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ABSTRACT: N°-CAIR synthetase, an essential enzyme in
microorganisms, converts S-aminoimidazole ribonucleotide
(AIR) and bicarbonate to N°-CAIR with the aid of ATP.
Previous X-ray crystallographic analyses of Aspergillus clavatus
N°-CAIR synthetase postulated that R271, H273, and K353
were important for bicarbonate binding and for catalysis. As
reported here, site-directed mutagenesis of these residues
revealed that R271 and H273 are, indeed, critical for
bicarbonate binding and catalysis whereas all K353 mutations,
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even ones conservative in nature, are inactive. Studies on the R271K mutant protein revealed cooperative substrate inhibition for
ATP with a K; of 1.2 mM. Kinetic investigation of the H273A mutant protein indicated that it was cooperative with respect to
AIR; however, this effect was not seen in either the wild-type or any of the other mutant proteins. Cooperative ATP-dependent
inhibition of wild-type N°>-CAIR synthetase was also detected with ATP displaying a K; of 3.3 mM. Taken together, these results
indicate that N°-CAIR synthetase operates maximally within a narrow concentration of ATP.

N°-Carboxyaminoimidazole ribonucleotide (N>-CAIR) synthe-
tase catalyzes the sixth step in microbial de novo purine
biosynthesis, namely, the ATP-dependent carboxylation of 5-
aminomidazole ribonucleotide (AIR) to produce the chemically
unstable intermediate, N°>-CAIR (Scheme 1). N°-CAIR

Scheme 1. Full Reactions and Half-Reactions of N°-CAIR
Synthetase
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synthetase belongs to the ATP-grasp superfamily of enzymes
which includes two other carboxylase enzymes, biotin
carboxylase and carbamoyl phosphate synthetase.' ™ Crystallo-
graphic investigations on N°-CAIR synthetase from both
bacteria and fungi indicate that the enzyme displays close
structural similarity to these two enzymes and, like biotin
carboxylase, the enzyme exists as a dimer. Interestingly, N°-
CAIR synthetase is also structurally related to other enzymes in
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the de novo purine pathway, suggesting that these enzymes
may have evolved from a common ancestral protein.*®

Past structural investigations on the N°-CAIR synthetases
from Escherichia coli and Aspergillus clavatus provided detailed
information on the architecture of the active site (Figure 1).%”
These studies highlighted three conserved residues, R271,
H273, and K353 (A. clavatus numbering), which were oriented
in the active site region between the AIR and ATP binding sites
and thus likely to be involved in bicarbonate binding and
catalysis. Modeling using the information from E. coli N°-CAIR
synthetase complexed with ADP:P; (3ETJ) validated this
hypothesis and provided a hypothetical location for the
intermediate, carboxyphosphate (Figure 1). Based upon this
model, we proposed a mechanism for N°-CAIR synthetase in
which bicarbonate is first bound by R271 followed by attack
onto the y-phosphate of ATP to generate carboxyphosphate
(Figure 2).” H273, which is located near the y-phosphate of
ATP, could aid in the binding of bicarbonate by electrostatic
interactions and/or could facilitate catalysis by interacting with
E256, a conserved magnesium-binding residue. Once carbox-
yphosphate is formed, we hypothesized that it decomposes to
carbon dioxide, which is stabilized by K353 and R271. Carbon
dioxide is then attacked by AIR with the aid of D153. Whereas
the structural studies provided solid evidence for the proposed
mechanism, the only site-directed mutagenesis experiments that
were conducted on N°-CAIR synthetase focused on identifying
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Figure 1. The active site of N°-CAIR synthetase modeled with carboxyphosphate (CP). The crystal structure of Aspergillus N°>-CAIR synthetase with
bound ADP and AIR (3KSI) was superimposed with the crystal structure of E. coli N>-CAIR synthetase with bound ADP and Pi (3ETJ). The
location of inorganic phosphate, which was generated by the ATPase activity of N°-CAIR synthetase in the crystal, was taken as the location of the
phosphate group of carboxyphosphate. A minimized structure of carboxyphosphate was then superimposed onto the phosphate group to generate
the model shown. All groups, with the exception of carboxyphosphate (CP), are shown as they exist in 3KSI. Residues that were mutated are shown

as sticks and are labeled.

the roles of amino acids in the AIR-binding site.” Site-directed
mutagenesis studies of H273 and R271 were not conducted,
and only a single mutation at K353 (K353A) was investigated.7
Thus, in the current report, we examine the function of R271,
H273, and K353 in the mechanism of N°>-CAIR synthetase. Our
results indicate that these residues play a key role in bicarbonate
binding and in the overall reaction of the enzyme. Furthermore,
several mutant proteins displayed unique kinetics, which
suggests that there may be cooperativity between the two
subunits of the N°-CAIR synthetase dimer as well as an optimal
concentration of ATP under which the enzyme is maximally
active.

B EXPERIMENTAL PROCEDURES

Materials. Ampicillin sodium salt, B-PER (Pierce Bio-
technologies), and Amicon Ultra centrifugal filters were
purchased from Fisher Scientific. Isopropyl f-p-1-thiogalacto-
pyranoside (IPTG) and HisPur Cobalt resin were purchased
from Gold Biotechnology (USA). ATP (99.9%), PEP, and
streptomycin sulfate were purchased from Sigma-Aldrich.
NADH was purchased from Acros. AIR was prepared as
previously described and was estimated to be 95% pure based
upon HPLC analysis.® Total CO,/bicarbonate levels in the
assays were determined using the L3K CO, quantitation kit
(Sekisui Diagnostics) following the manufacturer’s protocol.

Construction of N°-CAIR Synthetase Mutant Proteins.
The Aspergillus N>-CAIR synthetase-pET28 plasmid with an N-
terminal His tag of the following sequence (MGSSHHHHH-
HSSENLYFQGH) was used to generate the required mutant
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proteins. These mutant proteins were generated by the
Quikchange II site-directed mutagenesis protocol (Stratagene,
La Jolla, CA) using primers (Supporting Information) designed
to incorporate the selected mutation. The nucleotide sequence
of each mutant protein was verified by DNA sequencing to
confirm that the desired mutation was made and no other
mutation was incorporated during the polymerase chain
reaction (PCR).

Protein Expression and Purification. E. coli BL21(DE3)
pLysS cells were transformed with the N>-CAIR synthetase-
pET28 plasmids (wild-type or mutant) and plated onto Luria
Broth (LB) agar containing 100 pg/mL of ampicillin. An
individual colony was selected and grown overnight in LB
medium containing 100 pg/mL of ampicillin. The overnight
cultures were used to inoculate (1%) a 2 L culture
supplemented with 100 pg/mL of ampicillin, which was
grown, with shaking at 37 °C, until an optical density of 0.2
was obtained. The cultures were then cooled to 25 °C, and
expression was induced with the addition of IPTG to a final
concentration of 1.0 mM. The induction was allowed to
proceed for 5 h at 25 °C. The cells were harvested by
centrifugation at 2700g at 4 °C for 15 min, and the cell pellet
was stored at —20 °C.

For purification, the cell pellets were resuspended in B-PER
(10 mL/250 mL of cell culture, Pierce Biotechnology) to
extract the cell content, and the cell debris was removed by
centrifugation at 27000g for 45 min. A solution of streptomycin
sulfate was subsequently added to the supernatant to a final
concentration of 1% (w/v), and the mixture was incubated at 4
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Figure 2. Proposed mechanism of N>-CAIR synthetase based upon the available crystal structures and the model shown in Figure 1.

°C (with occasional shaking at 10 min intervals) for 30 min.
The precipitated material was removed by centrifugation at
27000g for 45 min. The supernatant was loaded onto a
prewashed (3 column volumes with wash buffer, 50 mM
sodium phosphate, 300 mM NaCl, 10 mM imidazole, pH 7.4)
2.0 cm X 4.0 cm HisPur cobalt resin column. The column was
washed with 3 column volumes of buffer (50 mM sodium
phosphate, 300 mM NaCl, 25 mM imidazole, pH 7.4), and the
protein was eluted by addition of elution buffer (50 mM
sodium phosphate, 300 mM NaCl, 100 mM imidazole, pH 7.4).
Fractions containing significant amounts of the desired protein,
as determined by SDS—PAGE, were pooled and dialyzed
overnight against 3 L of buffer (10 mM Tris HCI, 200 mM
NaCl, pH 8.0). The dialyzed protein was concentrated using
Amicon Ultra centrifugal filters (10,000 MWCO), and the
concentration of the protein was determined by Bradford
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assay.” The protein was judged to be approximately 98% pure
based upon an overloaded SDS—PAGE gel.

Enzyme Assays. The full and partial reactions catalyzed by
N°-CAIR synthetase were monitored by the well-known
coupled assay systems, which measure the rate of ATP
consumption as a function of ADP production and AIR
consumption (Scheme 1).'°™"* For the AIR-dependent full
reaction, initial rates of N>-CAIR formation were determined at
various concentrations of AIR (2.5 M to 3.0 mM depending
on the mutant protein) in buffer (50 mM Hepes, pH 7.8)
containing 1 mM ATP, 2 mM PEP, 0.2 mM NADH, $ units of
pyruvate kinase, 7 units of lactate dehydrogenase, and 1 mM
NaHCO; at 37 °C. For the ATP-dependent full reaction, initial
rates were determined using the same conditions except that
the concentration of ATP was varied (5.0 uM to 5.0 mM
depending on the mutant protein) while the concentration of
AIR was kept constant (saturated level of that particular mutant

dx.doi.org/10.1021/bi400444y | Biochemistry 2013, 52, 6559—6567
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Table 1. Kinetic Parameters for Wild-Type Enzyme and Mutant Proteins for Half-Reaction with HCO,~ Varied”

e/ ke
Vi (umol min™" mg™) K,? (mM) K., (fold change) ke© (min~") (uM™" min™') (fold change)

wild-type 0.043 + 0.002 39 +£ 0S5 0 3.8 £02 1+04 1
E73A 0.17 + 0.01 33+ 6 9 15+1 0.5+ 02 2
Y152A 0.03 + 0.0007 S+03 1 1.9 + 0.04 04 + 0.1 3
Y152F 0.05 + 0.001 2.8 + 0.02 1 3.2 £ 0.08 1+04 1
DIS3A 0.15 + 0.01 1S+ 4 4 14 +1 09 + 0.3 1
R155A 0.10 + 0.003 7+ 07 2 8.6 + 0.3 1+04 1
R271A inactive? nd nd nd nd nd
R271Q inactive? nd nd nd nd nd
R271K 0.0009 + 0.00008 80 + 20 22 0.08 + 0.007 0.001 + 0.0004 1,000
H273A inactive® nd nd nd nd nd
H273Q inactive” nd nd nd nd nd
K353A inactive® nd nd nd nd nd
K353R inactive? nd nd nd nd nd

“Reported data are average of duplicates, and errors are those obtained from curve fitting (eq 1) the appropriate data set. bSteady—state values were
determined using the ATP coupled assay system without AIR, with the concentration of ATP fixed and the concentration of bicarbonate varied. K,
values are derived from the total amount of bicarbonate in solution (including background and added bicarbonate). “Calculated using the molecular
weight of the dimer. ¥No measurable activity up to a protein concentration of 700—4500 pg/mL.

Table 2. Kinetic Parameters for Wild-Type Enzyme and Mutant Proteins for the Full Reaction with AIR Varied”

keat/Kem

Vi (umol min™" mg™") K,? (uM) K., (fold change) ke (min™") (uM™ min™') (fold change)
wild-type 55+3 22 + 4 0 5,000 + 270 230 + 68 1
Y152A° 1+02 460 + 120 18 110 + 20 0.50 £ 0.2 460
Y152F 18 + 0.5 68 + 6 3 1,600 + 45 24 + 8 8.5
R271A 0.0013 + 0.00008 254 + 53 12 0.11 + 0.007 0.000S =+ 0.0001 460,000
R271Q 0.004 + 0.0003 87 + 19 4 0.4 + 0.03 0.004 + 0.001 57,500
R271K 0.33 + 0.02 608 + 83 28 S50 +2 0.076 + 0.03 3,030
H273A° 041 + 0.01 742 + 51 34 26 + 0.9 0.036 + 0.02 6,400
H273Q 0.0022 + 0.00008 28 + 4 1 0.19 + 0.007 0.007 + 0.002 32,900
K3534" inactive? nd nd nd nd nd
K3353R inactive® nd nd nd nd nd

“Reported data are average of duplicates, and errors are those obtained from curve fitting (eq 1) the appropriate data set. bSteady-state values were
determined using the ATP coupled assay system with the concentration of ATP and bicarbonate fixed and the concentration of AIR varied.
“Calculated using the molecular weight of the dimer. “No measurable activity up to a protein concentration of 700 pg/mL. “Kinetic parameters

obtained using eq 2. Reference 7.

protein). For the bicarbonate-stimulated ATPase activity, the
initial rates were determined by varying the concentration of
NaHCO; (0.1 mM to 100 mM) while ATP was held at a fixed
concentration (1 mM). The background concentration of
bicarbonate was determined using the L3K CO, kit, which
measures the amount of bicarbonate in solution using the
coupled PEP carboxylase/malate dehydrogenase assay system.
The background level of bicarbonate was found to be 0.21 mM.
This value was added to each amount of bicarbonate added in
the assay to determine the total amount of bicarbonate in
solution.

Data Analysis. The kinetic parameters, V, ., and K, were
determined by the least-squares nonlinear regression method.
The best-fit lines were plotted for the initial rate versus
substrate concentration data using Kaleidagraph. For the
mutant proteins that displayed hyperbolic curves, the data
were fitted to the Michaelis—Menten equation (eq 1). K,
values were calculated using a dimer molecular weight of 90
kDa. For the H273A mutant protein, the data were fitted to eq
2. The R271K mutant protein displays substrate inhibition.
Equations 3 and 4, which describe substrate inhibition and
partial substrate inhibition respectively, failed to give an
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acceptable fit to the data for the R271K mutant. Ultimately,
the data were fitted to eq 5 for cooperative substrate inhibition.
In all of the equations, V. is the maximum velocity, K, is the
Michaelis constant, [S] is the substrate concentration, v, is the
initial velocity, K; is the inhibition constant, and n is the Hill
coefficient.

Vo lS]

Yp= — =
Ky + [S]

(1)

Vinax[S]"

K, + [S]" (2)

V.

max

(S]
K+ [S]+

Yo

K (€©)

(s]

K;
Kn , [8]

L+ &+

max

o
Yo

4)

dx.doi.org/10.1021/bi400444y | Biochemistry 2013, 52, 6559—6567



Biochemistry

| Article |

Table 3. Kinetic Parameters for Wild-Type Enzyme and Mutant Proteins for the Full Reaction with ATP Varied®

keat/Knm

Vi (umol min~" mg™') Kb (uM) K., (fold change) koS (min~") (uM™ min™') (fold change)
wild-type 79+3 59 +8 0 7,100 + 230 120 + 31 1
R271A 0.0011 + 0.0001 213 + 37 4 0.099 + 0.005 0.000S + 0.0001 240,000
R271Q 0.0014 + 0.0001 108 + 28 2 0.13 + 0.009 0.001 + 0.0003 120,000
R271K% 0.11 + 0.006 131 + 16 2 9.5 + 0.5 0.074 + 0.03 1,600
H273A 0.26 + 0.02 175 + 39 3 23+2 0.13 + 0.04 920
H273Q 0.003 + 0.0001 95 + 17 2 0.2 + 0.008 0.002 + 0.0005 60,000

“Reported data are average of duplicates, and errors are those obtained from curve fitting (eq 1) the appropriate data set. bSteady-state values were
determined using the ATP coupled assay system with the concentration of AIR (fixed at K,,) and bicarbonate fixed and the concentration of ATP
varied. “Calculated using the molecular weight of the dimer. “Kinetic parameters obtained using eq 3.

Vmax
Yo = K, | 5]
T+ + & (s)

Proteolysis Assay. In a microcentrifuge tube, 14 ug of
either wild-type or mutated protein was added to a buffer (50
mM Hepes, pH 7.8, 20 mM KCl, and 0.6 mM MgCl,) such that
the total volume was 30 uL. To this was added 0.14 ug of
protease (subtilisin from Bacillus licheniformis, Sigma), and the
reactions were incubated on ice for 60 min. The proteolysis
reaction was quenched with 1 mM PMSF, and the products
were separated using a denaturing 12% SDS—PAGE gel. The
protease data is shown in the Supporting Information.

B RESULTS

Identification of Residues for Site-Directed Muta-
genesis. Recently, the crystal structures of A. clavatus N°>-CAIR
synthetase complexed with either MgATP (PDB code 3KSH)
or MgADP and the substrate AIR (PDB code 3KSI) was
reported.” Based on the structural information from these
crystal structures, we performed site-directed mutagenesis on
selected residues found in the AIR binding site (E73, Y152,
D153, R155, and K353).” These studies identified D153 as the
active site base and highlighted the role of Y152 in binding of
the substrate. The role of K353 could not be ascertained
because the mutant was inactive, but still bound AIR, which
indicated that the enzyme folded properly. This suggested that
K353 was involved in catalysis and likely played a role in either
bicarbonate binding or the reaction of bicarbonate with ATP.
The structural studies also indicated that the conserved residues
R271 and H273 were located in the active site between the
ATP and AIR binding sites (Figure 1). To examine the roles of
these residues in catalysis, R271, H273, and K353 were mutated
(see Tables 1—3 for mutants created) and subjected to kinetic
analysis to determine the function of the residues in substrate
binding and catalysis.

Half-Reaction Catalyzed by N°-CAIR Synthetase. ATP
hydrolysis is a required step for the carboxylation of AIR to
produce N°-CAIR (Scheme 1). Conceptually, the first step is
the reaction of bicarbonate with ATP to generate the
intermediate, carboxyphosphate. This half-reaction can be
measured based upon the consumption of ATP in the absence
of the substrate, ATR. The ATPase activity observed for N°-
CAIR synthetase is also seen in two other ATP-grasp
carboxylase enzymes, biotin carboxylase and carbamoyl
phosphate synthetase."”*™'® The kinetics of the half-reaction
for both wild-type and mutated N°-CAIR synthetases are
reported in Table 1. To determine whether the mutated
proteins were folded, we subjected each one to proteolysis by
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the nonspecific protease, subtilisin, for 60 min (Supporting
Information). Under these conditions, approximately 60% of
wild-type N°-CAIR synthetase was digested into two main
protein fragments. Digestion of mutant proteins Y152F,
R271Q, R271K, and H273Q gave cleavage patterns which
were qualitatively identical to that for the wild-type enzyme.
Treatment of R271A, K353R, and H273A mutant proteins with
the protease resulted in a substantial change in the relative
abundance of the digested fragments but not an alteration in
the size of the fragments. Taken together, the protease assay
indicates that these mutants are folded properly but, in some
instances, may have altered flexibility compared to the wild-type
protein.

The bicarbonate-stimulated ATPase activity of wild-type N°-
CAIR synthetase was 1,300-fold slower than the ATPase
activity for the full reaction, indicating that AIR binding
enhances the ATPase activity of the enzyme. We were unable
to detect ATPase activity for mutant proteins R271A, R271Q,
H273A, H273Q, K353R, and K353A. Based upon our
experimental conditions and our detection limit, this indicates
that the rate of catalysis of these proteins is less than 0.00013
pmol min~' mg™'. However, the R271K protein did display
detectable activity although the k./K, was 1000-fold lower
than the wild-type enzyme. The K for bicarbonate also
increased, suggesting that R271 plays a role in bicarbonate
binding.

From the crystal structure, it has been shown that E73, Y152,
and R155 form hydrogen bonds to AIR, a result supported by
kinetic studies on E73A, Y152A, and R155A mutant proteins.7
Here we have investigated the effect of these mutations on the
bicarbonate dependent half-reaction (Table 1). The catalytic
efficiency for these mutants is comparable to that of the wild-
type enzyme although the E73A and D153A mutants displayed
an enhanced ATPase rate but at the expense of bicarbonate
binding.

Full Reaction Catalyzed by N°-CAIR Synthetase. We
investigated the kinetics of the mutant proteins for the full
reaction of N°-CAIR synthetase. The results are shown in
Tables 2 and 3. For the AIR-dependent reaction, Y152F
displayed a 10-fold lower catalytic efficiency and a 3-fold change
in K. These values are modest compared to the YIS2A
protein, which displayed 660-fold change in efficiency with a
change of 18-fold in the K, for AIR. These data highlight the
value of the aromatic stacking interaction for AIR binding to
the enzyme. The K353A and K353R mutant proteins were
inactive. Unlike the half-reaction, activity of the R271A, R271Q,
R271K, and H273Q mutants could be measured although the
catalytic efficiencies were 3000- to 460000-fold lower than the
wild-type enzyme.” This indicates that these residues play

dx.doi.org/10.1021/bi400444y | Biochemistry 2013, 52, 6559—6567
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crucial roles in catalysis. The H273A mutation resulted in a 34-
fold change in the K, for AIR, but for the H273Q mutant
protein, the K, was essentially identical to that observed for the
wild-type enzyme. However, even though H273Q appears to be
identical to the wild-type enzyme in terms of AIR binding,
there is a 25000-fold decrease in V,,, indicating that the
imidazole ring of histidine plays a critical role in catalysis. These
observations suggest that the hydrogen bonding ability of H273
plays a critical role in catalysis. Interestingly, in biotin
carboxylase, glutamine occurs in the same position as H273,
and thus it was expected that H273Q_should be functionally
equivalent in N°-CAIR synthetase.

Examination of the Michaelis—Menten kinetics of the H273A
protein revealed a sigmodial curve (Figure 3), which is

0.5

o o
w kS
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v_(mmol min™ mg'1)
o
N

0

o
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o,
0
0 500 1000 1500 2000 2500 3000
AIR (uM)

Figure 3. Initial velocity of the full reaction catalyzed by N°-CAIR
synthetase H273A mutant protein at constant ATP and bicarbonate
but various AIR concentrations. The data were fitted to eq 2.

indicative of positive cooperative behavior. The curve of AIR
concentration versus initial velocity was fitted to eq 2 with a
coefficient of 2. Since N°-CAIR synthetase exists as a dimer, we
conclude that there is likely subunit—subunit cooperative
behavior with one molecule of substrate bound to each
dimer. Biotin carboxylase has also demonstrated cooperative
behavior; however, unlike H273A, this enzyme demonstrated
negative cooperative behavior with regard to bicarbonate

binding."”~>" Cooperative behavior was observed neither for

the wild-type enzyme nor for the H273Q mutant protein, both
of which have the same K, value for AIR. The observation of
cooperativity in the H273A mutant protein could be the result
of the significantly weaker binding of AIR which uncovered the
cooperativity of the system or could have been induced by the
mutation. However, given the fact that the H273Q mutant has
the same AIR K, as the wild-type enzyme and did not display
cooperativity, we believe that the observed cooperativity is due
to the weaker binding of AIR and is intrinsic to the system.

Examination of the full reaction with varied ATP
concentrations revealed that for the mutant proteins R271A,
R271Q, H273A, R271K, and H273Q, the K, for ATP was
essentially unaltered. The mutant proteins displayed a 900—
240000-fold lower catalytic proficiency than the wild-type
enzyme, indicating that these residues play a role in bicarbonate
binding and the reaction of bicarbonate with ATP.

The R271K mutant protein displayed a unique Michaelis—
Menten curve indicative of substrate inhibition by ATP. Fitting
the data to the equation for substrate inhibition (eq 3) gave a
poor fit (R* = 0.984, Chi* = 6.56 x 1075, Figure 4A, dashed
line). Fitting to the equation for partial substrate inhibition (eq
4)>* gave a good fit; however, V_;, was essentially zero,
indicating that, at infinite substrate levels, the enzyme would be
completely inhibited. Finally, we discovered that fitting the data
to cooperative substrate inhibition (eq S) gave an excellent fit
(R* = 0.997, Chi® = 1.16 X 1075, Figure 4A, solid line). The fit
to eq S was best with n = 2, and this fit indicated a K; of 1.2 mM
for ATP. In this equation, ATP inhibition was cooperative,
indicating that two molecules of ATP were needed to inhibit
the system. The most likely site for a second molecule of ATP
to bind is the AIR binding site. Such binding is theoretically
possible because AIR is also a nucleotide, and there are
substantial contacts that could be made to the phosphate group
of both nucleotides. A recent structure of biotin carboxylase has
demonstrated that two molecules of ADP bind to the active site
with one molecule of ADP binding to the biotin binding site of
the enzyme.”” A structural overlay of N°-CAIR synthetase and
biotin carboxylase indicates that the AIR and biotin binding
sites are superimposable, further supporting the assertion that
the second molecule of ATP is located in the AIR binding site.

A.
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o
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Figure 4. Initial velocity of the full reaction (as a function of ATP) catalyzed by N°>-CAIR synthetase R271K mutant enzyme (A) and wild-type
enzyme (B) at constant AIR and bicarbonate concentrations. For A, the data were fitted to either the equation for substrate inhibition (eq 3, dashed
line) and/or the equation for substrate inhibition where the inhibiting substrate is cooperative (eq S, solid line, n = 2. For the wild-type enzyme, the

data were fitted to eq 5 with n = 4.
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Figure S. Structure of N3-CAIR synthetase dimer. The A, B, and C domains of each subunit are shown in red, green, and blue respectively. AIR and
ATP are shown in space-filling representation, while H273 is shown in the stick representation. The H273—E281 helix is shown in gold.

The discovery of substrate inhibition for ATP in the R271K
mutant protein motivated us to investigate the wild-type
enzyme at higher ATP levels. Exploration of ATP up to S mM
revealed substrate inhibition in the wild-type enzyme. Like that
observed for the R271K protein, the standard equation for
substrate inhibition yielded poor fits. We again found that eq 5
led to the best fit (Figure 4B); however, for the wild-type
enzyme, n = 4, while the K was 3.3 mM. These results suggest
that substrate inhibition is more cooperative in the wild-type
enzyme than in the R271K mutant protein; however, ATP was
a weaker inhibitor.

B DISCUSSION

The availability of the structures of N°-CAIR synthetase led to a
hypothesis regarding the bicarbonate binding site in this
enzyme. We selected three residues which we hypothesized
should play a role in bicarbonate binding and the attack of
bicarbonate on ATP. These residues, R271, H273, and K353,
were mutated to a variety of amino acids, and the mutant
proteins were analyzed for activity in both the half-reactions
and full reactions. All mutant proteins, with the exception of the
R271K version, were inactive in the half-reaction. Mutations
made distal to the bicarbonate site resulted in proteins that
were active and only minimally different from the wild-type
enzyme. For the R271K mutant protein, both V., and K, for
bicarbonate were altered, confirming that this residue was
involved in bicarbonate binding. Most of the mutant proteins
did display activity in the full reaction, which indicates that the
enzymes were catalytically active, albeit with significant
decreases in catalytic proficiencies. Together with the structural
data, our mutagenesis data support the conclusion that these
three residues are involved in bicarbonate binding and in aiding
the attack of bicarbonate onto ATP.

The Role of R271 in Binding and Catalysis. R271 is an
interesting residue. Structural studies revealed that the residue
is in the bicarbonate binding pocket and likely forms a direct
interaction with bicarbonate. R271 is conserved in all ATP-
grasp carboxylases, and the corresponding residue in biotin
carboxylase is R292.>* In biotin carboxylase, R292 forms a
hydrogen bond with bicarbonate and likely helps to neutralize
the charge on bicarbonate. Interestingly, when R292 was
mutated to alanine in biotin carboxylase, only a modest change
in the V. of the half-reaction was observed, and the K, for
bicarbonate was not appreciably altered.”® In contrast, mutation
of this arginine residue in carbamoyl phosphate synthetase
resulted in a drastically elevated K, for bicarbonate and a 300-
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fold decrease in V,,,..>> Our results are more like those obtained
for carbamoyl phosphate synthetase.

The R271K mutant protein also displayed cooperative
substrate inhibition with regard to ATP binding, and the
kinetics suggested that two molecules of ATP were bound for
inhibition. We believe that ATP binds to the AIR-binding site
of the enzyme due to the fact that both are nucleotides and a
recent crystal structure of biotin carboxylase has shown that
two molecules of ADP can bind to the active site: one molecule
in the ATP site and the second in the biotin/bicarbonate site.>>
Other enzymes which display this type of substrate inhibition
include aspartate transcarbamoylase, CTP synthase, and the
ATPase activity of GroEL.*>*%728

The Role of H273. H273 is located near the y-phosphate of
ATP and would likely be involved in the activation of ATP for
the attack by bicarbonate. However, mutation of it to an alanine
had modest effects on the K, for ATP but did change the K,
for AIR even though the residue is 9 A away from the AIR
binding site. H273Q, which replaces the hydrogen bonding
components removed in H273A, restored K, for AIR but still
displayed lower V,_, values, indicating that H273 is involved in
catalysis. H273A displayed cooperative behavior with respect to
AIR. Since N>-CAIR synthetase is a dimer, we believe that this
change resulted in either the uncovering of subunit
communication between the two monomers or introduced
cooperative behavior to the enzyme.

How the H273A mutation resulted in, or uncovered,
cooperative behavior is unknown. However, we can speculate
based upon the structure (Figure 5). H273A is at the beginning
of a helix which extends from H273 to E281. This helix, which
contains a number of conserved residues, extends to the dimer
boundary and is located at the bottom of the channel between
the A and C domains of the protein. This helix likely serves to
help close the opening between the A and C domains since
several amino acids in this helix interact with both domains. In
addition, several critical amino acids in both the A and C
domains around the helix interact with AIR, thus providing a
mechanism by which substrate binding can affect closure
between the domains. Importantly, the H273—E281 helix
extends to the dimer interface as do several critical regions of
the A and C domains. At the interface, these regions interact
with their counterparts in the other subunit. Perhaps most
interesting of all is the fact that the two active sites of the dimer
appear to be in line with each other when viewed along the
H273—E281 helix. Thus, it is tempting to speculate that
alteration of H273 disrupts the optimal interaction of the A and
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C domains, which, through the dimer interface, affects the AIR
binding site of the other subunit. Binding of AIR to one subunit
should stabilize these interactions, which, in turn, would help
organize the AIR binding site of the other subunit, thus leading
to positive cooperativity.

What Is the Role of K353? To date, we have mutated
K353 to both alanine and arginine, and in both cases, the
mutant proteins are inactive. Proteolysis studies of the K353R
protein indicated that the protein was folded, but likely
displayed altered flexibility due to the change in the relative
abundance of the protease cleavage fragments (Supporting
Information). While this could indicate that the K353 mutant
did not adopt a conformation which allowed for substrate
binding, K353A still bound AIR.” A structural overlay of N°-
CAIR synthetase with biotin carboxylase indicates that K353
and R338 in biotin carboxylase occupy similar regions of the
active site (side chain nitrogens are 2.5 A apart). R338 has been
extensively studied by site-directed mutagenesis.”**” Research
has speculated that this residue is involved in carboxyphosphate
stabilization. However, these studies have revealed that, unlike
the case with K353 in N*-CAIR synthetase, mutant proteins of
R338 still display activity and do not greatly alter the K, for
bicarbonate binding. Thus, K353 plays a more critical role in
the mechanism of N°-CAIR synthetase than the corresponding
R338 plays in biotin carboxylase. We are currently conducting
multilevel computational studies on the mechanism of N°-
CAIR synthetase that will hopefully shed light on the role of
K353 in the mechanism of the enzyme.

Cooperativity and Regulation in N°-CAIR Synthetase.
Cooperativity in the ATP-§rasp carboxylase enzymes has been
the subject of much study.” The kinetic results presented here
are the first to indicate cooperativity between the two active
sites in the functional dimer of N°-CAIR synthetase.
Unfortunately, cooperativity has not been detected for the
wild-type enzyme. Cooperative interactions in biotin carbox-
ylase have been investigated by making heterodimers in which
one of the monomers is catalytically compromised.*® Studies by
Janyani et al. have shown that these heterodimers display only
5—25% activity, which is significantly below the 50% activity
that would be expected if the two subunits were independent.*’
This supports the concept of intersubunit communication.
Research by Shen et al., however, showed that mutations which
disrupt dimerization only resulted in a modest decrease in
activity, indicating that dimerization was not necessary for
catalysis.>’ A recent paper found that, in an intracellular
context, dimerization was reqouired for growth in a biotin
carboxylase deficient strain.”® This result indicated that
dimerization was required for the ability of biotin carboxylase
to interact with other proteins in the cell.

Biotin carboxylase has been shown to display negative
cooperativity with respect to bicarbonate while N°-CAIR
synthetase displays positive cooperativity with regard to AIR
binding. Positive cooperativity in N°-CAIR synthetase would
provide an advantage for this enzyme since it confers greater
sensitivity to the concentration of AIR. Thus, changes in the
concentration of AIR upon upregulation of the pathway would
result in a larger enhancement in N°-CAIR production.

The regulation of N°-CAIR synthetase is an interesting issue.
The product, N>-CAIR, is unstable under physiological
conditions and readily decarboxylates to regenerate AIR. This
instability has led to the suggestion that it may be channeled to
the next enzyme in the pathway, N°-CAIR mutase. However,
channeling has not been detected for these enzymes, and
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research has shown that, under conditions where the ratio of
N°-CAIR synthetase and N°-CAIR mutase is 1:1, non-
stoichiometric consumption of ATP occurs.'" Coupled with
this observation is the fact that previous research has shown
that N°-CAIR can be synthesized nonenzymatically from AIR in
the presence of elevated levels of CO,.*” Indeed, N>-CAIR
synthetase mutants can be complemented by CO,, indicating
that N°-CAIR synthetase is dispensable under certain
conditions. The observation that N°-CAIR synthetase is
inhibited by high ATP concentrations and is cooperative with
respect to AIR may provide a mechanism to prevent the
nonstoichiometric consumption of ATP by reducing the rate of
N3-CAIR synthesis to match the rate of N°-CAIR consumption
by N°-CAIR mutase. When ATP levels are low, purine
biosynthesis is upregulated, leading to an increase in AIR,
which in turn would result in an increase in N°-CAIR. The
carbamate would ultimately be converted into IMP and then
AMP, thus leading to an increase in ATP. Whether there are
other regulatory systems controlling the synthesis of N*-CAIR
is the subject of future studies.
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B ADDITIONAL NOTE

“The full reaction requires the reaction of bicarbonate with
ATP to form carboxyphosphate. As shown in Table 1, we could
not detect the ATPase activity in the absence of AIR for these
mutants. Given the fact that AIR increases the rate of ATPase
activity by approximately 1,300-fold, we can estimate the rate of
ATPase activity for the half-reaction from the data in Tables 2
and 3. For the R271 mutants, the estimated rate is 100-fold
below our detection limit. For the H273 mutants, the estimated
rate is approximately at our detection limit and is 3-fold below
the lowest measured rate displayed in any of the tables.
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