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ABSTRACT: NagA is a member of the amidohydrolase superfamily and catalyzes the deacetylation of
N-acetyl-D-glucosamine-6-phosphate. The catalytic mechanism of this enzyme was addressed by the
characterization of the catalytic properties of metal-substituted derivatives of NagA fromEscherichia
coli with a variety of substrate analogues. The reaction mechanism is of interest since NagA from bacterial
sources is found with either one or two divalent metal ions in the active site. This observation indicates
that there has been a divergence in the evolution of NagA and suggests that there are fundamental differences
in the mechanistic details for substrate activation and hydrolysis. NagA fromE. coli was inactivated by
the removal of the zinc bound to the active site and the apoenzyme reactivated upon incubation with
1 equiv of Zn2+, Cd2+, Co2+, Mn2+, Ni2+, or Fe2+. In the proposed catalytic mechanism the reaction is
initiated by the polarization of the carbonyl group of the substrate via a direct interaction with the divalent
metal ion and His-143. The invariant aspartate (Asp-273) found at the end ofâ-strand 8 in all members
of the amidohydrolase superfamily abstracts a proton from the metal-bound water molecule (or hydroxide)
to promote the hydrolytic attack on the carbonyl group of the substrate. A tetrahedral intermediate is
formed and then collapses with cleavage of the C-N bond after proton transfer to the leaving group
amine by Asp-273. The lack of a solvent isotope effect by D2O and the absence of any changes to the
kinetic constants with increases in solvent viscosity indicate that net product formation is not limited to
any significant extent by proton-transfer steps or the release of products.N-Trifluoroacetyl-D-glucosamine-
6-phosphate is hydrolyzed by NagA 26-fold faster than the correspondingN-acetyl derivative. This result
is consistent with the formation or collapse of the tetrahedral intermediate as the rate limiting step in the
catalytic mechanism of NagA.

NagA1 catalyzes the hydrolytic cleavage ofN-acetyl-D-
glucosamine-6-phosphate as illustrated in Scheme 1. The
deacetylation of this compound provides a source of carbon
and nitrogen by preparing this substrate for entry into
the glycolytic pathway. This reaction is a key step in the
catabolism ofN-acetyl-D-glucosamine, derived from the
degradation of chitin, and is an essential component for the
biosynthesis of lipopolysaccharides and peptidoglycans. More
recently, the reaction catalyzed by NagA has been shown to
be an important step in the recycling of cell wall murein
(1-3).

The purification of NagA fromEscherichia coli was
originally reported by White and Pasternak (4). The enzyme
oligomerizes as a tetramer, and each subunit contains a
reactive sulfhydryl group near the active site (5). In the
forward reaction, inhibition occurs at high substrate concen-

trations while the products,D-glucosamine-6-phosphate and
acetate, are noncompetitive and competitive inhibitors,
respectively. A phosphonate analogue of the putative tetra-
hedral intermediate has been synthesized and it is a potent,
tight-binding inhibitor (6). The structure of apo-NagA from
E. coli was first reported by the team led by Steve Almo
(pdb code: 1ymy) and later by Ferreira et al. (7) (pdb code:
1yrr). The protein folds as a (â/R)8-barrel and is a member
of the amidohydrolase superfamily (8, 9). The enzyme binds
up to 1.4 equiv of zinc, and the metal can be removed with
a chelating agent, resulting in the loss of activity that can be
restored after reconstitution with Zn, Co, Mn, or Fe (7).

The precise role of the metal cofactor is of particular
interest for NagA because the two crystal structures available
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for the enzyme fromE. colihave no metal bound in the active
site. However, the crystal structures of NagA fromBacillus
subtilisandThermotoga maritimahave been determined with
divalent cations bound within the active site (10). The B.
subtilisenzyme (pdb code: 1un7) binds 2 equiv of Fe2+ (10).
One of the metals is coordinated to the HxH motif at the
end of â-strand 1 and an aspartic acid from the end of
â-strand 8. This site has been designated as the MR-position
(8). The second metal (Mâ-site) is coordinated to two
histidine residues from the ends ofâ-strands 5 and 6,
respectively. The two metal ions are bridged to one another
by a glutamate from the end ofâ-strand 3 and a hydroxide
(or water) from solvent.

The active site of theT. maritimaenzyme is quite similar
to that of theB. subtilisstructure except that a single metal
ion is bound to the Mâ-site (pdb code: 1o12). The metal
ligation scheme in the NagA fromE. coli must be signifi-
cantly different since the HxH motif from the end ofâ-stand
1 is replaced by QxN and thus it is highly likely that this
enzyme can bind only a single divalent cation in the active
site. This fundamental divergence in the active sites of NagA
from these sources suggests that the mechanism for the
activation of the hydrolytic water and substrate required for
catalysis must differ to a significant degree.

NagA has been characterized as a member of the ami-
dohydrolase superfamily based on an exhaustive set of
sequence and structural comparisons (8, 9, 11). This super-
family is a diverse group of enzymes that catalyzes the
hydrolytic cleavage of amide bonds to nucleic acids, amino
acids, and sugars (8, 9). Within this superfamily, four metal
ligation schemes have been identified. The most prevalent
is a binuclear metal center where the two divalent cations
are bridged by a hydroxide from solvent. An additional
bridging ligand from the protein may include a carboxylated
lysine from the end ofâ-strand 4, a glutamate from the end
of â-strand 3 or 4, or a cysteine from the end ofâ-strand 2
(8, 9). Enzymes of this type include dihydroorotase (12),
the phosphotriesterase homology protein (13), renal dipep-
tidase (14) and D-amino acid deacetylase (15). Many
members of the amidohydrolase superfamily bind a single
divalent cation, including cytosine (16) and adenosine
deaminase (17). This class of enzymes binds one metal at
the R-position via ligation to the HxH motif fromâ-strand
1, a histidine from the end ofâ-strand 5 and an invariant
asparate fromâ-strand 8. The third ligation scheme, which
may include NagA fromE. coli andT. maritima, utilizes a
single metal bound exclusively to theâ-site. The most
extreme example within the amidohydrolase superfamily is
uronate isomerase fromE. coli. This enzyme catalyzes the
isomerization ofD-glucuronate toD-fructuronate, and a metal
ion is not required for catalytic activity (18).

There are a significant number of issues regarding the
mechanism for substrate hydrolysis by NagA that are

unresolved. It is unclear how the divalent cation binds within
the active site of NagA and how the water molecule is
activated for nucleophilic attack on the amide bond. The
disparity in the metal ligation schemes between theE. coli
andB. subtilisforms of NagA suggests a divergence in the
evolution of this enzyme at a significant locale within the
active site. In this paper, we have systematically interrogated
the mechanism of substrate hydrolysis by NagA fromE. coli
with a battery of substrate analogues and active site mutants
using a host of metal-substituted forms of the enzyme. We
conclude from these studies that NagA fromE. coli can bind
up to one divalent cation for the activation of the hydrolytic
water molecule. This water molecule is further activated by
general base catalysis through the abstraction of a proton
by Asp-273. There is no evidence to suggest that Glu-131
plays any role in catalysis other than to help coordinate the
single divalent cation. The enzyme is rate limited by the
cleavage of the amide bond.

MATERIALS AND METHODS

Materials. N-Acetyl-D-glucosamine-6-phosphate,N-acetyl-
D-glucosamine-6-sulfate, and all buffers and purification
reagents were purchased from Sigma-Aldrich. Chromato-
graphic columns and resins were purchased from G. E.
Healthcare. Chelex 100 resin was purchased from BioRad.
ICP standards were obtained from Inorganic Ventures
Inc.

Preparation of N-Thioacetyl-D-glucosamine-6-phosphate.
The N-thioacetyl derivative ofD-glucosamine-6-phosphate
(4) was synthesized according to the procedure outlined in
Scheme 2. In a 250 mL flask were added 2.0 g ofN-acetyl-
D-glucosamine (9.0 mmol) and 150 mL of pyridine. The
mixture was stirred at 4°C, and 2.1 g of di-t-butyl
chlorophosphate (9.0 mmol) was added. For the next 4 days
1.0 g of di-t-butyl chlorophosphate (4.3 mmol) was added
every 12 h. The temperature was subsequently raised to
25 °C, and 5 mL of acetic anhydride was added and allowed
to react overnight. After removal of the solvent, the residue
was dissolved in 200 mL of chloroform and washed with
aqueous HCl. The organic phase was dried and the product
purified by column chromatography on silica gel using ethyl
acetate as the eluent. The yield of 1,3,4-tri-O-acetyl-N-acetyl-
D-glucosamine-6-di-t-butylphosphate was 2.5 g (51%).

The carbonyl group of theN-acetyl substituent was
replaced with sulfur using Lawesson’s reagent. In a 25 mL
flask were added 0.60 g of 1,3,4-tri-O-acetyl-N-acetyl-D-
glucosamine-6-di-t-butylphosphate (1.2 mmol), 0.5 g of
Lawesson’s reagent (1.2 mmol), and 10 mL of THF. The
mixture was stirred overnight at room temperature. After
removal of the solvent, the residue was purified on silica
gel through elution with ethyl acetate. The yield of 1,2,4-
tri-O-acetyl-N-thioacetyl-D-glucosamine-6-di-t-butylphos-
phate was 60 mg (10%). TheO-acetyl groups of this product
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were subsequently removed with hydroxide. In a 25 mL flask
were added 55 mg of 1,2,4-tri-O-acetyl-N-thioacetyl-D-
glucosamine-6-di-t-butylphosphate (0.1 mmol), 13 mg of
NaOH (0.3 mmol), and 5 mL of aqueous methanol. The
mixture was stirred in an ice-water bath for 1 h. After
removal of the solvent,N-thioacetyl-D-glucosamine-6-di-t-
butylphosphate was purified on silica gel by elution with a
mixture of EtOAc/MeOH (ratio of 10/1).

The t-butyl protecting groups were removed from the
phosphate substituent with trifluoroacetic acid. In a 25 mL
flask were added the entire amount ofN-thioacetyl-D-
glucosamine-6-di-t-butylphosphate from the previous step,
5 mL of CH2Cl2, and 0.5 mL of CF3CO2H. The mixture was
stirred at room temperature for 1 h. The solvent was removed
to obtain 20 mg ofN-thioacetyl-D-glucosamine-6-phosphate
in an overall yield of 64% from the previous step.1H NMR
(300 MHz, CD3OD): 5.92 and 5.21 ppm (1H, s, d,J ) 5.4
and 6.6 Hz, CH), 4.41-4.38 ppm (1H, m, CH), 4.04-4.02
ppm (3H, m, CH2, CH), 3.81-3.77 ppm (1H, m, CH), 3.43-
3.25 ppm (1H, m, CH), 2.59 and 2.35 ppm (3H, s, CSCH3).
31P NMR (121 MHz, CD3OD): -0.03, -0.05 ppm.13C
NMR (75 MHz, CD3OD): 203.20, 90.85, 72.19, 72.12,
71.84, 67.08, 61.96, and 33.37 ppm. MS (ESI negative
mode): found, 315.9 (M- H)-; calculated for C8H15NO8-
PS (M - H)-, 316.0.

Preparation of N-Formyl-D-glucosamine-6-phosphate.
The synthesis ofN-formyl-D-glucosamine-6-phosphate (5)
was conducted according to the procedure illustrated in
Scheme 3. In a 100 mL flask, 1.16 g (2.0 mmol) of 1,3,4-
tri-O-acetyl-6-diphenylphospho-D-glucosamine hydrochloride
and 0.56 mL of triethylamine (3.0 mmol) were mixed with
30 mL of chloroform and stirred for 30 min before the
removal of the solvent. The residue was dissolved in 40 mL
of formic acid, and 7.0 mL of acetic anhydride was added
dropwise at reduced temperature. After 2 h the solvent was
removed under reduced pressure and the solid residue
dissolved in 150 mL of chloroform. This solution was
washed with 100 mL of dilute HCl, saturated NaHCO3

solution and then dried over Na2SO4. The product, diphenyl
N-formyl-1,3,4-tri-O-acetyl-D-glucosamine-6-phosphate,
was obtained by flash chromatography in a yield of 90%
(1.02 g).

The compound from the previous step (0.85 g, 1.5 mmol)
was mixed with PtO2 (80 mg) and 60 mL of acetic acid in
a 100 mL flask and stirred at room temperature for 14 days
under an atmosphere of hydrogen. Every 24 h 20-40 mg of
PtO2 was added and the progress of the reaction monitored
by 31P NMR spectroscopy. After removal of the catalyst by
filtration and the solvent by evaporation, the solid residue
was washed with ethyl ether to obtainN-formyl-1,3,4-tri-
O-acetyl-D-glucosamine-6-phosphate in a yield of 95%. The
acetyl groups from this compound were removed with base.
In a 100 mL flask were added 0.50 g (1.2 mmol) of
N-formyl-1,3,4-tri-O-acetyl-D-galactosamine-6-phosphate and
10 mL of water, and the mixture was cooled in an ice-
water bath. To this solution was added 0.29 g (7.2 mmol) of
NaOH in 5 mL of water, and the mixture was stirred for 1
h before neutralization of the reaction mixture with acetic
acid. After removal of the water and washing with MeOH/
CH3COCH3, the disodium salt ofN-formyl-D-glucosamine-
6-phosphate was obtained in quantitative yield.1H NMR
(300 MHz, D2O): 8.04, 7.98, 7.82, and 7.80 ppm (1H, s,
CHO), 5.08-5.04 and 4.55-4.47 ppm (1H, m, CH), 3.92-
3.27 ppm (6H, m, 4CH, OCH2). 31P NMR (121.4 MHz,
D2O): 6.48 ppm. MS (ESI negative mode): found, 286.04
(M - 2Na + H)-; calculated for C7H13NO9P, 286.03.

Preparation of N-Trifluoroacetyl-D-glucosamine-6-phos-
phate.The preparation of the trifluoroacetate derivative of
D-glucosamine-6-phosphate (6) was conducted as outlined
in Scheme 4. In a 100 mL flask were added 0.58 g of 1,3,4-
tri-O-acetyl-D-glucosamine-6-diphenylphosphate (1.0 mmol),
0.5 mL of Et3N (5.0 mmol), 30 mL CHCl3, and 0.63 g of
trifluoroactic anhydride (3.0 mmol). The mixture was stirred
for 2 h at room temperature. After removal of the solvent,
the residue was eluted from a column of silica gel with a
mixture of EtOAc/hexane (5/4). The yield of 1,3,4-tri-O-
acetyl-N-trifluoroacetyl-D-glucosamine-6-diphenylphos-
phate was 0.60 g. The phenyl groups were removed from
this compound by hydrogenation. In a 100 mL flask were
added 0.59 g of 1,3,4-tri-O-acetyl-N-trifluoroacetyl-D-glu-
cosamine-6-diphenylphosphate (0.93 mmol), PtO2 (20 mg),
and acetic acid (30 mL). H2 was bubbled into this mixture
overnight at room temperature. After removal of the solvent,
the residue was washed with ether to obtain 0.43 g of 1,3,4-
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tri-O-acetyl-N-trifluoroacetyl-D-glucosamine-6-phosphate in
a yield of 98%.

The disodium salt ofN-trifluoroacetyl-D-glucosamine-6-
phosphate was prepared by mixing 0.23 g of 1,3,4-tri-O-
acetyl-N-trifluoroacetyl-D-glucosamine-6-phosphate (0.47
mmol), NaOMe (76 mg, 1.41 mmol), and methanol (8 mL).
The solution was stirred in an ice-water bath for 2 h and
then the pH adjusted to 7.0 using 0.1 N HCl. After removal
of the solvent the residue was dissolved in water (8 mL)
and the pH adjusted to 7.0 using 0.1 N NaOH. The solvent
was removed to obtain the disodium salt ofN-trifluoroacetyl-
D-glucosamine-6-phosphate.1H NMR (300 MHz, D2O): 5.20
and 4.28 ppm (1H, d,J ) 5.7 and 8.1 Hz, CH), 4.02-
3.41 ppm (6H, m, CH2, CH). 31P NMR (121 MHz, D2O):
6.27 ppm. 13C NMR (75 MHz, D2O): 160.04, 159.54,
117.91, 114.11, 94.41, 90.61, 75.54, 75.45, 72.80, 71.31,
71.22, 69.93, 69.72, 69.48, 63.08, 63.03, 57.40, 54.94, and
49.22 ppm. 19F NMR (282 MHz, D2O): 100.37 and
100.09 ppm. MS (ESI positive mode): found, 399.98 (M+
H)+; calculated for C8H12F3NNa2O9P (M + H)+, 400.00. MS
(ESI negative mode): found, 354.03 (M- 2Na+ H)- and
376.01 (M - Na)-; calculated for C8H12F3NO9P (M -
2Na+H)-, 354.0, and C8H11F3NNaO9P (M - Na)-, 376.00.

Preparation of N-Acetyl-D-galactosamine-6-phosphate.
The synthesis ofN-acetyl-D-galactosamine-6-phosphate (2)
was conducted according to the procedure that is presented
in Scheme 5. In a 100 mL flask was added 0.5 g (2.3 mmol)
of N-acetyl-D-galactosamine to 40 mL of pyridine. The
mixture was cooled to-40 °C, and 0.91 g (3.4 mmol) of
diphenylchlorophosphate was added dropwise. The mixture
was stirred at-23 °C for 2-4 days. At this time 1.5 mL of
acetic anhydride was added and allowed to react at room
temperature overnight. After removal of the solvent, the
residue was dissolved in 100 mL of chloroform, washed with
dilute HCl and saturated NaHCO3, and then dried over Na2-
SO4. The product, diphenylN-acetyl-1,3,4-tri-O-acetyl-D-
galactosamine-6-phosphate, was isolated by flash chroma-
tography with a yield of 50% (0.65 g). The phenyl protecting
groups were removed by hydrogenation. In a 100 mL flask
were added 0.58 g (1.0 mmole) of diphenylN-acetyl-1,3,4-
tri-O-acetyl-D-galactosamine-6-phosphate, 40 mg of PtO2,
and 40 mL of acetic acid. The mixture was stirred at room
temperature overnight under an atmosphere of hydrogen.
After removal of the solvent, the solid residue was washed
with ethyl ether to obtainN-acetyl-1,3,4-tri-O-acetyl-D-
galactosamine-6-phosphate in a yield of 95%.

The acetyl protecting groups were removed by base. In a
100 mL flask was added 0.4 g (0.94 mmol) ofN-acetyl-
1,3,4-tri-O-acetyl-D-galactosamine-6-phosphate in 10 mL of
water. The solution was cooled with an ice-water bath, and
5 mL of a solution of sodium hydroxide (0.24 g, 6 mmol)
was added dropwise and stirred for 1 h before being

neutralized with acetic acid. After removal of the solvent
the residue was washed with MeOH/CH3COCH3 to obtain
the sodium salt ofN-acetyl-D-galactosamine-6-phosphate (2)
in quantitative yield.1H NMR (300 MHz, D2O): 5.16 ppm
(0.6H, d,J ) 3.6 Hz, CH), 4.61 ppm (0.4H, d,J ) 8.1 Hz,
CH), 4.20-3.72 ppm (5H, m, 3CH, OCH2), 3.74-3.65 ppm
(1H, m, NCH), 2.04 and 2.03 ppm (3H, s, NCOCH3). 31P
NMR (121.4 MHz, D2O): 7.19 ppm. MS (ESI negative
mode): found, 300.05 (M- 2Na+ H)-, 322.04 (M- Na)-;
calculated for C8H15NO9P, 300.05, and C8H14NNaO9P,
322.03.

Cloning, Expression, and Purification.The gene fromE.
coli encoding NagA was cloned into a PET-30a(+) expres-
sion vector through the use of theNdeI andEcoRI restriction
sites. Mutants of NagA were prepared in accordance with
procedures published in the Quikchange Site-Directed Mu-
tagenesis Kit. Gene sequences were verified by the Gene
Technologies Lab at Texas A&M University. The expression
plasmids were inserted into BL21(DE3) cells through elec-
troporation. The transformation solution was then transferred
into 1 mL of LB growth medium for incubation at 37°C
for 30 min, which was followed by plating onto LB agar
containing 50µg/mL kanamycin. The cells were allowed to
grow overnight at the same temperature. Single colonies were
selected for inoculation into 50 mL of LB/kanamycin for
use as overnight starter cultures for inoculation into 2 L of
LB/kanamycin. Prior to induction with 1.0 mM IPTG at an
A600 nm of 0.6, 1.0 mM ZnCl2 was added to supplement the
growth medium. The cells grew overnight at a temperature
of 30 °C, after which they were centrifuged at 3400g for
12 min. The cells were then resuspended and disrupted by
sonication in 10× (v/w) 50 mM Tris buffer, pH 7.5,
containing 1.0 mM DTT and 100µg/mL of the protease
inhibitor phenylmethanesulfonyl fluoride. Insoluble cell
debris was removed by centrifugation at 13900g for 12 min,
after which 1% w/v protamine sulfate from salmon sperm
was used to precipitate the nucleic acids. The precipitate was
removed by centrifugation and the protein fractionated with
ammonium sulfate to 50% of saturation. The precipitated
protein was isolated by centrifugation at 13900g for 12 min.
The protein was then resuspended in a minimal amount of
50 mM Tris buffer, pH 7.5, containing 1.0 mM DTT and
then passed through a 0.2µM pore filter prior to loading
onto a pre-equilibrated HiLoad 26/60 Superdex 200 prep
grade gel filtration column. The pooled fractions containing
NagA were diluted to 50 mL in the same buffer and loaded
onto a 6 mL Resource Q anion exchange column. The
column was washed with several column volumes of buffer
and the protein eluted with a linear gradient of 1 M NaCl,
50 mM Tris, pH 7.5. The appropriate fractions were pooled
after analysis with SDS PAGE for purity. Protein concentra-
tions were determined using the calculated extinction coef-
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ficient of 18,490 M-1 cm-1 at 280 nm (www.scripps.edu/
∼cdputnam/protcalc.html).

Measurement of Enzymatic ActiVity. Kinetic assays were
performed at 30°C using a 96 well quartz plate in
conjunction with a SpectraMax 384-Plus spectrophotometer
from Molecular Devices. The data were analyzed using
Softmax Pro version 4.7.1. Extinction coefficients for the
different substrates were determined from plots of absorbance
versus substrate concentration before and after total enzy-
matic hydrolysis.

Metal Analysis.Metal determination and quantification
were performed with an Elan DRC II ICP-MS from Perkin-
Elmer. An analog detection mode was used with three
averaged replicates per reading. External calibration standards
were prepared through the serial dilution of a single 10 ppm
stock mixture of Zn, Cd, Co, Cu, Mn, Ni, and Fe in 2%
nitric acid. Freshly prepared standards generally contained
2, 20, and 200 ppb of the metal ions in 1% Trace Select
nitric acid from Fluka, diluted in MilliQ deionized water.
The masses of the isotopes detected were55Mn, 57Fe,59Co,
60Ni, 66Zn, and111Cd. 115In was used as an internal standard
for 111Cd whereas69Ga was used as an internal standard for
all other isotopes.

Metal Chelation and Reconstitution.Apoenzyme was
prepared by dialysis of NagA against buffer A (20 mM
dipicolinate, 10 mMâ-mercaptoethanol, 50 mM MES, pH
6.0). After 3× 300-fold buffer changes with buffer A over
2 days, the chelator was removed by dialysis with Chelex-
treated HEPES buffer, pH 8.0. For the metal reconstitution
studies, 100µL of apo-NagA at 8.23 mg/mL was mixed with
3 equiv of various metal solutions. The metal solutions
consisted of freshly prepared NiCl2, CdCl2, CoCl2, MnCl2,
or ZnCl2 in water, and Fe(NH4)2(SO4)2 in 1% HCl. Recon-
stitution of the apoenzymes was conducted overnight at
4 °C before removal of unbound metal by passage through
a PD-10 column. The PD-10 column was pretreated with
dipicolinate to remove traces of unbound metal and then
washed with five column volumes of metal free HEPES
buffer, pH 8.0. After elution, the concentration of the metal-
reconstituted enzyme was determined by UV absorbance and
the metal content of the samples determined by ICP-MS.

pH Studies.The pH dependence of the kinetic constants,
kcat and kcat/Km, was determined at intervals of∼0.25 pH
unit from pH 5 to 10 using 20 mM piperazine (pH 5-6.25),
phosphate (pH 6.25-8), and borate (pH 8-10) with varying
amounts of substrate. The pH values of the assays were
determined after the reactions were completed.

SolVent Viscosity Analysis.Solvent viscosity effects were
analyzed for Zn-NagA withN-acetyl-D-glucosamine-6-
phosphate as the substrate using sucrose as the micro-
viscogen in 20 mM phosphate buffer, pH 7.5. The viscosity
effects were measured using 0, 10, 14, 20, 24, 27.5, 32.5,
and 35% (w/w) sucrose, and the corresponding relative
viscosities were 1, 1.32, 1.5, 1.88, 2.2, 2.48, 3.06, and 3.42,
respectively (19, 20).

Data Analysis.All kinetic data were fit to the correspond-
ing equations using the nonlinear least-squares curve fitting
program SigmaPlot 9.0. Simple substrate saturation curves
were fit to eq 1 whereA is the substrate concentration,V is
the velocity of the reaction,kcat is the turnover number, and
Km is the Michaelis constant. When substrate saturation was
not achieved,kcat/Km values were determined from fits of

the data to a straight line. Saturation curves showing substrate
inhibition were fit to eq 2 wereKis is the apparent inhibition
constant for the substrate inhibition. For the analysis of pH-
rate profiles, plots of logkcat and log kcat/Km vs pH that
indicated the deprotonation of a single group required for
maximum activity were fit to eq 3, wherec is the maximum
activity andKa is the acid dissociation constant. pH-rate
profiles that showed the losses of catalytic activity at high
and low values of pH were fit to eq 4, whereKb is the
dissociation constant of the group that must be protonated
for full activity. The pH profiles which showed that the
deprotonation of two acidic groups and the protonation of
one basic group are required for maximum activity were fit
to eq 5 whereKa is the average dissociation constant of two
acidic groups andKb is the dissociation constant of the basic
group. Equation 6 was used to determine the averageKa for
two ionizable acidic groups and the averageKb for two
ionizable basic groups.

RESULTS AND DISCUSSION

Purification and Properties of NagA. The wild type NagA
was overexpressed inE. coli. From 3 g ofcell paste about
100 mg of homogeneous protein was isolated. Enzymatic
activity was dependent upon the presence of disulfide
reducing reagents such as dithiothreitol orâ-mercaptoethanol
during storage and purification. The native molecular weight
of the purified enzyme was estimated to be 180 kDa based
upon the elution volume through a calibrated gel filtration
column (data not shown). The molecular weight of a single
subunit from the derived amino acid sequence of NagA is
40,951 Da. These results confirm that NagA adopts a
tetrameric quaternary structure in the presence of disulfide
reducing agents (5, 7).

Metal Dependence of Enzyme ActiVity. The initial purifica-
tion of NagA resulted in enzyme with a turnover number of
35 s-1. This protein contained 0.4 equiv of Zn2+ and
0.05 equiv of Fe2+ as determined by ICP-MS. NagA was
subsequently expressed in LB medium supplemented with
1.0 mM ZnCl2, and the protein purified from these cells
contained 0.95 equiv of Zn per subunit with a specific activity
of 96 s-1. The role of the bound metal on the enzymatic
reaction rate was addressed by characterization of the
apoenzyme. The metal was removed from the enzyme via
dialysis against 20 mM dipicolinate, and the resulting protein
solution was verified to be metal-free by ICP-MS. However,
during the time course for measurement of catalytic activity
by the apoenzyme, the rate of substrate turnover increased
slowly with time. The activation of the apoenzyme was
apparently due to the binding of trace metals in the assay

V/Et ) kcatA/(Km + A) (1)

V/Et ) kcatA/(Km + A + (A2/Kis)) (2)

y ) log(c/(1 + [H+]/Ka)) (3)

y ) log(c/(1 + [H+]/Ka + Kb/[H
+])) (4)

y ) log(c/(1 + [H+]/Ka + [H+]2/Ka
2 + Kb/[H

+])) (5)

y ) log(c/(1 + [H+]/Ka + [H+]2/Ka
2 + Kb/[H

+] +

Kb
2/[H+]2)) (6)
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solution since the activity of the apoenzyme in the presence
of 500µM EDTA was less than 2% of the activity exhibited
by the native enzyme. These results are consistent with an
absolute requirement for a bound divalent cation for the
expression of catalytic activity by NagA.

Incubation of the apoenzyme with 1 equiv of Zn2+ for
30 min fully restored catalytic activity. The titration of
apoenzyme with varying amounts of ZnCl2 is shown in
Figure 1. These results demonstrate that NagA fromE. coli
has a maximum catalytic activity with a single divalent cation
bound to the active site. These results are consistent with
the absence of the two histidines at the end ofâ-strand 1
and the determination of the X-ray structure of the Zn-NagA
that shows a single Zn bound to the Mâ-site (21). The
apoenzyme was incubated with 3 equiv of Fe2+, Mn2+, Ni2+,
Cd2+, Co2+, or Zn2+, and the metal-substituted forms of
NagA were found to contain approximately 1 equiv of metal
per protein subunit after removal of the excess metal by
passage through a PD-10 column. The metal content and
the corresponding kinetic parameters for the metal-substituted
variants of NagA are listed in Table 1.

Kinetic Constants for NagA. The effect of metal substitu-
tion on the catalytic constants for NagA can be utilized to
evaluate the contributions made by these divalent cations
on enzymatic activity (22, 23). The relationship on the value
of kcat/Km observed for the different metals follows the trend

Zn ) Co> Mn > Cd> Fe> Ni. The Fe containing enzyme
was not fully reconstituted with metal, and thus the kinetic
constants may be larger if the metal site was fully occupied.
The values forkcat follow the trend Co> Cd > Zn > Mn >
Fe > Ni. The Ni enzyme has the highestKm while the Zn
enzyme has the lowest. Similar trends in the range of the
catalytic constants were reported previously for the Co, Zn,
Mn, and Fe reconstitutions of apo-NagA fromE. coli (7).

Substrate Specificity. The structures of the compounds
tested as substrates for NagA are presented in Scheme 6.
The substitution of sulfur for oxygen can be used in
conjunction with hard and soft metals to probe the potential
for metal-ligand interaction during the activation of elec-
trophilic reactions (24, 25). Cd- and Zn-NagA were used to
address the occurrence of direct interactions of the carbonyl
oxygen/sulfur and the metal ion through a comparison of
the kinetic constants forN-acetyl-D-glucosamine-6-phosphate
(1) andN-thioacetyl-D-glucosamine-6-phosphate (4) as sub-
strates. The Cd-NagA catalyzes the hydrolysis of the
thioacetyl substrate about an order of magnitude better than
does the Zn-substituted enzyme (Table 2). The ratio of (kcat/
Kthio)/(kcat/Kacetyl) is 0.78 (6.4× 105 M-1 s-1/8.2 × 105 M-1

s-1) for the Cd-enzyme whereas the corresponding ratio for
the Zn-NagA is only 0.036 (4.3× 104 M-1 s-1/1.2 × 106

M-1 s-1). These results are consistent with the preferred
interactions between hard and soft metals and ligands, since
the relatively soft thio-carbonyl group is a better ligand for
the softer cadmium ion than it is for zinc (26).

FIGURE 1: Reconstitution of apo-NagA (0.5µM) with varying
amounts of ZnCl2. The rate of substrate hydrolysis was determined
after diluting the enzyme to a concentration of 30 nM in 1.0 mM
N-acetyl-D-glucosamine-6-phosphate, 1.0µM EDTA, and 25 mM
Tris at pH 7.5 and 30°C.

Table 1: Kinetic Parameters for Metal-Reconstituted Forms of
NagAa

metal metal/subunit kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

Zn 0.9 102( 2 0.08( 0.01 (1.3( 0.2)× 106

Cd 0.8 163( 3 0.20( 0.01 (8.2( 0.4)× 105

Co 1.0 177( 5 0.15( 0.01 (1.2( 0.1)× 106

Ni 0.8 41( 3 0.64( 0.12 (6.4( 1.3)× 104

Mn 0.7 92( 2 0.10( 0.01 (9.2( 0.9)× 105

Fe 0.5 58( 2 0.23( 0.03 (2.5( 0.3)× 105

a The kinetic parameters were determined at pH 7.5, 30°C from
fits of the data to eq 1 usingN-acetyl-D-glucosamine-6-phosphate (1)
as the substrate.

Scheme 6

Table 2: Kinetic Parameters for Substrates with Metal and Mutant
Variant Forms of NagAa

substrate enzyme kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

1 Zn 102( 2 0.08( 0.01 (1.3( 0.2)× 106

1 Cd 163( 3 0.20( 0.01 (8.2( 0.4)× 105

1 Mn 92 ( 2 0.10( 0.01 (9.2( 0.9)× 105

2 Zn 154( 15 1.24( 0.16 (1.2( 0.2)× 105

3 Zn 64( 4 4.9( 1.0 (1.3( 0.3)× 104

3 Cd 23( 1 11( 1 (2.1( 0.2)× 103

3 Zn-K139M 60( 4 9.7( 1.3 (6.2( 0.9)× 10
4 Zn 10( 0.2 0.24( 0.02 (4.2( 0.4)× 104

4 Cd 128( 5 0.20( 0.03 (6.4( 1.0)× 105

4 Mn 11 ( 0.3 0.23( 0.03 (4.8( 0.6)× 104

5 Zn 22( 0.2 0.29( 0.01 (7.6( 0.3)× 104

6 Zn 2610( 60 0.40( 0.04 (6.5( 0.7)× 106

a The kinetic parameters were determined at pH 7.5, 30°C from
fits of the data to eq 1.
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These results are consistent with those previously observed
for carboxypeptidase A, where thio-amide substrate ana-
logues were compared to the corresponding oxo-amides with
the Zn- and Cd-substituted enzymes (27). For carboxypep-
tidase A, the Zn-enzyme was the best catalyst for the
hydrolysis of oxo-amides, while the Cd-enzyme was less
efficient. For the thio-amide substrates, the Cd-enzyme was
the best enzyme and the Zn-enzyme was poorer. The catalytic
constants for the Zn- and Cd-substituted forms of NagA
support the conclusion that the carbonyl group of the
substrate is polarized by a direct interaction with the single
divalent cation bound to the Mâ-position in the active site.

In addition toN-acetyl-D-glucosamine-6-phosphate (1) and
the thioacetyl analogue (4), NagA can hydrolyzeN-trifluo-
roacetyl-D-glucosamine-6-phosphate (6), N-acetyl-D-glu-
cosamine-6-sulfate (3), N-acetyl-D-galactosamine-6-phos-
phate (2), andN-formyl-D-glucosamine-6-phosphate (5). The
kinetic constants for NagA with these substrate analogues
are listed in Table 2. TheN-trifluoroacetyl substituted
substrate is hydrolyzed 26 times faster than the natural
substrate, but theN-formyl substrate is hydrolyzed more
slowly by a factor of 5. The value ofKm for the galac-
tosamine derivative (2) is about an order of magnitude higher
than it is for the physiological substrate (1).

pH-Rate Profiles. The effect of pH on the kinetic
constants for the hydrolysis of substrates by NagA was
measured in an attempt to identify those functional groups
in the substrate and active site that are required to be in a
specific state of protonation. The logkcat vs pH profile shown
in Figure 2A for Zn-NagA was fit to eq 3, and these results
indicate that the deprotonation of a single acid with a kinetic
pKa of 5.6 is required for catalytic activity in the enzyme-
substrate complex. The logkcat/Km vs pH profile for Zn-

NagA is shown in Figure 2B. In this profile, catalytic activity
is lost at high and low values of pH and the data were fit to
eq 4 where two groups, in either the substrate or free enzyme,
with identical pKa values of 6.4 are required to be ionized.
An additional group must be protonated with a pKa of ∼9.3.
Similar results were obtained for the effect of pH on the
kinetic constants for the hydrolysis of compound1 by Cd-
NagA (data not shown). From the logkcat vs pH profile, a
single group must be ionized with a kinetic pKa of 6.4. From
the log kcat/Km pH-rate profile activity is lost at low and
high pH with limiting slopes of 2 and-2, respectively, and
the data were fit to eq 5.

For the log kcat vs pH profile, a single ionization is
observed for either Zn- or Cd-NagA. This ionization must
represent the protonation of the metal-bound hydroxide that
is utilized for substrate hydrolysis or, alternatively, the
general base that is utilized to deprotonate the metal-bound
water molecule prior to substrate hydrolysis. The pKa value
is slightly higher for Cd-NagA than for Zn-NagA, as
expected from the tendency of zinc to lower the pKa of water
relative to cadmium (28). For the logkcat/Km profiles, two
ionizations are observed at low pH for both metal-substituted
forms of the enzyme. One of these ionizations must be from
the free enzyme and likely reflects the state of protonation
for the group that must activate the metal-bound water
molecule (or hydroxide). From the X-ray crystal structure
of NagA and homologous active site structures for other
members of the amidohydrolase superfamily, this residue
must be the invariant carboxylate group, Asp-273, from the
end ofâ-strand 8 (8, 21). The second ionization observed in
the log kcat/Km profile could originate from other residues
within the active site of NagA, but it could also arise from
the protonation of the substrate itself since the phosphate
moiety has a pKa of ∼6.1 (29). If the enzyme requires (or
highly prefers) a doubly ionized phosphate substituent for
binding, then a diminution in activity will be observed in
the kcat/Km plot but not thekcat vs pH profile (30).

To address this issue experimentally, the pH-rate profiles
for the hydrolysis of the sulfate analogue of the substrate
(3) were measured. The sulfate derivative is a monoanion
above pH 5, and thus no ionizations can originate from the
protonation of this compound in the pH range available for
the characterization of NagA (pH 5-10). At saturating
substrate the sulfate analogue (3) is hydrolyzed at ap-
proximately half the rate of the physiological substrate (1),
although theKm value is significantly higher (Table 2). For
the pH-rate profiles (Figures 2A and 2B) a single ionization
of pKa 6.5 is observed in the logkcat vs pH profiles and a
single ionization of pKa 6.2 is observed in the logkcat/Km

profile (Table 3). These results are fully consistent with the

FIGURE 2: pH-rate profiles for the hydrolysis of substrates by
NagA (A) log kcat vs pH profiles for Zn-NagA withN-acetyl-D-
glucosamine-6-phosphate (O) andN-acetyl-D-glucosamine-6-sulfate
(b). The solid lines represent fits of the data to eq 3. (B) logkcat/
Km vs pH profiles for Zn-NagA withN-acetyl-D-glucosamine-6-
phosphate (O) andN-acetyl-D-glucosamine-6-sulfate (b). The solid
lines represent fits of the data to eqs 5 and 3, respectively.
Additional details are provided in the text, and the dissociation
constants from fits of the data to the appropriate equations are listed
in Table 3.

Table 3: Kinetic pKa Values from pH-Rate Profiles of
Metal-Substituted Variants and Mutant

pKa

enzyme metal substratekcat vs pH kcat/Km vs pH
pKb

kcat/Km vs pH

wild type Zn 1 5.6( 0.1 6.4( 0.1a 9.3( 0.4
wild type Cd 1 6.4( 0.1 6.1( 0.1a 9.1( 0.2b

K139M Zn 1 5.4( 0.2 7.0( 0.1 9.1( 0.4
wild type Zn 3 6.5( 0.1 6.2( 0.1

a Average value of pKa for two ionizations.b Average value of pKb

for two ionizations.
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conclusion that the second ionization observed in the pH-
rate profile for logkcat/Km with compound1 is due to the
protonation of the phosphate moiety to a monoanion. It is
also curious to note that the ionization that is observed at
high pH in the logkcat/Km vs pH-rate profiles for the natural
substrate is not observed during the hydrolysis of the sulfate
derivative. These results suggest that the monoanionic sulfate
derivative does not require the interaction with an enzyme
group that apparently ionizes in this pH range. The likely
candidates for this group include Lys-139 and Tyr-223, based
on the structure ofD-glucosamine-6-phosphate bound to the
enzyme fromB. subtilis(10), and the inhibitor bound form
of the D273N mutant fromE. coli (21).

Mutation of ActiVe Site Residues.Site specific mutants of
NagA were constructed in order to ascertain the roles of
specific residues in substrate recognition and catalytic
function. The metal content and the kinetic parameters for
the mutants of NagA constructed for this investigation are
presented in Table 4. Residues Q59 and N61 were mutated
together to a pair of histidine residues to create an HxH motif
that is analogous to that found in NagA fromB. subtilisand
T. maritima. This alteration resulted in a decrease inkcat, a
large increase inKm, and an increase in the average amount
of Zn bound to the protein, suggesting that an additional
metal ion can bind to this mutant. The drop in catalytic
activity may result from the binding of this second metal
ion or may be due to steric crowding within the confines of
an active site that has apparently evolved to operate with a
single divalent cation. For the single histidine substitutions,
the N61H mutant is similar in catalytic activity to the double
mutant whereas the Q59H mutant is diminished by less than
an order of magnitude relative to the wild type enzyme. For
the substitutions at Asn-61, the replacement with an alanine
is significantly less disruptive than the change to a histidine.

The X-ray structures of NagA fromE. coli (21), T.
maritima (pdb code: 1o12), andB. subtilis(10) indicate in
each case that a glutamate from the end ofâ-strand 3 of the
(â/R)8-barrel interacts with one or both of the divalent cations
bound within the active site. Mutation of this residue to either
glutamine or alanine results in mutant enzymes that have
lost a significant amount of catalytic activity. The value of
kcat is reduced approximately 2 orders of magnitude, and the
Km for the E131Q mutant is increased to 3.6 mM. A

significant portion of this reduction in catalytic efficiency
has arisen because the metal content of the purified proteins
is relatively low. Incubation of 25µM E131A mutant with
15 equiv of ZnCl2 enhanced the catalytic activity of this
enzyme by a factor of 3.

In the crystal structure of the D273N mutant of NagA,
the side chain of His-143 is 3.0 Å away from the phosphonate
oxygen of the mimic of the tetrahedral intermediate (21).
This result suggests that this group could facilitate the
activation of the carbonyl group of the substrate in conjunc-
tion with an interaction with the metal ion bound within the
active site. Mutation of H143 to an asparagine resulted in
the dramatic loss of catalytic activity and a moderate increase
in the Km, producing a 6000-fold decrease inkcat/Km. The
H143Q mutant was more active with a decrease in the value
of kcat/Km of greater than 2 orders of magnitude. The H143Q
mutant was isolated with 0.6 equiv of Zn, while the H143N
mutant contained only 0.3 equiv. Overall, these results are
consistent with the participation of H143 in the polarization
of the substrate carbonyl group.

The most significant reduction in catalytic activity occurs
with the mutation of the invariant aspartate (Asp-273) from
the end ofâ-strand 8. In the X-ray crystal structure of NagA
from E. coli this residue is hydrogen bonded to the lone water
molecule (or hydroxide) that is coordinated to the metal ion
bound to the Mâ-site (21). Therefore, it is expected that this
residue will function in catalysis by abstraction of a proton
from water prior to, or concomitant with, the attack of
hydroxide on the amide bond of the substrate. Within the
detection limits of our assay for product formation, we were
unable to measure any catalytic activity for either the D273N
or D273A mutant. The loss of activity is not due to a
diminished capacity to bind divalent cations since the metal
content of the purified mutants was identical to that of the
wild type enzyme. The catalytic properties of these mutants
are fully consistent with the proposed role of this residue in
the chemical mechanism as the primary general base for
activation of the hydrolytic water molecule and the subse-
quent protonation of the leaving group amine.

The crystal structure of NagA fromB. subtilisbound with
the product,D-glucosamine-6-phosphate, indicates that an
invariant arginine residue (equivalent to Arg-227 in theE.
coli enzyme) from the adjacent subunit ion-pairs with the
phosphate moiety of the substrate (10). It is unlikely that

Table 4: Metal Content and Kinetic Parameters of NagA and
Mutantsa

mutant
Zn/

subunit kcat (s-1) Km (mM) kcat/Km (M-1 s-1)

Q59H/N61H 1.5 1.2( 0.1 5.4( 0.5 (2.2( 0.3)× 102

Q59H 1.3 32( 3 0.31( 0.06 (1.0( 0.2)× 105

Q59A 0.9 10( 0.4 0.08( 0.01 (1.3( 0.2)× 105

N61H 1.0 2.6( 0.1 1.7( 0.2 (1.5( 0.2)× 103

N61A 0.9 24( 1 0.80( 0.05 (3.0( 0.2)× 104

E131Q 0.1 0.7( 0.1 3.6( 1.1 (1.9( 0.7)× 103

E131A 0.2 1.9( 0.3 0.15( 0.06 (1.3( 0.5)× 104

K139M 0.9 49( 2 2.0( 0.2 (2.5( 0.3)× 104

H143N 0.6 0.43( 0.02 2.1( 0.1 (2.0( 0.1)× 102

H143Q 0.3 2.4( 0.1 0.33( 0.04 (7.3( 0.9)× 103

Y223F 0.8 167( 15 0.76( 0.11 (2.2( 0.4)× 105

H251N 0.9 6.8( 0.4 2.7( 0.4 (2.5( 0.4)× 103

D273N 0.7 <0.02
D273A 0.8 <0.02

a Kinetic parameters were determined at pH 7.5 and 30°C from fits
to eq 1 using compound1 as the substrate.

FIGURE 3: Solvent isotope effects for reactions performed in H2O
(b) and D2O (O) at pH/pD 7.5. The solid lines represent fits of the
data to eq 2. Additional details are available in the text.
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this arginine residue could contribute to the diminution in
kcat/Km at high pH since the pKa value for the ionization of
the guanidino group is expected to exceed 12. However, in
NagA from E. coli there are tyrosine (Y223) and lysine
(K139) residues that may also be contributing to the
interaction with the phosphate moiety of the substrate.
Deprotonation of either of these residues at high pH could
result in a drop in the value ofkcat/Km. The mutation of Lys-
139 to methionine reduces the value ofkcat by a factor of 2
and the value ofkcat/Km by a factor of ∼50 when the
phosphate derivative (1) is used as the substrate, relative to
the wild type enzyme. However, there is only a 2-fold drop
in kcat/Km relative to the wild type enzyme when K139M is
used to hydrolyzeN-acetyl-D-glucosamine-6-sulfate (3).
However, the pH-rate profile for K139M still exhibits a

drop in activity at high pH whenN-acetyl-D-glucosamine-
6-phosphate (1) is used as the substrate, and thus it is unlikely
that the ionization state of this lysine is critical for catalytic
activity. Mutation of Y223 to a phenylalanine residue resulted
in a mutant with nearly the same catalytic activity as the
wild type enzyme, and thus this residue is not significant
for the binding of substrate in NagA.

The structure of the D273N mutant of theE. coli NagA
in the presence of the phosphonate inhibitor indicates that
H251 interacts with the anomeric hydroxyl group at carbon
1 (21). The H251N mutant has akcat of 6.8 s-1 and aKm of
2.7 mM. The value forkcat/Km is 1/400 of that measured for
the wild type enzyme. These results confirm the importance
for the role of H251 in the binding of substrate within the
active site of NagA. The homologous residue was found to
interact withD-glucosamine-6-phosphate in the structure of
NagA from B. subtilis. This histidine residue (H258) was
found to be 2.7 Å from the oxygen atom on the anomeric
carbon in theR-conformation (10).

Rate Limiting Steps. Three experimental probes were
marshaled with NagA to unveil the source of the rate
limitation for this enzyme. The first of these experiments
compared the rates of substrate hydrolysis in H2O and D2O.
Using Zn-NagA withN-acetyl-D-glucosamine-6-phosphate
as the substrate, initial velocity kinetics were measured at a
pH/pD of 7.5 as shown in Figure 3. At concentrations of
substrate up to 4 mM there is evidence for substrate
inhibition, and the data were therefore fit to eq 2 to yield
kinetic constants ofkcat (78 s-1), Km (0.14 mM), andkcat/Km

(5.7× 105 M-1 s-1) for the results in H2O. The corresponding
values in D2O under identical conditions with the same
enzyme stock were the following:kcat ) 69 s-1, Km ) 0.12
mM, andkcat/Km ) 5.6 × 105 M-1 s-1. The solvent isotope
effect for the substitution of D2O for H2O onkcat/Km is 1.02,
and the value onkcat is 1.1. These relatively modest solvent
isotope effects indicate that proton transfer is not a significant
rate determining step in this transformation.

The rate limitation imposed by the chemical cleavage of
the amide bond was tested by employing the trifluoroacetate

FIGURE 4: The effect of viscosity on the relative values ofkcat (A)
and kcat/Km (B) using sucrose as the micro-viscogen. Additional
details are available in the text.

FIGURE 5: Proposed mechanism for the substrate hydrolysis by NagA fromE. coli.
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derivative ofD-glucosamine-6-phosphate (6) as a substrate.
Viola et al. have demonstrated that the trifluoroacetate
analogue ofN-acetyl-L-aspartate is a very good substrate for
aspartoacylase from human brain (31). The kinetic param-
eters for the hydrolysis of6 with NagA are listed in Table
2. This substrate is hydrolyzed at a significantly faster rate
than is the correspondingN-acetyl derivative. Since the pKa

of trifluoroacetic acid (0.23) is significantly lower than that
of acetic acid (4.76), the carbon-nitrogen bond is weaker
and the carbonyl group more electrophilic. Therefore, the
rate of hydrolysis of6 is expected to be faster than the
hydrolysis of1 if NagA is limited by the chemical step in
the steady state. This assessment does not differentiate
whether the rate limiting step is the formation or cleavage
of the putative tetrahedral intermediate. It could be argued,
however, that if NagA were limited by product release from
the active site, then the dissociation of trifluoroacetate could
be inherently faster than the release of acetate. This specific
scenario was addressed by the utilization of changes in
solvent viscosity to systematically alter the rate constants
for the association and dissociation of products and substrates
with NagA (19, 20).

The effects of solvent viscosity on the catalytic rate
constants for the hydrolysis of1 by Zn-NagA are shown in
Figures 4A and 4B using sucrose as the micro-viscogen. The
plot of relativekcat vs relative viscosity was fit to a linear
equation yielding a slope of 0.008( 0.02. The corresponding
fit of data for the effect of solvent viscosity onkcat/Km gave
a slope of 0.065( 0.049. These results indicate quite clearly
that the rate of product dissociation does not limitkcat for
the hydrolysis of substrates by NagA. These experiments also
indicate that the value ofkcat/Km is not limited by the
association rate constant for the formation of the NagA-
substrate complex. These results (together with the enhanced
rate of reaction of compound6 relative to compound1) are
only consistent with the conclusion that NagA is limited by
either the formation or breakdown of the tetrahedral inter-
mediate.

Mechanism of Action.A model for the mechanism of
amide bond hydrolysis by NagA fromE. coli is presented
in Figure 5. In this scheme the resting state of the enzyme
has a single divalent cation bound to the active site through
ligation with the two histidines at the end ofâ-stands 5 and
6 (His-195 and His-216), and the glutamate (Glu-131) from
the end ofâ-stand 3 (21). The remaining ligand is a bound
water molecule that is, in turn, hydrogen bonded to the
invariant aspartate (D273) that originates from the end of
â-strand 8. The reaction is initiated by the binding of the
substrate in the active site and polarization of the carbonyl
oxygen via ligation to the divalent cation. There is a proton
transfer from the bound water molecule to Asp-273, and this
is followed by nucleophilic attack on the carbonyl carbon
and formation of the tetrahedral intermediate. The collapse
of the tetrahedral intermediate is facilitated by proton transfer
from Asp-273 to the leaving group amine of the product,
D-glucosamine-6-phosphate. The products depart the active
site, and another round of catalysis commences with the
charging of the metal center with a molecule of water from
the solvent.

The mechanism of substrate and water activation by NagA
from E. coli must be different than the mechanism utilized
by the same enzyme fromB. subtilis. TheB. subtilisenzyme

contains a binuclear metal center whereas theE. coli enzyme
can bind but a single divalent cation in the active site. For
a binuclear metal center, the activation of the amide bond
and the activation of the solvent water can be distributed
separately between the two metal ions. However, in the
mononuclear metal center, both functions must be borne by
a single divalent cation. These results highlight the significant
diversity for the evolution of function within the amidohy-
drolase superfamily. It is not intuitively obvious whether a
binuclear or mononuclear metal center represents a more
“advanced” or sophisticated site of catalytic power. However,
it is tempting to speculate that the binuclear metal center
currently found in NagA in some organisms is in the process
of shedding one of the divalent cations to create a fully
functional active site that operates with a single divalent
cation.
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