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ABSTRACT. NagA catalyzes the hydrolysis &f-acetylo-glucosamine-6-phosphate teglucosamine-6-
phosphate and acetate. X-ray crystal structures of NagA frscherichia colivere determined to establish

the number and ligation scheme for the binding of zinc to the active site and to elucidate the molecular
interactions between the protein and substrate. The three-dimensional structures of the apo-NagA, Zn-
NagA, and the D273N mutant enzyme in the presence of a tight-bifdingethylhydroxyphosphinyl-
D-glucosamine-6-phosphate inhibitor were determined. The structure of the Zn-NagA confirms that this
enzyme binds a single divalent cation at the beta-position in the active site via ligation to Glu-131, His-
195, and His-216. A water molecule completes the ligation shell, which is also in position to be hydrogen
bonded to Asp-273. In the structure of NagA bound to the tight binding inhibitor that mimics the tetrahedral
intermediate, the methyl phosphonate moiety has displaced the hydrolytic water molecule and is directly
coordinated to the zinc within the active site. The side chain of Asp-273 is positioned to activate the
hydrolytic water molecule via general base catalysis and to deliver this proton to the amino group upon
cleavage of the amide bond of the substrate. His-143 is positioned to help polarize the carbonyl group of
the substrate in conjunction with Lewis acid catalysis by the bound zinc. The inhibitor is bound in the
o-configuration at the anomeric carbon through a hydrogen bonding interaction of the hydroxyl group at
C-1 with the side chain of His-251. The phosphate group of the inhibitor attached to the hydroxyl at C-6
is ion paired with Arg-227 from the adjacent subunit. NagA frétrermotoga maritimavas shown to
require a single divalent cation for full catalytic activity.

NagA! (E.C. 3.5.1.25) is a metal-dependent enzyme which Scheme 1
catalyzes the deacetylation df-acetylb-glucosamine-6- o o
phosphate to form acetate anejlucosamine-6-phosphate  -o—pb— ‘0—P—
as presented in Scheme 1. NagA thus catalyzes a key step o ) &
in the catabolism of-acetylp-glucosamine from chitobiose OH OH ———» OH JwweOH  + )'\
and the recycling of cell wall murein1¢4). Over 300 HO
sequences homologous to that of NagA fr@scherichia “NT° NHy’
coli K-12 have been identified in the current NCBI databases. Hs
Nearly all of these sequences are annotated as NagA, but

some of them are annotatedMscetylp-galactosamine-6-  there is a deletion which eliminates the genes encoding for
phosphate deacetylase (AgaA). In the genonte. abli K-12 the N-acetylp-galactosamine (Aga) and-galactosamine
(GalN) phosphotransferase systems, while truncating the gene
" This work was supported in part by the NIH (GM71790). R.S.H.  for AgaA. These deletions prevent the growttEofcoli K-12

was supported by a fellowship from the Chemical Biology Training ; _ _ : _ ;
Grant to Texas A&M University (GM 008523). on eitherN-acetylp-galactosamine ap-galactosamines).

*The X-ray coordinates and structure factors for the apo-NagA, zn-  NagA has been characterized as a member of the ami-
NagA, and the D273N mutant complexed with a transition state inhibitor dohydrolase superfamily (AHS) based on sequence and

have been deposited in the Protein Data Bank (PDB accession code TR - .
1ymy, 2p50, and 2p53, respectively). Structural similarities to other enzymes within this super-
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' University of California-San Francisco. 16), p-mononuclear metal centerss,(13), or metal-
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1 Abbreviations: N-acetylb-glucosamine-6-phosphate deacetylase,
NagA: N-acetylp-galactosamine-6-phosphate deacetylase, AgaA; ami- _ X-ray crystal structures have been reported for NagA from
dohydrolase superfamily, AHS. Bacillus subtilis(PDB code: 1un7X1)), Thermotoga mar-
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itima (PDB code: 1012), and the metal-free complexof
coli (PDB code: 1lymy and 1yrd@)). A comparison of these
three X-ray crystal structures of NagA highlights the
fundamentally different active site motifs for the complex-
ation of divalent metal ions within this enzyme. The enzyme
from B. subtilishas anafS-binuclear metal center with two
iron atoms in the active site. The more solvent shielded metal
(M) is coordinated to two histidine residues frghstrand

1 and an aspartate fropitstrand 8 while the more solvent
exposed metal (ly) is coordinated to two histidine residues
from f-strands 5 and 6. The two metal ions are bridged to
one another by a glutamate frgfastrand 3 and hydroxide

or water from solventl(1). In contrast, the structure of NagA
from T. maritimashows only a single iron bound to thesM
site and a vacant Msite. However, the two histidines from
p-strand 1 and the aspartate frgivstrand 8 are apparently
available for binding of a second metal ion. The two
previously reported structures of NagA fro coli were
solved in the absence of any divalent cations, but it is highly
probable that NagA fronE. coli can bind only a single
divalent cation at the Isite since the two histidines from
pB-strand 1, that are apparently essential for the binding of
metal to this site, are absent and replaced by relatively poor
metal ligands, asparagine and glutamine.

It is therefore uncertain whether the active sites in NagA
from E. coli and/orT. maritimarequire one or two metal
ions to be fully active. If NagA from either of these
organisms has a different requirement for the total number
of metal ions required for catalytic activity than NagA from
B. subtilis then the chemical mechanism for substrate
hydrolysis must also differ in significant ways. The sites for
the binding of metal ions in NagA are similar to the other
binuclear metal centers found in the amidohydrolase super-
family (9, 10, 13, 19). However, in all of these other
structures the histidine froffi-strand 5 that coordinates M
interacts with the metal via N whereas M in NagA
coordinates to N The structures of the metal centers in the
active sites of NagA fronB. subtilis T. maritimg andE.
coli are presented in Figure 1.

The structure of the wild-type NagA froi. coli has now
been solved, and we demonstrate that this enzyme binds bu
a single divalent cation exclusively to thesMite. In addition,
the structure of the D273N mutant has been determined in
the presence of a transition state inhibitor, and this structure

Hall et al.
B. subtilis H273
D28
H63
o
H202 o o o5
E136
T. maritima \§ H197 D255
QT«;
H51
°
H176 o W
tﬁ
E. coli H216 D273
Q59
]
H195 O \
N61
E131

Ficure 1: Top: The active site of NagA from. subtiliswith two

Fe ions and a bridging water or hydroxide bound between the two
metal atoms (PDB: 1un7). Middle: The active site of NagA from
T. maritimawith one Fe ion and a water molecule (PDB: 1012).
Bottom: The active site of NagA frork. coli with one Zn ion

and a water molecule (PDB: 2p50). In these images the metal ions
are represented as green spheres and the bound water or hydroxide
is shown as a smaller red sphere.

t

from Pierce. ICP standards were obtained from Inorganic
Ventures Inc. TheN-methyl phosphonate derivative of
D-glucosamine-6-phosphaté) (was prepared according to

unveils the molecular interactions between the substrate andhe procedure of Xu20).

the enzyme within the active site. An extensive bioinfor-
matics analysis of the sequences annotated as NagA ha
shown that there is a correlation between the number of
metal ions bound in the active site of this enzyme and the
presence of a histidine or glutamine at the structural position
that is equivalent to His-143 of the enzyme frdmn coli.

This residue is now postulated to facilitate the formation of
the tetrahedral intermediate in the mechanism for amide bond
cleavage in the active site of NagA.

MATERIALS AND METHODS

Materials. N-Acetyl-D-glucosamine-6-phosphate and pu-

Cloning, Expression, and Purification of Nagfhe wild

?ype NagA and the D273N mutant froe coli K-12 were

purified as previously describe@). The enzyme utilized

for the crystal structure of apo-NagA was expressed in LB
growth medium with no additional metal. The NagA gene
from T. maritimawas amplified from genomic DNA using
the nucleotide primers'855CAGGAGCCATATGATTGT-
TGAGAAAGTTCTGATCGTTGATCCCATCG-3 and 53-
CGCGGAATTCATCTGGATCGAAAAACTACCTCACCC-

3'. The product was gel purified and ligated througtd
andEcoR cloning sites into a pET-30&() vector incorpo-
rating kanamycin resistance and IPTG inducible overexpres-

rification reagents were purchased from Sigma-Aldrich. sion. Plasmid DNA was electroporated into XL1 Blue cells
Chromatographic columns and resins were purchased fromand subsequently purified with a Wizard Plus SV miniprep
G. E. Healthcare. Chelex 100 resin was purchased fromDNA purification system. Gene sequences of the purified
BioRad. Slide-A-Lyzer dialysis cassettes were purchasedplasmids were verified through PCR-based sequencing in
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conjunction with the Gene Technologies Laboratory of Texas Table 1: Data Collection and Refinement Statistics
A&M University.

" . : SeMet WT D273N NagA

The NagA from_T. maritimawas expressed in LB medium crystal apo-NagA  NagAZn  Zn-TS-inhibitor
supplemented with 0.5 mM Zn&IThe IPTG-induced cells Data Collection
grew_for approximately 18 h_ at 3, after which they were beamline NSLS X29  NSLS X4A NSLS X4A
centrifuged at 340§for 12 min. The cells were resuspended  wavelength (A) 0.9783 peak  0.979 0.979
in buffer A (50 mM Tris, pH 7.5 and 1.0 mM DTT) which space group P2,2,2 C222 P3,21
was supplemented with 1Q@/mL phenylmethanesulfonyl ~ mol.inau 2 4 2

: : P . unit cell parameters
fluoride and disrupted by sonication. Insoluble cell debris a(d) 8223 95.18 81.40
was removed by centrifugation at 13@0for 12 min, after b (A) 114.02 117.99 81.40
which 1% w/v protamine sulfate was used to precipitate ¢ (A) 80.22 265.60 206.45
nucleic acids. The insoluble material was removed by resolution A) 2.6 2.2 21
centrifugation. The NagA frorf. maritimawas precipitated ggmgg:g:ggcz% 2936035 225836 355’0:'4
between 50 and 75% saturated ammonium sulfate. The g 0.079 0.082 0.086
.. . . ! ge . . .

precipitated protein was centrifuged at 13§@0r 12 min. averagd/o 23.6 19.1 19.7
The protein was resuspended in a minimal volume of buffer Refinement
A and loaded onto a Hiload 26/60 Superdex 200 prep grade resolution (A) 25.6-2.6 25.0-2.2 25.0-2.1
gel filtration column. The NagA containing fractions were  Reyst 0.212 0.213 0.205
further purified with a Resource Q anion exchange column Riee 0.243 0.257 0.242

. d i : : ; rmsd, bonds (A) 0.008 0.006 0.006
via elution with a Imea_r_grgdlent of 1.0 M NaCI_ in buffer  ymsd, angles (deg) 1.4 1.3 1.2
A. Throughout the purification, the NagA containing frac-  protein atoms 5306 10854 5748
tions were identified and monitored for purity by activity —waters 0 351 326
analysis and with SDS PAGE. Protein concentrations of 27 0 4 2

. " . . inhibitor atoms 0 0 40

NagA fromE. coli and T. maritimawere determined using  ppg |p 1YMY 2P50 2P53

the calculated extinction coefficients of 18490 Mm™* and

7680 Mt cml, respectively (Protein Calculator v3.3 at . .

http://www.scripps.edu/cdputnam/protcalc.html). residues. Sequences that appe?.fed to be. fragments or did
Measurement of Enzymatic Adty.. The rate of hydrolysis not conserve all subgroup-specific catalytic residues were

of N-acetylb-glucosamine-6-phosphate was monitored by removed from the sequence set. .
observing the cleavage of the amide bond at 215 nm using CYtoscapeA custom database was created, containing the
an extinction coefficient of 254 M cm L. Kinetic assays Nag'A—Ilke sequences. BLAST searches were then pgrformed
were performed at 36C using a 96-well quartz plate with ~adainst the database atemalue cutoff of 1x 107%/, using

a SpectraMax 384-Plus spectrophotometer from Molecular 88Ch sequence in the set as a query. A cytoscape network
Devices. was created based on the BLAST results, where each node

Reconstitution of NagA from T. maritimahe metal represents a single sequence in the.Na_\gA—Iike sequence set
content (Cd, Co, Cu, Fe, Mn, Ni, and Zn) in the enzyme and each edge represents the most significant BLASdlue _
preparations was determined with ICP-MS. Metal-free NagA connecting the two sequences. The nodes are arranged using
from T. maritimawas prepared via dialysis of a 2.4 mg/mL Organic layout. The amino acid types present at positions
enzyme solution against 10 mM dipicolinate, 30 mM MES corresp_o_ndmg to the f|r_st two r_netal blndln_g ligands in the
buffer at pH 6.0 using a 10K molecular weight cutoff dialysis B- Subtilis NagA and His-143 in thee. coli NagA were
cassette with three buffer changes over 3 days. The dipi_dete.rmlned based on the alignment described in the following
colinate was removed with four buffer changes against 30 S€ction. . _ .

mM metal-free HEPES at pH 8.0. For the metal reconstitu-  Sequence Alignmenill sequences in the NagA-like
tion study, aliquots of apoenzyme were incubated with 0 to Sequence set were aligned using Mus2ig.(The alignment

3 equiv of ZnC} per subunit at £C for 24 h with 50uM was hand _edited to ensure that c_atalytic r_esidues were
enzyme. The enzymatic activity of the reconstituted protein correctly aligned and to remove unaligned regions at the N-
was determined after a 5000-fold dilution into a 2.0 mM and C-termini, and is available in the Supporting Information.
N-acetylp-glucosamine-6-phosphate assay mixture contain- Bayesian Phylogenetic Tred representative subset of
ing 50 mM Tris buffer at pH 7.5 and 3TC. NagA-like sequences was selected by filtering the entire

Sequence CollectioNagA-like sequences were found by NagA-like sequence set to approximately 40% identity using
searching the NCBI protein database via the HMMSEARCH the mcd-hit program24). A filtered version of the hand-
program, using hidden Markov models (HMMs) from the edited alignment described in the previous section, containing
Structure-Function Linkage Databas2?). The HMMs were  only those sequences in the 40% identity filtered set, was
based on alignments for thdl-acetylp-glucosamine-6-  then created and used for tree construction with MrBayes
phosphate deacetylase family, thecetylp-galactosamine-  (25).
6-phosphate deacetylase family, and tReacetylo-glu- Crystallization and Data CollectiorThree different crystal
cosamine-6-phosphate deacetylbisa¢etylp-galactosamine-  forms (Table 1) were grown by the hanging drop method at
6-phosphate deacetylase-like subgroup. All sequences wergoom temperature: selenomethionine (SeMet)-substituted
then aligned to theN-acetylb-glucosamine-6-phosphate apo-NagA; wild type NagA and Zi¥; and D273N NagA
deacetylas®-acetylp-galactosamine-6-phosphate deacety- mutant, Zrt? with the transition state inhibitoN-methyl-
lase-like subgroup HMM via the HMMALIGN program and  hydroxyphosphinyb-glucosamine-6-phosphatg.(The crys-
examined for conservation of subgroup-specific catalytic tallization conditions utilized the following conditions:
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(1) SeMet-substituted apo-NagA. The protein solution
contained SeMet-substituted NagA francoli (12 mg/mL),

20 mM HEPES, pH 7.5, and 5 mM mercaptoethanol; the
precipitant contained 1.6 M ammonium sulfate, 0.1 M Tris
HCI, pH 8.5. Crystals appeared in 3 days and exhibited
diffraction consistent with the space groBp;2;2 with two
molecules of NagA per asymmetric unit.

(2) NagA and Z#@*. The protein solution contained wild
type NagA (15 mg/mL), 20 mM HEPES, pH 7.5; the
precipitant contained 25% PEG 3350, 0.1 M Tris HCI, pH
8.5, and 0.2 M ZnGl Crystals appeared in 6 days and
exhibited diffraction consistent with the space graig22;,
with four molecules of NagA per asymmetric unit.

(3) NagA D273N, ZA*, and transition state inhibitor,
N-methylhydroxyphosphinyb-glucosamine-6-phosphate).(
The protein solution contained NagA mutant D273N (20 mg/
mL), 20 mM HEPES, pH 7.5, 1 mM Zngland 40 mM
inhibitor; the precipitant contained 12% PEG 3350, 0.1 M
Hepes, pH 7.5, and 1 mM Zng£ICrystals appeared in 1
week and exhibited diffraction consistent with the space
group P3,;21 with two molecules of NagA per asymmetric
unit.

Prior to data collection, the crystals were transferred to
cryoprotectant solutions composed of their mother liquids
and 20% glycerol. After~10 s incubation, the crystals were
flash-cooled in a nitrogen stream. A single-wavelength
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rebuilding with ARP 82), manual rebuilding with TOM, and
refinement with CNS were performed. The model was
refined at 2.2 A withReyst = 0.213 andRyee = 0.257. The
four polypeptides (residues-B82 each) in the asymmetric
unit were assembled as two dimers. The chain segment 280
307 in three out of four monomers was missing in the
electron density maps. A Zh was clearly visible in the
electron density maps for all four monomers.

The structure of the D273N NagA mutant crystallized with
Zn?* and N-methylhydroxyphosphinyb-glucosamine-6-
phosphate Ij was also solved by molecular replacement
using SeMet substituted apo-NagA as the search model. The
model was refined at 2.1 A witReyyst = 0.205 andRyee =
0.242. All residues (£382) were ordered in both polypep-
tides. The TS-inhibitor and 2Zh were also well-defined in
both polypeptides of the asymmetric unit.

RESULTS

Bioinformatics. Approximately 350 NagA-like sequences
in the NCBI protein database were identified. The majority
of these sequences (89%) are found in bacteria, reflecting
their roles in cell wall peptidoglycan and teichoic acid
biosynthesis in these organisms. Ten percent of the sequences
are found in eukaryotes, and the remaining 1% are found in
archaea. The AgaA protein sequence freémcoli C was

anomalous dispersion (SAD) data set for a crystal of SeMet- compared to similar sequences in the NCBI database. Only
substituted apo-NAgA (Table 1, column 1) was collected to Six distinct sequences are annotated as AgaA. All of these
2.6 A resolution at the NSLS X29 beamline (Brookhaven Proteins possess about a 30% sequence identity with NagA
National Laboratory) on an ADSC Q315 detector. Data sets from E. coli K-12. All of the AgaA enzymes are found in
for the wild type NagA complex with Z& (column 2), and different strains oE. coli except for one example. The AgaA
D273N NagA complex with Z# and N-methylhydroxy- from T. elongatuBBP-1 was located next t-glucosamine-
phosphiny|D-g|ucosamine-6-phosphate (Co|umn 3) were related enzymes. Several of the organisms, |nCIuE].r!gJI|
collected at the NSLS X4A beamline on an ADSC ccD HS andE. coli 101-1, contain two sequences annotated as
detector to 2.2 A and 2.1 A, respectively. Diffraction NagA with less than 30% sequence identity. Many of the
intensities were integrated and scaled with programs DENzO NagA annotated enzymes that are closely related to the
and SCALEPACK 26). The data collection statistics are sequence of AgaA, like that oVibrio wulnificus and
given in Table 1. Aeromonas hydrophillaare located in the chromosome next
Structure Determination and Refinemelnitial attempts 0 genes that are expected to operate-gralactosamine such
to determine the structure of the apo-NagA by molecular asN-acetylb-galactosamine phosphotransferase components,
replacement using the structures of the NagA frsubtilis ~ tagatose-1,6-bisphosphate aldolase, tagatose-6-phosphate ki-
(PDB ID 1un7) and NagA fronT. maritima(PDB ID 1012) nase, andx-galactosidase. Careful analysis of the sequence
as search models were unsuccessful. Instead, the structur@lignment of NagA and AgaA enzymes indicates that AgaA
of the SeMet-substituted apo-NagA was solved by SAD with contains all of the important catalytic residues required for
the program SOLVEZ7); fourteen of the sixteen selenium NagA. A small, representative alignment of the three NagA
sites were identified. These heavy atom sites were used to€nzymes discussed here with AgaA frémncoli C is shown
calculate initial phases, which were improved by solvent In Figure 2.
flattening and NCS averaging with the program RESOLVE  Metal Dependence and Acitly of NagA from T. maritima.
(28), yielding an interpretable map for two monomers in the The recombinant NagA from. maritimawas purified from
asymmetric unit for space grol2,2;2. lterative cycles of  anE. coli expression system and found to contain 0.25 equiv
manual rebuilding with TOMZ9) and refinement with CNS  of Zn and 0.35 equiv of Fe per active site. Upon further
(30) resulted in a model at 2.6 A resolution wiBRyys = incubation with 3 molar equiv of Zn, values kf,; and K,
0.212 andRyee = 0.243. The two polypeptides (residues were determined to be 118 3 s and 0.044 0.01 mM,
1-382 each) in the asymmetric unit were assembled as arespectively, with a value d€./Ky, 0f 2.8+ 0.4 x 1P M?
dimer. The chain segment 13944 of the monomer A and s % At high substrate concentrations the activity diminished
chain segments 6973, 138-152, and 277307 of the with an inhibition constant of 3.9- 0.5 mM. After removal
monomer B were missing in the electron density maps. The of the bound metal, NagA frof. maritimalacked detectable
active sites of both monomers did not contairfZn levels of activity. The apoenzyme was reconstituted by
The structure of the wild type NagA crystallized withZn adding up to 3 equiv of zinc per subunit. In these experiments
was solved by molecular replacement with the program there was a linear increase in the catalytic activity that
PHASER (1), using the SeMet substituted apo-NagA reached a maximum at approximately 1 equiv of zinc per
structure as the search model. Iterative cycles of automaticenzyme subunit. The change in activity as a function of added
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. Agah 1 MSGRGRNMTHVLRARRLLTEEGWLDDHQLRIADGVIAAIEPIPAG-————— VTERDAELLCPAYIDTHVHGGAGYVDVMDDAPDV————-LDK
. Nagh 1 === MAESLLIKDIAIVTENEVIENGYVGINDGKISTVSTERPKEPYSKEIQAPADSVLLPGMIDIHIHGGYGADTMDASEST--~-~LDI
. Nagh 1 ———————— MIVEKVLIVDPIDGEFTGDVEIEEGKIVEVEKR-========= ECIPRGVLMPGEVDPHIHGVVGADTMNCDFS ===~~~ E
. Nagh 1 ———====- MYALTQGRIFTGHEFLDDHAVVIADGLIKSVCPVAELFPP-EIEQRSLNGAILSPGFIDVQLNGCGGVQFNDTAEAVSVETLEI

Fawm
0E a0

. Agalh 8Z LAMHEAREGVGEWLPTTVTTPLNTIHAALKRIAQRCORGGP——-GAQVLGSYLEGPFYFTPONKGANPPELFRELEIAELDQLIAVSQHTLRE
. Nagh 83 MSSRLPEEGTTSFLATTITOEHGNISQALVNAREWKAAEESSLLGAELLGIHLEGPFVSPKRAGAMPKEWIRPSDVELFKKWOOEAGGLIK
. Nagh 66 MEEFLYSQGVITFLATTVSTSLEKMKEILRKARDYILENPS----TSLLGVHLEGPYISKEKKGARSEKHIRPPSERELSEIDSPA----K
. Nagh 83 MQKANEKSGCTNYLPTLITTSDELMKQGVRVMREYLAKHPN----- QALGLHLEGPWLNLVEKGTENFPNEFVREPD-AALVDFLCENADVIT

mamm
o= 00

Agal 168 VVALAPEKEGALQAIRHLKQONVEVMLGERAATWQOQTRAAFDACADRLVECYNRMTGLHHEEPGIVCAGLTDKRAWLELIADG HPARM
NaghA 172 IVTLAPEEDQHFELIRHLKDESIIASMGHETDADSALLSDAAKAGASHMTRLYNAMSPFHHEEPGVIGTALAHDGEVTELIADGIMSHPLAR
Nagh 148 MLTFAPEIE-SSELLLRLVKRDIVLSAGESIATFEEFMKFYKEGVERITRFPNGLKPLHHEEIGITGAGLLLDDVKLELICDGVELSREMV
Nagh 166 KVTLAPEMVP-AEVISKLANAGIVVSAGHSNATLKEAKAGFRAGITFATRLYNAMPY ITGREPGLAGAILDEADI¥YCGIIADG DYANI

mAamm
o 82 00

Agad 271 SLCCCCAKER-IVLIT OAAGMPDGRY TLCGEEVOMHGGVVRTASGGLAGSTLSVDAAVRNMVELTGVTPAEATHMASLHPARMLGVDG
Nagh 266 KLAFLAKGSSELILITRSMRAKGLEDGVYEFGGQSVTVRGRTALLSDGTLAGSILEMNEGARHMREFTNCSWTDIANITSENAAKQLGIFD
Nagh 239 KLVYKVEKANGIVLVIESISAAGLKDGTTTLGDLVVKVEDGVPRLEDGTLAGSTLFFSQAVENFRKFTGCSITELAKVSSYNSCVELGLDD
Nagh 258 RNAKRLKGDK-LCLVIBATAPAGANIEQFIFAGKTIYYRNGLCVDENGTLSGSSLTMIEGVRENLVEHCGIALDEVLRMATLYPARAIGVEK

Mg mm
0= w0

. Agah 351 VLGSLKPGKRASVVALDSGLHVQQIWIQGQLASF------
. Nagh 356 REGSVTVGKDADLVIVSSDCEVILTICRGNIAFISKEADQI
. Nagh 330 R-GRIAEGTRADLVLLDEDLNVVMTIKEGEVVFRSR————
c. Nagh 348 RLGTLAAGKVANLTAFTPDFKITKTIVNGNEVVIQ-----—

Ficure 2: Protein sequence alignment of AgaA frdin coli C, NagA fromB. subtilis NagA fromT. maritima and NagA fromE. coli
K-12. The eighis-strands are highlighted in gray. The residue positions from the efiestbind 1 that ligate the-metal ion are highlighted
in yellow. The residue position that corresponds to His-143 in NagA fEongoli K-12 is highlighted in green. Fully conserved metal
binding and catalytic residues are highlighted in red. Fully conserved substrate binding residues are highlighted in blue.

Hw o
3 m o0

]

140 between theg-sandwich domains formed by residues from
°,* the N- and C-termini. The tertiary fold consists of a
120 - o ° °e °.° somewhat twisted¥{o)s-barrel barrel made of eight alternat-
° ing B-strands andt-helices as shown in Figure 4B. A small
100 o o-helix partially covers the N-terminus (bottom) of the barrel.
The putative active site residues are located at the C-terminal
~ wl . end of thep-barrel. The loop region betweehstrands 3
» and 4, which contains residues 13B45, is conspicuously
£ L absent in the structure of the apo-NagA. This is likely due
@ 60f ° to the mobility of these residues in the absence of a bound
o ligand. A small3-sheet formed by residues betwetstrand
0r o 8 anda-helix 9 forms a putative capping domain near the
active site.
20f °® Structure of Zn-NagAThe structure of the wild type NagA
[ ] . . . .
° from E. coli was determined in the presence of zinc bound
0e s s ! s s s within the active site. Each subunit binds a single Zn atom
00 05 10 15 20 25 30 35 in the M; site, through electrostatic interactions with Glu-
Equivalents of Zn / Apo T.m. NagA 131, His-195, and His-216 as shown in Figure 5. The

Ficure 3: Reconstitution of apo-NagA froff. maritima(50 xM) interatomic distances of Zn to these residues in the native
with varying amounts of ZnG! The rate of substrate hydrolysis ~ Structure are 2.1, 2.2, and 2.1.A, respectively. Subunit A
was determined with 2.0 mM-acetylp-glucosamine-6-phosphate.  possesses two water molecules in the active site. One of these
Additional details are provided in the text. water molecules is bound directly to the Zn at a distance of

zinc is presented in Figure 3. These results demonstrate tha2.5 A. This water molecule is also interacting with both
NagA fromT. maritimarequires only a single divalent cation 0xygen atoms of Asp-273 at distances of 2.8 and 3.0 A. A
for maximum catalytic activity. second active site water molecule is 2.9 A from the first
Structure of Apo-NagAThe crystal structure of the apo- Wwater molecule and is hydrogen bondedjt® of Asn-61
NagA was determined to a resolution of 2.6 A in the absence and to one of the oxygen atoms from the carboxylate side
of any other ligands. The enzyme adopts a homotetramericchain of Glu-131 with distances of 2.5 and 2.7 A, respec-
oligomerization state in solution as determined by gel tively. Subunit B also contains two water molecules in the
filtration chromatography21), SAXS (18) and analytical active site with similar distances and geometries.
ultracentrifugation 33). The quaternary structure is a dimer Structure of D273N MutanfThe zinc in the active site of
of dimers, where each dimer pair has the active sites facingthe wild type NagA fromE. coli is coordinated to a single
the complementary subunit as presented in Figure 4A.water molecule, and this water molecule is hydrogen bonded
Interactions for this active site interface occur mainly through to the side chain carboxylate of Asp-273 frg#vstrand 8.
a loop ando-helix region located aftef-strand 6. Arg-227 Mutation of this residue to asparagine results in a protein
is poised to interact with the phosphate moiety of the that is unable to hydrolyze the substragd)( The crystal
substrate molecule which would bind to the complementary structure of the D273N mutant was determined in the
subunit as shown previously for the NagA frddn subtilis presence of a transition state analogue inhibitdrirf an
(12). Other interactions between the two dimers occur attempt to unveil the molecular interactions between the
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H"N D273N
R227

H216

Transition-State Analog \\

E131
Inhibitor

H143
H195

Ficure 6: The structure of the active site of the NagA mutant
D273N in the presence of the tight-binding transition state
inhibitor I.

Scheme 2
0PO;=

H Q

H OH
?H
Hsc—ll’=0
o

)

fashion. One of these interactions is from one of the side-
chain carboxylate oxygens of Glu-131 frgsrstrand 3 at a
distance of 1.8 A. There are additional interactions from His-
195 fromp-strand 5 and His-216 frogft-strand 6 at distances
of 2.1 and 2.2 A, respectively. The fourth interaction is from
one of the phosphonate oxygens of the inhibitor at a distance
of 2.0 A and is analogous to the water ligand described
previously for the wild-type Zn structure. There are two other
atoms near the active site Zn at slightly longer distances.
These include the other oxygen from the phosphonate moiety
of the inhibitor (analogous to the substrate carbonyl) and
the second carboxylate oxygen of Glu-131. The oxygen from
the inhibitor is positioned 3.0 A away from the zinc and 3.0
FiGURE 4: Ribbon diagram of the three-dimensional structure of A from the side chain of His-143. The second carboxylate
NagA fromE. coli displaying the tetrameric oligomerization (A).  oxygen of Glu-131 is 2.9 A away from Zn and 2.9 A away
Ribbon diagram of an individual subunit of NagA (B). from His-143. His-251 is hydrogen bonded to the anomeric
hydroxy! of the inhibitor in thex-conformation at a distance
H216 of 2.7 A. Two of the phosphate oxygens from the inhibitor

D273 .28 A are positioned 2.8 and 3.0 A from the guanidino group of
39..-0-*%- @73 Arg-227, which originates from the adjacent subunit. The

21! H195 X-ray crystal structure of the active site residues with bound

: Zn and inhibitor ligands is presented in Figure 6. A schematic

Q59 drawing of the inhibitor-enzyme interactions is presented
in Figure 7.

N61

E131 DISCUSSION
Differentiation of AgaA and NagAThe sequence align-

FiIGURE 5: The structure of the active site of NagA fro coli ment between NagA and those proteins annotated as AgaA
showing the coordination of the single Zn in thenetal site. The demonstrates that all of the important catalytic residues and
zinc is represented as a green sphere, and the bound water moleculghe amino acids required for substrate recognition are
is shown as a small red sphere. The distances between the zin ;
and the coordinating ligand are listed in angstroms %onserved. These re_sults suggest that those proteins currently

annotated as NagA in the various databases are also able to
protein and substrate in a complex that cannot be hydrolyzed.hydrolyze the acetyl group fromd-acetylp-galactosamine-
The inhibitor,N-methylhydroxyphosphinyb-glucosamine- 6-phosphate. This conjecture has been confirmed for the
6-phosphatel§, is presented in Scheme 2 and is bound within NagA fromE. coli K-12 (21).
the active site of D273N. The active site Zn in this structure  Biological Functions within the NagA-like Sequence
is coordinated by four ligands in a distorted tetrahedral Group.A Bayesian phylogenetic tree (Figure 8) and sequence-
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3-0..___.8—P—0 H251 encode aiN-acetylp-galactosamine-6-phosphate deacetylase
NH2 8 (AgaA) (5). Many strains oE. coli have at least two distinct
/& Zf - NJ NagA-like sequences, one with a likely primary biological
HN' “NH, HO oH” function of NagA and one with a likely primary biological
35 Hp D273N function of AgaA.
| Genome context information suggests that AgaA and
R227 _T-B?O"QHM ----- o) NagA may not be the only biologically relevant functions
N\ 30 030 7 found in the NagA-like sequence group. For example,
NH- @ 22 2N genome context suggests that one of the NagA-like sequences
O/ ¢ 21 \__ from Vibrio furnissii (gi|3122428), which has been shown
' N\ experimentally to complement & coli NagA mutant, may
E131 \ 7 actually function as aN-acetylp-mannosamine-6-phosphate
NH deacetylasén vivo (34). At least 38 distinct strains (corre-
sponding to 23 species) contain multiple NagA-like se-
H195 quences that share less than 50% identity to each other,
FIGURE 7: A schematic drawing of the active site of the D273N  suggesting that one of the sequences may have a slightly
NagA mutant fromE. coli with the bound transition state analogue  gjtered substrate specificity or expression pattern.
:{;T'e%t?r: !i.nggterodr;]ssténces between key molecular interactions are Differentiation of Mononuclear and Binuclear Forms of
NagA. While B. subtilis NagA binds two metals1(l), T.
similarity based clustering (Figure 9A) separate the NagA- maritimaand E. coli NagA bind only a single metal. One
like sequences roughly as would be expected based onobvious candidate for the sequence signature responsible for
species. However, some groups, most strikingly proteobac-this change is the HxH motif found i. subtilisNagA, but
teria, have more than one sequence cluster. Although manyreplaced by QxN irE. coli NagA, which provides two of
of the NagA-like sequences are likely to functioraacetyl- the four ligands for the--metal. Figure 9B shows the NagA-
D-glucosamine-6-phosphate deacetylases (and, indeed, severéike sequence Cytoscape network, with sequences possessing
have been experimentally characterized as such), some mayhe HxH motif colored red, sequences possessing the QxN
have slightly different substrate specificity. For example, one motif colored blue and sequences possessing an intermediate
of the NagA-like sequences frof. coli (gi|8895751) has  HxN motif colored green. Although none of the sequences

been shown, based on experiment and operon context, to
}

N
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Ficure 8: Bayesian phylogenetic tree of the proteins in the NagA-like sequence group. A representative set of sequences was selected by
filtering the complete NagA-like sequence set to approximately 40% identity. Sequences are listed according to their NCBI gi number. The
crystallized NagA sequences frdi coli, B. subtilis andT. maritimaand the experimentally characterized AgaA frencoli are indicated

with species abbreviations. Branch confidence values of greater than 0.9 are indicated as circles.
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with either the QxN motif or the HxN motif (missing one

or two of thea-metal binding ligands) has been shown to
bind two metals, thd. maritimasequence (shown to bind
only one metal) has the HxH motif. Thus there must be
additional residues beyond the HxH motif that influence
metal binding. One residue in particular, corresponding to
His-143 in E. coli NagA, seems likely to influence metal
binding. It is found in the active site of NagA, and is
conserved in the group of sequences that cluster with
enzymes known to bind only one metal. However, in the
groups of sequences that cluster with the two-metal binding
versions of NagA, it is conserved as either a glutamine or
glutamic acid. Figure 9C shows the NagA-like sequence
Cytoscape network, with sequences possessing a histidine
at the position corresponding to His-143 Eh coli NagA
colored green, those possessing a glutamine at this position
colored magenta, and those possessing a glutamic acid at
this position colored orange. A comparison of Figures 9B
and 9C shows that all of the sequences missing the HxH
motif (and thus, unable to bind more than one metal) have
a histidine at the position corresponding to His-143. In
addition, there are some sequences (including the one-metal-
binding T. maritimaNagA) that have the HxH motif, but
also have a histidine at the position corresponding to His-
143 fromE. coli. This is consistent with the residue type at
the position corresponding to His-143 &. coli NagA
influencing whether a sequence will bind one or two metals.
However, due to the small number of NagA sequences with
experimentally determined metal requirements, this hypoth-
esis should be further tested. The Cytoscape networks given
in Figures 9B and 9C may be useful for selecting test
sequences for this purpose.

Required Metal lons for NagA from T. maritim@he
crystal structure of NagA frorl. maritimacontained a single
Fe per active site (PDB ID: 1012). The crystal structures
shown in Figure 1 and the sequence alignment shown in
Figure 2 demonstrate that this enzyme possesses the same
metal binding residues as the NagA fr@nsubtilis which
contains two Fe atoms per active site. The absence of a metal
ion in the M,-site of theT. maritima enzyme may have
resulted in the loss of metal during the purification, or
alternatively, this enzyme may not require a metal ion at
this site. The metal titration studies presented in Figure 3
clearly show that thd. maritimaenzyme requires only a
single metal ion in the active site. This result is similar to
the metal requirements for activation of NagA frdmcoli
(22).

Structural Insights for CatalysisThe characterization of
the kinetic properties of the wild type NagA demonstrated
that the most critical residue for the maintenance of catalytic
prowess of this enzyme is Asp-2731j. This residue is
found at the end gf-strand 8, and the side chain carboxylate
FiGurRe 9: Cytoscape networks containing all members of the is hydrogen bonded to the water (or hydroxide) that is
NagA-like sequence group. Nodes correspond to sequences angtoordinated to the single metal ion in the active site. The

edges correspond to BLAS&values. Uncharacterized sequences h | tate is of fund tal i ) in all
are shown as squares. Experimentally characterized and/or crystal- omologous aspartate IS of lundamental Importance in a

lized NagAs are shown as (larger) circles, and the sequence withOf the members of the amidohydrolase superfamily examined
experimentally determined AgaA activity is shown as a triangle. to date 6). It has been proposed that this residue functions
Networks are colored according to (A) lineage (colors correspond as a general base to activate the hydrolytic water molecule

to those in Figure 8), (B) the amino acid types found at positions : ; ;
corresponding to the first two metal binding ligandsBnsubtilis via proton abstraction and then as a general acid during

NagA (red, HxH: green, HxN: blue, QxN), (C) the residue type protonation of the leaving group amine. The postulated role
present at a position corresponding to His-143Eincoli NagA of Asp-273 as a proton shuttle is further supported in the
(green, H; magenta, Q; orange, E; blue, M). crystal structure of the Zn-containing wild type enzyme,
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where Asp-273 interacts with the Zn-bound water molecule. ion binding site found in NagA fronT. maritimafrom the
Additional support for the critical role of Asp-273 is found binuclear metal center found in NagA frof. subtilis

in the structure of the D273N mutant which contains a appears to be the presence of a histidine residue that can
phosphonamidate inhibitor in the active site. In this structure, function in the polarization of the substrate during bond
Asn-273 is the closest group to the amide functional group cleavage.

of the inhibitor and is positioned to function in the proto-

nation of the amino group of the departing glucosamine-6- SUPPORTING INFORMATION AVAILABLE

; . ! T Alignment of the amino acid sequences for NagA and
is 35 nM, and thus this compound is apparently a good mimic aogaA. This material is available free of charge via the

phosphate. The reported inhibition constant of the inhibitor

of the tetrahedral intermediat2().
The anomeric hydroxyl group at C1 of the bound inhibitor

Internet at http://pubs.acs.org.

is found in thea-configuration, which was also observed REFERENCES

for thep-glucosamine product bound in the crystal structure
of NagA from B. subtilis (11). This hydroxyl group is
interacting with the side chain of His-251, and this residue
is conserved in all of the NagA sequences identified to date.
Another residue that contributes to the binding of the
substrate is Arg-227. This residue forms an ion pair with
the phosphate group of the substrate. Lys-139 is positioned
more tha 5 A from any of the phosphate oxygens of the
inhibitor. The magnitude of this distance is surprising,
because the mutation of this residue results in a 25-fold
increase in the Michaelis constant for the substr&iB. (
There are no residues interacting with the substrate that
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tions of the hydroxyl at carbons 3 or 4. However, the
hydroxyl group at carbon 3 is in position to hydrogen bond
to one of the phosphonate oxygens of the inhibitor. This
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p-strand 3, is absent in the structure of apo-NagA (PDB ID:
1lymy), but is found near the phosphonate group of the
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SUMMARY

Based on the metal titration studies and protein sequence
comparisons, it is proposed that the structures of NagA from
B. subtilis T. maritimg andE. coli symbolize the evolution
from the binuclear metal system presentBnsubtilisand
similar enzymes to the mononuclear metal systems observed
in E. coliand in higher organisms such ldemo sapienslt
has been demonstrated that AgaA is very similar to NagA

and that the only apparent difference is the location of the 1°-

genes within the chromosome. We have verified that the two
NagA enzymes fronk. coli and T. maritimarequire only
one metal for maximum activity. The HxH binding motif
for the a-metal site used in NagA frorB. subtilis NagA
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