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Abstract

Dihydrofolate reductase from Mycobacterium tuberculosis catalyzes the NAD(P)H dependent
reduction of dihydrofolate, yielding NAD(P)* and tetrahydrofolate, the primary one carbon unit
carrier in biology. Tetrahydrofolate needs to be recycled so that reactions involved in dTMP
synthesis and purine metabolism are maintained. Previously, steady-state studies revealed that the
chemical step significantly contributes to the steady state turnover number, but that a step after the
chemical step was likely limiting the reaction rate. Here, we report the first pre-steady state
investigation of the kinetic sequence of the MDHFR aiming to identify kinetic intermediates, and
the identity of the rate limiting steps. This kinetic analysis suggests a kinetic sequence comprising
two parallel pathways with a rate determining product release. Although product release is likely
occurring in a random fashion, there is a slight preference for the release of THF first, a kinetic
sequence never observed for a wild type dihydrofolate reductase of any organism studied to date.
Temperature studies were conducted to determine the magnitude of the energetic barrier posed by
the chemical step, and the pH dependence of the chemical step was studied, demonstrating an
acidic shift from the pKj; observed under steady-state. The rate constants obtained here were
combined with the activation energy for the chemical step to compare energy profiles for each
kinetic sequence. The two parallel pathways are discussed, as well as their implications on the
catalytic cycle of this enzyme.
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Dihydrofolate reductase (5,6,7,8-tetrahydrofolate:NADP* oxidoreductase, EC 1.5.1.3,
DHFR) catalyzes the NADPH-dependent reduction of dihydrofolate (DHF) to
tetrahydrofolate (THF) (Scheme 1). This enzyme is required for the regeneration of THF, a
crucial one carbon unit carrier essential for reactions involved in deoxythymidine
monophosphate (dTMP) synthesis, as well as reactions involved in the biosynthesis of
purines (1). Drugs that inhibit DHFR have been used since 1947, when aminopterin was
introduced in the treatment of leukemia (2), followed by the development of pyrimethamine
and trimethoprim in the 1950’s, which were found to be effective in the treatment of malaria
and bacterial infections (3). In addition to its relevance as a drug target, DHFRs from several
organisms have been thoroughly studied kinetically and structurally, furthering our
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understanding of protein folding (4), the importance of dynamics and coupled motions to
catalysis (5), and the contribution of chemistry and conformational changes to catalysis (6),
just to name a few. Recently, our group demonstrated by a combination of pH studies, and
kinetic isotope effects under steady-state and pre-steady state conditions that the chemical
step of the DHFR from Mycobacterium tuberculosis (MDHFR) had a remarkably slow rate
at neutral pH compared to DHFRs from other organisms (7). Additionally, it was
demonstrated that the chemical step was contributing significantly to the turnover rate of the
reaction, but that a step after the chemical step was decreasing the magnitude of the kinetic
isotope effects observed under steady-state conditions. In this work, we investigate the
kinetic sequence of MDHFR by stopped-flow absorbance and fluorescence, aiming to
identify which step is the rate-determining step in turnover, and whether this reaction
follows a preferential pathway, as seen for other DHFRs (8-14). Our kinetic analysis
allowed us to put forward a complex kinetic sequence based on a slow chemical step
followed by a rate limiting random product release occurring via two possible, and likely
parallel, pathways.

EXPERIMENTAL PROCEDURES

Materials

All chemicals were of analytical or reagent grade and were used without further purification.
DHF, THF, NADPH, and NADP* were purchased from Sigma.

Purification of MtDHFR

Competent £. coliBL21 (DE3) cells (Novagen) were transformed with the recombinant
plasmid pET28a(+): dfrA, and MDHFR was expressed and purified as described previously
(15). Protein concentration was determined by using the theoretical value e5gp = 40,450
M~1cm™, or e349 = 6,220 M~lcm™ due to bound NADPH (16). The NADP* bound form of
the enzyme was generated by immobilizing MDHFR-NADPH onto a Ni-NTA resin, and
10mL of 100 mM NADP™ were passed through the column, to form the MMDHFR-NADP*
form of the enzyme. The enzyme was eluted with 500 mM imidazole, dialyzed against 2 x
2L of 100 mM HEPES with 50 mM KCI, pH 7.5, and frozen at -80 °C.

Equilibrium dissociation constants

THF binding to MMHFR-NADPH and MDHFR-NADP* was measured by fluorescence
titration at 25°C using a Horiba spectrofluorometer. Excitation and emission wavelengths
were 280 and 340 nm, respectively. Titrations were conducted by serial additions of 1 L
aliquots of ligand to a 1 cm? quartz cuvette that contained 2 mL of 0.5 LM of MDHFR in
100 mM HEPES with 50 mM KCI pH 7.5. Fluorescence readings were recorded 2 min after
the addition of ligand to allow temperature equilibration, and the dissociation constants were
estimated by nonlinear regression. Data for THF binding to MIMHFR-NADPH were fitted to
a quadratic equation (eg. 1) due to the fact that the concentration of enzyme and ligand were
comparable, whereas data for THF binding to MMDHFR-NADP™ were fitted to a hyperbolic
equation (eq. 2), where F is the fraction of ligand bound to the enzyme, Eg is the initial
enzyme concentration, St is the total ligand concentration, S is the substrate concentration,
and Kg is the dissociation constant for enzyme-substrate complex (17).

The concentration of THF did not exceed 10 .M to avoid inner filter effects.
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Stopped-Flow General Procedures

All pre-steady-state experiments were performed on an Applied Photophysics model SX20
stopped-flow spectrofluorometer equipped with a Xenon lamp, which has a dead-time of 3
ms, and a 1 cm path length for absorbance measurements and a 2mm path length for
fluorescence measurements. All experiments were performed at 25 °C in 100 mM HEPES,
50 mM potassium chloride buffer pH 7.5, unless stated otherwise. Typically, each observed
rate constant was obtained after averaging 5-10 shots, and fitting the average to the
appropriate exponential equation. The reported concentrations are final, after volumes of 60
pL were mixed from each syringe.

Stopped-Flow Absorption Experiments

The conversion of DHF and NADPH to THF and NADP* was monitored by observing the
change in absorbance at 340 nm, using an extinction coefficient of 11,800 M~1cm™1 (18).
For single turnover experiments, DHF was kept at 1 .M, and NADPH was saturating (100
M), while the concentration of MMDHFR was varied from 5 uM to 28 wM. Traces were
fitted analytically using Microsoft Origin version 7, and the first 3 ms of data were discarded
when fitting the data. Inspection of residuals provided an assessment of the quality of the
fits. The fitting functions had a general form (eq. 3), where }(?) is the observed signal at time
t, 7'is the number of transients, A;is the amplitude of the th transient, &;is the observed rate
constant for the th transient, and Cis the offset.

y(t):ZAi ety ®)

Multiple turnovers were measured by monitoring the change in absorbance at 340 nm. For
these experiments, the concentration of DHF and NADPH were 100 uM each, and MDHFR
was varied from 1 to 10 wM. The curves obtained were fitted to eq. 4, which is identical to
eg. 3 but includes a linear phase, whose rate is represented by v.

y(t):ZAi e_kit+vt+C o)

Stopped-Flow Fluorescence Experiments

Single and multiple turnovers were also monitored by using fluorescence energy transfer
(FRET), emitted when the protein is excited at 280 nm, emitting fluorescence at 340 nm,
which then excites the bound NADPH molecules, emitting fluorescence at 450 nm. A cut off
filter of 420 nm was used to assure that only the signal coming from the transfer was being
observed. The conditions were the same as described for the stopped-flow absorbance
measurements. Binding and dissociation rate constants were measured by stopped-flow
fluorescence quenching or enhancement, and the measurement of dissociation rates utilized
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NADPH, NADP*, or methotrexate as competitors. For binding experiments monitoring
protein fluorescence, the concentration of THF did not exceed 10 M to avoid inner filter
effects. THF binding experiments were also conducted using FRET, which significantly
decreases inner filter effects. Binding of DHF to MMHFR-NADPH was measured by
performing single turnover experiments with 2 M DHF, 100 oM NADPH, and variable
concentrations of enzyme (at least five times higher than the concentration of DHF, to
maintain pseudo-first order conditions). Observed rate constants obtained after fitting the
data to eq. 1 were used in replots of kgpg Versus concentrations of substrate, product, or
competitor. Linear concentration dependencies of the observed rate constant (4gps) were
fitted to eq. 5, where K is the association rate constant, L is the concentration of ligand, 4_;
is the dissociation rate constant.

kovs1=ki[L]+k_1 (5)

When binding was a two-step process, data for the first phase was fitted to a modified
version of eq 5, in which the intercept is equal to K+ & + k-, (19).

Hyperbolic concentration dependencies of the observed rate constant (kyps2) Were fitted to
eg. 6. Hyperbolic concentration dependency refers to a two-step binding process, with Agps1
>> kobsz.

r _kilS1tkotko)+k-1k—2
obs2 kl [S]+k_1 +k2 +k_2

(6)

The apparent dissociation constant (Kj,) for this two-step association was obtained using eq.
7.

kko
hlotka) "

When saturation of the second phase (kyps2) Wasn’t observed, and the concentration of the
ligand could not be increased due to inner filter effects, data were fitted to the linear
equation below (eg. 8), a simplification of eq.6 for [L]K K,

kobs2=(k2/Ks)[L]+k_2 (8)

Ineq. 6, 7, and 8, A is the association rate constant, &_ is the dissociation rate constant, A,
and A, are, respectively, the forward and reverse rate constants of the unimolecular
isomerization step, and Ks is the dissociation constant for the first bimolecular step.
Equations for pre-steady state analysis were adapted from Hiromi (20).

Temperature and pH dependence of the chemical step

Single turnover experiments were conducted at 15-35°. The rate constants for the chemical
step (k) obtained after fitting the single turnover transients with a single exponential
equation (eq. 4) were reploted as a function of temperature, and the activation energy was
calculated from fitting the temperature dependence of A to eq. 9. The temperature
dependence of k., data was also fitted to eq. 9.

Ink=(E,/R)(1/T)+InA  (9)
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Additionally, rate constants obtained in the forward and reverse directions were used to
calculate the activation energy of each step in the forward and reverse directions
respectively, according to eq. 10. For eq. 9, and 10, & represents the rate being measured (A
or kzap), i is the rate constant of the reaction step, E, is the experimental activation energy,
T is the temperature in Kelvin degrees, R is the gas constant (1.98 cal mol™1), and A
represents a pre-exponential factor that correlates collision frequency and the proper
orientation of colliding molecules with the rate of the reaction (21), and xg and / are the
Boltzmann and the Planck constants, respectively. It’s important to note that the activation
energy and the enthalpy of activation are related by E; = AH* + RT (22).

AG*= — RT(In(k) — In(k, T/h)) (10)

To investigate the pH-dependence of the chemical step, single turnover experiments were
performed from pH 5.5 to 7.5. For the reactions at different pH values, 100 MM MES with
50 mM KCI was utilized for pH values of 5.5-6.5, and 100 mM HEPES with 50 mM KCI
was used for pH values 6.5-7.5. Data for single turnovers at each pH were collected at
saturating enzyme concentrations and analyzed as mentioned above, and then the Ay values
obtained were reploted as a function of pH, and fitted to eq. 11, where yis the kinetic
parameter, Cis the pH-independent value of y;, His the proton concentration, and Kj, is the
apparent basic dissociation constant for ionizing groups.

logy=log[C/(1+Kp/H)] (11)

Global data fitting

Fluorescence stopped-flow data with more than one transient phase, and experiments with
concentration series were fit globally by regression analysis based upon numerical
integration of the rate-equations using KinTek Global Kinetic Explorer version 2.2 (KinTek
Corp. Austin, TX). For different ligand concentrations, scaling factors were included in the
data fitting process, and estimates for errors on parameters were derived by nonlinear
regression and by FitSpace confidence contour analysis (23, 24).

Analysis of kinetic scheme using Markov chains

Continuous time Markov chains were generated (CTMC), where rates or frequencies of
occurrence over time are used. In order to generate CTMCs, a vector (i.e. an array of
numbers) is multiplied by a matrix, where the rates of the kinetic scheme are defined for all
existent enzyme forms. The matrix representing the kinetic scheme with all possible
connections between enzyme forms was generated using the software KApattern (25). Once
the matrix was defined, a direct method (a linear system of equations) was used to calculate
the stationary regime, e.g., the stage where the system was simulated for a sufficiently large
amount of time until changes no longer occurred. The result of this computation provided
the probability of permanence for each state. The computation of such results was conducted
by executing an online application available for free access. In the case of this paper, since
nine enzyme forms were present, the matrix had 9x9 positions, which corresponds to the
solution of a linear system of eleven unknown variables (26). Concentrations of substrates
and products were calculated assuming a Kgq = 5.06 x 107 (7, 8).
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RESULTS AND DISCUSSION

Multiple turnover studies

Previously, it was demonstrated by the analysis of kinetic isotope effects under steady-state
and single turnover conditions that the isotope effect on the chemical step (P4y) and

the P(V/K ) were of equal magnitude, both being larger than P V. This suggests that a
step after chemistry is contributing to the rate of the reaction, decreasing the magnitude

of DV, Thus, it is likely that a step involved in product release is determining the rate of the
reaction, which would be observed as a burst of product formation in a multiple turnover
experiment (7, 21, 27, 28). Figure 1A shows that indeed, a small burst was observed when
absorbance changes during turnover were monitored. The linear phase had a rate of 2.3 + 0.1
s71, in good agreement with the A, obtained under steady-state conditions (2.5 + 0.2 s71).
The first exponential phase had small amplitude, and simulations conducted by the KinTek
Global Kinetic Explorer software demonstrated that if the rates of chemistry and product
release are comparable in magnitude, the distinction between the exponential phase and the
linear phase becomes troublesome, and the fitting might result in an incorrect determination
of both rates. Moreover, it was clear that the amplitude of the burst was smaller than the
concentration of active sites, suggesting that the rates of chemistry and product release are
comparable or that an internal equilibrium is decreasing the burst amplitude (29). In order to
increase the signal obtained, and better estimate the rate of exponential phase, multiple
turnover experiments monitoring FRET due to NADPH bound to the MMDHFR were
measured (Figure 1B). These data showed a much more distinctive burst of product
formation, and the rate for the exponential phase was 7.4 + 0.3 s™1, which can be a good
estimate of the rate of chemistry () even though it is slightly larger than the Ay value
obtained in single turnover experiments (see below). This value is in agreement with the fact
that the observed burst rate is greater or equal to the rate of the chemical reaction, being a
function of forward and reverse rates of chemistry plus the rate of product release (29).
Figure 1C demonstrates the global fitting of the FRET burst data to the most simple
plausible mechanism shown in the figure using KinTek Global Explorer, and Figure 1D
shows the FitSpace error contour analysis demonstrating that the rate of the burst phase is
most likely between 5.17 and 7.22 s™1 (24). Unfortunately, the amplitude of the burst
kinetics using FRET cannot be used to calculate active site concentration, since there is a
complex and often nonlinear relationship between the FRET signal obtained and the amount
of enzyme-ligand complex being formed (30).

Single turnover experiments

To obtain information about the rate of the hydride transfer step at different pH values and
temperatures, as well as to determine the binding rate constants for DHF to the binary
complex MDHFR-NADPH, experiments under single turnover conditions were performed.
In these experiments, a biphasic transient was observed, consisting of a first fast
concentration dependent phase with a negative amplitude attributed to DHF binding,
followed by a slower fluorescence decay caused by NADPH consumption. The enzyme
concentration dependency of the observed rate constant of this second phase showed
saturation behavior permitting the maximal chemistry rate constant to be estimated: 5.8 +
0.3 s7L. This value is very similar to the chemistry rate measured in the burst experiments. In
order to further investigate the hydride transfer step, single turnover experiments were
measured at different pH values. Figure 2 compares the pH dependence of 4y and A4, and
fitting to eq. 11 yielded pKj; values of 6.8 + 0.2 for Ay, and 5.4 £ 0.3 for Ay. As expected
for a reaction in which a step after the chemical step is at least partly rate-limiting, there is
an outward shift on the pKj; observed on the A, profile (31). In addition, it is clear that
chemistry becomes increasingly rate-limiting as the pH becomes higher than 6.0,
corroborating previous studies that showed a kinetic isotope effect close to unity at acidic
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pH, but increasing in magnitude at more basic pH values (7). A similar pattern was observed
in the £cDHFR, but higher pK; values were observed for this enzyme (pK; = 6.5 for Ay, and
pK; = 8.5 for A4 (8). The contribution of the chemical step to the turnover rate was
additionally assessed by measuring the dependence of & and A4t On temperature.
Activation energies of 11.7 + 0.2 kcal mol~1, and 13.2 + 0.3 kcal mol~ were obtained for
kear and ki, respectively (Supplementary Figure S18). The calculation of the magnitude of
the Gibbs free energetic barrier based on the rate constants measured for the forward and
reverse rate of chemistry yielded a value of 15.1 kcal mol~21, very similar to the activation
energy measured by temperature studies (23). The fact that the activation energies for Ay
and A, are very comparable implies that the energetic barrier imposed by the chemical step
is a significant contributor to the overall turnover rate. For comparison, the activation
energies for the £cDHFR-catalyzed reaction are 6.7 kcal mol~2, and 11.4 kcal mol=2, for Ay
and A, respectively, under similar experimental conditions (32). These values are
consistent with the much faster hydride transfer step in the £. colienzyme, and with the fact
that chemistry has a small contribution for the turnover rate at neutral pH values. Additional
information about the temperature studies is available in the Supporting information.

Binding kinetics

The observation of a burst of product formation argues that another step or other steps
occurring after the hydride transfer contribute to the turnover rate. Therefore, binding and
dissociation experiments were conducted to identify these steps. The association and
dissociation rate constants for DHF and THF were measured by monitoring protein
fluorescence, and FRET (Table 1). Both THF binding to MMDHFR-NADPH and to
MMDHFR-NADP* resulted in biphasic binding transients (Figure 3A) with the Agps of the
fast phase linearly dependent on the concentration of THF followed by a slower phase with a
Kops Showing hyperbolic concentration dependence (Figure 3B). Hence, THF binds to both
complexes via the two-step binding mechanism with a fast bimolecular association step
followed by a slow isomerization step. Fitting of the replots of the observed rate constants
allowed the determination of the four rate constants of a two-step binding mechanism for
each complex (Table 2, Figures S7, and S9. See Materials and methods for the equations
used for data fitting). The likelihood of the two-step binding mechanism was tested by
global fitting of the data (23). Table 2 compares the rates obtained by analytical fitting and
global fitting, and summarizes the experiments conducted to determine each of the rate
constants.

These data suggest that THF release from both ternary complexes (MMHFR-NADPH-THF
and MMDHFR-NADP*-THF) is a biphasic process with a slow isomerization step followed
by a fast dissociation step. The slowest step in THF release from both complexes is a slow
isomerization between a tightly bound and a loosely bound complex, occurring at rates of
1.3s71and 1.9 s71 from MMDHFR-NADPH-THF and MMDHFR-NADP*-THF, respectively.
Both values are close to the steady-state turnover rate. The release of THF from MDHFR-
NADPH-THEF is the rate limiting step in the kinetic sequences from Escherichia coli DHFR
(ECDHFR), Lactobacillus casei DHFR (LDHFR), mouse DHFR (mDHFR), and
Pneumocystis carinii (PcCDHFR) (8, 10-12). In contrast to the results obtained here, THF
release from ternary complexes occurs as a single bimolecular step for all previously
characterized DHFRs.

In the catalytic cycle of the human DHFR (HsDHFR) THF can be released first from the
enzyme-products ternary complex, followed by DHF binding, NADP* release, and
subsequent binding of NADPH to reinitiate the cycle. In order to rule out this possibility in
the MDHFR kinetic sequence, DHF binding to both MMDHFR enzyme forms was
investigated. The results obtained showed that the association of DHF to the MDHFR-
NADPH, to generate the catalytic productive complex, is fast and does not limit the turnover
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rate (Tables 1 and 2, Figure S1). Binding of DHF to the MMDHFR-NADP* complex, on the
other hand, is a single step process with a slow association rate constant of 0.7 s71, and thus
is unlikely to occur during the catalytic cycle (Figure S15). Rate constants for the formation
of the dead-end complex MMDHFR-NADP*-DHF complex are shown in Scheme 2, and in
Tables 1 and 2.

Since MMDHFR is purified in a complex with NADPH, and this tightly bound NADPH could
not be removed without a loss of protein stability but only replaced by NADP*, binding
experiments that required free enzyme could not be performed. Given the extremely high
affinity of MIDHEFR for phosphorylated pyridine nucleotides, it is unlikely that free enzyme
exists for a long period of time /n vivo.

Dissociation kinetics — competition experiments

Dissociation rate constants were measured by conducting competition experiments, where
there is an equilibrium for the binding of two competing ligands, as shown in Scheme 3. The
dissociation rate constant for ligand 1 can be measured as long as &[L,]>>A-1, k1[L4], and
this condition is satisfied by using increasing concentrations of the competitor, ligand 2,
until no change in the observed rate constant is seen (33, 34). Figure 4 shows the
dependence of the dissociation rate constant for NADPH from the MMHFR-NADPH
complex on the concentration of NADP*. Two processes that would generate free enzyme
were evaluated, one being the fast NADP* dissociation (~ 98 s™1, Figure S12), and the other
being the very slow NADPH dissociation (0.13 s™1, Figure S13). Interestingly, all other
dissociation rate constants thought to be relevant for the main catalytic pathway were of the
same magnitude, ranging from 1.3 s to 8.0 s™1 (Figures S4, S5, S8, S11, S12, S13, S16,
and S17). Rate constants determined by dissociation, and binding experiments, are
summarized in Table 1.

Reverse reaction

The conversion of THF and NADP* to DHF and NADPH catalyzed by MDHFR was
monitored by the increase in absorbance at 340 nm, and analyzed by steady state kinetics,
single, and multiple turnover experiments. The results show that both Azatrev aNd Achem-rev
have the same rate of 0.0004 s~1, and consequently no burst of product formation was
observed (Figure S3). This result indicates that the chemical step is virtually irreversible
with an internal equilibrium constant for THF formation of approximately 1500, a value
essentially equal to the one observed for the EcDHFR-catalyzed reaction (8). This result
provides an explanation for the fact that kinetic isotope effects measured on A4 exhibit a
lower value than the ones measured for (VW Kpue) (7). Since P(VKpne) reports to steps up
to and including the first irreversible step, now known to be the chemical step, any decrease
in observed kinetic isotope effects caused by product release does not affect the P(V/ KpnE),
but decreases the magnitude of P Visotope effects.

Catalytic cycle of the MtDHFR and comparison to other DHFRs

Measurement of association and dissociation rate constants of substrates and products to
most possible enzyme forms, as well as rates for the forward and reverse chemical steps
allow the assignment of the pathway or pathways that the enzyme most likely follows during
steady-state turnover. In this discussion, an important corollary of pre-steady state kinetics
must be reinforced: a rate constant of an elementary step in the main path of the reaction
cannot be smaller than the overall reaction rate constant (4.qt). Thus, it is assumed that a step
with a rate constant smaller than A4 is not part of the main path followed by the overall
reaction (20). Considering this restriction, a mechanism that includes NADPH dissociation
from any enzyme form must be discarded, since NADPH dissociation is a slow process from
all complexes analyzed (ranging from 0.078 s™1 to 1.1 s71), so that the catalytic cycle of the
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MMDHEFR starts with MIOHFR-NADPH as a complex. Comparison with other DHFRs
shows that some of them have a relatively high 4y of NADPH from DHFR-THF-NADPH,
so it is possible that NADPH dissociation from this complex occurs during turnover [Aygs
values of 85 s™1 for the £.coli, (8), 480 s™1 for S. pneumoniae (14), 100 s~ for the human
(9)]. Next, DHF binds to MMDHFR-NADPH to form the productive ternary complex, whose
formation is fast and unlikely to be rate limiting, unless the concentration of DHF is in the
submicromolar range. After the ternary complex MMDHFR-NADPH-DHF is formed, the
chemical step occurs at a relatively slow rate of ~ 5 s~ compared to other DHFRs at pH 7.5
[e.g., Ay is equal to 250 s~ [EcDHFR, (8)], 500 s~1 [mDHFR, (10)], and 1360 s~1
[HSDHFR, (9)]. To further illustrate the diversity of kinetic schemes for DHFRs from
different species, in the SpDHFR, the chemical step is preceded by a rate-determining
conformational change, and the bifunctional thymidilate synthase-DHFR from Leishmania
majorundergoes a rate determining conformational change when free of ligands, or bound
to THF (13, 14). As previously shown (7), kinetic isotope effects greater than 1 and of
practically equal magnitudes were obtained for P(V/Kpne) and Py, strongly suggesting
that a conformational change prior to the chemical step is not limiting Ay in the MMDHFR.
Following the chemical step, which is also the first “kinetically” irreversible step in the
sequence, the enzyme-products complex (MDHFR-NADP*-THF) can decompose via two
pathways of product release. In the first pathway, NADP* is released and NADPH binds,
followed by a biphasic THF release where a rate-limiting isomerization step is followed by
fast THF dissociation, generating the initial complex MMDHFR-NADPH (pathway A,
Scheme 4). Pathways with the same order of product release, which is known as a
“nucleotide exchange pathway”, have been found for the majority of DHFRs (8, 10-12).
Alternatively, the MMDHFR-NADP*-THF complex can proceed to first release THF in a
biphasic process, where a rate-limiting isomerization is followed by fast NADP*
dissociation to form the apo enzyme, which then rapidly binds NADPH to yield the initial
complex MDHFR-NADPH (pathway B, Scheme 4). This pathway is rather unique, and a
similar sequence was suggested to be a secondary route followed by the HsDHFR under
saturating NADPH concentrations and very low concentration of DHF (9).

The kinetic sequence shown here (Scheme 4) includes isomerization steps preceding THF
release from MMDHFR-NADPH and MDHFR-NADP* complexes, and the likelihood of
these mechanisms was evaluated by global fitting of all binding and dissociation
experiments, which showed that the model is well constrained by the data (Table 2). This is
the first report of a biphasic rate-limiting product release for a DHFR. It was previously
demonstrated for £cDHFR that an NMR-determined exchange rate constant for residues
surrounding the folate binding pocket correlates precisely with the rate constant for THF
release from MMDHFR-NADPH, the rate limiting step for this reaction (6). Although this
rate determining step in the £cDHFR kinetic sequence seems to be coupled to a
conformational change, binding experiments demonstrated that THF binds in a single step
manner to the EcDHFR, so that the observed first order rate constant increased linearly with
increasing THF concentration, showing no sign of saturation. While tempting to suggest the
same conformational change is limiting THF release in the MMDHFR reaction, no
information about the conformational dynamics of this protein is available.

Likelihood of parallel pathways for product release

The comparable magnitudes of rate constants obtained for both pathways of product release,
together with the fact that none of the slowest steps in both pathways is equal to Azat (Acat =
2.3 571, THF release equal to 1.3 s1, from MMDHFR-NADPH-THF in pathway A, and 3.3
s71 from MDHFR-NADP*-THF*, in pathway B) suggests a contribution from both
pathways to Aqat.
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To better explore this hypothesis, simulations were conducted using KinTek Global Kinetic
Explorer. The two potential pathways for product release were evaluated by the assumption
that if the enzyme products complex followed pathway A (with NADP™ released first) an
enzyme form called E-NADPHa would be formed, and when the enzyme products complex
followed pathway B, an enzyme form called E-NADPHb would form. By conducting this
simulation, one can imagine that after several turnovers the reaction would reach
completion, and the final concentrations of E-NADPHa and E-NADPHb would be a way of
quantifying how many turnovers occurred via pathways A or B. The simulation was
conducted at varying initial concentrations of substrates in order to estimate how different
conditions can influence the pathway followed. Figure 5A shows that, when both substrates
are saturating, 31 % of the E-NADPH complex was generated by following pathway A, and
69 % of the generated E-NADPH was due to turnover following pathway B. Figure 5C
shows that the only condition where pathway A was preferred was when the concentration
of DHF was subsaturating, and equimolar to the concentration of enzyme.

An evaluation of both pathways in terms of free energy was conducted by generating the
reaction coordinate of the NADPH-dependent reduction of DHF by MMDHFR at pH 7.5 and
25°. The Gibbs free energy barrier for each reaction step was calculated using eq. 10.
Substrate concentrations were taken at 1 M, and concentrations of products were calculated
based on the Kgq of 5.06 x 107 between substrate and product (7). The MDHFR-NADPH
state was taken as the reference state. Figure 6 shows that path A has the two most stable
intermediates in the sequence, which are followed by THF dissociation
(MDHFR.NADPH.THF and MDHFR.NADPH.THF*), whereas path B has the formation
of the high energy apoenzyme (DHFR), and one relatively stable intermediate
(MDHFR.NADP* THF*).

To quantify the relative stability of each intermediate in the kinetic sequence, and to
substantiate the intuitive notion that based on the magnitudes of the rate constants a majority
of enzyme-products complex will likely accumulate, and then partition almost equally
towards MMDHFR-NADP*-THF* and MMDHFR-THF, a mathematical analysis was
conducted by combining the software KApattern (25) and Markov chains. A Markov Chains
(MCs) approach is a well-known mathematical formalism used in many fields with a very
broad application, in which states and transitions among states according to rates that were
observed in the system under study are utilized. In this work, the system consists of enzymes
species (states) and rate-constants (rates). The purpose of MCs is to calculate the
permanence probabilities when the system remains stable assuming that it was simulated for
a large period of time, a situation analogous to when the reaction has reached equilibrium.
MCs have the Markov property, which asserts that the only information needed to find the
next state is present in the current state, and is the most fundamental property in MCs,
stating that the states visited in the past do not influence how the future state will be chosen
(26). For the kinetic scheme investigated here, Figure 7 illustrates that the enzyme-products
complex accumulates to a certain extent, given that the reverse chemical rate (Azhem-rev, S€€
discussion above) is negligible, and the rates driving the dissolution of this complex are
similar in magnitude (3.5 and 7.3 s™1) as the forward chemistry rate constant (5 s™1). After
the MDHFR-THF complex is formed, the rapid binding of NADPH causes the formation of
the MDHFR-NADPH-THF* complex, whose isomerization prior to THF release represents
the rate-limiting step in this pathway (pathway A). The isomerization of the enzyme-
products complex prior to THF dissociation, on the other hand, is the rate-limiting step of
pathway B. After this isomerization occurs, all subsequent steps are in rapid-equilibrium,
except for NADPH binding to the enzyme, which drives the reaction forward to restart a
new cycle. The fact that none of the enzyme intermediates from pathway B are present in
high amounts during equilibrium illustrates the fact that once the MMHFR-NADP*-THF
complex isomerizes, it is driven to regenerate the initial MMHFR-NADPH complex. This is
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in contrast with the situation in pathway A, where the formation of two very stable
intermediates traps the enzyme in non-productive forms. These results, taken together with
the energy profile (Fig. 6), show that the two very stable intermediates in pathway A,
together with MMDHFR-NADPH, the enzyme substrates complex, and the initial enzyme
products complex are the most abundant enzyme forms in equilibrium.

It has been hypothesized in the literature that intracellular levels of NADPH and NADP™* are
responsible for the natural selection of enzymes that bind with different affinities to the
reduced and oxidized forms of the pyridine cofactor. In the cytoplasm of eukaryotes,
NADP? is present at no more than 1% of the concentration of NADPH (9), whereas the
concentration of these nucleotides is comparable in prokaryotes, like £. coli (35), and can
explain why £cDHFR binds NADPH more tightly than NADP* (dissociation constants are
0.17 pM and 23 uM, for NADPH and NADP*, respectively). Moreover, once the EcDHFR-
NADP* complex is formed it can rapidly bind DHF and generate a very stable dead-end
complex, which wouldn’t be selectively advantageous if k.5t was under selective pressure.
The HsDHFR binds to both nucleotides with similar affinity, but the intracellular difference
in concentration between NADPH and NADP* makes unproductive pathways that require
NADP™* binding to apo enzyme negligible. In the case of MMDHFR assuming that the
concentrations of NADPH and NADP™ are comparable (36), even though NADP* binding is
in rapid equilibrium with the free enzyme, NADPH binding generates a very stable enzyme
complex whose dissociation is extremely slow, so that NADPH binding is favored over
NADP* binding to the apo enzyme. The only other DHFR that possesses a kinetic sequence
that passes through free enzyme is a mutant of the HsDHFR where the widely conserved
phenylalanine 34 was replaced by an alanine (37). This mutant enzyme has an ordered
product release, with THF being released first, followed by NADP?*. It is important to point
out that the MMDHFR has this phenylalanine.

Steady-state turnover

A vital check to the validity of a model is whether or not it can account for the events that
occur during steady-state turnover. To better corroborate the kinetic scheme where two
parallel pathways occur for MIDHFR, and that A, represents a combination of the rates of
both pathways, the software KApattern was utilized to generate rate equations for each one
of the pathways, thus obtaining A4 values for each parallel pathway. In the process of
obtaining the rate equations, the concentration of products were assumed to be zero. The rate
equations were rearranged to the form of equation 12, describing a sequential kinetic
mechanism, so that A, could be isolated. In this equation, vis the velocity, E; is the total
concentration of enzyme, A4t is the turnover rate, A and B are the substrate concentrations,
Kig is the inhibition constant for substrate A, Kj is the Michaelis constant for substrate A, K
is the Michaelis constant for substrate B.

v/Ei=ket AB/(Kio Ko+ Ky A+K,B+AB)  (12)
For pathway A,
VIE; = ks|DHFR.NADPH.THF]/(Z[all enzyme forms in path A]), so that
Keat = Kkskaky | [Kehs(k-p + k3 + Ko) + K3ko(Ks + ks + Kos)]
Similarly, for pathway B,
VIE; = ks[DHFR.NADP*]/(Z[all enzyme forms in path B]), so that

keat = Kokskakakoky | [Kike(koks(k-3 + Ka) + Ks(kook-3 + Kkoky + Kakz) + kako ks kyko)
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Finally, the rate constants obtained in the global fitting (Table 2) were utilized to obtain Agat
values of 0.90 s~1 for pathway A, and 2.0 s~1 for pathway B. These values are in good
agreement with the values obtained under steady-state conditions, considering that for this
calculation a situation analogous to the one depicted in Fig. 5D is occurring, where turnover
through path B predominates. Furthermore, the kinetic sequence presented here corroborates
the previously proposed kinetic mechanism for this enzyme, /.e. steady-state random, since
the rate of chemistry is comparable to the rates of substrate dissociation, and product release
is random.

A final test of the events that occur during steady-state turnover was accessed by calculating
the equilibrium difference in Gibbs free energy (AG) for this reaction based on the proposed
reaction coordinate starting from the MMDHFR-NADPH state using the rate constants
obtained experimentally, and comparing this to the AG calculated from the Kgq for this
reaction (7). The values are —9.5 kcal mol~1 (AG obtained from the Keg) and =8.7, and -8.5,
for AG calculated using the rate constants from pathways A or B, respectively. These values
only differ by one kcal mol~1, additionally assuring the robustness of the sequence proposed
here.

In this work, the kinetic sequence of the MMDHFR-catalyzed reaction was studied by a
combination of equilibrium binding, pre-steady-state kinetics, global fitting and simulation.
This reaction was shown to follow two parallel pathways, one similar to other DHFRs where
NADP* is released first, followed by NADPH binding and THF release, and an alternative
pathway in which THF and NADP* are released to transiently form free enzyme, to which
NADPH binds reinitiating the cycle. The kinetic sequence with parallel pathways describes
the steady-state behavior of MDHFR, being further validated by the calculation of steady-
state kg4t Using the rate constants obtained in the present work, and the Markov models
which demonstrate that the accumulation of very stable enzyme intermediates prevents
turnover via a single path. This is the first DHFR possessing two equally relevant kinetic
pathways, with the unique feature that one of these pathways passes through the free
enzyme.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Pre-steady state burst of product formation. The reaction was conducted with 100 .M DHF,
100 oM NADPH, and 1 (—), 2(...), 5 (---), and 7 (-..-) pM MMDHFR. A) Decrease in
absorbance at 340 nm due to NADPH consumption was monitored, and the change in
absorbance was converted into product formation by using the extinction coefficient of
11,800 M~ cm™1 (18). The line is a fit to eq. 4, yielding a steady state rate constant of 2.3 +
0.1s7L. B) Fluorescence decrease due to NADPH consumption. The signal was obtained by
excitation at 280 nm, and emission at 450 nm by fluorescence energy transfer caused by
enzyme bound NADPH. The larger amplitude of the burst phase allowed a better estimation
of the burst rate; the line is a fit to eq. 4, resulting in a burst rate constant of 7.4 + 0.3 s71. C)
Global fit of the burst data shown in B with different concentrations of MMHFR (from
bottom to top: 1, 2, 5, 7 wM) to the mechanism shown in the figure. The white contour
represents fits of data within the parameters boundaries, so that all of the reasonable fits to
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the data are superimposed with the data and the best fit. D) FitSpace confidence contours
(24) for the global fit of the burst data. To avoid excessive fluctuation of kinetic parameters,
the value for &, was fixed at 0.0004 s~1, and the values for &; and k-, were linked based on
a Ky =2 pM for DHF.
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Figure 2.

pH dependence of A, (@) and &y (O). For pH values of 5.0 — 6.5, 100 mM MES with 50
mM KCI was utilized, and for pH 6.5-8.5, 100 mM HEPES with 50 mM KCI was used. The
lines represent fits to eq. 11, to give a Ay profile pK; = 5.4 £ 0.3, and a A4 profile pK; = 6.8
+0.2. Values for kg and A are ins™L.
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Figure 3.

THF binding to MMHFR-NADP™. A) Increasing concentrations of THF [2 (—), 4 (...), 6
(---), 8 (-..-), and 10 (— —) pM] were mixed with 0.5 MMDHFR-NADP™*, monitoring
change in protein fluorescence (excitation at 280 nm, emission above 320). Traces were
fitted to a double exponential equation (line, eg. 3). B) The observed rate constants
obtained(s™1) were plotted as a function of THF concentration, and the rate constants were
obtained after fitting to eq. 5 or eq. 6 (inset). The lowest concentrations were excluded from
replots to maintain pseudo-first order conditions, but were kept for the global fitting of the
data, summarized on Table 2. C) Global fit of the THF binding to MMDHFR-NADP?* to the
two step binding mechanism shown in the figure. The white contour represents fits of data
within the parameters boundaries, so that all of the reasonable fits to the data are
superimposed with the data and the best fit. D) FitSpace confidence contours (24) for the
global fit of the binding data occurring in a two-step binding model.
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Figure 4.

NADP* competition with MIDHFR-NADPH. Increased concentrations of NADP* were
mixed with the complex MMDHFR-NADPH. According to scheme 3, at infinite
concentrations of the competitor (NADP™), the rate obtained is the dissociation rate constant
(koff) for ligand 1 (NADPH). The line is a hyperbolic fit, yielding a Ao = 0.13 + 0.01 571,
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Figure 5.

Product release through two parallel pathways. Simulations conducted using KinTek Global
Kinetic Explorer, with A) saturating concentrations of both substrates (100 .M), and 5 uM
MMDHFR, B) 100 .M DHF, 1 pM NADPH, 5 puM MDHFR, C) 5 .M DHF, 100 pM
NADPH, 5 oM MtDHFR, and D) simulating typical steady-state conditions with 5 uM DHF
+5 M NADPH, and 10 nM MMDHFR. The dotted line represents that MMHFR-NADPH is
being generated by pathway A, and the solid line indicates that pathway B generated
MDHFR-NADPH.
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Figure 6.

Energy profile comparing the two pathways for product release. The energy barrier for each
step was calculated using the eq. 10. (38). Substrates and products concentrations were 1 M
and 1.26 M, respectively, calculated based on the equilibrium constant for the reaction (7).
The profile in a dashed line represents pathway A, and the profile showed in a solid line
represents pathway B.
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Figure 7.

Accumulation of enzyme intermediates in equilibrium, analyzed by the generation of

continuous time Markov chains (CTMC). A matrix representing the kinetic scheme with all
possible connections between enzyme forms was generated using the software KApattern

(25), and the system was simulated until equilibrium. The result is the probability of
permanence in each enzyme form, when the reaction has reached equilibrium.

Concentrations of substrates and products were calculated assuming a Keq = 5.06 x 107 (7,

8).
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Scheme 2.
Formation of the dead-end complex MDHFR-NADP*-DHFL. The values of the rate
constants were obtained by global fitting of the data with KinTek Global Kinetic Explorer?.

1Rates constants not experimentally measured are indicated by an asterisk.
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E+L, =5===E-L,
-2

Events occurring during a competition experiment with ligand L, used as a competitor in
order to determine the dissociation rate constant of L1 from the E-L; complex.
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Scheme 4.
Kinetic scheme for the MDHFR-catalyzed reaction. Pathway A is represented in the
outward circular portion in dashed lines, while pathway B is shown in the center. The values
of the rate constants were obtained by global fitting of the data with KinTek Global Kinetic
Explorerl.
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Table 3

Equilibrium dissociation constants (all expressed in M) ™

Enzyme species | ligand | Kov | K4 measured | Kov (global fit values)

MtDHFR-NADPH | THF 41+09 1.4+044 12+0.1
MtDHFR-NADP* THF 12+15 11+014 12+04
MtDHFR-NADP* DHF 121+13¢ ] 19+13 b 16+0.1

MtDHFR-NADPH | DHF | g4+1g¢c | ND 51£0.1

Koy: dissociation constant calculated using eq. 7 or koff/ kon.
a, . A _— .
obtained from equilibrium binding experiments.

obtained from the analysis of the amplitudes of binding transients in stopped flow fluorescence measurements. See Supporting information for a
description of the equation used.

ccalculated from koff/ kon using values obtained in the binding experiments.

*
For additional information see Supplementary Figures S6, S9, and S14.
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