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Abstract

Enzymes are known to change among several conformational states during turnover. The role of 

such dynamic structural changes in catalysis is not fully understood. The influence of dynamics in 

catalysis can be inferred, but not proven, by comparison of equilibrium structures of protein 

variants and protein–ligand complexes. A more direct way to establish connections between 

protein dynamics and the catalytic cycle is to probe the kinetics of specific protein motions in 

comparison to progress along the reaction coordinate. We have examined the enzyme model 

system dihydrofolate reductase (DHFR) from Escherichia coli with tryptophan fluorescence-

probed temperature-jump spectroscopy. We aimed to observe the kinetics of the ligand binding 

and ligand-induced conformational changes of three DHFR complexes to establish the relationship 

among these catalytic steps. Surprisingly, in all three complexes, the observed kinetics do not 

match a simple sequential two-step process. Through analysis of the relationship between ligand 

concentration and observed rate, we conclude that the observed kinetics correspond to the ligand 

binding step of the reaction and a noncoupled enzyme conformational change. The kinetics of the 

conformational change vary with the ligand's identity and presence but do not appear to be directly 

related to progress along the reaction coordinate. These results emphasize the need for kinetic 

studies of DHFR with highly specific spectroscopic probes to determine which dynamic events are 

coupled to the catalytic cycle and which are not.

It is well-established that protein motions are critical for enzymatic catalysis.1,2 Studies have 

demonstrated when key motions are knocked out by mutations, the activity of the enzyme is 
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affected.3–6 However, the exact role of enzyme dynamics in the catalytic cycle is not fully 

understood and continues to be an active area of research.7–17 Enzyme dynamics can be split 

into two categories: motions on the time scale of the chemistry step that may be coupled to 

crossing the transition state and slower motions related to bringing the enzyme to active 

conformations, particularly relating to substrate binding and activation. In this study, we 

focus on the latter class of enzyme dynamics by examining the protein motions of 

Escherichia coli dihydrofolate reductase (E. coli DHFR), an archetype for enzyme 

dynamics. A previous study of DHFR found there are protein motions on the millisecond 

time scale that are uncorrelated to the chemistry step;18 the focus of this study is on protein 

motions that occur on a time scale faster than what has been measured previously. The 

hydride transfer (crossing the transition state) actually occurs on the picosecond time scale, 

so it is the search for reactive structures that ultimately determines the time scale of the 

chemical step. Furthermore, the overall rate-determining step is product release, so steady 

state measurements on the millisecond time scale are dominated by this slow process. Using 

temperature-jump methods, we have probed protein motions on a time scale significantly 

shorter than the overall turnover rate, which allows us to probe all of the motions involved in 

cofactor and substrate binding and the search for reactive conformations. Thus, this study is 

also related to fundamental questions of substrate and transition state binding, i.e., induced 

fit or conformational selection models.19

DHFR is a ubiquitous enzyme that catalyzes the reduction of dihydrofolate (DHF) to 

tetrahydrofolate (THF) via a nicotinamide adenine dinucleotide phosphate (NADPH) 

cofactor. The crystal structure of E. coli DHFR is shown in Figure 1 with its native 

fluorophore tryptophans highlighted. DHFR has three flexible loops: the Met20 loop, the FG 

loop, and the GH loop. The Met20 loop is known for its distinct conformational changes 

during the reaction. In reactant-like states, such as the holoenzyme (DHFR·NADPH) and the 

Michaelis complex (DHFR·NADPH·DHF), the Met20 loop exists in the “closed” state 

where it closes over the active site. The closed conformation seals the active site from 

solvent and assists the positioning of the nicotinamide ring through hydrogen bonding 

interactions.20 The product-bound states (DHFR·NADP+·THF, DHFR·THF, and 

DHFR·NADPH· THF) exist in the “occluded” conformation, where the Met20 loop 

protrudes into the active site, preventing the nicotinamide ring of the cofactor from 

accessing the active site.20

Protein crystallography, NMR, hydrogen–deuterium exchange, ultraviolet photodissociation, 

and molecular dynamics studies have provided useful insights into the regions of flexibility 

in DHFR and how that flexibility changes depending on which ligands are bound and which 

enzyme variants are studied.3,21–30 While these studies combine to improve the 

understanding of DHFR catalysis, these techniques are limited to equilibrium fluctuations. 

They are not capable of directly observing the coupling of motion to the catalytic cycle. 

There are two main challenges associated with solving this problem. The first is how to 

initiate the catalytic cycle on a time scale that is fast enough to observe all of the relevant 

steps and associated protein motions. The second challenge is that critical fast steps can be 

“hidden” by a slower step, such as substrate diffusion. However, laser-induced temperature-

jump spectroscopy is able to overcome both of these obstacles.
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Temperature-jump spectroscopy is a relaxation method that uses a laser pulse to rapidly heat 

the system. Relaxation methods measure the response to a shift in equilibrium of a reversible 

reaction caused by some environmental change such as temperature. The observed 

relaxation rates are actually a complex combination of all of the microscopic rate constants 

involved in reestablishing the equilibrium. An important consequence of this complexity is 

that even though a rise in temperature shifts the equilibrium toward one side of the reaction, 

the relaxation data include information about rate constants for both forward and reverse 

processes.31,32 Thus, while it is clear that an increase in temperature shifts the cofactor and 

substrate binding equilibria of DHFR toward the unbound state (this is certain on the basis 

of the thermodynamics determined from ITC data), the relaxation kinetics cannot be 

interpreted solely in terms of ligand release but have some contribution from the binding 

kinetics. Additionally, the temperature-jump method allows for observation of any related 

protein conformational changes. Herein, we examine ligand binding pathways of three 

complexes, DHFR·folate, DHFR·NADP+, and DHFR·NADP+·folate, which are models for 

the binary product complex, the holoenzyme, and the Michaelis complex, respectively.20 

We observe two kinetic events in the temperature-jump transients of each of the three 

complexes. A simple model is applied to analyze the transients that includes a reversible 

ligand binding step followed by a protein conformational change, as is implied by 

crystallographic studies.20 By analyzing the correlation between the rates of these events 

and ligand concentration, we are able to determine that this model does not fit the data and 

that these rates represent two unrelated reaction pathways. This study highlights the need for 

kinetic studies of enzyme systems that directly establish the relationships between dynamics 

and the catalytic cycle instead of inferring dynamics from equilibrium studies.

Experimental Procedures

Protein Expression and Purification

The C-terminal six-histidine-tagged E. coli DHFR was cloned and expressed in E. coli strain 

BL21(DE3) with Luria-Bertani (LB) medium containing 100 μg/mL ampicillin. A single 

ampicillin-resistant colony was picked and inoculated into 20 mL of LB medium at 30 °C 

overnight. This starter culture of 1 mL was then inoculated into 1000 mL of LB medium, 

and the bacteria were allowed to grow until the OD600 reached 0.6–0.8 at 37 °C. Next, 

isopropyl β-D-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM, and 

the culture was allowed to grow overnight at 30 °C on a shaking incubator at 200 rpm. The 

bacteria were harvested by centrifugation at 5000g for 15 min at 4 °C and stored at −80 °C.

The pellets of bacteria were thawed and resuspended in 50 mM Tris, 150 mM NaCl, 5 mM 

β-mercaptoethanol (pH 8.0), 1 tablet of protease inhibitor/50 mL of cell lysis buffer, and 1 

mg/mL lysosome, stirred on ice for 1 h, and finally sonicated on ice (Sonic Dissemble model 

500, Fisher Scientific, Pittsburgh, PA). Insoluble debris was removed by centrifugation at 

13000 rpm for 30 min at 4 °C. The supernatant was further filtered through a 0.22 μm filter 

and applied to a HisPrep affinity column on an AKTA FPLC system (GE Healthcare, 

Pittsburgh, PA). The column was equilibrated with 50 mM Tris-HCl, 150 mM NaCl, 10 mM 

imidazole, and 5 mM β-mercaptoethanol (pH 8.0). The DHFR protein was eluted through a 

gradient to 25% elution buffer [50 mM Tris-HCl, 150 mM NaCl, 500 mM imidazole, and 5 
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mM β-mercaptoethanol (pH 8.0)] over 15 column volumes. The eluted protein was pooled 

and concentrated using an Amicon concentrator with a 10000 Da molecular weight cutoff 

(Millipore, Billerica, MA). The concentrated DHFR was exchanged into 50 mM sodium 

phosphate, 100 mM NaCl, 5 mM DTT, and 5% glycerol (pH 7.0) using a HiPrep Desalting 

column (GE Healthcare). Protein purity was determined by sodium dodecyl sulfate–

polyacrylamide gel electrophoresis followed by staining with Coomassie blue.

Equilibrium Fluorescence

Fluorescence measurements were taken with a Horiba (Kyoto, Japan) Dual-Fl fluorometer 

of four complexes: apoenzyme, DHFR·folate, DHFR·NADP+, and DHFR·NADP+·folate. In 

all samples, the DHFR concentration was 3 μM. In the binary complexes, the folate and 

NADP+ concentrations were 6 μM. In the tertiary complex, the folate concentration was 6 

μM and the NADP+ concentration was 300 μM. The buffer used is the same as for the 

temperature-jump experiments [50 mM sodium phosphate and 100 mM NaCl (pH 7)]. The 

data collection parameters were as follows: 1.16 nm resolution, fixed 5 nm slits, a CCD gain 

setting of “medium”, an integration time of 0.5 s, average of five scans, and an excitation 

wavelength of 280 nm. Temperature-dependent spectra were recorded from 12 to 60 °C in 3 

°C increments. To determine the temperature-dependent trends of each complex, the 

tryptophan fluorescence was integrated from 327 to 353 nm, normalized to 1 at the lowest 

temperature, and then corrected for tryptophan's temperature-dependent quantum yield by 

subtracting the normalized integrated fluorescence of 3 μM tryptophan.

Temperature-Jump Kinetic Methods

Fluorescence temperature-jump relaxation experiments were conducted on a custom-built 

instrument. A similar instrument has been described previously;33 the major difference here 

is the source of the heating pulse. The temperature-jump pump pulse is created by a Q-

switched, Tm:fiber-pumped Ho:YAG laser, run at 50 Hz to create a 7 mJ, ∼10 ns pulse of 

1908 nm light (AQS-Ho-YAG, IPG Phototonics Corp., Oxford, MA). The repetition rate of 

these pulses is further reduced to 12.5 Hz by an optical chopper (Thorlabs, Newton, NJ). 

The probing method is tryptophan emission excited around 280 nm. The excitation source is 

the quasi-continuous frequency-tripled output of a Mira 900 Ti:sapphire laser (845 nm) 

pumped by a Verdi V12 DPSS high-power laser (Coherent, Santa Clara, CA). The sample 

emission is focused through an appropriate bandpass filter (Semrock, Rochester, NY) before 

being measured on a Hamamatsu R7518 photomultiplier tube (Hamamatsu Photonics K. K., 

Hamamatsu, Japan). The signal is collected, digitized, and averaged (2000 shots) using a 

Teledyne LeCroy (Chestnut Ridge, NY) Wavesurfer 62Xs-B oscilloscope. Data collection is 

managed by an in-house routine using the LabVIEW computer program (National 

Instruments, Austin, TX). The sample thickness is 250 μm. To maintain an even 

transmittance of the pump pulse through this spacer thickness, the pump beam is split using 

a 50/50 beamsplitter (Thorlabs) and oriented to heat the sample from both sides. The 

temperature change in all of our samples shown here is from 29 to 36 °C. The initial 

temperature of the sample is maintained by contact with the sample stage that is 

temperature-controlled by a recirculating water bath.
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All of the temperature-jump experiments described utilized a sample containing 100 μM 

DHFR and appropriate ligand in a 50 mM sodium phosphate and 100 mM NaCl D2O buffer 

at pD 7 (uncorrected pH meter reading). The ligand concentrations were varied from 100 to 

200 μM to determine the concentration dependence of the observed rates. The DHFR· 

NADP+·folate samples contained an excess of NADP+ to favor cofactor binding and 

encourage release of substrate from the ternary complex during the temperature jump. 

DHFR·NADP+· folate has been used previously as a mimic for the Michaelis complex of the 

enzyme.20 The rebinding of folate to the oxidized cofactor-bound complex allows us to 

examine the pathway of binding of substrate to the holoenzyme present in the natural DHFR 

reaction cycle.

The observed temperature-jump transients include two types of responses to the heating 

pulse: the sample reequilibration after heating and the intrinsic fluorescence change of the 

fluorophore tryptophan due to temperature change. The intrinsic fluorescence change does 

not report on conformational dynamics and, thus, needs to be removed from the data. To do 

so, in addition to each sample DHFR transient we acquired, we also acquired a temperature-

jump transient from a reference sample of approximately 200 μM tryptophan (Sigma-

Aldrich, St. Louis, MO) under the same conditions. This reference transient shows a 

significant change in fluorescence due to the heating but of a magnitude different from that 

of the protein samples. We removed any offset difference between the reference and sample 

by shifting the data so that the early time signal was set to 0. Then, we numerically scaled 

the reference transient data so that the magnitude of the response to heating was the same as 

that of the protein sample, and we then subtracted the scaled reference transient from the 

protein sample transient. This procedure had the effect of removing the contribution to the 

observed signal from the change in intrinsic tryptophan fluorescence due to heating. To 

regain a useful scale for comparison, we then shifted the corrected sample transient back to 

its previous magnitude and normalized the transient to 100 by dividing the entire transient 

by its initial intensity. These normalized transients are presented as our results.

Results and Discussion

Equilibrium Fluorescence

The tryptophan fluorescence was characterized for four different complexes: apoenzyme, 

DHFR·folate, DHFR·NADP+, and DHFR·NADP+·folate. We chose DHFR·NADP+ to 

represent the holoenzyme complex over the usual choice of DHFR·NADPH for three 

reasons. First, to use the same cofactor to study both the binary and ternary complexes it was 

necessary to use NADP+ because the DHFR·NADPH·folate complex reacts slowly and is 

therefore not stable during the course of the experiment.34 Second, we hoped to take 

advantage of the enhanced structural flexibility of DHFR·NADP+ complexes to observe 

more ligand-related conformational changes. Third, we wanted to minimize additional 

spectroscopic interactions, such as Förster resonance energy transfer from tryptophan to 

NADPH, from complicating our interpretation. Although this last point is not an 

insurmountable problem and might even lead to interesting observations, this study focused 

on the intrinsic tryptophan fluorescence because it is a probe that does not alter the protein 

activity and can be examined throughout the entire catalytic reaction.
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Upon comparison of relative fluorescence intensities (Figure 2), there is very little difference 

between the apoenzyme and DHFR·NADP+ complex. When folate binds to the apoenzyme, 

however, there is a significant drop in fluorescence, likely due to the transfer of energy from 

tryptophan to folate. The fluorescence drops further with the binding of NADP+ to form the 

tertiary complex. Because the fluorescence does not change much upon binding NADP+, the 

reduction of fluorescence between DHFR·folate and the tertiary complex can be explained 

by the different conformation of the enzyme in these two complexes. DHFR·folate is in the 

occluded conformation, whereas DHFR·NADP+·folate is in the closed conformation as 

determined by crystallography studies.20

The difference fluorescence spectra of all four complexes were also obtained over a range of 

temperatures (Figure 3). In all four complexes, the fluorescence increases as temperature 

increases. The fluorescence of the two folate complexes increases dramatically with 

increasing temperature as compared to that of the apoenzyme or the binary complex with 

NADP+. This is unsurprising considering that as the temperature increases, the binding 

affinity decreases, which causes folate to dissociate from the enzyme. Defining a melting 

temperature for the complexes is not straightforward because DHFR unfolding may include 

more than two states.35–37 The addition of ligands to the protein will likely complicate the 

unfolding mechanism even more. Therefore, we simply note that the fluorescence response 

to heating for the apoenzyme and its complexes is consistent with ligand dissociation and 

this process becomes convolved with unfolding of DHFR above 50 °C.35

Temperature-Jump Kinetics

Temperature-jump transients of two binary complexes and one tertiary complex were 

collected with several ligand concentrations (Figure 4). The observation time window is 

from 10 μs to 5 ms. Our temperature-jump system can resolve transients with rise times as 

short as 10 ns, but we found no significant signals at time scales faster than 10 μs and 

therefore limited the range to maximize the signal-to-noise ratio. All three complexes show 

a substantial increase in fluorescence in response to a temperature jump from 29 to 36 °C. 

The increase in fluorescence is consistent with a net dissociation of the substrate at the 

higher temperature, as seen in Figure 3. Interpreting the signal change as dissociation of the 

ligand due to an increase in temperature is also consistent with the exothermic nature of 

binding of a ligand to DHFR (Table S1). It is important to note that while ligand dissociation 

is the direction of the overall change in the equilibrium, the relaxation kinetics of 

establishing the new equilibrium includes contributions from both the ligand binding and 

dissociation processes.

With each complex, we observe two events in the temperature-jump transients. There is a 

faster event with an observed relaxation rate around 2000–4000 s−1 and a slower event with 

an observed relaxation rate around 300–400 s−1 (see Table 1 for example fits at one 

concentration and Table S2 for average data for all concentrations studied). Typical models 

of DHFR catalysis include loop movement, or more generally conformational 

rearrangement, as ligands react or bind and dissociate throughout the reaction cycle.20,38 

Therefore, we first postulated the most likely model for understanding the two observed 

events in our relaxation transients consisted of sequential ligand binding and conformational 
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rearrangement steps. Scheme 1 summarizes this model with E indicating a generic enzyme 

state (i.e., apoenzyme or binary complex with NADP+) and L indicating a ligand. Scheme 1 

also introduces the nomenclature of E* to refer to the enzyme complex before and after its 

substrate binding-induced conformational change, without implying a specific loop motion.

The relationship between the observed relaxation rates and the microscopic rate constants 

for a kinetic model like Scheme 1 that includes sequential bimolecular and unimolecular 

transformations has been previously solved with the assumption that the perturbation is 

small, a <5% change in equilibrium concentration.32 The 7 °C temperature jump herein 

induces a change in the equilibrium concentration of <5%. In such cases, the microscopic 

rate constants can be determined by plotting the sum of the relaxation rates versus the sum 

of the free concentrations of E and L and plotting the product of the relaxation rates versus 

the sum of the free concentrations of E and L. The free concentrations indicated are those of 

the final temperature of the temperature jump. If the data fit this proposed model, each plot 

should yield a linear relationship. Equations 1–4 display the predicted relationship between 

the linear fit parameters from these plots and the rate constants in Scheme 1, where ms and 

bs are the slope and intercept of the plot of the sum of rates, respectively, and mp and bp are 

the slope and intercept of the product of the rates, respectively.

(1)

(2)

(3)

(4)

We tested the applicability of the model in Scheme 1 to our data by making the necessary 

plots (Figure S3). We solved for the free enzyme and ligand concentrations using 

thermodynamic equilibrium constants (Table S1) determined previously by isothermal 

titration calorimetry (ITC) for the interaction of DHFR with folate and DHFR with 

NADP+.39 We were unable to find the necessary equilibrium constants for the binding of 

folate to DHFR·NADP+ in the literature; therefore, we determined this value ourselves using 

ITC (Figure S2 and Table S1).

Upon analyzing the data, we found the model to be inadequate for describing our results. 

This is most clearly evident from the analysis by the estimation of one negative rate constant 

for each of the three protein complexes studied (Table S3). As long as the second relaxation 

phase represents a unimolecular process following the bimolecular event, then the analysis 

should be valid, even in the extreme case of one the reactions occurring much faster than the 

other; however, a negative value for a reaction rate is nonsensical and implies our model is 

incorrect.32 Both the DHFR·folate and the DHFR· NADP+·folate complexes have a 
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predicted negative value for k2; the DHFR·NADP+ complex has a predicted negative value 

for k−2. Because the negative value was found in the second reaction in all three cases, 

which would be dominated by the slower relaxation rate, we hypothesized the error in the 

model had to do with our interpretation of the slower relaxation event.

We can learn more about the nature of each of the observed relaxation events by looking at 

their concentration dependence. If a relaxation rate is representative of a reaction that is a 

bimolecular reaction or coupled to a bimolecular reaction, then the relaxation rate should 

have a positive linear correlation with the sum of the free concentrations of the bimolecular 

step.32 If the fast and slow processes are sequential steps as postulated, we would expect to 

find some correlation between the sum of the free enzyme and ligand concentrations for 

both kinetic phases. In addition to the model presented in Scheme 1, if we consider the 

alternative model of the conformational change preceding the binding event, as has been 

proposed by NMR studies,19 the stepwise nature of the reaction would still induce a 

dependence on concentration for both steps, because they are coupled.32 Figure 5 shows the 

correlation plots for both the fast and slow relaxation rates versus the sum of the free 

concentrations for all three DHFR complexes studied.

The correlation plots in Figure 5 reveal that all of the fast relaxation rates show a positive 

correlation with the sum of the free concentrations. The slow rates show a mixture of 

correlations where the folate binary complex seems to have no correlation, the NADP+ 

binary complex has a positive correlation, and the tertiary complex has a negative 

correlation. The strength of the correlation is quantitatively represented by Pearson's product 

moment correlation coefficient, also known as the linear correlation coefficient r. r ranges 

from −1.0 to +1.0 and can be tested for significance at a given probability level. The 

correlation coefficient cutoff value for significance at a 99% confidence level for this data is 

0.505 (DF = 23). This means that any r value whose absolute value is above 0.505 displays a 

significant correlation under this relatively strict standard.40 The fast relaxation rates of all 

three complexes show a significant quantitative positive correlation. The entire 95% 

confidence interval of both of the binary plots meets this significance standard, while the 

tertiary complex's range does not. This is a strong indication that the faster event is either a 

bimolecular reaction step or is strongly coupled to one. For the slow rates, only the tertiary 

complex shows a significant correlation; however, because this r value is negative, it 

indicates a negative correlation between the relaxation rate and the sum of the free 

concentrations. A negative correlation is nonsensical and is equivalent to concluding the 

rates do not depend on the free concentrations of enzymes and ligand. The correlation 

analysis gives us more evidence that the fast rate is related to ligand binding and that the 

slow rate is not. Thus, a kinetic model having sequential ligand binding and conformational 

rearrangement steps is not consistent with this analysis, regardless of the order of the steps.

While the fast relaxation event can be ascribed to the reversible ligand binding process, the 

molecular origin of the slow relaxation rate is not clear. Our probe method for this study is 

intrinsic tryptophan fluorescence. The fluorescence intensity can be altered by several 

mechanisms such as quenching interactions specific to enzyme conformation, interactions 

with the substrate, solvent accessibility, and coupling between tryptophans. Additionally, 

DHFR has five native tryptophans that are spread throughout the enzyme's structure (Figure 
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1). This makes it hard to use this fluorophore to determine the origin of the observed signal 

change. One possible interpretation of a nonligand binding reaction pathway could be heat-

induced protein conformational change. The temperature-jump technique does not 

necessarily induce a reaction along a reaction cycle-like pathway. Because an increase in 

temperature favors protein motion, the temperature-jump pulse could be altering the 

conformational space of the protein in addition to perturbing the ligand binding equilibrium. 

The heat-induced conformational change is likely not related to protein unfolding because 

the final temperature of the temperature jump was 36 °C for all transients compared to the 

apoenzyme melting temperature of 49.3 °C.36 Because the binding of substrates tends to 

increase the thermal stability of the protein, the final temperature jump is even further below 

the melting temperatures of the protein complexes.43 We can examine whether the slow 

event in the transients is related to a noncatalytic protein conformational change by 

comparison to the temperature-jump transient of the apoenzyme under similar conditions. 

Figure 6 shows the results of a temperature jump on the DHFR apoenzyme.

As can be seen by comparing Figures 4 and 6, the temperature-jump transient of the DHFR 

apoenzyme is distinct from the transients for the DHFR complexes with respect to both the 

amplitude and the lifetimes observed. The apoenzyme transient is best fit by a double-

exponential curve with a fast rate of 5000 s−1 and a slow rate of 200 s−1 compared to the 

rates of 2000–4000 and 300–400 s−1 from the enzyme complexes. The temperature jump 

induces a smaller change in the fluorescence signal in the apoenzyme than in the enzyme 

complexes. The fast event from the enzyme complex transients has an amplitude change 

greater than or equal to that of the slower event, further supporting its assignment to ligand 

binding and dissociation. Conversely, the slower event is the dominant event in the 

apoenzyme transient. Interestingly, the slower event has a similar amplitude, approximately 

2% of the initial intensity, in all four enzyme complexes studied (see Table 1 and Table S2). 

It therefore seems reasonable to assign the slow event in all of the transients to a similar 

molecular event. The rate of the slower relaxation event depends on the presence and 

identity of a ligand bound to the enzyme. We therefore conclude that the observed slower 

event is due primarily to a conformational rearrangement unrelated to progress along the 

reaction coordinate as shown in Scheme 2.

Because the fast rate is related to the ligand binding step and also not directly coupled to the 

slow rate, we can estimate the rate constants for binding and dissociation of the ligands 

using a simple two-state model. A linear fit to a plot of the fast rates versus the sum of the 

free concentrations of enzyme and ligand yields these rate constants. The slope of the line is 

equivalent to the binding rate constant (kon), and the y-intercept is equivalent to the 

dissociation rate constant (koff).32 These plots have already been presented in Figure 5A–C. 

We present the slopes and y-intercepts as these rate constants in Table 2. The values we 

obtain from this analysis for kon of the two binary complexes is similar to what has been 

reported in the literature previously (57 ± 5 μM−1 s−1 for DHFR·folate34 and 13 μM−1 s−1 

for DHFR·NADP+41). We are not aware of a similar measurement for the ternary complex 

studied here; however, the value of kon for the normal substrate dihydrofolate binding to the 

holoenzyme complex is reported as 5 μM−1 s−1.41 The order of magnitude difference here 

might be explained by the difference in cofactor oxidation state and substrate. The koff 
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values are more surprising. koff values for substrates of DHFR have been calculated to be in 

the range of 1–70 s−1, with the exception being NADP+ having a koff value of 200–300 

s−1.34,41,42 We observe significantly faster values for koff. This difference may be due to the 

higher time resolution of the temperature-jump measurement, because previous experiments 

have relied on stopped-flow mixing and may have been limited by the dead time of the 

measurement. It may also be due to the model, because it approximates the fast kinetic phase 

as a two-state reversible binding event. However, the substrate binding/ dissociation 

relaxation kinetics is convolved with an additional, unresolved loop motion step, which 

probably affects the observed rate. Additional evidence of this interpretation is the higher 

koff determined for the ternary complex, for which the Met20 loop motion should have the 

greatest contribution to the observed relaxation rate. The inability to resolve the loop motion 

step is not due to the temporal resolution of the temperature-jump experiment but instead is 

likely due to the insensitivity of the Trp fluorescence to loop conformation. A more specific 

fluorescence probe would aid in sorting out this interesting observation.

This work was motivated by the question of how conformational rearrangements of DHFR 

are linked to ligand binding and dissociation. The apoenzyme and the three different 

enzyme–ligand complexes chosen for this study represent different parts of the DHFR 

reaction cycle, having different loop conformations. Using time-resolved fluorescence 

temperature-jump spectroscopy, we observed two relaxation events. Upon analyzing the fast 

relaxation rate, we determine that there is likely an additional conformational change that is 

coupled to ligand association and dissociation. However, a more direct method for probing 

protein dynamics with specificity that is better than that of intrinsic tryptophan fluorescence 

will be required to separate the loop motion dynamics from the ligand binding event, to 

more fully understand the nature of conformational changes in DHFR. For example, the loop 

conformations could be probed using the reduced cofactor absorbance or fluorescence or by 

one of the site-specific labeled DHFR variants that have been reported in the literature but 

have not been applied to kinetics on this time scale.44–47

The slow off-pathway conformational rearrangement can be interpreted as evidence of 

conformational selection as a mechanism for ligand binding. The millisecond 

conformational fluctuations observed using Trp fluorescence are not coupled to the binding 

event as would be expected for an induced fit model of ligand binding. The presence of the 

slow event regardless of ligand state suggests that it corresponds to fluctuations of the 

protein that would be necessary for the conformational search process. Finally, the 

dependence of the rate of the slow event on the ligand identity is consistent with a ligand-

dependent population shift to a favored conformation, consistent with previous NMR 

results.38

Direct evidence of how loop motions couple to steps along the reaction pathway remains 

elusive. Our data suggest that there is a conformational rearrangement coupled to the ligand 

binding steps, but additional kinetic studies are necessary with site-specific probes to 

confirm these findings. Numerous studies of DHFR mutants or ligand complexes have 

compared equilibrium structures and their fluctuations using X-ray crystallography, NMR 

spectroscopy, and molecular dynamics simulations. While these studies are important 

because they serve to indicate regions of the structure where motions likely play a role in 
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catalysis, they do not directly establish the connection between specific protein motions and 

progress along the reaction coordinate. We believe the emphasis placed on the 

conformational flexibility of key loops in DHFR by these studies is key for understanding 

the role of enzyme dynamics in DHFR catalysis; however, our data indicate that not all 

observed motions are due to an effect on the reaction pathway. Thus, our results serve as an 

additional caution that claims about DHFR flexibility and catalysis need to be supported by 

direct observation of coupling between specific protein motions and progress along the 

reaction pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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DHFR dihydrofolate reductase

NADPH reduced nicotinamide adenine dinucleotide phosphate

NADP+ oxidized nicotinamide adenine dinucleotide phosphate

DHF dihydrofolate

THF tetrahydrofolate
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DF degrees of freedom

PDB Protein Data Bank
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Figure 1. 
Crystal structure of E. coli DHFR (blue) in complex with the cofactor NADP+ (yellow) and 

the substrate folate (green). The five native tryptophans are colored pink (PDB entry 1RX2).
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Figure 2. 
Relative equilibrium tryptophan fluorescence (excitation at 280 nm) of the DHFR 

apoenzyme (red), DHFR·folate (yellow), DHFR·NADP+ (blue), and DHFR·NADP+·folate 

(green). These spectra were recorded at 20 °C with 3 μM enzyme.
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Figure 3. 
Difference temperature-dependent equilibrium fluorescence (excitation at 280 nm) of the 

DHFR apoenzyme (red diamonds), DHFR·NADP+ (blue squares), DHFR·folate (yellow 

circles), and DHFR·NADP+·folate (green triangles) from 12 to 60 °C. The tryptophan 

emission intensity (∼340 nm peak maximum) is integrated from 327 to 353 nm. The 

integrated peak areas are normalized to 1 by the integrated peak area at the lowest 

temperature studied and corrected for the temperature-dependent quantum yield by 

subtracting the normalized fluorescence of free tryptophan.
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Figure 4. 
Representative fluorescence temperature-jump transients of three DHFR complexes for a 

jump from 29 to 36 °C. Tryptophan fluorescence is excited at 280 nm and integrated from 

327 to 353 nm. Colors refer to either folate or NADP+ concentrations: purple for 100 μM, 

blue for 125 μM, green for 150 μM, orange for 175 μM, and red for 200 μM: (A) 100 μM 

DHFR with varying folate concentrations, (B) 100 μM DHFR with varying NADP+ 

concentrations, and (C) 100 μM DHFR and 1000 μM NADP+ with varying folate 

concentrations. The black lines indicate the lines of best fit for each transient when fit to a 

double-exponential curve.
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Figure 5. 
Correlation plots detailing the linear correlation of the observed temperature-jump relaxation 

rates vs the sum of the free concentrations of enzyme and ligand. Plots A–C show the 

correlation of the observed faster relaxation rate. Plots D–F show the correlation of the 

observed slower relaxation rates. The linear correlation coefficient, r, is given in each plot 

along with the 95% confidence interval for each correlation coefficient given in parentheses.
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Figure 6. 
Fluorescence temperature-jump transient of the DHFR apoenzyme. The protein 

concentration is 100 μM, and the temperature jump is from 29 to 36 °C. These conditions 

mimic those of the enzyme complex transients shown in Figure 4.
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Scheme 1. 
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Scheme 2. 
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Table 1
Example Fit Relaxation Rates and Amplitudes for Temperature-Jump Data

DHFR·folatea DHFR·NADP+a DHFR·NADP+·folateb DHFR apoenzyme

slow rate (s−1) 400 ± 70 300 ± 100 400 ± 100 240 ± 40

slow rate amplitude 2.7 ± 0.3 1.2 ± 0.2 2.4 ± 0.2 2.3 ± 0.5

fast rate (s−1) 3800 ± 200 2500 ± 91 2200 ± 500 5000 ± 1000

fast rate amplitude 4.9 ± 0.5 2.0 ± 0.2 1.8 ± 0.5 0.6 ± 0.08

a
Reported values are the average of the data taken at 100 μM DHFR and 150 μM ligand.

b
Reported values are the average of the data taken at 100 μM DHFR, 1000 μM NADP+, and 150 μM folate.
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Table 2
Rate Constants for Ligand Binding and Dissociation Determined from Temperature-
Jump Measurements

DHFR·folate DHFR·NADP+ DHFR·NADP+·folate

kon (μM−1 s−1) 31 ± 2 26 ± 4 40 ± 10

koff (s−1) 1100 ± 200 900 ± 300 2400 ± 800
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