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Abstract

Twenty crystal structures of the complexes of L-asparaginase with L-Asn, L-Asp,
and succinic acid that are currently available in the Protein Data Bank, as well as
11 additional structures determined in the course of this project, were analyzed in
order to establish the level of conservation of the geometric parameters describing
interactions between the substrates and the active site of the enzymes. We found
that such stereochemical relationships are highly conserved, regardless of the
organism from which the enzyme was isolated, specific crystallization conditions,
or the nature of the ligands. Analysis of the geometry of the interactions, including
Biirgi-Dunitz and Flippin—Lodge angles, indicated that Thr12 (Escherichia coli
asparaginase Il numbering) is optimally placed to be the primary nucleophile in the

most likely scenario utilizing a double-displacement mechanism, whereas catalysis
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1 | INTRODUCTION

L-asparaginase (EC 3.5.1.1) catalyzes the deamidation reaction
leading to conversion of asparagine to aspartate. The existence
of such a catalytic activity has been known for almost a
century,' but the medically important biological activity of this
enzyme was first noticed by Kidd,” who reported anticancer
properties of the guinea pig serum. The basis of such an activ-
ity was later shown to be starvation of some types of cancer
cells of an amino acid that was essential for them, but not for
normal cells.® This observation ultimately led to the use of L-
asparaginase in clinical practice in the treatment of acute lym-
phoblastic childhood leukemia (ALL), with the approval by the
FDA of the Escherichia coli asparaginase (Elspar©) in 1978.

Abbreviations: ASNAses II, type II L-asparaginases; ASNAses,
L-asparaginases; EcAIL, type Il Escherichia coli L-asparaginase; ErA,
Dickeya dadantii L-asparaginase.

through a single-displacement mechanism appears to be the least likely.

Biirgi—Dunitz angles, double-displacement, enzyme mechanism, Flippin—Lodge angles,

Although the nature of the activity of the enzyme isolated from
E. coli (EcAIl) and from other bacterial and mammalian
sources was unambiguous, the identity of the catalytic pocket
become clear only once crystal structures of L-asparaginases
became available 15 years later.

The first accurate structure of a bacterial L-asparaginase”
in complex with aspartic acid, the product of catalytic reac-
tion, led to a postulate of the existence of a catalytic triad
involving Thr89, Lys162, and Asp90, reminiscent of a triad
present in serine proteases.’ However, another threonine
(Thr12) is also located near the ligand-binding site. These
of the
orthologous enzymes from other organisms, initiated a still-

observations, supported by additional structures
unsettled debate on the nature of the catalytic mechanism of
this enzyme. The initial question involved identification of the
residue acting as the primary nucleophile in the enzymatic reac-
the mechanism follows

tion, if double displacement
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FIGURE 1 Schematic representation of the putative (a) double

displacement mechanism of L-asparaginase, and (b) single
displacement mechanism. In the former case, the boxed structure
indicates a covalent intermediate

(Figure 1a). Two main reasons fueled this debate. While posi-
tions of both threonines relative to the substrate are similar,
Thr12 seems structurally to be more favorable to play that role.
Although Thr89 is a member of a putative catalytic triad,
Thrl2 is assisted only by the hydroxyl group of Tyr25. How-
ever, recently a third option was introduced and discussed,6
with the authors suggesting a possibility of a single displace-
ment mechanism of catalysis (Figure 1b), in which neither of
the threonine residues would chemically engage the substrate.
In the first step of a double-displacement model of the
mechanism of catalysis by L-asparaginases, either Thr12 or
Thr89 would form a covalent acyl-enzyme intermediate with
the substrate through nucleophilic attack, with release of the
first product (NH; in the case of L-Asn being the substrate)
upon completion of this step. Subsequently the covalent
intermediate would be hydrolyzed in the second step by one
of the water molecules (or a hydroxyl anion) present in the
active site. Such nucleophilic substitution would result in
formation of the second product (L-Asp) and its subsequent
release from the active site pocket. Both nucleophilic substi-
tutions would proceed through a tetrahedral transition state.
A general scheme of the double displacement mechanism,
as putatively utilized by L-asparaginases, is shown in
Figure la. According to an alternative single-displacement
scenario, a substrate molecule complexed with the enzyme
assumes the position and conformation such that it could be
subjected to direct nucleophilic attack by a water molecule
(or OH™). The reaction would proceed through a tetrahedral
transition state, but with no formation of a covalent interme-
diate, and both products would be released simultaneously.
A general scheme for this mechanism is shown in Figure 1b.
Since the release of the first structure of type II
L-asparaginase from E. coli (EcAll), a total of over 70 struc-
tures of closely related L-asparaginases have been deposited
in the Protein Data Bank (PDB). They represent enzymes
from at least 12 different organisms, and many of these
structures describe complexes with products or substrates. In
this report, we present an analysis of the geometric relation-
ships and the distributions of the atomic displacement
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parameters (B-factors) of selected atoms located within the
active site pockets of complexes of Type I and Type II
L-asparaginases from five different sources. The principal
aim of this work was twofold. First, we investigated the extent
of conservation of these relationships for all the available
structures representing complexes of L-asparaginases, as well
as for their specific subsets (i.e., Type I, II, E. coli, etc.). Sec-
ond, we used the results of this analysis as the basis of dis-
criminating between three possible scenarios of the catalytic
mechanism (distinguishing between single-displacement and
the two possibilities of double-displacement, the latter utiliz-
ing different threonine residues as primary nucleophiles), to
check for possible preferences or contradictions. To add more
experimental data we determined 11 new high-resolution
structures of complexes formed between the wild-type or
mutated L-asparaginases with L-Asn or L-Asp. Combined, our
analysis included 120 crystallographically independent active
sites of L-asparaginases from five different organisms, for
which structures were determined in a relatively wide range
of conditions.

2 | RESULTS

2.1 | Active site of L-asparaginase

In the canonical reaction catalyzed by L-asparaginases the
carboxyamide of L-Asn is converted into carboxylate via
hydrolysis, resulting in release of ammonia and L-Asp. It
was also previously shown that the B-carboxylate of L-Asp
bound to the active site of EcAIl undergoes oxygen
exchange catalyzed by the enzyme,” a process that is equiva-
lent to hydrolysis of this “substrate.” Such an oxygen
exchange process may take place in the crystalline state per-
petually, as the substrate is never depleted. Kinetic studies of
mutated L-asparaginases identified five residues, almost
entirely conserved in all Types I and II L-asparaginases that
are directly involved in catalysis.** In EcAlI, this quintet
comprises Thr12, Tyr25, Thr89, Asp90, and Lys162, with
the first two residues contributed by a flexible N-terminal
hairpin. Thr12 and Tyr25 are adjacent to each other during
the reaction, whereas the structurally conserved triad con-
sists of Thr89, Asp90, and Lys162. Because of its therapeu-
tic significance,m EcAII has been studied most extensively,
therefore this enzyme usually provides a reference for the
whole family. Consequently, when referring to one of
the five active site residues mentioned above, we will use
the sequence numbers of EcAIl regardless of the organism
from which the enzyme was isolated. For further clarifica-
tion of the equivalences between these five residues for
L-asparaginases used in this analysis, see Table S1. With the
exception of Tyr25 all five residues are contributed by a sin-
gle monomer, but in L-asparaginases from guinea pig and



LUBKOWSKI anxp WLODAWER

= L WILEY-§ e

from Pyrococcus furiosus the active site Tyr is supplied by a
different monomer. However, even in these cases, location
of the tyrosine hydroxyl is conserved, suggesting its equiva-
lent role in catalysis; therefore, we will also refer to this resi-
due as Tyr25. Similarly, while the catalytic efficiency of
Type I and Type 1I L-asparaginases (i.e., EcAI and EcAll) is
quite different, striking similarity of their active sites sug-
gests a common catalytic mechanism.

2.2 | rL-asparaginase structures included in the
analysis

In the analysis presented here, we investigated stereochemi-
cal relationships of the carboxyamide (or the equivalent car-
boxylate) groups with several adjacent side chains within the
active site. Therefore, only complexes of L-asparaginase with
L-Asn, L-Asp, or succinic acid were considered. We
excluded from analysis all complexes with ligands larger
than L-Asn, such as L-Glu or L-Gln, as well as any covalent
complexes. Furthermore, all structures included here retain
at least one of the two threonine residues in the active site
(Thr12 or Thr89). A search of the PDB revealed 20 entries
satisfying these conditions (Table 1). Additionally, we
included in the analysis 11 structures of the wild-type and
mutated EcAll, or Dickeya dadantii L-asparaginase (for his-
torical reasons referred to as ErA), determined in our labora-
tory but not previously reported (Table 2).

The structures included in this analysis originated from
crystals grown under widely different conditions and charac-
terized by different crystal packing. They were determined
at different resolution and were refined with different soft-
ware utilizing different restraints. Finally, the quality of
structural characterization also varied. We did not attempt,
however, to correct for such discrepancies and used the
coordinates directly as retrieved from the PDB. An excep-
tion was made for only one entry, Smq5, representing the
structure of the EcAII(N24S) mutant in complex with
L-Asp.'! In that case, the original authors deposited the
structure in which the occupancies for all atoms in L-Asp
were set to 0.0 (despite evident presence of this ligand in the
active sites), resulting in significantly incorrect contacts
between the enzyme and the ligand. We reset the occupan-
cies of L-Asp to 1.0 and performed 10 cycles of refinement
with the program Refmac5'? against structure factors depos-
ited in the PDB. The resulting coordinates were used in
analysis.

2.3 | New structures included in analysis

The newly determined structures of the native and mutated
forms of EcAIl describe complexes with L-Asp or L-Asn, as
well as ErA in complex with L-Asp. Structures were

TABLE 1 A list of structures previously deposited in the PDB
and included in the analysis of the active site geometry and B-factor
distribution
Enzyme Roesolution
PDB ID  source/type Ligand/pH A)?*
3eca EcAIl (wt) L-Asp/5.0 2.4
5mq5 EcAII (N24S) L-Asp/7.5 1.6
Inns EcAII (wt) L-Asp/6.0 1.95
1ho3 EcAIl (Y25F) L-Asp/4.8 2.5
2jk0 D. dadantii (wt) L-Asp/7.0 2.5
2gvn D. dadantii (wt) L-Asp/5.5 1.9
552 Dickeya dadantii (wt)  L-Asp/7.5 1.63
5i3z D. dadantii (E63Q) L-Asp/7.5 2.05
5i48 D. dadantii L-Asp/7.5 1.5
(A31LE63Q)
5i4b D. dadantii L-Asp/7.5 1.6
(E63Q,S254N)
1hg0 D. dadantii (wt) Succinate/5.4 1.9
5k3o0 Wolinella succinogenes 1-Asp/71.5 1.696
(P121)
Skdg W. succinogenes (S121) L-Asp/7.5 1.6
4nje Pyrococcus furiosus L-Asp/6.0 2.5
(wt)
5b5u P. furiosus (wt) L-Asp/8.5 2.61
2wlt Helicobacter pylori (wt) L-Asp/7.0 1.4
4181 Guinea pig (wt) L-Asp/7.0 241
Sdnc Guinea pig (T19A) L-Asp/7.0 2.01
S5dnd Guinea pig (T116A) L-Asp/7.0 2.29
Sdne Guinea pig (K188 M)  r-Asp/7.0 2.39

?As reported in the original depositions.

carefully refined with care taken to minimize potential bias
introduced by use of the molecular replacement method for
their determination (see Table 3 and Section 4). Although
not particularly novel, these structures still provide some
important new information. The structure of the EcAII" "2
variant has shown that mutation Thrl12Val does not
change the mode of binding of the substrate. Structures of
the complexes of inactive variants (i.e., EcAII''?Y and
EcAII™V/KI62Ty (ith 1-Asn indicated that the placement of
L-Asp and L-Asn in the active site of L-asparaginase is virtu-
ally indistinguishable. The new structures represent four dif-
ferent variants of EcAIl (wild type and three-mutated
forms), crystallized in three different space groups under dif-
ferent conditions (pH between 5.5 and 8.3), adding high-
quality description of 46 independent active sites of Type II
L-asparaginase in complex with substrates.
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TABLE 2  Alist of newly determined structures included in the
analysis of the active site geometry and B-factor distributions

Active sites
Ligand/pH Resolution (A) in a.u.

Enzyme
ID source/type

1 EcAll™ L-Asp/7.0 173 4
2 EcAIl™ L-Asp/5.6  1.60 4
3 EcAll® L-Asp/5.5  1.85 4
4  EcAl™? L-Asn/7.0  1.88 2
5  EBcAI™VAIS2T | Aqn/7.0  1.65 4
6  EcAI™VXIOZT 1 Aqn/7.0  1.90 4
7 EcAI™VAXISZT  Aqp/70  1.85 4
8  EcAI™V/XIZT | Asn/g83 212 4
9 EcAN™VKIST | Asn/83  2.00 8
10  EcAlK!®M L-Asp/5.6  1.90 4
11 ErA L-Asp/5.6 1.59 4

2.4 | Stereochemistry of nucleophilic
substitution

High efficiency of nucleophilic substitution requires the ful-
fillment of several conditions. From a chemical viewpoint,
the atom initiating the reaction needs to display nucleophilic
properties (be a Lewis base). In each of the three scenarios
of the catalytic reaction considered here, the primary nucleo-
phile is an oxygen atom contributed by either one of the two
threonine residues, or alternatively by a water molecule
(or OH™). Whereas negatively charged OH™ is a strong
nucleophile, neither water nor a hydroxyl group of threonine
mirror this property. In the two latter cases, a potential weak
nucleophile needs to be accompanied by a proton acceptor.
An accompanying residue, however, does not need to be a
strong base that enhances nucleophilicity of the reactive
oxygen. A group may assist in proton transfer if it forms part
of a well-defined H-bonded network linking the nucleophile
with a proton “sink™ (either a basic residue or an arrange-
ment of proton-deficient groups).

In terms of stereochemical requirements, the nucleophile
must be located along or near the optimal trajectory. In the case
of nucleophilic substitution on the carbonyl carbon (i.e., ketones
or aldehydes), Biirgi and Dunitz first outlined the optimal geo-
metric parameters,'>'* the most widely cited of which is the
angle of approach by a nucleophile relative to the C=0 bond,
commonly called the Biirgi—Dunitz angle (agp). Definition of
app is graphically explained in Figure 2a. Based on limited crys-
tallographic data for small molecules available at the time and
on quantum chemistry calculations, Biirgi and Dunitz predicted
the optimal value for agp to be 105 + 5°. From the time of its
introduction, agp Was adapted to describe reactions with other
carbonyl-containing electrophiles, such as esters or amides.
Since ogp does not unambiguously characterize the trajectory of

B oosn-WiLey L=

a nucleophile, the second angle, ap, was introduced by
Heathcock, Flippin, and Lodge,'”'® derived from somewhat
similar principles as those used by Biirgi and Dunitz. The opti-
mal o, angle was proposed to be close to 0°, deviating slightly
(£7°) if two substituents (other than the carbonyl oxygen) of
electrophilic carbon are different. More recent re-evaluation of
opp and op. values for serine proteases17 or for small mole-
cules'® suggested ~90° as the optimal value of agp. In the case
of a , however, available experimental information aligns quite
well with original predictions and its values departing by more
than 10-15° from the optimal are rarely observed.'” Both agp
and o, depend somewhat on the specific chemical/structural
properties of both the nucleophile and the assembly containing
the electrophilic reaction center. Whereas the theoretical basis of
Biirgi and Dunitz predictions is quite strong, it is possible that
the predicted properties of a nucleophile trajectory are
manifested at somewhat shorter distances than those observed in
a majority of crystallographic reports. This problem, however, is
beyond the scope of our investigation. Instead, we aim to utilize
the best experimentally obtained values of the agp and o
angles as benchmarks for grading a potential of a specific atom
to be the nucleophile in the process catalyzed by
L-asparaginases. Therefore, in our analysis we evaluated both
angles for each of the two potential nucleophiles, Thr12 and
Thr89. We consider that a more likely nucleophile will be the
one for which the observed values of agp will be ~90° and of
ogr, ~0°, allowing for a spread of both values by several degrees.

Whereas positions of the hydroxyl groups in both threo-
nine residues are known and can be evaluated in terms of
stereochemical criteria, no water molecule located in a posi-
tion near the optimal trajectory for nucleophilic substitution
was ever observed in the structures of L-asparaginase. There-
fore, to consider a possibility of direct displacement as a via-
ble mechanism of catalysis by these enzymes, one needs to
analyze the requirements necessary to achieve proper pre-
sentation of a water molecule (or OH™) in relation to the
electrophilic Cy atom of a substrate.

It is generally agreed that crystal structures do not provide
direct information about molecular dynamics. However, if
carefully assessed, estimates of such properties of proteins can
be obtained with confidence, especially if they are consistent
across the structures of homologous molecules, independently
determined from crystals grown under different conditions.
The atomic displacement parameters (Bf's) are larger for the
more flexible parts of the structures, while the most flexible
areas of the enzymes may not be modeled at all due to the lack
of electron density. Conversely, rigid regions of protein mole-
cules or side chains engaged in stabilizing interactions are
characterized by the low Bf values. The absolute values of
atomic Bf's from different structures are usually not directly
comparable due to differences in resolution, software, proto-
cols, and restraints applied during refinement. However, for
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FIGURE 2 Distribution of putative Biirgi-Dunitz (agp) and
Flippin—Lodge (o) angles for the Thr12(O,) and Thr89(0,) atoms in
L-asparaginases. (a) Angle between the direction of nucleophilic attack
(red dashed line) and the carbonyl bond corresponds to agp. Angle
between the direction of nucleophilic attack and its projection on the
plane perpendicular the carboxyamide group is defined as gy .

(b) Distribution agp and o, for 111 independent active sites of
L-asparaginases complexes with a substrate and calculated based on
assumption that Thr12(O,) atom is a nucleophile. Each blue diamond
represents a single active site and the red diamond represents the
average (ap, o). The latter is accompanied by red crosshairs
representing values of standard deviations for both angles. The area of
distribution is limited to the ranges of 50-140° for agp and —40 to 40°
for agr, which encompasses all data points. This area is coplanar with
the carboxyamide group that is schematically represented by simplified
formula (shown in gray) and oriented appropriately relative to agp and
opr, axes. (¢) The same distribution as described in Panel B, but
representing agp and agp for 95 independent active sites of
L-asparaginases complexes with a substrate and calculated based on an
assumption that Thr89(0,) is the nucleophile

each individual structure, Bf's can be converted into unitless
(or relative) parameters, rBf = Bf,on/<Bfsgucure>. Values of
rBf's from different, but related structures are suitable for
comparisons.

2.5 | Analysis of the geometric and thermal
parameters of the active sites

Twelve atoms, labeled in Figure 3, were selected for analysis
of the stereochemical parameters that relate an active site bound
substrate (product) molecule to the adjacent residues of the

(a) (b)

4 \acmz:-z

Qcananz

NZ

Asx A RQ/ /

Qcinton
OcToknt

Tyr25 | . Tyr25

CT

FIGURE 3 Geometrical relations in an asparaginase active site,
occupied by a substrate. Substrate molecule is represented by
L-aspartate (labeled Asx). (a) Side chains of two threonine residues,
12 and 89 (EcAIl numbering), sandwiching the reaction center, RC
(the C, atom of Asx), and adjacent to them Tyr25 and Lys162, are
accentuated with brighter colors. Two, potentially nucleophilic, O,
atoms are labeled as n; (in Thr12) and n, (in Thr89). Adjacent Cy
atoms in both threonine residues are labeled C; and C,. Label L
denotes the leaving group of the substrate (NH, in L-Asn or OH in
L-Asp or succinate). Six additional atoms labeled in this figure are A,
(Cp) and A, (Os,) in a substrate molecule, OH and CZ (Cy) from
Tyr25, or NZ and CL (C,) NZ Lys162, respectively. Definitions of
distances (d;, d, ds, dy, and dy) are self-explanatory. Angle a; is
between the vector normal to the best plane defined by A}, A,, RC,
and L, and the vector connecting n, with L. (b) Five additional angles
calculated in this analysis are defined in this panel

enzyme. In addition to the previously mentioned angles agp
and op, we defined 11 additional parameters, calculated
(whenever possible) for each active site. These parameters,
consisting of five distances (d's) and six angles (a's), are
defined in Figure 3. Parameters d, and d, describe the distances
between the potential nucleophiles, n; (O,; of Thrl2) or n,
(Oy; of Thr89) and the reaction center RC (C,-carbon of a
substrate), respectively. Parameter dj is the distance between
n, and the leaving group L (NH, in r-Asn or OH in
L-Asp/succinate). Distances d; and d, complement the angles
opp and o in an analysis of the trajectory of potential nucleo-
philic substitution by Thr12 or Thr89, respectively, whereas ds
characterizes an interaction of the latter residue (n, atom) with
the leaving group L. Presentation of n, toward L is further
described by the angles a; and acoor. (see Figure 3). These
three parameters allow to assess the potential for forming
H-bond interactions between n, and L, especially for the tetra-
hedral intermediate formed during catalysis. The remaining six
parameters illuminate geometric relations of the two potential
nucleophiles, n; and n,, with structurally adjacent residues,
Tyr25 and Lys162, respectively. An interaction between n;
and the OH atom of Tyr25 is described by the distance d, and
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the two angles, dctomn and dcinion- Similarly, an interaction
between n, and the NZ atom of Lys162 is characterized by the
distance dy and two angles, 0cp Nzn2 and Ocononz.

The average values, their standard deviations, and the num-
ber of independent active sites used for averaging are presented
in Table 4. Additionally, for angles agp and oy, we prepared
distribution diagrams (see Figure 2b for Thr12 and Figure 2¢
for Thr89) that allow visual assessment of the spread of these
parameters across all crystal structures of L-asparaginases con-
sidered here. An analysis of the parameters is presented below
in the context of specific scenarios for nucleophilic substitu-
tion. However, several observations are quite significant
regardless of the mechanism of catalysis. An overview of data
shown in Table 4 indicates that most parameters are relatively
well conserved among all asparaginases. For instance, the aver-
age values of agp; vary within a range of 5.5°, with the
extreme values of 85.0° and 90.5°. Similarly, the average
values of aco,or. are clustered between 111.9° and 124.9°. An
even higher degree of conservation is observed for the three
parameters describing the interaction between Thr89 and
Lys162, namely dy, ocinznz, and aconnz. The spread of
values for other parameters is only slightly higher than in the
examples above. Such high conservation of the interactions
between the active sites and substrate molecules is quite
remarkable, since the enzymes originate from biologically very
divergent organisms (i.e., E. coli, guinea pig, or Helicobacter
pylori). While the sequence of EcAIl is 60% identical to the
sequence of ErA, it is only 21% identical to the sequence of
guinea pig L-asparaginase. Furthermore, the active sites of
enzymes from guinea pig and P. furiosus include contribution
from different structural motifs than those in Type II
L-asparaginases. Additionally, the structures included in this
study describe crystals grown under very different conditions.
Therefore, an assumption that the catalytic mechanism is com-
mon to all L-asparaginases seems to be justified.

Data shown in Table 4 also indicate that the spatial rela-
tionship between Thr89 and Lys162 (see parameters dy,
OcLNzn2s and 0cononz) 1S particularly invariant, as illustrated
by a very small spread of the average values of these
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parameters calculated for different subsets of enzymes, as
well as by their relatively small standard deviations. Also, a
spatial relationship of the n, atom (from Thr89) with RC and
L atoms of the substrate is common to all subsets of
enzymes within the uncertainties of structure determination.
While some deviations can be seen for ErA, this subset
(7-11 active sites) is relatively small, and the observed dif-
ferences have no qualitative significance. Structural invari-
ance of this motif (Thr89-Lys162-substrate) is paralleled by
its apparent positional rigidity (see Table 5). The values of
rBf's for both Thr89 and Lys162 are among the lowest for
the whole enzyme and those calculated for the substrate cor-
respond to the average values of all non-H enzyme atoms.
The central role of both Thr89 and Lys162 in catalysis has
already been well established through studies of mutated
formslg’zo; however, results of this analysis indicate that
both residues retain near-fixed positions throughout the cata-
Iytic cycle.

Another significant (although indirect) observation may be
derived from data presented here. Although structures included
in this study represent complexes with L-Asp, L-Asn, and even
succinic acid, positioning of the reactive carboxyamide (L-Asn)
or carboxylate (L-Asp and succinic acid) groups against the resi-
dues of L-asparaginases implicated in the catalytic process is vir-
tually invariant. This observation is strongly supported by the
values of parameters presented in Table 4. No different mode of
substrate binding has been reported for L-asparaginases. There-
fore, it is conceivable that a substrate molecule is tightly
restrained by interactions with the active site groups and
is not subjected to extreme conformational (or positional)
rearrangements throughout the catalytic reaction. Such conclu-
sion needs to be accounted for in consideration of any plausible
mechanism of catalysis.

2.6 | Double-displacement mechanism with
Thr12 as the primary nucleophile

The first clue supporting the possibility of n; (O,; atom of
Thr12) being the primary nucleophile is its average distance

TABLE 5 Relative atomic displacement parameters (rBf's) for selected atoms in the active sites of L-asparaginase

Escherichia coli residue Atom? rBf,r + rBfsiapey (count)® E. coli residue Atom? rBfay, + rBfsiapey (count)®
Substrate Al (CB) 0.990 + 0.280 (120) Thr89 C2 (CB) 0.658 + 0.168 (95)

A2 (OD1) 0.913 + 0.267 (120) n2 (OG1) 0.685 + 0.169 (95)

RC (CG) 1.013 + 0.302 (120) Lys162 CL (CE) 0.700 + 0.182 (88)

L (NH,,OH) 1.009 + 0.286 (120) NZ (NZ) 0.721 + 0.190 (88)
Thrl2 C1 (CB) 1.024 + 0.334 (111) Tyr25 CT (CZ) 1.539 + 0.633 (66)

nl (OG1) 1.036 + 0.361 (111) OH (OH) 1.503 + 0.717 (66)

“The names of the atoms used in this analysis defined in Figure 2 are shown in bold and are followed by conventional names of these atoms (in parentheses).

®For each included atom i the value of rBf, avr = IBf = Bfyiom/<Bfucrure>, represents average over all structures of L-asparaginases included here, followed by

associated value of a standard deviation (+ rBfspey) and number of independent active sites used in calculations (in parenthesis).
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of 2.83 A (d; in Table 4) from RC (C, atom of substrate),
calculated for 111 available active sites. In protein structures
carbon and oxygen atoms rarely reach separation shorter
than the sum of their van der Waals radii (3.25 A). In
L-asparaginases, the n;-RC distance is not enforced by exter-
nal restraints, since O,; of Thr12 is contributed by a highly
mobile structural element. In contrast, it appears that both
atoms display mutual attraction. Estimates of partial charges
of atoms in the carboxyamide group of L-Asn, derived from
both experimental data®' and from theoretical predictions*
indicate that RC carries a partial positive charge. This would
suggest that one of the two lone electron pairs of n; is
attracted to RC via electrostatic interactions, a prerequisite
for nucleophilic attack. The distance d;, observed across all
individual active sites, varies quite significantly (between
2.5 A and 3.4 A), with a majority being close to the calcu-
lated average value. This variability is significantly larger
than expected from the estimated coordinate errors. Many
structures included in this analysis were determined for
active enzymes in complex with of L-Asp, assuring a perpet-
ual catalytic reaction (see above). The rate of catalysis in
such crystals certainly depends on pH, buffer composition,
enzyme modifications, substrate concentration, and other
factors. However, the resulting structure represents an aver-
age of states representing all individual active sites. Both the
short distances between n; and RC and a wide range of these
distances among different structures can be rationalized
assuming that Thrl2 participates directly in the catalytic
reaction. A short value of d;, however, does not immediately
support the role of n; as the primary nucleophile. Additional
clues emerge through analysis of agp; and app; angles
(Table 4), which are quite consistent across different subsets
of L-asparaginases. Furthermore, these average values, as
well as distributions representing structures of all available
active sites (see Figure 2b) are in good agreement with data
published earlier for serine/cysteine proteases'’ and for
small molecules.'®

In the structures of complexes of enzymatically active L-
asparaginases, n; is always assisted by OH (primarily the
OH atom of Tyr25). The average separations of both atoms,
d, (2.81 A for 62 active sites), as well as the relevant angles
dcinion (107.4° for 62 active sites), and ocropn; (105.7 for
62 active sites) indicate that the OH groups of Tyr25 and
Thrl2 are in near-optimal positions to form strong H-bonds.
This does not necessarily mean that Tyr25 enhances the
nucleophilic properties of n;, as a tyrosine residue does not
have properties necessary for such a function. Instead, the
OH group of Tyr25 participates in a network of H-bonds
connecting n; with a proton-deficient (basic) group or
arrangement, thus it plays a role of a proton conveyor. It has
been previously suggested that the basic residue enhancing
nucleophilic properties of Thr12 may be Glu283, which in
EcAll forms a pseudo-triad, together with Tyr25 and
Thr12.>* However, this is quite unlikely to be a general phe-
nomenon since many L-asparaginases lack the equivalent of
Glu283**?% and mutants of Glu283 in EcAIl are catalytically
active.'® Therefore, if n; is the primary nucleophile, its acti-
vation is provided by more distant structural elements,
networked through hydrogen bonds with this atom through
additional components, likely water
observed in the active site region in all high-resolution crys-
tal structures of L-asparaginases (Figure 4). However,
detailed analysis of the role of other residues that might
assist catalysis is beyond the scope of this report.

Finally, it is instructive to confront this scenario with the
distribution of rBf's (Table 4). Their values for the
carboxyamide (or carboxylate) groups of substrates, as well as
for the side chain of Thr12 are comparable to the averages cal-
culated for the whole enzyme. Positional stability of the side
chain of Thr12 is particularly remarkable, since that residue is
contributed by the most dynamic fragment of the enzyme. In
contrast, rBf values of CT and OH, contributed by Tyr25 that
is, like Thr12, also located within the N-terminal flexible hair-
pin, indicate significantly more dynamic properties of Tyr25.

most molecules

FIGURE 4 Active site of ECAII
in complex with L-Asp. Structure

No. 2 (complex between EcAIl

(wt) and L-Asp at pH 5.6), was
determined at 1.6 A and refined to
Ryork Riree) = 0.130 (0.172). The
stabilizing interaction (2.6 A) between
Thrl2 and the substrate is marked
with thick dashed blue line. Also,
well-defined position of Tyr25 (in the
closed state of N-terminal hairpin) is
shown. Two, invariant water
molecules are labeled as w1 and w2
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A comparison of rBf's values for Thr12 and Tyr25 clearly indi-
cates a different degree of stabilization of these residues by the
environment of the active site. Although the values of rBf's pro-
vide only modest support for the nucleophilic role of n;, their
meaning becomes more significant when the two remaining
scenarios of a putative catalytic mechanism are discussed
below.

The geometric and stereochemical relationships between
Thr12 and the adjacent components of active sites of
L-asparaginases in complex with substrates are fully consistent
with the possibility that this residue could act as the primary
nucleophile in the catalytic reaction. More importantly, this
conclusion applies not just to a specific enzyme (i.e., EcAII)
or a narrow subset of L-asparaginases (i.e., ASNase II) but it
is in good agreement with all structurally related enzymes,
including Type I L-asparaginases (i.e., from guinea pig), or
enzymes from extremophile bacteria.

2.7 | Double-displacement mechanism with
Thr89 as the primary nucleophile

Similarly to Thrl2, the side chain of Thr89 is positioned
close to the plane of carboxyamide (or carboxylate) of the
substrate, but on the opposite side (Figure 3). The average
distance of n, (the O,; atom of Thr89) from the RC, d,, for
99 available active sites is 2.98 A and it is also significantly
less than the sum of van der Waals radii (3.25 A). However,
analysis of a trajectory projecting n, toward RC, described
by the agp; and agy , angles, indicates their significant devi-
ations from the expected optimal values (Figure 2c). While
the average value of agp, of 106.1° appears to be close to
that proposed by Biirgi and Dunitz,'* it is quite different
from the updated values observed for both proteolytic
enzymes17 and for small molecules.'® The average oo
angle appears to be even less favorable (expected to be close
to 0°), which in nearly half of the analyzed active sites
departs from the optimal value by more than 20°, and in an
extreme case (PDB entry 1ho3, monomer A) reaches —45°.
The n, atom forms a strong H-bond with the adjacent
Lys162 NZ, as indicated by the value of d, (2.73 A). This
notion is also supported by the values of angles acanonz
(119.3°), and acpnzne (118.7°). As mentioned earlier, all
three parameters are highly conserved in all structures
(Table 4). Therefore, to attain an optimal position for effi-
cient nucleophilic attack, either the substrate molecule would
have to shift along the direction of its side chain, or the side
chain of Thr89 should reorient. Either of these alterations,
however, presents energetic challenges. The first alteration
is prevented by an interaction of the carboxyamide group
with the structurally rigid main chain carbonyl of Alall4
(Figure 4). Reorientation of the Thr89 side chain would
break a strong H-bond with the Lys162 NZ. Additionally, an

B oosn-WiLey L=

analysis of rBf's values for Thr89 and Lys162 (Table 4)
shows that both side chains form one of the most rigid
motifs in the whole enzyme. Such analysis does not
completely eliminate Thr89 as a candidate for the role of the
primary nucleophile, but indicates that the residue would
have to undergo significant conformational changes through-
out the reaction. In such a case, however, even if the cata-
Iytic events occur in just a small fraction on the time
between subsequent binding events, any significant confor-
mational changes taking place should be recorded in the
form of elevated Bf's. Yet, this effect is consistently not seen
in L-asparaginases. Therefore, based purely on the stereo-
chemical analysis, it may be concluded that n, (Thr89) is a
less likely candidate for a role of the primary nucleophile
than n; (Thr12).

Evaluation of the nucleophilic potential of Thr89 needs
to be extended beyond the strictly geometric considerations.
In all L-asparaginases, Thr89 participates in an arrangement
suggestively similar to the catalytic triad of serine proteases’
(here Asp-Lys-Thr (Figure 4), compared to Asp-His-Ser in
proteases). In contrast to Thrl2, n, is adjacent to a poten-
tially basic residue, Lys162. A basic role of Lysl62,
however, is manifested only when its amino group is
unprotonated. Under physiological conditions, such a state is
more likely in a water-restricted environment. However,
Lys162 NZ in r-asparaginases is well hydrated, even if a
substrate occupies the active site (Figure 4). Therefore, it is
most plausible assuming that the amino group of Lys162 is
charged, thus unable to extract a proton from the adjacent n,
(or enhance its nucleophilic properties). Support for this con-
clusion is further strengthened by the fact that EcAII retains
about 25% of its maximum catalytic activity even at
pH 4.5.7 Under such conditions, deprotonation of Lys162
would be equivalent to a change of its pK, value from the
standard 10.5%° by over six log units, which is highly
unlikely.?”?® There are two additional possibilities. The first
one involves Asp90, the remaining component of the puta-
tive triad, which potentially might accept a proton. Yet, this
scenario would still require Lys162 to transition through an
uncharged state. The other option could be transfer of the
proton from n, to the leaving group of a substrate (NH; or
OH); however, the considered leaving groups do not have
the basic properties needed to deprotonate n,, so this option
is also is not favorable. These additional considerations
again suggest that Thr89 is a less likely candidate for the
role of the primary nucleophile in a reaction catalyzed by L-
asparaginases.

Analysis of three additional parameters, ds, oy, and
OconoL, With the average values of 2.74 A, 9.4°, and 120.7°,
respectively, correlating n, with the leaving group of the
substrate, L (the N5, atom in case of L-Asn or the Os, atom
in L-Asp), suggests the presence of a potential H-bonded
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interaction between both atoms, or maybe even proton transfer
from n, to L. In the Michaelis complex of L-asparaginase, the
angular relationship between n, and L (best described by a
small value of the angle o) does not seem to support a strong
H-bond. However, during the catalytic process, that is, begin-
ning with a nucleophilic attack by Thr12(O,,), hybridization of
the C, atom of a substrate changes from sp2 to sp3. As aresult,
presentation of the leaving group L toward n, may become suit-
able for near-optimal H-bond (possibly proton transfer), with-
out any need for rearrangement of the Thr89 side chain. Being
engaged in a persistent H-bond with Lys162, Thr89 may play a
central role in conveying a proton to L, a process that is critical
to catalysis. Based on geometric relationships linking Thr89
with Lys162 and a substrate (Table 4), it appears plausible that
this residue, while not in the optimal location for nucleophilic
attack, may play a central role in supplying L with the neces-
sary proton.

2.8 | Direct displacement mechanism

Compared to both scenarios analyzed above, a putative direct
displacement mechanism does not involve chemical engage-
ment of the enzyme during catalysis. A water molecule partici-
pating in the reaction must acquire nucleophilic properties,
most likely via activation by a basic residue of the enzyme, and
it must have at least transient access to the reaction center along
an appropriate trajectory. Such a nucleophilic water may puta-
tively approach RC from either side of the carboxyamide plane,
and the mode of its activation could be similar to those dis-
cussed earlier for either n; or n,. It is important, however, to
stress that no water molecule positioned for nucleophilic attack
has been observed in any of the structures published to date.
Therefore, to consider a direct displacement mechanism, it is
necessary to evaluate a possibility of rearrangements necessary
for placing a water molecule in a site suitable for a nucleophilic
attack. Figure 5 depicts a representative active site of
L-asparaginase with several atoms surrounding the reaction
center, represented by van der Waals spheres. Three water mol-
ecules shown in this figure are observed in multiple structures,
although not in some due to mutations of the active site resi-
dues or because of lower resolution of the structural models. It
is quite clear, however, that in the case illustrated here, water
molecules occupy some of the accessible positions closest to
RC. Therefore, it is quite apparent that for a water molecule to
assume a position suitable for nucleophilic substitution, some
active site side chains and/or the substrate molecule would have
to undergo significant conformational changes. Although such
changes have not been so far observed in crystal structures of
L-asparaginases, one may argue that such states could be tran-
sient in nature and too short-lived to be seen in static X-ray
reconstructions. However, even such an argument is uncon-
vincing, since the required conformational changes would most

Lys162 Lys162
/ [
Th rS%\ Th rs%\
071 e 071 V
L-Asp L-Asp
— w o W
,/071‘ O
Thr1M Thr12\>/\
\ \
Tyr25 Tyr25

FIGURE 5 Access of water molecules to a preferred trajectory of
the nucleophilic attack in the active sites of L-asparaginases. Several
active site atoms (O, atoms in Thr12 and Thr89, Cg and C, atoms in a
substrate, OH atom in Tyr25, and NZ atom in Lys162) are represented
by grey semi-transparent Van der Waals spheres. Three water
molecules (oxygen atoms), found in crystals structures in positions
closest to the reaction center (atom C, of substrate) are shown as red
transparent Van der Waals spheres. It is quite apparent that no water
molecule can reach the site suitable for a nucleophilic attack

(i.e., below or above the carboxyamide plane near the reaction center)
without major structural rearrangement of at least one threonine
residue, residue adjacent to it (i.e., Tyr25 or Lys162) and the side chain
of a substrate

likely be reflected by elevated values of Bf's. Yet, the values of
rBf's for Thr89 and Lys162, residues defining the most proba-
ble direction from which a nucleophilic attack by a water mole-
cule could take place, are among the lowest for the whole
enzyme. In the context of experimental structures, a water mol-
ecule closest to RC is the one labeled w2 in Figure 4 (also
depicted in Figure 5). This water molecule is highly conserved
among all L-asparaginases and it may be critical for hydrolysis
of the covalent intermediate in a double displacement mecha-
nism. However, this molecule is not in a suitable position for
nucleophilic attack according to the direct displacement sce-
nario and has no obvious access to such a position without pro-
nounced conformational changes of Thr89, substrate, or both.
In conclusion, it appears that, based on the available structural
data and on geometrical considerations, a possibility of direct
displacement mechanism of catalysis by L-asparaginases is
unlikely.

3 | DISCUSSION

In this report, we provided an analysis of a set of distances and
angles relating a substrate/product molecule to the active site
residues of L-asparaginase. Our analyses were conducted for all
structures, as well as for narrower subsets (i.e., ASNases II,
EcAlL, etc.). Our first goal was to determine how consistent
(or divergent) are the active sites of L-asparaginases in complex
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with substrates (or products). Moreover, we aimed to determine
whether general stereochemical relationships within the active
site of such complexes could point towards a particular enzy-
matic mechanism. Whereas catalytic reactions are principally
governed by chemical properties of the groups involved, it is
clear that most enzymatic processes, including nucleophilic
substitutions, require favorable stereochemical arrangements
for their efficient progression. Furthermore, the use of crystal
structures in evaluating enzymatic mechanisms may suffer
from such limitations as the static nature of results, potential
effects of crystal packing, or conditions of crystal growth.
Despite such limitations, X-ray crystallography at high-to-
atomic resolution is still a gold standard for description of inter-
atomic interactions. While the effects of crystal packing and
crystallization conditions can sometimes lead to misinterpreta-
tion of structural data, they can be filtered out in a global analy-
sis involving structures obtained from crystals grown under
widely different conditions and characterized by different pack-
ing of molecules, as is the case in this study.

Based on our analysis, we found that two active site resi-
dues, Thr89 and Lys162, exhibit very low mobility (low rel-
ative Bf's) and both their mutual spatial relationship as well
as that with a substrate/product molecule is highly conserved
across all L-asparaginases. In the case of two other active site
residues, Thr12 and Tyr25, these properties are not as highly
conserved. This effect is a result of several factors. First, in a
majority of L-asparaginases included in this analysis, both
Thr12 and Tyr25 are contributed by a flexible N-terminal
hairpin, one of the most labile fragments in this enzyme. As
a result, structural description of these residues may be
somewhat less accurate, particularly in the case of Tyr25.
Second, in some L-asparaginases (from guinea pig and from
P. furiosus), Tyr25 is contributed to the active site in a dif-
ferent mode than in the case of ASNases II. Finally, as dis-
cussed in Section 2, geometric relationships between both
residues and the substrate/product molecule are dependent
on the step of the enzymatic process. Since the latter likely
varies from structure to structure, the effects are reflected
by inter-atomic distances and the associated angular rela-
tions. In general, however, we found that the four active
site residues mentioned above and the substrate/product
molecule form a remarkably invariant system in terms of
their stereochemical relationships. This observation itself
suggests a common enzymatic mechanism for all common-
fold L-asparaginases.

An evaluation of three scenarios describing a putative cata-
lytic mechanism, based mainly on geometric characterization
of the active sites of L-asparaginases, suggests that direct dis-
placement is the least likely. No single currently available
structure supports a possibility for an approach of a water mole-
cule (or OH™) to a position suitable for nucleophilic substitu-
tion. Even if such an event would take place within the
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timeframe that is undetectable by crystallographic methods, due
to the required significant conformational changes its remnants
would be recorded by elevated Bf's of adjacent residues. Such
an effect, however, is not observed. While this report focuses
exclusively on geometric relations, we also indicated in quite
general terms that the chemistry required by the direct displace-
ment mechanism is unlikely in the L-asparaginase active site.
This observation disagrees with a recent proposal® whose
authors postulated a single-displacement mechanism because of
an inability to observe the evidence of a double displacement
mechanism (i.e., burst kinetics or a covalent intermediate).
Since with the current technology it is rather difficult to find
direct evidence for direct displacement, a conclusion of such a
scenario is reached indirectly, by an exclusion of an alternative.

Of the two other scenarios, both representing a double
displacement reaction, the analysis presented here suggests
Thrl2 to be the primary nucleophile. Such stereochemical
and geometric considerations as the directional presentation
of the nucleophilic hydroxyl oxygen towards the reaction
center (the C, atom of substrate) and the distance between
both atoms clearly favor Thr12 over Thr89 to be involved in
the first step of a chemical reaction. While neither of the two
threonine residues is a strong nucleophile, experiments and
analyses going beyond the scope of this report are necessary
to clarify the chemical aspects of the reaction.

Finally, it is important to note that L-asparaginases repre-
sent a quite unique case within a larger family of hydrolases.
Except for a few examples of enzymes that utilize N-termi-
nal, self-activated threonine residue as a nucleophile and are
structurally completely unrelated to L-asparaginases,”’ no
other hydrolases with a nucleophilic threonine are presently
known. The lack of a familiar catalytic triad (well character-
ized for serine proteases’) further emphasizes the unique
properties of L-asparaginases. An availability of continu-
ously increasing number of high-resolution structures of
these enzymes from quite divergent organisms bodes well
for the possibility of a very accurate description of their cata-
Iytic mechanism, which is even more valuable taking into
account over 40-year history of their therapeutic service.

4 | MATERIALS AND METHODS

4.1 | Geometry of residues in the active sites of
L-asparaginases

Our analysis included all structures of L-asparaginases cur-
rently available in the PDB that describe active sites of com-
plexes with a substrate (i.e., L-Asn, L-Asp, and succinic acid,
but not larger substrates such as L-GIn). We identified 20 such
structures (Table 1). Additionally, 11 new structures of such
complexes of EcAIl and its mutated forms, as well as ErA
(Tables 2, 3) were determined. Altogether 120 independent
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active sites were included in the analysis. For each entry, up to
five distances and 10 angles were measured and subsequently
averaged over all entries and their specific subsets.

Definitions of selected distances and angles are provided
in Figures 2a and 3. Due to mutations, not all parameters
could be calculated for each active site. The resulting
15 parameters are represented by their average values, stan-
dard deviations, and the number of individual measurements
used for averaging (Table 4).

4.2 | Cloning, expression, and purification of
EcAII and its variants

Preparation of plasmids and bacterial cell lines used for
expression was described previously.>*>! The identity and
correctness of all plasmids used for heterologous expression
of proteins were confirmed by DNA sequencing. Expression
experiments were performed using E. coli cell line deficient
in three endogenous L-asparaginse genes (a triple knockout),
thus assuring that all L-asparaginase activity would originate
from the recombinant gene. Whereas such a procedure is
critical for kinetic and/or functional studies, it was not cru-
cial to strictly structural experiments discussed here. In all
cases L-asparaginases were secreted to media in a general
form Met-Asp-(His)¢-EcAll, and the affinity tag was not
excised prior to structural studies.

The purification protocol consisted of two steps, Ni-
affinity chromatography in batch mode and size exclusion
chromatography (for details see Supporting Information).
On average about 15-20 mg of purified enzyme could be
recovered from 1 L of E. coli cell culture. It is worth noting
that Ni-affinity chromatography resulted in high-purity prep-
arations (as monitored by SDS-PAGE); however, subse-
quent gel-filtration contributed to (a) buffer replacement,
(b) increased purity, and (c) lower content of aggregates, all
of which are significant for successful crystallization. In the
case of ErA the protein sample used for crystallization was
the same as the one described previously.*

4.3 | Crystallization and collection of
X-ray data

All crystals of EcAII or its mutated forms included in this study
were grown under very similar conditions using solutions of
protein at 8—12 mg/ml in 50 mM Hepes buffer (pH 7.0) and
150 mM NaCl. In some instances, crystals were grown in the
presence of L-Asp or L-Asn, at defined concentrations. Other-
wise, crystals grown in the absence of a substrate were subse-
quently soaked in equivalent solutions enriched with substrates
at defined concentrations. In two cases (both utilizing the
EcAII™V&192T mytant), crystals grown at pH 7.0 were subse-
quently transferred to a compatible precipitating solution

buffered at pH 8.3. For more details, see Table S2. This table
also shows a composition of the cryo-protecting solutions for
each type of crystals.

With an exception of crystal No. 5 (see Table 2), which
describes the complex of the EcAII(T89 V,K162 T) mutant
with L-Asn at pH 7, all diffraction experiments were per-
formed using an in-house conventional X-ray source, a Rig-
aku rotating anode MicroMax-007 HF generator operated at
40 kV and 30 mA, with the CuKa wavelength of 1.5418 A.
Images were recorded in a continuous mode with a Dectris
Eiger 4 M pixel detector. Diffraction data for crystal
No. 5 were collected on beamline 22-ID at the Advanced
Photon Source, Argonne National Laboratory (Argonne, IL).
All diffraction experiments were conducted at 100 K. The
images were processed and scaled using the program
HKL3000.* Details of data collection and the processing
statistics are presented in Table 3.

4.4 | Structure solution and refinement

Although a majority of crystals were isomorphous to those pre-
viously published, all structures were solved independently by
molecular replacement with the program Phaser in order to
minimize possible bias.** As the search probe we used either
the monomer A of EcAll (taken from PDB entry 3eca), or a
monomer of ErA, extracted from the PDB entry 107j. In both
cases, the N-terminal flexible hairpins (residues 11-35 in
EcAll or residues 1438 in ErA) were removed from the search
models and residues corresponding to Thrl2, Thr89 and
Lys162 were mutated to Ala. The search models were also
“stripped” of all ligands and solvent. In all cases, easily identifi-
able molecular replacement solutions were first subjected to
rigid-body refinement at the resolution of 2.5 A with
Refmac5,'? followed by several cycles of refinement of posi-
tions and isotropic atomic displacement parameters (Bf's) for
non-H atoms, using the same program. In subsequent rounds of
crystallographic refinement, the resolution was gradually
extended to reach the limits of experimental data. Models were
regularly inspected using the program Coot®> and appropriate
corrections were introduced, including proper modeling of
residues 12, 89, and 162, as well as ordered sections of the
N-terminal hairpin. Ligand molecules and solvent were gradu-
ally incorporated in the structure based on difference electron
density peaks. The near-final models were evaluated by the
MolProbity server’® and completed by applying additional cor-
rections coupled with structural refinement. The statistics for
the final structural models are shown in Table 3.
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