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The emergence of drug-resistant strains of Mycobacterium tuberculosis, the major causative agent of
tuberculosis (TB), and the deadly HIV-TB co-infection have led to an urgent need for the development
of new anti-TB drugs. The histidine biosynthetic pathway is present in bacteria, archaebacteria, lower
eukaryotes and plants, but is absent in mammals. Disruption of the hisD gene has been shown to be
essential for M. tuberculosis survival. Here we present cloning, expression and purification of recombinant
hisD-encoded histidinol dehydrogenase (MtHisD). N-terminal amino acid sequencing and electrospray
ionization mass spectrometry analyses confirmed the identity of homogeneous MtHisD. Analytical gel fil-
tration, metal requirement analysis, steady-state kinetics and isothermal titration calorimetry data
showed that homodimeric MtHisD is a metalloprotein that follows a Bi Uni Uni Bi Ping-Pong mechanism.
pH-rate profiles and a three-dimensional model of MtHisD allowed proposal of amino acid residues
involved in either catalysis or substrate(s) binding.

© 2011 Elsevier Inc. All rights reserved.

Introduction

The World Health Organization (WHO) declared tuberculosis
(TB)! as a global emergency in 1993. Unfortunately, the efforts
made by the Stop TB Strategy were not enough to impede the
occurrence of 1.3 million deaths in 2009 [1]. However, WHO esti-
mates that the number of cases per capita peaked at 2004 and is
slowly falling [2]. Nonetheless, the battle against TB is far from
over, since Mycobacterium tuberculosis (the main causative agent
of TB) proved to be highly adaptive [3] and capable of evading
the current strategies for treatment of 0.5 million cases of multi-
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drug-resistant TB (MDR-TB) that were reported in 2007, including
cases of extensively drug-resistant TB (XDR-TB) [2], and the more
recently reported totally drug-resistant strains (TDR-TB) [4,5]. To
compound the problem further, the deadly association with human
immunodeficiency virus makes the treatment of co-infected
patients even more challenging [2]. Accordingly, novel TB
treatments should, hopefully, reduce the duration of short-course
treatment, lower the dose frequency, reduce the pill burden, and
present low drug-drug interactions [6].

The histidine biosynthetic pathway has been studied in detail in
Salmonella typhimurium and Escherichia coli. There are 10 enzy-
matic reactions carried out by eight gene products in the
unbranched pathway that include several complex and unusual
reactions, and form a critical link between amino acid and purine
biosynthesis [7]. The final reaction, first described in Arthrobacter
histidinovorans and E. coli [8], and in yeast [9], is catalyzed by
histidinol dehydrogenase (HisD) [1-histidinol:NAD oxidoreductase
(EC 1.1.1.23)]. HisD is a bifunctional enzyme that catalyzes the
NAD*- and Zn?'-dependent conversion of 1-histidinol (1-Hol) to
L-histidine (1-His) through an -histidinaldehyde (1-Hal) intermedi-
ate [8-10], with the concomitant reduction of 2 mol of NAD*
(Fig. 1A). Previously described HisD enzymes are homodimers
[11,12] containing one Zn?** per subunit [11]; and they are
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Fig. 1. Chemical reaction catalyzed by HisD. (A) HisD catalyzes the NAD*- and Zn?**-dependent conversion of 1-Hol to 1-His through an 1-Hal intermediate, with the
concomitant reduction of 2 mol of NAD". (B) Proposed Bi Uni Uni Bi Ping-Pong enzyme mechanism for MtHisD-catalyzed chemical reaction.

therefore examples of metalloenzymes. Interestingly, it has been
pointed out that relatively few other NAD*-linked oxidoreductases
seem to require a bound metal for activity [13].

The histidine biosynthetic pathway is present in bacteria,
archaebacteria, lower eukaryotes and plants, but is absent in
mammals [14]. Analysis of the complete genome sequence of
M. tuberculosis H37Rv strain predicted the presence of the coding
sequences for the histidine biosynthetic pathway enzymes [15].
The inability of histidine auxotrophs to survive single-amino-acid
starvation [16], the identification of genes required for mycobacte-
rial growth [17], and the essentiality of the hisD gene product for
M. tuberculosis survival [18] suggest that HisD is a promising target
for antitubercular agent development. Not surprisingly, HisD has
been ranked among the top 50 targets by the TDR Targets database
[19]. However, it has not been shown yet whether the hisD gene
codes for a histidinol dehydrogenase activity as predicted by in
silico analysis of M. tuberculosis genome sequence.

The target-based rational design of new agents with anti-TB
activity includes functional and structural efforts. However, the
first step to enzyme target validation must include experimental
data demonstrating that a gene predicted by in silico analysis to
encode a particular protein catalyzes the proposed chemical reac-
tion. Moreover, recognition of the limitations of high-throughput
screening approaches in the discovery of candidate drugs has
rekindled interest in rational design methods. Understanding the
mode of action of MtHisD should thus inform us on how to better
design inhibitors targeting this enzyme with potential therapeutic
application in TB chemotherapy.

Here we present cloning, expression, purification to homogene-
ity, steady-state kinetics, pH-rate profiles, metal requirement
studies, isothermal titration calorimetry data on ligand binding,
and molecular homology model building of MtHisD. These data
prompted the proposal that MtHisD follows a Bi Uni Uni Bi Ping-
Pong mechanism. In addition, these studies indicated the likely
amino acid residues involved in acid-base catalysis and/or sub-
strate binding. These studies should provide a framework on which
to base the rational design of MtHisD enzyme inhibitors to be
tested as antiTB agents.

Materials and methods

PCR amplification, cloning and overexpression of recombinant M.
tuberculosis hisD-encoded protein

Synthetic oligonucleotide primers (5'-ccatatgcttacccgtatcgac-
ttgcggggag-3' and 5'-tcaagcttgtcatcgctcgaacctccgecgtac-3') were
designed to be complementary to, respectively, the amino-termi-
nal coding and carboxy-terminal noncoding strands of hisD
(Rv1599 locus) gene containing 5’ Ndel and 3’ Hindlll restriction
sites (in bold), and the start and stop codons (in italics). These

primers were used to amplify the M tuberculosis hisD structural
gene (1317 bp) from genomic DNA using standard PCR conditions
(Perkin-Elmer) with a hot start at 99 °C for 10 min. The amplified
fragment was purified with CONCERT Nucleic Acid Purification
System (Gibco BRL), digested with Ndel (Invitrogen) and HindlIIl
(Gibco BRL), and ligated into a pET-23a(+) expression vector (Nova-
gen). The DNA sequence of the M. tuberculosis hisD structural gene
was determined using an ABI-PRISM 3100 Genetic Analyzer (Ap-
plied Biosystems) to both confirm the identity of the cloned DNA
and ensure that no mutations were introduced by the PCR amplifi-
cation step.

Overexpression was achieved by transforming electrocompe-
tent E. coli BL21(DE3) host cells with pET-23a(+)::hisD recombinant
plasmid and grown on Luria-Bertani (LB) medium containing
50 pgmL~' carbenicillin at 37°C for 18h after reaching
ODgoonm = 0.4 without induction by isopropyl p-p-thiogalactopyra-
noside (IPTG). Cells were harvested by centrifugation at 12,000g for
15 min at 4 °C, and stored at —20 °C.

Protein purification

Approximately 9 g of wet cell paste were suspended in 45 mL of
100 mM Pipes pH 6.0 (buffer A), treated with lysozyme
0.2 mg mL~! at 4 °C for 30 min with gentle stirring, disrupted by
sonication with 8 pulses of 15s each at 60% amplitude with a
13 mm probe. This solution was centrifuged at 48,000g for
30 min at 4 °C, and 10 mM MgCl, (final concentration) and 2000
units of bovine pancreas DNAse I (Sigma) were added to the solu-
ble fraction (~40 U mL™!) under gentle stirring at 4 °C for nucleic
acid removal. This mixture was centrifuged at 48,000g at 4 °C for
30 min and the supernatant dialyzed against buffer A before being
loaded on a Q Sepharose Fast Flow 26/10 (GE Healthcare) column
using an Akta Purifier (GE Healthcare). The column was washed
with 4 bed volumes of buffer A and adsorbed protein elution was
carried out using a linear gradient of 0-0.5M NaCl in buffer A.
The recombinant M. tuberculosis histidinol dehydrogenase
(MtHisD) protein eluted at approximately 200 mM NaCl concentra-
tion. Fractions were pooled and concentrated using an ultrafiltra-
tion membrane with 30 kDa molecular weight cut off (MWCO)
and loaded on a HiLoad Superdex 200 26/60 (GE Healthcare) pre-
equilibrated with 100 mM Pipes pH 7.2 (buffer B) at 0.8 mL min".
Fractions containing MtHisD were pooled and loaded on a Mono Q
HR 16/10 column (GE Healthcare) equilibrated with buffer B. The
column was washed with 2 bed volumes of buffer B and adsorbed
protein eluted with a linear 0-0.3 M NaCl gradient in buffer B. Frac-
tions containing homogeneous recombinant MtHisD were dialyzed
against buffer B, and stored at —80 °C.

Protein concentration was determined by the method of
Bradford [20] using the Bio-Rad protein assay kit (Bio-Rad) and
bovine serum albumin as standard.
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N-terminal amino acid sequencing and mass spectrometry analysis

Automated Edman degradation was performed with homoge-
neous MtHisD using a gas-phase sequencer PPSQ-21 A (Shimadzu)
to verify N-terminal amino acid sequence. MtHisD was also ana-
lyzed by electrospray ionization mass spectrometry (ESI-MS)
according to Chassaigne and Lobinski, with some adaptations
[21]. The sample was analyzed on Quattro-II triple-quadrupole
mass spectrometer (Micromass; Altrincham, UK). During all exper-
iments, the source temperature was maintained at —80 °C and the
capillary voltage at 3.6 kV; a drying nitrogen gas flow (200Lh™1)
and a nebulizer gas flow (20 L h~!) were used. The mass spectrom-
eter was calibrated with intact horse heart myoglobin and its typ-
ical cone voltage-induced fragments. About 50 pmol (10 pl) of each
sample was injected into the electrospray transport solvent. The
ESI spectrum was obtained in the multichannel acquisition mode,
with scanning from 500 to 1800 m/z at a scan time of 7 s. The mass
spectrometer is equipped with MassLynx and Transform software
for data acquisition and spectrum handling.

Determination of molecular mass and oligomeric state of MtHisD in
solution

Analytical gel filtration was performed using a Superdex 200
HR 10/30 (GE Healthcare) column pre-equilibrated with 50 mM
Tris HCl pH 7.5 containing 200 mM NaCl at a flow rate of
0.4 mL min~!, with UV detection at 215, 254 and 280 nm. Homo-
geneous recombinant MtHisD was previously dialyzed against the
same buffer. The LMW and HMW Gel Filtration Calibration Kits
(GE Healthcare) were used to prepare a calibration curve. The elu-
tion volumes (V,) of standard proteins (ferritin, catalase, aldolase,
coalbumin, ovalbumin, ribonuclease A) were used to calculate
their corresponding partition coefficient (K,,, Eq. (1)). Blue dex-
tran 2000 (GE Healthcare) was used to determine the void vol-
ume (V,). V; is the total bead volume of the column. The K,
value for each protein was plotted against their corresponding
molecular mass.

VeV,
V.V, (1)

Ka

Histidinol dehydrogenase assay

HisD catalyzes the sequential NAD*-dependent oxidations of
1-Hol to 1-Hal and then to i-His. The enzymatic activity was
assayed in the forward direction at 25 °C by continuously monitor-
ing the increase in absorbance at 340 nm due to the conversion of
NAD* to NADH (enapn =6.22 x 103 M~' cm™!) [22]. One unit of
enzyme activity (U) is defined as the amount of enzyme catalyzing
the conversion of 1 pmol of substrate per minute. Enzyme inacti-
vation, divalent metal ion activation and determination of stea-
dy-state kinetic constants were carried out in 50 mM Pipes pH
7.2. The curves were plotted and steady-state parameters were
determined using the nonlinear regression function of Sigma Plot
9.0.

Inactivation by chelating agents

Histidinol dehydrogenases from other organisms have been
described as Zn?>* metalloenzymes [12,13,23]. In order to investi-
gate whether MtHisD belongs to this class, measurements of
enzyme activity were carried out in the presence of 0.1, 1 and
10 mM EDTA and 1, 2 and 5 mM 1,10-phenantroline. All buffers
were rendered metal free by treatment with Chelex resin (Bio-
Rad).

Divalent metal ion activation

To assess the ability of different divalent metal ions to activate
MtHisD enzyme activity, homogeneous enzyme was inactivated
with 5 mM 1,10-phenantroline for 5 min and then diluted 10-fold
as described by Charles Grubmeyer [13]. After dilution, 10 pL sam-
ples were assayed in the presence of Ca%*, Cd?*, Co?*, Mg?*, Mn?",
Ni%* and Zn?*.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis of metal content

A semi-quantitative analysis was performed to investigate the
divalent metals present in the protein sample. A quantitative anal-
ysis of Mn?* and Zn?* concentrations in MtHisD homogeneous pro-
tein solution was carried out by ICP-AES (Spectro Ciros CCD).
Recombinant homogeneous MtHisD was extensively dialyzed
against Pipes 100 mM pH 7.2 and concentrated by ultrafiltration
to a final protein concentration of 8 mg mL™! (enzyme subunit
concentration = 8 mg mL~!/45378.2 Da = 176.3 uM).

Determination of steady-state kinetic parameters and enzyme
mechanism

To determine the true steady-state kinetic constants and initial
velocity patterns, MtHisD activity was measured in the presence of
variable concentrations of -Hol (10-250 uM) and several fixed-
varied concentrations of -NAD" (1-25 mM). Steady-state parame-
ters were calculated by fitting the initial velocity data to Eq. (2)
[24]. This equation describes the velocity equation in the absence
of products for a Bi Uni Uni Bi Ping Pong Ter Ter System assuming
that [B] = [C] and Kg = K¢, in which v is the initial velocity, Vi is
the maximal initial velocity, A and B are the concentrations of
the substrates (1.-Hol and B-NAD"), K5 and Kg are their respective
Michaelis constants, and K, is the dissociation constant for en-
zyme-substrate A (MtHisD:1-Hol) binary complex formation.

V= Vmax [A] [B] (2)
KiaKs + 2K [A] + Ka[B] + [A][B]

Isothermal titration calorimetry (ITC) measurements of ligand binding

Isothermal titration calorimetry (ITC) using an iTCyoo micro-
calorimeter (Microcal, Inc., Northampton, MA) was performed to
assess the enzyme interaction with its substrates and products.
ITC measurements were carried out at 25 °C, and titrations were
performed using a 39 pL-syringe, with stirring at 500 rpm. Each
titration consisted of a preliminary injection of 0.5 pL, followed
by 10 injections of 3.85 pL and 180 s intervals between injections,
into a cell containing 200 pL of protein sample at 69 uM for sub-
strates and 131 uM for products. Ligand concentrations were
400 pM (r-Hol), 800 uM (r-His) and 50 mM (NAD* or NADH). To ac-
count for dilution and mixing effects, control experiments were
performed injecting ligand into buffer instead of protein in the cell.
The control data were subtracted to obtain accurate values for heat
changes. The Gibbs free energy (AG) of binding was calculated
using the relationship described in Eq. (3), in which R is the gas
constant (8.314JK 'mol™"), T is the temperature in Kelvin
(T=°C+273.15), and K, is the association constant at equilibrium.
The entropy of binding (AS) can also be determined from this
mathematical formula. One set of sites model was utilized to deter-
mine the binding and thermodynamic constants. Estimates for K,
and the binding enthalpy (AH) were refined by standard Marqu-
ardt nonlinear regression method provided in the Origin 7 SR4
software.

AG® = —RT In K, = AH®° — TAS® 3)
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pH-rate profiles

To assess the role of acid/base chemistry in the MtHisD enzy-
matic reaction, apparent steady-state kinetic constants were deter-
mined in a composite buffer (100 mM Mes/Hepes/Ches) with pH
values ranging from 7.5 to 11.0. The catalytic constants (kcac) and
the specificity constants (k..¢/Ky) for each substrate were plotted
in the logarithm form against pH. The pH-rate profiles were fitted
to either Eq. (4) or Eq. (5) [25], in which y is the kinetic parameter
(Keat OF keat/Kn), C is the pH-independent value of y, 107PH is the
proton concentration, and K; and K, are, respectively, the apparent
acid and base dissociation constants for ionizing groups.

C
logy = log (pr> (4)
1+ Ka
C
logy = = (5)
(1 + R 10 15".,“)

Data described in Fig. 5A and B were best fitted to Eq. (4), which de-
scribes a pH-rate profile for a group that needs to be unprotonated
(slope of +1) for catalysis (kca¢) or L-Hol substrate binding (kca¢/Km).
Data given in Fig. 5C were best fitted to Eq. (5), which describes a
bell-shaped pH-rate profile for a single ionizing group in the acidic
limb that must be unprotonated (slope of +1) for NAD* binding and
participation of a single ionizing group in the basic limb that must
be protonated for substrate binding (slope of —1). It should be
pointed out that Eq. (5) describes a bell-shaped pH-rate profile in
which the two pKs are less than a pH unit apart [25].

Molecular homology model building

The search for templates for the MtHisD target sequence was
performed with Blastp [26]. The structure of the homologous
E. coli protein was selected from the Protein Data Bank (PDB)
[27], which was solved experimentally by X-ray diffraction at
1.7 A resolution (PDB ID: 1KAE). Target and template sequence
alignment was performed with ClustalW [28] and required small
gaps in both M. tuberculosis and E. coli HisD amino acid sequences
(insertions and/or deletions).

MtHisD protein models were built with restrained-based mod-
eling implemented in MODELLER9v1 [29], with the standard proto-
col of the comparative protein structure modeling methodology, by
satisfaction of spatial restrains [30,31]. The best models were
selected according to MODELLER objective function [32] and were
subject to energy minimization and stereochemical analysis with
PROCHECK [33]. Each subunit of MtHisD homodimer was modeled
independently based on the E. coli structure, in which subunit A is
in the apo form and subunit B has both substrates, histidinol and
NAD*, bound to its active site. Atomic coordinates of heteroatom
Zn?* present in both subunits were copied from the template struc-
ture into the MtHisD model. Prior to energy minimization, the
homodimeric structure was assembled based on the template
structure with LEaP module of AMBER7 package [34].

Energy minimization

Energy minimization of the best models were performed with
GROMACS package [35] using the 43al force-field. The system
was submitted to an initial steepest descent energy minimization
in vacuo with a maximum number of 400 minimization steps,
followed by a maximum of 3000 steps of conjugate gradient energy
minimization. Identities between the final minimized model of
MtHisD and the template were evaluated by their root-mean

square deviation (RMSD). Figures were prepared with the PyMOL
v0.98 graphics package [36].

Results and discussion

Amplification, cloning, expression and purification of recombinant M.
tuberculosis histidinol dehydrogenase (MtHisD)

The probable hisD structural gene was PCR amplified from M.
tuberculosis H37Rv genomic DNA. The presence of 10% DMSO in
the reaction mixture proved to be necessary to obtain a PCR prod-
uct (data not shown). The DMSO cosolvent helps overcome poly-
merase extension difficulties due to DNA secondary structures
and improves the denaturation of GC-rich DNAs [37], which is con-
sistent with the 65.6% G + C content of M. tuberculosis genome [15].

The PCR product was cloned into pET-23a(+) expression vector
between Ndel and Hindlll restriction sites. Nucleotide sequence
analysis of the cloned DNA fragment confirmed the identity of
the insert as M. tuberculosis hisD coding sequence (1317 bp) and
demonstrated that no mutations were introduced by the PCR
amplification step.

Histidinol dehydrogenase from M. tuberculosis H37Rv (MtHisD)
was overexpressed in E. coli BL21(DE3) electrocompetent host cells
transformed with pET-23a(+)::hisD recombinant plasmid. To eval-
uate recombinant MtHisD expression as a function of time, cell
growth was tested for 3, 6, 12, 18, 24, and 48 h at 37 °C either with
or without IPTG induction. SDS-PAGE analysis revealed a higher
yield of soluble recombinant protein in the absence of IPTG for cells
grown for 18 h (data not shown). Interestingly, the recombinant
MtHisD protein overexpression was achieved with no addition of
the inducer. The pET system makes use of a highly processive T7
RNA polymerase under control of the IPTG-inducible lacUV5 pro-
moter for the transcription of target genes of interest [38]. Reports
have demonstrated that high levels of protein production can be
obtained in the stationary phase of cell growth in the absence of
IPTG induction [39-41]. It has been proposed that leaky protein
expression occurs for lac-controlled systems when cells approach
stationary phase in complex medium and that cyclic AMP, acetate
and low pH are required to affect expression in the absence of IPTG
induction [42]. However, it has later been shown that unintended
induction in the pET system is likely due to the presence of as little
as 0.0001% of lactose in the medium [43].

Purification of recombinant MtHisD has proved to be, at least in
our hands, not a trivial task. A number of protocols were attempted
to purify MtHisD enzyme to homogeneity with no success, even
using a His-tagged construction (data not shown). Incidentally,
His-tag purification is not suitable in this case because imidazole,
used to elute proteins from affinity columns seems, not surpris-
ingly, to inhibit the enzyme activity. In addition, MtHisD is a
metal-dependent enzyme (as will be described in the next section)
and the fusion of a His-tag to the recombinant protein could con-
found interpretation of results. Accordingly, we have opted to
use a construction without any fused partner. As MtHisD has a
low theoretical isoelectric point (pl = 4.85), it was deemed advan-
tageous to use a pH value as low as possible to reduce the likeli-
hood of E. coli proteins being adsorbed to the anion exchange
columns (Q Sepharose Fast Flow and Mono Q). Moreover, different
substances have different degrees of interaction with the ion
exchanger due to differences in their charges, charge densities
and distribution of charge on their surfaces, and these interactions
can be controlled by varying conditions such as pH. Hence, MtHisD
purification protocol employed 100 mM Pipes pH 6.0 buffer for the
first Q Sepharose Fast Flow anion exchange column, which resulted
in improved recombinant protein yield. Buffer exchange (from
buffer A to B) and salt removal were achieved in HiLoad Superdex
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Table 1
Typical purification protocol starting from 9 g of cells.

Table 2
Effect of chelating agents and divalent metal ions on MtHisD enzyme activity.

Sample Total Total enzyme  Specific Purification  Yield
protein  activity (U) activity fold (%)
(mg) (Umg™)
Crude extract 693 24 0.03 1.0 100
Q Sepharose 60 28 0.5 17 117
Superdex 200 24 22 0.9 30 92
Mono Q 7.6 10 1.2 40 42
1 2 3 4 5
116.0 kDa
66.2 kDa
-
b ) ) s
35.0 kDa
25.0 kDa
18.4 kDa

14.4 kDa P

Fig. 2. SDS-PAGE analysis of pooled fractions of desorbed proteins for each
purification step. (Lane 1) MW markers (Protein Marker - Fermentas); (Lane 2)
crude extract; (Lane 3) Q Sepharose Fast Flow ion exchange; (Lane 4) Superdex 200
gel filtration and (Lane 5) Mono Q ion exchange.

gel filtration column. The third step of the purification protocol
employed Mono Q anion exchange column that yielded MtHisD
in homogeneous form. This MtHisD purification protocol yielded
approximately 7.6 mg of homogeneous enzyme having a specific
activity value of 1.2 U mg~! with approximately 40-fold purifica-
tion using three chromatographic steps (Table 1). SDS-PAGE
analysis of total protein content for each chromatographic step is
shown in Fig. 2.

N-terminal amino acid sequencing, electrospray ionization mass
spectrometry (ESI-MS) analysis, and oligomeric state determination

The first 22 N-terminal amino acid residues were identified as
MLTRIDLRGAELTAAELRAALP by Edman degradation sequencing
method, in agreement to the Rv1599 protein-encoded sequence
available in the TubercuList database (http://www.genolist.
pasteur.fr/TubercuList/). This result unambiguously identifies the
purified protein as MtHisD, since the first 22 N-terminal amino
acids of HisD from E. coli are MSFNTIIDWNSCTAEQQRQLLM.

A value of 45,348.17 Da for the subunit molecular mass of
recombinant MtHisD was determined by ESI-MS, which is in
reasonably good agreement with the theoretical mass value of
45,378.2 Da. The ESI-MS result also revealed no peak at the
expected mass of E. coli HisD (46,110.3 Da), thus providing support
for the identity of purified recombinant protein. The Edman
degradation and ESI-MS results are also consistent with no
post-translational removal of N-terminal methionine residue
(131.2 Da).

A value of 101.8 kDa for the molecular mass of homogeneous
recombinant MtHisD was estimated by gel filtration chromatogra-
phy (data not shown). This result demonstrates that MtHisD is a di-
mer in solution, in agreement with HisD enzymes from other
organisms [22,23,44].

Chelating agent/metal (mM) Specific activity (Umg™!) Percentage (%)

Control 147 100
EDTA 0.1 1.74 118
1 1.98 135
10 1.41 96
1,10-Phenantroline
1 0.68 46
2 0.38 26
5 0.05 4
Zn* 40° 0.74 50
Mn?* 40° 1.90 129
Mg?* 40° 1.07 73
ca 40° 0.97 66

2 Enzyme treated with 5 mM 1,10-phenantroline and diluted 10-fold prior to
assay.

Histidinol dehydrogenase as a metalloenzyme

As an attempt to ascertain whether or not MtHisD is a metal-
loenzyme, EDTA was added to the reaction mixture to observe
whether or not there would be a reduction in enzyme activity
due to divalent metal capture by the chelating agent. We have
previously observed that addition of 0.1 mM of EDTA to M. tuber-
culosis dehydroquinate synthase in the absence of substrates was
capable of abolishing enzyme activity after 10 min of incubation
[45]. However, direct addition of up to 1 mM EDTA showed no de-
crease in MtHisD enzyme activity and, even after incubating the
enzyme with 10 mM EDTA for 40 min, no loss of enzyme activity
could be observed (Table 2). Similar results have been observed
for HisD from S. typhimurium [13], from which metal content re-
moval was achieved using 1,10-phenantroline. Accordingly,
1 mM 1,10-phenantroline was added to the reaction mixture
resulting in a reduction of 46% in MtHisD enzyme activity in com-
parison to control (Table 2). However, measurements of time-
dependent inactivation of enzyme activity demonstrated that
there is a need to pre-incubate MtHisD in the presence of 1 mM
1,10-phenantroline for approximately 30 min to completely inac-
tivate the enzyme. Pre-incubation of MtHisD with 5 mM 1,10-phe-
nantroline for 3 min resulted in complete loss of enzyme activity.
These results suggest that MtHisD may contain a tightly bound
metal that plays an important role in the catalytic activity, which
could not be sequestered by EDTA but could be removed by 1,10-
phenantroline.

To evaluate divalent metal ions that could possibly rescue
MtHisD activity, recombinant enzyme was pre-incubated with
5mM 1,10-phenantroline for 5 min and diluted 10-fold before
measuring enzyme activity. Interestingly, even upon dilution and
in the absence of any metal, very low enzyme activity was ob-
served for MtHisD treated with 1,10-phenantroline (data not
shown). Addition of Ca®*, Mg?*, Mn?* and Zn?* (40 mM) resulted
in regain of MtHisD activity (Table 2), whereas no enzyme activity
could be rescued upon addition of Cd?*, Co?* and Ni** (40 mM)
(data not shown), as has been reported for S. thyphimurium [13]
and cabbage [46] enzymes.

Preliminary analysis to assess metal ion content indicated only
the presence of Zn?*, in concentrations above 500 ppm. Metal con-
centration analysis by ICP-AES yielded the following results: Zn?*,
6.52mgL~! (99.6 uM) and Mn?*, <0.001 mgL~!. These results
suggest a 0.56 ratio (99.6 tM/176.3 uM) of zinc per subunit. These
results are in agreement with previously reported data for S.
typhimurium [13] and B. oleracea [47] enzymes. However, the
ICP-AES data are somewhat puzzling as 40 mM Mn?* could rescue
MtHisD enzyme activity more efficiently than 40 mM Zn**
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(Table 2). It thus appears not to be warranted to affirm that MtHisD
is a Zn**-dependent enzyme. HisD isolated from spring cabbage
heads was shown to be Mn?*-dependent [46]. How to reconcile
these apparently contradictory results? A possible explanation is
that MtHisD (here reported) was produced as a recombinant pro-
tein in E. coli, and hence being restricted to the metal content of
the host or growth media. The E. coli system to import manganese
is weakly expressed [48], thereby keeping low intracellular levels
of this metal, which could explain why we were unable to demon-
strate the presence of Mn?" associated to MtHisD enzyme. It has
been demonstrated that Mn?* can promptly replace Zn?* in S. thy-
phimurium HisD enzyme [13]. However, it has been pointed out
that the physiological functions of Mn?* in M. tuberculosis are still
poorly understood, and that several enzyme systems may prove
to be Mn?*-dependent however [49].

Steady state kinetics, ITC and enzyme mechanism

The overall reaction catalyzed by HisD can be analyzed as a ter-
reactant system in which NAD" binds twice to the enzyme during
the course of the reaction, and participation of water is ignored as
its concentration remains constant. Lineweaver-Burk plots showed
a parabolic family of lines for varying 1-Hol concentrations and
fixed-varied NAD* concentrations (Fig. 3A), and a linear pattern
of lines was observed for varying NAD* concentrations at fixed-
varied 1-Hol concentrations (Fig. 3B). The double-reciprocal plots
for sequential mechanisms that involve MtHisD:L-Hol:2NAD"
quaternary complex formation would display a non-linear depen-
dence on NAD* concentration, including Ordered Ter Ter, partially
Random Ter Ter and the completely Random Ter Ter mechanisms
[50]. On the other hand, for random mechanisms under steady-
state conditions the double-reciprocal plot would show a non-
linear dependence on the concentration of L-Hol, even though it
binds only once during the reaction sequence [50]. The linear inter-
secting lines observed for 1/[NAD*] and the parabolic family of
lines for 1/[tHol] may also suggest that MtHisD follows a Ping-Pong
mechanism [24]. There are three possible Ping-Pong mechanisms:
Bi Uni Uni Bi, Bi Bi Uni Uni, and Hexa Uni [50]. The latter may be
discarded as it would give a pattern of parallel lines in double-re-
ciprocal plots for both substrates. A Bi Bi Uni Uni Ping-Pong mech-
anism would imply that the enzyme would have to exist as a
complex with NADH [50]. The value of 45,348.17 Da for the
subunit molecular mass of recombinant MtHisD determined by

ESI-MS is consistent with the absence of NADH tightly bound to
the enzyme as this value should be approximately 46,043.6 Da
(45378.2 + 665.4). Accordingly, the initial velocity data were best
fitted to Eq. (2) for a Bi Uni Uni Bi Ping-Pong mechanism, yielding
values of 1.45 (+0.04)Ls™! for kea, 4.9 (20.6) x 10°° M for Ky of
1-Hol, and 1.4 (20.1) x 10~ M for Ky of NAD".

However, steady-state kinetic data alone could not rule out the
random mechanism. Of course, no mechanism is ever proved solely
by steady-state kinetic data; at best one can say that given the cur-
rent data the likely mechanism for MtHisD may be either random
or double displacement (Bi Uni Uni Bi Ping-Pong). Equilibrium bin-
ary complex formation studies were thus assessed by ITC measure-
ments to both provide thermodynamic signatures of non-covalent
interactions to each substrate(s)/product(s) binding processes and
distinguish between the possible enzyme mechanisms. No binding
of NAD* or NADH to free MtHisD enzyme could be detected by ITC
measurements (Fig. 4). On the other hand, ITC measurements
showed binding of 1-Hol and 1-His to free MtHisD enzyme
(Fig. 4). These results support a Bi Uni Uni Bi Ping-Pong mechanism
in which -Hol substrate binds to free enzyme followed by NAD" to
form a MtHisD:L-Hol:NAD" ternary complex that converts L-Hol
into 1-Hal and release of NADH from the MtHisD:L-Hal:NADH
ternary complex (Fig. 1B). A second NAD" molecule binds to
MtHisD:1-Hal binary complex to form MtHisD:L.-Hal:NAD"* that
converts L-Hal into L-His in the presence of a water molecule
followed by release of NADH from MtHisD:L-His:NADH ternary
complex yielding the MtHisD:L-His binary complex, from which
L-His dissociates to give free MtHisD enzyme for the next round
of catalysis (Fig. 1B). It should be pointed out that although the
heat flux did not allow reliable estimates for the thermodynamic
constants of MtHisD:L-His binary complex formation, it was possi-
ble to observe small heat changes between the binding reaction
and the control measurement. These data may indicate a large va-
lue for the overall dissociation constant for MtHisD:L-His binary
complex formation. In any case, the formation of the MtHisD:L-
Hol binary complex showed heat changes upon ligand titration
(Fig. 4). Fitting the data to one set of sites model yielded the follow-
ing values for thermodynamic signature of non-covalent interac-
tions upon binary complex formation: net unfavorable enthalpy
(AH=3.6+£0.5 kcal/mol), favorable entropy (AS=35z%13cal/
mol K), and favorable Gibbs energy (AG= -7 3 kcal/mol). In
addition, the value of 9 (+3)uM for the overall dissociation
constant at equilibrium of 1-Hol binding to MtHisD is in good



Heallsec

J.ES. Nunes et al./Archives of Biochemistry and Biophysics 512 (2011) 143-153

Time (min)

£
o

0.22
0.20
0.18
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

-0.02

re—e—s

-0.04 3

T

2.00 4 w 4

KCal/Mole of L-Hol

0.00 -
0.0 0.5 1.0

Molar Ratio

C Time (min)
40

0.08 4

0.06 +

0.04 E
0.02 4

0.00 +

T
= m}i e

Hecallsec

-0.06 4
0.60 . :

0.5 - -
0.50 - -
0.45 - = .|
0.40 - i

0.35 4 E

KCal/Mole of Injectant

0.30 = -

0.25 . . ; : ,
0.0 0.5 1.0 15

Molar Ratio

149
B Time (min)
0 10 20 30 40
15.00 ; T T T
10.00 4 l ‘“E SR o |
num
8 SRR AR A
‘E 5.00 T -
L L
R U U U W _

0.00 +

’100_ T I — T v T o T
-0.80 ]
.0.60 ]
-0.40 4 N
-0.20 ]
0.00 ]
0.20 4 x
0.40 | ]
0.60 ]
0.80 - ]
1.00 i : i : i :

0 20 40 60 80 100 120

Molar Ratio

KCal/Mole of Injectant

T T
140 160

D Time (min)

40
15.00

10.00

5.00 4

pcall/sec

0.00

2.00 : ; . .

KCal/Mole of Injectant
o
8
1
1

-2.00 . . . > :
0.0 0.5 1.0 15

Molar Ratio

Fig. 4. Isothermal titration calorimetry (ITC) curves for binding of (A) .-Hol (400 uM), (B) NAD" (50 mM), (C) .-His (800 M), and (D) NADH (50 mM) to recombinant MtHisD
(69 uM). Control experiments are show as empty circles and titration in the presence of enzyme as filled circles.

agreement with the kinetic data (Ky = 4.9 uM). Interestingly, the
unfavorable enthalpy was off-set by the large favorable entropy,
resulting in low equilibrium dissociation constant and a spontane-
ous reaction (AG favorable). The observed positive (unfavorable)
enthalpy value for MtHisD:1-Hol formation may be due to an unfa-
vorable redistribution of the network of interatomic interactions
(e.g., hydrogen bonds and van der Walls) between the reacting spe-
cies (including solvent) [51]. The observed positive (favorable) en-
tropy value for 1-Hol binding to free MtHisD may be associated
with release of “bound” water molecules from the surface to the
bulk solvent [51].

pH-rate profiles

To probe for acid-base catalysis, pH dependence studies of k,¢,
and kca/Ky for 1-Hol and NAD* were performed. The pH-rate data
for k., were fitted to Eq. (4), indicating that protonation of a group
(slope of +1) with an apparent pK value of approximately 8 (+1)
(Fig. 5) abolishes catalysis. The pH-rate data for k.,/Ky for 1-Hol
were fitted to Eq. (4), suggesting that protonation of a group (slope
of +1) with an apparent pK value of approximately 8 (+ 3) is
required for binding of 1-Hol to free MtHisD (Fig. 5). These pK,'s
values may be attributed to conserved histidine residues present
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in the active site (Fig. 6). Although the observed pK values for imid-
azole side chain of 1-His range from 6.0 to 7.0, amino acid residues
in biologically active proteins may have very different chemical
properties. A number of reports have shown similar pH profiles
suggesting that the side chain of histidine residue acts as a base
assisting the proton transfers during the overall catalysis
[47,52,53]. For instance, a value of log(kca:) and log(kcac/Ky) titra-
tion profiles for the overall reaction with L-Hol as the variable sub-
strate indicated that the deprotonated form of a single ionizable
group with pK of 8.17 and 8.35 was essential for, respectively,
catalysis and substrate binding to S. typhimurium HisD [52]. Essen-
tial roles for histidines in HisD mode of action have also been
shown by site-directed mutagenesis [47,53] and structural studies
[23]. The crystal structure of E. coli HisD [23] showed that the hy-
droxyl group of 1-Hol forms H-bonds to the backbone carbonyl of

His367 (corresponding to His376 in MtHisD) and to the His327"¢2
atom (corresponding to His336 in MtHisD). It is thus tempting to
suggest that the conserved imidazole group of His336 plays a crit-
ical role in both catalysis and 1-Hol binding to MtHisD. The data for
keat/Ky for NAD* were best fitted to Eq. (5), which describes a bell-
shaped pH-rate profile for a single ionizing group in the acidic limb
that must be unprotonated for NAD" binding and participation of a
single ionizing group in the basic limb that must be protonated for
substrate binding. These pK values differ by less than a pH unit
however. Data fitting yielded an apparent pK value of 9.2, which
is a mean of the two residues. The E. coli HisD structure showed
the phosphate groups of NAD* make H-bonds to Asn211, Tyr130,
and Gly133 via a bridging water molecule [23]. The adenosine su-
gar 02’ is H-bonded to GIn188 side chain, whereas O4' interacts
with Asn211, and the adenine N3 atom makes an H-bond to
GIn188 via a water molecule [23]. The two likely candidates that
play a role in NAD" binding to MtHisD are the conserved Tyr129
and Tyr223 (Fig. 6). Although the sequence alignment helps infer
amino acids involved in catalysis and/or binding, the molecular
model (presented in more detail in the next section) suggests that
the Tyr129, Tyr223 and His335 residues make contacts with the
substrates in the MtHisD enzyme active site (Fig. 7). Notwithstand-
ing, the rate expression for k.,;/Ky starts with the combination of
substrate and enzyme and includes all steps through the first irre-
versible one, which is usually either release of the first product or
an irreversible chemical step prior to this. In addition, the pH-
dependent profile for k. reports on events following the
enzyme-substrate complex formation capable of undergoing catal-
ysis, which include the chemical steps, possible enzyme conforma-
tional changes, and product release (leading to regeneration of free
enzyme). Hence, the ionization of a group observed in the pH pro-
file for kc,;/Ky includes both binding and catalytic steps. Accord-
ingly, participation of ionizing groups solely in catalysis cannot
be ruled out for the pKs derived from the acidic limbs of the pH
profiles for k..:/Ky (Fig. 5B and C). On the other hand, participation
of a single ionizing group in the basic limb with apparent pK value
of 9.2 derived from the pH profile of k.,;/Ky for NAD* can be attrib-
uted to substrate binding, as the pH profile for k., shows no ioniz-
ing group involved in catalysis in the basic limb (Fig. 5C). At any
rate, site directed mutagenesis efforts should be pursued to assign
a definite role in catalysis and/or binding to these amino acid side
residues.

Three-dimensional model analysis

The three-dimensional structure of E. coli HisD has been deter-
mined by X-ray diffraction in the apo state as well as in complex
with 1-Hol, Zn*? and NAD" at 1.7 A resolution [23], which was em-
ployed as template for molecular homology modeling of MtHisD
structure. E. coli HisD protein sequence is four amino acids shorter
than MtHisD (434 and 438 amino acids, respectively). Although
small gaps were included, there exists high sequence conservation
with 36% identity (Fig. 6), which satisfies homology modeling
premises [30] and lends support to using E. coli HisD as a suitable
template. There are no major structural rearrangements upon
NAD", 1-Hol, and Zn?* binding as compared to the apo form of
E. coli HisD [23], with RMSD value of just 1 A when all alpha carbon
coordinates are considered. Stereochemical analysis by PROCHECK
[33] showed that 91% of MtHisD amino acid residues are in the
most favored regions of the Ramachandran plot, validating our
model as suitable for structural inferences.

Most significant structural variations are observed at the
C-termini of each MtHisD subunit (RMSD value of 3.08 A). The HisD
monomer consists of four domains; two larger globular domains
(domain 1, amino acid residues 25-103, 124-247 and domain 2,
amino acids 1-24, 237-381) with an o/B/a topology, in which
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Fig. 6. Neighbor-joining multi sequence alignment of M. tuberculosis (TubercuList: Rv1599), E. coli (UniProt: P06988), S. thyphimurium (GenBank: NP_461017.1) and B.
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Fig. 7. Proposed MtHisD residues involved in substrate binding and/or catalysis. All
residues are less than 4.0 A from substrates.

the core of both globular domains adopt incomplete Rossmann
folds lacking one strand-helix hairpin. A third domain (domain 3,
amino acids 104-123 and 400-409) is composed by a three-
stranded antiparallel B-sheet that extends away from the two glob-
ular domains. The fourth domain (domain 4, residues 410-437)
folds into a small V-shaped two-helical hairpin that is perpendicu-
lar to the third domain antiparallel B-sheet (Fig. 8A). Structural
variation is observed at the C-termini, explicitly at domain 4,
where the second helix of the helical hairpin has moved away from

the substrate and Zn*? binding site (Fig. 8B). This displacement of
~7 A of the side chains of the amino acids involved in -Hol and
Zn*? binding may be a result of domain 4 flexibility. The crystallo-
graphic structure of E. coli HisD showed no major structural rear-
rangement upon binding of substrates [23].

Substrate and Zn*? binding sites are located on the homodimer
interface, NAD* binding site is located at domain 1, at the incom-
plete Rossmann fold structural motif. MtHisD amino acids involved
in L-Hol binding are His336 and His376 from domain 2 and Glu423
of domain 4 (Fig. 6). The Zn™ ion is octahedrally coordinated to
GIn267, His270, Asp369, His428, and two ligands from L-Hol.
Amino acid residues contributing to NAD" binding include
Tyr129, Gly132, and Asn221 (phosphate binding); GIn193 and
Asn221 (adenosine sugar binding); and Phe58, GIn193, and
Tyr223 (adenine base binding). The conservation of these amino
acid residues is noticeable, being all but Tyr223 conserved among
MtHisD homologues (Fig. 6). Although not directly involved in HisD
catalysis, Zn*? interacts with the amino group of histidinol that has
been suggested to play a role in the correct positioning of .-Hol in
the enzyme active site [23].

A proposal for the E. coli HisD reaction mechanism has been put
forward which involves abstraction of the hydroxyl group proton
of L-Hol by His327 (MtHisD His336) and concomitant hydride
transfer from the reactive carbon (carbon bound to the hydroxyl
group that upon hydride transfer adopts the sp2 configuration)
to NAD", forming 1-Hal and transiently protonated His327 (MtHisD
His336) [23]. A neighboring water molecule is activated by Glu326
(MtHisD Glu335) to make a nucleophilic attack on the carbonyl
carbon with concomitant protonation of aldehyde oxygen by the
transiently protonated His327 (MtHisD His336), leading to the
formation of an r-histidindiol (gem-diol) intermediate. Hydride
transfer to NAD" from now sp3-gem-diol carbon of -CH-(OH),
intermediate with concomitant proton abstraction from a sub-
strate hydroxyl group by unprotonated His327 (MtHisD His336)
form the sp2-carbon of the carboxylate group of L-His. The proton-
ated His327 (MtHisD His336) is thought to donate a proton to a
water molecule. NMR studies indicated that the metal ion interacts
with the imidazole portion of the substrate and acts as a Lewis acid
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Fig. 8. Molecular model of MtHisD. (A) Three-dimensional structure of the MtHisD monomer, indicating its globular domains (1 and 2), the helical-hairpin (domain 4), and
the connective three-stranded antiparallel B-sheet (domain 3). (B) MtHisD homodimeric three-dimensional structure, subunit A in light gray and subunit B in dark gray. The
L-shaped arm formed by domains 3 and 4 extends from each monomer and forms a latch-like structure that closes upon domains 1* and 2* of the other monomer (asterisks
are residues from the neighboring monomer). The two active sites of MtHisD protein are located at the boundaries of the homodimer interface (arrows). Amino acid residues
from both subunits make H- bonds to 1-Hol and Zn?* (domains 1, 2, and 4*); and NAD" is H-bonded to amino acids from domain 1.

inducing polarization of the carbonyl group to increase the suscep-
tibility to nucleophilic attack for the aldehyde oxidation [54]. How-
ever, structural analysis of E. coli HisD prompted the authors to
suggest that Zn?* plays a role in proper positioning of 1-Hol [23].
As pointed out in the previous section, the conserved imidazole
group of His336 is likely the residue with pK value of approxi-
mately 8 that plays a critical role in catalysis and L-Hol binding
(Fig. 5A and B). A value ranging from 4.3 to 4.5 is usually observed
for pK of the y-carboxyl group of glutamate, although it depends on
the chemical context of an enzyme active site. The pH-rate data for
MtHisD have not provided a clear evidence for participation of, for
instance, Glu335 in either catalysis or substrate binding. Accord-
ingly, site-directed mutagenesis will have to be pursued to reveal
whether or not this amino acid side chain plays any role in the
mode of action of MtHisD enzyme.

Conclusion

In the present work, PCR amplification, cloning and sequencing
of hisD gene from M. tuberculosis H37Rv strain are described. Data
on recombinant MtHisD protein purification, N-terminal amino
acid sequencing and electrospray ionization mass spectrometry
analyses were presented to confirm the identity of the recombi-
nant protein. Analytical gel filtration, inactivation by chelating
agents, activation by divalent metal ions, and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) analysis of metal
content indicated that MtHisD is a homodimeric metalloprotein.
Steady-state kinetics and ITC studies suggested that MtHisD fol-
lows a Bi Uni Uni Bi Ping-Pong mechanism, in which 1-Hol sub-
strate binds to free enzyme followed by NAD® to form a
MtHisD:L.-Hol:NAD* ternary complex that converts r-Hol into L-
Hal and release of NADH from the MtHisD:L-Hal:NADH ternary
complex. A second NAD" molecule binds to MtHisD:L-Hal binary
complex to form MtHisD:.-Hal:NAD" that converts 1-Hal into L-
His in the presence of a water molecule followed by release of
NADH from MtHisD:LHis:NADH ternary complex yielding the
MtHisD:1-His binary complex, from which 1-His dissociates to give
free MtHisD enzyme for the next round of catalysis. Based on
pH-rate profiles, primary sequence comparisons, and molecular
homology modeling of MtHisD, the likely amino acid residues
involved in acid-base catalysis and/or substrate binding are pro-
posed. Further efforts to provide a more detailed picture of MtHisD
mode of action will include, but not be limited to, site-directed

mutagenesis, chemical rescue, isotope effects, pre-steady state
kinetics, and crystal structure determination.
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