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Evidence that a ‘dynamic knockout’ in Escherichia
coli dihydrofolate reductase does not affect the
chemical step of catalysis

E. Joel Loveridge, Enas M. Behiry, Jiannan Guo and Rudolf K. Allemann*

The question of whether protein motions play a role in the chemical step of enzymatic catalysis has generated much
controversy in recent years. Debate has recently reignited over possible dynamic contributions to catalysis in dihydrofolate
reductase, following conflicting conclusions from studies of the N23PP/S148A variant of the Escherichia coli enzyme. By
investigating the temperature dependence of kinetic isotope effects, we present evidence that the reduction in the hydride
transfer rate constants in this variant is not a direct result of impairment of conformational fluctuations. Instead, the
conformational state of the enzyme immediately before hydride transfer, which determines the electrostatic environment
of the active site, affects the rate constant for the reaction. Although protein motions are clearly important for binding and
release of substrates and products, there appears to be no detectable dynamic coupling of protein motions to the hydride

transfer step itself.

the potential role of protein motions in the chemical step of

enzymatic catalysis. Although ligand association and dis-
sociation steps are known to be accompanied by sometimes very
large conformational changes, the coupling of protein dynamics
to the chemical coordinate of the reaction is less well defined and
is often inferred from indirect evidence such as the temperature
dependence of the primary hydrogen kinetic isotope effects
(KIEs) on the reaction!, or by computational methods*~”.

Hydrogen (as hydride, hydrogen radical or proton) transfer
reactions are often used to investigate the potential involvement of
protein motions in driving the chemistry of enzyme-catalysed
reactions. In these reactions, quantum-mechanical tunnelling
plays a role, and the width of the reaction barrier is as important
in determining the reaction rate as its height. That hydrogen
tunnels in enzymatic reactions may be unsurprising given its
small mass, but recognition of hydrogen tunnelling has led to
proposals that enzymes may have evolved to enhance the degree
of tunnelling so as to accelerate the reaction, and that enzyme
dynamics may couple to the reaction coordinate to promote tunnel-
ling both by optimising the wavefunction overlap between the
reactant and product states and by decreasing the donor-acceptor
distance!*°. These protein motions may range from microsecond
to millisecond conformational fluctuations to localized subnanose-
cond ‘promoting vibrations'10-13, Although both experimental'4'®
and computational studies'® suggest that the degree of tunnelling
is not increased in enzymatic reactions relative to the equivalent
reactions in solution, and therefore that the contribution from
tunnelling to catalysis is negligible, whether or not protein
motions promote hydrogen transfer is less clear and remains an
issue of debate!>1017,

Although current models that relate a potential role of protein
motions in promoting hydrogen transfer to the temperature
dependence of the KIE are not consistent with all available
data>16-18 it is clear that the KIE is highly sensitive to changes in
the donor-acceptor distance and the degree of wavefunction
overlap between the reactant and product states (affected by both

O ne of the most contentious topics in modern enzymology is

donor-acceptor distance and the angle of approach, and similar
to the more classical concept of orbital overlap)!>#120, Hence, if
conformational fluctuations are directly linked to the chemical
step of the reaction cycle and therefore affect either of these par-
ameters, then they will play a role in determining the KIE on
hydride transfer. Perturbation of these conformational fluctuations
will therefore have an effect on the KIEs. However, it is not sufficient
to measure the KIE at a single temperature, as equilibrium changes
to the enzyme structure may counteract any potential changes
brought about by alteration of the dynamics. The temperature
dependence of the KIE is therefore a highly sensitive and much
used!~>21-28 probe of the changes to the reaction, as it is unlikely
that conflicting factors will exactly counterbalance over a wider
temperature range.

The potential role of motions in promoting the chemical step of
the reaction has been extensively studied in dihydrofolate reductase
(DHFR). EcDHFR, the enzyme from Escherichia coli, adopts two
major conformations—closed and occluded (Fig. 1)—as it moves
through its catalytic cycle?. These conformations take their
names from the position of the M20 loop (residues 9-24), which
forms part of the active site. Before the chemical step of the cycle,
this loop closes over the active site, shielding the reactants from
solvent and providing an optimal environment for protonation of
N5 of the dihydrofolate and hydride transfer to occur. This closed
conformation is stabilized by hydrogen bonding to the neighbour-
ing FG loop (residues 116-132). In the product complexes,
however, the FG loop occludes the active site, preventing
the nicotinamide ring of the cofactor NADP(H) from entering.
This occluded conformation is stabilized by a pair of hydrogen
bonds between residue N23 on the M20 loop and S148 on
the GH loop (residues 142-149; Fig. 1). The chemical step of the
reaction, hydride transfer from NADPH to dihydrofolate with
concomitant protonation of dihydrofolate, occurs within the
closed conformation?.

A ‘dynamic knockout’ of ECDHFR has recently been reported, in
which mutations were made that both prevent formation of the
occluded conformation through loss of hydrogen bonding
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Figure 1| Crystal structures of wild-type ECDHFR and EcDHFR-N23PP/
S148A. a, Cartoon representations of wild-type ECDHFR (green,

PDB 1RX2%°) and EcDHFR-N23PP/S148A (orange, PDB 3QL0%°) as
DHFR:NADP:folate complexes, which serve as a model for the
DHFR:NADPH:dihydrofolate Michaelis complexes?. Note the high similarity
in the overall fold of the two enzymes. b, Detailed view of the catalytically
important M20 loop in the closed (green, PDB TRX22°) and occluded
(yellow, PDB 1RX42°) conformations in ECDHFR. In the closed conformation,
the substrate dihydrofolate and the cofactor NADPH are positioned ready for
hydride transfer to occur and the M20 loop shields the active site from
solvent. In the occluded conformation, the M20 loop prevents access of the
nicotinamide ring of NADP(H) to the active site. Ligands and amino acids
replaced in the ECDHFR variant are shown as sticks. Structural elements
discussed in the text and hydrogen bonding between the M20 and GH loops
in the occluded conformation are indicated.

between the M20 and GH loops (Fig. 1) and eliminate millisecond
to timescale motions of the M20 loop in the Michaelis complex™.
This EcDHFR-N23PP/S148A variant displayed a reduced rate
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constant for hydride transfer and it was suggested that this was a
consequence of the loss of conformational flexibility*’. However, a
subsequent computational study suggested instead that the
reduced rate constant is a consequence of changes to the reorganiz-
ation free energy of the reaction brought about by changes to the
electrostatic preorganization within the active site®’. Here, we
investigate the effect of the N23PP/S148A mutations on EcDHFR
catalysis, and provide experimental evidence that the nature of the
chemistry in this ‘dynamic knockout’ of EcDHEFR is essentially
the same as in the wild-type enzyme.

Results and discussion

Creation of EcDHFR-N23PP/S148A and structural studies.
EcDHFR-N23PP/S148A was created using standard site-directed
mutagenesis techniques. The purified protein was first characterized
by circular dichroism spectroscopy, which showed only minor
differences to the wild-type enzyme (Supplementary Fig. S1). It
has previously been shown that the NADP*:folate complex of
EcDHFR-N23PP/S148A has a similar structure to that of the wild-
type enzyme®’. The melting temperature of ECDHFR-N23PP/S148A
was found to be 56.84+0.2 °C, which is slightly higher than the
value of 51.6+0.7 °C obtained for the wild-type enzyme®,
suggesting that the N23PP and S148A mutations have a stabilizing
effect on the enzyme.

Steady-state kinetics. Michaelis—Menten curves for both substrate
and cofactor were measured at 20 °C and pH 7. The Michaelis
constants were found to be 2.440.3 uM for NADPH and 0.7 +
0.2 uM for dihydrofolate. These are in good agreement with
the values of 4.8+1.0 uM and 0.7+0.2 puM obtained at 25 °C
for wild-type EcDHFR*, demonstrating that the affinity of the
enzyme for its reactants is not significantly affected by the
N23PP/S148A mutations. The value of k_, was found to be
1.9440.09s ' at 20 °C, in good agreement with the reported
value®. The temperature dependence of k., was determined at
pH 7 (Supplementary Table S1). The activation energy was found
to be 52.6+1.2 k] mol ', which is only slightly higher than that
of the wild-type enzyme (47.7 +0.8 k] mol™')*, as expected from
the relatively small (~sixfold) reduction in k_, It should be
noted, however, that direct comparison of the activation energies
is mechanistically uninformative as a different step within the
catalytic cycle is rate limiting in ECDHFR-N23PP/S148A than in
the wild-type enzyme®. The primary hydrogen KIE on k_, was
only slightly higher than unity at pH 7 (1.4940.07), but was
2.79+0.02 at pH 9. This is in agreement with the steady-state rate
constant being predominantly limited by a physical step of the
catalytic cycle at pH 7 (with some contribution from the chemical
step, as expected from the relatively low hydride transfer rates®),
but almost exclusively limited by the chemical step at elevated pH,

as had been seen for wild-type ECDHFR*,

Single turnover kinetics. The k_,, at pH 7 is dominated by physical
steps within the reaction cycle (vide supra), so its KIE cannot be
interpreted mechanistically. Therefore, to investigate the effect of
the ‘dynamic knockout® on the chemical step of EcDHFR
catalysis, the temperature dependence of the KIE on the hydride
transfer step of catalysis, isolated under single turnover stopped-
flow conditions, was determined at pH 7 and 9 (Fig. 2, Table 1
and Supplementary Tables S2-S5). It has been shown recently
that the KIE on hydride transfer in EcDHFR is temperature-
dependent below pH 8 and temperature-independent at or above
this pH, demonstrating that the temperature-dependent KIEs
observed at pH 7 are indeed physiologically relevant, and the
temperature-independent KIEs observed at elevated pH, where
hydride transfer is rate-limiting®, are not?..

The rate constants for hydride (k) and deuteride (kp,) transfer
were considerably lower than those of the wild-type enzyme
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Figure 2 | Pre-steady-state kinetics of ECDHFR and EcDHFR-N23PP/S148A. a, Arrhenius plots for hydride (circles) and deuteride (triangles) transfer for
EcDHEFR (blue) and EcDHFR-N23PP/S148A (red) at pH 7. b, Arrhenius plots for hydride (circles) and deuteride (triangles) transfer for wild-type EcCDHFR
(blue) and EcDHFR-N23PP/S148A (red) at pH 9. ¢, Plots of KIE on a logarithmic abscissa against the inverse temperature for wild-type ECDHFR (blue) and
EcDHFR-N23PP/S148A (red) at pH 7. d, Plots of KIE on a logarithmic abscissa against inverse temperature for wild-type ECDHFR (blue) and EcDHFR-
N23PP/S148A (red) at pH 9. Error bars (standard errors of the mean at o) are small and hence obscured by the symbols in most cases. The data show
that, although there are large differences between the rate constants for hydride transfer in ECDHFR and EcDHFR-N23PP/S148A, the magnitude and

temperature dependence of the KIE are virtually identical.

(Table 1 and Fig. 2)*°. Both the magnitude and temperature
dependence of the KIE on the reaction catalysed by EcDHFR-
N23PP/S148A, on the other hand, were almost indistinguishable
from those of wild-type ECDHFR. The values of k;; obtained here
(25.940.3s ' at pH 7 and 0.24+0.01 s~ " at pH 9 at 25 °C) are
slightly different to those published previously (14 and 3.3s™ ',
respectively®®). Activation enthalpies were slightly reduced in
EcDHFR-N23PP/S148A, with the activation entropy accounting
for the higher activation free energy and corresponding lower
rate constants. The activation entropy for hydride transfer by
EcDHFR-N23PP/S148A is ~30 ] K ' mol™! more negative than
that of the wild-type enzyme at pH 7 (Table 1). The potential
energy surface is therefore probably flatter in the conformational
direction in the wild-type enzyme than in EcDHFR-
N23PP/S148A, as has been found recently in a computational
study’!. The values of AG? obtained here (Table 1) are in excellent
agreement with recently calculated values®'. We also note that the
similarity of the magnitude of the KIE for ECDHFR-N23PP/S148A
and EcDHEFR suggests that the two enzymes have indistinguishable
donor-acceptor distances in the Michaelis complexes, in contrast
to what was observed in the X-ray crystal structures of the
E:NADP":folate complexes, where this distance was reported to
differ by 0.3 A (ref. 30). We have previously shown that changes to
the donor-acceptor distance as small as 0.05 A are detectable using
our methodology®.

It has been suggested that the lower hydride transfer rate
constants in EcDHFR-N23PP/S148A relative to the wild-type
enzyme are the result of the loss of conformational flexibility in
the variant enzyme®. Although Bhabha et al. state that ‘the
decreased hydride transfer rate does not simply arise from impair-
ment of the closed-to-occluded transition™?, they argue that as
EcDHFR-S148A, unlike EcDHFR-N23PP/S148A, retains milli-
second conformational fluctuations in regions of the active site
other than the M20 loop, and has only a slightly lower rate constant
for hydride transfer than wild-type EcDHFR, millisecond
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conformational motions other than the closed-to-occluded
conformational change ‘probably play a role in hydride transfer’®.
The occluded conformation itself cannot be relevant to the chemical
step of the catalytic cycle because the nicotinamide ring of
NADP(H) is not within the active site and so cannot react?’. In
addition, for the M20 loop to move from the closed to the occluded
conformation, the loop must first open to allow the nicotinamide
ring to leave the active site?®*. We have already provided evidence
that fluctuations between the excited-state closed conformation
and the ground-state occluded conformation seen by NMR in
the EcDHFR:NADP*:tetrahydrofolate product ternary complex
are not relevant to the hydride transfer step itself’.. Similarly,
fluctuations between the excited-state occluded conformation and
the ground-state closed conformation seen by NMR in the
EcDHFR:NADP*:folate complex (a model for the Michaelis
complex?) are not relevant to hydride transfer but are thought to
precede it*’.

Unlike the closed-to-occluded conformational change, other
millisecond motions within the active site are not necessarily
orthogonal to the reaction coordinate and may therefore affect the
reaction chemistry®. However, the correlation between the loss of
conformational fluctuations and the reduction in the rate constant
for hydride transfer seen in EcDHFR-N23PP/S148A does not
necessarily demonstrate causation. On the contrary, the similarity
between the temperature dependence of the KIEs of the wild-type
and variant enzymes strongly suggests that the nature of the
chemistry is unaffected by the ‘dynamic knockout™ induced by
the N23PP/S148A mutations and therefore that the loss of
conformational fluctuations is not the cause of the lower hydride
transfer rate constants. The KIE is highly sensitive to changes in
the donor-acceptor distance. Indeed, changes to the donor—accep-
tor distance at a fixed temperature cause larger changes to the KIE
than temperature does at a fixed donor-acceptor distance!®.
Increasing the donor-acceptor distance increases the temperature
dependence of the KIE as well as altering its magnitude'®, and the
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Table 1 | Kinetic parameters for EEDHFR and EcDHFR-N23PP/S148A at 25 °C.

Parameter Wild-type ECDHFR?' EcDHFR-N23PP/S148A
pH 7 pH 9 pH7 pH 9
ky (571 2037 + 7.4 252+ 0.02 259+ 03 0.24 + 0.01
KIE 271+ 0.08 323+ 0.05 2.58 + 0.03 2.82 + 0.06
EH (k)mol™ 299+ 06 320+ 06 257 + 09 311+ 12
E2 (k) mol™ 378+ 06 320+ 05 334412 314 +12
AE, (kJ mol ™) 79+ 09 -01+08 7.7 415 04 +17
A, s (3.4 +05)x 10" (1.0 + 0.3) x 10° (82 + 02) x 10° (6.8 + 0.3) x 10°
Ap (57D 32+ 01) x 108 32+ 07) x10° (7.4 + 0.2) x 10° (2.8 £ 0.1) x 10*
Au/As 01+ 0.02 3.08 + 1.02 011+ 0.04 2.42 + 0.07
AH} (K mol™) 274+ 06 296 + 0.6 232+ 09 286 + 12
AHE (K mol™) 353+ 06 295+ 0.5 30.9 +12 29.0 +12
AS), UK mol™) —109.0 + 2.5 —1383 + 5.1 —-139.9 + 7.5 —160.6 + 18.4
ASH (UK mol™) -903+18 —147.7 + 4.8 —1216 + 6.4 —167.9 + 22.8
AG/; (k) mol™ 59.9 + 0.6 70.8 + 0.6 649+ 09 765 + 1.2
AG (k) mol™ 622+ 06 73.6 + 0.5 672+ 12 791+12

effect on the KIE of a change as small as 0.05 A would be detectable
using our methodology®. Therefore, if millisecond conformational
fluctuations are coupled directly to the chemical step, then it is
highly unlikely that changes to these fluctuations would not mani-
fest themselves in either the magnitude or the temperature
dependence of the KIE. The only logical conclusion is therefore
that no such coupling exists.

We have previously argued against a direct role for confor-
mational and dynamic effects in the chemical step of DHFR cataly-
sis?13%3839 The data reported here provide further evidence in
support of this view. However, the rate constant for the reaction is
most probably determined by the conformational state of the
enzyme at the point of reaction, because the specific conformation
will determine the electrostatics in and around the active site and
therefore control the reaction free energy. This conclusion is
supported by our observation that the rate constant for hydride
transfer (but not the KIE) for the DHFR-catalysed reaction is
proportional to the dielectric constant of the medium but not to
its viscosity*>**%°. Hence, the rate constants for the chemical step
appear to be dependent on electrostatic effects but not directly
influenced by large-scale dynamical contributions. It is therefore
more likely that the dampening of the millisecond motions
around the active site brings about more subtle conformational
changes. This is not a semantic argument; although our
results show that the difference in catalytic properties of ECDHFR
and EcDHFR-N23PP/S148A are indeed a simple consequence of
electrostatic effects as has been argued previously’!, these electro-
static effects are affected by the conformational state of the
enzyme and its effect on the energy landscape of the reaction.
However, this is an equilibrium property of the enzyme and no
dynamic contribution from protein motions to the reaction
is required.

As well as showing that millisecond dynamics do not directly
influence the chemical step of the ECDHFR-catalysed reaction, our
work demonstrates a clear need both for better theoretical frame-
works that can explain non-classical temperature dependences
of KIEs on enzymatic hydride transfer (particularly temperature-
independent KIEs'®) and for direct experimental evidence for (or
against) a link between protein motions, ligand motions and the
chemistry proper. All current evidence supporting a role for
DHFR dynamics in the actual chemical step is indirect and largely
based on current models of KIEs that may be inadequate given
their numerous inconsistencies with both experimental and compu-
tational datal1922304142 However, no direct experimental evidence
that refutes a role for dynamics in the chemical step has been
provided either. Even though dynamic contributions on a
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millisecond timescale appear to be unimportant, kinetic studies
cannot rule out a role for faster motions. New models and exper-
iments are therefore required before the large amount of apparently
contradictory evidence relating to the mechanistic underpinning of
DHER catalysis can be reconciled and fully explained.

Conclusions

The nature of the chemistry, as reported by the magnitude and
temperature dependence of the KIEs on hydride transfer, appears
to be unaffected in ECDHFR-N23PP/S148A. This demonstrates
that, contrary to a recent report®, conformational fluctuations do
not seem to be directly involved in the chemical step of the reaction.
The electrostatic preorganization within the active site during the
reaction is determined by the conformational state of the enzyme
at the point of reaction; hence, subtle changes to the (equilibrium)
conformational state of the enzyme as a consequence of structural
changes brought about by amino acid replacements or changes
to the conditions of the reaction will nevertheless affect the rate
constants for the reaction. As can be seen from the change in
rate-limiting step in the steady state®®, the dynamic properties of
EcDHFR and its mutants clearly affect the conformational
motions that are important for the turnover of substrate to
product, but no correlation between these conformational
motions and the chemical motions that direct hydride transfer
have yet been identified for DHFR.

Methods

Chemicals. Dihydrofolate was prepared by dithionite reduction of folate (Sigma)*.
NADPH and 4-(R)-NADPD were prepared from NADP™ (Melford) as described
previously?!. ECDHFR and EcDHFR-N23PP/S148A were produced in E. coli
BL21(DE3) cells containing a pET11c-based plasmid encoding the enzymes and
purified by anion exchange chromatography on Q-sepharose resin followed by size
exclusion chromatography on a prep-grade Superdex 75 column (GE Healthcare).
Oligonucleotide primers were purchased from Eurofins. The concentrations of
NADPH/NADPD and H,F were determined spectrophotometrically using
extinction coefficients of 6,200 cm™' M ™" at 339 nm and 28,000 cm™ ' M~ " at
282 nm, respectively*?.

Site-directed mutagenesis. A gene encoding ECDHFR-N23PP/S148A was created
using the Finnzymes Phusion site directed mutagenesis kit and primers
5-GAAAACGCCATGCCGTGGCCGCCGCTGCCTGCCGATCTCGCC-3'
(N23PP) and 5'-GCGCAGAACGCTCACAGCTATTGC-3' (S148A). The altered
and inserted nucleotides are underlined.

Circular dichroism spectroscopy. Circular dichroism spectra between 190 and
400 nm were measured in a nitrogen atmosphere by an Applied Photophysics
Chirascan spectrophotometer using 12.5 M protein in 10 mM potassium
phosphate buffer (pH 7.0). Mean residue ellipticities [@ ],z Were calculated using
the equation [0] .z = ©/(10ncl), where © is the measured ellipticity (in mdeg), n
the number of backbone amide bonds, c the protein concentration (in mol 1™*) and [
the path length (in cm). Thermal denaturation experiments were performed between
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10 and 80 °C using temperature steps of 1 °C with 1 min equilibration at the desired
temperature before measurement. Melting temperatures were determined from the
change in signal at 222 nm against temperature.

Steady-state kinetic measurements. Steady-state turnover rates were determined
spectrophotometrically using a JASCO V-660 spectrophotometer by following the
decrease in absorbance at 340 nm (e5,, (NADPH + H,F) =11,800 M~ ' cm™ )%,
Potassium phosphate (100 mM) containing 100 mM NaCl and 10 mM
B-mercaptoethanol was used for measurements at pH 7, and at pH 9, MTEN buffer
(50 mM morpholinoethanesulfonic acid, 25 mM Tris, 25 mM ethanolamine,

100 mM NaCl and 10 mM B-mercaptoethanol) was used. Phosphate buffer was
used at pH 7 as its pK, is relatively insensitive to changes in temperature. The
enzyme (50 nM) was pre-incubated at the desired temperature with NADPH
(0.5-100 wM) for 1 min to avoid hysteresis'! before the addition of H,F

(0.5-100 wM). For the temperature dependence of k_,, or for KIE measurements,
100 uM each of both substrate and cofactor were used. The change in initial

rate with concentration was fit to the Michaelis-Menten equation using SigmaPlot
10. Each data point is the result of three independent measurements.

Pre-steady-state kinetic measurements. The chemical step was observed under
single turnover conditions from the loss of fluorescence resonance energy transfer
from the enzyme to NADPH during the reaction. The enzyme (20 wM final
concentration) was pre-incubated with NADPH (8 wM final concentration) for at
least 5 min in 100 mM potassium phosphate buffer (pH 7.0) containing 100 mM
NaCl and 10 mM B-mercaptoethanol or MTEN (vide supra) buffer (pH 9.0). The
reaction was then initiated by rapidly mixing in H,F (200 M final concentration) in
the same buffer. Varying the concentrations of the reagents showed that the
measured rate constants were limiting values. Measurements were made on either an
Applied Photophysics stopped-flow spectrophotometer, exciting the sample at

292 nm and measuring the emission using a 400 nm cutoff output filter, or a
Hi-Tech Scientific stopped-flow spectrophotometer, exciting the sample at 297 nm
and measuring the emission above 440 nm. Identical results were obtained

with both set-ups. All experiments were repeated at least three times on

each spectrometer.
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