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Mycobacterium tuberculosis p-3-phosphoglycerate dehydro-
genase undergoes significant inhibition of activity with increas-
ing concentrations of its substrate, hydroxypyruvic acid phos-
phate. The enzyme also displays an unusual dual pH optimum. A
significant decrease in the K; for substrate inhibition at pH val-
ues corresponding to the valley between these optima is respon-
sible for this phenomena. The change in K; has an average pK of
~5.8 and involves two functional groups that are protonated
and two functional groups that are unprotonated for optimal
substrate inhibition to occur. Mutagenesis of positively charged
amino acid residues at a putative anion binding site previously
revealed by the x-ray structure, produces significant changes in
the pH-dependent profile of substrate inhibition. Several single
residue mutations eliminate the dual pH optima by reducing
substrate inhibition between pH 5 and 7 and a triple mutation
was identified that eliminates the substrate inhibition alto-
gether. The mutagenesis data support the conclusion that the
anion binding site represents a new allosteric site for the control
of enzyme activity and functions in a novel mechanism for sub-
strate inhibition.

p-3-Phosphoglycerate dehydrogenase (PGDH)* (EC 1.1.1.95)
from Mycobacterium tuberculosis has been shown to differ
markedly in structure and activity (1, 2) from the well studied
enzyme from Escherichia coli (3). Like the E. coli enzyme, M.
tuberculosis PGDH is a homotetramer, but unlike the E. coli
enzyme, whose subunits are composed of three distinct
domains, each M. tuberculosis subunit is composed of four dis-
tinct domains. The two enzymes have in common a nucleotide
binding domain, a substrate binding domain, and a regulatory
domain that appear to function similarly in both. The regula-
tory domains of these enzymes are members of the ACT
domain family of small molecule binding regulatory domains
(4 - 6) that bind L-serine, an inhibitor of enzymatic activity. The
fourth domain in M. tuberculosis PGDH is called the “interven-
ing domain” and is located sequentially between the substrate
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binding domain and the regulatory domain. The function of
this fourth domain in the PGDH subunit is not known but it
forms what appears to be a new ligand binding site. This site is
a small, solvent accessible pocket surrounded by positively
charged amino acid side chains. It was first recognized from the
crystal structure where it was observed to bind L-tartrate, a
component of the crystallization buffer. Because L-tartrate is
found only in plants, and it was present in the buffer in high
concentrations, it is unlikely that it is the physiological ligand
for this site. Therefore, for simplicity and to avoid ambiguity,
we will refer to this site as the “anion binding site” because it
appears to be composed completely of cationic side chains.

E. coli PGDH exhibits activity with both the physiological
substrate, hydroxypyruvic acid phosphate (HPAP), as well as
a-ketoglutarate, an analog of HPAP. The M. tuberculosis
enzyme, on the other hand, displays activity only with HPAP.
Furthermore, the M. tuberculosis enzyme exhibits significant
substrate inhibition characteristics that are not seen with
HPAP in the E. coli enzyme. Both enzymes utilize NADH as a
cofactor and are inhibited in a positively cooperative manner by
L-serine. However, the sensitivity of the M. tuberculosis enzyme
to L-serine inhibition is ~10-fold less than the E. coli enzyme,
the IC,, values being 30 and 3 um, respectively.

PGDH is an essential enzyme for the M. tuberculosis bacteria
(7) and may represent a potential target for drug development.
The existence of a physiologically relevant inhibitor binding
site (for serine) as well as an apparent new ligand binding site of
unknown function as part of a new, unique domain provide
distinct targets for potential drug interaction. Therefore, it is of
considerable interest to better characterize the kinetic and
ligand binding characteristics of M. tuberculosis PGDH and to
explore the potential function of the intervening domain and
the anion binding site.

MATERIALS AND METHODS

HPAP was purchased from Sigma as the dimethylketal tricy-
clohexylammonium salt and was converted to HPAP according
to directions accompanying the reagent. NADH was also pur-
chased from Sigma and all other reagents were analytical grade.
The concentration of each HPAP preparation was determined
by the amount of NADH converted to NAD™ (8), and was
stored in frozen aliquots prior to use. The concentration of
HPAP was determined each time the assays were performed. M.
tuberculosis PGDH concentration was determined by meas-
uring the absorption at 280 nm using an E,,, of 5.6 that was
previously determined by amino acid analysis (1). The values
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for the pK, of functional groups were calculated using SPARC
(ibmlc2.chem.uga.edu/sparc/).

M. tuberculosis PGDH activity was measured by following
the conversion of NADH to NAD ™ by monitoring the decrease
in absorbance at 340 nm in the presence of enzyme and HPAP.
Assays performed between pH 6.0 and 8.5 were performed in
200 mMm potassium phosphate buffer, 1 mM dithiothreitol, 1 mm
EDTA at the designated pH and concentrations of NADH and
HPAP. Assays performed between pH 4.5 and 5.5 were per-
formed in 200 mMm potassium acetate buffer, 1 mm dithiothrei-
tol, 1 mm EDTA. Enzyme concentrations varied between 6 and
16 nm. Enzyme was assayed at pH 6 in both buffers to normalize
the enzyme activity at the pH crossover point. No significant
difference in relative activity was observed when the addition of
KCl was used to maintain an ionic strength of 31 mS/cm across
all pH values.

Expression and Purification—M. tuberculosis PGDH was
expressed as previously described (1). Cells from a 500 —1000-ml
preparation were re-suspended in 20 mm imidazole, 2 mm di-
thiothreitol, 1 mMm EDTA and brought to pH 6.2 with 0.1 N HCI
(buffer A). After a 10-min incubation on ice with 0.16 mg/ml
lysozyme, the cells were sonicated for 2—3 min. Crude debris
was removed by centrifugation at 12,000 X g for 20 min after
the addition of 19 mg/ml ammonium sulfate and 35 wl/ml of
10% polyethyleneimine in water. After the addition of 150
mg/ml ammonium sulfate to the supernatant, the cell extract
was centrifuged at 12,000 X g for 20 min and the supernatant
retained. M. tuberculosis PGDH was precipitated by the addi-
tion of 270 mg/ml ammonium sulfate and the precipitate was
collected by centrifugation at 12,000 X g for 20 min. The pellet
was re-suspended in buffer A and loaded on to a 1.2 X 12-cm
column of 5'-ADP-Sepharose, washed with five column vol-
umes of buffer A, and eluted with buffer A containing 200 mm
ammonium sulfate and 250 um NADH. M. tuberculosis PGDH
was located by assaying for enzymatic activity and appropriate
fractions pooled. The 5'-ADP pool was dialyzed against 100 mm
potassium phosphate, pH 7.5, 5 mm KCl and loaded onto a
2.6 X 7-cm column of Q-Sepharose. The column was washed
with 1 column volume of 100 mm potassium phosphate, pH 7.5,
5 mm KCl and developed with a 1200-ml linear gradient of 100
mM potassium phosphate, pH 7.5, containing 5-1000 mm KCI.
M. tuberculosis PGDH was located by assaying for enzymatic
activity and purity assessed on SDS-PAGE gels.

Mutagenesis—Site-specific mutagenesis was performed by
standard PCR methods (9). After amplification, the PCR prod-
uct was digested at appropriate restriction sites flanking the
mutated residue and the piece containing the mutation was
ligated into the expression vector containing the native enzyme
that was digested in the same manner. The sequence of the
entire coding region of the protein was determined to be cor-
rect by sequencing on an Applied Biosystems 3730 DNA
Sequencer. Protein purity was assessed on SDS-PAGE gels and
all mutants were present as predominate single bands of the
appropriate size. Mutants were isolated as described for the
native enzyme.

Substrate Inhibition—The kinetic model employed for fitting
the data that exhibits substrate inhibition was that described by
LiCata and Allewell (10) and utilized the following equation,
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Ve + VI[STYKY)
T 1+ (KY/[ST) + ([ST/KY)

v (Eq. 1)
where V.. and V, correspond to the catalytic constants k_,,
and k., and # is the Hill coefficient. The exponent x is a
second Hill coefficient allowing for cooperativity of substrate
binding in the inhibitory mode. To obtain convergence for
Equation 1, the value of x must be fixed. The integer value for x
that gives the best fit was determined empirically.

When there is no cooperativity present, n and x = 1. The V;
term describes the case where inhibition is only partial and
represents the inhibited velocity. When complete inhibition is
observed, V; = 0, and the equation, in the absence of cooperat-
ivity, reduces to the standard equation for complete uncom-
petitive substrate inhibition (11).

Vmax
~ 1+ (K[S) + ((SVK)

v (Eq.2)

pH Studies—The pH dependent data were fit to the following
equations® to determine the pK, values. The pH dependence of
log V/K data were fit to Equation 3,

_ vk
st =108 iy wp)

where V/Kis the pH independent value and K, and K, represent
dissociation constants for enzyme or substrate functional
groups. The pH dependence of log (1/K;) data were fit to,

o+ )
)

where Y, and Y}, are pH independent values of 1/K; at low and
high pH, respectively, K; and K, represent dissociation con-
stants for enzyme or substrate functional groups.

All data were fit with Kaleidograph version 4.0 from Synergy
Software. The kinetic parameters listed in Table 1 were derived
from at least three determinations.

IOg“ /Ki)obs = IOg

RESULTS

Substrate Inhibition Kinetics—PGDH from M. tuberculosis
displays substrate inhibition at high substrate concentrations as
shown in Fig. 1. A plot of activity versus the log of the substrate
concentration (Fig. 1, inset) produces a symmetrical curve that
approaches complete inhibition at high substrate concentra-
tions. This behavior is consistent with complete uncompetitive
substrate inhibition (see below) and the substrate concentra-
tion data can be fit well with the equation describing this type of
inhibition (Equation 2).

When the HPAP concentration was varied at different fixed
concentrations of NADH, the apparent k_,, and K, increase as
NADH levels increase. At the same time, the K; decreases with
increasing NADH indicating increasing levels of substrate inhi-

3 Professor Paul Cook, University of Oklahoma, personal communication.
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FIGURE 1. Inhibition of M. tuberculosis PGDH by HPAP. PGDH activity is plotted as a function of HPAP

concentration. The solid lineis afit to the data (@) using Equation 2. The inset is the data plotted as activity versus
thelog of the HPAP concentration. The lines are drawn to show the symmetry, with the vertical line drawn at the

apex of the curve and the horizontal line drawn at half-height of the curve.

bition (Fig. 2). Double reciprocol plots of the data display the
characteristic non-linear patterns expected for substrate inhi-
bition (12).

Unlike HPAP, NADH does not exhibit substrate inhibition.
Rather, a plot of activity versus increasing NADH concentra-
tions exhibits a sigmoidal character indicating homotropic pos-
itive cooperativity. When the NADH concentration was varied
at different fixed concentrations of HPAP, it can be seen that at
low HPAP concentrations the maximum velocity of the reac-
tion increases as HPAP increases, but at higher HPAP concen-
trations this trend was reversed and the velocity of the reaction
decreases as the HPAP concentration was increased. This
behavior is consistent with uncompetitive substrate inhibition
by HPAP (12). The double reciprocal plots for this data are also
non-linear due to the homotropic positive cooperativity of
NADH.

The crystal structure showing tartrate bound to the enzyme
utilized the Na,K salt of tartrate at a concentration of 1 M. How-
ever, the inclusion of Na,K tartrate in the assays where HPAP or
NADH are varied at a constant level of the other does not seem
to have a significant effect on the activity of the enzyme. It may
be that whereas tartrate can bind to this site at high concentra-
tions, it may not bind in a productive manner.
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serine that bind symmetrically at
the regulatory domain interface in
E. coli PGDH (3). There is an addi-
tional cationic side chain, Arg-446,
that is found very close to the anion binding site but does not
appear to interact with tartrate in the available crystal structure.

The anion binding site was chosen as a focus for site-specific
mutagenesis because of the structural similarity of tartrate to
the substrate and because only enzymes containing the inter-
vening domain displayed substrate inhibition. The positively
charged residues at the anion binding site, His-447, Arg-451’,
Arg-501', Arg-446, and Lys-439’ were converted to alanine side
chains by site-directed mutagenesis. A triple mutant where
Arg-501', Arg-451’, and Lys-439" were all converted to alanine
residues was also produced. This combination of residues was
chosen because it included all of the residues contributed by
one of the subunits at the anion binding site interface. The
kinetic parameters, determined at pH 7.5, for these mutations
are presented in Table 1. The native enzyme as well as H447A,
R451A, and R501A are best fit to Equation 2 and display com-
plete uncompetitive substrate inhibition. The triple mutant was
also fit using Equation 2, but displayed little if any apparent
substrate inhibition (Fig. 4). On the other hand, R446A and
K439A mutations appear to display only partial uncompetitive
inhibition as well as cooperative effects and can best be fit with
Equation 1. The cooperative effects of the data fit best with n =
1,x = 2for R446A,and n = 2,x = 2 for K439A. The K, k., and
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FIGURE 2. Plots of velocity versus substrate concentration. The plots on the left show the velocity of the enzyme reaction as one substrate is varied at various
fixed concentrations of the other substrate. The plots on the right are double reciprocal plots of the data on the left. Top, the HPAP concentration is varied at 50
(@), 100 (O), 180 (#), 300 (A), and 500 um (¥) NADH. Bottom, the NADH concentration is varied at 110 (@), 220 (O), 440 (®), 1760 (A), and 2640 um (V) HPAP.

K, values for native enzyme and H447A, R451A, R501A, and the
triple mutation are comparable, whereas those values for
R446A and K439A are significantly reduced. These latter two
are also the two mutants that display partial cooperative
inhibition.

Dependence of Activity on pH—When the pH dependence
of the activity of the native enzyme is measured at constant
levels of HPAP and NADH, a very unusual dual pH optimum
is observed (Fig. 5). The activity is relatively constant
between pH 7.5 and 9.5. Above pH 9.5 and below pH 7.5, the
activity falls off rapidly. However, at approximately pH 5.7
the activity starts increasing again and reaches a new opti-
mum at approximately pH 5.2 before decreasing once again.
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The activity of the enzyme was not measured below pH
4.5-5.0 because NADH spontaneously hydrolyzes in this
region.

The observation of a dual pH optimum was explored in
more detail by determining the kinetic parameters of K,
k..o and K; at different pH values. The data are presented in
Fig. 5 and show that the K; for substrate inhibition decreases
markedly (1/K; increases) in the area of the valley between
the two pH optima. The k_,, appears to be essentially pH
independent throughout the pH range studied, whereas the
k.../K,, parameter yields pK values of 4.9 and 7.0 when fit to

Equation 3. The 1/K; response was relatively sharp between
pH 5 and 7 and fitting this data to equation 4 yields pK values
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FIGURE 3. M. tuberculosis PGDH and the anion binding site. Left, the structure of the M. tuberculosis PGDH
homotetramer is depicted as a ribbon diagram. The structure contains two subunits per asymmetric unit. One
subunitis colored dark green and aqua (top and bottom) and the other is colored purple and light green (center).
Within the respective subunits, the nucleotide and substrate binding domains together are dark green and
purple and the intervening and regulatory domains together are light green and aqua. Tartrate molecules are
shown in ball-and-stick structure at the anion binding sites. This is best seen in the upper right-hand portion of
the structure. The active site histidine residues are shown as yellow CPK structures. Upper right, the location of
the anion binding site is shown at the interface between adjacent domains from 2 subunits of M. tuberculosis
PGDH. The nucleotide and substrate binding domains are not pictured. The subunits are depicted in green and
aqua and correspond to the domains in the upper right of the homotetramer looking along the domain inter-
face. The tartrate molecule and the amino acid residue side chains forming hydrogen bonds with it are shown
in ball-and-stick representation (oxygens are colored red, nitrogens are blue, and carbons are gray). The regu-
latory or ACT domains are the BaBBaf structures at the top of the figure and the intervening domains are
toward the bottom of the figure. Only a single tartrate is depicted for clarity at the front of the structure. Because
of the symmetry of the interface, a second tartrate molecule, which is not shown, binds in a similar manner
toward the back of the structure (see Protein Data Bank code 1YGY). Lower right, the tartrate molecule forms
hydrogen bonds with residues Arg-501, Arg-451, Lys-439, and His-447'. Hydrogen bonds are shown with solid
lines and the distances are given in Angstroms.

side pK of ~4.8. R446A and R451A
yielded similar profiles. However,
a slight shoulder was visible at a
pH corresponding to the valley
observed for the native enzyme. The
triple mutation also exhibited a sin-
gle broad pH profile, but it appeared
to be shifted by ~0.5-1 pH units to
the acid side. K439A retained the
dual optima of the native enzyme
but with a broadened valley that
corresponded to pK values of ~4.9
and 8.0 as compared with 4.9and 7.0
for the native enzyme. When the pH-
dependent kinetic parameters are
determined for H447A and R501A,
the decrease in K, between pH 5 and
7 is absent or greatly reduced. A
comparison of the 1/K; values for
native, H447A, R501A, and K4539A
PGDH is shown in Fig. 7. The K val-
ues for R501A are relatively con-
stant at all pH values studied and the
substrate inhibition profiles exhibit
apparent complete inhibition. The
same is true for H447A from pH 7.5
to 6.0. However, below pH 6.0 the
inhibition profile changes from that
of complete inhibition to partial
inhibition at pH 5.5 and no apparent
substrate inhibition at pH 5.0. An
increase in substrate inhibition,
similar to the native enzyme, is
apparent for K439A. In this case,
substrate inhibition is partial from
pH 8.5 to 5.5, and then reverts to a
low level of complete inhibition at
pH 5.0. The 1/K; values are elevated

TABLE 1

Kinetic parameters of native and mutated M. tuberculosis
p-3-phosphoglycerate dehydrogenase

at pH values that display a reduced velocity in the valley
between the two apparent pH optima. Furthermore, the data
demonstrate that there is a correlation between the widened
valley seen for K439A, pH 5.5-7.5, compared with native
enzyme, pH 5.5-6.5, and the pH specific increase in the 1/K;

The activity of M. tuberculosis PGDH exhibits substrate inhi-

Enzyme K, Ko K, ke /K,
M st M st

Native 170 £50 2461 =281 950 =120 15X 107

H447A“ 160+ 10 1446 =191 87050 0.9 X 107 values for that mutant.
R451A“ 190 +40 1881 +109 950+ 150 1.0 X 107

R501A“ 180+10 1989 =88 102030 11X 107 DISCUSSION

RA46A" 123+18 46749  289+15 04X 107

K439A° 75+1 368+ 38 54+ 4 0.5 X 107

R501A, R451A, 243+ 16 1558 58 7218 = 1379 0.6 X 10

K439A°

“ Fit to Equation 2.
? Fit to Equation 1 withn =1, »
¢ Fit to Equation 1 with n = 2, x

2.
2.

of 5.78 and 5.84. Because these values are indistinguishable
within error, they are considered to be a single pK of 5.8.
The anion binding site mutant enzymes did not all produce
the same dual pH optima observed for the native enzyme (rep-
resentative plots are shown in Fig. 6). Instead, H447A and
R501A exhibited a single broad bell-shaped curve with an acidic
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bition at high concentrations of the substrate HPAP. This is
similar to what was reported for rat PGDH (13), which also
possesses an intervening domain, but is not seen in the E. coli
enzyme that lacks an intervening domain. This suggested that
the intervening domain was potentially involved in the mecha-
nism of substrate inhibition.

Surprisingly, analysis of the pH dependence of the activity
of M. tuberculosis PGDH produces a very unusual but dis-
tinct dual pH optimum profile for this enzyme. Subsequent
analysis of the kinetic parameters demonstrates that whereas
the k_,, is relatively independent of pH, the substrate inhibi-

cat
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tion of enzymatic activity actually increases significantly in
the area between the pH optima. This rise and then drop in
substrate inhibition as the pH is lowered appears to be
responsible for the apparent dual optima that is observed
when the enzyme is assayed at a single constant concentra-
tion of substrate and cofactor. Subsequent investigation of
the potential function of the anion binding site by site-di-
rected mutagenesis revealed a correlation between the
unusual dual pH optimum observed for this enzyme and the

31522 JOURNAL OF BIOLOGICAL CHEMISTRY

16
14 [ ]
12; -
> [
= 1 L _
= L
=
2 i
o 08 - i
= [
- i
[4v] L
o 06 [ i
o i
04 | ]
02 [ ]
o ® e
4 5 6 7 8 9 10 11
pH

FIGURE 6. pH dependence of activity for representative enzymes. Relative
activity is plotted versus pH. The plots are normalized by setting the value at
pH 7.5 to 1. Wild-type M. tuberculosis PGDH (@), H447A (M), R446A (O), and
K439A (®).

e e

-1.5

T T T T T

log(1/Ki)

T
1

s
FS
T
1

Ty

-5 ¥ VS W T ST VRN VAN WO VAL SN N WO VD TER S VO O VS v v v—

5 6 7 8 9
pH
FIGURE 7. Log of 1/K; as a function of pH. The log of 1/K; is plotted as a

function of pH for wild-type M. tuberculosis PGDH (#), K439A (A), H447A (@),
and R501A (O).

S

potential involvement of this site in the substrate inhibition
characteristics of the enzyme.

As originally pointed out (2), tartrate is most likely not the
physiological ligand for this site because, as far as we know, it is
found only in plants. Furthermore, tartrate does not seem to
affect catalytic activity in in vitro assays. Although tartrate has
some similarity to the substrate, hydroxypyruvic acid phos-
phate, in that both possess anionic groups at either end of their
carbon chains, hydroxypyruvic acid phosphate is larger than
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tartrate and possesses an ionizable phosphate group in place of
one of the carboxyl groups of tartrate. Thus, the interaction of
hydroxypyruvic acid phosphate at this site could be more
extensive than that seen for tartrate. The reason that tartrate
does not appear to produce inhibition could be due to an
unproductive binding mode because it is lacking the phosphate
group that provides for a more elongated molecule, a higher
charge density, and a higher pK. Furthermore, binding of sub-
strate may potentially involve additional interactions with the
protein, such as with Arg-446 that displays a definite effect on
the substrate inhibition but is not observed to be interacting
with tartrate in the crystal structure.

A fit of the log k., /K,,, values of the native enzyme at various
pH values to Equation 3 yields pK values of ~7.0 and 4.9. When
an increase in substrate inhibition is absent, as in H447A and
R501A, a single pK of ~4.9 is observed. The pK of 4.9 probably
represents a group at the active site being protonated that is
required in its unprotonated state for activity. This may repre-
sent His-280, which forms a His-Glu pair with Glu-262 at the
active site. The apparent pK of 7.0 appears to result as a func-
tion of the increase in substrate inhibition.

The fit of the log 1/K; plot as a function of pH, for the native
enzyme, to Equation 4, yields two pK of ~5.8 that are indistin-
guishable within error. This peak is well defined and clearly
shows a slope of ~2 on either side. This indicates that two
functional groups are protonated and two functional groups are
unprotonated for optimal substrate inhibition to occur. These
groups could be on either the protein or the substrate and the
value of 5.8 represents an average pK,, of the groups involved. It
seems likely that His-447 at the anion binding site and the phos-
phate group of the substrate are involved, potentially in a
charge interaction. As the pH decreases, both groups, which
have a normal pK, of ~6, would become increasingly proto-
nated. This would increase the positive charge on the histidine
but at the same time decrease the negative charge on the phos-
phate group. These opposing phenomena would tend to pro-
duce the strongest charge interaction at their pK, where the
relative concentration of the salt bridge would be the highest.
This corresponds to the pK, of the increase in substrate inhibi-
tion. Other potential groups that could be involved are the car-
boxyl group of the substrate (pK, = 3.3) and Lys-439 on the
protein (pK, = 9.7) if their pK values were sufficiently per-
turbed by the local environment. The average pK,, of these
groups is close to the pK, of substrate inhibition. Involvement
of protonation of the arginine residues at the anion binding site
seems unlikely due to the very large perturbation of their nor-
mal pK, values (pK, = 12) that would be required.

When either Arg-501 or His-447 are mutated to alanine
residues, the dual pH optimum and the decrease in K; are no
longer observable. Mutation of Arg-446 and Arg-451 pro-
duces a similar result although a slight shoulder is still
observed at this point in the pH curve. Because these resi-
dues are found on adjacent subunits, the binding of substrate
may serve to bridge the adjacent subunits through a hydro-
gen bond or charge interaction network. The substrate inhi-
bition would be more pronounced at lower pH due to the
increased formation of salt bridges between the substrate
and the residues at the anion binding site, as discussed above.
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These salt bridges would be expected to be stronger than
non-ionic hydrogen bonds.

Mutation of Lys-439, on the other hand, not only maintains
the dual pH optimum, but actually increases its range from pH
5-7 to 5- 8. Consistent with this, the range over which the K;
decreases (1/K; increases) for this mutant is also increased by
the same extent. Furthermore, the mutation K439A, as well as
R446A, changes the nature of the substrate inhibition from
complete inhibition to partial inhibition, thus defining their
role in contributing to the extent of inhibition.

H447A and R501A mutants still exhibit substrate inhibition
between pH 5 and 7 comparable in magnitude to that seen
above pH 7 for the native enzyme. On the other hand, the triple
mutant, R501A,R451A,K439A, which eliminates all of the res-
idues from one subunit, displays a nearly complete loss of sub-
strate inhibition at all pH values.

Although the kinetic data are consistent with classical
uncompetitive substrate inhibition, where the second substrate
(HPAP) binds to the active site prior to release of the product of
the other substrate (NAD), the mutagenesis data strongly sup-
port the involvement of the anion binding site in the substrate
inhibition mechanism. This is particularly apparent with the
almost complete loss of substrate inhibition seen with the triple
mutant. This, along with the observation that substrate inhibi-
tion has only been seen in those PGDH enzymes containing
intervening domains, provides strong support for a mechanism
of substrate inhibition caused by substrate binding at a second
site away from the active site.

The internal pH of the M. tuberculosis bacteria is not well
characterized. If the cytosolic pH of actively growing M. tuber-
culosis is close to neutrality, as one might expect, the observed
increase in K at lower pH may not be physiologically relevant to
the actively growing bacteria. However, this phenomenon may
be relevant to the persistent phase of the bacteria. After the
initial infection of macrophages in the lung, the immune
response of the host develops granulomas or “tubercles” around
the infection resulting in a latent, persistent stage of infection.
Phagosomes containing viable M. tuberculosis equilibrate to a
pH of ~6.2 (14, 15) that causes them to be retained within the
endosomal pathway and isolates the bacterium from the degra-
dative environment of the lysosome. This is within the opti-
mum pH range of 5.7-6.2 of the pH-dependent increase in
substrate inhibition reported here for M. tuberculosis PGDH.
This coincidence suggests that there may be some connection
between the persistent state of M. tuberculosis infection and a
need to restrict the activity of this metabolic enzyme. However,
this hypothesis would depend on whether or not the cytosolic
pH of the bacteria assumes the pH of its environment in the
tubercule.

Like E. coli PGDH, M. tuberculosis PGDH is feedback regu-
lated by iL-serine, the immediate end product of its pathway.
These studies support an additional allosteric mechanism of
inhibition of PGDH activity through interaction of substrate
with the anion binding site of the enzyme. This has interesting
mechanistic implications for the regulation of enzyme activity
and for the function of the unique intervening domain found in
D-3-phosphoglycerate dehydrogenase from M. tuberculosis and

JOURNAL OF BIOLOGICAL CHEMISTRY 31523



Novel Mechanism of Substrate Inhibition in M. tuberculosis PGDH

perhaps other species. The anion binding site also provides a
potential new target for drug development.
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