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ABSTRACT: p-3-Phosphoglycerate dehydrogenase (PGDH) catalyzes
the first reaction in the “phosphorylated” pathway of L-serine
biosynthesis. In Mycobacterium tuberculosis, it is a type 1 enzyme
(mtPGDH) in that it contains both an ACT domain and an ASB
domain in addition to a catalytic domain. The published crystal
structures (Protein Data Bank entries 1YGY and 3DC2) show a tartrate
molecule interacting with cationic residues at the ASB—ACT domain
interfaces and a serine molecule bound at the ACT domain interface.
These sites have previously been shown to be involved in the
mechanism of serine and substrate inhibition of catalytic activity. This
investigation has revealed a mechanism of allosteric quaternary
structure dynamics in mtPGDH that is modulated by physiologically
relevant molecules, phosphate and polyphosphate. In the absence of
phosphate and polyphosphate, the enzyme exists in equilibrium

between an inactive dimer and an active tetramer that is insensitive to inhibition of catalytic activity by L-serine. Phosphate
induces a conversion to an active tetramer and octamer that are sensitive to inhibition of catalytic activity by L-serine. Small
polyphosphates (pyrophosphate and triphosphate) induce a conversion to an active dimer that is insensitive to L-serine
inhibition. The difference in the tendency of each respective dimer to form a tetramer as well as slightly altered elution positions
on size exclusion chromatography indicates that there is likely a conformational difference between the serine sensitive and
insensitive states. This appears to constitute a unique mechanism in type 1 PGDHs that may be unique in pathogenic
Mycobacterium species and may provide the organisms with a unique metabolic advantage.

p-3-Phosphoglycerate dehydrogenase (PGDH, EC 1.1.1.95)
catalyzes the first reaction in the “phosphorylated” pathway of
L-serine biosynthesis in bacteria, plants, and animals by
converting the glycolytic intermediate, D-3-phosphoglycerate,
to phosphohydroxypyruvate (PHP).'~® Three types of PGDH
that differ in their domain makeup have been identified.”~” All
three types have homologous catalytic domains; however, the
type 1 and type 2 PGDH enzymes contain additional structural
domains, while the type 3 enzymes do not. Type 1 PGDHs
contain both ACT and ASB domains, and type 2 PGDHs
contain only an additional ACT domain. ACT domains are
found in many metabolic enzymes and regulate catalytic activity
mainly by binding amino acids and in some instances metal
ions.” ASB domains have so far been found in only a few
proteins and appear to be second, noncatalytic sites for
substrate binding that function in the allosteric regulation of
activity.”~"" However, ASB domains found in vertebrate
PGDHs appear to be nonfunctional.

PGDH from Mycobacterium tuberculosis (mtPGDH) is a type
1 PGDH that displays significant substrate inhibition with PHP
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that is not observed with the type 2 PGDH from Escherichia coli
(ecPGDH).® It was previously shown that the degree of
substrate inhibition of mtPGDH decreased with an increasing
concentration of phosphate buffer,® which at the time it was
first observed was attributed to an ionic strength effect as had
been reported for rat PGDH (nPGDH).” The kinetic
mechanisms of both mtPGDH and ecPGDH were determined
to be ordered bi-bi, but with NADH binding first with ecPGDH
and PHP binding first with mfPGDH.">'* Inhibition by the first
substrate to bind to mtPGDH (PHP) is inconsistent with the
classical interpretations of uncompetitive substrate inhibition in
an ordered bi-bi system (Scheme 1) but is consistent with
competitive substrate inhibition at the active site (Scheme 2) or
with an allosteric substrate inhibition model (Scheme 3).
The available crystal structures of mtPGDH [Protein Data
Bank (PDB entries 1YGY, 3DC2, and 3DDN)] were all
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Scheme 1 obtained in 0.1 M MES buffer (pH 6.5) containing 1 M tartrate
(PHP) (NADH) (NAD) (PGA) and show a molecule of tartrate bound to a group of cationic
A B P Q residues at the interface between ASB and ACT domains in

adjacent subunits (Figure 1).'*'® Because tartrate is a structural
analogue of the substrate and/or product of PGDH
(phosphoglycerate/phosphohydroxypyruvate), it was suggested
that this was a second, allosteric site for substrate binding.
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Subsequent investigation supported this idea and also showed
that binding of the substrate to this site could be competitively
weakened by NADH,” which is also a coenzyme for PGDH.
This was consistent with stopped-flow data that showed that
(PHP) (NADH) (NAD) (PGA) NADH bound to a second site on the enzyme,'* but at the

A B P Q time, the binding of NADH to this site was unanticipated and

not completely understood.

l l T T This investigation is a more detailed study of the role of
(EAB  EPQ) EQ E phosphate in modulating enzyme activity and serine inhibition.
Negatively charged ions, such as phosphate and polyphos-
phates, have the potential to bind at the ASB—ACT cationic
pocket. The result of this investigation shows that many of the
Scheme 3 properties of mtPGDH are the result of a mechanism of
allosteric regulation by quaternary structure dynamics that is
modulated by phosphate ion. The results also reinforce the
conclusion that the substrate inhibition seen with PHP is due
l l T T mainly to an allosteric mechanism in which the substrate binds

at the ASB—ACT domain interface. In addition, short
polyphosphate molecules were found to have specific differ-
A ential effects on the activity and ability of serine to inhibit
catalytic activity. This observation suggests a possible role for
polyphosphates in the regulation of this enzyme.

Scheme 2
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A B P Q
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Figure 1. Structure of mtPGDH and the ASB—ACT domain interface of M. tuberculosis PGDH. At the left is shown the structure of mtPGDH from
PDB entry 1YGY. Each subunit is displayed in a different color. His 280 at the active site is colored red. One ASB—ACT domain interface is
highlighted by the oval, and the tartrate molecule is colored blue. At the right is shown the highlighted ASB—ACT domain interface expanded and
reoriented to show the bound serine (Ser) and tartrate (Tar) molecules as well as the residues that bind the tartrate molecule (K439, R446', H447',
R451, and RS01). Only one site per dimer is shown for the sake of clarity.
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Figure 2. Activity of mfPGDH plotted vs increasing buffer concentration (left) and conductivity (right). Potassium phosphate (@), potassium
acetate (A), MOPS (4), and Tris (M) were used as buffers (all at pH 7.0). The enzyme concentration was the same in all assays. Conductivity is
expressed as millisiemens per centimeter. Data are represented by symbols, and lines have been interpolated between each point.

B METHODS

mtPGDH was expressed with a hexahistidine tag at the amino
terminus by placing the coding sequence into the 5’ BamHI site
in pSV281 and expressed in BL21 DE3 cells. Cells were grown
in Luria-Bertani medium at 30 or 37 °C, and expression was
induced with 5 mM IPTG when the absorbance at 600 nm
reached 0.5—0.7. The cells were harvested when the A4, was
between 1 and 3. Cells were collected by centrifugation and
suspended in a buffer that was either S0 mM MOPS or 200
mM potassium phosphate (each at pH 7.0). Cells were lysed by
sonication in the presence of 0.16 mg/mL lysozyme, stirred for
10—20 min, and treated with S mg of DNAase. The supernatant
was recovered after centrifugation, and the enzymes were
purified using a Talon cobalt-based immobilized metal affinity
column employing standard procedures. Buffer exchange was
performed either with dialysis or with ultrafiltration using
Amicon Ultra spin columns with a 10 kDa molecular weight
cutoft. Enzyme activity was measured in the specified buffer
with PHP and NADH as substrates by following the change in
absorbance at 340 nm. Standard assay concentrations, except
where otherwise indicated, were 275 yuM NADH and 250 uM
PHP. Because different buffer conditions produced different
levels of activity, the assays of size exclusion chromatography
(SEC) fractions were performed at an intermediate level of 150
uM PHP. One unit of enzyme activity is defined as the
conversion of 1 nmol of NADH/min. NADH, PHP, and all
buffers were from Sigma Chemical Co.

The six-His tag was removed from the protein by cleavage
with tobacco etch virus (TEV) protease, containing a six-His
tag and an S219V mutation,'® at a protein:protease ratio of 20:1
(w/w) in 100 mM potassium phosphate buffer (pH 7.0), 4 mM
P-mercaptoethanol, and 10% glycerol at room temperature for
4—6 h. p-Mercaptoethanol and glycerol were removed by
overnight dialysis against 100 mM potassium phosphate buffer
(pH 7.0). TEV protease and the cleaved six-His tag were
removed from the protein when the mixture was passed
through a cobalt metal affinity column. The wash-through,
containing the cleaved protein, was recovered and concentrated
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by ultrafiltration. The characteristics of the enzyme with and
without the six-His tag were the same kinetically and
associatively.

Buffer conductivity was measured with an Orion 4 Star
conductivity meter with Orion standards from Thermo
Electron Corp. Conductivity was measured and expressed in
units of millisiemens per centimeter. Size exclusion chromatog-
raphy was performed with a 1.6 cm X 115 cm column of
Sephacryl S300 HR. Samples were loaded in a volume of 1 mL
at a nominal concentration of 50 M, and 4 min fractions were
collected at a flow rate of approximately 0.4 mL/min. The
column was calibrated with protein standards, and the elution
position was expressed as the volume at the apex of the
absorbance trace. Blue dextran was used to determine the void
volume, V. Chromatography was performed at least in
duplicate under each condition, and elution positions were
within 0.5 mL.

Gel electrophoresis was performed with precast 7.5% Bio-
Rad Mini Protean gels in the presence or absence of SDS. Gels
were stained with Coomassie Blue. All buffers were as
recommended by the manufacturer.

Plots of activity versus substrate concentration were fit to a
general equation for partial or complete substrate inhibition'”
_ _ Vi + V(SI/K)

T T K,/(8] + [SI/K,

(1)

where v is the velocity at substrate concentration [S], V,, is the
maximal velocity, K, is the apparent Michaelis constant, V; is
the maximal inhibited velocity, and K; is the inhibition constant.

When complete inhibition is observed, V; = 0, and the
equation reduces to the standard equation for complete
substrate inhibition

Vv

m

"TITKS] + SI/K, @)
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In the absence of substrate inhibition, plots of activity versus
substrate concentration were fit to the Michaelis—Menten
equation

ViulS]

'K, + 8] 3)

Plots of activity versus time were fit to the equation for one or
more exponentials

Y=Y AT 4 C

i=n

4)

where Y is the activity at time t, k,,; is the observed rate of the
ith process, where n is the number of processes with an
amplitude of A; and C is an offset value.

Serine inhibition is plotted as fractional activity, (vy — v;)/v,,
versus serine concentration and fit to a Hill equation

I'=[L]"/(Kys" + [L]") (5)

where v is the enzyme activity in the absence of inhibitor, v; is
the enzyme activity in the presence of inhibitor, [L] is the
inhibitor ligand concentration, K5 is the inhibitor concen-
tration at half-maximal inhibition, and # is the Hill coefficient.

B RESULTS

Effect of Buffer Components on Activity and
Substrate Inhibition. It was previously reported that the
activity and substrate inhibition observed with mtPGDH were
sensitive to the ionic strength of the buffers used.® However,
those studies employed only different concentrations of
phosphate buffer. When buffers other than phosphate are
used, it becomes apparent that the observed effects are not as
much dependent on ionic strength as on the nature of the
buffer salt itself. Figure 2 shows the effect of four different
buffers on the activity of mtPGDH in terms of buffer
concentration and buffer conductivity. While some effect of
increasing conductivity is seen with other buffers, it is clear that
optimal activity is obtained in phosphate buffer, especially at
lower concentrations and conductivity, and reaches a maximum
at 100—200 mM phosphate. Figure 3 shows typical curves of
substrate inhibition of mtPGDH by PHP in the presence of 200
mM phosphate (pH 7.0) and S0 mM MOPS (pH 7.0). The
substrate inhibition is much more pronounced in the MOPS
buffer and the enzyme more active overall in the presence of
phosphate.

The ability of L-serine to inhibit the catalytic activity of
mtPGDH is also dependent on the nature of the buffer and
relatively independent of the ionic strength. Figure 4 shows the
inhibition of mtPGDH catalytic activity by L-serine in the
presence of a cationic and three anionic buffers of equal
conductivity (~10 mS/cm). L-Serine is least effective in the
cationic Tris buffer with an ICg for L-serine of 1573 + 74 uM.
The anionic buffers are all more effective with ICy, values of
798 + 40, 378 + 23, and 21 + 1 uM for Hepes, acetate, and
phosphate buffer, respectively. Because the buffers are all of
equal ionic strength, these data demonstrate a preference or
selectivity for the nature of the anion, with phosphate being
much more effective than the others. Note that throughout the
text, the enzyme forms whose catalytic activity is inhibited by
low micromolar levels of L-serine will be described as being
sensitive to L-serine. Those that are not significantly inhibited
until L-serine levels are at millimolar concentrations are
described as being insensitive.
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Figure 3. Substrate inhibition of mtPGDH. The activity of mtPGDH is
measured as a function of increasing PHP concentration in 100 mM
MOPS (pH 7.0) (@) and 100 mM potassium phosphate (pH 7.0)
(M). Data are represented by symbols and are fit to eq 1.
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Figure 4. Inhibition of mtPGDH by L-serine in different buffers. The
fractional inhibition of catalytic activity is plotted vs L-serine
concentration. Potassium phosphate (®), potassium acetate (H),
MOPS (@), and Tris (V) that were all adjusted to an equal
conductivity of 10 mS/cm at pH 7.0 were used as buffers. The inset
shows an expanded scale from O to 500 yM L-serine. Data are
represented by symbols and are fit to eq S.

Specificity for Phosphate. The selectivity for phosphate
in enhancing the activity of mtPGDH and increasing its
sensitivity to L-serine was further tested by analyzing the kinetic
characteristics of the enzyme in 200 mM pyrophosphate buffer
(pH 7.0) and 200 mM triphosphate buffer (pH 7.0). The
results (Figure S1 of the Supporting Information) show a
remarkable preference for phosphate as far as the ability of L-
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serine to inhibit catalytic activity is concerned. mtPGDH
showed low micromolar sensitivity to L-serine in phosphate
buffer, while that in pyrophospate and triphosphate buffer was
significantly reduced and did not reach saturation even at 1 mM
L-serine. The conductivity of the buffers was 25, 59, and 38 mS/
cm for phosphate, pyrophosphate, and triphosphate, respec-
tively. Therefore, the effect could not be attributed to a
difference in buffer conductivity because both polyphosphate
buffers have a conductivity slightly higher than that of
phosphate, and the maximal conductivity difference was only
approximately 2-fold for pyrophosphate and even smaller for
triphosphate. Furthermore, the enzyme showed increased
activity in pyrophosphate and triphosphate buffers at higher
substrate concentrations. When the buffer concentration
dependence of enzyme activity in phosphate and triphosphate
is compared, the enzyme is clearly much more active in
triphosphate, particularly at low concentrations (Figure S2 of
the Supporting Information).

Evidence for Multiple Forms of mtPGDH. It was
previously reported that mtPGDH lost activity upon dilution
but that this could be prevented by increasing the phosphate
concentration of the dilution buffer.® Interestingly, a re-
examination of that data (Figure S) shows that the plot of
the loss of activity fits better to a double-exponential function
than a single-exponential function. This observation suggests
that there are at least two species present that dissociate with
discernible inactivation constants, k.

Native gels of mtPGDH dialyzed against either MOPS or
phosphate buffer also provide evidence of more than one form

12 ——

Relative Activity

100

time (min)

Figure 5. Effect of dilution on the activity of mtPGDH as a function of
time and phosphate concentration. The data were taken from ref 8 and
fit to a single-exponential (———) or double-exponential (—) function
(eq 4). The enzyme is diluted at time zero from 200 mM potassium
phosphate buffer (pH 7.5) and assayed at increasing times after
dilution: 1/100 dilution in 200 mM potassium phosphate (pH 7.5)
(@), 1/500 dilution in 200 mM potassium phosphate (pH 7.5) (M),
1/10 dilution in 20 mM potassium phosphate (pH 7.5) (), 1/100
dilution in 20 mM potassium phosphate (pH 7.5) (A), and 1/500
dilution in 20 mM potassium phosphate (pH 7.5) (V).
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of the enzyme (Figure S3 of the Supporting Information).
mtPGDH from MOPS buffer shows at least four bands while
that from phosphate shows mainly a single band. These bands
likely represent monomer, dimer, tetramer, and a higher-order
multimer, with the dark, main band from the phosphate sample
corresponding to the tetramer.

Size exclusion chromatography of mtPGDH in 50 mM
MOPS buffer (pH 7.0), 200 mM phosphate buffer (pH 7.0),
and 200 mM triphosphate buffer (pH 7.0) shows a distinct
difference in the quaternary structure composition depending
on the conditions (Figure 6). In 50 mM MOPS (Figure 6A),
there are two distinct peaks with molecular weights of
approximately 266400 and 136300. The closest calculated
multimers to which these values correspond are a tetramer
(calculated molecular weight of 226584) and a dimer
(calculated molecular weight of 113292). However, both
appear to run as if they are slightly larger (Figure 6D). Only
the higher-molecular weight peak displays significant catalytic
activity. In 200 mM phosphate (Figure 6B), two distinct peaks
are also evident, but with molecular weights of approximately
519800 and 218900 that correspond to a 9-mer (calculated
molecular weight of 509814) and a tetramer (calculated
molecular weight of 226584), respectively. Although the larger
peak has an apparent molecular weight closer to that of a 9-mer,
it is most likely the association of two tetramers forming an
octamer. The higher apparent molecular weight could be due to
a more elongated shape with a slightly larger radius of gyration
that would result from the association of two tetramers and that
causes it to elute just a bit early. Both peaks display catalytic
activity. In 200 mM triphosphate buffer (Figure 6C), there is a
single peak with a molecular weight of approximately 110800
that corresponds to the dimer (calculated molecular weight of
113292). However, the peak is not completely symmetrical in
that it appears to have a slight shoulder on the leading edge.
This may be due to the presence of mixed dimer
conformations, or there may be some tetramer present. Very
interestingly, this peak displays a high level of catalytic activity,
whereas the dimer peak observed in MOPS buffer (Figure 6A)
does not. Figure 6D shows an overlay of the absorbance profiles
from each condition. The overlay clearly shows that both peaks
in MOPS buffer elute ahead of the elution position that would
strictly apply to a dimer and tetramer. This slightly earlier
elution suggests an alternate conformation with a slightly
increased radius of gyration. Overall, the data suggest a scenario
in which there are multiple ligand inducible equilibria. This is
summarized in Figure 7 and Table 1.

The production of an active dimer by triphosphate was
unexpected and prompted a closer look at the effect of
triphosphate concentration. Figure 8 shows that as the
triphosphate concentration increases, multimers that corre-
spond most closely to the calculated tetramer molecular weight
of 226584 elute progressively later in the SEC column. In 10,
50, and 100 mM triphosphate (pH 7.0), the peaks correspond
to molecular weights of 278100, 239900, and 195000,
respectively. This indicates that triphosphate has the effect of
decreasing the hydrodynamic volume of the tetramer, and
eventually, dissociation to a dimer occurs.

Size exclusion chromatography in the presence of 1 M
tartrate, the condition that produced the published crystal
structures, was unsuccessful because long-term exposure to the
buffer caused the protein to precipitate on the column.

Effect of Tartrate on Catalytic Activity and Substrate
Inhibition. If substrate and tartrate interact at the same site to

dx.doi.org/10.1021/bi500469d | Biochemistry 2014, 53, 4239—4249
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Figure 6. Size exclusion chromatography of mtPGDH. mtPGDH in the indicated buffer was applied to a 1.6 cm X 115 cm column of Sephacryl S-
300 HR equilibrated with the same buffer at a flow rate of 0.4 mL/min. The absorbance at 280 nm (®) and the activity in units per milliliter (O) are
plotted vs elution volume. The lines were interpolated through each data point using Kaleidograph: (A) S0 mM MOPS (pH 7.0), (B) 200 mM
phosphate (pH 7.0), and (C) 200 mM triphosphate (pH 7.0). (D) Overlay of absorbance profiles from panels A (———), B (—), and C (). The
expected elution positions of the monomer, dimer, tetramer, and octamer are indicated.

inhibit the enzyme activity, tartrate should have a measurable
effect on the substrate inhibition profile. Figure 9 shows plots of
the enzyme activity versus substrate concentration in the
presence and absence of varying amounts of sodium tartrate in
50 mM MOPS (pH 7.0). This range was chosen because the
concentration present in the buffer used for crystallization of
the published structure was 1 M. While the typical substrate
inhibition profile is seen in the absence of tartrate, the plot with
0.25 M tartrate shows significantly less substrate inhibition, and
the level decreases even further at higher tartrate concen-
trations. Furthermore, at low substrate concentrations, the
activity in the presence of tartrate decreases as the tartrate
concentration increases. In Figure 10, the effect of increasing
tartrate concentration is shown at two substrate concentrations,
60 and 150 yM. A concentration of 60 yuM was chosen because
it is the concentration at which the enzyme displays maximal
activity in MOPS buffer. At 150 M PHP, the enzyme activity
is reduced almost 3-fold (see Figure 3). In MOPS buffer, there
is an initial activation of the enzyme activity that is much more
pronounced at the higher substrate concentration. In phosphate
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and triphosphate buffers, the activation is not seen, and there is
only a gradual decrease in activity as the tartrate concentration
increases. The activation phase can be interpreted as tartrate
competing with the substrate at the ASB—ACT domain site
where it relieves substrate inhibition. The relative effect is larger
for the higher substrate concentration because the initial level
of inhibition is greater. This effect is blocked by the presence of
phosphate and triphosphate, presumably because they interact
at the same site. The gradual decrease in activity at higher
concentrations may be due to a competitive substrate inhibition
at the active site as depicted in Scheme 1.

B DISCUSSION

This investigation clearly shows that phosphate ion greatly
increases the sensitivity of mtPGDH to inhibition by L-serine.
Furthermore, the closely related pyrophosphate and triphos-
phate molecules cannot replace phosphate in this respect,
although they act similarly to phosphate in overcoming
substrate inhibition.

dx.doi.org/10.1021/bi500469d | Biochemistry 2014, 53, 4239—4249
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Figure 7. Equilibrium model of mtPGDH. The multimer equilibrium
of mtPGDH as deduced from size exclusion chromatography analysis
is depicted. The association state is indicated as n-mers. Reagents are
indicated as [P] for phosphate, [pP] for polyphospahte, and [S] for
substrate. The superscripts indicate bound ligands. An asterisk
indicates a serine sensitive alternative conformation. A subscript a
indicates an active enzyme. A subscript i indicates an inactive enzyme.
Species above the dotted line are sensitive to L-serine and those below
the dotted line insensitive to L-serine.

Table 1. Summary of Quaternary Structure Forms of p-3-
Phosphoglycerate Dehydrogenase from M. tuberculosis

enzyme serine
form condition catalytic activity” sensitivity

2-mer; 50 mM MOPS none not applicable

4-mer, 50 mM MOPS medium (400) very low

4-mer,’ 50 mM MOPS and low (200) very low

tartrate

4-mer,** 200 mM phosphate high (800) high

8-mer,** 200 mM phosphate medium (300) high

2-mer,’ 200 mM triphosphate very high (1700) very low

“The number in parentheses is the average relative specific activity
expressed as units per Ayg.

The effect of phosphate ion concentration on the activity of
mtPGDH was noted previously,® but its significance went
unappreciated until the characteristics of the enzyme were also
analyzed in other buffers. At the time, it had been noted that an
increasing ionic strength could partially relieve substrate
inhibition in rat PGDH,"” and the effect with mtPGDH
appeared to be similar. However, when mtPGDH was assayed
in other buffers, it was noted that it displayed decreased activity
(Figure 2) and was much more susceptible to substrate
inhibition (Figure 3) and was no longer inhibited by low
micromolar levels of L-serine (Figure 4). This was the first
indication that there may be something special about the
phosphate ion and its interaction with m{PGDH. In contrast,
the type 2 PGDH from E. coli (ecPGDH) does not show
substrate inhibition, and its activity is not enhanced by
phosphate.'® Phosphate causes only a slight increase in the
serine sensitivity of ecPGDH with the ICs, in the absence of
phosphate still being approximately 10 yM, far more sensitive
than mtPGDH in the absence of phosphate.

The first indication that phosphate played a role in stabilizing
quaternary structure was the observation that higher concen-
trations of phosphate prevented the loss of activity due to
dilution. When the decay curves were fit to exponential
functions, it was noted that they fit much better to two
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Figure 8. Comparative elution profiles of mtPGDH as a function of
triphosphate concentration. The Sephacryl S-300 size exclusion
chromatography elution profiles of mtPGDH in 10 mM triphosphate
(pH 7.0) (—), SO mM triphosphate (pH 7.0) (——-), 100 mM
triphosphate (pH 7.0) (---), and 200 mM triphosphate (pH 7.0) (--)
are compared. The lines were interpolated through each data point
using Kaleidograph. The data points are not shown.
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Figure 9. Substrate concentration-dependent activity profile of
mtPGDH as a function of tartrate concentration. Equimolar amounts
of mtPGDH are assayed as a function of PHP concentration in the
absence (@) and presence of 0.25 M sodium tartrate (M), 0.5 M
sodium tartrate (@), and 1 M sodium tartrate (A). All buffers were
maintained at pH 7.0. Data are represented by symbols and are fit to
eq L.

exponentials than a single exponential, indicating that at least
two forms of active enzyme that dissociated with different rates
were present. Native gels of mtPGDH that had been
preincubated in MOPS buffer showed at least four forms that
correlated to a monomer, a dimer, a tetramer, and a higher-

dx.doi.org/10.1021/bi500469d | Biochemistry 2014, 53, 4239—4249
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Figure 10. Tartrate concentration dependence as a function of
substrate concentration and the presence of phosphate and
triphosphate. First, the tartrate concentration dependence of activity
is plotted in the presence of 60 (@) and 150 yM PHP (M) in 50 mM
MOPS buffer (pH 7.0). Second, the tartrate concentration depend-
ence of activity is plotted in the presence of 150 #M PHP in 200 mM
phosphate buffer (pH 7.0) (4) or 200 mM triphosphate buffer (pH
7.0) (A).The lines are interpolated through each data point.

order multimer. mtPGDH that had been incubated in 100 mM
phosphate was almost entirely a single band that was likely the
tetramer. Size exclusion chromatography clearly demonstrates
that the subunit conformation and association state of the
enzyme change in response to phosphate and polyphosphate
ion concentration. In the absence of phosphate, there is
interconversion between an inactive dimer (2-mer,) and an
active tetramer (4-mer,) that is not sensitive to L-serine
inhibition. The tetramer association is weak because the dimer
and tetramer can be resolved by SEC in almost equal amounts.
The active tetramer can subsequently bind substrate (4-mer,”)
at a second site that results in diminished catalytic activity
through allosteric substrate inhibition. The active dimer or
tetramer can be converted to an active, serine sensitive tetramer
(4-mer,*”) by binding phosphate that can also associate with a
serine sensitive octameric form (8-mer,*"). In the presence of
triphosphate, there appears to be a concentration-dependent
conformational compression of the tetrameric structure, and
eventually, there is dissociation to an active dimer (2-mer,").
None of the conformations in the presence of triphosphate are
sensitive to L-serine. The serine sensitive and insensitive subunit
conformations are likely to be different because there are small
but measurable differences in the elution position of the
multimers that contain them and there is a difference in the
tendency of each respective dimer to form tetramers.

The crystal structure of mtPGDH revealed that tartrate,
present in the crystallization buffer, participated in ionic
interactions between two adjacent subunits. Tartrate is an
analogue of the substrate, with both molecules having
negatively charged groups at opposite ends of their structure.
This observation led to the suggestion that the substrate could
act as a natural noncovalent cross-linker and could be

4246

responsible for the substrate inhibition that was observed by
acting allosterically.

Pyrophosphate and triphosphate contain two and three
covalently linked phosphate groups, respectively, that would
theoretically be able to interact with cationic residues on both
sides of the dimer interface, similar to the case for tartrate, and
form an effective ionic cross-link. Unexpectedly, both
pyrophosphate and triphosphate decreased the level of
substrate inhibition rather than enhancing it. In addition,
triphosphate displayed an interesting alteration of the hydro-
dynamic size of the tetramer and eventually led to dissociation
to an active dimer. Because the resultant dimer is active and an
intact active site requires residues from adjacent subunits for
activity,"® the dimer is likely caused by dissociation at the ASB—
ACT domain interface and not the active site interface. Because
the ASB—ACT domain interface must be intact for ionic cross-
linking to occur, the decreased level of substrate inhibition seen
with pyrophosphate and triphosphate is consistent with
substrate cross-linking being a primary cause of substrate
inhibition. However, the data do not rule out the possibility
that some competitive substrate inhibition may also be
occurring as depicted in Scheme 1. This may be consistent
with the observation that substrate inhibition is not completely
abolished even in 200 mM phosphate buffer (Figure 3) at high
substrate concentrations.

Phosphate ion would also be capable of binding at the
anionic ASB—ACT domain interface and competing with the
substrate for that site. In this case, the equilibrium shifts toward
a tetrameric state that abolishes substrate inhibition and
promotes sensitivity to inhibition by L-serine. The relative
insensitivity to serine in other buffers also indicates that
phosphate binding is required for serine to be an effective
inhibitor. This is consistent with the observation that mutation
of the ASB—ACT domain interface cationic residues to alanine
decreases serine sensitivity and the level of substrate
inhibition."” The sulfonic acid group found in MOPS will not
substitute for phosphate.

This scenario is consistent with the “morpheein” model of
quaternary structure dynamics that has been shown by Jaffe to
exist with porphobilinogen synthase®® > and possibly with
phenylalanine hydroxylase.”> In the case of porphobilinogen
synthase, there is an equilibrium between an active octamer and
an inactive hexamer that form through interconversion of
dimeric species of different conformations. In the case of
phenylalanine hydroxylase, Jaffe has proposed that there is an
equilibrium between alternate tetrameric structures that form
from two different dimeric conformations. However, a main
component of this model is that there is interconversion
between dissociated species. Additional work will be required to
demonstrate this directly for PGDH.

The available crystal structures for mtPGDH come from
enzymes that were all crystallized in the absence of phosphate
and the presence of 1 M tartrate and show a tartrate molecule
bound at the ASB—ACT domain interface. As such, these
structures are likely representative of the 4-mer,® form that
allosterically binds substrate. The slightly early eluting peaks
found in the presence of MOPS buffer (Figure 6A,D) suggest
that they may represent an altered conformation that has a
radius of gyration slightly larger than those in the presence of
phosphate (Figure 6B). If this is the case, then it is likely the
consequence of a conformational change in the enzyme
subunits and would be expected to provide a structure in the
presence of phosphate ion that displays significant differences
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Figure 11. Theoretical model of interaction of phosphate and substrate at the ASB—ACT domain interface. At the right is shown the structure of the
mtPGDH syn/anti dimer from PDB entry 3DC2 crystallized in MES buffer with 1 M tartrate. Below is an inexact diagram depicting how the
substrate may interact electrostatically with both monomers at the dimer interface based on the binding of tartrate in the crystal structure. At the left
is shown a theoretical depiction of a possible alternative conformation in the presence of phosphate. The dimer structure conserves the ACT domain
contacts, but the ASB domains (red) are no longer in contact with each other. Rotation around a glycine residue in the strand between the ASB and
ACT domains was required to prevent subunit contact. Below is an inexact diagram depicting how two phosphate ions may interact with the
substrate and/or tartrate binding site to eliminate the cross-linking effect and possibly produce electrostatic repulsion between the ASB domains.

compared to the available X-ray structures. A hypothetical
rendering of how that structure might look is also presented in
Figure 11, which is intentionally exaggerated to illustrate the
loss of the ASB domain interface interaction while the ACT
domain interface is maintained so that serine binding can occur.
In other words, the ASB domain interface is lost because the
subunits assume a conformation that moves the domains apart.
Furthermore, the ability of tartrate and phosphates to block
inhibition by substrate that is associated with the cationic site at
the ASB—ACT domain interface suggests that they may all
interact at the same site.

The action of the small polyphosphates used in this study
also suggests that they may play a physiological role in the
regulation of serine synthesis. In effect, the interplay of
phosphate and polyphosphate may represent a metabolic
switch between a higher-activity enzyme that is insensitive to
teedback inhibition by serine and a lower-activity enzyme that is
sensitive to feedback inhibition by serine. Inorganic poly-
phosphates are found in plants, animals, and bacteria, including
M. tuberculosis, play a role in bacterial survival, and are required
for virulence in many bacteria.**"** In addition to “acid-
insoluble” long chain polyphosphates, “acid-soluble” short
chain polyphosphates are found in bacterial cells.** Among
other things, polyphosphates accumulate in response to a
deficiency of amino acids.”**° In addition, polyphosphonucleo-
tides such as the guanosine pentaphosphate and tetraphos-
phate, (p)ppGpp, regulate numerous cellular processes, such as
virulence and persistence®"** and cause an inhibition of RNA
synthesis in which there is a shortage of amino acids. It also
causes the upregulation of genes for amino acid biosynthesis
and uptake,> the overall effect being to conserve what amino
acids there are and to increase the size of the amino acid pool.
The demonstration that polyphosphates interact with mtPGDH
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to produce a very active enzyme that is resistant to inhibition by
L-serine may provide a mechanism for the efficient production
of L-serine that is not subject to feedback regulation by
increasing levels of serine. Obviously, much more work will
need to be done in this area to explore this hypothesis.

As far as we know, the phosphate induction of serine
sensitivity is unique to certain pathogenic Mycobacterium
species among organisms that contain type 1 PGDH enzymes.
The reason why phosphate ion is required for the induction of
greater sensitivity to L-serine concentrations in pathogenic
mycobacteria is not known. In addition to its incorporation into
proteins, L-serine is central to the production of many other
metabolites such as glycine, L-cysteine, L-methionine, L-
tryptophan, phosphatidylserine, sphingolipids, purines, por-
phyrins, and glyoxalate. As the major precursor to glycine, it
contributes the one-carbon unit (C1) that is the donor in
methylation reactions mediated by derivatives of tetrahydrofo-
late (THF) and S-adenosylmethionine (SAM). The last step in
the serine biosynthetic pathway is the conversion of
phosphoserine to serine with the liberation of inorganic
phosphate. As serine is converted into other metabolites,
phosphate concentrations may build up to the point that
PGDH, the first enzyme in the pathway, becomes increasingly
sensitive to L-serine in a feedback mechanism that balances the
use of phosphoglycerate from glycolysis with the production of
serine metabolites. Without phosphate, serine concentrations
may never reach the level needed for feedback inhibition, and
glucose would continue to be depleted. If low levels of serine by
itself were capable of effective feedback inhibition, the organism
may become starved for the serine-derived metabolites. Why
mtPGDH differs in this regard from other type 1 enzymes that
are not inhibited by serine even in the presence of phosphate is
not known, but it may be that this function has evolved to
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support the intracellular pathogenic lifestyle of the organisms
and its relationship to its host metabolism.

How the levels of phosphate and polyphosphates reported
here compare to the physiological levels that may be
encountered in the organism is a valid consideration. As far
as we can tell, the intracellular concentrations of phosphate and
polyphosphates have not been reported for M. tuberculosis, and
measuring the levels of metabolites is particularly problematic
for the latent bacteria in the macrophage. In general, it is known
that polyphosphates can act as a reservoir for phosphate and
that polyphosphate pools can be as much as 30% of dry cell
weight in some bacteria, ie., Acinetobacter johnsonii. 4 In
addition, the phenomenon of compartmentalized metabolism
in prokaryotic cells can result in locally high concentrations of
metabolites.>*>°

In any case, this investigation has revealed a mechanism of
allosteric quaternary structure dynamics in an important
metabolic enzyme in M. tuberculosis that is modulated by
physiologically relevant molecules. This may provide infectious
Mycobacterium species with a unique metabolic advantage and
may represent a metabolic target with future potential for
antituberculosis research.
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