosylated native enzyme monomer itself accounts for

.3500 nonexchangeable hydrogen atoms, the contribution

of the inhibitor is negligibly small. Thus, in both cases the

measured signal represents HuBChE molecular dynamics.

Consequently, our experimental data are at variance with

the MD simulations of Tara et al. (9), mentioned above,

who found that binding of huperzine A to AChE resulted in

decreased MSDs. The binding of soman to HuBChE via a

single covalent bond (plus a salt bridge between a negatively

charged oxygen on the phosphoryl moiety, and the pro-

tonated imidazole ring of His-438) may explain why it does

not noticeably affect global HuBChE molecular dynamics.

However, Tara et al. (9) recorded MSDs for the huperzine

A/AChE complex that were also larger than the MSDs for

the free enzyme in a number of picosecond simulation

periods during a total simulation time of 1 ns. Since IENS

averages 730 ps in our experiments over the total instru-

mental resolution time, it is possible that putative dynamical

differences of opposite sign, on shorter timescales of;10 ps,

might simply have been cancelled out. We do not, therefore,

see a fundamental contradiction between our experimental

results and the MD simulations.

In this context we wish to stress that, since IENS measures

global mean atomic fluctuations (i.e., it weighs contributions

from all atoms), it cannot be ruled out a priori that soman-

inhibition decreases fluctuations in some residues (e.g., close

to the active-site gorge), while at the same time increasing

fluctuations in some other part of the protein (see, e.g., (48)),

thus compensating for the reduced flexibility adjacent to the

binding site. It would, however, be surprising if such a dy-

namical modification were to give rise to exactly the same

global MSDs as those for native HuBChE over a temperature

range as large as 300 K.

Low-frequency modes have been shown to be affected by

complex formation by MD simulations (49,50), and inelastic

neutron scattering experiments (10). Our results, however,

can neither confirm nor exclude a modification in collective,

low-frequency modes of HuBChE upon soman binding,

which would give rise to changes in MSDs below the detec-

tion threshold of our technique (;5%).

MSDs above 61�C

The finding that MSDs of native HuBChE tend to be larger

than those of soman-inhibited HuBChE starting ;3� below
the denaturation temperature of native HuBChE (;64�C)
is in line with results from several techniques indicating

that denaturation increases atomic flexibility of proteins

(17,51,52). For HuBChE, it supports the notion that its de-

naturation is a concerted process, involving a large number

of amino acid residues. Indeed, several lines of evidence

indicate that both pressure-induced and thermal denaturation

of HuBChE are multistep processes that are initiated by

penetration of water into the active-site gorge, leading to

protein swelling and, eventually, unfolding (18,53,54).

The stability of a particular configuration is given by the

free energy difference between the folded and unfolded

states. The unfolded state may be either completely unfolded

or a stable intermediate, such as the molten globule. The

observation of identical MSDs and identical MSDs changes

with temperature (and thus force constants, (55)) for native

and soman-inhibited HuBChE below 334 K (61�C) suggest
that wells A and B (Fig. 5) are identical for the folded native

and soman-inhibited enzymes. Since soman inhibition is

known to stabilize the folded state, this implies that the

FIGURE 4 MSDs of HuBChE-D2O (open circles) and Soman/HuBChE-

D2O (solid circles) in the temperature range of 300–349 K (27–76�C). The
denaturation midpoint temperatures of native HuBChE 337.5 K (64.5�C)
and soman-inhibited HuBChE 347.5 K (74.5�C) in D2O solution (18) are

depicted by vertical lines. Error bars are shown for both data sets.
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soman-inhibited unfolded state, D (Fig. 5), must be at

a higher free energy than the native unfolded state, C (Fig. 5).

The stabilization of state C is probably due to an increase of

its entropy, related to larger MSDs (in line with neutron

scattering experiments on denatured a-amylase, (51)). In

soman-aged HuBChE, the organophosphoryl moiety re-

mains covalently attached to the unfolded protein, and the

salt-bridge between the protonated imidazole ring of His-438

and the negatively charged phosphoryl oxygens may con-

tribute to the observed shift in the onset of unfolding to

a higher temperature compared to the native enzyme. The

destabilization of the soman-bound unfolded state is, there-

fore, likely to arise from a decrease in its entropy, as a con-

sequence of certain configurations no longer being available

to the unfolded structure due to the presence of the co-

valently bound inhibitor.

The native state of HuBChE is also stabilized by the

kosmotropic sodium phosphate buffer; its flexibility is

reduced and its resilience increased over a large temperature

range as established by neutron scattering (44). In this case,

however, stabilization of the native state is most probably

due to a decrease in free energy of the native state; phos-

phate, like sulfate, is a salting-out ion that stabilizes folded

protein structures and favors aggregation and precipitation.

In contrast to the single covalently bound organophosphoryl

moiety, the salt ions interact with essentially the entire

surface of the enzyme and with the hydration water mo-

lecules, thus affecting a much larger number of protein

residues. The relationship observed between reduced protein

flexibility and increased thermal stability is in line with other

experiments on trehalose-coated myoglobin (56) and on

lysozyme in glycerol (57,58). We conclude that stabilization,

and corresponding effects on the MSDs of HuBChE, by

solvent/buffer and by the covalently bound inhibitor involve

two different mechanisms. Solvent stabilization by salting-

out ions is a consequence of a decrease in free energy of the

native state, due to both entropic and enthalpic contributions;

in particular, the effect on hydration water is expected to be

mainly entropic, whereas the observed decrease in protein

MSDs (44) indicates a tighter packing of the apolar residues

in the core of the protein as suggested for hydrophobic

stabilization by calorimetry experiments (59). Our experi-

ments are consistent with soman-induced stabilization re-

sulting from an elevation of the free energy of the unfolded

state, which arises mainly from a decrease in its entropy due

to the covalent modification by soman.

The effects of glycosylation, oligomeric state and
differences in catalytic activity on molecular
dynamics: AChE versus BChE

Glycosylation appears to play a role in prolonging the

circulatory lifetime of BChE and AChE (60,61), although it

is not required for enzymatic activity. Indeed, engineered

HuBChE with a reduced degree of glycosylation displays

catalytic properties similar to those of the wild-type enzyme

(62). Similarly, there does not appear to be any effect of the

extent of glycosylation on the kinetic characteristics of either

Drosophila (63) or human (64) AChE. There is, however,

evidence that glycosylation may influence the molecular

dynamics of some proteins. NMR experiments in solution on

RNase B and the proteinase inhibitor PMP-C (65,66) have

shown that amide hydrogen exchange rates are correlated

with the degree of glycosylation. Although glycosylation

does not affect the structure, protein dynamic fluctuations

decrease globally, decreasing amide hydrogen exchange

rates by up to sixfold throughout the entire protein. This

decrease in protein fluctuations was ascribed to a reduction in

the frequency of breakage of hydrogen bonds due to steric

hindrance by the glycan chains. A dependence on the

number of the glycosylation sites was found for only a small

percentage of the exchangeable amide H-atoms (65), the

exchange rate decreasing with increasing glycosylation.

Notwithstanding these experimental results, we were not

able to detect any differences in global MSDs between

DmAChE and HuBChE, despite the former having a much

lower degree of glycosylation than the latter. The fact that the

HuBChE preparation is a tetramer, whereas the DmAChE
preparation is a dimer, does not find expression in a dif-

ference in their global MSDs. This is in agreement with MD

simulation data: Modifications in the dynamics of large

protein complexes relative to their component subunit are

dominated by low-frequency collective modes which take

place on the 10-ps range upwards (2,49), and may be in-

visible in the experimental space-time window chosen.Modi-

fications induced upon oligomerization in high-frequency,

small amplitude/localized modes, which do lie within the

sensitivity of our experimental window, might be rather

small.

It is widely accepted that pico- to nanosecond thermal

fluctuations serve as a lubricant for functionally relevant

motions occurring on a micro- to millisecond timescale (6). It

FIGURE 5 Schematic free-energy diagram of the folded and unfolded

states of native and soman-inhibited HuBChE. The width of each well is

a qualitative indication of the root-mean-square fluctuation, OÆu2æ, and of the
entropy of the corresponding state, whereas the steepness of its sides is an

indication of the effective force constant, k’, or resilience.
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is interesting that no difference in thermal fluctuations be-

tween HuBChE and DmAChE is observed, despite their

different catalytic turnover rates. Our results suggest, there-

fore, that dynamically identical thermal fluctuations are the

lubricant for functional motions involved in catalytic rates

that differ by a factor of ;2.

Thus, the relationship between thermal atomic fluctuations

and functionally important motions is not straightforward. A

more likely relationship may be of a kinetic nature, com-

prising barrier-crossing and activation processes that are of

a statistical nature.

CONCLUSIONS

A series of incoherent elastic neutron scattering experiments

were carried out on native and soman-inhibited human

butyrylcholinesterase, as well as on Drosophila melanogas-
ter acetylcholinesterase, to investigate the influence of

irreversible chemical modifications (active-site phosphory-

lation) and structural differences (glycosylation, oligomeric

state) on protein molecular dynamics. Mean-square displace-

ments were extracted within the Gaussian approximation,

and compared in a temperature range of 20–349 K.

The influence of inhibitor-binding on global
enzyme molecular dynamics

Although several studies using different techniques have

shown a modification of global protein molecular dynamics

on an Ångström-nanosecond scale upon inhibitor-binding,

we were not able to detect any significant differences be-

tween the native and the inhibited HuBChE, at comparable

degrees of hydration, up to ;334 K (61�C). We conclude

that the modifications of HuBChE molecular dynamics on an

Ångström-nanosecond scale upon covalent binding of the

small inhibitor soman are, if present, either local (e.g., being

limited to a small number of amino acid residues in the

active-site pocket) or collective (e.g., changes in low-

frequency modes leading to variations in MSDs below the

sensitivity of our technique). However, above the denatu-

ration temperature of the native enzyme, 337.5 K (64.5�C),
mean-square displacements of native HuBChE were larger

than those of its inhibited counterpart, which denatures only

at 347.5 K (74.5�C). We conclude that HuBChE stabilization

by covalent modification with soman is due to an increase in

the free energy of the unfolded state. This is in contrast with

stabilization by kosmotropic buffers, which decrease the free

energy of the native state.

The influence of small differences in primary
and quaternary structure and in degree
of glycosylation

Differences in primary and quaternary structure, degree of

glycosylation, and oligomeric state, between DmAChE and

HuBChE, although they affect various structural and func-

tional parameters, are not reflected in changes in global

dynamics on an Ångström-nanosecond scale in the temper-

ature range investigated. We conclude that functional dif-

ferences arising from these structural differences are either of

a local nature (e.g., limited to the active site), concern low-

frequency collective modes below the sensitivity of the

technique used and/or present only on a longer timescale

(.1 ns), and not directly related to fast thermal fluctuations.
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