Provided for non-commercial research and educational use only.
Not for reproduction or distribution or commercial use.

Volume 359, Number 2, 2 June 2006 155N 0022-2836

JOuRNAL OF MoLECULAR Brotogy

0027 - 2836 (200804021 35922 21-1

200,

This article was originally published in a journal published by
Elsevier, and the attached copy is provided by Elsevier for the
author’s benefit and for the benefit of the author’s institution, for
non-commercial research and educational use including without
limitation use in instruction at your institution, sending it to specific
colleagues that you know, and providing a copy to your institution’s
administrator.

All other uses, reproduction and distribution, including without
limitation commercial reprints, selling or licensing copies or access,
or posting on open internet sites, your personal or institution’s
website or repository, are prohibited. For exceptions, permission
may be sought for such use through Elsevier’s permissions site at:

http://www.elsevier.com/locate/permissionusematerial


http://www.elsevier.com/locate/permissionusematerial

doi:10.1016/}.jmb.2006.03.024

J. Mol. Biol. (2006) 359, 308—321

JMB

Available online at www.sciencedirect.com

sc.sucs@n.“cr.

Structural Analysis of N-acetylglucosamine-
6-phosphate Deacetylase Apoenzyme from

Escherichia coli

Frederico M. Ferreira', Guillermo Mendoza-Hernandez?
Maria Castaneda-Bueno?, Ricardo Aparicio®, Hannes Fischer’
Mario L. Calcagno? and Glaucius Oliva'*

Ynstituto de Fisica de Sdo
Carlos, Universidade de Sao
Paulo, C.P. 369, 13560-970
Sdo Carlos, SP, Brazil

*Departamento de Bioquimica
Facultad de Medicina
Universidad Nacional
Autonoma de Mexico

AP. Postal 70-159

Cd. Universitaria, 04510
Mexico, DF Mexico

3Instituto de Quimica
Universidade Estadual de
Campinas, C.P. 6154, 13084-862
Campinas, SP, Brazil

*Corresponding author

We report the crystal structure of the apoenzyme of N-acetylglucosamine-
6-phosphate (GIcNAc6P) deacetylase from Escherichia coli (ECNAGPase)
and the spectrometric evidence of the presence of Zn>" in the native
protein. The GIcNAc6P deacetylase is an enzyme of the amino sugar
catabolic pathway that catalyzes the conversion of the GIcNAc6P into
glucosamine 6-phosphate (GIcN6P). The crystal structure was phased by
the single isomorphous replacement with anomalous scattering (SIRAS)
method using low-resolution (2.9 A) iodine anomalous scattering and it
was refined against a native dataset up to 2.0 A resolution. The structure is
similar to two other NAGPases whose structures are known from
Thermotoga maritima (TmNAGPase) and Bacillus subtilis (BsNAGPase);
however, it shows a phosphate ion bound at the metal-binding site.
Compared to these previous structures, the apoenzyme shows extensive
conformational changes in two loops adjacent to the active site. The E. coli
enzyme is a tetramer and its dimer—dimer interface was analyzed. The
tetrameric structure was confirmed in solution by small-angle X-ray
scattering data. Although no metal ions were detected in the present
structure, experiments of photon-induced X-ray emission (PIXE) spectra
and of inductively coupled plasma emission spectroscopy (ICP-AES) with
enzyme that was neither exposed to chelating agents nor metal ions during
purification, revealed the presence of 1.4 atoms of Zn per polypeptide
chain. Enzyme inactivation by metal-sequestering agents and subsequent
reactivation by the addition of several divalent cations, demonstrate the
role of metal ions in EcNAGPase structure and catalysis.

© 2006 Elsevier Ltd. All rights reserved.
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Introduction

The bacterium Escherichia coli displays a great
utilization of

versatility in  the

carbon sources and it can use a great variety of
carbohydrates and related compounds as sources
of energy. When amino sugars, glucosamine (GlcN)
or N-acetylglucosamine (GlcNAc), are present in the
environment, they are taken up by the cells and used

different

Abbreviations used: GIcNAc6P, N-acetylglucosamine

for cell wall and lipid A synthesis as well as a carbon

6-phosphate; NAGPase, N-acetylglucosamine-
6-phosphate deacetylase; SIRAS, single isomorphous
replacement with anomalous scattering; SAXS, small-
angle X-ray scattering; PIXE, photon-induced X-ray
emission; ICP-AES, inductively coupled plasma emission
spectroscopy; DRM, dummy residues model.

E-mail address of the corresponding author:
oliva@if.sc.usp.br

source. Under these conditions, the synthesis of the
enzyme glucosamine synthase (GlmS) necessary for
the biosynthesis of amino sugars, is repressed while
the enzymes necessary for the transport and meta-
bolism of amino sugars are induced."” GIcNAc is
amongst the best carbon sources known for E. coli,
producing similar growth rates as glucose. In E. coli
both GIcN and GlcNAc are phosphotransferase

0022-2836/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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system (PTS) sugars, so their transport into the cell is
coupled to their phosphorylation. The N-acetygluco-
samine 6-phosphate (GIcNAc6P) resulting from the
transport of GIcNAc is hydrolyzed to GlcN6P and
acetate by the enzyme GIcNAc6P deacetylase (EC
3.5.1.25) encoded by the gene nagA. GIcN6D, either
produced from GIcNAc6P or from the transport of
GIcN, is then deaminated and isomerized by the
enzyme GIcN6P deaminase (EC 3.5.99.6, encoded by
nagB), which produces free ammonia and fructose

6-phosphate.” Utilization of GIcNAc has also been
reported for other pathogenic bacteria, such as
Klebsiella pneumoniae and Vibrio choleree and it was
demonstrated that it induces cellular morphogenesis
in Candida albicans by dlSl‘upl‘lOl’l of the N-acetylglu-
cosamine catabolic pathway In the absence of an
exogenous supply of amino sugars, GIcN6P can be
synthesized from Fru6P and glutamine by the
enzyme glutamine-fructose-6-phosphate amino-
transferase (GImS, E.C. 2.6.1.16), encoded by one of
the genes in the biosynthetic operon, glmUS. In the
presence of an exogenous supply of amino sugars the
expression of the biosynthetic operon is repressed
while the expression of the genes necessary for
GIcNACc utilization as a carbon source are induced.
The genes for the transport (nagE) and catabolism
(nagBA) of GIlcNAc are organized in two divergent
operons nagE-nagBACD. The inducing signal turning
on expression of the nagE-nagBA genes is GIcNACc6P,
which prevents the transcrlptlonal repressor NagC
from binding to its operators.' GIcNAc6P that is the
direct product of GlcNAc transport, has an additional
regulatory role; it is the allosteric activator of GIcN6P
deaminase (NagB). 56 EcNAGPase is not allosteric,
butitis a key component of the coordinated control of
amino sugar metabolism, because of the double
regulator role of its substrate. The operation in vivo
of both the transcriptional and allosteric control of
amino sugar ut111zat10n in E. coli has been recently
demonstrated.” Although EcNAGPase is primarily a
catabolic enzyme, recently it has been shown to have
animportantrole in the amino sugar salvage pathway
of peptidoglycan recycling in E. coli.® At each
generation, E. coli breaks down about 60% of its cell
wall peptidoglycan, most of which is efficiently
recycled in a sequence of reactions that release
GlcNAc and 1 6 -anhydro-N-acetylmuramic acid in
the cytoplasm.” The GleNAc recycling pathway
involves the phosphorylation of these 1ntermed1ates
by two specific kinases, NagK and AnmK, 19 and its
conversion into GleN6P by NAGPase (NagA), which
is subsequently isomerized to GIcN1P (GImM) and
then N-acetylated with the participation of acetyl-
coenzyme A (GImU).""'* In eukaryotic organisms
GIcNAC6P is directly isomerized into GIcNAc1P;"
this metabolic difference between animals and
bacteria points toward bacterial NAGPases as poten-
tial drug targets. ECENAGPase has been obtained pure
from an overproducing E. coli strain and shown to be
a tetramer of identical subunits of 41 kDa and 382
residues. Its kinetics was studied both in the forward
and the backward directions of the reaction and
a kinetic mechanism was proposed."* Although

the reverse acetylation reaction was demonstrated
in vitro, there is no evidence that it could have a
physiological role in vivo. The crystal structures of the
NAGPases  from Thermotoga maritima (PDB code
1012, 25 A resolution) and Baczllus subtilis (PDB
code 1UN7, 2.0 A resolution)'® have been deposited
into the Protein Data Bank (PDB). Simultaneously
with the deposition of the present structure (PDB
code 1YRR, 2.0 A resolution), a new entry for the
E. coli deacetylase also appeared (PDB code 1YMY,
2.6 A resolution). The B. subtilis enzyme contains a
binuclear iron center, whereas the T. maritima struc-
ture has only one iron atom bound. These structures
show that the GIcNACc6P deacetylases belong to the
structural superfamlly of metal-dependent amidohy-
drolases,'” whose members can bind one, two or three
metal atoms in the active site, with a wide repertoire
gos&ble metals, mcludlng Fe?™, Zn®", Co*" and
, amongst others.'® The enzymes from different
orgarusms show variable oligomeric organization. As
in E. coli, the NAGPases purlfled from the bacteria
Thermus caldophilus,"” V. cholera,'® and Alteromonas
sp. 9 are tetrameric proteins, in contrast with
B. subtzlzs deacetylase that has been shown to be a
dimer."> NAGPases from B. subtilis and T. maritima
are iron-proteins and there is indirect evidence that
those from Ateromonas sp., V. choleree and T. caldo-
philus are metalloproteins, although the involved
metal was not identified. Here, we present the
crystallographic structure of GIcNAc6P deacetylase
from E. coli at 2.0 A resolution as a tetrameric particle
and in the metal-free state. However, both experi-
ments, photon-induced X-ray emission (PIXE) and
inductively coupled plasma emission spectroscopy
(IC-PES), show that the native EENAGPase contains
Zn atoms. Enzyme inactivation by metal-sequeste-
ring agents and subsequent reactivation by several
divalent cations were used to explore the role of the
metal ligands in catalysis by the enzyme.

Results and Discussion
The quality of the model

The crystal structure of EENAGPase was deter-
mined by the single isomorphous replacement
with anomalous scattering (SIRAS) method using
low-resolution (2.9 A) anomalous scattering of
iodine. The positions of 94.7% of the expected
non-hydrogen protein atoms were identified and
refined up to 2.0 A resolution (Table 1A). Model
building and refinement improved the R and Ryee
factors from 30.3% and 26.7% to 19.9% and 15.9%,
respectively. The model presented very good
stereochemical parameters (Table 1B). The r.m.s.
deviation for bond distances was 0.022 A and for
bond angles was 1 89°. The average B-factor over all
atoms was 21.2 A2 Most of the amino acid residues
have their main-chain ®/W¥ angles lying in the
favored regions of the Ramachandran plot*
(Table 1C). Only four amino acid residues
(Asp70A, Asp70B, Vall38A, and Tyr218B) were
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Table 1. Diffraction data processing, refinement statistics and model validation

I/NSLS Cs/APS
A. Data processing
Space group P2,2,2 P2,2,2
a(A) 81.95 82.30
b (A) 113.74 114.25
c(A) 80.76 80.43
Soaking 0.5M Nal 0.5M CsCl
Soaking time (min) 5 10
Wavelength (A) 1.722 1.77120
Resolution range (A) 20.00-2.45 14.00-1.85
No. total /unique refl. 171,278/23,748 578,400/54,996
Completeness (%) 83.7(47.5) 84.4(44.5)
Multiplicity 7.2(3.4) 10.5(3.4)
{I/sigmal) 14.4(4.7) 24.9(8.0)
Reym 0.094(0.190) 0.062(0.140)
B. Refinement statistics
Resolution (A) 20.00-2.00
No. of total/expected
Residues 716 /764 (93.7%)
Atoms (including H) 5914/6221
Protein atoms 5441/5748
Phosphate ions 2
Glycerol molecules 3
Water molecules 435
R 0.1592 (48,144 refl.)
Reree (5%) 0.1987 (2540 refl.)
r.m.s. deviation from ideality
Bond lengths (A) 0.022
Bond angles (deg.) 1.887
Torsion angles (deg.) 7.751
B-factor (A%) Min. Aw. Max.
Protein 2.00 18.97 63.95
Main-chain 4.25 17.67 59.93
Side-chain 2.00 20.42 63.95
Phosphate ions 39.45 53.23 66.96
Glycerol molecules 69.87 49.59 82.69
Water molecules 22.04 46.48 76.78

C. Model validation

Ramachandran phi/psi distribution (residues #G or P)
Most favored regions
Additional allowed regions
Generously allowed regions

547 (88.9%)
55 (8.9%)
9 (1.5%)

found in the disallowed regions. The hydrogen
bond interactions between Asp70 O° and the
Ala288 main-chain amide (2.91 A) and between
Tyr218 hydroxyl and Asn256 main-chain oxygen
(2.67 A) may explain the observed energetically
unfavorable conformation of those residues. The
Val138 residue was found in a high B-factor region
of the structure where the electron density map was
poorly interpreted. Double conformations were
assigned to the side-chains of Metl, Arg8, Argll2,
Argll5, Leul28, Aspl52, Arg208, Tyr223, Asp240,
Arg262, Glu322, Arg348 from chain A and Metl,
Tyr223 and Asp329 from chain B. The peptide bond
between residues Gly132 and Pro133 of both chains
was present in the cis configuration.

The crystal asymmetric unit comprises a homo-
dimer (chains A and B), two phosphate ions, three
glycerol molecules and 435 water molecules. About
94% (716/764) of the amino acid residues were
modeled in both chains. Residue 141 from chain A
and residues 137-152 and 276-306 from chain B
were excluded from the coordinates set due to poor
or not interpretable electron density on the Fourier

map of coefficients 2m|F,|—A|F.|. The chain A
missing residue 141 belongs to a disordered loop
that was difficult to model, showing high atomic
B-factors on refinement. This loop is even more
disordered in the chain B, in which residues
137-152 could not be unambiguously positioned.
The remaining B chain missing residues 276-306 are
located in a flexible region affected by steric
hindrance, due to lattice packing contacts. In
general, monomer A is well packed in the crystal,
establishing extensive contacts with six neighbor
molecules. In contrast, monomer B is loosely
packed with contacts restricted to one of its
domains and two other symmetrically related
molecules.

The tertiary structure

The deacetylase monomer folds into two
domains, a pseudo (B/a)s barrel (a-domain)
common to members of the metal-dependent
amidohydrolases superfamily,'® and a small
B-sandwich (B-domain) made up from secondary
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structure elements contributed by the N and C
termini. The topology and tertiary structure of the
EcNAGPase are illustrated in Figure 1, in which the
same nomenclature for the BsNAGPase topology'®
was adopted. The polypeptide chain begins in the
first B-sheet (magenta) of the B-domain, passes to
the second one (cyan), turns to the first B-sheet
again, builds up the complete a-domain, finally
turning back to the B-domain, ending the last three
B-strands.

In EcNAGPase the B-domain appears to play a
structural role in the quaternary organization of the
protein by coupling subunits within the tetrameric
particle. A DALI search® with this domain showed
that it most closely resembles the B-domains of the
isoaspartyl dipeptidase,* the cytosine deaminase,*
the p-aminoacylase™ and other metal-dependent
aminohydrolases in which the B-domain plays a
similar oligomerization role.

The a-domain contains 294 residues belonging to
the central portion of the protein primary sequence
(residues 55-350), and forms an oblate ellipsoid
comprising ten a-helices and three B-sheets, one of
them parallel (red) and the other two antiparallel
(yellow and green). In the a-domain eight twisted
B-strands (red) are surrounded by eight o-helices
(blue) folded in a pseudo-TIM barrel enclosing

the funnel-like catalytic site of the enzyme. The
interior of this barrel is mainly filled with bulky
polar and hydrophobic side-chains. The a-domain
barrel is somewhat distorted due to helix 10, thus
preventing the formation of hydrogen bonds
between residues of the B1 and P8 strands to
complete the internal wall of a classical TIM barrel.
In space, the B-domain is laterally attached to the
(B/a)s barrel via two short linkers formed by
Pro53-Gly54 and Gly350-Thr351. The relative
position of both domains is stabilized by multiple
hydrogen bonds and hydrophobic interactions
between residues of the helices a9 and «10 (purple)
and residues of the C terminus B-sheet strands
(cyan; Figure 1).

The a-domain topology is well conserved in
proteins of the urease-related superfamily.® The
main differences between the topology of
the BsNAGPase and the EcNAGPase are in the
B-domain. The U-shaped B-barrel of the BsNAG-
Pase structure gives place to a B-sandwich in the
E. coli enzyme, where the BA and BB strands of the
TmNAGPase topology are divided, respectively,
into BA and BA1 and into BB1 and BB strands in
EcNAGPase. A second minor difference is the
presence of a fourth B-strand (B J1) in the green
antiparallel B-sheet of the a-domain.

Figure 1. The topology of the GIcNAc6P deacetylase from E. coli. The secondary structure assignment is according to
PROMOTIE.” The numbers are the amino acid positions of the primary sequence of the enzyme. This Figure was drawn
using TOPDRAW.?® On the right, the ribbons representation of the structure, adopting the same color scheme. The
phosphate ion can be observed into the active site cleft. This Figure was drawn using PyMOL (http://www.pymol.

sourceforge.net).



312

Crystal Structure of E. coli GIcNAc6P Deacetylase

Comparison of EcNAGPase and its orthologous
Bs and Tm enzymes

The search in the DALI server” to compare
EcNAGPase monomer with all known 3-D struc-
tures in the PDB, revealed that EcNAGPase has
considerable structural similarity with the catalytic
domain of the proteins from the amidohydrolases
superfamily. In particular, the overall fold of the
enzyme is highly similar to the Tm and Bs
NAGPases, as expected from the structural super-
position of the three enzymes shown in Figure 2.
Indeed, Ec and Bs NAGPases share 31% identity
(Z-score 50.9) and the rm.s. deviation of the 336
equivalent C* positions is 1.36 A for the monomers
of both structures, and 1.82 A for the dimers (586 C*
positions). In the Ec and Tm NAGPases super-
position, which share 28% sequence identity
(Z-score 44.3), the rm.s. deviation of the 327
equivalent C” positions is 1.53 A for the monomers
and 1.64 A for the dimers (596 C* positions). The
sequence alignment derived from the structure
superposition of the three enzymes is shown in
Figure 3.

The main differences between the three known
deacetylase structures are observed at the active site
region, where loops B3-a3 (loop I) and BJ-BJ1 (loop
II) adopt a closed conformation in the Bs and Tm
NAGPases and an open conformation in the E. coli

ce loop |

Bs & Tm

loop Il

Figure 2. Superposition of the EcNAGpase (blue),
BsNAGpase (red) and TmNAGpase (green). Loops I and
II, which are involved in metal binding and adopt a
closed conformation in the Bs and Tm structures and
opened and disordered in the Ec structure, are high-
lighted. This Figure was drawn using PyMOL.

apoenzyme (Figures 2 and 4). The loop I in the
EcNAGPase appears in a different position
compared to the other two deacetylases. In the Tm
and Bs enzymes, loop I is well ordered and points
toward the active site cleft, while in EENAGPase it is
disordered with missing residues in the electron
density maps. Extensive model building and
refinement cycles of the E. coli structure allowed
us to build some residues of loop I, with its
N-terminal side (residues 133-140) laying on the
pocket entry, whereas the C-terminal side (residues
142-148) is wide open and exposed to the solvent.
These two stretches of loop I are only partially
occupied, as substantiated by high atomic tempera-
ture factors of their residues. It is worth noting
that helix a3 in the EENAGPase structure has one
additional turn when compared with the Bs or Tm
NAGPases and it is farther away from the catalytic
site entry (Figure 4). These conformational particu-
larities of EcNAGPase must be related to the
absence of metal ligands in the active site. The
TmNAGPase structure has one Fe atom in the active
site, while the BsSNAGPase presents two Fe atoms in
a binuclear arrangement and also contains a
GIcNAc6P molecule, which is one of the enzyme
reaction products. In contrast, the EENAGPase was
crystallized in high-concentration phosphate buffer
atlow pH, presenting a clearly identified phosphate
ion in the active site close to two water molecules
(Figure 5). In the Tm and Bs NAGPases the loops I
and II are held closed by several direct or bridged
interactions involving the metal ligands and, in the
case of the B. subtilis enzyme, through a bridging
water molecule, serving as an anchor for loop L
Equivalent residues are present in the ECNAGPase
and therefore it is not unreasonable to hypothesize
that the E.coli apoenzyme could undergo an
extensive conformational change upon metal bind-
ing. In this case, as the helix a3 of the Bs and Tm
NAGPases structures is smaller and inclined when
compared to that of E. coli, and the loop I has three
residues less than their homologues, one might
suggest that the segment corresponding to the top
three residues of the E. coli a3 helix should unfold
upon metal binding to allow the B-hairpin of loop I
to approach the substrate on the active site. Further
structural studies would be needed to support this
hypothesis.

The quaternary structure

The two polypeptide chains in the asymmetric
unit are related by a non-crystallographic 2-fold
symmetry axis parallel with the ab face of the crystal
unit cell, forming a 16° angle with the crystallo-
graphic axis b. The superposition of chains A and B
reveals their structural equivalence with the rm.s.
distance between the main-chain atoms of both
chains being 0.53 A (max. 2.52 A) for 335 equivalent
residues.

The monomer-monomer interface is composed
by interacting residues from the loop B6-a6,
from the helix a6 and the helix a7 of the adjacent
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Figure 3. Primary sequence alignment based on the structure superposition of Ec, Bs and Tm NAGPases (see
STAMP49). Red shades are identical residues, gold shades are considerable conservedly residues (more than 60% of
similarity), and gray shades are poorly conserved residues (up to 60% of similarity). The green and the blue letters are,
respectively, the monomer-monomer and the dimer—dimer interface interacting residues, and the boxed letters are the

residues of the active site.

subunit. The loop B6-a6 projects an arm over the
helix a7, clasping the contiguous subunit and going
back to the helix a6 of the first chain. Under this
arm-like loop, the helices a6 from the first subunit
and o7 from the second are tightly packed,
providing an additional stability to the dimer. The
monomer—monomer interface is composed of 54.1%
of non-polar residues. Furthermore, there are two
salt-bridges between Asp237 and Arg258, 16
hydrogen bonds, six bridging water molecules
and many hydrophobic interactions. The shape of
the interface is relatively flat with an r.m.s. of the
best fit plane of 3.68 A. The excluded solvent-
accessible area of the dimer interface is 1053 A?,
corresponding to 6.8% of the total monomer area.
The interacting residues of the monomer-monomer
interface (water excluded) are shown in green
letters in the primary sequence alignment of the
three bacterial enzymes, showing good conserva-
tion (Figure 3).

The crystallographic symmetry applied to the
asymmetric unit, produces a homotetramer
(Figure 6), which is expected to be identical with
that found in solution. The analysis of the other
possible crystallographic tetramer configurations
revealed a smaller number of contacts. In the
dimer-dimer interface of the most probable
crystallographic tetramer, four intersubunit salt-
bridges were found between Arg8 and Glu322, and
between Asp240 and Arg341. Additionally, there
are 16 hydrogen bonds with no bridging water
molecules and several hydrophobic interactions
mainly from the inner interface residues (Gly325,
Ala327 and Asp329). The dimers are twisted

together across an elongated interface. The
excluded solvent-accessible area of the dimer—
dimer interface is 5343 A%, more than the commonly
found value for interfaces*® and corresponding to
18.4% of the total dimer area. The shape correlation
statistics (S.) or complementarity®’ obtained for
the crystallographic tetramer interface is 0.76,
which is in the upper limit for oligomeric proteins.

Figure 4. The relative positions of the loops I and II of
the Ec NAGPase (gold, including the bound phosphate
ion and water molecules) and its equivalent counterparts
from Bs (brown, with two Fe ions) and Tm (cyan, with one
Fe ion). The O2 of the phosphate ion in the EENAGPase
and the Fe ions in the Bs and Tm structures occupy almost
the same position in the active site. The second Fe ion
from the B. subtilis structure occupies the same position as
the HOH257 molecule in the E. coli structure. This Figure
was drawn using PyMOL.
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Figure 5. Stereoscopic projection of the Fourier map with coefficients 2m|F,| — A|F.|, contoured at 1.2c. The electron
density at the active site of the EENAGPase was modeled and refined as a phosphate ion and two water molecules,
HOH257 (back) and HOH259 (front). This Figure was drawn using PyMOL.

The prominent hydrophobic patch of the dimer—
dimer interface was observed with some charged
residues in both complementary surfaces, comprising
about 45.4% of non-polar amino acid residues. The
interacting residues of the dimer—dimer interface are
shown in blue letters in the primary sequence
alignment (Figure 3). In spite of the fact that the
residues involved in salt-bridging are not conserved
in the other two deacetylase structures, more than
half of the interface residues are conserved and some
residues are identical, predominantly in a well-
conserved region of the sequence. The tetrameric
crystal structure of ECNAGPase was confirmed by
SAXS in the solution phase. The molecular mass
derived from the experimental data was 160(5) kDa,
which is in excellent agreement with the value
obtained from its amino acid sequence. Comparison
of the theoretical and experimental scattering profiles
of the crystallographic tetramer resulted in a very
good y fitting of 1.47 (Figure 7(a)). These results
suggest that the protein quaternary structure in
solution is essentially identical with that observed
in the crystal. The distribution function of the
distances does not exhibit negative values
(Figure 7(b)), so the protein can be considered as
present in dilute solution, thus validating the
subsequent molecular shape analysis. The values of
Dimax and R for the tetramer are reported in Table 2.
All of the ab initio models obtained from SAXS data
yielded similar physical parameters. A representative
envelope model is presented in the Figure 7(c)
superposed to the EcNAGPase X-ray crystal
structure, showing an excellent agreement between
both models.

The active site

The active site of the enzyme is located on the
bottom of the oa-domain cavity. The sequence
alignment based on structural superposition of the
three known deacetylase structures, shows that all
the amino acid residues involved in metal and
substrate binding are essentially conserved
(Figure 3). Most of the active site residues appear
in similar positions in the three structures (Figure 8).

Figure 6. The surface representation of the EENAGPase
tetrameric structure, each monomer represented with a
different color. This Figure was drawn using PyMOL.
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Figure 7. Experimental SAXS curves of the ECNAGPase tetramer in solution and results of the fitting procedures.
(a) log I versus q experimental curve of EENAGPase in solution; (1) experimental curve; (2) scattering from the dummy
resides model (DRM) obtained by GASBOR; and (3) scattering intensity obtained by the crystallographic model (XRD).
On the right, details of the correspondent Guinier plots (log I versus q2). (b) Distance distribution functions of the
EcNAGPase; arrows point out the maximum diameter Dy, (c) Low-resolution SAXS envelope of the ECNAGPase

tetramer superposed to the X-ray structure.

A noticeable difference is the replacement of His63
and His65 in BsNAGPase (and the equivalent
residues His49 and His51 in TmNAGPase) by
GIn59 and Asn6l, respectively, in EcNAGPase.

Table 2. Structural parameters corresponding to the E. coli
deacetylase protein in solution studied by SAXS, and
mathematical GNOM and GASBOR output parameters

EcNAGPase tetramer

Parameter Exp.® DRMP
Mass (1°<Da) 160(1)

Dimax (A) 93(2) 93(2)

Ry (A), 34.1(1) 34.2(1)
V (nm”) 4390

Free parameters 17.2¢ 1528

Discrepancy . 1.47 0.76(3)
Resolution (A)? 10.8 10.8

The protein molecular mass was obtained using an indirect
method from I(0) intensity. Errors are under 5%.

* Exp., calculated from the experimental data.

® DRM, parameters of the dummy residue models.

¢ Number of Shannon channels is given by Ns=Dmax(§max—
qmin)/n-

4 Given by R=27/qmax-

Glu131 Asn61 Glu131 Asn61
X \
GIn148 i/ GIn148
®
7 GIn59 GIn59
< g ¥ o J e
His195 AsP273 hictes Azp273
His216 His216
Ans219 ! Ans219 [/
/ His251 / His251
Arg227 Arg227

Figure 8. Stereoscopic projection of the superposition of
active site residues of the three known NAGPase
structures Ec (gold), Bs (brown) and Tm (cyan). Most of
the active site residues are conserved and occupy similar
positions in the three structures. This Figure was drawn
using PyMOL.
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The active site residues span over three distinct
regions. The first one comprises GIn59 and Asn61
from the o-B-domains linker, Glu131 from the B2
strand, and Asp273 from the loop B8-BH. This first
region is occupied by the water molecule HOH259
in EcNAGPase, by a Fe ion in BsNAGPase and is
empty in TmNAGPase. The second region of the
active site comprises the residue Glu131 from the B2
strand, His195 from the loop B5-a5, and His216
from the loop B6-0.6. In EENAGPase this second site
is occupied by a phosphate ion, while the equival-
ent positions in BsNAGPase and TmNAGPase
contain a Fe ion. The third region of the active site
is formed by residues from the B-hairpin of the loop
B3-a3, by residues from the loop BJ1-a.8 and by some
residues of the loop B6-06 from the second subunit.
Residues in these segments provide the interactions
that hold the sugar moiety of the substrate, mainly
through hydrogen bonds. No metal ion was found
at the active site in the EENAGPase structure and no
peak appears in the anomalous difference Fourier
map of the active site cleft. The remaining electron
density in the catalytic site region was satisfactorily
modeled as a single phosphate ion, which was the
dominant component of the crystallization solution
(1.85 M). However, in the 1YMY structure there is a
non-modeled strong electron density peak (50),
appearing in the same position as the phosphate
ion in the present structure. The pH of the crystal-
lization solution in this study was about 4.0, while
1YMY was crystallized at pH 8.5. It is then possible
that the active site metal in EcCNAGPase has been
displaced by protonation of His195 and His216
imidazole groups, allowing the phosphate ion to
bind, even with low affinity, as a result of its high
concentration. Additionally to the phosphate ion,
the metal-binding site of EcNAGPase shows two
water molecules that were absent from the other
two NAGPase structures. These water molecules
build hydrogen bonds with the phosphate ion and
other active site residues, providing stability to the
whole cavity of the apoenzyme. The hydrogen
bond distances between the two water molecules
(HOH257 and HOH259), the phosphate ion and
some active site residues, are depicted in Figure 9.

EcNAGPase is a zinc metalloprotein

To ascertain if the absence of metal ions in the
present crystal structure could be a consequence of
the crystallization conditions, PIXE and ICP-AES
spectra were obtained using enzyme samples that
had no contact with chelating agents or added
metal ions during their purification procedure. The
PIXE spectrum shows that the Zn emission lines
Ko (8.64 keV) and KB; (9.57 keV) are the dominant
features; a much smaller line from Cu atoms (Cu
Koy line, 8.05 meV) is also observed (Figure 10). This
result unambiguously shows that Zn is the physio-
logical metal ion of EcCNAGPase. The presence of
zinc in EcNAGPase was also confirmed by ICP-
AES. Taking the 16 sulfur atoms of EcCNAGPase as
an internal standard, a stoichiometry of 1.4(£0.1)

His 216

Q ©
His 195 . . o
O O O jl".\'x . O
© : & 1
=2.70== Gln 59
HOH 260 O ; G -
::1.1 ‘ - "‘. O O
HOH 259 C}—‘ S i © ©
p - i -0
& O o s6=”” ', HOH 257 ®
.—‘ HJ.T‘
o ® ® ©
Glu 131 © @ © Asnél
¢
Asp 273

Figure 9. The interacting residues of the ECNAGPase
active site with the phosphate ion and water molecules.
The bond distances in green are in A.

Zn atoms per subunit was calculated. This non-
integer value suggests that the enzyme can accom-
modate more than one atom and that the second
Zn-binding site (equivalent to metal site I in
BsNAGPase) could have a high dissociation con-
stant and as a result, it is partially lost during the
enzyme purification in the absence of added Zn.
Binuclear Zn centers are characteristic of metallo-f3-
lactamases, and crystallographic structures with
one or two Zn atoms bound were reported.”® Non-
integer stoichiometries are frequent; for instance,
the binuclear Zn center of B. cereus B-lactamase
binds the metal with negative cooperativity, making
it difficult to reach the theoretical stoichiometry of
two Zn atoms per site.”” The role of Zn** and other

Nitrocellulose
— EcNAGPase

T T T T

InKp

T T T T

Intensity (cpm)

Energy (KeV)

Figure 10. The PIXE spectrum shows that the Zn
emission lines Ko; (8.64 keV) and KB, (9.57 keV) are
predominant in the EENAGPase sample. The gray line on
the back is the spectrum of the nitrocellulose membrane.
PIXE and ICP-AES results suggest that native ECNAGP-
ase is a zinc metalloprotein.
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cations for EENAGPase function was also explored
through inactivation experiments using metal-
chelating agents. Enzyme samples were exhaus-
tively dialyzed against EDTA or 1,10-phenanthro-
line and their activity evaluated after desalting,
by determination of the apparent k., values. The
effect of EDTA was milder and slower than 1,10-
phenanthroline, requiring higher concentrations
and longer dialysis times to reduce activity. Dialysis
against 40 mM EDTA for 24 h produced 72%
inactivation and the subsequent treatment of the
enzyme with an excess of zinc acetate (500 times the
enzyme concentration) recovered its activity up to
82% of the control value (Table 3). It was not
possible to obtain the inactive apoenzyme in
solution, even after exhaustive dialysis. When an
excess of Zn>* was added to the untreated native
enzyme its apparent k. value did not change.
These results support the assertion that EcNAGPase
is a metallo-enzyme containing Zn, and if it binds a
second atom, this is not essential for catalysis. The
enzyme samples partially inactivated by extensive
dialysis against EDTA (Table 3, sample B) were
unstable and become inactive after three days at
4 °C, while the non-dialyzed enzyme can be stored
for several days under these conditions without
activity loss.

Other metal ions can replace Zn in the reactiva-
tion experiments of the enzyme partially inacti-
vated by chelating agents. The conditions that
produce partial inactivation of deacetylase by
EDTA and the restoration of 1ts activity by the
addition of Fe2*, Mn?" and Co?", are summarized
in Table 3. Note that Co®" strongly activates the
EcNAGPase, which had been partially deprived of
its metal (Table 3, sample B), yielding values twice
those for the control enzyme (Table 3, sample A). In
other Zn- ammoacylases their metal can be replaced
by Cd or Co,* and in some cases higher activities
are obtained when Co replaces Zn. This effect is
particularly conspicuous in N-acetylornithine de-
acetylase (ArgE) from E. coli, in which cobalt can
produce an activity increase of one order of
magnitude.®'

Table 3. E.coli N-acetylglucosamine-6-phosphate
deacetylase activity assays

Sample Description % Activity®
A Dialyzed against buffer A 100

B Dialyzed against buffer A+25mM 27.5

EDTAC

C Sample A, +25 uM ZnSO4 104

D Sample B, +25 pM ZnSO, 84

E Sample B, +25 puM cobalt-II acetate 226.0

F Sample B, +25 uM MnSO4 92

G Sample B, +25 pM ferrous citrate 66

complex

* Vmax values were obtained from the kinetic analysis of each
sample and the corresponding relatives activities are expressed
w1th respect to the Vi, of sample A.

> Buffer A is 50 mM Tris-HCl (pH 7.5) at 4 °C.

Implications on catalytic mechanism
of EcNAGPase

Even though we report the structure of the
apoenzyme of EcNAGPase, in which a phosphate
ion occupies the position equivalent to metal site II
in BsNAGPase, the studies performed on the native
enzyme indicate that native ECNAGPase is a zinc-
containing metalloenzyme. The structure of the
active site is strongly conserved in all known
NAGPases; although native EcNAGPase contains
Zn, the enzyme is also able to bind Fe**. As shown
in Table 3, the apoprotein regains the same activity
after re-incorporation of either Zn>" or Fe**. The
stoichiometry of more than one Zn*" atom per site
of the native enzyme suggests that the E. coli
enzyme may be able to bind up to two equivalents
of Zn per subunit. The presence of two zinc sites in
close proximity is characteristic of all metallo
B-lactamases, although the specific role of the two
metal- bmdmg 51tes and their interaction in catalysis
is still unclear.”> The reaction mechanisms of many
well-studied zinc-dependent hydrolases share
several common features. A Zn-coordinated water
molecule or hydroxide ion is the nucleophile in
many of these hydrolysis reactions. A single Zn
atom can polarize a bound water molecule for
nucleophilic attack on the carbonyl carbon of the
substrate molecule; this mechanism requires the
proximity of a general base, a role that could be
played in EcNAGPase by Glul31l, which could
abstract a proton from water. A binuclear Zn center
could hold an OH™ anion that bridges the two zinc
atoms.” The variation of kmetlc parameters with
pH reported in the literature'* did not reveal any
pKa, value on the alkaline side of the explored range
(up to pH 9.5), thus favoring the suggestion that the
nucleophile can be a high pK, species. Further
crystallographic and physico-chemical research
will be needed to characterize the Zn binding in
EcNAGPase and its role in catalysis and stability of
the native enzyme.

Materials and Methods

Protein expression and purification

EcNAGPase was expressed and purified as described
in the literature,'* except that EDTA was absent from the
solution used to suspend the cells for sonic disruption.
The hydrophobic interaction step was skipped and the
supernatant of the ammonium sulfate fractionation in the
range 35-60% saturation, was dialyzed against 25 mM
Tris—-HCl buffer (pH 8.0) and submitted to two successive
anion-exchange chromatography steps. The dialyzed
sample was loaded onto a 2.5 mmX100 mm Mono-Q
column (Amersham-Pharmacia) equilibrated with the
same Tris buffer, and eluted with a ionic strength gradient
of KCl in the range 0.1-0.3 M. The fraction containing
the enzyme was eluted from a small Protein-Pack Q
column using a similar protocol The pure enzyme
exhibited a k., value of 118 s~ *, which is a similar value
to that reported (105 sTh
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Activity assay

Two chelating agents were used in an attempt to obtain
the metal-free enzyme, sodium EDTA and 1,10-phenan-
throline. In all cases the EcNAGPase (3-5uM) was
dialyzed against a 2000-fold volume excess of 40 mM
EDTA or 5 mM 1,10-phenanthroline, in 50 mM Tris-HCl
(pH 7.5) (buffer A) at 4°C. The chelating agent was
removed by extensive dialysis against three changes of
400-fold volumes of buffer A. Reconstitution experiments
were performed by adding the metal salt to the treated
EcNAGPase and pre-incubating it at room temperature
for 1h, before assay. EENAGPase activity was calculated
from the decrease of the absorbance of the carboxamido
group of GIcNAc6P at 215 nm, at 30 °C in buffer A, using a
double-beam spectrophotomer."* GIcNAc6P UV spectra
under these conditions show strong hypochromic and
bathochromic effects on increasing amino sugar concen-
tration. However, at 215 nm there is an isosbestic
point that, in spite of its low molar absorptivity
(370mol™! lem™ 1Y), can be successfully used for the
continuous and direct assay of EcNAGPase, provided
that a good spectrophotometer is used. The curves of
initial velocities wversus substrate concentration
(range 0-5mM) shows strong substrate inhibition.
Data were fitted to the following equation:
v, = (VISD/(K, + [S] + S*/K;), which introduces K; as a
substrate inhibition constant.'* The program GraphPad
Prism 4.0b was used for the non-linear regression
analyses.

Crystallization, data collection and processing

Deacetylase crystals belonging to the primitive ortho-
rhombic P2,2,2 space group were obtained by the
hanging-drop, vapor-diffusion technique at 18 °C, using
1.85M NaH,PO, as precipitant.33 After soaking, the
crystals used for diffraction data collection were flash-
frozen at cryogenic temperature (100 K). They were
initially transferred for a few seconds to a conditioning
solution consisting of the well solution with 20% (v/v)
glycerol and directly frozen in a liquid nitrogen gaseous
stream. The first monochromatic data set (Cs/APS, A=
1.1808 A) was collected at the Advanced Photon Source
(APS), Argonne, USA, at the beamline 17-ID on an ADSC
Quantumq210 CCD detector. The crystal was transferred
for 5 min to the well solution with 0.5 M CsCl. The second
monochromatic data set (I/NSLS, A=1.7220 A) was
collected at the National Synchrotron Light Source
(NSLS), Brookhaven, USA, at the beamline X6A on an
ADSC Quantumq210 CCD detector. The crystal was
transferred for 10 min to the well solution with 0.5 M
NaL3* The observed intensities were indexed and
integrated using MOSFLM™ and scaled using SCALA®
from the CCP4 suite.”” Data processing statistics of both
crystals are summarized in Table 1A.

Structure determination, refinement and analysis

Deacetylase crystal structure was solved by using the
SIRAS technique. The structure factors of the isomorphous
and anomalous differences of both data sets were
calculated using SHELXC.*® No useful anomalous
information was provided by the Cs/APS data set, thus it
was used as reference for the I/NSLS. Both data sets were
shown to be more isomorphous to each other than when
compared to the native data set (Nat/NSLS) collected at the
Brazilian National Synchrotron Laboratory, the data set®®

that the structure was refined against. For the purpose of
heavy-atom location with SHELXD,?® the I/NSLS data set
was truncated at 2.9 A resolution. Twenty-three iodine sites
of partial occupation (1.0-0.3) were found and the output
correlation coefficient between the observed and calculated
structure factor differences were 37.16% (all data) and
27.71% (weak data). The first structure factors phase
estimation and the heavy atoms refinement were per-
formed with SHELXE.* Further structure factors phase
calculations were carried out with SOLVE.*" The phase
extension and the succeeding density modification steps
(solvent flattening, NCS averaging and pattern matching)
were performed with RESOLVE.*! Phasing statistics are
summarized in Table 1B. As the resolution of the native
data set extended to 2.0 A and it was 97.7% complete,
automatic model building with refinement was attempted
with ARP/WARP.*? An initial hybrid model was built by
merging amino acid residues traced in different runs and
sub-cycles of model building. The remaining expected
amino acid residues, most of them from loop regions, were
manually built by using XFIT from the XTALVIEW suite.*®
The structure refinement was carried out with REFMAC5**
using bulk solvent correction and TLS parameters refine-
ment™ for each domain of both chains. Non-crystallo-
graphic symmetry restraints, used in the early stages of
refinement, were gradually relaxed. Water molecules were
gradually added to the model during the later stages of
refinement and subsequently analyzed for rejection. The
agreement between the deposited model coordinates and
their diffraction data was assessed by using SECHECK*®
and the model geometrical and stereo chemical quality was
assessed by using PROCHECK*” and WHAT-CHECK.*®
The primary sequence alignment based on structure
superposition was performed with the program
STAMP.* The secondary structure assignments for the
EcNAGPase were made with the program PROMOTIE™
To identify the interacting residues between the subunits in
the tetramer, hydroglen bonds were calculated using the
program HBPLUS.>™ The buried area of the solvent-
accessible surface of both the monomer and the dimer
were calculated with the program SURFACE from the
CCP4 suite.’” The shape correlation statistic S* for
the crystallographic tetramer was calculated by using the
program SC, also from the CCP4 suite.””

SAXS data collection and processing

Small-angle X-ray scattering experiments with syn-
chrotron radiation were carried out on the storage ring
DORIS III of the Deutsches Elektronen Synchrotron
(DESY). Data were collected using standard procedures
on the X33 camera of the European Molecular Biology
Laboratory (EMBL) and multiwire proportional chambers
with delay line readout. Samples at concentrations
between 2mg/ml and 15mg/ml were measured at
0.15nm wavelength for sample-detector distances of
2.9 m and 1.4 m, covering the momentum transfer ranges
0.020<g<0.20 A~ " and 0.035<4<0.56 A~ ', respectively
(=4 sin(0) !, where 20 is the scattering angle). The
data were normalized to the intensity of the incident
beam and corrected for the detector response, the
scattering of the buffer was subtracted, and the difference
curves were scaled for protein concentration. All pro-
cedures involved statistical error propagation using the
SAPOKO program (unpublished). The curves recorded at
a sample—detector distance of 2.9 m were extrapolated to
zero concentration and merged with the data obtained
at 1.4 m. The corrected and normalized SAXS curves
of the EcNAGPase tetramer are shown in Figure 7.
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The molecular mass of the tetramer in solution was
verified by using an indirect method for solution
scattering profile data. The theoretical scattering profile
of the EcNAGPase tetramer was also calculated and
compared to the experimental one. In order to determine
the distance distribution function and the related physical
parameters of the tetramer, such as the radius of gyration
Rg and the maximum diameter Dy, data were analyzed
with the program GNOM.? The distance distribution
function p(r) obtained is presented in Figure 7. Finally, the
dummy residues models (DRM) were built from the
experimental data at low resolution by using the program
GASBOR,* assuming a tetramer 4-fold symmetry axis to
reduce the number of free parameters of the models. The
tetramer starting volume corresponded to a sphere of
93 A diameter, containing 1528 dummy residues with an
excluded volume of 27.73 A3 per radius. Ten independent
ab initio GASBOR simulations were performed in order to
verify the uniqueness of the resulting shapes, being the
models restored from different starting conditions. The
dummy residues models were superimposed to each
other and to the crystallographic structure with the
SUPCOMB program.”* The SAXS envelope (Figure 7)
was built from a dummy residues model with the
programs NCSMASK and MAPMASK from the CCP4
suite.

Metal analyses: PIXE and ICP-AES

PIXE experiments were carried out in a tandem Van de
Graaff electrostatic accelerator, using a 3 MeV proton
beam of 1 mm diameter. The enzyme sample was dried
on a nitrocellulose membrane. X-ray emission was
detected in two solid-state detectors, a Si-pin Amptek of
180 eV-resolution, operated under helium stream; and for
heavier elements a LE Ge detector was used. Spectra were
collected for 8 min, at least in three places in each sample.
The metal content of the purified and untreated enzyme
was determined using ICP-AES. The analyzed samples
(9 pmol 171) were digested with HNO;, diluted to a final
volume of 3 ml using 18 megohm-cm purity water and
analyzed for S, Zn, Fe and Co in an IC-PES Leeman
PS3000 spectrometer. Sulfur was taken as an internal
standard, taking into account that the enzyme subunit
contains 16 S atoms per polypeptide chain, from its six
methionine and six cysteine residues.

Protein Data Bank accession code

The structure coordinate set has been deposited in the
RCSB Protein Data Bank with accession code 1YRR.
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