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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. In this work, we report the kinetic
characterization of the MDHFR. This enzyme has a sequential steady-state random kinetic
mechanism, probably with a preferred pathway with NADPH binding first. A pKj value for an
enzymic acid of approximately 7.0 was identified from the pH dependence of V; and the analysis
of the primary Kinetic isotope effects revealed that the hydride transfer step is at least partly rate
limiting throughout the pH range analyzed. Additionally, the determination and analysis of
solvent, and multiple kinetic isotope effects was conducted, and equilibrium isotope effects were
measured on the equilibrium constant. P20 Vand P20 VI K4 p.4.2141-naDH Were slightly inverse at
pH 6.0, and inverse values for P20 V{4 z.4-241.napH and P29 VIK( .4-2H)-naDH SUggested that a
pre-equilibrium protonation is occurring before the hydride transfer step, indicating a stepwise
mechanism for proton and hydride transfer. The same value was obtained for P& at pH values of
5.5 and 7.5, reaffirming the rate-limiting nature of the hydride transfer step. A chemical
mechanism is proposed based on the results obtained here.
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TB is a global health concern. It is estimated that one third of humanity is infected with TB,
and that 1.7 million deaths occur each year (1). Despite global efforts to contain the disease,
the number of TB cases is still increasing, and the appearance of strains resistant to first line
drugs (MDR-TB), and to both first and second line drugs (XDR-TB) has intensified the
search for new and more effective antibacterial agents (2).

Dihydrofolate reductase (DHFR) catalyzes the NADPH-dependent reduction of
dihydrofolate (DHF), yielding tetrahydrofolate (THF), an important reaction in the folate
cycle, which supplies one-carbon units for the biosynthesis of deoxythymidine
monophosphate (dTMP), and for reactions involved in the biosynthesis of purines (Scheme
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1). Inhibition of the folate cycle interrupts the supply of dTMP, halts DNA synthesis, and
consequently, cell proliferation. Drugs that inhibit DHFR have been used for decades to treat
cancer (methotrexate, pemetrexate), bacterial infections (trimethoprim) and malaria
(pyrimethamine) (3). Recently, a series of structure-based inhibitors were designed for the
DHFR from M. tuberculosis (MDHFR) (4-6), but a preliminary assessment of the
chemotherapeutic potential of those compounds reveals that they lack the solubility,
potency, and specificity required for a new drug targeting this enzyme.

The chemical mechanism of the DHFR-catalyzed reaction continues to be debated,
especially the order of the protonation and hydride transfer steps, the identity of the group
whose pK; value is observed in the V' pH profiles, and the involvement of a water molecule
in the protonation step, even though DHFR's from numerous prokaryotic and eukaryotic
organisms have been studied for the past 50 years. The majority of the experimental and
theoretical data favors the protonation step preceding the hydride transfer step in the
EcDHFR catalyzed reaction, and that a network of water molecules linked to a general acid
would be promoting the protonation (7-9). Alternatively, some authors argue that
protonation at O4 would facilitate hydride transfer to C6 and the subsequent N5 ring
nitrogen protonation (8,10,11). Recently, work conducted with DHFR from 7hermotoga
maritima (TmDHFR) suggested that the two steps (N5 protonation and C6 hydride transfer)
were occurring in a concerted manner (12), suggesting diversity in terms of chemical
mechanism for the same enzyme catalyzed reaction.

In this work the kinetic and chemical mechanisms of the MMDHFR were investigated using
initial velocity and pH-rate profiles studies, measuring kinetic isotope effects under steady-
state and pre-steady state conditions, as well as equilibrium isotope effects. A chemical
mechanism is proposed based on the results obtained.

EXPERIMENTAL PROCEDURES

Materials

All chemicals were of analytical or reagent grade and were used without further purification.
Deuterium oxide (99.9 atom % D) was from Cambridge Isotope Laboratories..

Purification of MtDHFR

Competent £. coliBL21 (DE3) cells (Novagen) were transformed with the recombinant
plasmid pET28a(+): dfrA, and the expression and purification of MMDHFR followed the
protocol previously reported (13). Protein concentration was determined by using the
theoretical value epg9 = 40,450 M-1cm™, or e349 = 6,220 M-1cm™1 due to bound NADPH
(14).

Preparation of MtDHFR-NADP*

Due to the fact that the MDHFR is present in a complex with NADPH after its purification,
and that this tightly bound NADPH could not be removed by extensive dialysis, a form of
the enzyme that had NADP* instead of NADPH was generated. MDHFR-NADPH was
immobilized 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, pH 7.5, and frozen at -80
°C. Attempts to generate the apoenzyme were unsuccessful, since the enzyme obtained after
denaturation and refolding was less active and prone to precipitation.

Biochemistry. Author manuscript; available in PMC 2012 June 29.
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Preparation of [4R-4-2H]NAD(P)H

[4R-4-2HINADH was prepared using formate dehydrogenase and deuterated formic acid
(15); [4R-4-2HINADPH was prepared using alcohol dehydrogenase from
Thermoanaerobium brockii, and isopropanol-ag (16). All pyridine nucleotides, including
commercially available NADH and NADPH to be used in isotope effects experiments were
purified with a Mono-Q column equilibrated with water, using a linear gradient of 1 M
sodium bicarbonate for elution (at 0.66%/mL). Fractions with an absorption ratio of 260/340
nm < 2.3 were pooled, fast frozen, and lyophilized.

Enzymatic Assay for MtDHFR

Assays were performed under initial rate conditions at 25 °C and 100 mM HEPES, pH 7.5,
unless stated otherwise. Measurements were performed at least in duplicate. The reaction
was started by the addition of 10 nmol of MMDHFR, and the decrease in absorbance due to
NAD(P)H oxidation and DHF reduction was measured at 340 nm, at 25° for 1 min. A
combined molar extinction coefficient value of 11,800 M- cm™1 was used (17).

Initial Velocity and product inhibition patterns

Apparent kinetic constants were determined by fixing the concentration of one substrate at
saturating levels, and varying the concentration of the other substrate. An ap, KnappH Of < 1
LM was estimated, too low to allow NADPH to be varied in initial velocity studies, and
NADH was used instead. Initial velocity studies were conducted using five fixed
concentrations of DHF while varying NADH concentrations. Product inhibition experiments
were carried out at varying concentrations of one substrate, fixed subsaturating
concentrations of the other substrate, and different fixed concentrations of THF or NADP™.

pH-Rate Profiles

To investigate the role of acid base catalysis in the MDHFR catalyzed reaction, the pH
dependence of the kinetic parameters was determined by measuring initial rates at varying
concentrations of one substrate and saturating concentrations of the other. The experiments
were conducted throughout the pH range of 5.5-8.5, employing a mixed buffer system
containing citric acid, HEPES, and TAPS. The pH stability of the enzyme was tested by
incubating the enzyme in the desired buffer and conducting the standard assay using
HEPES, pH 7.5.

Kinetic isotope effects

Primary kinetic isotope effects (KIEs) were measured using [4R-4-2H]NADH or
[4R-4-2H]NADPH, and DHF as substrates, with the same mixed buffer system used for the
pH-rate profiles. A study of the dependence of 2V/K on the concentration of the co-
substrate was conducted by using five fixed concentrations of DHF while varying the
concentration of NADH or [4R-4-2H]-NADH. Solvent kinetic isotope effects (SKIEs) were
measured in either H,O or 91 atom% D-,0, and initial velocities in the presence of fixed
concentration of one substrate and varying concentrations of the co-substrate were obtained.
Viscosity effects were evaluated by comparing the rates obtained in H,O, and 9% glycerol,
which mimics the viscosity increase caused by D,O (n, = 1.24) (18). Multiple KIEs
(MKIEs) were determined by measuring the SKIE using [4R-4-2H]NADH as the substrate.
To rule out that any change in velocity was being caused by pH fluctuations in the SKIE and
MKIE measurements, citrate buffer pL 6.0 was used since this value is located in a plateau
region identified in the pH-rate profiles studies.

Biochemistry. Author manuscript; available in PMC 2012 June 29.
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Equilibrium isotope effects (EIE)

Equilibrium isotope effects were determined in water or D,O (DZOKeq), and using NADH or
[4R-4-2H]-NADH as substrates (°Kqq) (19). Each reaction contained 100 .M DHF and 100
1M of NADH or [4R-4-2H]NADH in citrate buffer, pH 6.0. The initial absorbance was
recorded, and after that 20 nM MMDHFR was added (changing the reaction volume by no
more than 1%), and the reaction was followed until the equilibrium was reached, usually for
less than 1 hour. The concentration of products and substrates in equilibrium was calculated
by using the combined £=11,800 M1 cm-1, and using the initial and final absorbancies.
Each value is the average of at least 3 measurements. All solvents and buffers were purged
with argon before each measurement to delay THF oxidation (20)

Stopped-flow measurements

To better evaluate the rate limiting nature of the chemical step, KIEs were measured under
single turnover conditions using the MMHFR-NADP™* form of the enzyme. All
measurements were conducted on a SX-20 stopped-flow spectrophotometer (Applied
Photophysics) under pseudo-first order conditions with at least a 5-fold excess of MMHFR
over the limiting substrate (DHF). Assays contained 1uM of DHF, 100 .M of NADPH or
[4R-4-2H]NADPH, and varied concentrations of MMDHFR, to assure that binding is not
contributing to the rates observed. Measurements were performed at pH values of 5.5 and
7.5 using the same mixed buffer system employed in previous experiments.

Data analysis

All data were fitted to the appropriate equations using the nonlinear regression function of
SigmaPlot 2000 (SPSS, Inc.) or Origin 7.0 (OriginLab, Inc).

Initial velocity kinetic data with one substrate fixed at a saturating concentration and varied
concentrations of the other substrate were fitted to eq.1.

v=VA/(K+A) ()

Data for an intersecting initial velocity pattern were fitted to eq. 2, which describes a
sequential mechanism.

v=VAB/ (Ki,Ky+K,B+K,A+AB) (2)

Inhibition results were fitted to eq. 3, describing competitive inhibition, or eq.4, for
noncompetitive inhibition.

v=VA/[K (1+1/Kis) +A] (3)

v=VA/[K (1+1/Kis) +A (1+1/Ki)] (@)

For eq. 1-4, Vis the maximum velocity, A and B represent substrate concentration, K, and
K, are the Michaelis constants for substrates A and B, respectively, and Kjs and Kijj are the
slope and intercept inhibition constants, respectively.

pH-rate profiles were fitted to eq. 5, where yis the kinetic parameter, Cis the pH-
independent value of y;, His the proton concentration, and K, is the apparent basic
dissociation constant for ionizing groups.

Biochemistry. Author manuscript; available in PMC 2012 June 29.
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logy=log [C/ (1+Kp/H)] (5)

The pH dependence of the kinetic isotope effects data were fitted to eq. 6, where Y|_and Yy
are the limiting values at low and high pH, respectively, and Kj is the dissociation constant
for ionizable groups (21)

Y, +Y, (107PKe/107PH)

Y= 1+ (107PK2/107PH) ©

The kinetic isotope effect data were fitted to eq. 7, which describes the effects on V/Kand
on V. The D(V/Kapp) measured with five fixed concentrations of NADH or [4R-4-2H]-
NADH, and varying concentrations of DHF (50 points in total) were simultaneously fitted to
eg. 8, which assumes isotope effects on V, VK, VIK),, and Kij,. For equations 7 and 8, F;
represents the fraction of isotopic label, and Ey/k and Ey, are the isotope effects minus one
on VIKand on V, respectively.

v=VA/|K (1+FE, ) +A(1+FE,) (1)

v=VAB/ KK, (I+FiE, ) +K,A] (1+F:E,, )+K,B(1+FiE,, J+AB(I+FiE,) ()

Kia V/Kg ) VIK, )

The notation utilized to express isotope effects is that of Northrop (22).

Single turnover experiments were fitted to a single exponential curve, represented by eq. 9,
where yq is the y offset, A; is the amplitude, and ks the observed rate constant.

y=yo+Ae™™ (9

The kyps Values obtained with different concentrations of enzyme were reploted as a
function of enzyme concentration, and fitted to eq. 10 (23), where Aqpg is the observed rate
constant after the single exponential fitting at different concentrations of enzyme, Ay is the
rate obtained with NADPH was used as substrate, E is the concentration of enzyme, and Kj
is the dissociation constant for the enzyme and the limiting substrate.

kobs=ky E/Kq+E (120)

The isotope effect on the hydride transfer step (P4y) was obtained by dividing u/Ap, using
the values obtained after fitting with eq. 10.

RESULTS AND DISCUSSION

Initial Velocity and product inhibition patterns

The analysis of the initial velocity pattern obtained using NADH and DHF as substrates
reveals that the MDHFR-catalyzed reaction has a sequential kinetic mechanism, with the
formation of a ternary complex, as observed for DHFRs from other organisms (Figure 1).
Since all lines intercept at the left of the y axis, a rapid-equilibrium ordered mechanism was
ruled out. A kg = 1.6 + 0.1 s"T was determined, being very similar to the appheat =2.3+0.1
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s’ obtained when NADPH and DHF were used as substrates. Those values are one order of
magnitude lower than those for the Escherichia coli (EcDHFR), and human (HsDHFR)
enzymes (17,24), and almost 20 times lower than the Streptococcus pneumoniae and mouse
DHFRs (25,26) The K, values for both NADPH and DHF are very low, with Kpyr = 1.6 +
0.4 M, and KnappH < 1 M. It is common for DHFRs from other organisms to have at
least one substrate with a K, value in the low micromolar or sub-micromolar range. A
higher value was obtained for Kyapn = 69 £ 7 wM, demonstrating the important
contribution of electrostatic interactions between the 2’-phosphate group and cationic side
chains in the nucleotide binding pocket of the enzyme that differentiate between the two
cofactors (27). Folate was tested as a substrate at concentrations up to 1mM, but no
NAD(P)H consumption was observed, in contrast to LcDHFR, EcDHFR, and HsDHFR,
which are capable of reducing folate (28,17). The product inhibition studies revealed a
pattern identical to the ones previously reported for EcDHFR, with THF and NADP™*
behaving as noncompetitive inhibitors when DHF is the varied substrate, and as competitive
inhibitors when NADH is varied (Table 1). In combination with the initial velocity results,
this argues against a classic steady-state ordered mechanism with either pyridine nucleotide
or DHF binding first. The analysis of the dependence of DWKapp on the concentration of the
co-substrate, which provides insight into the mechanism, is discussed below.

pH-Rate Profiles

To better understand the role of acid-base catalysis during substrate binding and catalysis,
pH-rate profiles were conducted in the pH range of 5.0-8.5. Two kinetic parameters were
evaluated, A4t which reports on all steps after the formation of the ternary complex capable
of undergoing catalysis until the release of all products, and A4t/ K, Which gives
information about the binding of the varied substrate to free enzyme. The pH-dependence of
Keat, Keat! KpHr and Aqq/ Knaph allowed the determination of pK; values of 6.8 £ 0.2, 6.9 +
0.1, and 7.0 £ 0.1, respectively (Figure 2), suggesting that a single group needs to be
protonated for maximum substrate binding and/or catalysis. A comparison of the sequences
of MDHFR with DHFRs from other organisms, suggests that this residue is a conserved
aspartate (Asp27) (4), and similar pH profiles have been reported for other DHFRs, yielding
similar pKj values (29). However, there is not a consensus in the literature as to the exact
role Asp27 plays in the catalytic mechanism of other DHFRs, and different alternatives have
been proposed (30,31). It is clear that Asp27 cannot be directly involved in protonation of
N5 of the pteridine ring of DHF since they are separated by greater than 5 A (pdb accession
code: 2CIG, 13). It has also been suggested that when DHF is bound in the EcDHFR active
site, the N5 pKj increases from less than 3 when free in solution to a value of 6.0, indicating
that the pKj observed for this enzyme could be reflecting the pteridine N5 pKj, value, rather
than Asp27 (32) We don't believe this the case for the MtDHFR, since the protonation step
would have to possess a somewhat rate-limiting nature to be observed in the pH-rate
profiles, which was not observed in the solvent and multiple KIE studies (see below).

Primary kinetic isotope effects

To investigate the rate-limiting nature of the chemical step, the pH-dependence of primary
kinetic isotope effects was measured. It is important to note that the values obtained here are
observed KIEs, and it is unlikely that these values represent intrinsic KIEs. In the case of
MMDHFR, intrinsic KIEs report uniquely on the hydride transfer step, and these values are
often masked by commitment factors in the forward and reverse directions. The forward
commitment (cf) represents the tendency of the enzyme complex capable of undergoing
catalysis to continue forward as opposed to its tendency to dissociate to free enzyme and
free substrate, and the reverse commitment (c,) represents the same tendency for the reverse
reaction (33). Examples of events in the catalytic cycle that raise commitment factors,
consequently decreasing the magnitude of the observed KIE, are conformational changes,

Biochemistry. Author manuscript; available in PMC 2012 June 29.
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binding of substrates, release of products, and others (33). When [4R-4-2H]-NADH was
used as substrate, the KIEs increased from 2= 1.6 + 0.1 and 2V/Kyapy = 1.6 = 0.2 at pH
5.5t0 PV=2.9+ 0.4 and PV/Kyapn = 3.1 + 0.3 at pH 7.5, while 2V/Kppr remained 2.7 +
0.3 throughout the pH range analyzed (Table 2,Figure 3A). The observation that 2V, P v/
Knaph, and P V/Kp e are statistically higher than unity suggests that the hydride transfer
step is at least partly rate limiting throughout the pH range analyzed (34). The classical
upper limit for deuterium primary KIEs, in cases where there is no tunneling is ca. 7, and
values higher than 2 can be considered partially rate limiting for hydride transfer (35). When
[4R-4-2H]-NADPH was used as substrate (Table 3,Figure 3B), the KIEs increased from P v/
=1.0+0.1,and PV/Kpyr = 1.6 £ 0.2 at pH 5.5, t0 P V=23 + 0.1 and P V/Kppp = 2.9 £ 0.2
at pH 8.0. Due to the low value of Knapph, ° V/Kappn could not be reliably measured.
The lower observed KIE values obtained when NADPH was used as substrate instead of
NADH, suggest that NADPH is a stickier substrate than NADH. A sticky substrate is a
substrate that reacts to form products faster than it dissociates from the enzyme, increasing
the ¢y, and consequently decreasing the observed KIEs (36). Additionally, the slightly lower
value of P Vrelative to the P V/Kpne when NADPH was the co-substrate suggests that a step
after the first irreversible step, often considered to be the release of the first product, is
contributing to the rate (34). In the £cDHFR (37), HSDHFR (24), and Lactobacillus caser
(LcDHFR, 38) catalyzed reactions, the rate-limiting step is THF release, and the chemical
step is not rate limiting at neutral pH (37). In the DHFR from Streptococcus pneumoniae
(SPDHFR), it was suggested that the k.5 at pH 7 was limited by a slow conformational
change prior to the chemical step and the actual hydride transfer step (25), and that product
release was not rate limiting at any of the pH values analyzed.

Furthermore, pKj values of 7.4 + 0.1, and 6.3 = 0.3 for P VVand P V/KpE, respectively, were
observed when the pH dependence of the KIEs using NADPH as substrate was analyzed
(Figure 3B). These values are comparable to the ones obtained in the pH rate profiles
discussed above, suggesting that the same group that needs to be protonated for maximum
binding and catalysis, is also influencing the magnitude of the observed KIEs. When the pH
is low, the chemical step is faster than another step that partially limits the rate, and the
observed KIEs are close to unity. As the pH increases, the hydride transfer step slows and
becomes rate limiting, thus increasing the magnitude of the observed KIEs.

While NADPH is sticky compared to NADH, and presumably DHF, the relative stickiness
of DHF and NADH was determined by the analysis of the dependence of the apparent
isotope effect on V/ K on the concentration of the co-substrate. Theory predicts that the
magnitude of P W Kapp Will be dependent on the order of addition of substrates, and specific
patterns of co-dependence are expected for a given mechanism (39). In this model, A
represents the first substrate to bind in an ordered mechanism, and B is the second substrate
to bind. In steady-state ordered mechanisms, P( W Kypp)s Will be independent of the
concentration of A, while B( W Kapp)a, 1T A s sticky, will decrease as the concentration of B
is increased and become unity at infinite concentration of B. The pattern is similar in steady-
state random mechanisms, but P W Kypp for a sticky substrate will decrease as the
concentration of the cosubstrate is increased and reach a finite value different than one at
infinite concentration of the cosubstrate. For a nonsticky substrate, P W Kapp Will be
independent of the concentration of the cosubstrate. In the case of mechanisms of the rapid
equilibrium type, both ordered or random, P VI Kapp for the two substrates will be equal and
independent of the concentration of the cosubstrate since all external commitment factors
are zero (38).

In our case, D(V/Kapp)NADH was independent of the concentration of DHF, and exhibited a
value higher than one, while D(V/Kapp)DHF decreased hyperbolically as the concentration of
NADL increased, reaching a constant value greater than one at elevated concentrations of
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NADL (Figure 4). This pattern is characteristic of a steady-state random mechanism, as
observed in other reductases, including 1-deoxy-D-xylulose-5-phosphate isomeroreductase
and B-ketoacyl-acyl carrier protein (ACP) reductase, both from M. tuberculosis (40,41). This
result also indicates that DHF is a sticky substrate when the reaction occurs with NADH,
and that NADH is less sticky than DHF. It is important to point out that the MDHFR co-
purifies with NADPH tightly bound, indicating that even though the free enzyme is
physically capable of binding both substrates randomly, it is likely that there is a preferential
pathway favoring NADPH binding first.

Solvent and multiple kinetic isotope effects

To investigate the rate limiting nature of the protonation step, solvent KIEs were measured
at pH 6.0, and all values were slightly inverse (P20 VI Kppe = 0.9 £ 0.1; P20 VI Kyapy = 0.8
+0.1; D201/= 0.8 + 0.1; Table 2). A viscosity study using 9% glycerol to mimic the relative
viscosity of D,O was conducted, and no viscosity effect on the rate was observed (data not
shown). This result shows that the protonation step is not rate limiting at this pH, when
NADH and DHF are the substrates. In order to discriminate between a concerted and a
stepwise mechanism for proton and hydride transfer, multiple kinetic isotope effects were
carried out, measuring the solvent KIE when [4R-4-2H]-NADH and DHF were used as
substrates (Figure 5). In this experiment, statistically significant inverse values of 220/
Kiar-4-2H}-NaDH = 0.6 £ 0.1, and 20V/= 0.7 + 0.1 were found. According to theory (42), if
protonation and hydride transfer were occurring in the same transition state, i.e., in a
concerted manner, the observed multiple KIE would be of equal or higher magnitude than
the solvent KIE, since the presence of deuterium in the multiple KIE experiment would
increase the relative size of the energy barrier for the hydride transfer, consequently
increasing the energy barrier for protonation. On the other hand, if protonation and hydride
transfer were taking place in a stepwise manner, the observed multiple KIE would be
smaller than the solvent KIE, since the energy barrier for hydride transfer would be higher,
decreasing the observed KIE when water and D,O are compared. Hence, the results
presented here suggest that the reaction follows a stepwise mechanism, and that protonation
and hydride transfer are not part of the same transition state. The fact that the multiple KIE
yielded an inverse value suggests that a fast pre-equilibrium protonation is occurring before
the hydride transfer step (35). Because heavy water influences acid-base equilibria, D,O
being more acidic than H,O, one can imagine that the presence of a fast pre-equilibrium
protonation preceding the relatively slower hydride transfer step, could give rise to the
observed inverse multiple KIEs due to the fact that the rapid protonation would increase the
amount of an N5 protonated intermediate, which would be the true “substrate” for the
hydride transfer (Scheme 2). Furthermore, inverse fractionation factors have been measured
for several few amines, revealing that some solvent-exchangeable sites prefer deuterium
over hydrogen, relative to solvent, which could also contribute to the inverse values obtained
here (43,44).

Equilibrium isotope effects (EIE)

Even though the results presented above indicate that a fast pre-equilibrium protonation is
occurring prior to the hydride transfer step, EIE (DKeq, and DzoKeq) were measured to better
corroborate this mechanism. If there are isotope effects reporting on the hydride transfer step
(P(VIK)napH), the protonation step (P2°9( VI K)napw), and on both (P20( v
K)[4Rr-4-2H)-NADPH), those values can be used in combination with DKeq, and DZOKeq to
provide information about which one of these steps comes first. The values obtained, at pH
6.0, were PKyq = 1.14 + 0.08, and P20 K, = 1.03 + 0.01. In order to distinguish between
protonation preceding or following hydride transfer, the following inequality has to be
satisfied:

Biochemistry. Author manuscript; available in PMC 2012 June 29.
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b (P2 (V/K)napm — P20Keg) (P2 (V/K) [ ar—a—2m)-napn — 1)
= (P20 (V/K)napu —1) (Dzo (V/K)[4r-4-2H]-NADH — P20Keq)

If the two sides of this equation are equal, the two mechanisms cannot be distinguished by
the analysis of multiple and equilibrium KIEs (42). Unfortunately, this is the case for the
MMDHFR catalyzed reaction.

Several theoretical studies indicate that the mechanism in which protonation precedes
hydride transfer is energetically favored, at least for the £cDHFR (7,8). In this model, DHF
binds the enzyme in its unprotonated form, and the enzyme facilitates protonation by
exposing N5 to the solvent in a favorable orientation, in a hydrophobic pocket that locally
increases the N5 pKj (9). Additionally, it was previously demonstrated by deuterium
exchange experiments that the proton on N5, in the £EcDHFR, comes from the solvent (7),
corroborating the mechanism proposed here for the MDHFR catalyzed reaction (Scheme 2).

Primary KIEs under pre-steady state conditions

The reaction rate was measured under single turnover conditions to obtain more detailed
information about the hydride transfer step. When performing single turnover experiments,
the rate obtained is a combination of the rates of binding and dissociation, and forward and
reverse chemical reactions. By varying the concentration of enzyme, one expects that the
rate of binding becomes fast at maximum enzyme concentration, allowing the observed rates
obtained with different concentrations of enzyme to be plotted as a function of enzyme
concentration, yielding a hyperbola whose ymax can the interpreted as the rate of the
chemical step. In the case of MIDHFR, Ay will be used to describe the hydride transfer step
when NADPH is used as substrate, and Ap when [4R-4-2H]-NADPH is the substrate. The
values obtained for A were 8.8 + 0.1 s1and 4.0 £ 0.7 s, at pH 5.5 and 7.5, respectively.
Interestingly, the rates of Ay measured here are only slightly higher than A, illustrating the
overall rate limiting nature of the hydride transfer step in the pH range analyzed. These
values are two orders of magnitude smaller than the ones for the £cDHFR, HsDHFR, and
LcDHFR, at both pH 5.5 and 7.5. To rule out the possibility that a conformational change
occurring prior to Ay is limiting the reaction, kinetic isotope effects were measured under
single turnover conditions. If a rate limiting slower step was occurring prior to A, the
values of kinetic isotope effects on the hydride transfer step (P4iy) would have a decreased
magnitude, due to the presence of a high cs. The value obtained for P4y at pH 5.5 was 2.4 +
0.1, very similar to the value obtained at pH 7.5, DAy = 2.7 + 0.3 (Figure 6). Thus, the
possibility that a conformational change prior to the chemical step is determining Acq; Was
ruled out, since the magnitude of P4y would be decreased if that were the case. These
results are in contrast to what was found in the DHFR from Streptococcus pneumoniae
(SYDHFR), where the A4/ kp was unity at pH 6.0, and 2.4 at pH 7.0 (25), and in agreement
with the values obtained for the EcDHFR-catalyzed reaction (37).

Furthermore, the values obtained for the P4 are very comparable to all 2V/K obtained at
pH 7.5, when both NADH and NADPH were used as substrates. In this situation one can be
tempted to interpret the value of ~ 2.7 as the intrinsic KIE (P Agpem) for this enzyme
catalyzed reaction, since P /K and P& can be considered equal within experimental error,
as illustrated by the equation defining P V/ K isotope effects shown below:

Dktcerer+ x PKeg

Dy/k=
1+ce+c,
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This assumption, even though plausible, must be taken with caution, since it is possible that
both P V/K and Py are being decreased from the true intrinsic value by the same factor. The
intrinsic KIE was experimentally determined for the EcDHFR, being equal to 3.5 £ 0.2, and
the c¢ then calculated to be 0.25 (45).

In this work, the kinetic mechanism of the MDHFR catalyzed reaction was determined to
be steady-state random, with a preferred pathway in which NADPH binds first. A pKj; value
of approximately 7.0 was identified for an enzymic acid and kinetic isotope effects revealed
the partly rate limiting nature of the hydride transfer step from pH 5.5 to 8.0. Kinetic isotope
effects were measured for the hydride transfer step, and EIE were measured for the first time
for this reaction. A chemical mechanism including a pre-equilibrium protonation step
preceding the hydride transfer step was suggested. Future studies include a complete pre-
steady state analysis to better understand the catalytic cycle of the MMDHFR catalyzed
reaction, as well as the study of mutants aimed at a better understanding the role of specific
amino acids in catalysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

B tuberculosis

MDR-TB multi-drug resistant tuberculosis

XDR-TB extensively drug resistant tuberculosis

MtDHFR dihydrofolate reductase from Mycobacterium tuberculosis H37TRv
HoF dihydrofolate

H4F tetrahydrofolate

NADPH nicotinamide adenine dinucleotide phosphate (reduced form)
NADH nicotinamide adenine dinucleotide (reduced form)

NADL NADH or [4R-4-2H]-NADH used as substrate

dTMP deoxythymidine monophosphate

KIE kinetic isotope effect

SKIE solvent kinetic isotope effect

MKIE multiple kinetic isotope effect

EIE equilibrium isotope effect

EcDHFR DHFR from Escherichia coli

SpDHFR DHFR from Streptococcus pneumoniae
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Reaction catalyzed by DHFR.
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Chemical mechanism proposed for the MDHFR catalyzed reaction. Asp27 is protonated as
indicated by the pH-rate profiles. A conserved water molecule is shown participating in
hydrogen bonds with O4 and Asp27. N5 protonation is fast and mediated by a solvent
molecule. The pre-protonated intermediate is then attacked by NAD(P)H, forming the
products THF and NAD(P)*.
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Figure 1.

Initial velocity pattern showing lines intersecting to the left of the y axis. (A) NADH as
variable substrate, and fixed concentrations of 2 (¢), 4 (O), 6 (A), 15 (4), and 25 (M) uM
of DHF. (B) DHF as variable substrate and fixed concentrations of 25 (), 36 (O), 50 (A),
62 (@), and 250 (W) .M of NADH. Global fitting of the data to eq. 2 (solid lines) gave a
keat=1.65 + 0.10 1, Kppp=1.62 + 0.40 M, KnyapH=68.67 = 7.70 uM.
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Figure2.

pH dependence of the kinetic parameters on pH. (A) pH dependence of log VE{Knaph (O),
(B) pH dependence of VE;Kpnr, (H), (C) pH dependence on VIE; (¢). The lines represent
fits to Eq. 5. A mixed buffer system was utilized, with 100 mM Citrate, 100 mM HEPES,
and 100 mM TAPS.
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Figure 3.

pH dependence of the kinetic isotope effects when (A) NADH, or (B) NADPH were used as
substrates. The individual values represent fits to eq. 7, and are the average of at least two
independent experiments. A mixed buffer system was utilized, with 100 mM Citrate, 100
mM HEPES, and 100 mM TAPS. (A) pH dependence of PV (¢), P VIKyapn (O), and P V7
KbHE (®). (B) pH dependence of P V/(¢), and P VI Kpe (O). The line is a fit to eq. 6.
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Figure4.

Dependence of the apparent values of © /K on the concentration of the co-substrate. KIEs
were measured by varying the concentration of DHF at five different fixed concentrations of
NADH or [4R-4-2H]-NADH. Assays contained 100mM HEPES pH 7.5 with 50 mM KCl,
DHFR (10-20 nM), DHF, and either NADH or [4R-4-2H]-NADH. The solid line drawn
through app VIKpne isafitto D WKapp =D W/([NADL]ﬁOO + K[D VIKNADL —0 — Dy

KNADL —ool/(K + [NADLY]), where K is the concentration of NADL that gives P VIKapp =
[°VIKnaDL —0 - P VIKNADL —o0)/2.
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Figure5.

Multiple KIEs. Curves using or [4R-4-2H]-NADH as substrate and either H,O (+) or D,0
(M) were compared. The concentration of or [4/-4-2H]-NADH was varied while the
concentration of DHF was kept constant at 50p.M. Assays contained 100mM citrate pH 6.0
with 50 mM KCI, DHFR (10-20 nM), DHF, and [4R-4-2H]-NADH.
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KIEs under single turnover conditions. Each curve represents the average of seven traces

collected with 20 wM DHFR, 1M DHF and 100 M of either NADPH or [4R-4-2H]-

NADPH, at pH 7.5. The straight line represents a fit to a single exponential decay (eq. 9).
The inset shows the replot of the observed rate constants (kgps) Obtained with 5, 7, 14, 20,
and 28 pM of DHFR, and either NADPH (Q), or [4R-4-2H]-NADPH (). The lines

represent the fits to eq. 10.
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Table 1

Product Inhibition Patterns for M. tuberculosis Dihydrofolate reductase

Varied substrate  Product inhibitor | ppipition type® K (uM)P Kii (uM)C
NADH NADP* c 0.020 + 0.005 -
NADH THF C 31+3 -
DHF NADP* NC 0.40+0.10 0.10 £ 0.04

DHF THF NC
a . "

C = competitive, NC = noncompetitive.
b, . A

Kis is the slope inhibition constant.

c, ... . A
Kii is the intercept inhibition constant.
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Table 2

Kinetic isotope effects obtained with NADH as substrate

Parameter pH(D) isotope effect
D V/K phe 55 26+0.3

D V/K naoH 55  1.6+0.2
by 55 1601

D V/K phe 6.0 22+04

P V/K napH 6.0 3103
by 6.0 20%02

® V/K pue 65 27x0.1

P V/K napH 65 25+04
by 65 2701

D V/K pre 75  26+04
 V/K napH 75 3103
by 75  32%01
P20 V/K pue 60 09%01
P20 /K naDH 60 0801
D20 6.0 08%0.1
D20 V/K ypa2inapn 60 0601
D20 V/[4R42H]NADH 60 0701

D Keq 6.0 1.14+0.08
D20 o, 6.0  1.03+0.01
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Table 3

Kinetic isotope effects obtained with NADPH as substrate

parameter pH(D) Isotope effect
D V/Kpue 55 1.6+0.2
by 55 1.1+01
P V/Kpye 6.0 17+0.2
Dy 6.0 12+01
® V/K pue 6.5 24+01
by 6.5 1.3+01
® V/K pue 7.0 31+03
Dy 7.0 14+01
D V/Kpue 15 3.0£0.2
by 75 20+01
D V/Kpue 80 3.0£02
by 8.0 23+0.1
D ky, 55 24%0.1
D ky 75 27%0.1
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