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Abstract
The catalytic cycle of an enzyme is frequently associated with conformational changes that may limit
maximum catalytic throughput. In Escherichia coli dihydrofolate reductase, release of
tetrahydrofolate (THF) product is the rate-determining step under physiological conditions and is
associated with an ‘occluded’ to ‘closed’ conformational change. In this study, we demonstrate that
in dihydrofolate reductase the ‘closed’ to ‘occluded’ conformational change in the product ternary
complex (E:THF:NADP+) also gates progression through the catalytic cycle. Using NMR relaxation
dispersion, we have measured the temperature and pH dependence of µs-ms timescale backbone
dynamics of the ‘occluded’ E:THF:NADP+ complex. Our studies indicate the presence of three
independent dynamic regions, associated with the active-site loops, the cofactor binding cleft, and
the C-terminus and an adjacent loop, which fluctuate into discrete conformational substates with
different kinetic and thermodynamic parameters. The dynamics of the C-terminal associated region
is pH dependent (pKa < 6), but the dynamics of the active-site loops and cofactor binding cleft are
pH independent. The active-site loop dynamics access a ‘closed’ conformation and the accompanying
‘closed’ to ‘occluded’ rate constant is comparable to the maximum pH independent hydride transfer
rate constant. Together, these results strongly suggest that the ‘closed’ to ‘occluded’ conformational
transition in the product ternary complex is a prerequisite for progression through the catalytic cycle
and that the rate of this process places an effective limit on the maximum rate of the hydride transfer
step.
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INTRODUCTION
Many enzymes have evolved to the point where chemical bond-breaking and bond-making
events are no longer rate limiting (1). Instead, conformational changes required to bind
substrate, orient the reactants, or release products, may limit catalytic turnover (2). A
comprehensive understanding of the limits on enzyme catalytic rates thus requires an
understanding of both the chemical events at the active site and the physical processes that are
required for catalytic turnover. Both considerations are important in de novo enzyme
engineering and drug design efforts.
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Escherichia coli dihydrofolate reductase (DHFR) is an excellent model system for
understanding the role of protein dynamics in enzymatic catalysis. DHFR catalyzes the
reduction of 7,8-dihydrofolate (DHF) through stereospecific hydride transfer from reduced
nicotinamide adenine dinucleotide phosphate (NADPH) cofactor (3,4). The enzyme is both an
anticancer and antimicrobial drug target and has been the subject of extensive structural (5),
functional (6), and theoretical studies (7). Analysis of pre-steady state kinetics has
demonstrated that E. coli DHFR cycles through five major states under physiological
conditions (8): the holoenzyme (E:NADPH), the Michaelis complex (E:DHF:NADPH), and
three tetrahydrofolate product complexes - the product ternary complex (E:THF:NADP+)
formed immediately following hydride transfer, the product binary complex (E:THF) formed
by dissociation of oxidized cofactor, and the product release complex (E:THF:NADPH). At
physiological pH, the rate limiting step is the release of THF product from the E:THF:NADPH
complex.

DHFR is a relatively small protein (159 residues) comprised of a mixed eight strand β-sheet
flanked by four α-helices and several flexible loops. Extensive structural characterization of
the enzyme revealed three major conformations in the crystalline state (5), although only the
‘closed’ and ‘occluded’ conformations have been observed under solution conditions (9). The
‘closed’ and ‘occluded’ conformations differ in the structure of the active-site Met20 loop. The
‘closed’ conformation, observed in the holoenzyme (E:NADPH) and the Michaelis model
complexes (E:FOL:NADP+, E:DHF:NADP+) (9), is stabilized through hydrogen bonding
interactions between the Met20 and FG loops (5). Following hydride transfer, the product
ternary complex E:THF:NADP+ assumes an ‘occluded’ ground-state structure (Figure 1). The
hydrogen bonds between the Met20 and FG loops break, and new hydrogen bonds are formed
between the Met20 and GH loops to stabilize the ‘occluded’ conformation. In the ‘occluded’
conformation, the nicotinamide ring of the cofactor is sterically hindered from entering the
active site, and thus, chemistry can only occur through a ‘closed’ conformation. The ‘occluded’
conformation is observed in the three product complexes of wild-type DHFR:
E:THF:NADP+, E:THF, and E:THF:NADPH (9). The cycling between ‘closed’ and ‘occluded’
conformations is critical for progress around the enzymatic cycle. Mutations that disrupt either
the ‘closed’ or ‘occluded’ conformations lead to decreases in hydride transfer rate and/or
steady-state catalytic turnover (10–15).

We have used nuclear magnetic resonance (NMR) to study the dynamic properties of E.coli
DHFR as it traverses its catalytic cycle (16–21). In particular, we have applied R2 relaxation
dispersion spectroscopy to analyze the µs-ms timescale dynamics of DHFR at each step of the
catalytic cycle (20,21). R2 relaxation dispersion is a measure of how well conformational
exchange contributions (Rex) to the transverse relaxation rate constant (R2) can be suppressed
by the 180° refocusing pulses in a Carr-Purcell-Meiboom-Gill (CPMG) pulse train (22,23).
For two-site exchange between a lower energy conformation A and a higher energy
conformation B, analysis of relaxation dispersion curves provides information on the kinetics
of the conformational exchange between A and B (kex = kAB + kBA), the populations of states
A and B (pA and pB), and the chemical shift difference (Δω) between sites A and B (24).

For E.coli DHFR, R2 relaxation dispersion experiments have shown that at each step of the
catalytic cycle, the enzyme adopts a major substate represented by the X-ray structure of that
intermediate (or of complexes that model the intermediate), and one or more minor substates
that are structurally similar to either the next or prior intermediate in the catalytic cycle (21).
In particular, the product ternary complex E:THF:NADP+ has an ‘occluded’ major substate,
and a ‘closed’ minor substate that is structurally similar to the Michaelis model complex
E:FOL:NADP+. Moreover, the rate constant determined from R2 relaxation dispersion (k ~
1200 s−1) for the conversion of the higher energy ‘closed’ substate to the lower energy
‘occluded’ substate of E:THF:NADP+ is very similar to the maximum pH-independent hydride
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transfer rate constant (950 s−1) for conversion from substrate to product, suggesting that the
pH independent rate constant may be limited by the ‘closed-to-occluded’ conformational
change in E:THF:NADP+. In addition, dynamic processes were observed in the cofactor
binding site due to fluctuations involving a minor substate that is similar in structure to the
E:THF complex (21).

In this study, we have further explored the energy landscape of the E:THF:NADP+ complex
by measuring µs-ms protein dynamics under a more extensive array of temperature and pH
conditions. Our experiments reveal three separate dynamic events in the protein, and indicate
that physical changes within the energy landscape of the product ternary complex are tightly
linked to maximum rates of hydride transfer.

Materials and Methods
Protein purification and sample preparation

E.coli DHFR was expressed and purified according to previously established procedures
(21). The ligands NADP+ and THF are light and/or oxygen sensitive and must be treated
accordingly. Before sample preparation, buffer was thoroughly degassed through freeze-pump-
thaw cycles using a vacuum apparatus, and ascorbic acid was added to act as an oxygen
scavenger. The final samples contained 1 mM DHFR, 10 mM NADP+, 6 mM THF, 1 mM
DTT, 25 mM KCl and 10% D2O in 70 mM KPi pH 6.1 – 7.6. The samples were placed in
amberized NMR tubes, subjected to vacuum again, overlayed with argon and flame-sealed to
prevent buffer re-oxidization. Under these conditions, the samples are stable for R2 relaxation
dispersion measurements for ~ 1 week.

R2 relaxation dispersion experiments
15N R2 relaxation rates were measured at 1H spectrometer frequencies of 500 and 800 MHz
using relaxation-compensated CPMG (Carr-Purcell-Meiboom-Gill) pulse sequences in a
constant-time manner as previously described (20,22). The total relaxation time was 40 ms.
The R2 relaxation dispersion data were fit simultaneously at the two frequencies using the in-
house computer program GLOVE with the following series of equations describing
conformational exchange between two sites, A and B:

(1)

in which,

(2)

(3)

where Ψ=kex 2−Δω2 , ζ= −2Δωkex(pA–pB), τcp is the time between successive 180° pulses in
the CPMG pulse train, R2 0 is the R2 relaxation rate in the absence of conformational exchange,
pA and pB are the populations of the ground- and excited-state conformations respectively
(pA + pB = 1), and Δω is the chemical shift difference between substates A and B. Rate constants
for the ground-to-excited state (kAB) and excited-to-ground state (kBA) transitions can be
determined by pB·kex and pA·kex respectively. Residues generally fit into one of three clusters,
including the active-site loops and other residues around the active-site, cofactor binding site,
or the C-terminal associated region. Each cluster was fit with global kex and pApB values while
allowing Δω values to vary for each residue. The clusters showed significantly different kex
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and pApB values (Table 1). In Supporting Information Table S1, we report Δω values following
global fitting procedures. However, in a few select cases, χ2 global/χ2 individual > 2, so we report
only the Δω value for the individual fit.

pH and temperature dependence of protein dynamics
R2 relaxation dispersion measurements were performed using four different pH conditions (pH
6.1, 6.5, 7.0 and 7.6) and up to five different temperatures (294, 297, 300, 303 and 306 K)
(Table 1). Only the dynamics in the C-terminal associated region showed a dependence on pH.

The enthalpy (ΔH) and entropy (−TΔS) energy differences between the excited- and ground-
state conformations can be estimated through the temperature dependence of the
conformational exchange equilibrium constant using van’t Hoff analysis according to equation
4,

(4)

where K is equal to kBA/kAB. Reported errors are based on jackknife simulations (20,21). The
activation barriers can be estimated using transition-state theory, according to equation 5,

(5)

where k is the rate constant measured from R2 relaxation dispersion (kAB), kB is Boltzmann’s
constant, h is Plank’s constant, R is the universal gas constant, T is temperature, ΔS‡ is the
entropy of activation and ΔH‡ is the enthalpy of activation.

An alternative to transition-state theory is the phenomenological Ferry law (25,26) that
describes a lower energy barrier with a rough enthalpic surface according to equation 6,

(6)

where k is the rate constant measured from R2 relaxation dispersion (kAB), C is a constant, R
is the universal gas constant, T is temperature, ΔH0

‡ is the enthalpy of activation associated
with the smooth Arrhenius-like barrier height and <H2>1/2 is the enthalpy due to the ruggedness
of the barrier.

Results
Relaxation dispersion in the E:THF:NADP+ complex

Relaxation dispersion curves were measured under a wide range of conditions using relaxation-
compensated CPMG pulse sequences (22), as described in Materials and Methods. These data
extend previous measurements performed at pH 7.6 and 300 K (21). Residues with
conformational exchange were mapped to three regions; the active site loops (Met20, FG and
GH loops), the cofactor binding cleft and the C-terminal associated region (residues 129–134
and 155–159) (Figure 2A). The kinetics and thermodynamics of the protein conformational
fluctuations differ significantly between the three clusters. The kex (pb) values are 1300 ± 50
s−1 (1.4%), 1700 ± 120 s−1 (2.9%) and 550 ± 30 s−1 (2.2%) at pH 7.6 and 300 K for the active-
site loops, cofactor binding cleft and the C-terminal associated region, respectively (Table 1).
Since kex and pb values for each cluster are substantially different across several pH and
temperature conditions (Table 1), we conclude that that the E:THF:NADP+ complex populates
at least three independent higher energy substates as a result of conformational fluctuations.

Supporting Information Available
There is one table containing dynamic chemical shift information from 15N R2 relaxation dispersion experiments and figures detailing
full R2 relaxation dispersion results at 1H spectrometer frequencies of 500 and 800 MHz. This material is available free of charge via
the Internet at http://pubs.acs.org
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pH Dependence of the Dynamic Events in E:THF:NADP+

To obtain further insights into the apparent correlation between the maximum hydride transfer
rate and the rate of the conformational relaxation from the closed excited state to the occluded
ground state of E:THF:NADP+, 15N R2 relaxation dispersion measurements were made for the
E:THF:NADP+ complex under varying pH conditions ranging from pH 6.1 – 7.6. The dynamic
events at the active-site loops and in the cofactor binding cleft are not dependent on pH. Similar
residues showed dispersive behavior throughout the pH range (Figure 2b), and Δω values are
nearly identical at each pH (Figure 2c and Supporting Information Table S1), suggesting that
the identity of the higher energy substates corresponding to these dynamic events does not
change significantly with pH. The kinetic (kex) and thermodynamic (pB) parameters for these
dynamic events also remained relatively constant from pH 6.1 to 7.6 (Figure 3), and a change
in temperature resulted in identical changes to these parameters under all pH conditions (Table
1).

In contrast, the dynamic process in the C-terminal associated region of DHFR was observed
to be pH dependent with a pKa < 6 (Figure 3). As the pH decreased from 7.6 to 6.1, kex decreased
and pb increased, but the Δω values remained identical (Supporting Information Table S1).
This suggested that although the kinetics and thermodynamics of the dynamic process in the
C-terminal region change with pH, the higher energy substate remains identical throughout the
pH range of the experiments.

Temperature Dependence of the Dynamic Events in E:THF:NADP+

Measurements of R2 relaxation dispersion as a function of temperature can provide further
insights into the conformational energy surface in terms of entropy and enthalpy contributions.
The population (pB) of the higher energy substate associated with the dynamic event at the
active site loops increases with temperature (Figure 4A). A van’t Hoff type analysis of this
trend indicates that the higher energy ‘closed’ substate is enthalpically disfavored (ΔH = +13.9
± 0.5 kcal/mol), but it is entropically favored (−TΔS = −11.2 ± 0.5 kcal/mol at 298 K) over the
‘occluded’ ground-state structure (ΔG(closed-occluded) = + 2.7 ± 0.5 kcal/mol at 298 K).
Again, it should be noted that Δω values do not significantly change with temperature
(Supporting Information Table S1), indicating that the identity of the higher energy substate
remains the same over the entire pH and temperature range.

For the C-terminal associated residues, the higher energy substate is also enthalpically
disfavored (ΔH = +15.5 ± 0.5 kcal/mol) and entropically favored (−TΔS = −13.1 ± 0.5 kcal/
mol; ΔG = 2.4 ± 0.5 kcal/mol at 298 K) (Figure 4B). However, these values are significantly
different from the values for the closed-occluded conformational change, again indicating the
dynamic processes in the active-site loops and the C-terminal associated region are largely
independent.

We have previously estimated the activation barrier associated with the ‘occluded-to-closed’
conformational change in E:FOL:NADP+ using transition-state theory (20). For
E:FOL:NADP+, the calculated energy barrier has ΔG‡= 16.0 kcal/mol, ΔH‡= 21.2 kcal/mol
and −TΔS‡= −5.1 kcal/mol at 298 K(20). In a similar manner, we calculated energy barriers
for protein dynamics in the active-site loops (ΔG‡= 15.9 ± 0.5 kcal/mol, ΔH‡= 20.3 ± 0.5 kcal/
mol, −TΔS‡= −4.4 ± 0.5 kcal/mol) and the C-terminal associated region (ΔG‡= 16.1 ± 0.4 kcal/
mol, ΔH‡= 18.5 ± 0.4 kcal/mol, −TΔS‡= −2.4 kcal/mol) for E:THF:NADP+ at 298 K (Figure
4C). However, it should be noted that these values represent upper limits to the true activation
parameters, considering the limitations of transition-state theory in describing multi-
dimensional, diffusive events such as protein folding and conformational change (27,28).
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An alternative to transition-state theory is the phenomenological Ferry Law (25,26) that
incorporates a lower energy barrier with a rough enthalpic surface. While the accessible
temperature range is too small to allow meaningful fits to this model, we estimate the enthalpy
due to the ruggedness of the landscape (<H2>1/2) to be in the range 1.8 – 2.6 kcal/mol for both
the active-site loop and C-terminal associated regions, assuming that the activation enthalpy
associated with the smooth (Arrhenius-like) part of the barrier ΔH0 ‡= 0 – 10 kcal/mol. The
estimated values of <H2>1/2 are in agreement with the ruggedness of the enthalpic barriers for
collective protein motions involving multiple atoms and interactions determined for other
systems (26,29).

DISCUSSION
In recent years, there has been renewed discussion about the role played by protein dynamics
in enzyme catalysis (4,30). Enzymes must bind diverse ligands as they traverse their catalytic
cycles, and thus, they undergo a variety of conformational changes as they bind substrate(s),
catalyze the chemical step(s) and release products (2). At any stage of the catalytic cycle, these
conformational changes may become rate-limiting. Recent results from NMR studies of protein
dynamics in E.coli DHFR and other enzymes (20,21,31–34) suggest that limits to catalytic
rates in enzymes are intimately related to conformational exchange rates measured by R2
relaxation dispersion. Although much progress has been made in small molecule and antibody
catalysis, design efforts have failed to achieve the remarkable specificity and catalytic power
of naturally occurring enzymes. This may be in part due to our inability to recapitulate the
intricate orchestration of conformational changes involved in bio-catalysis.

E.coli DHFR has served as a model system to study the interplay between protein dynamics
and enzyme function (3). NMR, computer simulations and single molecule studies have all
indicated the importance of protein dynamics in the catalytic cycle of DHFR. For example,
computer simulations have identified a ‘correlated network of coupled motion’ that acts to
decrease the donor-acceptor distance for very efficient hydride transfer (35). Site-directed
mutagenesis of residues within the network has confirmed their importance (35–37), and
kinetic isotope effect (KIE) (38–40) and single molecule studies (41–43) of the WT and mutant-
catalyzed reaction have further underscored the essential role of protein dynamics in gating
the distance between hydride donor and acceptor atoms for catalytic function. Similar results
have been found for other enzymes that catalyze hydrogen transfer, including alcohol
dehydrogenase (44,45) and soybean lipoxygenase (46).

Outside of the catalytic step itself, protein dynamics play a critical role in binding substrates
to and releasing products from DHFR. At physiological pH, the rate-limiting step is release of
THF product from the product release complex E:THF:NADPH (12.5 s−1) (8). We have
previously shown through R2 relaxation dispersion techniques that E:THF:NADPH accesses
a higher energy substate structurally similar to E:NADPH with a rate constant of 13–18 s−1

(21). These results argue strongly that product release occurs through the higher energy
substate, and thus, steady-state turnover is rate-limited by the ground state to excited substate
conversion (kAB) in E:THF:NADPH.

Similarly, we have noted that the rate constant for the excited substate to ground state
conversion (kBA) in E:THF:NADP+ is strikingly similar to the pH-independent maximum
hydride transfer rate constant (21). Many of the residues that significantly change 15N chemical
shift between the ‘closed’ and ‘occluded’ conformations of DHFR exhibit 15N R2 relaxation
dispersion, and moreover, the dynamic chemical shifts (Δω) for these residues correspond to
the ground-state chemical shift differences (Δδ) between ‘closed’ and ‘occluded’
conformations. These results indicate that the E:THF:NADP+ complex fluctuates between an
‘occluded’ ground state and a higher energy ‘closed’ substate. The present work adds
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significant new insights by showing that the rate of the ‘closed-occluded’ transition in
E:THF:NADP+ is pH independent. Taken together, these and the previous results suggest that
the rate at which the closed excited state formed immediately following hydride transfer relaxes
to the occluded ground state of the E:THF:NADP+ product complex also places an effective
limit on maximum enzymatic turnover. In effect, once hydride donor and acceptor atoms are
properly positioned within the active site, hydride transfer is instantaneous (or at least
khydride >> 950 s−1) (4) but the ‘closed’ E:THF:NADP+ complex must still collapse into the
ground-state ‘occluded’ conformation before continuing through the catalytic cycle. It should
be emphasized that the closed excited state measured using R2 relaxation dispersion does not
result from back hydride transfer. The hydride transfer reaction is strongly pH-dependent (8)
whereas kex for the closed-occluded conformational change is pH-independent, and the back
reaction is very much slower (0.03 s−1) near neutral pH than the rate of formation of the closed
excited state (kAB = 20 s−1).

Other regions within the E:THF:NADP+ complex also show significant conformational
exchange, including the cofactor binding cleft and the C-terminal associated region. We have
previously shown that the cofactor binding cleft accesses a conformation similar in structure
to that found in E:THF, that is, a conformation without cofactor bound (21). The C-terminal
associated region (residues 129–134, 155–159), unlike the cofactor binding cleft and active-
site loops, shows dispersive behavior in every complex of DHFR so far studied. Although we
do not have a relevant structural model for this dynamic event, it should be noted that the
dynamic chemical shifts (Δω) are similar for all complexes in the catalytic cycle. In this context,
these motions can be seen as ‘intrinsic dynamics’ (33) of the enzyme although the role of these
motions, if any, is unknown. It is noteworthy that the kinetic (kex) and thermodynamic (pb)
parameters for this dynamic event change depend on the ligand-bound state of the enzyme. For
example, in the E:FOL:NADP+ complex kex is much higher (1010 s−1 at pH 6.8, 303 K) (20)
than in the E:THF:NADP+ complex (kex = 550 s−1 at pH 6.5, 303 K). This is in contrast to the
dynamics at the active-site loops where kex in E:FOL:NADP+ is much lower (477 s−1 at pH
6.8, 303 K) than that seen for E:THF:NADP+ (1650 s−1 at pH 6.5, 303 K). These differences
may be related to the overall conformation of the enzyme (‘closed’ vs ‘occluded’) and/or the
occupancy of the substrate/product binding pocket. The change from faster to slower C-
terminal dynamics between E:FOL:NADP+ and E:THF:NADP+ may be important in the
overall configuration energy of the enzyme, and may compensate for the change in dynamics
observed in the active-site loops.

The motions of the three dynamic regions in the E:THF:NADP+ complex are independent. The
three clusters yield different global kex and pB values, and show different pH and temperature
dependence. Although the dynamics of the active-site loops and the cofactor binding cleft are
pH independent, the dynamics of the C-terminal associated region are clearly pH dependent
with pKa < 6. The C-terminal and active-site loop motion can also be differentiated based on
temperature dependence and hence, on the enthalpy/entropy contributions to the overall Gibbs
free energy. Thus, independent dynamic events can be differentiated based on their response
to pH, temperature, mutagenesis and other solvent effects (e.g. solvent isotope effect (47,48),
and these approaches can be used to further characterize protein motions in larger and more
complex enzyme systems where multiple dynamics events are likely.

Enzymes are inherently dynamic, and changes in conformation are required for efficient
substrate binding and product release. In this study, we have demonstrated that, in DHFR, the
‘closed-to-occluded’ conformational change associated with relaxation of the product ternary
complex into its ground state following chemical reaction, occurs at a very similar rate as
maximum hydride transfer. This may not be surprising if we consider that under physiological
conditions, the rate-limiting step is not chemistry, but release of THF from the enzyme. Within
this evolutionary context, hydride transfer needs only to be optimized to the same extent as the
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release of product from the E:THF:NADPH complex and the accompanying ‘occluded-to-
closed’ conformational change, which in turn must be related back to the reverse ‘closed-to-
occluded’ conformational change in E:THF:NADP+ and hydride transfer. In this manner, the
kinetics and thermodynamics of the ‘closed-occluded’ transition (i.e. physical changes within
the energy landscape of DHFR) intimately links, and ultimately dictates, both steady-state
turnover and maximum hydride transfer. These findings are entirely consistent with the
dynamic energy landscape view of enzyme catalysis (21,49,50)
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Figure 1.
Conformational dynamics in E.coli dihydrofolate reductase govern catalytic turnover. Prior to
hydride transfer, the Met20 loop is in a ‘closed’ conformation (left, PDB 1RX2), but adopts
an ‘occluded’ conformation following hydride transfer (right, PDB 1RX4). The rate constant
for the ‘closed-to-occluded’ transition in E:THF:NADP+ determined by R2 relaxation
dispersion (21) is strikingly similar to the maximum pH-independent hydride transfer rate
constant (8). NADPH, DHF, NADP+ and THF are colored green, blue, pink and cyan,
respectively. The Met20 loop is highlighted in yellow.

Boehr et al. Page 11

Biochemistry. Author manuscript; available in PMC 2009 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Conformational exchange as measured by R2 relaxation dispersion in the product ternary
E:THF:NADP+ complex of DHFR at pHs 7.6 (A) and 6.1 (B). (A and B) Residues displaying
conformational exchange (Rex) are highlighted as colored spheres on the E:THF:NADP+

structure (PDB 1RX4) according to the cluster to which they belong (red and grey – active-
site loops and associated residues, green – cofactor binding cleft, blue – C-terminal associated
region). Representative R2 relaxation dispersion curves from each dynamic cluster are shown
on the right (red – Gly121, green – Thr46 and blue – Asp131). Data were collected at two
external magnetic fields (1H 500 and 800 MHz), but only 800 MHz field data are shown here
for clarity. R2 rate constants for the red Gly121 curves are plotted on the right-hand y-axis to
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improve clarity. (C) Higher energy substates observed at pH 6.1 and 7.6 are similar as indicated
by the 1:1 linear correlation between the dynamic chemical shift differences (Δω) observed in
the R2 relaxation dispersion experiments at the two pH conditions. Data points are color coded
as above. Filled circles indicate that the sign of Δω could be determined for both pHs using an
HMQC/HSQC comparison according to (51). Unfilled circles indicate that the sign could not
be determined for one or both pH conditions.
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Figure 3.
pH dependence of the conformational exchange kinetics in E:THF:NADP+ at 300 K. The rate
constants for the excited-to-ground state transition (kBA) for the active-site loops, cofactor
binding cleft and C-terminal associated region are plotted in red, green and blue, respectively.
The dotted black curve is a simulation of the pH dependence of the hydride transfer rate constant
with pKa 6.5 and pH-independent rate constant of 950 s−1 (at 298 K) (8).
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Figure 4.
Temperature dependence of the conformational exchange kinetics in E:THF:NADP+ at pH 7.6
for the (A) active-site loops and (B) C-terminal associated region. Rate constants for the
excited-to-ground state (kBA; ■) and ground-to-excited state (kAB; ▲) transitions, and the
equilibrium constant (kBA/kAB;●) are plotted. (C) Thermodynamic comparison of
E:FOL:NADP+ and E:THF:NADP+ at 298 K. Thermodynamic barriers were calculated using
transition-state theory according to Materials and Methods. Green, blue and red traces represent
DG, DH and TDS respectively. E:FOL:NADP+ is a model for the Michaelis complex
E:DHF:NADPH.
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