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ABSTRACT. BacterialL-asparaginases, enzymes that catalyze the hydrolysisasparagine to aspartic

acid, have been used for over 30 years as therapeutic agents in the treatment of acute childhood
lymphoblastic leukemia. Other substrates of asparaginases inclyldeamine p-asparagine, and succinic

acid monoamide. In this report, we present high-resolution crystal structures of the complExesndd
chrysanthemi-asparaginase (ErA) with the products of such reactions that also can serve as substrates,
namelyL-glutamic acid (-Glu), b-aspartic acidf-Asp), and succinic acid (Suc). Comparison of the four
independent active sites within each complex indicates unique and specific binding of the ligand molecules;
the mode of binding is also similar between complexes. The lack aftNéls™ group in Suc, compared

to L-Asp, does not affect the binding mode. The side chain-Gflu, larger than that of-Asp, causes
several structural distortions in the ErA active side. The active site flexible loop (residuet3)18oes

not exhibit stable conformation, resulting in suboptimal orientation of the nucleophile, Thr15. Additionally,
the 0-COO plane ofL-Glu is approximately perpendicular to the planeyefCOO™ in L-Asp bound to

the asparaginase active site. BindingpeAsp to the ErA active site is very distinctive compared to the
other ligands, suggesting that the low activity of ErA agamstsp could be mainly attributed to the low

keat Value. A comparison of the amino acid sequence and the crystal structure of ErA with those of other
bacterialL-asparaginases shows that the presence of two active-site residuesg arGB Ser254a,

may correlate with significant glutaminase activity, while their substitution by GIn and Asn, respectively,
may lead to minimal-glutaminase activity.

L-Asparaginase.fasparagine amidohydrolase, EC 3.5.1.1) phoblastic leukemia and breast cand&r9) was attributed
is an enzyme that primarily catalyzes the conversion of to their asparaginase activit)(
L-asparagine ta-aspartic acid and ammonia. A discovery On the basis of their substrate specificity, bacterial
that the anti-leukemic activity of guinea pig serum is L-amidohydrolases can be assigned to two major classes. The
associated with its-asparaginase activityL(2) and isolation first class, represented by EcA, ErA, amdblinella succi-
of this enzyme fromEscherichia coli (3, 4) brought nogenegWsA) L-asparaginases, includes the enzymes that
considerable attention to bacteriahsparaginases, leading primarily utilize L-asparagine as a substrate. The enzymes
to identification of related enzymes in several other sources. belonging to the second class, also referred to as glutaminase-
Since the early 1970s, type H. coli L-asparaginase (ECA) asparaginases, catalyze the hydrolysis of he#isparagine
and a related enzyme froBErwinia chrysanthem(ErA) have andL-glutamine with comparable efficiency. The best-known
been used as drugs in the treatment of acute childhoodexamples of glutaminase-asparaginases are enzymes derived
lymphoblastic leukemia. The basis of their clinical activity from Pseudomonas 74PGA) andAcinetobacter glutami-
is attributed to the reduction of circulatingasparagine in  nasificang(AGA). Although the anti-cancer properties were
blood. Since some neoplastic cells depend on extracellulardemonstrated for enzymes belonging to both classes, their
supplies of this amino acid, they are selectively killed by practical applications were highly restricted by the side
L-asparagine deprivatio®). It was shown that some of the effects associated with therapy. Thus, antitumor activity of
vaccine preparations had highasparaginase activity and PGA demonstrated in studies with mic&0f was ac-
this enzyme has been used for their potency control during companied by a variety of side effects, linked (at least
the production process6( 7). The therapeutic effect of partially) to theL-glutaminase activity of this enzymé1).
vaccines used for immunotherapy of cancers such as lym-L-asparaginases, with their high specificity feasparagine
and low-to-negligible activity against-glutamine, are re-
T The work of K.A. at NCI was sponsored by a short-term fellowship ported to be less troublesome during the course of anti-cancer

from the Ministry of Health and Medical Education of Iran. therapy (2).

* X-ray coordinates and the experimental structure factors have been :
deposited in the Protein Data Bank (entries 1IHFW and R1HFWSF, Crystal structures have been reported to date for five

1HG1 and R1HG1SF, and 1HGO and R1HGOSF, for ErAG, ErAD, bacterialL-asparaginases andglutaminase-asparaginases.
and ErAS, respectively). For AGA and WsA, the structures corresponded to the
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5494. Fax: (301) 846-6128. E.mail: jacek@nciferf.gov. ‘holoenzymesi(3, 14), while the active sites of ECA and ErA

s Current address: Department of Biochemistry, Tehran Medical Were sometimes occupied by-aspartic acid 15, 16).
Sciences University, Tehran, Iran. Additionally, the structures of ErA and PGA with O
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Ficure 1: Schematic representation of the ErA monomer. Second-

ary structure elements in both the N-terminal (bottom) and
C-terminal (top) domains are shown in different coloeshelices
in cyan,3-strands in green, and turns in blue. The locations of the

active site and of the left-handed crossover are indicated. The
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elements necessary for catalysis, only tetramers of this
enzyme, with four noncooperative active site28)( have been
observed.

Numerous studies afasparaginases have been conducted
in order to understand the catalytic mechanism and the
substrate specificity of these enzymes. Studies of the
dependence of activity on pH, conducted for variaus
asparaginases, confirmed that the enzymes are stable and
active in the pH range of-49 (25—-27). It has been shown
that the enzymatic reaction proceeds according to a two-
step ping-pong mechanism similar to the mechanism of serine
proteases48), except that the attacking nucleophile is a
threonine. Two threonine residues, Thghband Thr9%,a,
are located in the active site ofasparaginase. The crystal
structure of the acytenzyme intermediate of Thr89\iah
mutant (9) provided the first experimental evidence that
Thrl5:4 is the nucleophile. In their report,”Rm and Van
Etten @8) also showed that protonatedAsp serves as a
substrate for ECA. In their isotope exchange experiments,
y-hydroxyl group ofL-Asp is replaced by the equivalent one
from a water molecule. Protonation ofAsp is required for

molecule of_-aspartic acid, bound to the active site of the enzyme, Pinding. Recently, Ortlund et al.1§) reported crystal
is represented in ball-and-stick. The figure was prepared using thestructures of the covalent complexes between PGA and two

program Ribbons45), followed by rendering with the program
POV—Ray (http://www.povray.org).

located in the active sitel6, 17), as well as covalent
complexes of PGA with 6-diazo-5-oxynorleucine (DON)
and with 5-diazo-4-oxa-norvaline (DONV) (8), were also
published. Crystal structure of the active site mutant of ECA
(T89V) was also reported.@) and led to the description of
an acytenzyme intermediate. Finally, some otherwise
comparable structures afasparaginases were solved in
multiple crystal forms Z0).

These extensive structural studies efsparaginases have
led to detailed descriptions of their common structural
features. All bacterial type Il-asparaginases are active as

suicide inhibitors, DON and DONV, further strengthening
the observations by Palm et al9j. The specificity toward

a variety of substrates afasparaginases was assessed in
multiple kinetic studies. Wade et aR9) reported the relative
activities of ErA toward_-Asn andL-GIn as 100 and 11%,
respectively, and the correspondig values as 0.015 and
1.4 mM. A more complete compilation of the kinetic
parameters for ErA was presented by Howard and Carpenter
(30). The relative rates of hydrolysis 0fAsn,p-Asn,L-GIn,

and Suc-NH by this enzyme, reported by these authors were
100, 5, 9, and 20%, respectively. Howard and Carpenter also
provide theK, (Vimay values for these four substrates as 0.01
mM (0.923uM/min/unit), 62 (0.177), 1.1 (0.087), 15 (0.24).
Similar activities were also reported for EcB1); however,

homo-tetramers with 222 symmetry and a molecular mass-glutaminase activity of this enzyme is much lower than

is in the range of 146150 kDa. Each monomer consists of
about 330 amino acid residues that form A4trands and
eighta helices, arranged into two easily identifiable domains,
the larger N-terminal domain and the smaller C-terminal
domain, connected by a linker consisting 20 residues
(Figure 1). A crossover between the fourth and the fffth
strands of the N-terminal domain is left-handdd)( This
type of a motif is rarely observed in proteiralf and, when

for ErA.

Although the active site residues iofasparaginases have
been identified in the early crystallographic studigs, (L6)
and the structural as well as kinetic experiments resulted in
a definition of two basic requirements for suitable active site
ligand as its size (not significantly larger than that of GIn)
and chemical composition, details of specificity determinants
for both the enzyme and ligand molecules are just beginning

seen, is important for their activity. The left-handed crossover to emerge. This knowledge is instrumental for providing

in L-asparaginase includes Ala%k2Q a residue that plays
an important role in the substrate/product recycling.

Each of the four active sites afasparaginase is located

more complete understanding of the biological properties of
L-asparaginase as well as for guiding its possible modifica-
tions that would allow creation of more efficient therapeutic

between the N- and C-terminal domains of two adjacent agents.

monomers. Their rigid cores are formed by a topological
switch point @2) between the first and the third paraljel

In this report, we describe X-ray structures of ErA
complexed withL-glutamic acid,L-succinic acid, and-

strands of the N-terminal domain and by the residues aspartic acid. Throughout this report these structures will be

extending from the loops of the C-terminal domain of the
adjacent monomerl§, 16). The flexible part of the active
site consists of several residues (positions-23 in ErA),

referred to as ErAG (the complex withglutamate), ErAS
(the complex with.-succinate), and ErAD (the complex with
D-aspartate). The active sites of these newly determined

referred to as the active site flexible loop, and covers the structures are compared to theasparaginase active site

binding pocket upon substrate binding to the enzy@® (
24). The nucleophile, Thriha, is also located in the flexible
loop region (9). Although each of the two intimate dimers

occupied by.-aspartic acid (referred to as ErAL). Further-
more, a more general correlation between the structure/
sequence af-asparaginase active site and specificity of this

of L-asparaginase consists of all chemical and structural enzyme is discussed.
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Table 1: Data Processing and Refinement Statistics

ErAS

ErAG

ErAD

temperature
X-ray source (wavelength, A)

room
rotating anode (1.5418)
2

room
rotating anode (1.5418)

liquid nitrogen
synchrotron (0.98)

space group Cc2 c2
unit cell parameters
a 107.18 108.47 105.84
b 91.32 91.70 90.43
c 128.41 130.62 126.89
92.04 91.94 91.80

resolution limits (A}
Rsymmb

30.0-1.90 (1.97-1.90)
0.109 (0.384)

40.0-1.80 (1.86-1.80)
0.076 (0.337)

20.6-1.80 (1.86-1.80)
0.082 (0.530)

total no. of observations 228 741 270 156 331851
no. of independent observations 91478 102 023 100 021
completeness (%) 92.4 (75.8) 86.0 (65.4) 90.1 (74.7)
avgl/oPe 8.3(2.0) 7.4(2.8) 7.4(2.1)
refinement statistics
no. of reflections § xog)4

working set 77 804 87 857 92 573

test set 1561 1773 1881
resolution range (A) 10:61.90 10.6-1.80 20.6-1.80
R-factor (freeR) 0.171 (0.199) 0.168 (0.188) 0.179 (0.204)

total no. of non-hydrogen atoms

with occupancy 1.0 10773 10 360 10 247

with occupancy 0.5 0 0 245
no. of water molecules 881 963 980
avgB-factor (4?)

all non-hydrogen atoms 17.19 19.01 19.60

protein atoms 16.24 17.53 18.84

water molecules 27.87 33.36 27.05
rmsd from ideality

bonds (A) 0.005 0.006 0.005

valence angles (deg) 1.28 1.31 1.28

dihedrals (deg) 23.6 23.6 23.0

impropers (deg) 0.729 0.755 0.702

aNumbers in parentheses describe the high-resolution lifnitalues shown in parentheses correspond to the high-resolution Shatid oy
describe the intensity and the standard deviation of intensity of reflectipndescribe the standard deviation of the structure factor, whelguals
2 for ErAS and ErAG, and equals 1 for ErAD.

MATERIALS AND METHODS

Crystallization of ErA and Preparation of Complex&se
sample of ErA used for all crystallization studies described
here was a generous gift from the Intramural Research
Support Program, SAIE€Frederick, where it was isolated
and purified (and was used by us without further purifica-
tion). All crystals used for the diffraction experiments were
grown using the protocol described previously by Miller et
al. (16). Monoclinic crystals appeared after-3 days and
grew to their final size (deformed prisms, 0:50.5 x 0.5
mm) within a few weeks. The molecules 0iGlu, Suc, or
D-Asp were bound to the active sites of the enzyme by ~
soaking the crystals in appropriate ligand solutions. The The initial model for the refinement of all structures
soaking protocol consisted of four distinct steps. Initially, described here was derived from the published structure of
crystals of ErA were transferred to 35% (w/v) PEG8000 in ErA (16). All refinements as well as the electron density
0.1 M Ches buffer (pH 8.5) to wash SO away from the ~ map calculations were done with the program CNS-XPLOR
active site of the enzyme. In the second step, crystals were(33). For visual inspection and manual rebuilding we used
cross-linked with 0.1% glutaraldehyderfd h at 4 °C. the program O &4). In all cases, 1.52.0% of randomly
Subsequently, cross-linked crystals were transferred to aselected experimental data were excluded from structural
solution containing 35% (w/v) of PEG8000 and 0.1 M refinement and were used for cross-validation purpd3gs (
sodium acetate buffer (pH 5.5). In the last step, crystals wereAll water molecules and the-aspartate bound in the active
soaked in the solution of PEG8000 and sodium acetatesite were removed from the initial model. A rigid-body
(identical to the previous one), containing additionally the protocol was applied as the first step of refinement at the
ligand molecules at the concentrations of G-051 M. resolution of 16-2.3 A to compensate for the differences in

Data Collection and Processing, Structure Solution, and the unit cell parameters. Subsequently, the individual posi-
RefinementX-ray data for ErAG and ErAS were collected tions andB-factors of all non-hydrogen atoms were refined
from single crystals at room temperature, using a conven-and the resolution was extended to the limits of the
tional radiation source. The data were recorded with a MAR experimental data. Inspection of peaks in tlg 2 F; and

Research 345 image plate detector mounted on a Rigaku RU-
200 rotating-anode generator, operated at 50 kV and 100
mA. X-ray data for ErAD were collected from a single crystal
at liquid nitrogen temperature. Before flash-freezing the
crystal in a stream of N(100 K), it was transferred to a
mother liquor containing 15% glycerol. Diffraction data were
collected on beamline X9B (National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, NY) using
an ADSC Quantum 4 CCD detector. All data sets were
processed and scaled using the HKL2000 suite of programs
(32). The statistics for the three data sets are shown in Table
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Fo — Fc electron density maps led to the location of the water  Interactions within the Actie SitesElectron density peaks
molecules and to the assignment of multiple conformations corresponding to the ligand molecules, shown in Figure 2,
of protein residues, as well as to the introduction of the were very well-defined and allowed unambiguous placement
necessary corrections to the model. After several cycles ofand refinement of the ligands in all the active sites. Although
refinement, visual inspection of the electron density maps, binding of the ligand molecules to ErA was accomplished
and manual corrections, ligand molecules were placed in thein a complicated soaking procedure, the presence of strong
enzyme active sites based on the corresponding electrorelectron density with well-defined structural features indicates
density. The topology and parameter libraries formh&sp their high occupancy in the active sites of the enzyme. This
and Suc were generated based on those used by CNShigh occupancy was accompanied by low averggactors
XPLOR for L-Asp (36). At the final stages, the atomic of the ligand atoms, comparable to or lower than the average
coordinates and-factors were refined for the complete B-factors of the entire protein molecules (16.0f8r L-Glu,
models of complexes, and the assessment of the geometrical0.9 A for Suc, and 21.6 Afor p-Asp), indicating relatively
and stereochemical quality of the structural models was tight binding of these ligands to the active site of ErA.
performed with programs PROCHECRY) and WHATIF Furthermore, the specificity of binding was assessed by a
(38). The final statistics from the structural refinement and structural comparison of the four independent active sites in
the basic characteristics of the models are shown in Tableeach of the three complexes and showed that the binding

1. mode of the ligand molecules is completely preserved in each
case. The deviations between the atomic coordinates of the

RESULTS ligand molecules were found to be smaller than 0.15 A, i.e.,
comparable to the errors of the structural determinations. The

Overall Structural Features of the ErA Complexd@e interactions between different ligands and the enzyme are

crystal structures of ErAG, ErAD, and ErAS were determined shown in Figure 3. For reference, the previously reported
and refined at the resolution of 1.8 A to 1.9 A (Table 1). In details of the interactions between ErA andsp (16) are

the case of the first two structures, electron density for the also depicted (Figure 3d). The importance of théHs"
active site flexible loop (a fragment spanning approximately group for binding of the ligand molecule to theasparagi-
residues 1533 in ErA) was absent in all four monomers, nase active site was reported in the pd$; 81). We found
indicating high mobility of this region. By contrast, the active that in the case ob-Asp, L-Glu, andL-Asp, despite the
site loops in ErAS were ordered in all four monomers, differences in the sizes and stereochemistry of these mol-
although their B-factors were elevated compared to the restecules, ther-NH3* groups of the ligands participate in three
of the enzyme. The first three residues in the N-termini of conserved hydrogen bonds with ErA (Figure 3, panels a, b,
the enzyme are not seen in any of the three structures due tand d). Two hydrogen bonds are formed with the carboxyl
their high mobility. The folds of the ErA molecules in all oxygen atoms of Asp% and Glu63.s, respectively,
complexes are virtually identical and correspond to the whereas the third one is with a water molecule, invariantly
previous observationd §) (Figure 1). Small differences in  present in all ErA active sites. The lack @fNHs™ group,

the unit cell parameters, especially when comparing ErAD however, does not eliminate the binding of succinic acid to
to the two other complexes, are primarily attributed to ErA. Interestingly, the water molecule usually interacting
different temperature during data collection. These differ- with o-NHs™ group of the ligand is absent in ErAS. The
ences are not reflected in the molecular structures since botha-COO™ group of the ligand also interacts with the enzyme
the monomers as well as the entire tetramers of all threein a highly conserved fashion. One of the oxygen atoms
complexes superimpose with root-mean-square (rms) devia-always interacts with the amide group of Asp@6as well
tions of less than 0.3 A. A majority of water molecules are as with y-OH group of Ser6g,. Interactions of the other
structurally conserved in the three complexes, whereasoxygen atom of the ligand'st-carboxyl group and the
multiple conformations were modeled for about 20 side enzyme are slightly less conserved. In thAsp andL-Glu,
chains only in the low-temperature structure (ErAD). In one this oxygen atom forms a hydrogen bond with an amide
of the monomers of ErAD, unexpected electron density peaksgroup of Ser6g4, as well as another H-bond with a water
forming a toroidal shape near the NZ atom of the Lys243  molecule. Only the first of those two H-bonds is observed
were observed. The approximate radius of this density is 6.5for the Suc molecule. However, the rearrangement of
A, and its plane is perpendicular to the side chain of interactions for this oxygen atom is found in caseeksp,
Lys243a. Since this peculiar feature was previously ob- where the role of the Asp@a(N) atom is played by the
served in other cryogenic structures of ErA (unpublished amide group of Thr95.. In the case of this ligand, a
material), it cannot be considered an artifact. The most likely hydrogen bond with a water molecule is also formed.
explanation of its origin is binding of a poly(ethylene glycol) With the exception of.-Asp and Suc, the interactions
molecule to the enzyme. Although specific, this interaction between the side chains of the ligands and the enzyme are
is rather weak, and thus observed only in the low-temperaturesignificantly less conserved. The networks of hydrogen bonds
experiments. Due to the lack of sufficiently detailed features found for Suc and-Asp are, as expected, nearly identical.
of this electron density, we modeled it as several water One oxygen atom of the-COO™ group forms two hydrogen
molecules. It is very unlikely that this putative modification bonds with the main chain nitrogen atoms of ThyA%nd
would affect enzymatic properties, although, as recently Thr95:,, located on the opposite sites of thecarboxyl
reported 89), L-asparaginase modified by covalent binding plane of the ligand, and the third forms an H-bond with a
of poly(ethylene glycol) displays improved pharmacological water molecule. The second oxygen atom of thR€00O~
properties (lower immunogenicity and higher stability in group in these two ligands interacts with thH group of
plasma). Thr95:,, the main chain oxygen of Alal12Q, and with a
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FIGURE 2: Stereo representation of the findd2— F. electron density maps for the active sites of three complexes of ErA. (a) The complex

with L-Glu; (b) the complex with succinic acid; (c) the complex with\sp. Electron density maps are contoured atr1Maps corresponding

to the enzyme residues are colored in blue while maps corresponding to the ligand molecules are shown in khaki. Unlabeled spheres, shown
in red, represent water molecules. These active sites are representative for each complex in terms of the structure as well as the quality of
the electron density maps. This and all following figures were prepared using the program Bold&}rifuliowed by rendering with the

program POV-Ray (http://www.povray.org).

water molecule. A short contact8.0 A) with the oxygen Therefore, presentation of the oxygen atoms to the active
atom of Alal2@.. clearly indicates that the side-chain site catalytic threonine residues is different. Furthermore, the

carboxyl group of the ligand is protonated. bulky side chain of.-Glu prevents formation of a stable
An accommodation of the larger side chaineGlu in conformation of the active site flexible loop, which in this

the active site ofi-asparaginase is associated with two structure was found to be disordered. In the case-Glu,

structural differences compared to the smailleksp mol- one of the side-chain oxygen atoms forms two hydrogen

ecule. The plane ob-COO  group of L-Glu is nearly bonds with Thr9ga, one with itsy-OH group and the second
perpendicular to that observed f¢fCOO™ group ofL-Asp. with the main-chain nitrogen atom. A second oxygen atom
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Ficure 3: Hydrogen-bonding network between the active site atoms of ErA and the four ligaaiisp (a),L-Glu (b), Suc (c), and-Asp

(d). Panel d is based on the previously published structure of the complex between Erasgpattic acid16), kindly provided to us by

Dr. Miller, and is used here for comparison. For each ligand, all of the contacts depicted in this figure are present in every one of the four
active sites of ErA, i.e., water molecules that are structurally not conserved are omitted. The succinic acid molecule (c) is the only ligand
lacking thea-NH3* group, and consequently the interactions with the carboxyl groups of Asp96 and Glu63 are not present. However, both
side chains are displayed in this panel as well (in lighter shade), due to their importance in the interactions network for other ligands.

of the side chain in this ligand also makes two hydrogen DISCUSSION

bonds, one with the main-chain nitrogen of Thgh5and .
the other with a water molecule. The conformation of  The overall structures determined for ErAG, ErAD, and

Thri5: is different in this complex compared to the ErAS do not differ significantly from the structures of other

counterparts found for ErAS and the complex between ErA bacterialL-asparaginases, either free or in complexes with
andL-Asp, with its side chain pointing away from the ligand ligands, in particular from the structures of the ErA com-
molecule. Additionally, no interaction with the main chain Plexed with sulfate or aspartatéq). Significant differences
oxygen of Alal2@,4 was observed, and the overall number are Only observed in the immediate V|C|n|ty of the active
of contacts between the side chaineBlu and the enzyme  sites of the enzyme. In all the cases reported here, ligand
was less than in the case GfAsp. molecules bind to all four active sites with high occupancy
A quite different situation was found far-Asp. Its side and in a pr_acticglly ideptical fashion. Additionally,_ except
chain points toward the active site flexible loop due to the for the active site flexible loop, th&-factors of ligand
inverted stereochemistry, preventing the formation of a stable Molecules are comparable with those of the surrounding
active conformation, such as was observed fésp. There ~ Protein residues.
are no interactions observed between th&sp side chain A detailed analysis of the interactions within the active
and any of the two active site threonine residues. One of thesites clearly depicts the elements determining the binding
oxygen atoms of this side chain forms two hydrogen bonds of the ligand molecules. In all cases, thecarboxyl group
with the main chain nitrogen of Serg2 and with a water of a ligand molecule and the OH group of Ser62, appear
molecule. The second oxygen atom interacts only with one to be fundamental for binding. Additionally, interactions with
water molecule and this interaction is conserved in all four the main-chain nitrogen atoms of Ser62 and Asp96 indicate
active sites of the complex. The side chairbef\sp forms that the fold of the protein fragments containing these
the lowest overall number of interactions with the enzyme. residues has to be invariant for bacteriedsparaginases to
As is the case for-Glu, no hydrogen bond with Ala12Q ensure productive binding. This may be the reason behind
is observed. greater rigidity of these fragments (low B-factors of con-
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FiGURE 4: Stereo images of the active sites in the complexasasparaginase, as well as the alignment of relevant amino acid sequences.

The active site of the complex of ErA withglutamic acid (ErAG) is rendered with the light shade of the carbon atoms, while the carbon
atoms in the EcA complex with-aspartic acid (Protein Data Bank code 3ECA) are shown in darker shade. Despite very good superposition

of the majority of atoms from both active sites, including parts of the ligand molecules, such differences as identities of residues at positions
634 and 2544, location and conformation of Glu28@, and the conformation of the active site loop are found. The amino acid sequence
alignment for the selected fragments of five bacterial and two yeasparaginases is shown at the bottom of the figure. Sequences of
bacterial enzymes with high-GlIn activity are shown on red background, the sequence of ErA (which has mode®teactivity) is

shown on magenta background, the sequences of two highn specific enzymes are shown on blue background, while the sequences

of yeast enzymes are shown on green background. The alignment is marked with three sets of sequence positions, one according to the ECA
numbering scheme (shown at the top of alignment), the second according to the ErA numbering scheme (shown below the sequences of
bacterial enzymes), and the third according to$heereisae | (shown at the bottom of the alignment). The arrows indicate the active site
residues. The position of the nucleophile is marked with gray arrow, while positions of two residues suggested here as crucial for the
substrate specificity are indicated by cyan arrows.

tributing atoms) observed for all structurally studied Alal204. This is clearly represented by tig, values for
asparaginased48—16, 19, 23. The presence of am-amino L-Asn andL-GIn, ~0.01 and 1.0 mM, respectivelR9, 42,
group in the ligand molecule undoubtfully strengthens the 30). Weaker binding is the primary reason for lower activity
binding, and the side chains of two residues, Ghy63and of ErA for L-GIn than forL-Asn, as the activity againstGIn
Asp96&:a, provide the partners needed for formation of strong is only 10 times lower than this againstAsn.

hydrogen bonds. The importance of both residues was shown The chemical features of the ligand molecule, however,
in mutation studies of EcA4(Q). However, formation of a  do not explain different specificities of-asparaginases
complex with Suc indicates that the positive charge carried toward the two principal substrates,Asn andL-GIn. To

by a-NHst is not necessary for binding and processing a gain some insight into this problem, we compared the
substrate molecule, as indicated for Eei,(31). Although available amino acid sequences of this enzyme from several
the K, values forL-Asn and the succinic acid monoamide, bacterial sources as well as its two yeast varia@tgcha-
0.01 and 15 mM, respectivel3Q), show that the latter binds  romyces cerd@saeL-asparaginases | and Il (ScAl and ScAll).
to ErA about 3 orders of magnitude weaker, its binding is Interestingly, we found that two residues located in close
indeed stronger than that af-Asn, a substrate with a vicinity of the active site systematically differ between highly
positively chargedx-NHz™ group. Since there are no data L-Asn specificL-asparaginases and the enzymes with sub-
showing that EcA can hydrolyze succinic acid monoamide, stantial or dominating glutaminase activity (Figure 4). In all

it is possible that the.-NHzt group of a ligand molecule is  glutaminase-asparaginases, these two residues aregalu63
a specificity determinant and that substrates lacking this and Ser2544, while in the highly specifia-asparaginases,
feature cannot be productively bound by some bacterial they are GIn58.4 and Asn248:,, respectively (Figure 4).
L-asparaginases. Although it may appear that the role of theSimultaneous swapping of GIn to Glu and Asn to Ser affects
substrate’s side chain is secondary for binding, the associatiorthe properties of the active site in several ways. The presence
of our structural results and the kinetic data, available for of Glu in glutaminase-asparaginases introduces an additional
ErA, indicates that at least one interaction is quite significant. negative charge to the region of the active site that forms
Such a crucial interaction is the hydrogen bond between thethe framework for substrate binding, increasing the interac-
carboxyl group of the ligand and the main chain oxygen of tions with the positively chargedi-amino group of the
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Ficure 5: Stereo representation of the active sites of the complex between ErA-@hd (shown in lighter shade) and the covalent
complex between PGA and DON, based on the Protein Data Bank entry 1BJR dramatically different location and orientation of the
two equivalent glutamate residues, Glugg@9nd Glu294,, and the lack of interactions between this residue and the active site Tyr29
in ErA (not visible in this structure), may raise a question regarding its postulated role in the activation of the nucleophilg,.Thr15

substrate. Such substitution, however, brings two negatively enzymes the position equivalent to Glu2g4 contains a
charged residues, Asp9fand Glu63.a, close to each other.  proline (Figure 4), consequently lacking also the negative
Moreover, in enzymes with highrglutaminase activity, such  charge contributed by this residue in AGA and PGA.
as AGA and PGA, the change of GIn to Glu leads to a Recently, Derst et al.4@) described the importance of
concentration of three negatively charged side chains, Asn24&a for theL-glutaminase specificity of ECA. Although
AsplO0kca Glub&sa and Glu294ca. The constellation of  the activity toward_-glutamine is reduced compared to the
negatively charged side chains is, however, consequentlywild-type EcA for all mutants studied by them [Asn (Ala,
stabilized by the second substitution, of Asng48by Gly, Asp, GIn, Glu)], it does not contradict our observations,
Ser254.5. The y-OH group of the serine residue not only as the negative charge provided by Glg@3is absent.
intercepts direct interaction between Asp@&nd Glu63a, Additionally, even the double mutation of appropriate
forming hydrogen bonds with both side chains, but also residues of ECA would likely require the presence of a serine
increases the size of the active side pocket compared to theor a threonine in position 248 of this enzyme.
more bulky asparagine side chain in highhAsn specific Despite correlating the structural features of the active site
enzymes. of L-asparaginases and the binding specificity for different
In the complexes of ErA with-Glu, the ligand molecule  substrates, conformational analysis of substrate molecules
is slightly shifted (by~0.5 A) toward Ser254. compared provides better understanding of the differences in catalytic
to L-Asp (Figure 4). A similar shift could not be accom- process (as expressed by tg or Vinax values from kinetic
modated in the active site of ECA without conformational experiments). As expected, the simplest picture is found for
changes of the Asn248 side chain, which is involved in  Suc, which binds to the active site in nearly identical mode
forming a network of strong hydrogen bonds. Additionally, to that observed for-Asp (16). Howard and CarpenteBQ)
we find that theL-glutaminase activity of ErA is relatively  showed that both substrates are hydrolyzed with comparable
low compared to AGA or PGA. In the latter two enzymes, rates (as expressed by similafn.x values). However,
the activity toward.-Gln equals or even exceeds the activity significantly lower rates of hydrolysis af-GIn andp-Asn
towardL-Asn, and we suggest two factors as being respon- compared ta-Asn are direct consequences of the orientation
sible. One, already mentioned above, is the concentrationof their side-chain amide groups toward the nucleophile,
of three negatively charged side chains aroundotiiéH;" Thrl5:a. As already discussed, binding of eitheGlu or
group of the substrate (as compared to two in ErA), p-Asp prevents the stabilization of the active site flexible
introducing strong interactions that compensate for its larger loop in its active conformation, leading to unfavorable
size. The second factor is likely associated with the confor- positioning of the side chain of Thriia. Additionally,
mation of the substrate’s side chain, as will be shown below. Tyr29;,, important for the enzymatic activity24§), is
The importance of both Glug3 and Ser254, appears to  completely disordered. Clearly, for nucleophilic attack to take
extend also over the two yeast enzymes, ScAl and ScAll, place, the active site flexible loop (or at least its fragments
that lackL-glutaminase activity. Although a serine is found containing Thrlba and Tyr2%.s), as well as the side chains
in both yeast enzymes in the location equivalent to Ses2b4  of the ligands, have to assume conformations in wiyicbH
the position equivalent to Gluga is represented by either  of Thrl5:;,, assisted by;-OH group of Tyr 284, and the
a lysine (ScAl) or an asparagine (ScAll), i.e., residues that hydrolyzed amino group of the substrate are in the locations
do not introduce additional negative charges to the active and orientations supporting such an attack. In contrast to
site and, therefore, do not require stabilization by Seg254  L-Asn and the succinic acid monoamide, where such
In fact, one might suspect that Lyskl4 could form a salt conformations are achieved and stabilized upon binding, they
bridge with Asp142.4 (the residue equivalent to Asp2g), are likely to be only transient for-Gln andp-Asn, thus
neutralizing its negative charge. Moreover, in both yeast decreasing the likelihood of nucleophilic attack. However,
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it needs to be noted that this decreased probability limits of Glu289;, cannot be located in direct contact with the
only the initial stage of catalysis, since, following the hydroxyl group of the active site tyrosine. The results of
nucleophilic attack, suitable conformations of the reacting kinetic studies of ECA with Glu283, mutated to GIn 41,
moieties are preserved by covalent binding of the substrate44) suggest that this residue is important for binding of
molecule. An additional question again arises of why, in the L-asparagine, yet secondary for catalysis.

case of glutaminases-asparaginases such as PGA and AGA, It is worth mentioning that ErA is the only one among alll
is the glutaminase activity comparable to the asparaginasereported bacterial-asparaginases with a different length of
activity. A possible explanation of this feature points to the the peptide chain in the region of Glu28Q To better
interaction of the substrate molecule with Alat20 As understand the possible consequences of this difference, we
shown in Figures 2b, 4, panels ¢ and d, and 5, a hydrogenare currently conducting structural studies of the complexes
bond with Alal2@,4 stabilized the substrate in a conforma- of ErA with the inhibitors that were previously described in
tion favorable for catalysis. It was previously report@@)( the context of their interactions with PGA).

that the product of catalysis;Asp, can also act as a substrate

for L-asparaginase, and as shown in a number of structuraACKNOWLEDGMENT

studies 15, 16), protonated.-Asp and succinic acid bind
readily to the enzyme’s active site. It was postulat€) (
that this interaction is responsible for product release, since
the hydrogen bond between the amide group of the substrate
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comments.
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