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ABSTRACT: GDP-Mannose dehydrogenase catalyzes the formation of GDP-mannuronic acid, which is the
monomeric unit from which the polysaccharide alginate is formed. Alginate is secreted by the pathogenic
bacteriumPseudomonas aeruginosaand is believed to play an important role in the bacteria’s resistance
to antibiotics and the host immune response. We have characterized the kinetic behavior of GDP-mannose
dehydrogenase in detail. The enzyme displays cooperative behavior with respect to NAD+ binding, and
phosphate and GMP act as allosteric effectors. Binding of the allosteric effectors causes the Hill coefficient
for NAD+ binding to decrease from 6 to 1, decreasesK1/2 for NAD+ by a factor of 10, and decreasesVmax

by a factor of 2. The cooperative binding of NAD+ is also sensitive to pH; deprotonation of two residues
with identical pK’s of 8.0 is required for maximally cooperative behavior. The kinetic behavior of GDP-
mannose dehydrogenase suggests that it must be at least hexameric under turnover conditions; however,
dynamic light-scattering measurements do not provide a clear determination of the size of the active
enzyme complex.

Alginate is a polysaccharide that is produced by the human
pathogenic bacteriumPseudomonas aeruginosa. The bacteria
secrete alginate to generate a capsule that is believed to serve
a protective role against antibiotics and host immune
responses. In addition, alginate is a primary constituent of
the biofilm, the organized community that the bacteria
develop upon colonization of host tissue (1). Bacteria living
in biofilms typically have greatly reduced susceptibility to
antibiotics compared to when they exist in their planktonic
form (2).

Alginate is a linear copolymer of partially acetylated
â-mannuronic acid residues andR-guluronic acid residues.
The precursor to alginate is a homopolymer ofâ-mannuronic
acid residues, and GDP-mannuronic acid serves as the
biosynthetic donor of mannuronic acid units for the growing
polysaccharide. GDP-mannuronic acid is the product of the
reaction catalyzed by GDP-mannose dehydrogenase, an
NAD+-dependent enzyme that catalyzes the four-electron
oxidation of the C6 hydroxyl group of GDP-mannose to the
corresponding acid. Alginate biosynthesis inP. aeruginosa
has been reviewed (3).

GMD1 is encoded by thealgD gene inP. aeruginosaand
was reported to be a hexamer of 48 kDa subunits (4). Most
of the genes encoding the enzymes responsible for alginate
biosynthesis are organized into an operon;algD is the first
gene in the operon and its promoter controls the expression
of the other genes in the operon as well. The substrate

specificity of GMD and some of its kinetic properties have
been reported. The purified enzyme shows susceptibility to
inactivation by thiol-reactive reagents, and mutation of a
putative active site cysteine, C268, to serine was reported
to reduce activity by 95% (3). The participation of cysteine
in the catalytic reaction is reminiscent of glyceraldehyde
3-phosphate dehydrogenase in which a thiohemiacetal species
is a key intermediate, although it is surprising that so much
residual activity remains in the mutant GMD. Elegant studies
of the related enzyme UDP-glucose dehydrogenase have
suggested that its reaction also proceeds via a thiohemiacetal
intermediate (5). It is proposed that the nucleotide-sugar
dehydrogenases catalyze the NAD+-dependent oxidation of
the substrate C6 hydroxyl group to an aldehyde; addition of
the cysteine side chain to the aldehyde forms the thiohemi-
acetal intermediate, and oxidation by a second equivalent
of NAD+ generates an acyl-enzyme species whose hydrolysis
leads to the observed product. An analogous mechanism was
long believed to be operative for histinol dehydrogenase, but
mutational analysis of the conserved cysteines revealed that
none were essential for catalytic activity (6).

We report here detailed kinetic studies of GMD as a
prelude to mechanistic studies and efforts to prepare inhibi-
tors or inactivators. We have found that GMD exhibits
complex kinetic behavior; significant cooperativity was
observed under some conditions, and GMP was found to
function as an allosteric effector.

MATERIALS AND METHODS

All biochemicals were obtained from Sigma and were used
without further purification.

ThealgD gene was amplified fromP. aeruginosaPAO1
using primers that were designed based on the published
sequence (7). NdeI and BamHI restriction sites were incor-
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porated into the primers so that the amplicon could be cloned
into the pET-3a vector (Novagen) for expression. For
production of GMD BL21(DE3), cells were transformed with
the expression vector and grown in shake flasks in 6 L
batches in LB medium containing 100µg/mL ampicillin.
Cells were grown at 37°C until they reached an optical
density of 0.6-0.8 at 600 nm, when expression was induced
by the addition of IPTG to a final concentration of 0.4 mM.
The cells were allowed to grow 4-5 h longer and were
harvested by centrifugation. The cell paste was stored at-80
°C until use.

Purification of GMD. The purification of GMD followed
the published protocol, with minor changes. Frozen cells
were thawed in 50 mM Tris acetate (pH 7.6), containing 1
mM DTT, 2 mM MgSO4, and 2 mM CaCl2; 1 mL of buffer
per gram of cell paste was used. TLCK and PMSF were
each added to a final concentration of 0.5 mM. The cells
were lysed by the addition of 0.2 mg/gram of cell paste of
lysozyme and 10µg/mL of DNase I. The solution was
incubated with gentle shaking at 37°C for 1 h and sonicated
briefly. All subsequent manipulations were performed on ice
or in a cold box at 4°C. The cell debris was separated by
centrifugation and discarded. Protamine sulfate was added
dropwise to the supernatant from a stock solution prepared
in water. The total amount of protamine sulfate added
equaled 3 mg/gram of cell paste. The precipitated nucleic
acids were removed by centrifugation, and the resulting crude
extract was purified by acid fractionation and heat treatment
as described (4). GMD from the heat treatment step was
incubated with DNase I and RNase A, to digest contaminat-
ing nucleic acids that remained in the preparation. The
nucleic acids were separated from the protein either with a
desalting column (BioRad Bio-Gel P-6 DG) or a gel filtration
column (Pharmacia Superdex 200, 1.8× 80 cm) equilibrated
in 50 mM Tris acetate (pH 7.6), containing 1 mM DTT, 100
mM NaCl, and 10% (w/v) glycerol.

An alternative purification was devised in order to avoid
the acid fractionation and heat treatment steps in the original
purification. The crude extract was treated with protamine
sulfate as described previously and then fractionated with
ammonium sulfate; GMD activity precipitated between 45%
saturation and 60% saturation. Precipitated GMD was
collected by centrifugation, dissolved in a small volume of
buffer, treated with DNase I and RNaseA, and chromato-
graphed on a Superdex 200 column as described previously.

GMD Assay. GMD activity was determined by monitoring
the formation of NADH spectrophotometrically. The standard
assay solution contained 0.1 mM GDP-mannose, 1.0 mM
NAD+, 1 mM DTT, and 7.5% (w/v) glycerol in 50 mM
potassium phosphate (pH 8.0). Other conditions that were
used are described in the text; all assays were conducted in
buffer containing 7.5% (w/v) glycerol. Initial velocity kinetic
studies were performed by monitoring NADH production
by either absorbance or fluorescence spectroscopy in cuvettes
maintained at 25°C with a circulating water bath. Absor-
bance measurements were conducted with a Hewlett-Packard
8452A diode array spectrophotometer or a Cary 50 spectro-
photometer; fluorescence measurements were conducted with
an SLM Aminco 8100 spectrofluorometer. Kinetic data
obtained by fluorescence measurements were in arbitrary
units (fluorescence units per second); however, when absolute
velocities were required, the rate data were converted to units

of micromoles per second using a calibration curve con-
structed with known concentrations of NADH, measured at
the same instrument settings as were used in the kinetics
experiments.

Dynamic Light-Scattering Measurements.The hydrody-
namic radius of GMD was measured by dynamic light-
scattering using a Protein Solutions DynaPro 99/MSTC200
instrument with Dynamics v5.26.38 software. The protein
concentration in all of the samples was 0.36 mg/mL;
measurements were conducted at 20( 0.1 °C in buffers
containing 7.5% (w/v) glycerol.

Data Analysis. Single substrate variation initial velocity
patterns showing hyperbolic kinetics were fitted to the
Michaelis-Menten equation, and those showing sigmoidal
kinetics were fitted to the Hill equation (eq 1).

Kinetic data obtained when both substrates were varied were
fitted to eq 2, which describes sequential binding of substrates
A and B.

Inhibition data were fitted to eqs 3-5 for competitive,
uncompetitive, and noncompetitive inhibition, respectively.

Kinetic parameters from the pH variation studies were fitted
to eq 6, which describes a wave-shaped pH profile, and to
eq 7, which describes a pH profile with a limiting slope of
1 on the acid side and a limiting slope of-2 on the basic
side, where the two basic pK’s are identical. In eqs 6 and 7,
Y is the kinetic parameter being fitted andC is the
pH-independent value ofY.

The Hill coefficients for the reaction in Tris buffer deter-
mined as a function of pH were fitted to eq 8, wherenlo and
nhi are the limiting values for the Hill coefficient at low and
high pH, respectively.

The apparentKm’s for NAD+ as a function of the allosteric
effector concentration were fitted to eq 9, whereKapp is the
measuredKm at a given effector concentration,X is effector
concentration,Ka° is the Km for NAD+ in the absence of
effector,Kx° is the dissociation constant for effector in the
absence of NAD+, andQ is the coupling parameter describ-
ing the interrelationship between binding of effector and
NAD+. The apparent values ofVmax as a function of effector

V ) VAn/(K + An) (1)

V ) VAB/(KiaKb + KaB + KbA + AB) (2)

V ) VA/[K(1 + I/Kis) + A] (3)

V ) VA/[K + A(1 + I/Kii )] (4)

V ) VA/[K(1 + I/Kis) + A(1+ I/Kii )] (5)

Y )
lim 1 + lim 2 10(pK-pH)

1 + 10(pK-pH)
(6)

Y ) C

1 + 10(pK1- pH) + 10(pH-pK2) + 102(pH-pK2)
(7)

nobs)
nlo

1 + 102(pH-pK)
+

nhi

1 + 102(pK-pH)
(8)
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concentration were fitted to eq 10, whereVappis the measured
value of

Vmax at a given effector concentration,V° is Vmax in the
absence of effector,Kx° and Q are as previously defined,
andW is the ratio ofVmax at infinite effector toVmax at zero
effector.

RESULTS

Cloning, OVerexpression, and Purification of GMD.The
algD gene obtained by PCR amplification ofP. aeruginosa
PAO1 DNA matched the published sequence with very minor
differences. Two silent mutations were noted, and codon 359,
which was reported to be TTC, coding for phenylalanine,
was TTG in our clone, coding for leucine, which matched
the sequence obtained in thePseudomonasgenome sequenc-
ing project (8). SubcloningalgD into the pET-3a vector and
expressing it inEscherichia coliBL21(DE3) cells resulted
in high level production of GMD. The published protocol
for purification of GMD proved to be satisfactory; in fact,
the HPLC gel filtration column used in the original purifica-
tion was not found to be necessary. GMD that was greater
than 90% homogeneous based on Coomassie Blue staining
of SDS polyacrylamide gels was routinely obtained; this
material proved satisfactory for crystallization.2 However,
it was observed that the GMD preparations were contami-
nated with nucleic acids; brief digestion with DNase and
RNase followed by desalting or gel filtration was sufficient
to remove the nucleic acids. GMD that was purified by
ammonium sulfate fractionation and gel filtration chroma-
tography did not differ in activity or purity from the enzyme
purified using the acid fractionation and heat treatment steps.

Kinetic Mechanism. The kinetic mechanism of GMD was
determined in potassium phosphate buffer at pH 8.0 using
standard methodologies for multisubstrate enzymes (9).
Michaelis-Menten kinetic behavior was observed in all
experiments conducted in phosphate buffer. The reciprocal
plot of initial velocities obtained with GDP-mannose as the
variable substrate and NAD+ as the changing fixed sub-
strate showed a family of intersecting lines. TheKm for GDP-
mannose was 4.1( 0.7 µM and theKm for NAD+ was
92( 10µM. The results of dead-end inhibition studies using
DNAD and GMP are summarized in Table 1, and the
reciprocal plots for inhibition by GMP are shown in
Figure 1.

Non-Michaelis-Menten BehaVior. The kinetic behavior
of GMD was markedly influenced by reaction conditions,
protein concentration, and even order of addition of reaction
components (Figure 2). In Tris buffer at pH 8.0, reactions
initiated by the addition of GMD to solutions containing all
of the substrates exhibited a significant burst of product
formation and then slowed dramatically. Reactions initiated
by the addition of either GDP-mannose or NAD+ to solutions
containing GMD and the other reaction components did not
exhibit a burst, and the initial velocity approximated the
velocity observed after the burst phase in the reactions
initiated by addition of enzyme. When the reaction was
conducted in phosphate buffer at pH 8.0, there was no burst
and no order of addition effect was observed; similarly, when
the reaction was conducted in Tris (pH 8.0) in the presence
of 100 µM GMP (vide infra), there was no burst and no
order of addition effect.

For those reactions conducted in Tris at pH 8.0 and
initiated by addition of GMD, plots of the velocity of the
burst phase versus NAD+ concentration were sigmoidal;
however, the degree of the cooperativity, turnover number,2 Snook, C. Unpublished observations.

Table 1: Dead-End Inhibition of the GMD Reaction

varied substrate fixed substrate inhibitor Kis (µM) Kii (mM) inhibition pattern

GDP-mannose NAD (200µM) GMP 12.6( 1.0 C
NAD GDP-mannose (15µM) GMP 14.1( 2.5 19.3( 3.4 NC
NAD GDP-mannose (15µM) DNAD 112 ( 28 50.8( 4.5 NC
GDP-mannose NAD (200µM) DNAD 28.6 ( 2.8 UC

Kapp) Ka°( Kx° + X

Kx° + QX) (9)

Vapp) V°(Kx° + QWX

Kx° + QX ) (10)

FIGURE 1: Reciprocal plots for inhibition of GMD by GMP. (A)
Inhibition versus GDP-mannose. GMP concentrations were 0 (b),
5 (9), 10 (O), and 20µM ([). The points are experimental and
the lines are the fit to eq 3. (B) Inhibition versus NAD. GMP
concentrations were 0 (b), 10 (O), 20 ([), and 30µM (9). The
points are experimental and the lines are the fit to eq 5.
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andK1/2 for NAD+ were functions of the GMD concentration.
This is illustrated in Figure 3 where the velocities obtained
at different enzyme concentrations are represented in units
of µmol/min/mg GMD. It can be seen that increasing
concentrations of GMD diminish the cooperativity, decrease
K1/2 for NAD+, and decrease the turnover number.

GMD Effectors. Addition of phosphate to Tris buffer at
pH 8.0 affected the cooperativity, as reflected in the Hill
coefficient, as well asK1/2 for NAD+ andVmax (Figure 4A).
The effect of phosphate onK1/2 and Vmax was evaluated
quantitatively using the linked-function formalism (10)
(Figure 4B); fitting theK1/2 data to eq 9 yielded a value for
the coupling parameterQ of 5.9 ( 0.6.Kx° the dissociation
constant for NAD+ from GMD in the absence of Pi was 970
( 25 µM, and the dissociation constant for Pi in the absence
of NAD+ was 15( 3 mM. Kx

∞, the dissociation constant
for NAD from GMD at saturating Pi, can be calculated as
Kx

∞ ) Kx°/Q, yielding a value of 160µM. Apparent values
of Vmax measured at different Pi concentrations were fitted

to eq 10; the fit was performed utilizing the values ofQ and
Kx° determined from the analysis of theK1/2 data as fixed
parameters. The fit yielded a value forW, the ratio of the
limiting values ofVmax in the presence and absence of Pi, of
0.34 ( 0.02 (i.e., the reaction was 3 times slower in the
presence of saturating Pi than in its absence).

The Hill coefficient decreased with increasing Pi (Figure
4C). It should be noted that data obtained at high Pi

concentrations and fitted to the Hill equation yielded values
for the Hill coefficient>1; however, satisfactory fits to the
Michaelis-Menten equation (i.e., Hill coefficient equal to
1) could also be obtained.

One of the effects of Pi is to stimulate GMD activity at
low NAD+ concentration, even though the activity is lower
at high NAD+ concentration. A series of potential effectors
was screened for compounds that could similarly stimulate
GMD activity in Tris buffer. The enzyme was incubated with
50 µM NAD + and 100µM GDP-mannose in Tris buffer; in
the absence of effectors, reaction was essentially undetectable
under these conditions. The following compounds were tested
at a concentration of 100µM: malate, fumarate, citrate,
succinate,R-ketoglutarate, mannose 1-P, mannose 6-P, GTP,
GDP, GMP, and AMP. Coenzyme A was tested at 10µM,
and KCl was tested at 50 mM. The only compound that
stimulated the GMD reaction was GMP; the velocity of the
reaction in the presence of 100µM GMP was increased up
to a level that was 31% of the velocity of the reaction in
phosphate buffer alone.

The effect of GMP was investigated in detail (Figure 5).
Like Pi, the effect of GMP was to decreaseVmax, K1/2 for
NAD+, and the Hill coefficient. Fitting theK1/2 data to eq 9
yielded a value of 3.7( 0.3 for Q; K1/2 for NAD+ in the
absence of GMP was 950( 5 µM, in good agreement with
the value determined in the Pi variation experiments, and
the dissociation constant for GMP was 94( 15 µM. The
calculated values ofKx° andQ yield a value of 250µM for
Kx

∞, the dissociation constant for NAD+ from the GMD-
GMP complex. Attempts to fit theVmax data to eq 10 failed
to converge; the reason is apparent from inspection of Figure
5B. TheVmax data do not reach a stable plateau value at high
GMP concentrations; rather,Vmax continues to decrease with
increasing GMP concentration. The Hill coefficient is quite
sensitive to the presence of GMP (Figure 5C) and plateaus
at a value of 1 at 100µM GMP.

pH Effects.The pH dependence of the kinetic parameters
of the GMD reaction in potassium phosphate buffer was
determined in the pH range from 6.5 to 8.2 (Figure 6). The
V/K profile revealed the presence of two or three ionizable
groups, one on the acid limb of the bell-shaped curve and
one or two on the basic limb of the curve. The data were
best fitted by a function describing three ionizations (eq 7),
but they can also be described adequately by a function
describing only one ionization on the acid limb and one
ionization on the basic limb of the pH profile, and it is
possible that the superior fit to eq 7 is fortuitous. The pK’s
were not separated sufficiently such that their values could
be determined (the fit provides the value of the sum of the
pK’s, but cannot distinguish their individual values). TheVmax

profile was wave-shaped with higher values ofVmax at high
pH; the pK defined by the transition from one plateau to the
other was 7.3( 0.2.

FIGURE 2: GMD reaction time courses. All reactions were
conducted at pH 8.0 at a GMD concentration of 0.01 mg/mL. Final
GDP-mannose concentration was 50µM; final NAD+ concentration
was 1 mM. Reaction in Tris, initiated by addition of GMD (O);
reaction in Tris, initiated by addition of NAD+ (b); reaction in
Tris, initiated by addition of GDP-mannose (9); reaction in Tris
in the presence of 100µM GMP, initiated by addition of GMD
(0); reaction in potassium phosphate, initiated by addition of GMD
([).

FIGURE 3: Protein concentration dependence of the GMD reaction.
Final GMD concentrations in the cuvette were 0.34 (0), 0.17 (9),
0.068 (O), and 0.034 mg/mL (b). The points are experimental and
the lines are the fits to eq 1.
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The pH dependence of the reaction in Tris buffer was also
monitored. The Hill coefficient was extremely sensitive to
pH, decreasing from a plateau value of 6.2( 0.3 at high
pH to a value of 0.8( 0.2 at low pH (Figure 7). The data
were fitted to eq 8, which assumes that ionization of two
residues with the same pK occurs in the transition between
the high and low plateaus; the fit yielded a value for the
pK’s of 8.00 ( 0.05. Fitting the data to a function that
assumes ionization of only one residue resulted in a
significantly poorer fit.

Dynamic Light-Scattering Measurements. The translational
diffusion coefficient of GMD was measured under different
solution conditions, and the data were used to calculate its
hydrodynamic radius and apparent molecular weight (Table
2). The molecular weight of the GMD subunit, calculated
from the amino acid sequence deduced from thealgD
nucleotide sequence, is 47.4 kDa. Under most of the
conditions tested, the calculated GMD molecular weights
defined a broad distribution centered approximately around
the value expected for a trimer; in the presence of 200 mM
NaCl or in 50 mM triethanloamine acetate, GMD appeared
hexameric but polydisperse. The standard deviation of the
hydrodynamic radius for each sample is indicated in Table
2 and can be taken as a quantitative measure of the
polydispersity of the sample; values less than 30% of the
measured hydrodynamic radius are considered to be mono-
modal (11). The baseline in all of the measurements was
1.000( 0.003.

DISCUSSION

GMD catalyzes the committed step in alginate biosynthesis
and a detailed understanding of its catalytic properties should
aid efforts to design inhibitors that may be useful for
attenuating alginate production in bacterial infections. Be-
cause alginate is believed to contribute to the ability ofP.
aeruginosato resist antibiotic therapies, the development of
such inhibitors may be clinically useful.

The kinetic behavior of GMD proved to be considerably
more complex than initial studies had indicated to be the
case. The sensitivity of GMD to reaction conditions was
remarkable. In phosphate buffer, GMD exhibited Michaelis-
Menten kinetics, but in Tris, it displayed marked cooperat-
ivity with respect to NAD+ binding. Closer investigation
revealed that phosphate is an allosteric effector of GMD and
that GMP was identified as another allosteric effector. No
cooperativity with respect to GDP-mannose binding was
observed under any of the conditions tested. The maximum
value observed for the Hill coefficient for NAD+ was around
6, which is the maximal value expected for a hexameric
enzyme. The maximal velocity that was achieved in Tris was
about twice that in phosphate buffer; the concentration of
NAD+ required to achieve half-maximal velocity in Tris was
around 1 mM. In contrast, theKm for NAD+ in phosphate
buffer was about 0.1 mM.

To begin to characterize the kinetic behavior of GMD in
more detail, we utilized the fact that GMD displays Michae-
lis-Menten kinetics in phosphate buffer, so the order of

FIGURE 4: Effect of Pi on the GMD reaction. (A) Reaction velocity in the presence of Pi. Velocities are in arbitrary units. Pi concentrations
were 0 (b), 1 (O), 5 (9), 25 (0), and 100 mM ([). The individual traces were fitted to eq 1. (B)K1/2 (b) for NAD+ andVmax (O) as a
function of Pi concentration. The points are experimental; the line through theK1/2 data is the fit to eq 9, and the line through theVmax data
is the fit to eq 10. (C) The Hill coefficient as a function of Pi concentration.
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substrate binding and product release and the pH dependence
of the kinetic parameters could be studied using standard
approaches. The catalytic reaction consumes 2 equiv of
NAD+ and 1 equiv of GDP-mannose and produces GDP-
mannuronic acid and 2 equiv of NADH. Dead-end inhibitors
were used rather than product inhibitors because GDP-
mannuronic acid is not commercially available and NADH,
the other product, could not be used in high concentrations
in the fluorescence assay used in these experiments. Results
from initial velocity kinetic studies are summarized in Table
1 and are fully consistent with what is formally a bi uni uni
bi ping-pong mechanism (Scheme 1). Note that parallel
patterns are not observed in initial velocity experiments
because, although the addition points of the second and third
substrates are separated by an irreversible step, both sub-
strates are NAD+. The dead-end inhibitor GMP is competi-
tive versus GDP-mannose, indicating that they bind to the

FIGURE 5: Effect of GMP on the GMD reaction. (A) Reaction velocity in the presence of GMP. Velocities are in arbitrary units. GMP
concentrations were 0 (b), 20 (O), 40 (9), 100 (0), and 500µM ([). The individual traces were fitted to eq 1. (B)K1/2 (b) for NAD+ and
Vmax (O) as a function of GMP concentration; the points are experimental. TheK1/2 data were fitted to eq 9; theVmax data did not converge
to a fit to eq 10, and the line is drawn to guide the eye. (C) The Hill coefficient as a function of GMP concentration.

Scheme 1

FIGURE 6: pH dependence of (V/K)NAD (9) and Vmax (b) in
phosphate buffer. TheV/K data were fitted to eq 7 (ø2 ) 0.0012),
and theVmax data were fitted to eq 6. The dashed line shows the fit
of the V/K data to a function with a single ionization on the acid
side and a single ionization on the basic side (ø2 ) 0.015).
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same enzyme form. GMP inhibition is noncompetitive versus
NAD+, so these results suggest that GMP adds to an enzyme
form that is upstream of the form to which NAD+ adds, that
is, free enzyme. Consistent with these results is the uncom-
petitive inhibition displayed by DNAD versus GDP-mannose;
uncompetitive inhibition indicates that the inhibitor adds to
the enzyme downstream of the point where the substrate
added. It is perhaps counterintuitive that DNAD does not
display competitive inhibition versus NAD; however, the fact
that NAD+ binds to two different forms of the enzyme, the
enzyme-GDP-mannose binary complex and the enzyme-
aldehyde intermediate complex, accounts for the presence
of both slope effects and intercept effects in the inhibition
pattern.

It is formally possible that GMD contains distinct binding
sites for each molecule of NAD+ that is required in the
reaction. However, the sequence contains only one recogniz-
able nucleotide-binding motif, from residues 2-19 (12), and
the crystal structure of the related enzyme UDP-glucose
dehydrogenase fromStreptococcus pyogenesshows a single
NAD(H) binding site (13). Therefore, a ping-pong mecha-
nism in which one NAD+ binds, undergoes reduction,
dissociates from the enzyme, and is replaced by a second
NAD+ in the same binding site seems likely.

The cooperativity that is observed in Tris buffer presum-
ably reflects the addition of NAD+ to the enzyme-GDP-
mannose-effector ternary complex. This conclusion is based
on the determination of the ordered kinetic mechanism in
phosphate buffer. However, further experimentation will be
required to determine whether GMD follows the same kinetic
mechanism in Tris; the observation that preincubation of
GMD with either NAD+ or GDP-mannose affects the kinetic
behavior of the enzyme (Figure 1) implies that either
substrate can bind to free enzyme. Nonetheless, even if GMD
adopts a random kinetic mechanism in Tris buffer, the
cooperativity experiments were conducted using saturating
concentrations of GDP-mannose, so the enzyme-GDP-
mannose-effector complex should be the predominant
complex in solution to which NAD+ adds.

The cooperative kinetic behavior that was observed implies
that GMD functions as a multisubunit enzyme. Indeed, GMD
was reported to elute from a gel filtration column as a

hexamer (4). We investigated the quaternary structure of
GMD by dynamic light scattering, which provides a measure
of the hydrodynamic radius of the protein from which the
apparent molecular weight can be calculated. As shown in
Table 2, GMD did behave approximately as expected for a
hexamer in triethanolamine buffer and in phosphate buffer
containing 0.2 M NaCl, which were used in the gel filtration
chromatography reported by Roychoudhury et al. However,
GMD showed only modest cooperativity under these condi-
tions, characterized by a Hill coefficient of about 2. The fact
that addition of 0.2 M NaCl to phosphate buffer serves to
favor formation of a high molecular weight complex suggests
that hydrophobic interactions promote multimer formation.
In both instances where high molecular weight GMD
complexes were observed, the samples were polydisperse.
The dynamic light-scattering measurements in the absence
of triethanolamine or NaCl yielded values for the molecular
weight of GMD that were considerably smaller than expected
for a hexamer. Furthermore, the calculated molecular weight
values varied widely, and these results are difficult to
reconcile with the kinetic data.

The value of 6 for the Hill coefficient implies that GMD
is at least hexameric under the conditions of the kinetic
assays; however, the dynamic light-scattering measurements
provided no evidence for hexamer formation under conditions
where maximal cooperativity is observed. It is important to
note that the light-scattering measurements were conducted
using relatively high concentrations of GMD and that
maximal cooperativity was observed at lower concentrations
of protein and decreased with increasing protein concentra-
tion (Figure 3). We were unable to obtain satisfactory light-
scattering data at the low protein concentrations where Hill
coefficients of 6 were observed, and it is not attractive to
suggest that more subunit association should be observed at
lower protein concentrations.

Taken at face value, the dynamic light-scattering measure-
ments suggest that GMD is trimeric under most solution
conditions, and one can imagine hexamer formation occur-
ring via transient dimerization of trimers. However, if
dimerization were a part of the catalytic cycle, the velocity
of the reaction should be proportional to the square of the
enzyme concentration, and that is not observed (data not
shown). Clearly, the relationship between the quaternary
structure of GMD and its cooperative behavior requires
further examination. It is important to emphasize that a Hill
coefficient of 6 implies that a hexameric enzyme is the
smallest enzyme complex that could easily accommodate the
kinetic data; larger enzyme complexes with less dramatic
cooperativity could give rise to the observed kinetic data as
well.

The pH dependence of the Hill coefficient is suggestive
of some protein-protein interaction with a stoichiometry of
2 being required for maximal cooperativity. The Hill
coefficient varies in a pH-dependent manner from 6 above
pH 8 to 1 at pH 7; the data describing the transition between
the plateaus fit well to a function in which ionization of two
residues with identical pK’s dictates the distribution between
the cooperative and noncooperative forms of GMD. This
behavior could be accommodated by a model in which
corresponding residues on two subunits must deprotonate to
form the complex that displays cooperative behavior.

The GMD hexamer that appeared to form in triethanola-
mine and high ionic strength buffer must be different from

FIGURE 7: pH dependence of the Hill coefficient for the GMD
reaction in Tris buffer. The points are experimental and the line is
the fit to eq 8 (ø2 ) 1.73). The dashed line is the fit to eq 6 (ø2 )
3.23).
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the enzyme complex observed under other turnover condi-
tions because it did not display cooperativity. The fact that
the turnover number of the enzyme decreases when the
protein concentration in the assay solution is increased also
suggests that oligomerization can occur to form complexes
different from those formed under optimal turnover condi-
tions.

Although Pi acted as an allosteric effector for GMD, the
concentrations at which its effects were manifested were quite
high, so it seemed likely that Pi was acting as a surrogate
for a more physiologically significant effector. Thus, we
sought to determine whether any other allosteric effectors
could be found. GMD was assayed in the presence of 50
µM NAD +, which is insufficient to support significant
turnover when the enzyme behaves cooperatively but which
supports considerable activity when the enzyme follows
Michaelis-Menten kinetics, as in phosphate buffer. KCl at
50 mM was without effect, demonstrating that the effect in
potassium phosphate buffer was due to phosphate and not
potassium. A series of metabolites that are substrates or
products of the alginate pathway was examined, and GMP
was observed to stimulate the activity of GMD significantly.
Other guanosine nucleotides and metabolites that are found
in the alginate pathway were examined as well, but did not
stimulate GMD.

Control of alginate production and energy metabolism via
the Krebs cycle have been shown earlier to be coordinated
through the action of the protein encoded at thealgR2locus.
Alginate production requires AlgR2 (14); it was also
observed that analgR2(-) strain of P. aeruginosahad
decreased levels of phosphorylated succinyl CoA synthetase
and nucleoside diphosphate kinase (15). In P. aeruginosa,
these two enzymes are isolated as a complex; GDP is a
substrate for succinyl CoA synthetase, and the GTP produced
in its reaction is used as the substrate to phosphorylate ADP
in the reaction catalyzed by nucleoside diphosphate kinase.
It has been pointed out that energy metabolism and alginate
production must be tightly coordinated in mucoidP. aerugi-
nosa(15), because up to 50% of the carbon source available
to the bacteria can be diverted to alginate synthesis (16).
Our observation that the activity of GDP-mannose dehydro-
genase is regulated by GMP indicates that alginate production
should be sensitive to GMP levels and suggests that the
relative levels of the GMP, GDP, and GTP may be a critical
determinant for growth and alginate production in mucoid
P. aeruginosa. AlgR2 has no effect on Krebs cycle enzymes
other than succinyl CoA synthetase (15), and no Krebs cycle

intermediates that we tested had any effect on the activity
of GMD.

The influence of GMP on the kinetic behavior of GMD
was examined in terms of the linked-function formalism (10).
Figure 5 shows that GMP decreases theKm for NAD+, Vmax,
and the Hill coefficient for GMD. The free energy of
interaction between GMP and NAD+ can be calculated from
the relationship∆G ) -RT ln Q, so the measured value for
Q of 3.7 indicates that binding of NAD+ to the GDP-
mannose-GMD-GMP complex is 0.8 kcal/mol more favor-
able than binding to the binary complex in the absence of
GMP.

It should be noted that these experiments were conducted
in the presence of saturating GDP-mannose, which implies
that GDP-mannose and GMP can bind to the enzyme
simultaneously. However, sequence analysis does not reveal
an obvious second nucleotide binding site on GMD. It is
possible that the GMP binding site is composed of residues
from different subunits and so does not form until the enzyme
adopts a specific quaternary structure. This model provides
a facile role for the allosteric effector; to stabilize one
quaternary form of the enzyme versus another.

Equation 9 assumes that binding of GMP to the enzyme
occurs without cooperativity; however, one can see that the
data points define a steeper transition between the highKm

and lowKm plateaus than the fit to the equation, suggesting
that GMP binding is, in fact, cooperative.

The Vmax data could not be fitted to a linked-function
equation because they did not reach a stable minimum value
(Figure 5B). Examination of Figure 5C, which shows the
apparent Hill coefficient as a function of GMP concentration,
suggests a possible explanation. As GMP increases from 0
to 100µM, the Hill coefficient rapidly decreases to 1. Thus,
GMD behaves noncooperatively at GMP concentrations
above 100µM. At low concentrations of GMP,Vmax is
invariant, suggesting that GMP acts primarily as a K-type
allosteric effector with regard to NAD+ binding. Above 100
µM, GMP Vmax begins to decrease, and there is no indication
in the data that it would level off before 0. This behavior
presumably arises through binding of GMP at the GDP-
mannose site. BecauseVapp is a function of the available
active sites, it decreases as the active sites become filled with
GMP. On the other hand, GMP is a noncompetitive inhibitor
versus NAD+ and the apparentKm for NAD+ is almost
independent of the GMP concentration (the lines in the
reciprocal plot cross near the abcissa; Figure 1), and eq 9

Table 2: Dynamic Light-Scattering Measurements of GMD

samplea buffer
Rh ( std dev

(nm)
MW
(kDa)

GMD KP, pH 7.0 5.55( 1.64 185
GMD KP, pH 8.0 4.82( 0.45 131
GMD Tris, pH 7.0 4.92( 0.33 138
GMD Tris, pH 8.0 4.68( 0.83 122
GMD, GMPb Tris, pH 8.0 5.38( 1.02 171
GMD, DNAD,b GDP-mannoseb KP, pH 8.0 5.44( 0.74 176
GMD, DNAD, GDP-mannose Tris, pH 8.0 5.26( 0.61 163
GMD, NAD, GDP-mannosec KP, pH 8.0 5.43( 0.73 175
GMDd KP, pH 7.0 6.87( 2.42 307

0.2 M NaCl
GMDd TEA acetate, pH 7.6 7.11( 2.89 337

a Except where indicated, samples included 7.5% (w/v) glycerol.b When included in the sample, GMP was present at 500µM, DNAD at 1 mM,
and GDP-mannose at 100µM. c GDP-mannose, 10 mM; NAD, 20 mM.d Data obtained in the absence of glycerol.
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can be utilized for evaluating the binding of NAD+ as a
function of GMP concentration.

The derivation of the kinetic mechanism of GMD based
on the interpretation of the GMP inhibition data in phosphate
buffer should be valid, because the experiments were
conducted under conditions where the allosteric site would
be filled with Pi. The reactions were conducted in 50 mM
phosphate buffer, 3 times the dissociation constant for Pi from
GMD, and the highest concentration of GMP used in the
inhibition studies was 30µM, less than one-third of the value
of its dissociation constant from the allosteric site.

Although GMD has much lower affinity for phosphate
than for GMP, phosphate is not a potent competitive inhibitor
versus GDP-mannose; thus, its effect onKm and Vmax can
be evaluated more clearly. The linked-function analysis of
the GMD reaction in Tris buffer in the presence of varying
amounts of phosphate is shown in Figure 4. As with GMP,
phosphate binding to GMD lowers theKm for NAD+, in this
case by a factor of 10.Vmax is also decreased in the presence
of increasing phosphate concentration; however, the effect
on Vmax is only 3-fold, not nearly as substantial as the effect
on Km. Qualitatively, Pi and GMP have the same effect on
GMD, and they behave primarily as K-type allosteric
effectors.

Thus, the data suggest that GMD interconverts readily
between two forms, the “cooperative” form that is stabilized
in Tris buffer and which binds NAD+ with relatively low
affinity and which has a higherVmax and a “noncooperative”
form that is stabilized by phosphate or GMP binding and
which has much greater affinity for NAD+ but a lowerVmax.
To our knowledge, allosteric behavior has not been noted
previously for GMD. After the GMP allosteric sites have
been filled, GMP appears to compete with GDP-mannose
for binding to the active site; as GDP-mannose becomes
displaced from the enzyme,Vmax decreases accordingly. In
the noncooperative form of the enzyme, GMP binding and
GDP-mannose binding is mutually exclusive, because a
competitive inhibition pattern is observed.

The pH dependence of the kinetic parameters in phosphate
buffer reveals that several critical ionizations occur within
the limited pH range where phosphate buffer can be utilized.
The Vmax profile is wave-shaped; protonation of a species
with a pK of 7.3 causes a 4-fold decrease inVmax. Wave-
shaped pH profiles arise when the enzyme can adopt two
states that differ with respect to protonation but which are
both competent to catalyze the reaction. The pK that is
defined by theVmax profile in the GMD reaction matches
the pK of phosphate; it is quite possible that the wave-shaped
pH profile arises because GMD has different affinities for
the phosphate monoanion and phosphate dianion and, thus,
that the distribution between the Pi-bound form of GMD and
the Pi-free form of GMD shifts with pH. If this is indeed
the case, because the Pi-bound form of GMD exhibits a lower
Vmax, the data suggest that it predominates below pH 7.3; in
other words, GMD binds the phosphate monoanion more
tightly than the phosphate dianion.

The (V/K)NAD pH profile shows two or three ionizations,
one or two of which do not appear in theVmax profile and,
therefore, must arise from groups that must be in the correct
protonation state for catalysis to occur. The roles of these
residues are not known at present, but the participation of a
general base to abstract a proton from the hydroxyl group
undergoing oxidation is expected. General acid catalysis

would be expected to facilitate formation of the tetrahedral
species that must form from the aldehyde before the second
oxidation takes place. If a thiohemiacetal species is an
intermediate in the reaction, general acid and base catalysis
would be expected to facilitate its hydrolysis.

GMD is an attractive target for inhibition because it has
no analogue in humans and it catalyzes the committed step
in alginate biosynthesis. Characterization of potential inhibi-
tors requires that the kinetic behavior of the target enzyme
be well-defined; the studies presented here demonstrate that
the functional behavior of GMD is quite sensitive to the
conditions used in in vitro studies and provide a framework
with which to evaluate inhibitors. Furthermore, the observa-
tion that GMP is an allosteric effector of GMD provides
another mechanism by which alginate production and energy
metabolism may be linked inP. aeruginosa.
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