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Abstract: Protein motions may be per-
turbed by altering the properties of the
reaction medium. Here we show that
dielectric constant, but not viscosity, af-
fects the rate of the hydride-transfer
reaction catalysed by dihydrofolate re-

directly alters the kinetic isotope effect
of the reaction or the mechanism of
coupling of protein motions to tunnel-
ling. Glycerol and sucrose cause a sig-
nificant increase in the rate of hydride
transfer, but lead to a reduction in the

magnitude of the kinetic isotope effect
as well as an extension of the tempera-
ture range over which “passive” pro-
tein dynamics (rather than “active”
gating motions) dominate the reaction.
Our results are in agreement with the

ductase from Thermotoga maritima
(TmDHFR), in which quantum-me-
chanical tunnelling has previously been
shown to be driven by protein motions.
Neither dielectric constant nor viscosity

Introduction

While structural studies of enzymes have significantly influ-
enced our view of catalysis and provided insight into the
molecular basis of the often exquisite specificity and selec-
tivity of enzyme-catalysed reactions, the role of protein dy-
namics in enzymatic reactions remains a key question in en-
zymology. It is now generally accepted that hydrogen tun-
nelling (hydrogen atom, proton or hydride) is a common
feature of many enzymatic reactions, but the effect of pro-
tein dynamics, the coupling of specific protein motions to
the reaction coordinate, remains an issue of debate.'* Ex-
perimental evidence for promoting motions in enzymatic hy-
drogen-transfer reactions is mainly derived from unusual
temperature dependences of (mostly) primary kinetic iso-
tope effects (KIEs).[®!

Dihydrofolate reductase (DHFR) catalyses the reduction
of 7,8-dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H,F)
by reduced nicotinamide adenine dinucleotide phosphate
(NADPH). During the reaction, the C4 pro-R hydrogen of
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proposal that non-equilibrium dynami-
cal processes (promoting motions)
drive the hydride-transfer reaction in
TmDHFR.

constants -
enzyme

NADPH is transferred most likely as hydride to the Re face
of C6 of H,F with concomitant protonation of the N5 of
H,EP! H/F carries one-carbon units in various oxidation
states and is essential for the production of purine bases, de-
oxythymidine triphosphate, methionine and, in prokaryotes,
pantothenic acid. Due to this central position in metabolism
and their pharmacological importance, DHFRs from more
than thirty species and all three kingdoms of life have been
characterised with respect to their structure and function.
DHFR from the hyperthermophile Thermotoga maritima
(TmDHFR) is the only chromosomal DHFR known to have
a dimeric structure (Figure 1), and the lower rates of the
TmDHFR-catalysed reaction relative to those of the E. coli
enzyme (EcDHFR) are believed to be due to impairment of
catalytically important motions as a result of dimerisation.!'!!
Molecular dynamics simulation of the thermal unfolding of
TmDHFR showed that the dimer interface was only disrupt-
ed after loss of structure of the subunits.'”

DHFR has been widely used for the study of the relation-
ship between enzyme structure, dynamics and catalysis. Hy-
dride transfer in DHFR may be explained by environmen-
tally coupled quantum-mechanical tunnelling, in which dy-
namic structural fluctuations of the enzyme are critical for
catalysis.”#13 The primary KIE for the hydride transfer by
EcDHFR is temperature independent at high pH!'! and
temperature dependent at pH 7,/ which suggests an altera-
tion in dynamics with pH. At pH 7, TmDHFR shows bipha-
sic kinetics with a breakpoint in the primary KIE at 25°C.l"!
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Figure 1. Cartoon of the structure of TmDHFR indicating the dimeric
nature of the hyperthermophilic enzyme (PDB 1D1G)."”! The cofactor
NADPH and substrate analogue methotrexate (MTX) are shown as
sticks. The BFG and M20 loops are indicated for one subunit (see main
text for details).

The KIE is independent of temperature above the break-
point, and becomes temperature dependent below it. A sim-
ilar breakpoint in the temperature dependence of the pri-
mary (and also secondary) KIE has been observed for the
thermophilic alcohol dehydrogenase from Bacillus stearo-
thermophilus,'" matched by a change in protein flexibility.'¥!
This has been explained by preorganisational (“passive”) dy-
namics, which lead to an active-site conformation conducive
to the reaction, dominating above the breakpoint. At lower
temperatures, the enzyme relies on gating motions that com-
press the hydrogen coordinate for efficient hydride trans-
fer.l!®!

In EcDHFR, a number of studies have shown the PFG
loop to be important for promoting hydride transfer. It has
been suggested that hydride transfer is promoted through a
network of interactions that span the whole protein and in-
clude the BFG loop."*? In particular, motions of this loop
are coupled to those of the nearby M20 loop, which forms
contacts with the bound cofactor. Site-directed mutagenesis
of Glyl21, a highly mobile residue in the BFG loop over
19 A from the active site, to bulkier residues, such as valine,
sharply reduces the hydride-transfer rate.”) We have shown
that this is due to non-local structural effects that may dis-
rupt the network of coupled motions. Computational
studies of the dynamics of TmDHFR have revealed correla-
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tions between the movement of the fFG and M20 loops of
TmDHFR even in this dimeric protein.”™ The correlations
are reduced in the (hypothetical but computationally acces-
sible) monomer, which suggests that dimerisation may in
fact improve catalysis and stability in TmDHFR. Inter-subu-
nit correlated motions were observed, which are also likely
to be important for catalysis.’) The PFG loop forms part of
the dimer interface in TmDHFR, restricting its move-
ment."! This is likely to reduce the amplitude of correlated
motions with the M20 loop.

It has recently been proposed that enzymes, such as
DHFR, in which tunnelling appears to be coupled to long-
range protein motions could be affected by changes to the
solvent composition.” Both increasing the viscosity and de-
creasing the dielectric constant of the reaction medium are
known to generally reduce protein motion. Computational
studies have suggested that, while increasing the viscosity of
the solvent reduces motion in the protein interior just as
much as at the surface,” altering the dielectric constant
produces a pronounced effect at the surface but this is not
transmitted to the interior, which remains highly mobile.*!
Reducing the dielectric constant of the solvent inhibits pro-
tein motions by strengthening the H-bonding network,
making the protein more stable and less flexible.”

Results and Discussion

Effect of cosolvent on TmDHFR catalysis: To test the pro-
posal that DHFR could be affected by changes to the sol-
vent composition, the steady-state rate (k) and the rate of
hydride transfer (k) for the TmDHFR-catalysed reaction
in the presence of organic cosolvents were initially mea-
sured at 20°C (see Figure 2 and the Supporting Informa-
tion). ky was also determined at 40°C (see the Supporting
Information), that is, above the kinetic breakpoint seen in
the absence of cosolvents.'®! Increasing amounts of cosol-
vent led to a reduction of both rates, except in the case of
glycerol (and sucrose to a lesser extent). While the steady-
state rate was also reduced in the presence of glycerol, the
rate constant for hydride transfer was increased (see
Figure 2 and the Supporting Information). Neither rate con-
stant was reduced in a manner directly proportional to the
medium viscosity, but both (except ky in the presence of
glycerol) were decreased in a manner proportional to the di-
electric constant. The KIE on both ki and k., did not alter
proportionally to the solvent properties (see the Supporting
Information).

Because of the extremely tight binding of TmDHFR to its
ligands, K,, values could not be determined accurately in
most cases. K, values for both NADPH and H,F were
below 1 um, except for the K, for NADPH in the presence
of 50% ethanol ((1.3+0.2) um), 50% isopropanol ((1.1+
0.2) um), 50% ethylene glycol ((1.740.3) um) and 50 % glyc-
erol ((3.4+0.3) um). This indicates that all k., values report-
ed here were measured under saturating conditions. Kirsch
has developed methods for determining the degree by which
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Figure 2. Plots of ky, k. and their KIEs against solution viscosity (left)
and dielectric constant (right). Symbols represent the different cosol-
vents, where @ =no cosolvent, 0 =methanol, m=ethanol, o=isopropa-
nol, A=ethylene glycol, A=glycerol, & =sucrose and ¢ =THF. In the
case of the dielectric constant data, lines of best fit are shown. A separate
line of best fit for the hydride-transfer rate constants ky as a function of
the glycerol concentration is shown.

an enzymatic reaction is controlled by diffusion of sub-
strates, using the viscosity dependence of k., /K,. However,
as K, values could not be accurately determined here, such
an approach is not appropriate in this case.*3!

Circular dichroism (CD) spectroscopy indicated that ef-
fects on catalysis were unlikely to be due to extensive struc-
tural changes (see the Supporting Information). In all cases,
even in 50% cosolvent, the CD spectra of TmDHFR were

10784 ———

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

virtually identical to that obtained in buffer only. The tem-
perature dependence of the CD spectra showed that secon-
dary structure was maintained up to 60°C in 50 % methanol,
higher than the temperature range over which kinetics were
measured. Glycerol and sucrose led to significant increases
in the thermal stability of TmDHFR (the melting tempera-
ture increased from 83 to 92 and >98°C in 50% sucrose
and glycerol), as seen for many proteins.”? This, combined
with computational results showing that the dimer interface
resists thermodenaturation longer than other regions of the
enzyme,"? provides strong evidence that the cosolvents used
do not disrupt dimerisation of TmDHFR.

Kramers developed a theoretical model relating the influ-
ence of solvent viscosity to the rate of unimolecular reac-
tions.®® This was later extended to enzymatic reactions,
which predict that reaction rates decrease with increasing
solvent viscosity in a manner dependent on internal protein
friction.”" While this decrease is seen in several cases,?>>%
other enzymes appear to either have such high internal fric-
tion that their behaviour is independent of bulk viscosity, or
be so affected by other solvent effects that the influence of
viscosity becomes negligible.?***! For the reductive half-
reaction of morphinone reductase, absence of a viscosity
effect was interpreted as indicating the absence of long-
range promoting motions,” supported by the detection of a
promoting motion localised in the active site of the related
aromatic amine dehydrogenase by computational analysis."*”!
In contrast, TmDHFR is clearly affected by bulk solvent
properties and this may be due to the existence of longer-
range gating motions as has been proposed earlier.?!! Molec-
ular dynamics studies of TmDHFR revealed intramolecular
correlated motions similar to those seen in ECDHFR as well
as motions correlated across the subunits of the TmDHFR
dimer.”™ These results and Kramers theory predict a de-
pendence of the hydride-transfer rates for the TmDHFR-
catalysed reaction on solvent viscosity.

Here we have shown that contrary to this prediction, solu-
tion viscosity does not affect the kinetics of TmDHFR. Our
data do not fit the Kramers—Ansari equation for the de-
pendence of the rate constant on solvent viscosity at any
value of the enzyme internal friction (Figure 3). While in-
creasing concentrations of organic cosolvents led to altered
rate constants for both steady-state turnover and for hydride
transfer, there was no general dependence on solvent viscos-
ity. The dielectric constant of the solvent, however, had a
strong effect on both ky and k., but not on their KIEs. The
decrease in k., cannot be due exclusively to the reduction in
the partially rate-limiting"! hydride-transfer rate as glycerol
increases ky, yet decreases k.. The effect on k., therefore,
cannot be due to electrostatic effects on the reaction itself,
and as the secondary structure of the enzyme is also un-
changed, it is likely that inhibition of enzyme motions is re-
sponsible, affecting a partially rate-limiting physical compo-
nent of the reaction cycle. As these are unaffected by the
viscoelastic response of the solvent, this supports the view
that motions in TmDHFR are of low amplitude and that
this contributes to the low rates of reaction.!'"*
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Figure 3. Rate constants for TmDHFR-catalysed hydride transfer in the
presence of no cosolvent (e), methanol (0), glycerol (2) and sucrose (o)
plotted against viscosity. Both axes are on logarithmic scales. The rate-
constant data are modelled (——) according to the Kramers—Ansari
equation® for increasing values of protein internal friction (indicated on
lines). The experimental data do not fit the model at any protein internal
friction.

In other enzymes, such as formate dehydrogenase,*! por-
cine pancreatic lipase/®! and trypsin,™! the rate of hydride
transfer increases as the dielectric constant decreases due to
strengthening of interactions between the charges moved
during the reaction. For TmDHFR, the hydride-transfer
rate decreases with decreasing dielectric constant and hence
the effect on ky is also likely to be due to inhibition of mo-
tions critical for catalysis rather than electrostatic effects on
the reaction itself. Reducing the dielectric constant will in-
crease the strength of electrostatic interactions, such as the
important inter-subunit salt bridge between Lys129 and
Glu136/Glu138," which may further decrease the flexibility
of regions of the enzyme around the dimer interface. This is
likely to exert effects on the physical steps of the reaction
by altering the flexibility of the M20 loop, and also the
chemical step of the reaction, by disrupting the network of
promoting motions.

Effect of cosolvent on the temperature dependence of the
KIE: Increasing the glycerol (and sucrose) concentration led
to increased rate constants for hydride transfer, suggesting
that these changes were compound specific and not a conse-
quence of changes to the bulk solvent properties. The effects
of cosolvents on the kinetics of the TmDHFR-catalysed re-
action were, therefore, further analysed by measuring the
temperature dependence of the KIEs for the chemical step
in the presence of methanol, glycerol and sucrose in the
range 6-50°C (Figures 4 and5). Above 25°C, the kinetic
breakpoint observed in the absence of cosolvents, the addi-
tion of methanol had no effect on the KIE. Below 25°C, a
breakpoint was introduced into the Arrhenius plot for hy-
dride as well as deuteride transfer, leading to a decrease in
the KIE with decreasing temperature that depended on the
methanol concentration. Since CD spectroscopy indicated
that methanol does not induce a major structural change
(vide supra), this is likely a consequence of kinetic complex-
ity that masks the true rate of the chemical step in the pres-
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Figure 4. Arrhenius plots for TmDHFR-catalysed hydride and deuteride
transfer in the presence of varying concentrations of methanol (A), glyc-
erol (B) or sucrose (C).

ence of methanol. Competitive KIE experiments should be
able to unmask the intrinsic KIE in the presence of metha-
nol and so determine whether there is any significant effect
on the KIE (and therefore dynamics) of the reaction at
lower temperatures.

The effects of glycerol and sucrose were different from
that of methanol (Figures 4 and 5). Addition of glycerol in-
creased the rates of both hydride and deuteride transfer up
to around 2.5-fold for 50 % glycerol (see the Supporting In-
formation), ruling out inhibition of the chemical step of the
TmDHFR-catalysed reaction. Glycerol led to a reduction of
the KIE in the temperature-independent range (Table 1)
and remarkably also moved the kinetic breakpoint to lower
temperatures, increasing the range in which KIEs were tem-
perature independent. While the range of the temperature-
dependent region was reduced by addition of glycerol, the
temperature dependence within this region increased. The
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Figure 5. KIEs for TmDHFR-catalysed hydride/deuteride transfer on a
logarithmic abscissa versus the inverse temperature in the presence of
varying concentrations of methanol (A) or glycerol and sucrose (B).
A) e=Buffer only, 0=17% methanol, =33% methanol, ¢=50%
methanol. B) @ =Buffer only, 0=17% glycerol, A=17% sucrose, &=
33% glycerol, A=30% sucrose, o =50% glycerol.

activation energy for deuteride transfer increased with in-
creasing glycerol concentration, doubling the difference in
activation energy within the experimental range and leading
to a more inverse ratio of Arrhenius prefactors (Table 2).
Therefore, while glycerol reduces the range over which
“gating” motions dominate, the reliance on these motions at
low temperatures is increased. This does not provide direct
information on the effect on the “gating” motion, as this
cannot be isolated from other protein motions. It is clear,
however, that large-scale motions of TmDHFR are affected
by glycerol. Together, these results and those obtained in
the presence of methanol imply that “gating” motions are
important under all conditions but may be masked by
larger-scale motions dominating the effect on the KIE at
higher temperatures.

Sucrose also decreased the KIE, but to a lesser extent
than isoviscous concentrations of glycerol. More interesting-
ly, sucrose led to a complete loss of the breakpoint, giving
temperature-independent KIEs. In the case of horse liver al-
cohol dehydrogenase, a KIE breakpoint has been observed
at sub-zero temperatures.“) The breakpoint for TmDHFR
in the presence of sucrose is, therefore, most likely shifted
to outside the range studied rather than actually lost.

The change in behaviour of the KIEs in the presence of
glycerol and sucrose is clearly not dominated by the dielec-
tric constant. Equivalent methanol and glycerol concentra-

www.chemeurj.org
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Table 1. Activation energies and Arrhenius prefactors for the region of
TmDHFR catalysis showing temperature-independent KIEs, in the pres-
ence of varying concentrations of glycerol and sucrose.

Cosolvent E!! AE, Ay AnlAp KIE
[kImol™'] [kImol™'] [s7]
none 535404 25+1.0 (41140.68)x10° 1.5640.47 3.9+0.2

17% 525+04 1.8+1.0 (3.31£0.55)x10* 1.554+0.58 3.14+0.1
glycerol
33% 521411 21417  (3.97£1.68)x10° 1.22+0.82 2.7+0.1
glycerol
50% 51.7+£08 2.7+1.5 (4.69£1.39)x10° 0.77£0.45 2.24+0.1
glycerol
17% 489411 19417 (8.89+4.00)x107 1.68+1.12 3.64+0.2
sucrose
30% 465+12 12+1.6 (2.94+1.46)x10" 2.02+1.32 3.3+0.2

sucrose

Table 2. Activation energies and Arrhenius prefactors for the region of
TmDHFR catalysis showing temperature-dependent KIEs, in the pres-
ence of varying concentrations of glycerol.

Cosolvent  E!! AE, Ay [s7] AylAp
[kJmol™'] [kJmol™]

none 499+1.7 185+6.7 (7.66+0.50)x 107 (2.414+0.30)x 10~
17% 487421 214440 (7.1440.35)x 10" (5.03+0.37)x10°*
glycerol

33% 48.4+44 29.6+58 (9.05+£0.92)x 107 (1.2840.15)x 107>
glycerol

50% S1243.9 404450 (4.04£034)x10° (1.012£0.09)x 10~
glycerol

tions have similar dielectric constants but methanol (which
causes little change in viscosity) does not affect the KIE, at
least above 20°C. Furthermore, the change in the behaviour
of the KIEs is not purely related to the medium viscosity, as
isoviscous glycerol and sucrose solutions do not produce the
same effect. These observations underline that the dramatic
difference between the trend in ky against dielectric con-
stant for glycerol compared to other cosolvents is most
likely a structure-specific effect rather than one related to a
bulk solvent property. From its bulk properties, glycerol
would be expected to reduce the rate of reaction to a similar
degree to methanol.

Movement of the breakpoint in the temperature depend-
ence of the KIE shows that preorganisational (“passive”)
dynamics dominate over a wider temperature range. Glycer-
ol and sucrose, therefore, appear to activate motions in
TmDHFR that are important for hydride transfer, whilst in-
hibiting other motions as expected from their bulk solvent
properties. Glycerol and sucrose, therefore, allow TmDHFR
to adopt a conformation more conducive to tunnelling (of
both hydride and deuteride), reducing the reliance on
“gating” motions. We speculate that the polyols may bind to
the surface of the protein and disrupt certain interactions
that normally rigidify TmDHFR, for example, by exerting a
loosening effect on the edges of the interface, allowing in-
creased motion of the loop regions and an increase in the
rate of hydride transfer. Alternatively, they may specifically
affect the layer of hydration water on the protein surface,
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and so alter motions “slaved” to this layer.*’l To date,
TmDHFR dynamics have not been studied except by com-
putational methods,”™ even in the absence of cosolvents,
and this study raises important questions about these mo-
tions and how they relate to catalysis. In the future, NMR
spectroscopy, X-ray crystallography, elastic incoherent neu-
tron scattering or terahertz spectroscopy might provide
direct experimental evidence on the effects of polyols on
TmDHFR structure and dynamics.

Conclusion

We have shown that the TmDHFR-catalysed reaction is sen-
sitive to changes in the solvent dielectric constant, but not
its viscosity, and that the dielectric constant of the solvent
has an effect on large-scale motions of TmDHFR. Neither
parameter affects either the magnitude or temperature-de-
pendence of the KIE, which shows that the mechanism of
coupling of protein motions to the reaction is unaffected by
bulk solvent composition. Specific effects from polyols, such
as glycerol and sucrose, were observed that imply that these
compounds alter the dynamics of TmDHFR to promote the
formation of a configuration conducive to the tunneling re-
action. These results support the proposal that non-equilibri-
um dynamical processes (or “gating” motions) promote the
chemical step of the TmDHFR-catalysed reaction.

Experimental Section

General: NADPH was purchased from Melford. TmDHFR, NADPD
and dihydrofolate were prepared as described previously.!!! In brief,
TmDHFR was purified by heating the crude cellular lysate of TmDHFR-
containing E. coli cells to 75°C for 30 min to precipitate native proteins,
followed by cation exchange chromatography on SP-sepharose resin.
NADPD was synthesised by enzymatic reduction of NADP* by using
the alcohol dehydrogenase from Thermoanaerobium brockii with perdeu-
terated isopropanol as the deuteride source. Dihydrofolate was prepared
by dithionite reduction of folate.

Circular dichroism (CD) experiments were performed on an Applied
Photophysics Chirascan spectrometer at a protein concentration of 10 um
in 5 mmM potassium phosphate (pH 7.0) containing 50 % organic cosolvent.
Protein unfolding was followed by monitoring the CD signal at 222 nm

-1

between 20 and 98°C, applying a temperature gradient of 0.2°Cmin .

All kinetic experiments were performed in 100 mM potassium phosphate
buffer, pH 7.0, containing 100 mm NaCl. Cosolvent concentrations of 17,
33 and 50 % (volume cosolvent per final solution volume) were used. As
the rate of the DHFR-catalysed reaction is pH sensitive,'"*! the pH was
adjusted after the addition of cosolvent to ensure consistency. Details of
dielectric constants and viscosities of solvent mixtures are given in
Table S1 (see the Supporting Information).

Pre-steady state kinetic experiments were performed by using an Applied
Photophysics stopped flow instrument with 2.5mL drive syringes.
TmDHFR (10 um) was pre-incubated with NADPH or NADPD (4 um)
for at least five minutes and the reaction started by rapid mixing with an
equal volume of dihydrofolate (100 um). Fluorescence energy transfer
was used to monitor the reactions, by excitation at 292 nm and detection
by using a 400 nm cut-off filter.

Steady-state rates at 20°C were measured spectrophotometrically by fol-
lowing the decrease in absorbance at 340 nm during the reaction. In a
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typical experiment, TmDHFR (1 um) was pre-incubated with NADPH
(100 um) for one minute to avoid hysteresis. The reaction was started
through the addition of dihydrofolate (100 um final concentration). Con-
centrations of substrate and cofactor were varied to demonstrate that the
used concentrations were indeed saturating. Most K, values were <1 um
and, therefore, difficult to measure to any greater accuracy.
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