
Abstract To explore macromolecular dynamics on

the picosecond timescale, we used neutron spectros-

copy. First, molecular dynamics were analyzed for

the hyperthermophile malate dehydrogenase from

Methanococcus jannaschii and a mesophilic homo-

logue, the lactate dehydrogenase from Oryctolagus

cunniculus muscle. Hyperthermophiles have elaborate

molecular mechanisms of adaptation to extremely high

temperature. Using a novel elastic neutron scattering

approach that provides independent measurements of

the global flexibility and of the structural resilience

(rigidity), we have demonstrated that macromolecular

dynamics represents one of these molecular mecha-

nisms of thermoadaptation. The flexibilities were

found to be similar for both enzymes at their optimal

activity temperature and the resilience is higher for the

hyperthermophilic protein. Secondly, macromolecular

motions were examined in a native and immobilized

dihydrofolate reductase (DHFR) from Escherichia coli.

The immobilized mesophilic enzyme has increased

stability and decreased activity, so that its properties

are changed to resemble those of the thermophilic

enzyme. Are these changes reflected in dynamical

behavior? For this study, we performed quasielastic

neutron scattering measurements to probe the pro-

tein motions. The residence time is 7.95 ps for the

native DHFR and 20.36 ps for the immobilized DHFR.

The average height of the potential barrier to local

motions is therefore increased in the immobilized

DHFR, with a difference in activation energy equal to

0.54 kcal/mol, which is, using the theoretical rate

equation, of the same order than expected from

calculation.

Introduction

Dynamics on the picosecond to nanosecond timescale

allow macromolecules to achieve the stability and

fluctuations, and, therefore, the necessary rigidity and

flexibility to perform their biological functions (Lehnert

et al. 1998; Tehei et al. 2001, 2005). Neutron spec-

troscopy is particularly adapted to the study of these

motions, because neutron wavelengths (� Å) and

energies (� meV) match, respectively, the amplitudes

and frequencies of molecular motions (Gabel et al.

2002; Smith 1991).

This mini review focuses on two areas of research.

Firstly, the enzyme malate dehydrogenase from the

hyperthermophile Archaeon Methanococcus jannaschii

(Mj MalDH) (Tehei et al. 2005). This extremophile,
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like all organisms living in extreme environments

(extremophiles) has to develop molecular mechanisms

of adaptation to one or several more extreme physico-

chemical conditions. Using neutron spectroscopy,

we have demonstrated that macromolecular dynamics

presents one of these molecular mechanisms of

adaptation. We present results for Mj MalDH and a

mesophilic homologue, lactate dehydrogenase from

Oryctolagus cunniculus muscle (Oc LDH). Thermo-

adaptation appears to have been achieved by evolution

through selection of appropriate resilience, in order to

preserve specific macromolecule structure, while

allowing the conformational flexibility required for

activity.

Secondly, the immobilized Escherichia coli (E. coli)

dihydrofolate reductase (DHFR) (Tehei et al. 2006) is

an essential enzyme required for normal folate metab-

olism in prokaryotes and eukaryotes, and it is recognized

as a drug target for inhibiting DNA synthesis in rapidly

proliferating cells such as cancer cells (Huennekens

1994). The comparative study of the native and the

immobilized DHFR showed that the average height of

the potential barrier of the enzyme to achieve the local

motions necessary for its activity is increased in the

immobilized DHFR, which may increase the activation

energy for the enzyme catalysis, decreasing the observed

rate. These results suggest that the local motions on the

picosecond timescale may act as a lubricant for those

associated with DHFR activity occurring on slower

millisecond timescale. Experiments indicate a signifi-

cantly slower catalytic reaction rate for the immobilized

E. coli DHFR. However, the immobilization of the

DHFR is on the exterior of the enzyme and essentially

distal to the active site, thus this phenomenon has broad

implications for the action of drugs distal to the active

site.

Experimental

The hyperthermophile malate dehydrogenase

from Methanococcus jannaschii (Mj MalDH)

Malate dehydrogenase from the hyperthermophile

archaeon Methanococcus jannaschii is a member of the

LDH-like family of malate dehydrogenases, which are

tetrameric and have similar structures to the LDH

(Lee et al. 2001; Madern 2000, 2002). Mj MalDH was

compared to its mesophilic homologue, the lactate

dehydrogenase from Oryctolagus cunniculus muscle

(Oc LDH).

The instantaneous activities of the enzymes were

measured as a function of temperature. The tempera-

tures of optimal activity are 37�C for Oc LDH and

90�C for Mj MalDH. The relative stabilities of the

enzymes were assessed by residual activity measure-

ments and circular dichroism using guanidinium

hydrochloride as denaturant. The residual activity is

abolished in Oc LDH after incubation at about 50�C

and in Mj MalDH after incubation above 90�C. The

guanidinium chloride unfolding transition concentra-

tions for Oc LDH and Mj MalDH are 1.3 and 2.1 M,

respectively. Taken together, these data show that the

hyperthermophilic protein is significantly more stable

with a temperature of optimal activity higher (Tehei

et al. 2005).

Immobilized dihydrofolate reductase

Dihydrofolate reductase catalyzes the NADPH-

dependent reduction of 7,8-dihydrofolate to 5,6,7,8-

tetrahydrofolate (THF). Many compounds of

pharmacological value, such as methotrexate and

trimethoprim work by inhibition of DHFR. DHFR is

also recognized as a drug target for inhibiting DNA

synthesis in rapidly proliferating cells such as cancer

cells (Huennekens 1994).

The use of enzyme immobilization has expanded

greatly in the last decade due to its potential applica-

tions in several fields including as biocatalysts, biore-

actors, biosensors and in clinical use (Blun and Coulet

1990; Klibanov 1983; Tanaka et al. 1993). Immobili-

zation can offer several advantages, such as high con-

centration, the possibility of reuse, and separation of

the biocatalyst from the reaction products (Katchalski-

Katzir 1993; Klibanov 1983). One of the main advan-

tage concerning immobilized enzymes is enhanced

stability (Eggers and Valentine 2001; Simpson et al.

1991; Zhou and Dill 2001).

DHFR from E. coli was immobilized by covalently

binding to Sunsphere H122 (Asahi Glass Co., Ltd.,

Yurakucho, Japan), according to an adaptation of

the trichlorotriazine (TCT) methodology (Moreno and

Sinisterra 1994; Sinisterra 1997). In this immobilization

methodology, the activated groups of the support react

with the enzyme through the amino group of

lysine (Moreno and Sinisterra 1994). According to

the nucleotide sequence, characterization and three-

dimensional structure, there are six lysine residues

located on the outer surface of the DHFR molecule

and they have no role in the active site. The amount

of immobilized enzyme was found to be 25 mg DHFR

per 100 mg support, which is one of the highest ever

observed. Using the TCT methodology to immobilize

the lipase from Candida cylindracea to several

supports, Moreno and Sinisterra (1994) (Moreno and
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Sinisterra 1994) obtained loadings of between 2.7 and

12 mg per 100 mg of support. The immobilization of

the DHFR through external lysine residues reduced

the activity rate by a factor of about 7 and increased its

stability (Tehei et al. 2006). It can be seen that whereas

for the native DHFR the apparent optimum tempera-

ture for activity is 55�C, for the immobilized DHFR the

apparent optimum has been raised to 70�C (Fig. 1).

The immobilized mesophilic enzyme has increased

stability and decreased activity, so that its properties

are changed to resemble those of the thermophilic

enzyme. How are these changes reflected in the dy-

namic behavior of the enzyme?

Macromolecular dynamics

Elastic incoherent neutron scattering, mean square

fluctuation and resilience

Elastic experiments on the malate/lactate dehydroge-

nase samples described in this review were performed

on the backscattering spectrometer IN13 at the Insti-

tute Laue Langevin, Grenoble, France (information on

the Institute and the instrument is available on the web

at: http://www.ill.fr). The instrument allows one to

examine atomic motions in the space and time window

of about 1 Å in 0.1 ns. All motions outside the window,

such as the diffusion of bulk water (� 10 Å in 0.1 ns),

hydration water mobility at the surface of a protein

(Bellissent-Funel et al. 1996), small peptides or the

smaller membrane components, e.g., do not contribute

to the scattering signal, so that experiments could

be performed in H2O solvent (we recall that many of

the previous neutron scattering experiments were

performed in heavy water). In this space-time window

and according to the Gaussian approximation, the

incoherent elastic scattered intensity can be analyzed

as (Smith 1991):

IðQ; 0� DxÞ ¼ constant: expfð1=6Þð�hu2iQ2Þg; ð1Þ

where Q is 4p sin h/k, 2h is the scattering angle and k
the incident neutron wavelength, hu2i values include

all contributions to motions in the accessible space and

time windows, from vibrational fluctuations (usually

expressed as a Debye–Waller factor) as well as from

diffusional motions. The validity of the Gaussian

approximation for the mean square fluctuation hu2i
and its analogy to the Guinier formalism for small

angle scattering by particles in solution has been dis-

cussed by Réat et al. (1997) and more recently by

Gabel (2005). In the Guinier formalism, the radius of

gyration Rg
2 of a particle in solution is calculated

(Guinier and Fournet 1955). The particle equivalent is

the volume swept out by a single proton during the

timescale of the experiment (~ 100 ps). The analogy

holds if the motion is localized well within the space-

time window defined by the Q and energy transfer ran-

ges, respectively. The Guinier approximation is valid if
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
g �Q2

q

� 1: Following our definition of hu2i; R2
g ¼

1=2 � hu2i: As a consequence, the Gaussian approxima-

tion is valid in the domain where

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hu2i �Q2
q

�
ffiffiffi

2
p

: The

mean square fluctuations hu2i at a given temperature

T were calculated according to the Gaussian approxi-

mation as (Fig. 2):

Ln½IðQ; 0� DxÞ� ¼ constantþA �Q2: ð2Þ

The mean square fluctuations were therefore cal-

culated as:

hu2i ¼ �6A: ð3Þ

Elastic incoherent scattering data were collected in a

scattering vector range of 1.2 Å–1 £ Q £ 2.2 Å–1. The

hu2i values were then plotted as a function of absolute

temperature T (Fig. 3). The value of the root mean

square fluctuation
ffiffiffiffiffiffiffiffiffi

hu2i
p

in absolute Å units, quanti-

fies the global flexibility of the system studied.

An effective mean force constant hk0i; defining mean

resilience (rigidity), can be calculated from the deriv-

ative of hu2i plotted versus temperature, T (Bicout and

Zaccai 2001; Zaccai 2000) (Fig. 3):

hk0i ¼ 0:00276=ðdhu2i=dTÞ: ð4Þ

Fig. 1 Apparent optimum temperature for activity of native
(triangles) and immobilized (circles) dihydrofolate reductase
from E. coli
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The numerical constants are chosen to express k0h i
in Newton/meter (N/m) when u2

� �

is in Å2 and T in

Kelvin.

Quasielastic incoherent neutron scattering, time

of residence and activation energy

The experiments on DHFR samples were performed on

the IN6 time of flight (TOF) spectrometer at the ILL

(Institute Laue Langevin), Grenoble, using an incident

wavelength of 5.12 Å, with an elastic energy resolution

of 100 leV (FWHM). The scattering was measured over

a wave-vector range of 0.3 < Q < 2.0 Å– 1 at 285 K.

It is usual to simplify the interpretation of data by

separating the different kinds of contributions to motion

according to their timescales and amplitudes, and sub-

sequently making the hypothesis that these contribu-

tions are essentially not coupled between each other.

Thus, vibrational motions occurring in the 10-fs time-

scale in a protein may safely be considered as indepen-

dent from diffusive-type motions, which may occur in

the picosecond–nanosecond timescale. This differenti-

ation leads to the separation of a spectrum at a given Q
between inelastic scattering, quasielastic scattering, and

elastic scattering. In mathematical terms, the indepen-

dence between the two types of motions, vibrational and

diffusive, leads to a total scattering function expressed

as the convolution of the respective scattering functions

Stot(Q, x) = [Svib(Q, x) � Sdiff(Q, x)]. In the quasi-

elastic region of our spectra (i.e., |DE| £ 0.6–1.5 meV),

the influence of the convolution with the high frequency

vibrational spectral lines is essentially contained in the

Debye–Waller factor, DW ¼ e�hu
2iQ2

; which is simply a

scaling factor that does not modify the shape of the

quasielastic scattering function (Bée 1988). Hence,

Sq:e:theorðQ;xÞ ¼ e�hu
2iQ2

SdiffðQ;xÞ½ �; ð5Þ

where Sdiff(Q, x) arises from the picosecond timescale

diffusive motions in the absence of vibrational modes

and u2
� �

stands for the mean square displacement of

high frequency vibration.

In the quasielastic incoherent approximation, the

theoretical scattering function can be described by Bée

(1988):

Sq:e:theorðQ;xÞ ¼ e�hu
2iQ2

� A0ðQÞdðxÞ þ
X

n

i¼1

AiðQÞLinternalðCi;xÞ
 !"

� LDðQ;xÞ
#

; ð6Þ

where the expression within the square brackets

describes the scattering function Sdiff(Q, x). The

internal motion in the protein is described by the

expression within the brackets and LD(Q, x) describes

Fig. 2 Variation of Ln [I (Q, 0 ± Dx)] as a function of Q2 for
the Mj MalDH at 279 K (triangles) and 310 K (circles), from
which mean square fluctuations hu2i were calculated by using (2)
and (3) (Tehei et al. 2005). The range of the fit corresponds to

1:5 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hu2iQ2
q

� 3:1: Beyond the Q-range illustrated, the
Ln [I (Q, 0 ± Dx)] versus Q2 deviates from the straight line.
The Guinier approximation is generally valid for the scattering
curve of a particle of any shape, provided QRg is about 1.
However, this approximation may remain valid to QRg beyond 1
depending on the shape of the particle. For ellipsoids of axial
ratios about 1:1:1.7, the approximation is good significantly
beyond QRg value of 1. For more compact shapes (e.g., the
sphere, which is the most compact shape), the scattering curve
deviates below the Guinier approximation, while for more
asymmetric shapes (such as prolate or oblate ellipsoids with
axial ratios 1:1: > 1.7 or 1:1: < 0.6, respectively, the scattering
curve deviates above the Guinier approximation. Therefore,
following our definition of hu2i and the asymmetric shape of the
motions, the Gaussian approximation remains valid in the
domain where

ffiffiffiffiffiffiffiffiffi

hu2i
p

Q is significantly beyond the value of
ffiffiffi

2
p

Fig. 3 Mean square fluctuation, u2
� �

, versus temperature, T,
measured on IN13 for Oc LDH (triangles) and Mj MalDH
(circles). Effective mean force constants k0h i, defining mean
resilience (rigidity), was calculated from the slopes of the
straight-line fits using (4) (Tehei et al. 2005 )
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an approximation to both global translational and

rotational diffusion of the protein as a whole unit.

A0(Q) is the elastic incoherent structure factor (EISF)

and its Q dependence provide information about the

geometry of the motion.

The quasielastic component
Pn

i¼1 AiðQÞLinternal

ðCi;xÞ; is a sum of Lorentzian functions:

LinternalðCi;xÞ ¼
1

p
CiðQÞ

CiðQÞ2 þ x2
; ð7Þ

where Gi is the half-width at half-maximum of a

Lorentzian peak.

Incoherent quasielastic neutron scattering, in the

experimental conditions used, mainly measures mo-

tions on the picosecond timescales. In principle, global

motions are much slower as than protein internal

picosecond dynamics. In the immobilized sample,

proteins are globally confined, and what is measured

from quasielastic neutron scattering is a direct conse-

quence of their internal picosecond motions. In the

free DHFR solution, the expected apparent global

diffusion constant, D, can be estimated as follows. For

DHFR at infinite dilution in H2O, D = 1.1 10– 6 cm2/s

(Baccanari et al. 1975). Because of the difference in

viscosity between H2O and D2O, g20�C(D2O)/

g20�C(H2O) = 1.4, D in D2O is estimated to be

7.8 · 10– 7 cm2/s. Furthermore, at high protein con-

centration, D decreases exponentially with increasing

protein concentration, and at the protein solution

concentration used for the neutron scattering experi-

ment (about 330 mg/ml), D is expected to be tenfold

less than that at infinite dilution (Longeville et al. 2003;

Riveros-Moreno and Wittenberg 1972). Thus, the dif-

fusion coefficient of our protein solution in D2O is

expected to be ~ 7.8 · 10– 8 cm2/s, i.e., 0.52 leV Å2. As

a consequence, the quasielastic neutron energy trans-

fers due to whole molecule protein motions in the

present protein solution are much narrower than the

instrumental energy resolution (� 100 leV) used in

our measurements, and their contributions to the

broadening the quasielastic scattering spectra can be

assumed to be small and can thus be ignored. Equation

(6) can then be reduced to:

Sq:e:theorðQ;xÞ ¼ e�hu
2iQ2

A0ðQÞdðxÞ
"

þ
X

n

i¼1

AiðQÞLinternalðCi;xÞ
#

: ð8Þ

The theoretical scattering function (8) was fitted to

the data with the standard ILL fitting program ‘Profit’

by using the following relation (information on the

Institute and programs is available on the web at http://

www.ill.fr):

SmeasðQ;xÞ¼e�hx=2kBT sq:e:theorðQ;xÞ�SresðQ;xÞ
� �

þB0;

ð9Þ

in which a convolution with the spectrometer resolution

function Sres(Q, x) and a detailed balance factor

e�hx=2kBT are applied. B0 is the inelastic background

due to the vibrational modes of lowest energy (the

‘‘lattice phonons’’) (Bée 1988). The fits were performed

over the energy transfer range – 0.6 to + 1.5 meV. The

Smeas(Q, x) of both the immobilized and free DHFR

were found to be reasonably well fitted with a single

Lorentzian function (Fig. 4).

Results and discussion

Intrinsic dynamics: comparison of the

hyperthermophile Mj MalDH and a mesophilic

homologue Oc LDH

Activity and stability data combined with neutron re-

sults for hyperthermophilic and mesophilic enzymes of

the malate lactate dehydrogenase family, established a

strong adaptation of root mean square fluctuation

(global flexibility) and resilience (rigidity) to physio-

logical temperature. The value of the global flexibility

(1.5 Å) observed for Oc LDH and for Mj MalDH at

their respective temperature of optimal activity (37�C

for the mesophile and 90�C for the hyperthermophile)

is essentially identical. The observation suggests that

the enzymes have conformational flexibility adjusted

to the optimum working temperature, in accordance

with the hypothesis that adaptation of proteins to dif-

ferent physiological temperatures tends to maintain

enzymes in ‘corresponding states’, characterized by

similar conformational flexibility (Jaenicke 1991). The

stability data show that the hyperthermophilic protein

is significantly more stable with a temperature of

optimal activity higher (Tehei et al. 2005). The mean

resilience (rigidity) is an order of magnitude larger for

Mj MalDH (1.50 N/m) than for Oc LDH (0.15 N/m).

The higher stability of Mj MalDH is, therefore, cor-

related with higher resilience. By performing compar-

ative analysis using the three-dimensional crystal

structures and the sequences, we suggested mecha-

nisms that govern the high thermal stability of Mj

MalDH, through increased resilience. The structural

bases of thermophilic stability in the (LDH-like)

Eur Biophys J (2006) 35:551–558 555
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malate dehydrogenase group have been discussed

(Dalhus et al. 2002; Irimia et al. 2004). Enhanced sta-

bility arises from a combination of different mecha-

nisms. This study indicates that several factors, such as

increased the average charged (lysine, aspartate, argi-

nine and glutamate) minus noncharged polar (aspara-

gine, glutamine, serine and threonine) amino-acid

percentage (Ch-Pol) value of protein sequence, in-

creased of packing density as well as a reduction of

number and total volume of internal cavities, increased

of ion pairs and increased hydrogen bond interactions

are responsible for a more stable protein and contrib-

ute to an observed increase in protein resilience sug-

gesting the dominance of enthalpic contributions to the

free energy landscape in the thermo-adaptation. For

proteins in which entropic effects are dominant, a less

resilient macromolecule will be more thermo-stable

(Tehei et al. 2005). Thermoadaptation appears to have

been achieved by evolution through selection of

appropriate structural rigidity, in order to preserve

specific protein structure, while allowing the confor-

mational flexibility required for activity.

Biotechnological application: comparison of the

immobilized and native dihydrofolate reductase

The u2
� �

values are 0.23 ± 0.04 and 0.19 ± 0.02 Å2

for the native and the immobilized DHFR, respec-

tively. The amplitude is slightly smaller for the

immobilized DHFR but they are similar within error.

The entropy change due to high frequency vibrational

motions, which occurred on the femtosecond–

picosecond timescale, is determined by DSvm ¼ kBT�
Ln hu2iimmobilizedDHFR=hu2inativeDHFR

� �

: The similar u2
� �

values of the native and the immobilized DHFR

suggest that the high frequency vibrational motions

do not contribute significantly to entropy changes in

protein immobilization.

For picosecond timescale dynamics, the half-width

at half-maximum, G of the Lorentzian in (7) is given as

a function of Q2 in Fig. 5. G versus Q2 curves at first

does not give zero intercepts in the low Q2 region for

either immobilized or native DHFR. Then, the G
values of the immobilized and native DHFR increase

with Q2 and asymptotically approaches a constant

value G¥ at large Q. The first feature indicates that the

observed behavior is not free diffusion, but it is a

typical characteristic of diffusion in a confined space

(Bée 1988) and is approximately accounted for by the

model of the model of Volino and Dianoux (1980),

where a particle diffuse in sphere of radius r. The EISF

Fig. 4 Quasielastic spectrum of native (a) and immobilized (b)
dihydrofolate reductase from E. coli at T = 285 K and
Q = 1.73 Å– 1. Plus sign indicates data and solid line is fitted
curve using (9). The fit of the quasielastic spectra was performed

for – 0.6 < �hx < 1.5 meV. The different components corre-
spond to the elastic peak (dashed line) and the Lorentzian line
(dotted line) (Tehei et al. 2006)

Fig. 5 Half-widths of the quasielastic Lorentzian function G as a
function of Q2 for the immobilized (squares) and the native
(circles) dihydrofolate reductase from E. coli at T = 285 K. The
line results from the fit of G(Q) using (10) (Tehei et al. 2006 )

556 Eur Biophys J (2006) 35:551–558
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and the radii of spheres values of the native and the

immobilized DHFR are similar to within experimental

error. Following Volino and Dianoux (1980), the dif-

fusion coefficient D of the mobile protons diffusing

within the sphere of radius r can be estimated from G0,

the limit of G at Q = 0, with G0 = 4.333*D/r2. The

internal diffusion coefficients D are also comparable

for the native and the immobilized DHFR. These

observations reinforce the theoretical quasielastic

incoherent approximation we used in this work, where

the contribution of the global diffusion of the protein

as a whole unit is ignored (8). Furthermore, these

observations also suggest that the contribution of

internal diffusive motions is not significant for the

activity changes of E. coli DHFR in our system.

At larger Q values, the line widths follows the well-

known jump diffusion behavior, given by (Chen 1991;

Egelstaff 1972):

CðQÞ ¼ DQ2

1þDQ2s
: ð10Þ

In the high Q region, one observes motion on short

length scales. On such scales, local jump motion of the

protons becomes dominant. The residence time of a

hydrogen atom on one site between jumps is s = 1/G¥,

where G¥ is obtained from the asymptotic behavior at

high Q, where G approaches a constant value. The G
value at high Q of the native DHFR is still increasing,

over the Q-range examined, and has not yet reached the

constant value. Therefore, this constant value was esti-

mated by curve fitting using (10) and extrapolation to

higher Q (Fig. 5). In contrast, the constant value G¥ for

the immobilized DHFR is reached over the Q-range

accessed. Therefore, this constant value is directly used

to calculate the residence time. The result is residence

time are s = 7.95 ± 1.02 and 20.36 ± 1.80 ps for the na-

tive and immobilized DHFR, respectively. Using this

model, our data imply that s is larger for the immobilized

DHFR. The local jump motion is related to the local

potential energy barrier imposed on a proton by its

environment. The height of this potential barrier is re-

lated to the residence time by the Arrhenius relation:

s ¼ s0eðEa=kBTÞ: ð11Þ

In (11), s0 is a pre exponential factor and Ea is the

activation energy. Assuming that s0 is the same for the

native and the immobilized DHFR, the activation

energy difference between the two systems DEa =

kBT[ln(sfor immobilized DHFR) – ln(sfor native DHFR)] is

0.54 ± 0.12 kcal/mol.

In the picosecond timescale dynamics, neutron scat-

tering results reveal the dependency of the length scale.

The form of the results obtained is consistent with the

restricted jump diffusion model (Hall and Ross 1981).

Clearly, the G of the restricted jump diffusion model

exhibits the characters both of the diffusion within a

restricted volume (here a sphere) model and the jump

diffusion model tending to asymptotic values at low and

high Q. At low Q, we are mainly concerned with longer

length scale, i.e., with the effects of the boundaries,

which force the G to deviate from the DQ2 law (the G at

low Q does not give zero intercepts) and to tend to a

finite value, G0. When the effect of confinement becomes

less apparent, e.g., at room temperature, the G at low Q

shows a finite G0 without the plateau as it has been seen

also in the G of others proteins solutions (Bu et al. 2000).

Conversely, at large Q, the nature of the local jump

motions over shorter length scale predominate and,

because the elementary displacements of the particles

are not infinitely small, the G of the quasielastic com-

ponent tends to the asymptotic value 1/s.

According to the Arrhenius relation, the theoretical

rate may be written as k = kBT/h exp(– Ea/RT), where

Ea is the activation energy barrier for the catalyzed

reaction, kB, the Boltzmann constant, h, the Planck

constant, R, the gas constant and, T, the absolute tem-

perature. Using this theoretical rate equation, we can

calculate that the activation energy difference required

to reduce the rate by a factor of 7 between the native and

the immobilized DHFR is 1.10 kcal/mol. The observed

activation energy difference between the immobilized

and the native DHFR was 0.54 kcal/mol, which is of the

same order but less than expected from calculation. This

result indicates that the decrease in the rate for the

immobilized DHFR may be due to an increase in the

energy barrier. The rate of DHFR catalysis is expected

to be influenced more by motions occurring on the mil-

lisecond timescale (Agarwal et al. 2002). Thus, this result

suggests that local motions occurring on the picosecond

timescale may have an influence on the much slower

millisecond timescale of the catalytic activity. The re-

sults presented here show that although the immobili-

zation of the DHFR is on the exterior of the enzyme and

essentially distal to the active site, experiments indicate

a significant decreasing of catalytic reaction rate. It is

possible that the binding of ligands generally may exert a

similar effect. In any event, this phenomenon has broad

implications for protein engineering, drug design and

effect of pharmacaphores distal to the active site.
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