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Kinetic mechanism determination and analysis of metal requirement
of dehydroquinate synthase from Mycobacterium tuberculosis H37Rv:
an essential step in the function-based rational design of anti-TB drugs
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The number of new cases of tuberculosis (TB) arising each year is increasing globally. Migration,

socio-economic deprivation, HIV co-infection and the emergence of drug-resistant strains of

Mycobacterium tuberculosis, the main causative agent of TB in humans, have all contributed to

the increasing number of TB cases worldwide. Proteins that are essential to the pathogen survival

and absent in the host, such as enzymes of the shikimate pathway, are attractive targets to the

development of new anti-TB drugs. Here we describe the metal requirement and kinetic

mechanism determination of M. tuberculosis dehydroquinate synthase (MtDHQS). True

steady-state kinetic parameters determination and ligand binding data suggested that the

MtDHQS-catalyzed chemical reaction follows a rapid-equilibrium random mechanism.

Treatment with EDTA abolished completely the activity of MtDHQS, and addition of Co2+

and Zn2+ led to, respectively, full and partial recovery of the enzyme activity. Excess Zn2+

inhibited the MtDHQS activity, and isotitration microcalorimetry data revealed two sequential

binding sites, which is consistent with the existence of a secondary inhibitory site. We also

report measurements of metal concentrations by inductively coupled plasma atomic emission

spectrometry. The constants of the cyclic reduction and oxidation of NAD+ and NADH,

respectively, during the reaction of MtDHQS was monitored by a stopped-flow instrument,

under single-turnover experimental conditions. These results provide a better understanding

of the mode of action of MtDHQS that should be useful to guide the rational (function-based)

design of inhibitors of this enzyme that can be further evaluated as anti-TB drugs.

Introduction

Although the estimated per capita tuberculosis (TB) incidence

was stable in 2005, the number of new cases arising each year

is still increasing globally.1 Among the 15 countries with the

highest estimated TB incidence rates, 13 are located in Africa,

a phenomenon linked to high rates ofMycobacterium tuberculosis,

the causative agent of TB in humans, and HIV co-infection,

making TB the major cause of death in HIV-positive patients,

which represent 23% of the estimated 2 million HIV deaths

in 2007. According to the World Health Organization, there

were an estimated 9.4 million new TB cases in 2008, from which

1.4 million were HIV-positive, with 1.8 million deaths total—

equal to 4500 deaths a day.2 Migration, socio-economic depriva-

tion, HIV co-infection and the greater use of immunosuppressive

agents in healthcare have all contributed to the increasing

number of TB cases worldwide, mainly in countries where it

was considered eradicated.3 Furthermore, the recent report of

the occurrence of at least one case of extensively-resistant

drug TB—resistant to isoniazid and rifampicin plus

resistance to any fluoroquinolone and at least one of three

injectable second line drugs used in TB treatment—in

57 countries worldwide, has characterized a global spread

and alarmed the public health authorities.4 Even more

recently, totally drug-resistant TB strains (TDR-TB) have

been identified that are resistant to all first- and second-line

drugs tested (i.e. aminoglycosides, cyclic polypeptides,

fluoroquinolones, thioamides, serine analogues and salicylic

acid derivatives).5
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Although TB can be cured with the current short-course

therapy, this six-month-long treatment and its host toxicity

lead to patients’ non adherence.6 There is thus an urgent need

for the development of both better vaccines and new and more

efficient antimycobacterial agents with novel mechanisms of

action. Future drugs should present selective toxicity, be active

against drug-resistant and non-resistant strains, shorten the

duration of TB treatment to improve patients’ compliance

and, ideally, do not have pharmacological interactions with

antiretroviral drugs commonly used to treat HIV.7,8

The complete sequencing of the M. tuberculosis H37Rv

genome has provided a better understanding of the biology

of this pathogen and has also identified potential targets and

biochemical pathways that may be used in prophylactic and

therapeutic interventions.9 Proteins that are essential to the

pathogen survival and absent from the host, such as enzymes

of the shikimate pathway, are attractive targets for the develop-

ment of new antitubercular drugs. In 2002, Parish and Stoker

showed that this pathway is essential to the viability of the

bacilli, thereby validating the shikimate pathway enzymes as

potential targets for the design of inhibitors with potential

anti-TB activity.10

The aroB-encoded dehydroquinate synthase (DHQS, EC

4.6.1.3) catalyzes the conversion of 3-deoxy-D-arabino-heptulo-

sonate 7-phosphate (DAHP) to dehydroquinate (DHQ) in the

shikimate pathway (Fig. 1). This pathway leads to the bio-

synthesis of chorismate, the precursor of aromatic compounds

such as phenylalanine, tyrosine and tryptophan, and a

range of other metabolites.11 DHQS has been characterized

in other microorganisms (E. coli,12 B. circulans,13 N. crassa,14

A. nidulans15) and higher plants (P. mungo16 and Sorghum17)

as a metalloenzyme with preference for Co2+ and Zn2+ that

requires catalytic amounts of NAD+. Pathogenic bacteria

harboring mutations in the aroB gene sequence are attenuated

for virulence.18 The mechanism of the DHQS reaction appears

to closely resemble that of 2-deoxy-scyllo-inosose synthase

(DOIS) in the 2-deoxystreptamine biosynthesis, as well as

the protein sequence.19,20 The TDR targets database has

ranked M. tuberculosis DHQS (MtDHQS) as one of the top

50 druggable protein targets for anti-TB drug development,21

and Target-TB identifiedMtDHQS as a protein target belonging

to intermediary metabolism and respiration class.22

The rational design of chemotherapeutic agents may be

divided into function-based and structure-based design.

Knowledge of the molecular structure of the active site and

of the mode of action of an enzyme should thus aid the

design of inhibitors that may be used as antimycobacterial

agents. Here we describe the kinetic mechanism of the

MtDHQS-catalyzed chemical reaction assessed by steady-state

and pre-steady-state kinetics, fluorescence spectroscopy,

and isothermal titration calorimetry. We also present

the metal requirements of this enzyme studied by enzyme

activity measurements and atomic absorption analysis.

These results represent an important step for the rational

Fig. 1 Chemical reaction catalyzed by DHQS.

Fig. 2 Double-reciprocal plots for MtDHQS with either DAHP (A) or NAD+ (B) as the variable substrate. Each curve represents fixed-varying

levels of the co-substrate, ranging from 40 to 400 mM for NAD+ and 3 to 50 mM for DAHP.
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design of potent MtDHQS inhibitors that can further be used

as anti-TB drugs.

Results

Steady-state kinetic parameters and enzyme mechanism

To determine the true steady-state kinetic parameters and the

MtDHQS enzyme mechanism, initial velocity as a function of

substrate concentration was plotted as a linear function of

reciprocal of initial velocity against the reciprocal of substrate

concentration (double-reciprocal or Lineweaver–Burk plot).

The double-reciprocal plots showed a family of lines intersecting

to the left of the y-axis (Fig. 2), which is consistent with

ternary complex formation and a sequential mechanism.23

Data were plotted in reciprocal form and fitted to the equation

for a sequential initial velocity pattern (eqn (1)), yielding the

following values for the true steady-state kinetic parameters:

kcat = 0.63 (� 0.03) sÿ1, KDAHP = 6.3 (� 1.1) mM, KNAD
+ =

70 (� 12) mM, kcat/KDAHP = 1.0 (� 0.2) � 105 Mÿ1 sÿ1,

and kcat/KNAD
+ =9.0 (� 1.6)� 103 Mÿ1 sÿ1, and KD(DAHP)=

9.9 (� 3.4) mM.

Metal requirement analysis

As divalent metal has been proposed as an important cofactor

for DHQS catalysis, analysis of metal requirement for

MtDHQS enzyme activity was carried out. No increase in

the maximum velocity ofMtDHQS was observed at saturating

concentrations of DAHP and NAD+ when the non-chelated

enzyme was assayed in the presence of different divalent

metals, thereby justifying the absence of these compounds in

the assay mixture (data not shown).

Effect of metal ion removal by EDTA on MtDHQS enzyme

activity. Treatment of MtDHQS with EDTA was carried out

for metal ion removal from the enzyme active site to ascertain

its need for catalysis. Addition of 100 mM of EDTA to the

enzyme in the absence of substrates was capable of abolishing

MtDHQS activity after 10 min of incubation. DAHP

and NAD+ were tested separately for their ability to protect

the MtDHQS enzyme against inactivation by EDTA. In

the presence of saturating levels, DAHP (120 mM/6.3 mM =

19 � KDAHP) protected the enzyme from inactivation even at

higher concentrations of EDTA (1 mM), whereas NAD+

(600 mM/70 mM=8.6� KNAD
+) was ineffective (data not show).

These data show that the metal bound to the MtDHQS active

site is less accessible to EDTA in solution when DAHP is

bound to the enzyme active site. It is thus tempting to propose

that the metal ion binding site is precluded from solvent in

MtDHQS:DAHP:metal ion ternary complex, and that it is

likely to be located in the neighbourhood of the DAHP

binding site. On the other hand, the metal ion is exposed to

the solvent and can thus be chelated by EDTA in solution

when in the form of MtDHQS:NAD+:metal ion ternary

complex. This proposal is in agreement with structural data

on Aspergillus nidulans DHQS presented in the Discussion

section.

Metal reactivation. The formation of dehydroquinate by

MtDHQS enzyme was abolished by chelating agents such as

EDTA (0.1 mM) after 10 min of incubation and was

completely restored by an excess of cobalt salt. Although

MtDHQS activity was partially restored by Zn2+, this metal

inhibited 70% of the enzyme activity at 5 mM final concen-

tration (data not shown). Other divalent metals could also

restore MtDHQS activity to varying degrees (Table 1).

Atomic absorption analysis. Metal concentration analysis by

inductively coupled plasma atomic emission spectrometry

(ICP-AES) yielded the following results: Ca2+, 0.78 mg Lÿ1;

Cd2+, o0.004 mg Lÿ1; Co2+, o0.004 mg Lÿ1; Cu2+,

0.42 mg Lÿ1; Mg2+, o0.001 mg Lÿ1; Mn2+, o0.32 mg Lÿ1;

Ni2+, o0.01 mg Lÿ1; and Zn2+, 3.74 mg Lÿ. These results

indicate the presence of approximately 0.2 mol of Zn2+ per

mol of MtDHQS (57.2 mM/347.4 mM).

Isothermal titration calorimetry

To determine the relative affinities of the metal binding site of

the two divalent metals that showed the best effect on restoring

MtDHQS enzyme activity, Co2+ and Zn2+ were titrated to

chelated enzyme (56 mM). Fig. 3 shows the isotherm generated

by isothermal titration calorimetry (ITC) and the data after

peak integration, subtraction of blank titration data (not shown),

concentration normalization (heat normalized to the molar

ratio), and analysis by Origin 7.0 suite programs.

Data from Co2+ titration analysis indicated the presence of

two sequential binding sites (Fig. 3A, where the primary

binding site has a KD of 16 mM and the secondary site has a

KD of 781 mM (exothermic processes). The overall binding

isotherm for the interaction of MtDHQS with Zn2+ is biphasic

(Fig. 3B) and it is best fitted to a model of two sequential

binding sites. Binding to the first binding site is accompanied

by a negative enthalpy change (KD of 167 mM; exothermic

process), whereas binding to the second site (KD of 0.3 mM) is

accompanied by a positive enthalpy change (endothermic process).

Equilibrium ligand binding to MtDHQS

MtDHQS intrinsic protein fluorescence measurements were

carried out to both determine the order of substrate/product

addition/dissociation on/from the catalytic site and distinguish

the enzyme kinetic mechanism. DAHP binding to free

MtDHQS enzyme resulted in a decrease of intrinsic protein

fluorescence. The quench in protein fluorescence upon

MtDHQS-DAHP binary complex formation plotted as a

function of substrate concentration (Fig. 4A) was hyper-

bolic yielding an equilibrium dissociation constant value of

73 (� 7) mM.

Table 1 Effect of divalent metal ions and EDTA on MtDHQS
enzyme activity. Purified enzyme was incubated with 0.1 mM EDTA
for 10 min, with subsequent addition of 1 mM of the metal ions. The
reaction was initiated by addition of DAHP and DHase

Non-chelated DHQS 100% Cd2+ 24%
Nonea o1% Mg2+ 15%
Co2+ 94% Mn2+ 11%
Zn2+ 43% Ni2+ 4%
Ca2+ 38% Ba2+ 4%

a Activities relative to the maximum activity of non-chelated

MtDHQS.
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No change in intrinsic protein fluorescence could be

detected upon binding of NAD+ to free MtDHQS. However,

the absence of protein fluorescence change upon NAD+

binding to free enzyme cannot firmly be interpreted as absence

of MtDHQS-NAD+ binary complex formation. Accordingly,

a competitive assay with NADH (an inhibitor of DHQS) was

performed.14,24 The titration of NADH in MtDHQS solution

causes a hyperbolic increase in nucleotide fluorescence

(460 nm) upon excitation of intrinsic protein fluorescence at

300 nm, indicating the binding of NADH to free MtDHQS,

with KD = 215 (� 13) mM (Fig. 4B-inset). These results

show that there is resonance energy transfer (RET) in which

the energy of protein fluorescence (340 nm) is transferred to

NADH resulting in nicotinamide fluorescence at 460 nm. In

the presence of NADH at concentration near its KD value,

NAD+ was added and the RET nicotinamide fluorescence

was measured. Plots of NAD+ concentration versus relative

nicotinamide fluorescence variation were hyperbolic, and the

data were fitted to an equation for competitive binding

(eqn (2)). This analysis yielded a value of 895 (� 50) mM for

the equilibrium dissociation constant of NAD+ (Fig. 4B).

Binding of both products resulted in intrinsic protein fluores-

cence changes, and the hyperbolic plots yielded equilibrium

dissociation constant values of 3100 (� 135) mM for DHQ

(Fig. 4C) and 920 (� 80) mM for Pi (Fig. 4D).

Pre-steady-state kinetic analysis

NADH transient formation in the oxidation of DAHP

by NAD+ was monitored by pre-steady-state kinetics

in a stopped-flow instrument (Fig. 5). Single-turnover

experimental conditions (20 mM MtDHQS, 2.5 mM NAD+

and 15 mM DAHP; mixing-chamber concentrations) were

employed in which a large NAD+ concentration was

pre-incubated with MtDHQS enzyme. These experimental

conditions were chosen to try to both ensure that most of

MtDHQS is in the form of binary complex with NAD+ and to

simplify the reaction model with a substrate, an intermediate,

and a product (Fig. 6A and B). A scheme has been proposed

by Hirayama et al.25 that involves a reversible binding step

(Fig. 6A). In this scheme, k1 is the rate of oxidation of NAD+

and concomitant formation of the first intermediate (Fig. 1),

kÿ1 is the rate constant for the back reaction, and k2 is the rate

constant containing the phosphate elimination step and the

reduction step of the enone intermediate to form the cyclic

enol ether intermediate and oxidation of NADH to NAD+

(Fig. 1 and 6A). On the other hand, an even simpler case of

two consecutive irreversible reactions (Fig. 6B) can be

considered for analysis of pre-steady-state kinetics data under

single turnover conditions.26,27 In this scheme (Fig. 6B), k1 is

an apparent first-order rate constant comprising the reduction

of NAD+ to NADH, formation of the first intermediate, and

the phosphate b-elimination step (including abstraction of a

proton at C-5) with concomitant formation of the enone

intermediate (Fig. 1), whereas k2 is an apparent first-order

rate constant containing the reduction of the enone inter-

mediate by NADH to form the cyclic enol ether with

concomitant NAD+ formation (Fig. 1 and 6B). It should be

pointed out that this analysis implies that the rate of DAHP

binding to MtDHQS is much faster than the remaining rate

Fig. 3 ITC analysis of Co2+ (A) and Zn2+ (B) binding toMtDHQS. The top graphs show raw data of the heat pulses resulting from a titration of

metal-free MtDHQS (56 mM) in the calorimetric cell with a 0.5 mL injection of 1.5 mM of each metal followed by 19 subsequent 2 mL injections.

The bottom graphs show the integrated heat pulses, normalized per mol of injectant as a function of the molar ratio (metal concentration/

MtDHQS concentration). These binding curves were best fitted to a two-site sequential model equation.
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constants (not rate limiting). Moreover, assuming the two

steps (Fig. 6B) as irreversible is justifiable because these

reactions occur in the absence of products. Moreover, in this

scheme it is implicit that measurements of absorbance at

340 nm detect the rate of formation of E:NADH:S0 inter-

mediate (k1) and the rate of decay of this intermediate to

form E:NAD+:S0 0. This simplified analysis allows fitting the

results to eqn (3), yielding values of k1 = 47 (� 2) sÿ1 and

k2 = 4.36 (� 0.06) sÿ1 (Fig. 5).

Fig. 4 Fluorescence spectroscopy of equilibrium ligand binding toMtDHQS. Dependence ofMtDHQS relative protein fluorescence change upon

binding of DAHP substrate (A), and the products DHQ (C) and Pi (D). The dependence of the change in MtDHQS-NADH fluorescence in the

competitive assay as a function of increasing NAD+ concentration is presented in (B). The inset shows the dependence of the enhancement of

nicotinamide fluorescence (460 nm) due to resonance energy transfer from the enhancement in protein fluorescence (350 nm) upon NADH binding

to free enzyme.

Fig. 5 Pre-steady-state kinetic analysis of MtDHQS reaction.

The NADH production (M) was monitored by a stopped-flow

instrument under single turnover conditions (20 mM MtDHQS

was pre-incubated with 2.5 mM NAD+ and mixed with

15 mM DAHP; mixing-chamber concentrations). Experimental

data are presented by black-filled circles, and fitting the experimental

data to eqn (3) yielded the predicted values plotted as a solid

line.

Fig. 6 Proposed pre-steady-state kinetic model of the MtDHQS

reaction. The rate constant k1 is the substrate oxidation rate by

NAD+, and k2 is the rate containing the elimination step of phosphate

and reduction step by NADH. Absorbance at 340 nm for NADH

formed in the enzyme reaction was monitored and fitted to eqn (3)

Scheme A is for a mechanism that involves a reversible binding step

followed by an irreversible reaction, whereas scheme B is for a

mechanism of two consecutive irreversible reactions.
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Discussion

The rational-based development of MtDHQS inhibitors

requires characterization of its catalytic mechanism. Because

of the complex mechanism in which DHQS is involved, the

enzyme has been speculated as a spectator of its own reaction

and suggest its catalysis as a simple oxidoreductase with

several reactions occurring spontaneously.28 However, the

arrangement of the active site of DHQS indicates that the

enzyme is not just a spectator in catalysis but stabilizes inter-

mediates and prevents side reactions through its entire reac-

tion pathway.29 The elimination of phosphate from DAHP to

generate DHQ catalyzed by DHQS requires catalytic amounts

of NAD+ for activity, even though the enzyme-catalyzed

chemical reaction is redox neutral. DHQS has attracted

considerable mechanistic interest and has long been regarded

as a catalytic marvel due to its ability to perform several

consecutive chemical reactions in one active site during each

catalyzed turnover of substrate into product. In this sequence

(Fig. 1), which is mechanistically unusually diverse for a single

enzyme, it appears to mediate five sequential transformations:12

(i) the oxidation of the secondary alcohol at C-5; (ii) the

b-elimination of inorganic phosphate across C-6 and C-7;

(iii) the reduction of the resulting enone at C-5; (iv) the ring

opening of the enol pyranose; and (v) the final intramolecular

aldol-like reaction to yield DHQ (resonance stabilization

of enolate ion, and nucleophilic addition of C-7—as a

carbanion—to C-2 carbonyl, production of an alkoxide ion,

and protonation of the latter). It has been shown that the

b-elimination of Pi across C-6 and C-7 occurs in a syn fashion

and the transition state for the subsequent intramolecular

aldol reaction has a chairlike geometry.30

The mechanism of the DHQS reaction is similar to the

mechanism described for DOIS in the 2-deoxystreptamine

biosynthesis, including the divalent metal ion requirement

for activity, and Co2+ as the most effective to enzyme activity,

and the cyclic reduction and reoxidation of NAD+ and

NADH, respectively, during the enzyme-catalyzed reaction

prior to release of DHQ from the active site.19 The Bacillus

circulans btrC gene shows significant sequence similarity to

various DHQS and the catalytic domain, and the metal

binding residues are conserved between DOIS and DHQSs.20

However, it has been pointed out that there exist dissimilarities

between B. circulans DOIS and DHQSs, particularly in the

stereochemistry of overall reactions.31 We have previously

reported that amino acid sequence comparison between

MtDHQS and DHQSs from other organisms showed highly

conserved residues,32 which are likely involved in protein

function and activity. Multiple sequence alignment between

MtDHQS (Gene bank access code: NP_217054.1), DHQS

domain of Aspergillus nidulans AROM protein (AnDHQS,

for which there is structural data; PDB access code: 1DQS),

and Bacillus circulans DOIS (BcDOIS; PDB access code:

2GRU) amino acid sequences show conservation of key

residues (Fig. 8).33 Note that the numbering given here is

for the actual position of a particular amino acid in the poly-

peptide chain of each enzyme, and the numbering given in

Fig. 8 is to show sequence comparison results after intro-

duction of gaps. The similarity of the mode of action of

MtDHQS and BcDOIS is borne out by the conservation of

key amino acid residues (Fig. 8). However, as there is struc-

tural data on AnDHQS, emphasis of the likely roles played by

MtDHQS side chains will be placed on conservation of amino

acid residues in AnDHQS and in MtDHQS polypeptide

sequences. The crystal structure of AnDHQS has been solved

at 1.8 Å resolution29 with Zn2+, NAD+ and carbaphosphonate.

The latter is a sub-nanomolar slow-binding inhibitor of E. coli

DHQS.34 The active site is located in a cleft between two

domains of homodimeric AnDHQS.29 The pentacoordinated

Zn2+ interacts with Glu194, His271 and His287 and two

carbaphosphonate inhibitor hydroxyls in AnDHQS.29 The

corresponding amino acid residues in MtDHQS are Glu186,

His249 and His265 (Fig. 8), which are all conserved. In concert

with hydride transfer of C5 of DAHP to C4 of the NAD+

nicotinamide moiety, a proton from C5 hydroxyl group is

transferred to a water molecule and relayed (proton-shuffling

system) to His275 of AnDHQS. A similar role may be played

by the conserved His253 in MtDHQS (Fig. 8). It has been

suggested that a possible role for Zn2+ is to facilitate hydride

transfer and proton loss by polarizing the C5 hydroxyl group

of DAHP.29 The b-elimination step appears to involve

interactions between the oxygens of the phosphate group with

Lys152, Asn162, Asn268 and Lys356 of one subunit, and

Arg130 from the other monomer. The corresponding con-

served residues in MtDHQS are Lys144, Asn154, Asn246 and

Lys323 of one subunit, and Arg122 from the other monomer.

NADH hydride transfer to C5 ketone of the enone inter-

mediate (Fig. 1) may be followed by proton transfer to

C5 hydroxyl group from MtDHQS His253 conserved side

chain involved in the proton-shuffling system. After ring

opening, there is a rotation about the C5–C6 bond that

is followed by aldol condensation and protonation of the

alkoxide intermediate (Fig. 1). To prevent epimerization at

C2 in DHQS-catalyzed chemical reaction, the carboxylic acid

Fig. 7 Proposed kinetic mechanism for MtDHQS.
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group on C2 of the cyclic enol ether (Fig. 1) is held in place by

interactions with a Lys152, Lys250 and Arg264 in AnDHQS.29

The corresponding residues in MtDHQS are Lys144, Lys228

and Arg242, which are all conserved (Fig. 8).

The divalent metal cofactor has been proposed as an

important factor during the catalysis of DHQSs. To elucidate

this role, analysis of the metal requirement of MtDHQS was

performed. The need for no addition of divalent metal in the

standard assay with non-chelated enzyme can be explained by

the general conditions of the expression system that provided

appropriate amounts of metal for MtDHQS enzyme activity.

The treatment with EDTA results in rapid formation of

inactive apoenzyme, and DAHP binding prevents the removal

of the metal from the active site, which suggests that the metal

is less accessible to EDTA when DAHP is bound to the

enzyme active site. Conversely, NAD+ has no protective

effect. This protective behavior of DAHP was previously

described for E. coli12 and N. crassa14 enzymes. As discussed

above, the pentacoordinated Zn2+ interacts with one

glutamate and two histidine amino acid side chains and

two hydroxyl groups of carbaphosphonate inhibitor,29 which

would account for the protective effect of DAHP. On the other

hand, the lack of protective effect by NAD+ suggests that

there is no interaction between this cofactor and Zn2+ ion.

In the reactivation studies, the addition of Co2+ in the

reaction mixture containing the chelating agent restored

completely the MtDHQS activity, similar to B. subtilis13 and

E. coli12 enzymes, but differing from N. crassa that rapidly

recovered the enzyme’s activity with Zn2+ rather than Co2+.14

In contrast, the presence of excess of Zn2+ leads to decreased

rates forMtDHQS at concentration values larger than 200 mM

(data not shown), which suggests that zinc may also bind to a

second inhibitory site. This is similar to DHQS from E. coli12

and A. nidulans35 and was confirmed by the ITC assays of

metal binding to the mycobacterial enzyme, where the titration

of Co2+ and Zn2+ of MtDHQS in solution indicated the

existence of two sequential binding sites. There appears to be

positive cooperativity between the two MtDHQS binding sites

since there is a decrease in the equilibrium dissociation con-

stant for binding to the second site (0.3 mM) as compared to

binding to the first site (167 mM). We have recently been able

to obtain crystal of the MtDHQS enzyme, and, hopefully,

these structural efforts will shed further light on the role of a

metal in catalysis and/or binding (ongoing experiments).

The atomic absorption analysis showed the absence of any

significant quantity of cobalt and the presence of a small, but

significant, amount of zinc. The zinc content of the final

preparation is 0.2 mol of Zn2+ per mol ofMtDHQS, indicating

that the metal sites of the enzyme were only partially saturated

in crude extract. This substoichiometric value obtained may

represent the loss of the metal during the purification process,

similar to that described for other enzymes, like DAHP(Phe)

synthase from E. coli.36 It is interesting to note that the

purified recombinant MtDHQS enzyme did not contain sig-

nificant amount of cobalt associated, even though the metal

reactivation assays here described demonstrated preference for

Co2+ However, based on the higher bioavailability of Zn2+, it

seems likely that DHQS is naturally a zinc-dependent metal-

loenzyme.14 Taken together, these results demonstrate a cen-

tral role for the metal ion in the catalytic mechanism, since

each chemical transformation mediated by dehydroquinate

synthase has, in simpler enzymatic systems, been shown to

involve metal cofactors.12

The pattern of the double-reciprocal plots was consistent

with ternary complex formation and a sequential mechanism.

The mechanisms of ping-pong and rapid equilibrium ordered

Fig. 8 Comparison of amino acid sequences. Shown are DHQS sequences for M. tuberculosis (Mt_DHQS; 362 amino acids; Gene bank access

code: NP_217054.1), Aspergillus nidulans DHQS (An_DHQS; 402 amino acids; Gene bank access code: NT_107015.1), and Bacillus circulans

DOIS (Bc_DOIS; 368 amino acids; Gene bank access code: BAE07067.1). Multiple amino acid sequence alignment was performed by ClustalW,33

using the Gonnet matrix for amino acids substitutions and considering gap penalties.
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could be discarded, since these mechanisms display parallel

lines and intersecting lines at the y-axis, respectively.23 The

initial velocity data and equilibrium binding analysis are

consistent with either a steady-state or a rapid-equilibrium

random kinetic mechanism, in which both DAHP and NAD+

bind to the free enzyme, and there is no preferential order for

dissociation of the products, DHQ and Pi, from the active site

(Fig. 7). However, steady-state random order mechanisms

usually display non-linear Lineweaver–Burk plots due to

squared terms in its rate equation.23,37 Accordingly, the results

here presented suggest that the MtDHQS enzyme mechanism

is rapid-equilibrium random order. The true kinetic para-

meters showed that MtDHQS has a lower catalytic efficiency

when compared to others DHQSs. The turnover numbers

of 24 sÿ1 for E. coli,38 19 sÿ1 for N. crassa14 and 6.8 sÿ1 for

A. nidulans,35 are significantly higher when compared with

0.63 sÿ1 forMtDHQS. The KDAHP values are, however, similar

as compared to E. coli (5.5 mM),12 N. crassa (1.4 mM),14 and

somewhat lower than the value for A. nidulans monofunctional

DHQS domain (21 mM).35 Notwithstanding, the DAHP

substrate specificity constant value of 1.0 � 105 Mÿ1 sÿ1 (kcat/

KDAHP = apparent second-order rate constant) for MtDHQS

is more than 250-fold lower than the E. coli enzyme value (2.5�

107 Mÿ1 sÿ1).12 On the other hand, the NAD+ Michaelis–

Menten constant value for MtDHQS (KNAD
+ = 70 mM)

is approximately 900-fold larger than for E. coli (KNAD
+ =

80 nM),12 350-fold larger than N. crassa (KNAD
+

o 0.2 mM)14

and 37-fold larger than A. nidulans monofunctional DHQS

domain (KNAD
+ = 1.9 mM).35

DHQS is mechanistically distinguished by its catalytic

use of NAD+. The reduction of NAD+ to NADH during

the first step of the enzyme-catalyzed reaction is followed by

reoxidation of NADH to NAD+ at a later enzyme-catalyzed

step prior to release of DHQ from the enzyme active site.

Pre-steady-state kinetics assay of a single enzyme turnover

was thus carried out to determine the rate constants of the

conversion NAD+
- NADH - NAD+ (Fig. 5). Experi-

mental conditions were chosen so that only a single turnover

of MtDHQS-catalyzed chemical reaction is possible and the

transient changes in absorbance at 340 nm were measured.

The single turnover data were analysed using a simple case

for two consecutive reactions as described by Fersht26 and

Hiromi,27 and fitting the data to eqn (3) yielded apparent rate

constant values of 47 sÿ1 for k1 and 4.36 sÿ1 for k2 (Fig. 5). It is

noteworthy that detection of part of the pre-steady-state

absorbance signal due to NAD+ to NADH conversion was

not possible because it occurred in the dead time of the

apparatus (r1.5 ms) (Fig. 5). It should be pointed out that

we do not wish to imply that NADH to NAD+ conversion

may be associated with product release (Pi) and/or conversion

of the first intermediate to the enone intermediate (Fig. 1).

Importantly, the pre-steady-state kinetic data demonstrate

that there is a transient increase in absorbance at 340 nm

associated with NADH formation followed by its oxidation

back to NAD+ that occurs only in the presence of MtDAHP-

catalyzed conversion of DAHP to DHQ. In addition,

the rates of NAD+
- NADH - NAD+ conversions

are not rate limiting because they are larger than the kcat
value (0.63 sÿ1).

Conclusions

Rational inhibitor design relies on mechanistic and structural

information on the target enzyme. Enzyme inhibitors make up

roughly 25% of the drugs marketed in the United States.39

Enzymes catalyze multistep chemical reactions to achieve rate

accelerations by stabilization of transition state structure(s).40

Accordingly, mechanistic analysis should always be a top

priority for enzyme-targeted drug programs aiming at the

rational design of potent enzyme inhibitors. Moreover, ITC

has been used as an important technique for the direct

determination of thermodynamic and kinetic parameters of

enzymatic reactions.41 It has recently been pointed out that

recognition of the limitations of high-throughput screening

approaches in the discovery of candidate drugs has rekindled

interest in rational design methods.42 Understanding the mode

of action of MtDHQS will inform us on how to better design

inhibitors targeting this enzyme with potential therapeutic

application in TB chemotherapy. Accordingly, it is hoped that

the results here described may be useful to the rational

design of anti-TB agents and that they may contribute to

our understanding of the biology of M. tuberculosis.

Experimental

Homogeneous MtDHQS production

The homogeneous solution of recombinant MtDHQS was

obtained as we have previously described.32 Protein con-

centration was determined by the Bradford Protein Assay

Kit (Bio-Rad Laboratories), using bovine serum albumin as

standard.43

Enzyme assay and initial velocity

MtDHQS activity was measured by coupling the conversion of

3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) into

dehydroquinate (DHQ), and monitoring the dehydroquinate

dehydratase-catalyzed conversion of DHQ to dehydroshikimate

at 234 nm (e234nm = 12000 Mÿ1 cmÿ1) in an UV-2550 UV/

Visible spectrophotometer (Shimadzu).38,44 The standard

assay was performed in 5-mm pathlength quartz cuvettes at

25 1C in a total volume of 1.5 mL containing 50 mM Tris-HCl

pH 7.5, 120 mMDAHP (Toronto Chemical Research), 600 mM

NAD+ (Sigma), and 1 unit of dehydroquinate dehydratase

(DHase) from M. tuberculosis. The true steady-state kinetic

parameters were determined by varying concentrations

of DAHP (3–50 mM) against varied-fixed concentrations of

NAD+ (40–400 mM). One unit of enzyme activity was defined

as the amount of protein that catalyzes the consumption of

1 mmol of DAHP/min at 25 1C. The family of lines intersecting

to the left of the y-axis in double-reciprocal plots were fitted to

eqn (1) for a mechanism involving ternary complex formation

and a sequential substrate binding:

v ¼
VAB

KiaKb þ KaBþ KbAþ AB
ð1Þ

in which V is the maximum steady-state velocity, A and B are

substrate concentrations, Ka and Kb are Michaelis constants

for substrates A and B, respectively, and Kia is the dissociation

constant for enzyme-substrate A binary complex formation.
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Metal requirement analysis

Divalent metal ions were removed from all solutions by

stirring with Chelex resin (BioRad), followed by filtration

through a Milipore 0.22 mM sterilizing membrane.

Determination of the rate of metal ion loss in the presence of

EDTA. In an assay at 25 1C, MtDHQS (30 mL of a 35 mM

solution) was added to 50 mM Tris-HCl buffer, pH 7.5,

containing NAD+ (600 mM) and EDTA (100 mM), in a final

volume of 1.46 mL. The reaction was initiated by addition of

DAHP (120 mM) and DHase (1 unit), and the initial rate

determined at different reaction times.

Metal reactivation. To study the requirement of divalent

metal ion to MtDHQS enzyme activity, each metal chloride

salt, including ZnCl2, MgCl2�6H2O, 3CdSO4�8H2O,

BaCl2�2H2O, CaCl2�2H2O, CoCl2�6H2O, MnCl2�4H2O and

NiCl2�6H2O (Sigma-Aldrich), was added to a final concentra-

tion of 1 mM. Metal-free conditions were made by adding

EDTA (0.1 mM final concentration) to enzyme and NAD+

(600 mM final concentration) and incubating this mixture for

10 min. Metal chloride salts were added and incubated for

further 1 min. The enzyme-catalyzed chemical reaction was

started by adding MtDAHP (120 mM) and DHase (1 unit).

Atomic absorption analysis. Analyses of Ca2+, Cd2+, Co2+,

Cu2+, Mg2+, Mn2+, Ni2+, and Zn2+ concentrations in

MtDHQS homogeneous protein solution were carried out

by ICP-AES (Spectro Ciros CCD). All measurements were

in duplicate. MtDHQS was in Tris-HCl 50 mM pH 7.6 at

13.25 mg mLÿ1 final protein concentration (subunit molecular

mass = 38 135.70 Da).

Isothermal titration calorimetry (ITC)

The protein binding constants of protein-divalent metal binary

complex formation were determined by ITC using a MicroCal

ITC-200 microcalorimeter (Thermo). ITC measurements were

carried out at 25 1C, and titrations were carried out using a

40 mL-syringe and with stirring at 500 rpm. Each titration

consisted of a preliminary injection of 0.5 mL, followed by

19 injections of 2 mL into a cell containing 200 mL of protein

sample of 56 mM. To correct for dilution and mixture effects, a

series of baselines were performed, in which injections of metal

were carried out into buffer, and subtracted from data to

obtain accurate heat exchanges. The integrated heat changes

(area under each peak in mcal) were plotted as kcal/mole of

injectant versus the molar ratio ligand/macromolecule (Fig. 3,

lower panels). The binding curve data were best fitted to

standard equations using a model for two-site sequential

model as implemented in Microcal ORIGIN 7.0 software

package (Thermo-MicroCal Software).

Equilibrium ligand binding to MtDHQS

Fluorescence measurements were carried out in a RF-5301 PC

Spectrofluorophotometer (Shimadzu) at 25 1C. Measurements

of intrinsic MtDHQS protein fluorescence were carried out

using excitation wavelength at 300 nm in each binding experi-

ment, and the emission wavelength ranged from 320 to 450 nm

(maximum emission wavelength at 340 nm). For competitive

assays of NADH and NAD+, the nicotinamide fluorescence

was monitored, with excitation wavelength at 300 nm

and the emission wavelength ranging from 320 to 500 nm

(with maximum emission wavelength at 460 nm due to RET).

The slits for excitation and emission were 1.5 and 15 nm,

respectively. Fluorescence titrations of binary complex forma-

tion were carried out by making microlitre additions of the

following compounds to 2 mL containing 2 mMMtDHQS: 4 mM

DAHP stock solution (1.999–181.34 mM final concentration);

200 mM NAD+ stock solution (0.0989–4.877 mM final con-

centration); 500 mM DHQ solution (0.249–7.634 mM final

concentration); 500 mM Pi stock solution (0.249–11.00 mM

final concentration); 20 mM NADH stock solution

(9.995–582.52 mM final concentration). Control experiments

were employed to both determine the maximum ligand con-

centrations to be used with no significant inner filter effect and

to account for any dilution effect on fluorescence. Data were

fitted to a hyperbolic equation for DAHP, NADH, DHQ, and

Pi. For competitive binding to determine the equilibrium

dissociation constant of NAD+, the data of relative fluores-

cence (f) as a function of NAD+ concentration were fitted

to eqn (2), in which F represents the maximum relative

fluorescence change upon ligand binding, A the NAD+ con-

centration, Ka the equilibrium dissociation constant for

NAD+, Ki is the equilibrium dissociation constant for NADH

(215 mM), and I the fixed NADH concentration (215 mM).

f ¼
FA

Ka 1þ I
Ki

� �

þ A

ð2Þ

Pre-steady-state kinetic analysis

Absorption of NADH (340 nm) produced in the catalytic cycle

was analyzed in an Applied-Photophysics SX-18MV-R

(Leatherhead, UK) stopped-flow instrument. Data acquisition

was carried out using a split time base (0.2 and 1 s), and a 1-cm

pathlength mixing chamber. After pre-incubation of 20 mM

MtDHQS with 2.5 mM NAD+ at 25 1C for 10 min, 15 mM

DAHP was mixed to start the single-turnover enzyme reaction

(mixed-chamber or final concentration). A large NAD+ con-

centration was employed to ascertain that most ofMtDHQS is

in the form of binary complex and to simplify the reaction

model (Fig. 6A and B). Considering the simplest case for two

consecutive reactions of pre-steady-state data under single

turnover conditions,26,27 eqn (3) can be employed to yield

estimates for k1 and k2. Accordingly, pre-steady-state kinetics

data were fitted to eqn (3) by regression analysis using

SigmaPlot 9.1 package software (Systat Software, Inc.).

½ENADHS0� ¼
½ENADþ�k1
k2 ÿ k1

eÿk1t ÿ eÿk2t
� �

ð3Þ
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a b s t r a c t

The pyrH-encoded uridine 50-monophosphate kinase (UMPK) is involved in both de novo and salvage syn-
thesis of DNA and RNA precursors. Here we describeMycobacterium tuberculosis UMPK (MtUMPK) cloning
and expression in Escherichia coli. N-terminal amino acid sequencing and electrospray ionization mass
spectrometry analyses confirmed the identity of homogeneous MtUMPK. MtUMPK catalyzed the phos-
phorylation of UMP to UDP, using ATP–Mg2+ as phosphate donor. Size exclusion chromatography showed
that the protein is a homotetramer. Kinetic studies revealed that MtUMPK exhibits cooperative kinetics
towards ATP and undergoes allosteric regulation. GTP and UTP are, respectively, positive and negative
effectors, maintaining the balance of purine versus pyrimidine synthesis. Initial velocity studies and sub-
strate(s) binding measured by isothermal titration calorimetry suggested that catalysis proceeds by a
sequential ordered mechanism, in which ATP binds first followed by UMP binding, and release of prod-
ucts is random. As MtUMPK does not resemble its eukaryotic counterparts, specific inhibitors could be
designed to be tested as antitubercular agents.

Ó 2010 Elsevier Inc. All rights reserved.

Introduction

Human tuberculosis (TB),1 mainly caused by Mycobacterium

tuberculosis, is a major cause of illness and death worldwide.
M. tuberculosis is a remarkably successful pathogen that latently in-
fects one third of theworld population [1] and, despite the availabil-
ity of effective chemotherapy and moderately protective vaccine,

the tubercle bacillus continues to claim more lives than any other
single infectious agent [2]. Increasing HIV–TB co-infections [2], the
emergence ofmultidrug-resistant (MDR), extensively drug-resistant
(XDR) [3], and, more recently, of totally drug-resistant strains (TDR)
[4] have highlighted the need for the development of new therapeutic
strategies to combat TB. Strategies based on the discovery of new tar-
gets for antimycobacterial agent development include elucidation of
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the role played by proteins of essential and, preferentially, exclusive
biochemical pathways for mycobacterial growth [5].

Rational inhibitor design relies on mechanistic and structural
information on the target enzyme. Enzyme inhibitors make up
roughly 25% of the drugs marketed in United States [6]. Enzymes
offer unique opportunities for drug design that are not available
to cell surface receptors, nuclear hormone receptors, ion channel,
transporters, and DNA [6]. It has been pointed out that one of the
lessons to be learned from marketed enzyme inhibitors is that
the most potent and effective inhibitors take advantage of enzyme
chemistry to achieve inhibition [7]. Moreover, the recognition of
the limitations of high-throughput screening approaches in the
discovery of candidate drugs has rekindled interest in rational de-
sign methods [8]. Accordingly, mechanistic analysis should always
be a top priority for enzyme-targeted drug programs aiming at the
rational design of potent enzyme inhibitors.

Nucleotides are important molecules present in all living organ-
isms as they constitute the building blocks for nucleic acids and
also serve as energy sources for many biochemical reactions [9].
Pyrimidine nucleotides can be synthesized by de novo and salvage
pathways resulting in a common product, the nucleotide uridine
50-monophosphate (UMP) [10]. Subsequent phosphorylation of
UMP yields UDP that leads to the synthesis of all other pyrimidine
nucleotides [11]. Nucleoside monophosphate (NMP) kinases play
an important role in the biosynthesis of nucleotides and represent
a homogeneous family of catalysts related to adenylate kinase (EC
2.7.4.3). They catalyze the synthesis of nucleoside diphosphates
(NDPs), which will be converted to nucleoside triphosphates
(NTPs) by a non-specific nucleoside diphosphate kinase [12].
UMP kinases (UMPKs) catalyze the reversible transfer of the c-
phosphoryl group from ATP to UMP in the presence of a divalent
cation, usually Mg2+ (Fig. 1) [13]. In general, eukaryotic UMP/
CMP kinases (EC 2.7.4.14) are monomers, phosphorylate with com-
parable efficiency both UMP and CMP, and are structurally similar
to other NMP kinases (such as adenylate kinase) [12,14–16]. In
contrast, bacterial UMPKs (EC 2.7.4.22) are specific for UMP, exist
in solution as stable homohexamers, and do not resemble either
UMP/CMP kinases or NMP kinases from other organisms based
on sequence comparisons [17,18]. Kinetic studies have shown that
bacterial UMPKs can be activated by GTP and/or be subject to feed-
back inhibition by UTP, the major product of the reaction they cat-
alyze [17–21], regulating the balance of purine versus pyrimidine
nucleoside triphosphates synthesis [13].

As pyrimidine biosynthesis is an essential step in the progres-
sion of TB, enzymes of this pathway are attractive antitubercular
drug targets [22]. Homologs to enzymes in the pyrimidine pathway
have been identified in the genome sequence of M. tuberculosis

[23]. A rapid recombination method for screening and confirma-
tion of gene essentiality has recently been proposed to allow
identification of which of the approximately 4000 genes of
M. tuberculosis are worthy of further study as drug targets [24].
The product of pyrH (Rv2883) gene has been shown to be essential
for M. tuberculosis growth by the rapid screening method [24].

Genetic studies have provided evidence that UMPK is essential
for growth in both Gram-negative (Escherichia coli) [25,26] and
Gram-positive bacteria (Streptococcus pneumoniae) [19]. Although
the pyrH gene has been proposed by sequence homology to encode
a UMPK protein [23], there has been no formal biochemical proof
as to ascertain the correct assignment to the open reading frame
of pyrH gene in M. tuberculosis.

In the present work, the pyrH gene from M. tuberculosis strain
H37Rv was PCR amplified, cloned, and recombinant UMPK
(MtUMPK) was purified to homogeneity. N-terminal amino acid
sequencing and electrospray ionization mass spectrometry (ESI-
MS) analyses were carried out to confirm the identity of the recom-
binant MtUMPK protein. Initial velocity studies were performed to
evaluate the kinetic parameters of the recombinant MtUMPK. In
addition, isothermal titration calorimetry study of substrates bind-
ing was carried out to demonstrate the order of substrate addition
in the kinetic mechanism of MtUMPK. Protein allosteric regulation
by ATP, GTP, and UTP have also been demonstrated. These results
represent an important step for the rational design of MtUMPK
inhibitors that can further be tested as anti-TB drugs.

Materials and methods

Amplification, cloning and DNA sequencing of the pyrH gene

The full-length pyrH (Rv2883c) coding region [23] was PCR
amplified using the genomic DNA from M. tuberculosis H37Rv as
template and a high fidelity proof-reading thermostable DNA poly-
merase (PfuÒ DNA polymerase, Stratagene). The synthetic oligonu-
cleotides used (forward primer, 50-GTC ATA TGA CAG AGC CCG ATG
TCG CCG GC-30; and reverse primer, 50-TAA AGC TTT CAG GTG GTG
ACC AGC GTT CCG A-30) were designed to contain, respectively,
NdeI and HindIII (New England Biolabs) restriction sites (under-
lined). Dimethyl sulfoxide (DMSO) was added to a final concentra-
tion of 10%. The 786-bp amplicon was detected on 1% agarose gel
and purified utilizing the Quick Gel Extraction kit (Invitrogen).
The PCR fragment was cloned into pCR-BluntÒ vector (Invitrogen)
and, following transformation of E. coli strain DH10B (Novagen),
the resulting plasmid was isolated utilizing the Qiaprep Spin Mini-
prep kit (Qiagen). Subsequently, the fragment was cleaved with
NdeI and HindIII endonucleases and inserted into the pET-23a(+)
expression vector (Novagen), previously digested with the same
restriction enzymes. The complete pyrH nucleotide sequence was
determined by automated DNA sequencing to corroborate se-
quence identity, integrity and to check the absence of mutations
in the cloned fragment.

Expression and purification of recombinant MtUMPK

The recombinant plasmid pET-23a(+)::pyrH was transformed
into BL21(DE3) E. coli electrocompetent cells (Novagen), and cells
carrying the recombinant vector were selected on Luria–Bertani
(LB) agar plates containing 50 lg mLÿ1 ampicillin [27]. A single col-
ony was used to inoculate 50 mL of Terrific Broth (TB) medium con-
taining the sameantibiotic and grownovernight at 37 °C. Aliquots of
this culture (2.5 mL)were used to inoculate 250 mL of TBmedium in
5 � 1 L flasks supplemented with ampicillin (50 lg mLÿ1) and
grown at 37 °C and 180 rpm to an optical density (OD600nm) of 0.4–
0.6. When this OD600 value was reached, the temperature was low-
ered to 30 °C andprotein expressionwas carried outwithout isopro-
pyl-b-D-thiogalactopyranoside (IPTG) induction. After 24 h, the cells
(12 g) were collected by centrifugation at 11,800g for 30 min at 4 °C
and stored at ÿ20 °C. The same protocol was employed for BL21
(DE3)E. coli cell transformedwithpET-23a(+) as control. The expres-
sion of the recombinant protein was confirmed by 12% sodiumFig. 1. Chemical reaction catalyzed by UMPK.
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dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
stained with Coomassie Brilliant Blue [28].

Escherichia coli (2 g) cells overproducing the MtUMPK were
resuspended in 20 mL of 50 mM Tris–HCl, pH 7.5 (buffer A), stirred
for 30 min at 4 °C in the presence of lysozyme (0.2 mg mLÿ1, Sig-
ma–Aldrich), and disrupted by sonication (eight pulses of 10 s, at
an amplitude value of 60%). The lysate was centrifuged at
38,900g for 30 min to remove cell debris and the supernatant
was treated with 1% (wt/vol) streptomycin sulfate (Sigma–Al-
drich), stirred for 30 min, and the mixture was centrifuged at
38,900g for 30 min. The supernatant containing soluble MtUMPK
was dialyzed against 2 L of buffer A for 3 h.

All purification steps were carried out on an ÄKTA system (GE
Healthcare) at 4 °C with UV detection at 215, 254, and 280 nm,
and fractions were analyzed by SDS–PAGE. The crude extract was
loaded on a HiPrep 16/10 Q XL (GE Healthcare) anion-exchange
column pre-equilibrated with buffer A. Proteins were eluted using
a 0–300 mM NaCl linear gradient at a flow rate of 1 mL minÿ1.
Fractions containing MtUMPK in NaCl (ca. 280 mM) were pooled
and (NH4)2SO4 was added to a final concentration of 1 M, stirred
for 30 min, and clarified by centrifugation at 38,900g for 30 min.
The supernatant was loaded on a Butyl Sepharose High Perfor-
mance (GE Healthcare) hydrophobic interaction column pre-equil-
ibrated with 50 mM Tris–HCl, pH 7.5, containing 1 M (NH4)2SO4.
Proteins were eluted using a 0–100% linear gradient of buffer A
at a flow rate of 1 mL minÿ1. Pooled fractions containing MtUMPK
was dialyzed against buffer A to remove salt and loaded on a Mono
Q 16/10 (GE Healthcare) anion-exchange column. MtUMPK was
eluted in a salt gradient (0–240 mM NaCl) at a flow rate of
1 mL minÿ1. The pooled sample was dialyzed against 50 mM
Tris–HCl, pH 7.5, containing 200 mM NaCl, concentrated using an
AMICON (Millipore Corporation, Bedford, MA) ultra filtration
membrane (MWCO = 10 kDa), and stored at ÿ80 °C. Total protein
concentration was determined by the method of Bradford [29],
using the Bio-Rad protein assay kit (Bio-Rad Laboratories) and bo-
vine serum albumin as standard.

Amino acid sequence and mass spectrometry analysis

The N-terminal amino acid residues of homogenous recombi-
nant MtUMPK were determined by automated Edman degradation
sequencing using a PPSQ-21A gas-phase sequencer (Shimadzu)
[30]. Recombinant MtUMPK was analyzed by electrospray ioniza-
tion mass spectrometry (ESI-MS) employing some adaptations
made to the system described by Chassaigne and Lobinski [31].
Samples were analyzed on a Quattro-II triple-quadrupole mass
spectrometer (Micromass; Altrincham, UK), using MassLynx and
Transform softwares for data acquisition and spectrum handling.

Determination of MtUMPK molecular mass

Gel-filtration chromatography was performed on a Superdex
200 (HR 10/30) column (GE Healthcare) pre-equilibrated with
50 mM Tris HCl pH 7.5 containing 200 mM NaCl at a flow rate of
0.4 mL minÿ1, with UV detection at 215, 254 and 280 nm. The
LMW and HMW Gel Filtration Calibration Kits (GE Healthcare)
were used to prepare a calibration curve. The elution volumes
(Ve) of standard proteins (ferritin, catalase, aldolase, coalbumin,
ovalbumin, ribonuclease A) were used to calculate their corre-
sponding partition coefficient (Kav, Eq. (1)). Blue dextran 2000
(GE Healthcare) was used to determine the void volume (Vo). Vt

is the total bead volume of the column. The Kav value for each pro-
tein was plotted against their corresponding molecular mass.

Kav ¼
Ve ÿ Vo

V t ÿ Vo
ð1Þ

Multiple sequence alignment

The amino acid sequences of the following UMPK proteins,
whose three-dimensional structures were solved, were included
in the alignment: E. coli (NP_414713.1), Ureaplasma parvum

(YP_001752598.1), Pyrococcus furiosus (NP_579136.1), Sulfolobus

solfataricus (NP_342460.1), and Bacillus anthracis (NC_012659.1).
The UMPK amino acid sequences of S. pneumoniae (YP_816317.1)
and B. subtilis (NP_389533.2) [32] were also included in the align-
ment and compared with M. tuberculosis UMPK (NP_217399.1).
Multiple amino acid sequence alignment was performed by Clu-
stalW [33], using the Gonnet matrix for amino acids substitutions
and considering gap penalties, to identify essential residues for
nucleotide substrate(s) binding, as well as to infer possible similar-
ities in their mechanism of catalysis. For alignment improvement,
8, 23, 11, 5, 5, and 29 amino acids residues were removed from the
E. coli, U. parvum, B. anthracis, S. pneumoniae, B. subtilis, and M.

tuberculosis, respectively.

Functional characterization of MtUMPK

MtUMPK catalytic activity was measured for all purification
steps in the forward direction at 25 °C, using a coupled spectropho-
tometric assay (0.5 mL final volume) as described elsewhere [34],
on an UV-2550 UV/vis spectrophotometer (Shimadzu). In short,
the reaction mixture contained 50 mM Tris–HCl, pH 7.5, 50 mM
KCl, 5 mM MgCl2 buffer; 1 mM phosphoenolpyruvate, 0.2 mM b-
NADH, fixed concentrations of both ATP (3000 lM) and UMP
(600 lM) substrates, 3 U of pyruvate kinase (EC 2.7.1.40) and
2.5 U of L-lactate dehydrogenase (EC 1.1.1.27). The reaction was
started by the addition of MtUMPK. The decrease in absorbance
at 340 nm (eb-NADH = 6.22 � 10+3 Mÿ1 cmÿ1) was continuously
monitored and corrected for non-catalyzed chemical reactions in
the absence of UMP. One unit of MtUMPK is defined as the amount
of enzyme necessary to convert 1 lmol of UMP in UDP per min in
an optical path of 1 cm.

Steady-state kinetics

Determination of the apparent steady-state kinetic parameters
were evaluated at varying concentrations of UMP (0–150 lM)
and a fixed-saturating concentration of ATP (3000 lM), and at
varying concentrations of ATP (0–3000 lM) and a fixed-saturating
level of UMP (600 lM). Initial velocity data were analyzed by Sig-
maPlot (Systat Software, Inc.).

In order to evaluate the specificity for phosphate acceptor, UMP
was replaced with other nucleoside monophosphates (CMP, dCMP
or dTMP) at different concentrations. The specificity of the enzyme
as regards the phosphoryl donors was tested by replacing ATP with
3 mM GTP, CTP, and UTP in the standard assay.

Inhibition studies were carried out in the presence of fixed
non-saturating levels of ATP (1300 lM) and fixed-varied UTP
concentration (0, 30, 50, and 70 lM) when UMP was the variable
substrate. Inhibition studies were also carried out in the presence
of fixed non-saturating concentration of UMP (40 lM) and
fixed-varied UTP concentration (0, 20, 50, and 100 lM) when ATP
was the variable substrate. In addition, saturation curves for UTP
(0–400 lM) were carried out at three different sets of experiments:
fixed-non-saturating ATP concentration (1300 lM) corresponding
to its K0.5, and saturating UMP concentration (600 lM = 19 � Km);
fixed-non-saturating ATP concentration (1300 lM) corresponding
to its K0.5, and non-saturating UMP concentration (30 lM ffi Km);
and fixed-saturating ATP concentration (3000 lM = 2.3 � K0.5)
and non-saturating UMP concentration (30 lM ffi Km). The maxi-
mal rate for each reaction condition was determined in the absence
of inhibitor. Initial velocity parameters were also analyzed as a
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function of ATP concentrations at fixed-saturating UMP concentra-
tion (600 lM) either in the absence or presence of a fixed concen-
tration of GTP (500 lM) to verify whether this substrate has any
effect on the kinetic properties of MtUMPK (70 nM). Initial velocity
measurements were also carried out as a function of UMP concen-
tration at fixed-saturating ATP concentration (3000 lM) in either
absence or presence of GTP (500 lM).

Hyperbolic saturation curves were fitted by non-linear regres-
sion analysis to the Michaelis–Menten equation (Eq. (2)), in which
v is the steady-state velocity, Vmax is the maximal rate, [S] is the
substrate concentration, and Km is the Michaelis–Menten constant
[35,36]. Sigmoidal curves were fitted to the Hill equation (Eq. (3)),
where K0.5 is the value of the substrate concentration where
v = 0.5 Vmax, and n is the Hill coefficient (indicating the cooperative
index) [35,36].

v ¼
Vmax½S�

Km þ ½S�
ð2Þ

v ¼
Vmax½S�

n

Kn
0:5 þ ½S�n

ð3Þ

The Ki value for UTP towards UMP was calculated using the
uncompetitive equation (Eq. (4)), in which [I] is the inhibitor con-
centration and Ki is the inhibition constant [35,36].

v ¼
Vmax½S�

½S� 1þ ½I�
K i

� �

þ Km

ð4Þ

The IC50 value, which defines the concentration of inhibitor re-
quired to half-saturate the enzyme population, was determined by
fitting the data to Eq. (5), in which vi and vo are, respectively, the
reaction velocity in the presence and in the absence of inhibitor,
vi/vo represents the fractional activity remaining at a given inhibi-
tor concentration (fraction of free enzyme), and n is the Hill coeffi-
cient [36].

v i

vo
¼

1

1þ ½I�
IC50

� �n ð5Þ

Isothermal titration calorimetry (ITC)

ITC experiments were carried out using an iTC200 Microcalorim-
eter (MicroCal, Inc., Northampton, MA). The reference cell (200 lL)
was loaded with Milli Q water during all experiments and the sam-
ple cell (200 lL) was filled with MtUMPK at a concentration of
100 lM. The injection syringe (39.7 lL) contained substrates or
effectors at different concentrations: ATP, ADP, GTP, and UTP at
1.5 mM, UMP at 3 mM, and UDP at 1.8 mM. In addition, titration
was performed with the non-hydrolyzable ATP analog, adenosine
50-(b,c-imido)triphosphate tetralithium salt hydrate (AMP-PNP)
at 1.2 mM to determine the ligand concentration necessary to sat-
urate the enzyme active sites. Subsequently, UMP at 800 lM was
titrated into the sample cell containing MtUMPK (100 lM) and
AMP-PNP at saturating concentration (250 lM). The latter permits
evaluation of any effect that this ATP analog may have on UMP
binding to MtUMPK:AMP-PNP binary complex. The ligand binding
isotherms were measured by direct titration (ligand into macro-
molecule). The enzyme was prepared for ITC analysis by dialysis
against 50 mM Hepes at pH 7.5 containing 50 mM KCl, 5 mM
MgCl2, 200 mM NaCl. The same buffer was used to prepare all li-
gand solutions and Tris, used at the kinetic assays, was replaced
with Hepes due to the high enthalpy of ionization of Tris [37,38].
The stirring speed was 500 rpm at a temperature of 25 °C for all
ITC experiments. The first titration injection (0.5 lL), which was
discarded in the data analysis, was followed by 17 injections of
2.2 lL each at 180 s intervals. Control titrations (ligand into buffer)

were performed to subtract the heats of dilution and mixing for
each experiment prior to data analysis. The data after peak integra-
tion of the isotherm generated by ITC, subtraction of control titra-
tion data and concentration normalization (heat normalized to the
molar ratio), were analyzed by Origin 7 SR4 software (Microcal,
Inc.).

The DG (Gibbs free energy) of binding was calculated using the
relationship described in Eq. (6), in which R is the gas constant
(8.314 J Kÿ1 molÿ1), T is the temperature in K (T = °C + 273.15),
and Ka is the association constant at equilibrium. The entropy of
binding (DS) can also be determined by this mathematical formula.
The initial estimates for n, Ka, and DH parameters were refined by
standard Marquardt non-linear regression method provided in the
Origin 7 SR4 software.

DGo ¼ ÿRT lnKa ¼ DHo ÿ TDSo ð6Þ

Results and discussion

Amplification, cloning and sequencing of the pyrH gene

The 786-bp PCR amplicon was consistent with the M. tuberculo-
sis H37Rv pyrH coding region (data not shown). The product was
purified and ligated into pET-23a(+) expression vector as described
in Section ‘Amplification, cloning and DNA sequencing of the pyrH
gene’. Automated DNA sequencing confirmed the identity and the
absence of mutations in the cloned fragment.

Expression and purification of the recombinant MtUMPK

The resulting pET-23a(+)::pyrH recombinant plasmid was elec-
troporated into BL21(DE3) E. coli cells and cultures were grown in
TB medium for 24 h. Analysis by SDS–PAGE indicated that the
supernatant of cell extract (Fig. 2A, lane 3), which was sonicated
and centrifuged, contained a significant amount of protein with
subunit molecular mass (ca. 27 kDa) in agreement with the pre-
dicted MW for MtUMPK (27.4 kDa).

The overexpressed protein was purified by a three-step protocol
consisting of an anion-exchange column (HiPrep Q XL), a hydro-
phobic interaction column (Butyl Sepharose HP) and a strong an-
ion-exchange column (Mono Q). The target protein eluted at
approximately 180 mM of NaCl from the Mono Q column, and

Fig. 2. (A) Twelve percent SDS–PAGE analysis of total soluble proteins. Expression
of MtUMPK of 24-h cell growth after reaching an OD600 nm of 0.4–0.6 in TB medium
without addition of IPTG. Lane 1, Protein Molecular Weight Marker (Fermentas);
lane 2, soluble E. coli BL21 (DE3) [pET-23a(+) (control)] extract; lane 3, soluble E. coli
BL21 (DE3) [pET-23a(+)::pyrH] extract. (B) Twelve percent SDS–PAGE analysis of
pooled fractions from MtUMPK purification steps. Lane 1, Protein Molecular Weight
Marker (Fermentas); lane 2, crude extract; lane 3, HiPrep Q XL 16/10 elution; lane 4,
Butyl Sepharose HP elution and Mono Q 16/10 elution.
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SDS–PAGE analysis showed that recombinant MtUMPK was
homogenous (Fig. 2B, lane 5). This 1.7-fold purification protocol
yielded 20 mg of recombinant protein from 2 g of cells, indicating
a 21% protein yield (Table 1). Enzyme kinetic measurements by
NADH-coupled spectrophotometric assay showed that recombi-
nant MtUMPK indeed catalyzes the phosphorylation of UMP. Nev-
ertheless, increase in the specific activity could be observed in the
presence of high salt concentrations and a pronounced decrease
after salt removal. This difference in activity may be attributed to
ionic strength which, such as pH variations, is recognized to affect
enzyme conformation, stability and activity [39,40]. Gagyi et al.
[18] have also reported the addition of 100 mM NaCl as an ap-
proach to keep the B. subtilis UMPK stability. Accordingly, the
homogenous protein was stored at ÿ80 °C 50 mM Tris–HCl, pH
7.5, buffer containing 200 mM NaCl, which resulted in an apparent
maximum velocity of 7.7 U mgÿ1 and allowed the kinetic assays to
be carried out without affecting the coupled enzymes.

Mass spectrometry and N-terminal amino acid sequencing

The subunit molecular mass value was determined to be
27264.08 ± 13 Da by ESI-MS, which is lower than expected from
the predicted amino acid sequence (27395.00 Da), indicating that
the N-terminal methionine (130.92 Da) was removed.

The first 22 N-terminal amino acid residues identified by the
Edman degradation method correspond to those predicted for

the pyrH gene protein product and corroborate the N-terminal
methionine removal. These results unambiguously identify the
homogenous recombinant protein as the putative MtUMPK.

MtUMPK molecular mass determination

Themolecularmass of thenative enzymewasdeterminedby gel-
filtration chromatography and yielded a single peak with elution
volume corresponding to approximately 106 kDa, suggesting that
MtUMPK is a tetramer in solution (106,000 Da/27264.08 Da ffi 3.9),
differing from other bacterial homohexameric UMPKs [17–19].

Multiple sequence alignment

The currently available three-dimensional structures of UMPKs
from several prokaryotic organisms deposited in the Protein Data
Bank, such as E. coli (PDB code: 2BNE, 2BND, 2BNF, and 2V4Y)
[13,41], U. parvum (PDB code: 2VA1) [21], P. furiosus (PDB code:
2BRI and 2BMU) [11], S. solfataricus (PDB code: 2J4J, 2J4K and
2J4L) [20] and B. anthracis (PDB code: 2JJX) [9], allow drug design
based on a detailed model of the target binding site. The experi-
mentally solved structures of E. coli UMPK [13,41] in complex with
its substrates and the allosteric effector permit to propose the ami-
no acid side chains inM. tuberculosis that are involved in ATP, UMP,
and UDP binding as well as residues that participate in GTP-bind-
ing. To this end, multiple sequence alignment was carried out and

Table 1

Purification of MtUMPK from E. coli BL21 (DE3). Typical purification protocol from 2 g wet cell paste.

Purification step Total protein (mg) Total enzyme activity (U) Specific activity (U mgÿ1) Purification fold Yield (%)

Crude extract 158 722 4.6 1.0 100
HiPrep Q XL 55 977 17.8 3.9 135
Butyl Sepharose 27 863 32 6.9 120
Mono Q 20 154 7.7 1.7 21

Fig. 3. Amino acids sequence alignment of UMPKs from eight prokaryotes. The residues inferred in E. coli as interacting with ATP, UMP or UDP are shaded in gray and the
residues involved in GTP-binding are boxed [13,41]. (�), (:), (.) and (–) indicate identity, strong similarity, weak similarity and gat inclusion among the residues, respectively.
Amino acid residues were numbered after removing 29 N-terminal amino acids from the polypeptide sequence of MtUMPK.
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the results suggest that the conserved MtUMPK Gly83 and Asp97
(M. tuberculosis numbering) amino acid residues are equivalent to
residues in E. coli UMPK [13] that interact with the 20-OH ribose
ring of UMP (Fig. 3). The amino acids Gly77, Gly78, Arg82, and
Thr165, which are involved in UMP a-phosphate interactions, are
conserved among all sequences aligned. The main differences
among UMP binding residues are those associated with uracil
binding. The interactions between E. coli UMPK and the uracil moi-
ety of UMP are between the hydrophilic Thr138 and Asn140 amino
acids, whereas in MtUMPK these interactions are made by the
hydrophobic Met158 and Leu160 residues. As no structural data
for MtUMPK have been available to date, it is tempting to suggest
that these differences may be related to the distinct quaternary
structures of MtUMPK (tetramer) and E. coli UMPK (hexamer),
since site-directed mutagenesis of Thr138 and Asn140 residues
suggested their involvement in subunit contacts in the quaternary
structure of the latter [13]. The interactions between the enzyme
and uracil, ribose, or the UDP a-phosphate moiety are very similar
to those with UMP, although UDP binding involves three additional
amino acid residues [13]. The Lys36 and Gly39 residues (M. tuber-
culosis numbering) are conserved, whereas Gly39 in MtUMPK se-
quence replaces a serine residue present in E. coli UMPK.

The amino acids Lys36, Asp166, Phe191, Asp194, and Asp221 in
MtUMPK are likely involved in ATP interaction since they are con-
served in the E. coli UMPK andMtUMPK polypeptide sequences. On
the other hand, Lys185 in MtUMPK replaces a threonine residue
present in ATP binding site of E. coli UMPK. It is interesting to note
that the Lys residue involved in ATP binding replaces Thr in five
UMPK sequences [43] as in MtUMPK. In E. coli UMPK, the GTP-
binding site is between two dimers of the hexamer and GTP pro-
motes a rearrangement of its quaternary structure, resulting in a
tighter dimer–dimer interaction [41]. Asp113, which interacts with
the GTP purine moiety, Arg123 and Arg150, both interacting with
the phosphate group, are the most conserved amino acid residues
(Fig. 3). These residues are absent in U. parvum and S. solfataricus

UMPKs and may explain the lack of GTP stimulation of these en-
zymes [20,21].

MtUMPK kinetic parameters

The dependence of velocity with UMP as variable substrate at
fixed-saturating ATP concentration (3000 lM) followed hyperbolic
Michaelis–Menten kinetics (Fig. 4A), and the apparent constant
values were thus calculated fitting the data to Eq. (2), yielding
the following values: Vmax = 7.5 (±0.3) U mgÿ1 and Km = 31
(±3) lM. These results permit estimate a value of 3.4 (±0.1) sÿ1

for the UMP catalytic constant (kcat) and of 11 (±1) � 104 Mÿ1sÿ1

for the UMP specificity constant (kcat/Km). The Michaelis–Menten
constant values are similar to those reported for B. subtilis

(KUMP
m = 30 lM) and E. coli (KUMP

m = 43 lM at pH 7.4) UMPKs [18,41].
The saturation curve for ATP at fixed-saturating UMP concen-

tration (600 lM) was sigmoidal (Fig. 4B), suggesting cooperative
kinetics. Accordingly, the data were fitted to the Hill equation
(Eq. (3)), yielding the following values: Vmax = 8.8 (±0.2) U mgÿ1,
K0.5 = 1299 (±32) lM and n = 3.9 (±0.3). The kcat for ATP is 4.0
(±0.1) sÿ1. The limiting value for the Hill coefficient (n) is four since
we showed that MtUMPK is a homotetramer in solution. The n va-
lue of 3.9 thus indicates strong positive cooperativity for ATP.

As demonstrated for others UMPKs [17,20,21], MtUMPK was
specific for UMP as the phosphoryl group acceptor as no enzyme
activity was detected with CMP, dCMP or dTMP. The specificity
for the phosphoryl group donor was tested with GTP, CTP and
UTP, and UMP as the acceptor substrate. No activity was detected
with GTP and CTP. UTP acted as phosphoryl donor at a velocity va-
lue of 0.5 U mgÿ1. This value is 18-fold lower than for ATP

(8.8 U mgÿ1), suggesting that ATP is the more likely physiological
phosphate donor for MtUMPK.

UTP has been reported as a common negative regulator of UMP-
Ks from Gram-negative bacteria, Gram-positive bacteria and ar-
chae [20,42,43]. To evaluate the inhibitory effect of UTP on
MtUMPK enzyme velocity, measurements of steady-state rates
were carried out as described in Section ‘Materials and methods’.
Double-reciprocal plots at different UTP concentrations displayed
a pattern of parallel lines, suggesting that UTP acts as an uncom-
petitive inhibitor towards UMP in which Vmax and Km values were
simultaneously reduced (Fig. 5) at fixed non-saturating ATP con-
centration (1300 lM) and varying UMP concentration. Data fitting
to Eq. (4) for uncompetitive inhibition yielded a Ki value of 87
(±5) lM for UTP. On the other hand, the plots of MtUMPK activity
versus ATP concentration in the presence of both non-saturating
UMP (40 lM) and fixed-varied UTP concentrations (0, 30, 50, and
70 lM) were all sigmoidal. Although inhibition by UTP did not
modify the sigmoidal shape of the curve, data fitting to Eq. (3)
yielded increasing, though modest, values for apparent K0.5,
whereas Vmax and the Hill coefficient values remained approxi-
mately constant (Table 2). These features appear to be a common

Fig. 4. Apparent steady-state kinetic parameters. (A) Specific activity (U mgÿ1)
versus [UMP] (lM) at fixed concentration of ATP (3000 lM). (B) Specific activity
(U mgÿ1) versus [ATP] (lM) at fixed concentration of UMP (600 lM). The MtUMPK
concentration was 70 nM on both assays.
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theme for UMPKs from Gram-positive and archae microorganisms
[19,20,43].

The saturation curves for UTP inhibition in the presence of
fixed-non-saturating ATP concentration and saturating UMP
concentration, fixed-non-saturating ATP concentration and non-
saturating UMP concentration, and fixed-saturating ATP concen-
tration and non-saturating UMP concentration were all sigmoidal
(data not shown). These data were thus fitted to Eq. (5), yielding
estimates for IC50 values and the Hill coefficient (Table 3). The rates
decreased with increasing UTP concentration, reaching a plateau of
low enzyme activity (below 0.5 U mgÿ1) at high UTP concentra-
tions. The IC50 values of 80 lM (saturating UMP concentration)
and 97 lM (non-saturating UMP concentration) were within
experimental error. These results are in agreement with UTP acting
as an uncompetitive inhibitor towards UMP (Fig. 5), thereby sug-
gesting that UTP preferentially binds to a complex formed between
MtUMPK and UMP (it would have to be a ternary complex because
we showed that ATP binding is followed by UMP binding). Stated
otherwise, as the MtUMPK enzyme mechanism is ordered (ATP
binds first), the concentration of MtUMPK:ATP binary complex, to
which UMP binds, is unchanged as ATP concentration in both
experiments were the same (1300 lM). It could be argued that

increasing UMP fixed concentration (from 30 to 600 lM) would re-
sult in increasing concentration of MtUMPK:ATP:UMP ternary
complex, to which UTP binds, resulting in lower IC50 values for lar-
ger UMP concentrations. However, it should be kept in mind that
the enzyme activity measurements here presented provide a value
for the apparent Km value of UMP and that this value represents an
apparent dissociation constant that may be treated as the overall
dissociation constant of all enzyme-bound species. In short, the
true equilibrium dissociation constant of UMP from MtUMPK:
ATP:UMP ternary complex is not known, thereby precluding a pro-
posal that increasing UMP concentration would result in increasing
ternary complex concentration because the true dissociation
constant value for UMP may be considerably larger than the
concentrations employed here. In any case, the uncompetitive
inhibition cannot be overcome by high UMP substrate concentra-
tions, suggesting that UTP binds to an allosteric (regulatory) site.
In addition, there was a decrease in the Hill coefficient (n) from
2.8 at non-saturating UMP concentration to 1.5 at saturating
UMP concentration (Table 3). It thus appears that increasing UMP
concentration results in decreasing degree of cooperativity. In the
presence of saturating ATP concentration (3000 lM), there was a
2-fold increase in IC50 value for UTP, suggesting that UTP acts as
a competitive inhibitor towards ATP. These data are consistent
with ATP kinetics in which increasing fixed-varied concentrations
of UTP in the presence of fixed-non-saturating UMP concentration
yielded increasing values for apparent K0.5 (Table 2). Moreover,
since we have shown that UTP can act as a poor phosphoryl donor,
it is thus likely that UTP can also bind to ATP binding site of
MtUMPK. These data suggest that UTP either binds to the ATP bind-
ing site with low affinity or to an allosteric site that results in
uncompetitive inhibition towards UMP. Incidentally, it has been
proposed that each subunit of bacterial UMPKs has three distinct
nucleotide-binding sites [43].

GTP has been shown to be a positive effector for bacterial UMP-
Ks [41,43]. The crystal structure of E. coli UMPK bound to GTP has
recently been solved at 2.3 Å [41]. The presence of GTP (500 lM)
resulted in both increased Vmax values (from 2 to 3.2 U mgÿ1) and
affinity (K0.5) of ATP for MtUMPK (from 1335 to 545 lM) (Fig. 6).
In addition, the Hill coefficient value of 4.4 in the absence of GTP
decreased to 1.6 in the presence of GTP (500 lM), suggesting that
this nucleotide decreased the degree of cooperativity of ATP upon
MtUMPK enzyme activity (Fig. 6). These results are in agreement
with previously published results on UMPKs from Gram-positive
bacteria [19,43]. On the other hand, the effect of GTP on UMP
kinetics displayed a slight increase in the Vmax values (from
1.63 ± 0.03 U mgÿ1 in the absence to 2.07 ± 0.05 U mgÿ1 in the
presence of GTP), and no change of Km values for UMP (data not
shown).

Equilibrium binding of ligands assessed by ITC

To further elucidate the MtUMPK kinetic mechanism, titration
microcalorimetry of ligand binding to the recombinant enzyme
was carried out. Equilibrium binding values of ligands were mea-
sured directly by ITC, determining the heat generated or consumed
upon ligand–macromolecule binary complex formation at constant
temperature and pressure. The measured of the heat released upon
binding of the ligands allowed us to derive the binding enthalpy
(DH) of the process, to estimate the stoichiometry of the interac-
tion (n) and the association constant at equilibrium (Ka). The disso-
ciation constant at equilibrium (Kd) could be calculated as the
inverse of Ka (Kd = 1/Ka). Moreover, the Gibbs free energy (DG)
and entropy (DS) of binding were determined from the association
constant values at equilibrium as described in Eq. (6). The ITC data
for binding of ligands to MtUMPK (Fig. 7) are summarized in
Table 4. The overall binding isotherms for ATP, ADP, UDP or

Fig. 5. Double-reciprocal plot of specific activityÿ1 (mg Uÿ1) versus [UMP]ÿ1 (lMÿ1)
at 0, 30, 50 and 70 lM UTP. The MtUMPK concentration was 80 nM.

Table 2

ATP kinetic parameters in the presence of fixed concentrations of UTP.

UTP concentration (lM) Vmax
a nb K0.5

c (lM)

0 3.8 ± 0.3 2.4 ± 0.4 1.2 (±0.1) � 103

20 3.5 ± 0.3 2.1 ± 0.3 1.3 (±0.2) � 103

50 3.9 ± 0.4 2.5 ± 0.5 1.4 (±0.2) � 103

100 4 ± 1 2.3 ± 0.9 1.7 (±0.5) � 103

a Vmax = maximal rate.
b n = the Hill coefficient.
c K0.5 = value of the substrate concentration in which v = 0.5 Vmax.

Table 3

IC50 and n values for UTP in the presence of different fixed substrate concentrations.

Substrate concentrations IC50
a (lM) nb

ATP 1300 lM + UMP 600 lM 80 ± 4 1.5 ± 0.1
ATP 1300 lM + UMP 30 lM 97 ± 7 2.8 ± 0.4
ATP 3000 lM + UMP 30 lM 210 ± 6 3.6 ± 0.3

a IC50 = concentration of inhibitor required to half-saturate the enzyme
population.

b n = the Hill coefficient.
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GTP-binding to MtUMPK were best fitted to a model of one set of
sites (Table 4). The UTP binding isotherm was not well defined to
obtain an adequate fit of the data to any model, probable because
this substrate may exert different and simultaneous effects on
MtUMPK.

The mechanism of phosphoryl transfer of NMP kinases has been
reported to follow a sequential random bi bi kinetic mechanism
[12]. TheMtUMPK appears to deviate from this type of mechanism,
since no significant heat changes were obtained for UMP binding,
suggesting that it cannot bind to free enzyme. In contrast, all other
ligands tested do bind to the free enzyme and exhibit exothermic
reactions, as seen by negative changes in the binding enthalpy
(Fig. 7). Interestingly, the binding isotherm of an ATP molecule
does not appear to influence the affinity for the subsequent one,
as the thermodynamic parameters for ATP binding provide single
DH and Ka values. How can one reconcile these data with positive
cooperativity displayed by the saturation curve (Fig. 4B) of steady-
state kinetics for ATP in the presence of UMP? These data suggest
that ATP binding has a positive heterotropic effect upon UMP bind-
ing to MtUMPK:ATP binary complex, since UMP does not bind to
the free enzyme. The n value of 0.57 sites for the ATP binding refers
to the event of two subunits ofMtUMPK in the cell associating with
each ATP molecule injected. In summary, we propose that ATP
binding triggers a conformational change of MtUMPK that results
in increased affinity for UMP. To provide further experimental evi-
dence for the proposed positive heterotropic effect of ATP, titration
of UMP into a solution containing MtUMPK:AMP-PNP binary com-
plex (a non-hydrolyzable ATP analog) was carried out. The ligand
binding isotherms showed no ITC signal upon UMP binding to free
MtUMPK enzyme (Fig. 7, panel E). On the other hand, the ITC signal
for titration of MtUMPK:AMP-PNP with UMP showed changes in
the degree of heat response upon MtUMPK:AMP-PNP:UMP ternary
complex formation, displaying exothermic and endothermic re-
sponses (Fig. 7, panel F). The ITC data were analyzed with a model
assuming a cooperative ligand binding interaction for a tetrameric
protein. The UMP binding exhibited biphasic behavior (Fig. 7, panel
F), which could be assessed by the endothermic and exothermic
profile of the heat response. The ITC data showed a cooperative
pattern and demonstrated that UMP binds to MtUMPK:AMP-PNP
binary complex (Table 4), even though it could not be demon-
strated an obvious positive cooperative effect with increasing
affinity for UMP as the binding sites are sequentially occupied.
However, positive cooperativity is generally more difficult to

distinguish from ITC studies alone, since the tendency is for the
binding sites on any single molecule to saturate together unless
the difference in affinity values between the sites were large. Not-
withstanding, the ITC data are in agreement with the steady-state
kinetics results showing that UMP binds to MtUMPK:ATP binary
complex and that ATP has a cooperative effect on tetrameric
MtUMPK enzyme.

The UDP product binds to free MtUMPK enzyme with higher
affinity than ADP product (Table 4), and both ligands displayed a
stoichiometry of one ligand binding to each monomer of the tetra-
meric enzyme. The larger association constant of UDP as compared
to ADP appears to be enthalpy driven (Table 4). These ITC results
suggest that product release is random. The GTP-binding affinity
is in the same range of UDP (Table 4). These ITC results demon-
strate that GTP is capable of binding to free MtUMPK enzyme with
a stoichiometry close to unity. It is interesting to note that ATP
(substrate) as compared to ADP (product) binding display approx-
imately the same association constant at equilibrium (or Gibbs free
energy), which is a result of the ubiquitous phenomenon of enthal-
py–entropy compensation meaning that entropy losses often ne-
gate enthalpy gains [8]. In short, ITC and steady-state kinetic
results provide evidence MtUMPK follows an sequential ordered
mechanism, in which ATP binds first to free enzyme followed by
UMP binding to the MtUMPK:ATP binary complex (Fig. 8). Release
of products is, however, random. The mechanism for S. solfataricus
UMPK has been shown to be random order for either addition of
substrates or release of products [20].

Summary

Bacterial UMPKs have been proposed to be attractive drug tar-
gets because their primary amino acid sequence and three-dimen-
sional structures are divergent from their eukaryotic counterparts.
They are unique members of the NMP kinases family of enzymes
and several research groups have demonstrate its essentiality for
different organisms [17,19,25,26,44], and to M. tuberculosis in par-
ticular [24]. Moreover, they are oligomers with an exclusive and
complex control of activity by GTP and UTP, representing an inter-
esting model of allosteric regulation [43]. The elucidation of the
mode of action of MtUMPK is thus warranted. Although the pyrH

gene has been proposed by in silico analysis to encode a UMPK en-
zyme [23], formal biochemical proof was still lacking as regards
the correct assignment to its open reading frame in M. tuberculosis.
Accordingly, here we describe PCR amplification of the pyrH coding
region, cloning, heterologous expression, and purification of re-
combinant protein to homogeneity. N-terminal amino acid se-
quence and ESI-MS confirmed the identity of the homogeneous
recombinant protein. Steady-state kinetic measurements con-
firmed that the pyrH gene encodes a UMPK enzyme in M. tubercu-

losis. Size exclusion chromatography showed that MtUMPK is a
tetramer in solution. Multiple sequence alignment analysis al-
lowed identification of residues involved in substrate binding
and/or catalysis.

Steady-state kinetic measurements showed that MtUMPK is
specific for both ATP and UMP substrates. This specificity for
UMP is not surprising since it has been shown that the Rv1712 lo-
cus in M. tuberculosis codes for a functional cytosine monophos-
phate kinase that preferentially phosphorylates CMP and dCMP,
and that UMP is a poor substrate [45]. In agreement with these re-
sults, E. coli has two distinct enzymes that display substrate spec-
ificity for UMP (UMPK) or CMP (CMP kinase) [46]. Steady-state
kinetics and ITC data suggest a sequential ordered mechanism for
substrate addition to MtUMPK, in which ATP binds first to free en-
zyme followed by UMP binding; and a random order for release of
products.

Fig. 6. Effect of GTP (500 lM) on ATP saturation curves. In the absence of effector
(�), the curve is sigmoidal. In the presence of effector (�), the sigmoidicity is
reduced though still present. The MtUMPK concentration was 70 nM.
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Fig. 7. Isothermal titration calorimetric curves of binding of ligands toMtUMPK (100 lM). (A) Titration of the ATP substrate at a final concentration of 248 lM. (B) Titration of
the ADP product at a final concentration of 248 lM. (C) Titration of the UDP product at a final concentration of 398 lM. (D) Titration of the allosteric effector GTP at a final
concentration of 248 lM. (E) Titration of the UMP substrate at a final concentration of 497 lM. (F) Titration of the UMP substrate at a final concentration of 132 lM in the
presence of the non-hydrolyzable ATP analog (AMP-PNP). The experiments were carried out at constant temperature and pressure.
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The cooperative kinetics with respect to ATP, activation by GTP,
and inhibition by UTP, showed that MtUMPK is an allosteric en-
zyme that is subject to a complex control by these metabolites.
The results here described also show that MtUMPK belongs to
the K system. This term was originally proposed by Monod et al.
[47], in which the enzyme exists at equilibrium between two states
with the same catalytic activities, but different substrate affinities
(T of low affinity, and R of high affinity). In the absence of effectors,
ATP has a positive heterotropic effect on UMP binding to MtUMPK
to form the catalytically competent ternary complex. This degree of
cooperativity is decreased in the presence of GTP as there is a low-
ering of the Hill coefficient value, and a decrease in K0.5 value for
ATP, thereby suggesting increased ATP affinity for MtUMPK. This
model may also be applicable to UTP inhibition, in which binding
of UTP displaces the equilibrium for the state with lower affinity
for ATP with no effect on the Hill coefficient and maximum veloc-
ity. Moreover, as UTP is an uncompetitive inhibitor towards UMP,
it appears that UTP can have a dual inhibitory effect on MtUMPK
enzyme activity depending on which substrate is varied. The re-
sults on MtUMPK mode of action show that its cooperativity is
more pronounced than that observed for other UMPKs (n values
of 1.28–2.5) [19,21,43]. In general, the Hill coefficient does not rep-
resent the actual number of sites, unless the cooperativity is high
[35]. Our findings show that the n value of ATP (3.9) for tetrameric
MtUMPK indicates strong positive cooperativity and it may corre-
spond to the actual number of protomers. Activation of MtUMPK
by GTP and feedback inhibition by UTP imply a role for this enzyme
in coordinating the synthesis of purine versus pyrimidine nucleo-
side triphosphates, and highlights the likely relevance of UMPK
in the metabolism of M. tuberculosis.

The currently available repertoire of antimycobacterial agents
reveals only a handful of comprehensively validated targets,
namely RNA polymerase, DNA gyrase, NADH-dependent enoyl-
ACP reductase, and ATP synthase [48]. The complete genome
sequencing of M. tuberculosis H37Rv strain has accelerated the
study and validation of molecular targets aiming at the rational de-
sign of anti-TB drugs [23]. The target-based rational design of new
agents with anti-TB activity includes functional and structural ef-
forts. However, the first step to enzyme target validation must in-
clude experimental data demonstrating that a gene predicted by in

silico analysis to encode a particular protein catalyzes the proposed
chemical reaction. Moreover, it has recently been pointed out that

recognition of the limitations of high-throughput screening ap-
proaches in the discovery of candidate drugs has rekindled interest
in rational design methods [8]. Understanding the mode of action
of MtUMPK will inform us on how to better design inhibitors tar-
geting this enzyme with potential therapeutic application in TB
chemotherapy. Accordingly, it is hoped that the results here de-
scribed may be useful to the rational design of anti-TB agents
and that they may contribute to our understanding of the biology
of M. tuberculosis.
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Our manuscript entitled “Recombinant Escherichia coli GMP reductase: kinetic, catalytic and 
chemical mechanisms, and thermodynamics of enzyme-ligand binary complex formation.” by 
Martinelli et al. was recently reviewed for publication in MOLECULAR BIOSYSTEMS as Full Paper. 
We, the authors, were pleased that the comments of the reviewers were positive. In particular, 
reviewer #1 was of opinion that our manuscript “is an interesting study which potentially will have a 
noticeable impact to the field”, and reviewer #2 found that “this is an interesting study which potentially 
will have a noticeable impact to the field.” However, the reviewers raised a number of issues that 
should be addressed for a revised version of our manuscript to be considered for publication in 
MOLECULAR BIOSYSTEMS. We were also pleased that you offered us an opportunity to deal with 
the issues raised by the reviewers. We have thus made a number of changes to our manuscript in 
response to the comments and suggestions made by the reviewers. Our responses to the issues 
raised by the reviewers and changes made to our manuscript are as follows:  
 
Reviewer #1 
 
Issue 1: “In the experiments of determination of apparent steady-state kinetic constants and initial 
velocity pattern (Fig 3), it need more concentration of GMP or NADPH.” 
 
Response: The accuracy of values estimated for steady-state kinetic parameters (KM and Vmax) 
depends on the range of substrate concentrations over which the initial velocity has been determined. 
Enzymologists usually make efforts to measure initial velocities using substrate concentrations from 
0.25KM to 5.0KM. However, there may be practical limits on the range of substrate concentrations over 
which these measurements can be performed. At low substrate concentrations, for small values of 
velocity (v) small errors in v lead to enormous error in 1/v in the double-reciprocal (or Lineweaver-
Brurk) plot. On the other hand, for large values of v the same small errors in v lead to barely noticeable 
errors in 1/v . However, the double-reciprocal plot is by far the most widely used in enzyme kinetics and 
there is a large body of data and graphical interpretation that can be used for comparisons. In addition, 
for an enzyme system that obeys the Michaelis-Menten equation, the advantage of including substrate 
concentrations values much higher than KM is very slight and may well be outweighed by the added 
cost in materials. In any case, the KM and VMAX (kcat) for both GMP and NADPH were determined in the 
experiments of apparent steady-state kinetics and initial velocity patterns using saturating substrate 
concentrations and at least one point below the KM values for both substrates in every curve. 
Accordingly, we are of opinion that the data presented are reliable and more initial velocity 
measurements will neither change the interpretation nor increase accuracy of data. 
 
Issue 2: “Mean square error should be presented in all the figure if possible”. 
 
Response: As requested, we added mean square errors to the following figures: 
Figure 8: Temperature dependence of log kcat 
Figure 9: Primary deuterium kinetic isotope effects 
Figure 10: Solvent isotope effects 
Figure 11: Multiple kinetic isotope effects 
 
Adding mean square errors to figures 1, 2, 4, 5, 6, 12 and 13 are not needed. We haven’t added mean 
square errors to figure 3 because it would become somewhat “crowded”. In addition, adding mean 
square errors to pH-rate profiles (figure 7) is not a common practice among enzymologists. At any rate, 
we have added mean square errors to all figures we deemed appropriate. 
 
Issue 3: “It would help to understand the mechanism more easily if the incorporation of GMP and 
NADPH, and release of IMP and NADP+ was added in figure 11”. 
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Response: Indeed. We have changed figure 13 (figure 11 of the previous version of our MS) so that it 
now shows GMP and NADPH sequential binding and sequential release of NADP and IMP products. 
We would like to thank this reviewer for bringing it to our attention.  
 
Reviewer #2 
 
Issue 1: “Since the main focus of this article is on the mechanism of GMPR it is not necessary to 
discuss the (standard) procedure used to purify E.c. GMPR or make it part of the results section 
(Moving it into the Materials and Methods will improve readability).” 
 
Response: Indeed, we agree that discussing the standard purification method is not the main focus of 
the article and will not add much to the discussion. Accordingly, as requested, we have moved part of 
the discussion on the procedures used to purify E. coli GMP reductase to the Materials and Methods 
section (pages 28 and 29; “Purification of recombinant GMP reductase”). We have also transferred 
part of the discussion on the procedures used to purify recombinant E. coli GMP reductase to the 
Results section. In the previous version of our manuscript, we had two sections entitled: “Expression 
of recombinant GMP reductase” and “Purification of recombinant GMP reductase”. These two 
section have been combined in the current version of our manuscript, and it is now entitled (Results 
section, page 5): “Expression and purification of recombinant GMP reductase”. In the Discussion 
section (Expression and purification of recombinant GMP reductase; pages 13 and 14), we have 
kept the discussion on recombinant protein expression in the absence of IPTG induction as it is a 
surprising result that deserves due attention. Comments on the protein purification protocol was 
reduced just to the following sentence (page 14): “The recombinant E. coli GMP reductase was purified 
to homogeneity by a three-step purification protocol using standard anionic exchange and size 
exclusion columns.”  
 
Issue 2: “Including an ITC titration figure would be extremely beneficial” 
 
Response: Indeed. A figure showing the ITC data for all four ligands (Figure 4) has been added to the 
current version of our manuscript. The legend of Figure 4 is as follows (page 46): “Figure 4: 
Isothermal titration calorimetry (ITC) analysis of E. coli GMP reductase titration with GMP (a), NADPH 
(b), IMP (c), and NADP+ (d). The top panels show raw data of the heat pulses resulting from titration of 
E. coli GMP reductase. The bottom panels show the integrated heat pulses, normalized per mol of 
injectant as a function of the molar ratio (ligand concentration/E. coli GMP reductase concentration). 
These binding curves were best fitted to a sequential binding sites model equation.” 
 
Issue 3: “Figure legends need to be more descriptive in order to allow the reader to understand the 
figures (in particular Fig 10)”. 
 
Response: We are of opinion that the legends of figures 1 (chemical reaction), 2 (SDS-PAGE), 3 
(double-reciprocal plots), 4 (ITC data), 5 (multiple sequence alignment), 6 (structural model), 9 
(primary deuterium kinetic isotope effects), 11 (multiple kinetic isotope effects), and 12 (proposed 
chemical mechanism) are give appropriate description of data being shown. Notwithstanding, as 
suggested, the following figure legends were modified to be more descriptive: 
- Figure 7 (it corresponds to figure 5 of the previous version of our MS): “Dependence of kinetic 
parameters on pH. (a) pH dependence of log kcat data were fitted to Eq. 3; (b) log kcat/KGMP data were 
fitted to Eq. 4; (c) pH dependence of log kcat/KNADPH data was fitted to Eq. 5.” 
- Figure 8 (it corresponds to figure 6 of the previous version of our MS): “Temperature dependence of 
log kcat. Saturating concentrations of NADPH and GMP substrates were employed to measure the 
maximum velocity as a function of temperature ranging from 15 to 35 °C. The data were fitted to Eq. 6. 
The linearity of the Arrhenius plot suggests that there is no change in the rate-limiting step over the 
temperature range utilized in the assay.” 
- Figure 10 (it corresponds to figure 8 of the previous version of our MS): “Solvent isotope effects for 
GMP reductase. (a) NADPH was used as the variable substrate (4 – 60 µM), with a saturating 
concentration of GMP (100 µM). (b) GMP was used as the variable substrate (4 – 60 µM), with a 
saturating concentration of NADPH (100 µM). Both reactions mix contained either 0 (�) or 90 (�) atom 
% D2O. The inset of (b) represents the proton inventory (0, 20, 40, 60, and 90 atom % D2O) measuring 
GMP reductase enzyme activity with both substrates at saturating concentrations (100 µM).” 
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- Figure 12 (it corresponds to figure 10 of the previous version of our MS): Representative stopped-flow 
trace for product formation, measuring the decrease in absorbance at 340 nm upon conversion of 
NADPH to NADP+catalyzed by 10 �M of recombinant E. coli GMP reductase (mixing chamber 
concentration). The data were fitted to Eq. 10 for a single exponential decay, yielding a value of 0.204 
s-1 for the apparent first-order constant of product formation. 
 
Issue 4: “Include a structural model of the E.c. GMPR to illustrate the role of discussed amino acid 
residues based on the available human protein (discussed in the manuscript)”. 
 
Response: Indeed. We have added a structural model of E. coli GMP reductase (Figure 6) as 
suggested by this reviewer. We would like to thank the reviewer for raising this particular issue 
because it has added relevant data to our manuscript that should be useful to the readership of 
Molecular BioSystems, in case our manuscript is found appropriate for publication in this journal. The 
Figure 6 legend is as follows:  
 
- “E. coli GMPR model superimposed on experimentally solved human type 2 GMPR (hGMPR2) 
structure. Amino acid residues involved in GMP binding and the GMP molecule are shown as sticks. 
Template corresponding amino acids are depicted as thin gray sticks. E. coli amino acids numbering 
are depict and amino acid replacement at position 288 is shown in italics (template). H-bonds are 
shown as dotted lines.” 
 
The following sentences were added to the “Results” section (“Multiple sequence alignment and E. coli 
GMPR structural analysis”; pages 9-10):  
 “The three-dimensional model of E. coli GMPR indicates high conservation of its tertiary 
structure as compared to hGMPR2 structural template, with RMSD value of 0.61 Å, which is in 
agreement with the 68 % identity at the amino acid level. The model presented no stereochemical 
parameters violation, as evaluated by PROCHECK package (data not shown), in which 99.2 % of E. 
coli GMP reductase amino acids are within allowed regions of the Ramachandran plot. Amino acids 
involved in GMP binding are almost all conserved in the bacterial homologue (Fig. 5). In addition, there 
are minor conformational deviations even for the conserved amino acid residues (Fig. 6). H-bond 
network of side chains and main chains of these amino acid residues to bound GMP is maintained in 
both human and E. coli GMP reductases. A noticeable exception is Gly290 amino acid residue that is 
displaced by 1.3 Å away from substrate binding site in E. coli GMP reductase (Fig. 6). Therefore, there 
is no H-bond between Gly290 and GMP O6 atom since its distance raised from 3.12 Å in the template 
to 4.4 Å in E. coli GMP reductase. The hGMPR2 template structure indicates that the conserved 
Asp219 residue makes two H-bonds between its carboxyl oxygen atoms and O2’and O3’ atoms of the 
GMP ribose moiety. However, our proposed model showed just one H-bond to O2’ atom of GMP. 
Although Glu289 E. coli GMP reductase substitutes for Ser288 in hGMPR2, there is either no gain or 
loss of H-bonds between the amino acid side chain at this position and GMP. The H-bond between N1 
of guanine moiety of GMP and the main chain oxygen atom of Glu289 in E. coli GMP reductase 
replaces the same interaction made between the main chain oxygen atom of Ser288 in hGMPR2. The 
catalytic Cys186 residue that likely plays a critical role in E. coli GMP reductase catalysis makes an H-
bond to C2 exocyclic amino group of the guanine moiety of GMP (Fig. 6). Another H-bond is made 
between Thr188 side chain and the C2 exocyclic amino group of GMP (Fig. 6). Interestingly, according 
to the PDB coordinates of hGMPR2, there is only one H-bond that is made between Thr188 side chain 
and the C2 exocyclic amino group of GMP, and Cys186 side chain is H-bonded to Thr188.” 
 
The sentences below were thus included in the current version of our manuscript in “Experimental 
Procedures” section (“E. coli GMP reductase comparative homology modeling”; page 27): 
 “E. coli three-dimensional model was built by comparative homology modeling using human 
type 2 GMP reductase structure as template (PDB ID: 2A7R; hGMPR2)16, solved by X-ray 
crystallography at 3.0 Å in complex with GMP. Template structure was used for E. coli GMP reductase 
modeling, as well as to evaluate GMP binding mode to bacterial enzyme active site. Template selection 
was based on high primary sequence conservation (68.5% identity and 16.47% strong similarity), and 
presence of enzyme substrate bound to its active site. Target and template pair-wise sequence 
alignment required a single gap inclusion in human GMP reductase primary sequences. E. coli GMP 
reductase model was built by restrained-based homology modeling implemented in MODELLER9v147, 
with the standard protocol of the comparative protein structure modeling methodology, by satisfaction 
of spatial restrains48,49. Atomic coordinates of GMP heteroatoms were copied from template structure 
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into the E. coli GMP reductase model. The best model was selected according to MODELLER 
objective function50 and subjected to energy minimization for amino acid side chain and main chain 
rearrangements with GROMACS package51 using the 43a1 force-field. The system was submitted to 
an initial steepest descent energy minimization in vacuum with a maximum number of 400 
minimization steps, followed by a maximum of 3000 steps of conjugate gradient energy minimization. 
The program PROCHECK52 was employed to analyze the stereochemical quality of the model, as 
previously described 53. Structural correspondence between E. coli model and human GMP reductase 
template was evaluated by their root-mean square deviation (RMSD). H-bond interactions were 
evaluated with LIGPLOT v4.4.254, considering an atomic distance cut off of 3.9 Å (program default 
values). Images were generated with PyMOL Molecular Graphic System V1.3 (Schrödinger, LLC).” 
 
The following references were also added to the current version of our MS (page 42): 
“47 A. Sali and T. L. Blundell. Journal of Molecular Biology, 1993, 234, 779-815. 
48 M. A. Martí-Renom, A. C. Stuart, A. Fiser, R. Sánchez, F. Melo and A. Sali. Annu Review 
Biophysics and Biomolecular Structures, 2000, 29, 291-325. 
49 A. Sali and J. P. Overington. Protein Science, 1994, 3, 1582-1596. 
50 M. Y. Shen and A. Sali. Protein Science, 2006, 15, 2507-2524. 
51 D. van der Spoel, E. Lindahl, B. Hess, G. Groenhof, A. E. Mark and H. J. C. Berendsen. Journal of 
Computational Chemistry, 2005, 26, 1701-1718. 
52 R. A. Laskowski, M. W. MacArthur, D. S. Moss and J. M. Thornton. Journal of Applied 
Crystallography, 1993, 26, 283-291. 
53 I. O. Fonseca, R. G. Silva, C. L. Fernandes, O. N. de Souza, L. A. Basso and D. S. Santos. 
Archives of Biochemistry and Biophysics, 2007, 457, 123-133. 
54 A. C. Wallace, R. A. Laskowski and J. M. Thornton. Protein Engineering, 1995, 8, 127-134.” 
 
As appropriate, references were re-numbered and cited sequentially in the text. 
 
Issue 5: “Replace Fig 11 with a model of GMPR mechanism (e.g. hydride transfer) derived from the 
reported data”. 
 
Response: This issue has been dealt with in response to issue #3 raised by reviewer #1. We deemed 
more appropriate to follow the suggestion made by reviewer #1 (issue #3) because site-directed 
mutagenesis results are currently being carried out in our research group to provide support for the 
amino acid residues suggested by the pH-rate profiles to be involved in catalysis/binding. In addition, a 
figure showing hydride transfer and a single proton solvent transfer involved in catalysis wouldn’t add 
much to Molecular BioSystems readership because we still lack experimental data to demonstrate the 
involvement of GMP reductase amino acid side chains in, for instance, stabilization of an intermediate. 
We believe that the data presented in our MS provide solid support to the proposed E. coli GMP 
reductase enzyme mechanism. Although these same data suggest the catalytic and chemical 
mechanisms, we are of opinion that further experimental data should be provide (site-directed 
mutagenesis, measurements of activity of mutant enzymes, measurements of substrate binding to 
mutant enzymes, crystal structure or molecular model of mutants, etc).  
 
Issue 6: “Avoiding the repeated use of phrases such as “it was pointed out” to start sentences will 
significantly increase the readability of the manuscript”. 
 
Response: Indeed. We thus avoided the repeated use of any phrase in the paper and all half 
sentences were corrected along with the typos.  
 
Issue 7: “Provide a more detailed description of the equations used (and their respective justification)”. 
 
Response: We believe to have offered the readers not only detailed descriptions of the equations used 
to analyse the data presented in our manuscript, but also their justifications and relevant citations in the 
“Experimental Procedures” section (Data Analysis; pages 35-38). We hope you agree that giving a 
more detailed description of the equations in either the “Results” or “Discussion” section would be 
redundant and not improve readability of the paper. 
 
Issue 8: “Naming of constants and variables needs to be consistent (e.g. in the current manuscript Ka 
is used to describe an equilibrium binding constant as well as the acid dissociation constant)”. 
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Response: We have replaced “…association constant (Ka)…” with “…equilibrium binding constant 
(Keq)…” whenever ITC data were presented or analysed: Page 9 (“Results” section) and Page 39 
(“Experimental Procedures” section). The term “…association constant (Ka)…” was reserved to 
describe the acid dissociation constant in pH-rate profiles. 
 
Reviewer #3 
 
Issue 1: “Procedure of the E. coli GMPR purification should be moved to the Materials and Methods 
section”. 
 
Response: This issue has been addressed in response to issue #1 raised by reviewer #2. 
 
Issue 2: “Equations should be explained, described and discussed in the main text of the manuscript 
rather than in the materials and methods”. 
 
Response: This issue has been dealt with in response to issue #7 raised by reviewer #2.  
 
Issue 3: “A figure with the E. coli GMPR structure is needed”. 
 
Response: This issue has been dealt with in response to issue #4 raised by reviewer #2.  
 
Issue 4: “A figure with the ITC data should be added”. 
 
Response: This issue has been dealt with in response to issue #2 raised by reviewer #2. 
 
I have included Ardala Breda as co-author of our manuscript because she did the E. coli GMP 
reductase in silico model and helped interpret pH-rate profiles in light of the proposed structural model. 
As new references have been added to the current version of our manuscript, they have been 
renumbered accordingly. As two new figures were added to the current version of our MS: Figure 4 
(ITC data) and Figure 6 (E. coli GMP reductase structural model), figures were re-numbered 
accordingly (except figures 1, 2 and 3). 
 
We thank the reviewers’ valuable comments and suggestions that, we believe, have improved the 
current version of our manuscript. We would also like to thank you for having given us an opportunity to 
address the reviewers’ comments. We hope that you are of opinion that we have properly addressed 
the issues raised by the reviewers and that the revised version of our manuscript is worthy of 
publication in MOLECULAR BIOSYSTEMS. 
 
Sincerely,  

   
Luiz A. Basso, Ph.D. 
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Summary 

 

Guanosine monophosphate (GMP) reductase catalyzes the reductive deamination of 

GMP to inosine monophosphate (IMP). GMP reductase plays an important role in the 

conversion of nucleoside and nucleotide derivatives of guanine to adenine nucleotides. 

In addition, as a member of the purine salvage pathway, it also participates in the 

reutilization of free intracellular bases. Here we present cloning, expression and 

purification of Escherichia coli guaC-encoded GMP reductase to determine its kinetic 

mechanism, as well as chemical and thermodynamic features of this reaction. Initial 

velocity studies and isothermal titration calorimetry demonstrated that GMP reductase 

follows an ordered bi-bi kinetic mechanism, in which GMP binds first to the enzyme 

followed by NADPH binding, and NADP+ dissociates first followed by IMP release. 

The isothermal titration calorimetry also showed that GMP and IMP binding are 

thermodynamically favorable processes. The pH-rate profiles showed groups with 

apparent pK values of 6.6 and 9.6 involved in catalysis, and pK values of 7.1 and 8.6 

important to GMP binding, and a pK value of 6.4 important for NADPH binding. 

Primary deuterium kinetic isotope effects demonstrated that hydride transfer contributes 

to the rate-limiting step, whereas solvent kinetic isotope effects arise from a single 

protonic site that plays a modest role in catalysis. Multiple isotope effects suggest that 

protonation and hydride transfer steps take place in the same transition state, lending 

support to a concerted mechanism. Pre-steady-state kinetic data suggest that product 

release does not contribute to the rate-limiting step of the reaction catalyzed by E. coli 

GMP reductase.  
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Introduction 

 

Purine nucleoside and nucleotide biosynthesis is a fundamental and well-established 

pathway in the metabolism of avian, mammalian and microbial cells.1 Guanosine 

monophosphate (GMP) reductase (NADPH:GMP oxidoreductase; EC 1.6.6.8) catalyzes 

the reductive deamination of GMP to inosine monophosphate (IMP)2 (Fig 1). GMP 

reductase plays an important role in the conversion of nucleoside and nucleotide 

derivatives of guanine (Gua) to adenine (Ade) nucleotides, and in the maintenance of 

the intracellular balance between Gua and Ade nucleotides.3 As part of the purine 

salvage pathway, it also participates in the reutilization of free intracellular bases.2 In 

Escherichia coli, the guaC-encoded GMP reductase is induced by GMP,4 and is also 

regulated by cyclic adenosine monophosphate (cAMP),5 by the intracellular ratio of 

purine nucleotides, and by glutamine and its analogs.6 In addition to its role as an 

enzyme for the interconversion of purine nucleotides, GMP reductase provides a 

nitrogen source via its deamination activity.6 In addition, it is inhibited by adenosine 

triphosphate (ATP) and is reactivated by the presence of guanosine triphosphate 

(GTP).3 GMP reductase is not normally necessary for efficient bacterial growth, since 

the lack of its activity leaves the de novo synthesis of purine nucleotides via IMP 

intact.4 However, when the route of IMP is blocked, GMP reductase activity becomes 

necessary to provide AMP when Gua and its derivatives are the purine sources.7 In 

purine auxotrophs mutants that are blocked prior to the formation of IMP, guaC 

mutations prevent the use of Gua or xanthine derivatives as sources of purine.3  

GMP reductases have been found and characterized in a number of organisms, 

including E. coli,3 Salmonella typhimurium,6 Artemia salina,8 Leishmania donavani,9 

and Homo sapiens.10 The human homologue is responsible for the only known 
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metabolic step by which Gua nucleotides can be converted to the pivotal precursor of 

both Ade and Gua nucleotides.11 Human deficiency of this enzyme has not been related 

to any known disease, which can be explained by several possibilities, the main one 

being that the lack of this enzyme is invariably lethal.12 Human GMP reductase has 

been identified as two isoenzymes, hGMPR111 and hGMPR22 (the second, being shown 

to promote monocytic differentiation of HL-60 leukemia cells13). Salvatore and co-

workers14 studied the role of GMP reductase in non-shivering thermogenesis, a process 

required for the survival of rodents during cold stress, and determined that the enzyme 

plays a critical role in this process, evidenced by significant increases in its expression 

during cold exposure. GMP reductases have been shown to be involved in various 

biological functions, including maintenance of the balance of purine nucleotides,3 as a 

possible target for antileishmanial9 and anticancer drugs15, and involvement in human 

cell differentiation.13 Moreover, GMP reductases are similar across the species at the 

amino acid level.16 Accordingly, the need to further investigate E. coli GMP reductase 

to elucidate the kinetic, catalytic and chemical mechanisms to provide a basis on which 

to design species-specific inhibitors is warranted. Understanding the mode of action of 

E. coli GMP reductase may also be useful to chemical biologists interested in designing 

function-based chemical compounds to elucidate the biological role of this enzyme in 

the context of whole E. coli cells. In addition, availability of recombinant E. coli GMP 

reductase may provide a tool for determination of substrate specificity of cyclic 

nucleotide phosphodiesterases (PDEs).  
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Results 

 

Amplification and cloning of the E. coli guaC gene 

A PCR amplification product consistent with the expected size for the E. coli guaC 

(1038 bp) coding sequence was detected by agarose gel electrophoresis (data not 

shown), purified, and cloned into pCR-Blunt vector. The cloned sequence was extracted 

from the cloning vector, purified and subcloned into pET-23a(+) expression vector. 

DNA sequence identity of the fragment cloned in the expression vector was confirmed 

by enzyme restriction analysis and automated DNA sequencing. 

 

Expression and purification of recombinant GMP reductase 

The recombinant pET-23a(+)::guaC plasmid was transformed into E. coli BL21(DE3) 

host cells by electroporation. Sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) analysis revealed expression of a protein in the soluble 

fraction with an apparent subunit molecular mass of ~38 kDa, consistent with E. coli 

GMP reductase (37,383.6 Da). The expression of the recombinant protein was 

monitored at different periods of cell growth after an OD600 nm value of approximately 

0.4 - 0.6 was reached. The best result was achieved at 24 h of cell growth at 37 �C in LB 

medium without isopropyl-�-D-thio-galactopyranoside (IPTG) induction (data not 

shown). Recombinant GMP reductase was efficiently purified to homogeneity (Fig 2) 

by a three-step purification protocol yielding 45 mg of homogeneous recombinant GMP 

reductase from 2.8 g of cells (Table 1). Homogeneous enzyme was stored at –80 �C 

with no loss of activity. 
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Table 1: Purification protocol of recombinant E. coli GMP reductase (2.8 g wet cell 

paste). 

Purification 

Step 

Total protein 

(mg) 

Total enzyme 

activity (U) 

Specific 

activity (U mg
-1

) 

Purification 

fold 

Yield 

(%) 

Crude extract 210 89 0.47 1.0 100 
Q-Sepharose FF 81 68 0.84 2 76 
Sephacryl S-200 47 20 0.44 1.1 23 

Mono-Q 45 30 0.66 1.6 34 
 

Quaternary structure analysis of E. coli GMP reductase 

The subunit molecular mass of E. coli GMP reductase was determined as 37,382 Da by 

electrospray ionization mass spectrometry (ESI-MS) and suggests that there was no 

removal of the N-terminal methionine residue (theoretical molecular mass of 37,383.6 

Da). Amino acid sequencing of E. coli GMP reductase confirmed approximately 85 % 

of the sequence. 

The protein native molecular mass was determined by gel filtration 

chromatography and revealed a single peak with elution volume consistent with a 

molecular mass of 155.98 kDa (data not shown), indicating that E. coli GMP reductase 

is a tetramer in solution. 

 

Determination of apparent steady-state kinetic constants and initial velocity 

pattern 

The determination of the apparent steady-state kinetic constants were performed using 

either GMP or NADPH as the variable substrate, and the data were fitted to Eq. 1 

(hyperbolic equation), which indicates that the GMP reductase catalyzed reaction 

follows Michaelis-Menten kinetics.17 The apparent KM and Vmax values for GMP (at 100 

µM NADPH fixed concentration) were, respectively, 6.9 (± 0.3) µM and 0.065 (± 

0.001) U mg–1; and the apparent KM and Vmax values for NADPH (at 100 µM GMP 
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fixed concentration) were, respectively, 11.1 (± 1.2) µM and 0.40 (± 0.01) U mg–1. No 

E. coli GMP reductase activity could be detected for varying NADH concentrations (up 

to 200 �M) in the presence of saturating concentration of GMP. In addition, no 

enzymatic activity could be detected when, in the presence of saturating levels of 

NADPH, varying AMP concentrations (up to 1000 �M) was substituted for GMP.   

To both determine the true steady-state kinetic parameters and GMP reductase 

enzyme mechanism, initial velocity as a function of substrate concentration (either 

GMP or NADPH) was plotted as a linear function of reciprocal of initial velocity 

against the reciprocal of substrate concentration (double-reciprocal or Lineweaver-Burk 

plot). The double-reciprocal plots showed a family of lines intersecting to the left of the 

y-axis (Fig 3), which is consistent with ternary complex formation and a sequential 

mechanism. Data were plotted in reciprocal form and fitted to the equation for a 

sequential initial velocity pattern (Eq. 2), yielding the following values for the true 

steady-state kinetic parameters: kcat = 0.28 (± 0.02) s-1, KGMP = 5.5 (± 1.0) µM, KNADPH = 

14.7 (± 2.5) µM, kcat/KGMP = 5.1 (± 0.9) x 104 M-1s-1, and kcat/KNADPH = 1.9 (± 0.3) x 104 

M-1s-1. 

 

Isothermal titration calorimetry (ITC) 

Isothermal titration calorimetry (ITC) experiments were carried out to both determine 

the relative affinities of substrate(s)/product(s) binding to E. coli GMP reductase and 

provide support for the proposed enzyme mechanism. ITC measurements of ligand 

equilibrium binding to the enzyme followed the amount of heat generated or consumed 

upon formation of the binary complex, at constant temperature and pressure. The 

measure of heat released (exothermic process) upon binding of a ligand provides the 

binding enthalpy (�H) of the process, an estimate for the stoichiometry of the 
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interaction (n) and the equilibrium binding constant (Keq). These values allow the Gibbs 

free energy (�G) and the entropy (�S) of the process to be calculated. 

The ITC data for binding of ligands to E. coli GMP reductase are summarized in 

Table 2. The ITC results showed significant heat changes upon binding of GMP to free 

E. coli GMP reductase enzyme (Fig 4a), and data fitting to the sequential binding sites 

model yielded a value of 4 for n, consistent with the quaternary structure determined by 

gel filtration. This model provides values of �H, �S, Keq for the binding sites of each 

subunit. The binding of IMP to the free enzyme also showed significant heat changes 

(Fig 4c), and the best fit was also to the sequential binding sites model yielding an n 

value of 4. No heat change upon the addition of either NADPH or NADP+ to E. coli 

GMP reductase could be detected, suggesting that neither ligand can bind to free 

enzyme (Fig 4b and Fig 4d). 

 

Table 2: ITC measurements of either GMP or IMP binding to E. coli GMP reductase. 

�G = Gibbs free energy changes; �S = Entropy changes; �H = Enthalpy changes; Kd = 

Dissociation constants. 

GMP 

 Subunit 1 Subunit 2 Subunit 3 Subunit 4 

�G (kcal. mol
-1

) -5.5 -6.6 -6.2 -5.1 

�S (cal.mol
-1

deg
-1

) -35.1 133 -53 -4.06 
�H (cal.mol

-1
) -1.6 x 104 3.3 x 104 -2.2 x 104 -6.3 x 103 

Kd (µM) 82.6 49.7 14.8 159.7 
IMP 

 Subunit 1 Subunit 2 Subunit 3 Subunit 4 

�G (kcal. mol
-1

) -5.6 -5.3 -6.9 -6.2 
�S (cal.mol

-1
deg

-1
) -22.5 99.7 -115 -5.36 

�H (cal.mol
-1

) -1.2 x 104 2.4 x 104 -1.04 x 104 -7.8 x 103 

Kd (µM) 60.9 142.2 7.8 25.7 
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Multiple sequence alignment and E. coli GMPR structural analysis 

Sequence alignment of GMP reductases from E. coli strain K12 (GMPR NC_010473.1) 

and both human isoforms (hGMPR1 NP_006868.3 and hGMPR2 NP_001002000.1) 

was performed using the CLUSTALW program.18 The sequence alignment reveals that 

the homologues present high similarity (Fig 5). At the amino acid level, E. coli GMP 

reductase is 65 % identical with hGMPR1 and 68 % identical with hGMPR2. The 

proposed catalytic site loop that acts as a lid that closes upon GMP binding is comprised 

by the conserved residues 179-18716 (Fig 5). Based on structural comparison and model 

building for hGMPR2, it has been suggested that the amino acid residues 129-133 are 

involved in NADPH binding.16 These residues are all conserved in E. coli GMP 

reductase (Fig 5). In addition, the residues involved in GMP binding, which are located 

in a flexible binding region of hGMPRs,16 are all conserved in E. coli GMP reductase 

(residues 268-290). Moreover, the N7 of the guanine moiety of GMP makes hydrogen 

bonds with Met269 and the O6 atom with Ser270 and Gly290, which are all conserved 

(Fig 5). It has been shown for hGMPR1 that Ser288 makes hydrogen bonds with N1 

and N2 atoms of guanine base.16 However, this residue is not conserved in E. coli GMP 

reductase, being replaced by Ala288 (Fig 5). Amino acid residues involved in 

interactions with the ribose (Asp219 and Arg286) and phosphate (Ser184, Gly221, 

Gly242, and Gly243) moieties of GMP are all conserved. A disulfide bond between 

Cys68 and Cys95 side chains has been observed in the crystal structure of hGMPR2, 

and it has been proposed that it may play a role in stabilization of the tetramer. 

Interestingly, there are no corresponding residues in E. coli GMP reductase indicating 

that such disulfide bridge plays no part in stabilization of the tetramer. 

 The three-dimensional model of E. coli GMPR indicates high conservation of its 

tertiary structure as compared to hGMPR2 structural template, with RMSD value of 
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0.61 Å, which is in agreement with the 68 % identity at the amino acid level. The model 

presented no stereochemical parameters violation, as evaluated by PROCHECK 

package (data not shown), in which 99.2 % of E. coli GMP reductase amino acids are 

within allowed regions of the Ramachandran plot. Amino acids involved in GMP 

binding are almost all conserved in the bacterial homologue (Fig. 5). In addition, there 

are minor conformational deviations even for the conserved amino acid residues (Fig. 

6). H-bond network of side chains and main chains of these amino acid residues to 

bound GMP is maintained in both human and E. coli GMP reductases. A noticeable 

exception is Gly290 amino acid residue that is displaced by 1.3 Å away from substrate 

binding site in E. coli GMP reductase (Fig. 6). Therefore, there is no H-bond between 

Gly290 and GMP O6 atom since its distance raised from 3.12 Å in the template to 4.4 Å 

in E. coli GMP reductase. The hGMPR2 template structure indicates that the conserved 

Asp219 residue makes two H-bonds between its carboxyl oxygen atoms and O2’and 

O3’ atoms of the GMP ribose moiety. However, our proposed model showed just one 

H-bond to O2’ atom of GMP. Although Glu289 E. coli GMP reductase substitutes for 

Ser288 in hGMPR2, there is either no gain or loss of H-bonds between the amino acid 

side chain at this position and GMP. The H-bond between N1 of guanine moiety of 

GMP and the main chain oxygen atom of Glu289 in E. coli GMP reductase replaces the 

same interaction made between the main chain oxygen atom of Ser288 in hGMPR2. 

The catalytic Cys186 residue that likely plays a critical role in E. coli GMP reductase 

catalysis makes an H-bond to C2 exocyclic amino group of the guanine moiety of GMP 

(Fig. 6). Another H-bond is made between Thr188 side chain and the C2 exocyclic 

amino group of GMP (Fig. 6). Interestingly, according to the PDB coordinates of 

hGMPR2, there is only one H-bond that is made between Thr188 side chain and the C2 

exocyclic amino group of GMP, and Cys186 side chain is H-bonded to Thr188. 
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pH-rate profiles 

To probe for acid-base catalysis, pH dependence studies of kcat, and kcat/KM for GMP 

and NADPH were performed. The the pH-rate profiles are shown in Fig 7. The bell-

shaped pH-rate data for kcat were fitted to Eq. 3, yielding apparent pK values of 6.6 (± 

0.6) and 9.6 (± 1.2) (Fig 7a), with slopes of +1 for the acidic limb and -1 for the basic 

limb. These results indicate participation of a single ionizable group in each limb, in 

which protonation of a group with apparent pK value of 6.6 and deprotonation of 

another group with pK value of 9.6 play critical roles in E. coli GMP reductase enzyme 

catalysis. The pH-rate data for of kcat/KGMP were fitted to Eq. 4 and indicate that both 

protonation of two groups with apparent pK values of 7.1 (± 0.8) and deprotonation of 

two groups with apparent pK values of 8.6 (± 1.1) (Fig 7b) are required for binding of 

GMP. The data of pH-rate profile for kcat/KNADPH were fitted to Eq. 5, which suggests 

that protonation of two groups with apparent pK values of 6.2 (± 1.0) abolish NADPH 

binding to E. coli GMP reductase (Fig 7c).  

 

Energy of activation 

The energy of activation for the enzyme-catalyzed chemical reaction was assessed by 

measuring the dependence of kcat on temperature (Fig 8). These data were fitted to Eq. 6, 

yielding a value of 4.4 kcal mol–1, which represents the minimal amount of energy 

necessary to initiate the chemical reaction catalyzed by E. coli GMP reductase. The 

linearity of the Arrhenius plot (Fig 8) also suggests that there is no change in the rate-

limiting step over the temperature range utilized in the assay. 
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Deuterium kinetic isotope effects and proton inventory 

To probe for rate-limiting steps and determine the stereospecificity of hydride transfer, 

measurements of primary deuterium kinetic isotope effects were carried out (Fig 9). The 

data were fitted to Eq. 7 for kinetic isotope effects on both V and V/K, yielding values of 

2.50 (± 0.04) for DVNADPH and 0.40 (± 0.04) for DV/KNADPH (Table 3). The corresponding 

values for GMP were 1.05 (� 0.06) for DVGMP and 1.03 (� 0.07) for DV/KGMP (Table 3).  

To evaluate the contribution of proton-transfer from the solvent to the GMP 

reductase catalyzed reaction, solvent kinetic isotope effects were determined and the 

data fitted to Eq. 7. The following values were found for the solvent kinetic isotope 

effects (Table 3): D2O
VNADPH = 0.99 (± 0.03) and D2O

V/KNADPH = 0.67 (± 0.09) (Fig 10a), 

and D2O
VGMP = 1.30 (± 0.01) and D2O

V/KGMP = 0.82 (± 0.03) (Fig 10b). In an attempt to 

determine the number of protons transferred during the solvent isotope-sensitive step, a 

proton inventory experiment was conducted. It was found a linear relationship between 

V and the mole fraction of D2O for GMP reductase (Fig 10b - inset), suggesting that a 

single proton is transferred during this step. 

 Multiple isotope effects are capable of discriminating if two different isotopic 

substitutions affect the same or distinct chemical steps. Accordingly, solvent kinetic 

isotope effects were measured using NADPD as the varied substrate. Isotope effects 

values on D2O
VNADPD and D2O

V/KNADPD were, respectively, 1.00 (± 0.02) and 1.50 (± 

0.17) (Fig 11; Table 3). The isotope effect on the equilibrium constant, DKeq, was 

determined in order to assess whether the deuterium substitution could affect the 

internal equilibrium of the reaction. A value of 0.82 was determined for the equilibrium 

isotope effect (D
Keq; Table 3). 
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Table 3: Kinetic Isotope Effects for E. coli GMP Reductasea  
Parameter Isotope Effect 
D
V/KNADPH 0.40 � 0.04 
D
VNADPH 2.50 � 0.04 

D
V/KGMP 1.03 � 0.07 
D
VGMP 1.05 � 0.06 

D2O
V/KNADPH 0.67 � 0.09 

D2O
VNADPH 0.99 � 0.03 

D2O
V/KGMP 0.82 � 0.03 

D2O
VGMP 1.30 � 0.01 

D2O
V/KNADPD 1.50 � 0.17 

D2O
VNADPD 1.00 � 0.02 
D
Keq

 0.82 
a
 value ���� standard error obtained upon data fitting to the appropriate equations. 

 
 

Pre-steady-state kinetics 

In an attempt to determine whether product release contributes to some extent to the rate 

limiting step, pre-steady-state analysis of the reaction catalyzed was performed. Fitting 

the pre-steady-state data to Eq. 10, which describes a single exponential decay, yielded 

a value of 0.204 (± 0.002) s-1 for the apparent first-order rate constant (Fig 12). This 

result in agreement with the value of 0.28 (± 0.02) s-1 for the catalytic rate constant (kcat) 

determined by initial velocity study measurements. 

 

Discussion 

 

Amplification and cloning of E. coli guaC gene 

The guaC gene was successfully amplified from the E. coli genome, cloned into pCR-

Blunt vector, and subcloned into pET-23a(+) expression vector. The automatic DNA 

sequencing confirmed the integrity of the gene and the absence of mutations, which 

enabled the expression of the recombinant enzyme. 
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Expression and purification of recombinant GMP reductase 

E. coli GMP reductase was expressed after 24 h of cell growth in the absence of IPTG 

induction. It is noteworthy that hGMPR2 was produced only in the presence of IPTG, 

after a growth period of only 4 h at 30 °C.2 The pET expression system makes use a 

powerful T7 polymerase, under control of IPTG-inducible lacUV5 promoter to 

transcribe genes of interest, which are positioned downstream of the bacteriophage T7 

late promoter.19 Expression of recombinant GMP reductase showed that even in the 

absence of the inducer, high levels of protein production could be obtained in stationary 

phase, as has been previously reported for other enzymes.20,21,22 It has been proposed 

that uninduced expression of lac-controlled genes occurs when cells approach stationary 

phase in complex medium and that cAMP, acetate and low pH are required to produce 

high level expression in the absence of IPTG induction, which perhaps is part of a 

general response to carbon-limiting conditions.23 Nevertheless, more recently, it has 

been shown that unintended induction in the pET system is due to the presence of as 

little as 0.0001 % of lactose in the medium.24 The recombinant E. coli GMP reductase 

was purified to homogeneity by a three-step purification protocol using standard anionic 

exchange and size exclusion columns. 

 

Quaternary structure analysis of E. coli GMP reductase 

The results of mass spectrometry analysis combined with the amino acid sequencing 

demonstrated, unequivocally, that the homogeneous protein is, indeed, recombinant E. 

coli GMP reductase. The gel filtration chromatography showed that the enzyme from E. 

coli has the same tetrameric quaternary structure of hGMPR2, demonstrated by X-ray 

diffraction.16   
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Determination of apparent steady-state kinetic constants and initial velocity 

pattern 

The results of the apparent steady-state kinetic data for E. coli GMP reductase indicate a 

KM value for GMP of 6.9 µM, which is 2.5-fold lower than that for hGMPR2 (17.4 

µM),2 and 3-fold lower than the enzyme from L. donovani (21.2 µM).9 The same pattern 

occurs for NADPH, with a KM value of 11.1 µM, which is 2.3-fold lower than that for 

hGMPR2 (26.6 µM).2 As for its human counterparts, E. coli GMP reductase cannot 

catalyze conversion of GMP to IMP using NADH as the hydride donor up to 200 �M 

concentration (data not shown).  

Lineweaver-Burk analysis (Fig 3) suggests that ping-pong and rapid equilibrium 

ordered mechanisms can be ruled out for E. coli GMP reductase. The former 

mechanism gives double reciprocal plots displaying parallel lines and the latter a family 

of lines intersecting on the y-axis. These data are consistent with ternary complex 

formation and a sequential mechanism. A sequential mechanism was also reported for 

hGMPR111 and hGMPR2.2   

It has been shown that the true KM values for erythrocyte hGMPR1 are 2.6 µM 

for GMP and 16.9 µM for NADPH,11 which are in the same concentration range as E. 

coli GMP reductase true steady-state kinetic parameters. These results suggest that E. 

coli GMP reductase possesses a similar overall dissociation constant for both substrates 

when compared to hGMPR1. However, the erythrocyte human enzyme presents a 

bimodal GMP substrate saturation curve,11 which is usually attributed to the existence 

of independent isoenzymes with different kinetic constants or to a single multisubunit 

enzyme with multiple sites that can interact in a negatively cooperative manner.25 Deng 

and co-workers2 identified the hGMPR2 isoenzyme, making the bimodal substrate-
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saturation kinetic found in hGMPR likely to be a result of a mixture of both 

isoenzymes. At any rate, a sequential addition of substrates to form a ternary complex 

has also been proposed for hGMPR2 enzyme.2   

 

Isothermal titration calorimetry 

ITC is an important and well-established technique for the study of thermodynamics of 

macromolecular interactions, and is unique in that it is capable of measuring 

simultaneously the association and thermodynamic constants of binding.26 Binding 

experiments using ITC combined with the initial velocity study demonstrated that the 

reaction catalyzed by E. coli GMP reductase follows an ordered bi-bi kinetic 

mechanism, in which GMP is the first substrate to bind to free enzyme, followed by the 

binding of NADPH to form the ternary complex capable of undergoing catalysis; and 

NADP+ is the first product to dissociate from the enzyme, followed by the dissociation 

of IMP (Fig. 13). This mechanism is in agreement with both human GMP reductases, 

for which a sequential kinetic mechanism has been reported.2,11 Notwithstanding, the 

results reported here provide, to the best of our knowledge, the first experimental 

evidence for both order of addition of substrate and release of products.  

The ITC measurements of GMP binding provided dissociation constant values 

(Kd), one for each subunit, where Kd1 > Kd2 > Kd3, suggesting a positive homotropic 

cooperativity, since the binding of one molecule of GMP increases the affinity for the 

next molecule which will bind to the next subunit. The Kd4 value is higher though than 

the others, indicating a lower affinity for the last subunit to bind GMP. Interestingly, 

this finding is consistent with the crystal structure of hGMPR2, as no GMP binding 

could be observed for one of the subunits of this enzyme.16 The �G values for all four 

subunits are negative, which demonstrate that GMP binding to E. coli GMP reductase is 
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a thermodynamically favorable process. The thermodynamic analysis revealed different 

types of interactions between the ligand and the enzyme subunits, ranging from 

favorable hydrogen bonds and/or van der Waals interactions (negative �H), release of 

“bound” water molecules to bulk solvent (positive �S) to conformational changes in 

either or both of the molecules (negative �S).27 As can be seen in Table 2, with the 

exception of subunit 2, the analyses of �H and �S reveal that the binding of GMP is 

coupled with favorable hydrogen bonds (negative �H) and conformational changes 

(negative �S).28 This finding appears to be consistent with the hGMPR2 structure,16 in 

which GMP was located on the top of the �/� barrel surrounded by a hydrophilic 

surface formed by the active site loop and the flexible binding loop that would close 

upon GMP binding to the enzyme.  

The IMP binding to E. coli GMP reductase yielded four different Kd values 

(Table 2). However, no evident relationships could be observed between the constants 

that would suggest either positive or negative cooperativity among the subunits. The 

analysis of the Gibbs free energy revealed that the binding of IMP is thermodynamically 

favorable for all subunits of E. coli GMP reductase (negative �G), and the analysis of 

�H and �S for IMP follows a similar pattern as observed for GMP. The determination 

of the crystal structure of E. coli GMP reductase in complex with IMP may shed light 

on these thermodynamic features.  

 

pH-rate profiles 

The Cys186 amino acid side chain has been shown to play a key role in catalysis for 

hGMPR2 since the Cys186Ala mutant displayed less than 5 % activity as compared to 

wild-type enzyme.16 The pH dependence of kcat and sequence alignment analyses 

suggest that the conserved Cys186 is likely the residue with apparent pK value of 9.6 
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that plays a critical role in E. coli GMP reductase catalysis. The cysteine thiol group 

usually ionizes at slightly alkaline pH values, and the resulting thiolate anion is the 

reactive species that acts as a nucleophile, which is one of the most reactive functional 

groups found in proteins.29 It is possible that the Cys186 side chain, which has been 

shown to interact with GMP in the crystal structure of hGMPR2,16 interacts with the 

exocyclic amino group bound to C2 of the guanine moiety of GMP thereby facilitating 

both hydride transfer to C2 and the amino leaving group. In addition, the proposed 

model of E. coli GMP reductase indicates that this residue makes an H-bond to C2 

exocyclic amino group of the guanine moiety of GMP (Fig. 6). Notwithstanding, site-

directed mutagenesis studies are in progress to confirm the role of Cys186, if any, in E. 

coli GMP reductase enzyme catalysis. The bell-shaped pH profile for kcat (Fig 7a) also 

showed participation of single ionizable group with apparent pK value of 6.6 that has to 

be deprotonated for catalysis. Sequence alignment showed conservation of Asp129 in E. 

coli GMP reductase (Fig 7) that has been shown to be located in the active site loop in 

hGMPR2.16 Although the pK value of the �-carboxyl group of Aspartate residues are 

usually in the 3.9 – 4.0 range, it is not unlikely that this pK value may be displaced by a 

neighbouring chemical group. However, assigning a definite catalytic role to Asp129 in 

E. coli GMP reductase is not warranted and site-directed mutagenesis studies should be 

carried out. Although the apparent pK value of 6.6 that plays a role in catalysis could 

tentatively be ascribed to the imidazole side chain of a Histidine residue (pK usually in 

the 6.0 – 7.0 range), His278 is located in the GMP binding site of E. coli GMP 

reductase whereas it is not present in hGMPR2 (Fig 7).  

 The pH-rate data for of kcat/KGMP indicate that both protonation of two groups 

with apparent pK values of 7.1 and deprotonation of two groups with apparent pK 

values of 8.6 (Fig 7b) are required for GMP binding. These dissociation constants can 
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be in the ligand and the other in the enzyme, or both can be in one or the other. The 

crystal structure of hGMPR2 in complex with GMP demonstrated that this substrate is 

surrounded by a hydrophilic surface formed by the active site loop (residues 179-187 in 

hGMPR2) and the flexible GMP binding region (residues 268-290 in hGMPR2).16 

Sequence alignment of GMP reductases (Fig 5) shows a relatively good conservation of 

these two regions in E. coli GMP reductase (active site loop: residues 179-187; GMP 

binding region: 268-290). The pK value for N7 atom of the guanine moiety of GMP is 

3.6, and the ribose 2',3'-diol only loses a proton above pH 12. The guanine base 

becomes protonated on one of the ring nitrogens rather than on the exocyclic amino 

group since this does not interfere with delocalization of the NH2 electron lone pair into 

the aromatic system. In the case of monoesters, the phosphate group of GMP loses one 

proton at pH 1 and a second proton at pH 7. The proximity of negative charge on the 

phosphate residues has a secondary effect, making the ring nitrogens more basic (�pK � 

+0.4) and the amine protons less acidic (�pK � +0.6). It is thus likely that the pH-rate 

profile does not reflect any ionization of the guanine moiety of GMP. On the other 

hand, it is possible that the apparent pK values reflect change in ionization of His278 in 

the GMP binding site, and change in ionization of the phosphate group of GMP and, for 

instance, Asp219 that makes H-bonds with the ribose hydroxyl groups of the pentose.  

 The pH-rate profile for kcat/KNADPH indicated that protonation of two groups with 

apparent pK values of 6.2 abolish NADPH binding to E. coli GMP reductase (Fig 7c). 

Although the there was no diffraction pattern to allow identification of NADPH binding 

site in hGMPR2, structural comparison and model building has been employed to 

suggest that the amino acid residues 129-133 are involved in NADPH binding.16 These 

residues are conserved in E. coli GMP reductase (Fig 5). The adenine-C2'-ribose 

phosphate group has a pK value of 6.1. It is thus tempting to suggest that protonation of 
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NADPH phosphate and the putative Asp129 residue located in the NADPH binding site 

can account for the kcat/KNADPH pH-rate profile.  

 

Deuterium kinetic isotope effects and proton inventory 

Measurements of kinetic isotope effects in enzyme catalyzed reactions aim at examining 

the contribution of proton transfer(s) to rate-limiting step(s). However, the maximal 

velocity may be dependent of several rate-contributing or partially rate-limiting steps 

instead of one rate-determining step.30  

Isotope effects on V report on events following the ternary complex formation 

capable of undergoing catalysis (fully loaded enzyme), which include the chemical 

steps, possible enzyme conformational changes, and product release (leading to 

regeneration of free enzyme). Isotope effects on V/K report on steps in the reaction 

mechanism from binding of isotopically labeled substrate to the first irreversible step, 

usually considered to be the release of the first product (that is, all rate constants from 

reactant binding until the first irreversible step).30 Any substrate can be varied; it does 

not need to the labeled one, but one obtains D
V/K effect for the varied substrate rather 

than for the labeled one. Although the apparent classical limit for primary deuterium 

kinetic isotope effects on V is approximately 8, values as low as 2 have sometimes been 

accepted as evidence of a rate-determining step.30,31 For reactions involving NAD(P)H 

oxidation, primary deuterium isotope effects ranging from 1 to 3 have been found.32 The 

magnitude of primary deuterium isotope effect depends on the chemical nature of the 

transition state.33 This isotope effect reaches a maximum value when the hydrogen is 

symmetrically placed between the donor atom from which cleavage occurs and the 

acceptor atom to which a new bond is formed, and decreases for reactant- or product-

like transition states. The value of 2.5 for the observed primary deuterium kinetic 
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isotope effect on V for E. coli GMP reductase using either NADPH or [4S-2H]-NADPH 

(D
VNADPH) as variable substrate indicates that hydride transfer is involved in a rate-

limiting step and that the transition state may be either substrate- (early) or product-like 

(late). However, the symmetry of the transition state can only be inferred from the 

magnitude of a deuterium kinetic isotope effect if it is for the specific step in an 

enzymatically catalyzed reaction at which the isotopically substituted bond is broken by 

passing through a single transition state (that is, the intrinsic kinetic isotope effect). 

Enzyme-catalyzed chemical reactions proceed through many steps and the rate 

constants for several steps are usually consequential to the composite rate constant for 

the overall reaction, consequently the observed deuterium kinetic isotope effect is less 

than or equal to the intrinsic deuterium isotope effect for the step in which the hydrogen 

is transferred. In any case, the observed primary deuterium kinetic isotope effect on V 

for E. coli GMP reductase indicates that hydride transfer is from C4-proS hydrogen of 

NADPH and that it is partially rate-limiting. On the other hand, the inverse primary 

deuterium kinetic effect on V/K for NADPH (D
V/KNADPH = 0.4) is somewhat puzzling. 

Incidentally, there have been numerous reports of inverse isotope effects on V/K of 

unknown origin.34,35 The expression of deuterium kinetic isotope effect on V/K includes 

the intrinsic isotope effect, commitment factors (forward and reverse) and equilibrium 

isotope effect.33 An equilibrium isotope effect may be invoked to account for the inverse 

effect on V/K, providing that the reverse commitment factor is large and the forward 

commitment factor is small. The inverse deuterium isotope effect on the equilibrium 

constant (D
Keq = 0.82) suggest that the deuterated product is more stiffly bonded than 

the deuterated substrate36 and the internal equilibrium might dominate the observed 

kinetic isotope effect. The inverse isotope effect indicates that once the hydride is 

transferred it becomes more tightly bonded to the corresponding product (IMP) when 
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compared to the substrate. The magnitude of this isotope effect is a direct consequence 

of the difference in the bonds of the substrate and product, with deuterium becoming 

enriched in the stiffest bond and the hydrogen in the looser one (deuterium accumulates 

where binding is tighter).37 In addition, isotope effects on V/K are a combination of 

binding and catalytic events. Binding isotope effects can contribute in the opposite 

direction of kinetic isotope effects that arise from transition state chemistry. An inverse 

binding isotope effect may arise when binding of the molecule containing the heavier 

isotope atom (NADPD) is increased as bonds to the isotopic label are tighter in the 

bound complex. Although it is conceivable that the inverse DV/KNADPH value reflects 

inverse binding isotope effect, it cannot be experimentally assessed as NADPH (enzyme 

mechanism proposed here) binds to the E. coli GMP reductase:GMP binary complex to 

form the catalytic competent ternary complex. Accordingly, the inverse DV/KNADPH 

value is likely due to the inverse deuterium isotope effect on the equilibrium constant. 

Isotope effects can provide further experimental evidence for a specific enzyme 

mechanism. In the case of an ordered mechanism, the V/K for the first substrate (GMP) 

to bind (at saturating concentrations of the second substrate: NADPH) is the on-rate for 

the reactant binding to enzyme, a non-isotope sensitive step.33 The value of 1.03 (� 

0.07) for DV/KGMP (Table 3) provides further support for an ordered enzyme mechanism 

as suggested by the initial velocity pattern and ITC data. 

To evaluate the contribution of proton transfer from solvent to a rate-limiting 

step, measurements of solvent isotope effects on V and V/K were carried out. As rule of 

thumb, deuterium accumulates where binding is tighter (that is, fractionation factor is 

larger than one). Transition state proton contributes the reciprocal of its respective 

fractionation factor to the solvent isotope effect, whereas the contribution of a reactant 

state proton to the solvent isotope effect is equal to its fractionation factor.32 Reactant 
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state fractionation by enzyme cysteine thiol groups (S-H group of cysteine) can make 

large inverse contributions to solvent isotope effects.32,33 It is thus conceivable that the 

value of 0.82 for D2O
V/KGMP reflects participation of Cys186 of free enzyme, which has 

been shown to interact with GMP in hGMPR2 crystal structure,16 and the value of 0.67 

for D2O
V/KNADPH reflects an inverse contribution of conserved Cys127 of free enzyme, 

located near the NADPH binding site of E. coli GMP reductase (Fig 5). The value of 

0.99 for D2O
VNADPH suggests no participation of proton solvent in catalysis. On the other 

hand, solvent proton transfer appears to play a modest role in catalysis since a value of 

1.30 was found for D2O
VGMP. In addition, proton inventory data (Fig 10b – inset) suggest 

that this modest solvent kinetic isotope effect arises from a single protonic site. The 

difference found between the primary deuterium and solvent kinetic isotope effects 

suggests that the hydride and proton transfer may occur in distinct reaction steps, as 

found in other NADPH-dependent reductive reactions.34 Nevertheless, it is not possible 

to ascertain whether or not hydride transfer and protonation steps occur in a single 

transition state (concerted mechanism) or in distinct transition states (stepwise 

mechanism) based solely on primary and solvent isotope effects.  

Multiple isotope effects (double isotope effects) allow to determine whether two 

different isotopic substitutions affect the same (concerted) or different (stepwise) 

chemical steps.38 This method uses the normal effect of deuterium to slow down one 

step of a reaction mechanism while observing changes in the expression of another 

isotope effect,38 the effects in question being the protonation and the hydride transfer. If 

the protonation and hydride transfer occur in the same transition state, the solvent 

isotope effect will be larger or unchanged with the deuterium substitution (NADPD) 

when compared with NADPH. However, if the effects take place in different steps, the 

solvent isotope effect will decrease with NADPD, once the hydride transfer will become 
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more rate-limiting.34,35,38 As can be seen in Table 3, the results of the multiple isotope 

effects showed similar values for D2O
VNADPD (1.00) and D2O

VNADPH (0.99), suggesting 

that hydride transfer and solvent proton transfer steps take place in the same transition 

state (concerted mechanism). In addition, the value for the solvent isotope effect on V/K 

with NADPD (1.50) is larger than with NADPH (0.67), thereby lending support to a 

concerted mechanism.  

 

Pre-steady-state kinetics 

In the study of the transient phase of enzyme reactions, the data obtained is generally 

expressed by a single exponential curve for first order reaction39. The analysis of the 

data allows determining the apparent first order rate constant, which was in the same 

range as the first order in the steady-state kinetics. The observation of burst during a 

time course in the transient phase is evidence of significant build-up of product 

formation along the reaction pathway.39 If a burst is observed during the transient phase, 

and the concentration of NADP+ produced is approximately equal to the initial E. coli 

GMP reductase subunit concentration, it would indicate that the chemical step of the 

reaction is much faster than the release of the first product (NADP+). The absence of 

burst suggests that both steps have similar rates and the product release is not the rate-

limiting step of the reaction. 

 

Conclusion 

 

Rational inhibitor design relies on mechanistic and structural information on the target 

enzyme. Enzyme inhibitors make up roughly 25 % of the drugs marketed in United 

States.40 Enzymes catalyze multistep chemical reactions to achieve rate accelerations by 
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stabilization of transition state structure(s).40 Accordingly, mechanistic analysis should 

always be a top priority for enzyme-targeted drug programs aiming at the rational 

design of potent enzyme inhibitors. Moreover, ITC has been used as an important 

technique for the direct determination of thermodynamic and kinetic parameters of 

enzymatic reactions.41 The recognition of the limitations of high-throughput screening 

approaches in the discovery of candidate drugs has rekindled interest in rational design 

methods.42 Understanding the mode of action of E. coli GMP reductase will inform us 

on how to better design inhibitors targeting this enzyme. In addition, understanding the 

mode of action of an enzyme can be used to inform functional annotation of newly 

determined sequences and structures, to select appropriate enzyme scaffolds for 

engineering new functions, and to refine definitions in the current EC classifications.43 

The elucidation of the mode of action of E. coli GMP reductase and its availability in 

recombinant form may also provide a tool for determination of substrate specificity of 

cyclic nucleotide phosphodiesterases (PDEs). PDEs belong to a superfamily of proteins 

with medical relevance that play a major role in cell signaling by catalyzing the 

hydrolysis of cyclic AMP (cAMP) and cyclic GMP (cGMP).44 PDE enzymes are 

distinguished by their substrate specificity. The PDE activity cannot be directly assayed, 

being necessary to couple an accessory enzyme. As recombinant E. coli GMP reductase 

is specific for GMP, it may be employed to determine the substrate specificity of PDE 

enzymes. Among the 11 families of PDEs, only PDE 5, PDE 6 and PDE 9 are specific 

for cGMP, which are targets for, respectively, treatment of erectile dysfunction 

(sildenafil), visual alterations, and behavioral state regulations and learning.45 The 

results here presented may also help chemical biologists to design function-based 

chemical compounds to carry out either loss-of-function (inhibitors) or gain-of-function 

(activators) experiments to reveal the biological role of GMP reductase in the context of 
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whole E. coli cells.46 It is also hoped that the results presented here may be useful to 

understand the role that GMP reductase plays in E. coli salvage pathway.  

 

 

Experimental Procedures 

 

Materials 

All chemicals were of analytical or reagent grade and were used without further 

purification, unless stated otherwise. 5'GMP, NADPH, IMP, and NADP+ along with 

lysozyme and streptomycin sulfate were purchased from Sigma-Aldrich. Deuterium 

oxide (99.9 atom % D2O) was from Cambridge Isotope Laboratories. Fast performance 

liquid chromatography (FPLC) protein purification (4 °C) was carried out using an Äkta 

Purifier from GE Healthcare; all chromatographic columns and the LMW and HMW 

Gel Filtration Calibration Kit were also from GE Healthcare. Bovine serum albumin and 

Bradford reagent were from Bio-Rad Laboratories. All steady-state activity assays were 

performed in an UV-2550 UV/Visible Spectrophotometer (Shimadzu). Dithiothreitol 

(DTT) was from Acros Organics. Pfu DNA polymerase was from Stratagene. 

Restriction enzymes and T4 DNA ligase and pCR-Blunt cloning vector were from 

Invitrogen and pET-23a(+) expression vector and E. coli BL21(DE3) were from 

Novagen The mass spectrometer LTQ-XL and LTQ Orbitrap Discovery were from 

Thermo and the nanoLC Ultra 1D plus was from Eksigent. iTC200 Microcalorimeter was 

from MicroCal Inc (Northampton, MA). Pre-steady-state measurements were carried 

out using an Applied Photophysics SX.18MV-R stopped-flow spectrofluorimeter on 

absorbance mode. 
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E. coli GMP reductase comparative homology modeling 

E. coli three-dimensional model was built by comparative homology modeling using 

human type 2 GMP reductase structure as template (PDB ID: 2A7R; hGMPR2)16, 

solved by X-ray crystallography at 3.0 Å in complex with GMP. Template structure was 

used for E. coli GMP reductase modeling, as well as to evaluate GMP binding mode to 

bacterial enzyme active site. Template selection was based on high primary sequence 

conservation (68.5% identity and 16.47% strong similarity), and presence of enzyme 

substrate bound to its active site. Target and template pair-wise sequence alignment 

required a single gap inclusion in human GMP reductase primary sequences. E. coli 

GMP reductase model was built by restrained-based homology modeling implemented 

in MODELLER9v147, with the standard protocol of the comparative protein structure 

modeling methodology, by satisfaction of spatial restrains48,49. Atomic coordinates of 

GMP heteroatoms were copied from template structure into the E. coli GMP reductase 

model. The best model was selected according to MODELLER objective function50 and 

subjected to energy minimization for amino acid side chain and main chain 

rearrangements with GROMACS package51 using the 43a1 force-field. The system was 

submitted to an initial steepest descent energy minimization in vacuum with a 

maximum number of 400 minimization steps, followed by a maximum of 3000 steps of 

conjugate gradient energy minimization. The program PROCHECK52 was employed to 

analyze the stereochemical quality of the model, as previously described 53. Structural 

correspondence between E. coli model and human GMP reductase template was 

evaluated by their root-mean square deviation (RMSD). H-bond interactions were 

evaluated with LIGPLOT v4.4.254, considering an atomic distance cut off of 3.9 Å 

(program default values). Images were generated with PyMOL Molecular Graphic 

System V1.3 (Schrödinger, LLC). 
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Amplification and cloning of the E. coli guaC gene 

The oligonucleotide primer sequences of E. coli guaC structural gene were 5'-

AACATATGCGTATTGAAGAAGATCTGAAGTTAGGTTTTAAAGACG-3' 

(forward) and 3'-AAGGATCCTCATTACAGGTTGTTGAAGATGCGG 

TTTTCTTGTTCC-5' (reverse). The primers were designed to contain, respectively, 

NdeI and BamHI restriction sites (underlined). The DNA fragment (1038 bp) was 

amplified using Pfu DNA polymerase, ligated into pCR-Blunt cloning vector, and 

transformed into E. coli DH10B cells. Plasmid DNA recovered from these cells was 

digested with the restriction enzymes NdeI and BamHI, and the isolated insert was 

ligated into pET-23a(+) expression vector, previously treated with the same restriction 

enzymes. The sequence of E. coli guaC gene was determined by automated DNA 

sequencing to confirm the identity, integrity, and absence of PCR-introduced mutations 

in the cloned fragment. 

 

Expression of recombinant GMP reductase 

The recombinant plasmid pET-23a(+)::guaC was transformed into E. coli BL21(DE3) 

cells, and these were selected on Luria-Bertani (LB) agar plates containing 50 µg mL–1 

ampicillin. LB medium (60 mL) containing 50 µg mL–1 ampicillin was inoculated with 

a single colony and cells were grown overnight. The culture (10 mL) was inoculated in 

LB medium (500 mL) with the same antibiotic concentration, and, as soon as OD600 nm 

reached a value of 0.6, culture was grown for additional 24 h at 180 rpm and 37 °C 

without IPTG induction. Cells (15 g) were harvested by centrifugation at 7,690 g for 30 

min at 4 °C and were stored at –20 °C. Soluble and insoluble fractions were analyzed by 

12 % SDS-PAGE and Coomassie staining. 

Page 34 of 65Molecular BioSystems - For Review Only



 30 

 

Purification of recombinant GMP reductase 

Approximately 2.8 g of frozen cells were resuspended in 14 mL of 100 mM 

tris(Hydroxymethyl)aminomethane (Tris; buffer A) pH 7.8, and incubated with 

lysozyme (0.2 mg mL–1) for 30 min with stirring. Cells were disrupted by sonication, 

and centrifuged at 38,900 g for 30 min to remove cells debris. Streptomycin sulfate was 

added to the supernatant up to 1 % (wt/vol), stirred for 30 min to precipitate nucleic 

acids, and centrifuged at 38,900 g for 30 min. The resulting supernatant was dialyzed 

against buffer A (2 x 2 L; 2 h each) using a dialysis tubing with molecular weight 

exclusion limit of 12 - 14 kDa. The sample was clarified by centrifugation at 38,900 g 

for 30 min and loaded on a FPLC 2.6 cm x 8.2 cm Q-Sepharose Fast Flow anion 

exchange column, pre-equilibrated with buffer A, washed with 5 column volumes of 

buffer A, and the adsorbed material was eluted with a linear gradient (0 - 40 %) of 20 

column volumes of 100 mM Tris pH 7.8 containing 500 mM NaCl (buffer B) at 1 mL 

min–1. The adsorbed recombinant GMP reductase was eluted at approximately 145 mM 

NaCl concentration, with substantial removal of contaminants. All fractions were 

analyzed by SDS-PAGE electrophoresis, and the ones containing the target protein were 

pooled and concentrated to 8.5 mL using an Amicon ultrafiltration cell (molecular 

weight cutoff 30 kDa). The soluble sample was loaded on a 2.6 cm x 60 cm HiPrep 

Sephacryl S-200 High Resolution size exclusion column, which was previously 

equilibrated with buffer A, and isocratically eluted with buffer A at a flow rate of 0.25 

mL min–1. This step was employed to further purify the recombinant protein and to 

remove salt from the sample, thereby allowing protein preparation for the next 

chromatographic step. Fractions containing the target protein were pooled and the 

soluble sample was loaded on a 1.6 cm x 10 cm Mono Q High Resolution anion 
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exchange column, pre-equilibrated with buffer A. The column was washed with 5 

column volumes, and the adsorbed proteins were eluted with a linear gradient (0 - 40 %) 

of 20 column volumes of buffer B, and the target protein eluted at approximately 155 

mM NaCl concentration. The active fractions containing the target protein were pooled 

and dialyzed against buffer A (2 x 2 L; 2 h each) in order to remove the remaining salt. 

Protein concentration was determined by the Bradford’s method using bovine serum 

albumin as standard.55   

 

Quaternary structure analysis of E. coli GMP reductase 

The homogeneous sample was submitted to ESI-MS in order to confirm the identity of 

E. coli GMP reductase. The protein was also digested with trypsin and the resulting 

peptides were separated and analyzed by liquid chromatographic associated with mass 

spectrometry with fragmentation collision induced, and the results were used to identify 

the amino acid sequence through a search software (Protein Discoverer, Thermo). 

The molecular mass of recombinant GMP reductase was determined by gel 

filtration chromatography using a 1.0 cm x 30 cm High Resolution Superdex 200 

column pre-equilibrated with 50 mM Tris pH 7.5 containing 200 mM NaCl at a flow 

rate of 0.4 mL min–1. The LMW and HMW Gel Filtration Calibration Kit were used as 

the protein molecular mass standards in the calibration curve, measuring the elution 

volumes of several standards (ferritin, catalase, aldolase, ovalbumin, coalbumin, 

ribonuclease A, and blue dextran 2000), calculating their partition coefficients (Kav), 

and plotting these values against the logarithm of their molecular mass. The Kav values 

were determined as Kav = (Ve – Vo)/ (Vt – Vo), where Ve is the sample elution volume, Vt 

is the total bed volume of the column, and Vo is the column void volume, which had 
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been determined by loading blue dextran 2000 into the column. Protein elution was 

monitored at 215, 254, and 280 nm. 

 

Synthesis of [4S-
2
H]-NADPH 

[4S-2H]-NADPH was synthesized according to the method of Ottolina and co-workers56 

and purified on a 1.0 cm x 10 cm Mono Q High Resolution anion exchange column. 

The column was washed with 1 column volume of 100 mM N-2-

hydroxyethylpiperazine-N'-2-ethanesulfonic acid (Hepes) pH 7.0, and the material was 

eluted with a linear gradient (0 - 100 %) of 5 column volumes of 100 mM Hepes 

containing 1.0 M NaCl pH 7.0 at a flow rate of 0.5 mL min–1. The fractions with A260 

nm/A340 nm � 2.3 were pooled. 

 

Enzyme activity assay of E. coli GMP reductase 

The recombinant GMP reductase activity was determined by a continuous 

spectrophotometric assay monitoring the conversion of NADPH to NADP+ at 340 nm. 

The standard assay was performed at 25 �C in 100 mM Tris pH 7.8 with 10 mM DTT, 

unless stated otherwise. 

 

Determination of apparent steady-state kinetic constants and initial velocity 

pattern 

In order to determine the apparent steady-state kinetic constants, GMP reductase 

activity was measured (in duplicates) in the presence of varying concentrations of GMP 

(5 – 80 µM) and fixed NADPH concentration (100 µM), and varying concentrations of 

NADPH (5 – 120 µM) and fixed GMP concentration (100 µM), in 100 mM Tris pH 7.8 

buffer containing 10 mM DTT in a total volume of 500 µL. The enzyme specificity for 
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NADPH was evaluated measuring the enzymatic activity in the presence of varying 

concentrations of NADH (20 – 200 µM) at a fixed-saturating concentration of GMP 

(100 µM). To determine the true steady-state kinetic parameters and initial velocity 

patterns, enzymatic activity was measured in the presence of varying concentrations of 

GMP (1 - 60 µM) and several fixed-varied NADPH concentrations (1 - 60 µM). 

Enzyme activity was determined in an UV-2550 UV/Visible spectrophotometer 

(Shimadzu) by monitoring the decrease in absorbance at 340 nm (�340nm = 6220 M-1cm-

1) upon GMP reductase-catalyzed conversion of NADPH to NADP+. One unit of 

enzyme activity was defined as the amount of protein that catalyzes the consumption of 

1 µmol of NADPH/min at 25 °C.  

 

Isothermal titration calorimetry 

ITC experiments were carried out using the iTC200 Microcalorimeter. The reference cell 

(200 �L) was loaded with water during all experiments and the sample cell (200 �L) 

was filled with E. coli GMP reductase at a concentration of 122 �M in buffer A. The 

injection syringe (39.7 �L) was filled with substrates or products at different 

concentrations, GMP at 0.75 mM, NADPH at 3.5 mM, NADP+ at 1.0 mM, and IMP at 

1.0 mM, and the ligand binding isotherms were measured by direct titration (ligand into 

macromolecule). The same buffer was used to prepare all ligand solutions. The stirring 

speed was 500 rpm at 25 °C with constant pressure for all ITC experiments. Titration 

first injection (0.5 �L) was not used in data analysis and was followed by 17 injections 

of 2.2 �L each at 180 s intervals. Control titrations (ligand into buffer) were performed 

in order to subtract the heats of dilution and mixing for each experiment prior to data 

analysis. All data were evaluated utilizing the Origin 7 SR4 software (Microcal, Inc.). 
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pH-rate profiles 

The dependence of kinetic parameters on pH was determined by measuring initial 

velocities in the presence of varying concentrations of one substrate and saturating 

levels of the other, in a buffer mixture of 500 mM 2-(N-morpholino)ethanesulfonic acid 

(MES) / Hepes / 2-(N-cyclohexylamino)ethanesulfonic acid (CHES) over the following 

pH values: 6.0 (10 – 160 �M varying GMP concentration and fixed concentration of 

NADPH at 240 �M, and 10 – 160 µM varying NADPH concentration and fixed 

concentration of GMP at 240 µM), 6.5 (2 – 60 µM varying GMP concentration and 

fixed concentration of NADPH at 100 �M, and 2 – 60 µM varying NADPH 

concentration and fixed concentration of GMP at 100 µM), 7.0 (2 – 60 µM varying 

GMP concentration and fixed concentration of NADPH at 100 �M, and 2 – 60 µM 

varying NADPH concentration and fixed concentration of GMP at 100 µM), 7.5 (5 – 80 

µM varying GMP concentration and fixed concentration of NADPH at 100 �M, and 5 – 

80 µM varying NADPH concentration and fixed concentration of GMP at 100 µM), 8.0 

(5 – 80 µM varying GMP concentration and fixed NADPH concentration at 100 �M, 

and 5 – 80 µM varying NADPH concentration and fixed concentration of GMP at 100 

µM), 8.5 (5 – 60 µM varying GMP concentration and fixed concentration of NADPH at 

100 �M, and 5 – 60 µM varying NADPH concentration and fixed concentration of 

GMP at 100 µM), 9.0 (5 – 60 µM varying GMP concentration and fixed concentration 

of NADPH at 100 �M, and 5 – 60 µM varying NADPH concentration and fixed 

concentration of GMP at 100 µM), and 9.5 (2 – 60 µM varying GMP concentration and 

fixed concentration of NADPH at 100 �M, and 2 – 60 µM varying NADPH 

concentration and fixed concentration of GMP at 100 µM). Prior to performing the pH-

rate profiles, the recombinant enzyme was incubated over a broader pH range and 
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assayed under standard conditions to identify denaturing pH values and to ensure 

enzyme stability at the tested pH range. 

 

Energy of activation 

In order to determine the energy of activation of the GMP reductase-catalyzed reaction, 

initial velocities were measured in the presence of varying concentrations of one (GMP 

1 – 60 µM) (NADPH 1 – 80 µM) substrate and saturating levels of the other (100 µM), 

at temperatures ranging from 15 to 35 °C. GMP reductase was incubated for several 

minutes in all temperatures tested and assayed under standard conditions to ensure 

enzyme stability under all temperatures. 

 

Deuterium kinetic isotope effects and proton inventory 

Primary deuterium kinetic isotope effects were determined by measuring initial rates 

using a saturating level of GMP (100 µM) and varying concentrations of either NADPH 

(4 – 60 µM) or [4S-2H]-NADPH (1 – 60 µM).  

Solvent kinetic isotope effects were determined by measuring initial velocities 

using a saturating level of one substrate (100 µM) and varying concentrations of the 

other (GMP: 4 – 60 µM; NADPH: 4 – 60 µM) in either H2O or 90 atom % D2O. The 

proton inventory was determined using saturating concentrations of both substrates (100 

�M) at various mole fractions of D2O. 

 Multiple kinetic isotope effects were measured by determining the solvent 

isotope effects using [4S-2H]-NADPH (NADPD) as the varied substrate. 

 Equilibrium isotope effect (D
Keq) was determined by measuring the equilibrium 

constant in the presence of either NADPH or [4S-2H]-NADPH. These equilibrium 

constants were measured as described by Leu and Cook.57 In short, the ratio of 
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[NADPH]/[NADP+] was fixed at 1 and the ratio of [IMP]/[GMP] were varied from 0.1 

to 30 at fixed concentration of NH4Cl. A plot of change in NADPH concentration 

versus [IMP]/[GMP] ratio crosses the abscissa at a value equal to Keq.
57   

 The notation utilized to express isotope effects is that of Northrop33 as extended 

by Cook and Cleland.58  

 

Pre-steady-state kinetics 

Pre-steady-state kinetic measurements of the reaction catalyzed by E. coli GMP 

reductase were performed to determine whether product release is part of the rate-

limiting step. The decrease in absorbance was monitored at 340 nm (1 mm split width = 

4.65 nm spectral band), at 25 °C, using a split time base (2 – 50 s; 400 data points for 

each time base). The experimental conditions were 10 �M E. coli GMP reductase, 10 

mM DTT, 250 �M GMP and 250 �M NADPH in 100 mM Tris-HCl pH 7.8 (mixing 

chamber concentrations). The dead time of the stopped-flow equipment is 1.37 ms. 

 

Data analysis 

Values of the kinetic parameters and their respective errors were obtained by fitting the 

data to the appropriate equations by using the nonlinear regression function of 

SigmaPlot 9.0 (SPSS, Inc.). Initial rate data at single concentration of the fixed substrate 

and varying concentrations of the other were fitted to Eq. 1. 
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VA
v

	

           Eq. 1 
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The family of lines intersecting to the left of the y-axis in double-reciprocal plots was 

fitted to Eq. 2, which describes a mechanism involving ternary complex formation and a 

sequential substrate binding. 

 

ABAKBKKK

VAB
v

babia 			

        Eq. 2 

 

For Eq. 1 and Eq. 2, v is the initial velocity, V is the maximal initial velocity, A and B 

are the concentrations of the substrates (GMP and NADPH), Ka and Kb are their 

respective Michaelis constants, and Kia is the dissociation constant for enzyme-substrate 

A binary complex formation. 

pH-rate profiles data were fitted to Eqs. 3, 4 or 5, where y is the kinetic 

parameter, C is the pH-independent value of y, H is the proton concentration, and Ka 

and Kb are, respectively, the apparent acid and base dissociation constants for ionizing 

groups, and K0 is the product of two apparent dissociation constants.59   
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Eq. 3 describes a bell-shaped pH profile for a group that must be protonated for 

binding/catalysis and another group that must be unprotonated for binding/catalysis, and 

participation of a single ionizing group for the acidic limb (slope value of +1) and 

participation of a single ionizing group for the basic limb (slope value of -1). Eq. 4 

describes a bell-shaped pH-rate profile that starts with a slope of +2 in the acidic limb 

and goes to an eventual slope of -2 in the basic limb, suggesting participation of two 

ionizing groups in each limb. Eq. 5 describes a pH-rate profile for two groups that need 

to be unprotonated for binding (slope of +2 for the acidic limb). Unless the pKs of the 

groups are at least 3 pH units apart, there will not be a linear region with a slope of +1. 

The data for temperature effects were fitted to Eq. 6, where k is the maximal 

reaction rate, Ea is the energy of activation, T is the temperature in Kelvin, R is the gas 

constant (1.987 cal K-1 mol–1), and A is a pre-exponential factor that correlates collision 

frequency and the probability of the reaction occurring when reactant molecules collide. 
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Kinetic isotope effects data were fitted to Eq. 7, which assumes isotope effects 

on both V/K and V. In this equation, EV/K and EV are the isotope effects minus 1 on V/K 

and V, respectively, and Fi is the fraction of isotopic label in the substrate A. 
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        Eq. 7 

 

ITC data were fitted to Eq. 8, where �H is the enthalpy of process given by the 

ITC experiment, �G is the Gibbs free energy changes, �S is the entropy changes, T is 

the temperature of the experiment in Kelvin, R is the gas constant (1.987 cal K-1 mol–1), 

and Keq is the equilibrium binding constant. The dissociation constant, Kd, is the inverse 

of the equilibrium binding constant, Keq, described in Eq. 9. 
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           Eq. 9 

The pre-steady-state time course of the reaction was fitted to Eq. 10 for a single 

exponential decay, in which A is the absorbance at time t, A0 is the absorbance at time 

zero, and k is the apparent first-order rate constant for product formation. 

 

kt
eAA
�
 0           Eq. 10 
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Figure Legends 

 

Figure 1: Chemical reaction catalyzed by GMP reductase. 

 

Figure 2: SDS-PAGE (12%) analysis for the three chromatographic steps of 

purification of recombinant E. coli GMP reductase that yielded homogeneous protein. 

Lane 1, Molecular Weight Protein Marker (Fermentas); lane 2, crude extract; lane 3, Q-

Sepharose anion exchange column; lane 4, Sephacryl S-200 size exclusion; lane 5 

MonoQ High Resolution anion exchange column. 

 

Figure 3: Intersecting initial velocity patterns for GMP reductase using either GMP (a) 

or NADPH (b) as the variable substrate. Each curve represents varied-fixed levels of 

the cosubstrate.  

 

Figure 4: Isothermal titration calorimetry (ITC) analysis of E. coli GMP reductase 

titration with GMP (a), NADPH (b), IMP (c), and NADP+ (d). The top panels show raw 

data of the heat pulses resulting from titration of E. coli GMP reductase. The bottom 

panels show the integrated heat pulses, normalized per mol of injectant as a function of 

the molar ratio (ligand concentration/E. coli GMP reductase concentration). These 

binding curves were best fitted to a sequential binding sites model equation. 

 

Figure 5: Multiple sequence alignment of E. coli GMP reductase with both human 

enzymes (GMPR1_Hsapiens and GMPR2_Hsapiens) using the program CLUSTAL W. 

(*), (:), (.) and (-) indicate, respectively, identity, strong similarity and weak similarity 

among the residues. The residues in the proposed catalytic site (active site loop that acts 
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as a lid that closes upon GMP binding) were shaded in light gray, the amino acid 

residues in the proposed NADPH binding site were shaded in dark gray, and amino acid 

residues in the GMP binding site were boxed by a dashed line. Conserved amino acid 

residues that are important for catalysis or binding were boxed by a solid line. Black 

dots above the conserved residue indicate residues involved in catalysis, and black 

arrows indicate residues involved in substrate binding. 

 

Figure 6: E. coli GMP reductase model superimposed on experimentally solved human 

type 2 GMP reductase (hGMPR2) structure. Amino acid residues of E. coli GMP 

reductase involved in GMP binding (light gray) and the GMP molecule (dark gray) are 

shown as sticks. The corresponding amino acids of hGMPR2 template are depicted as 

thin gray sticks. It is noteworthy that Glu289 E. coli GMP reductase substitutes for 

Ser288 in hGMPR2 (italics). H-bonds between amino acid residues of E. coli GMP 

reductase and GMP are shown as dotted lines. 

 

Figure 7: Dependence of kinetic parameters on pH. (a) pH dependence of log kcat data 

were fitted to Eq. 3; (b) log kcat/KGMP data were fitted to Eq. 4; (c) pH dependence of 

log kcat/KNADPH data were fitted to Eq. 5.  

 

Figure 8: Temperature dependence of log kcat. Saturating concentrations of NADPH 

and GMP substrates were employed to measure the maximum velocity as a function of 

temperature ranging from 15 to 35 °C. The data were fitted to Eq. 6. The linearity of the 

Arrhenius plot suggests that there is no change in the rate-limiting step over the 

temperature range utilized in the assay 
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Figure 9: Primary deuterium kinetic isotope effects using either NADPH (�) or 

NADPD (�) as the variable substrate in the presence of saturating concentration of 

GMP (100 �M). The data were fitted to Eq. 7. 

 

Figure 10: Solvent isotope effects for GMP reductase. (a) NADPH was used as the 

variable substrate (4 – 60 µM), with a saturating concentration of GMP (100 µM). (b) 

GMP was used as the variable substrate (4 – 60 µM), with a saturating concentration of 

NADPH (100 µM). Both reactions mix contained either 0 (�) or 90 (�) atom % D2O. 

The inset of (b) represents the proton inventory (0, 20, 40, 60, and 90 atom % D2O) 

measuring GMP reductase enzyme activity with both substrates at saturating 

concentrations (100 µM). 

 

Figure 11: Multiple kinetic isotope effects using NADPD as the variable substrate in 

the presence of saturating concentration of GMP (100 �M) and either 0 (�) or 80 (�) 

atom % D2O. The data were fitted to Eq. 7. 

 

Figure 12: Representative stopped-flow trace for product formation, measuring the 

decrease in absorbance at 340 nm upon conversion of NADPH to NADP+catalyzed by 

10 �M of recombinant E. coli GMP reductase (mixing chamber concentration). The 

data were fitted to Eq. 10 for a single exponential decay, yielding a value of 0.204 s-1 

for the apparent first-order constant of product formation. 

 

Figure 13: Proposed enzyme mechanism for E. coli GMP reductase. 
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The mode of action is described for recombinant Escherichia coli GMP reductase. 

 

 

 

Page 65 of 65 Molecular BioSystems - For Review Only


