1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Mol Biol. 2014 June 26; 426(13): 2471-2485. doi:10.1016/j.jmb.2014.04.016.

Elucidation of the specific function of the conserved threonine
triad responsible for human L-asparaginase autocleavage and
substrate hydrolysis*

Julian Nomme, Ying Su and, and Arnon Lavie*
Department of Biochemistry and Molecular Genetics, University of lllinois at Chicago, Chicago,
USA

Abstract

Our long-term goal is the design of a human L-asparaginase (hASNase3) variant, suitable for use
in cancer therapy without the immunogenicity problems associated with the currently used
bacterial enzymes. Asparaginases catalyze the hydrolysis of the amino acid asparagine to aspartate
and ammonia. The key property allowing for the depletion of blood asparagine by bacterial
asparaginases is their low micromolar Ky, value. In contrast, human enzymes have a millimolar
Kw for asparagine. Towards the goal of engineering an hASNase3 variant with micromolar Ky,
we conducted a structure/function analysis of the conserved catalytic threonine triad of this human
enzyme. As a member of the N-terminal nucleophile (Ntn) family, to become enzymatically
active, hASNase3 must undergo autocleavage between residues Gly167 and Thr168. To determine
the individual contribution of each of the three conserved active site threonines (threonine triad,
Thrl68, Thr186, Thr219) for the enzyme-activating autocleavage and asparaginase reactions, we
prepared the T168S, T186V and T219A/V mutants. These mutants were tested for their ability to
cleave and to catalyze asparagine hydrolysis, in addition to being examined structurally. We also
elucidated the first Ntn plant-type asparaginase structure in the covalent intermediate state. Our
studies indicate that while not all the triad threonines are required for the cleavage reaction, all are
essential for the asparaginase activity. The increased understanding of hASNase3 function
resulting from these studies reveals the key regions that govern cleavage and the asparaginase
reaction, which may inform the design of variants that attain a low Ky, for asparagine.
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INTRODUCTION

L-Asparaginases catalyze the hydrolysis of the amino acid L-asparagine (Asn) to L-aspartate
(Asp) and ammonia. Enzymes with asparaginase activity are classified based on sequence
and structural homology into two families: bacterial, also called type | and type 11, and plant-
type asparaginases, also called type 111 [1-3]. For several decades, the bacterial type Il
enzymes have been studied extensively because of their utility in treating acute
lymphoblastic leukemia (ALL) [4-8]. Unlike most normal cells, ALL cells are unable to
synthetize the non-essential amino acid Asn due to loss of asparagine synthetase expression
[9]. Consequently, their survival becomes highly dependent on the uptake of Asn from
blood. In the treatment of ALL with asparaginases, the hydrolysis of blood Asn deprives the
leukemic cells of this amino acid, which ultimately leads to cell death. Unfortunately, the
clinically used bacterial asparaginases often trigger an immune response leading to enzyme
inactivation and various immunogenic side effects. To overcome this immunogenicity
problem, we propose the use of human asparaginases instead of bacterial enzymes.

The human genome encodes at least three enzymes capable of hydrolyzing Asn. The first,
belonging to the bacterial-type family, is called 60 kDa lysophospholipase due to its ability
to hydrolyze lysophospholipids in addition to Asn [10]. The asparaginase activity is present
in its N-terminal domain that is homologous to the Escherichia coli type I and Il
asparaginases. A second — and probably the most-studied human enzyme with asparaginase
activity — is lysosomal aspartylglucosaminidase (AGA), a plant-type enzyme whose main
function is to remove carbohydrate groups linked to Asn [11, 12]. Finally, the third enzyme
—and the focus of this study — is the human L-asparaginase [13, 14]. Like AGA, it is also a
plant-type asparaginase, which we refer to as hASNase3 due to its high structural homology
with the E. coli type Il asparaginase.

Plant-type asparaginases such as hASNase3 are members of the N-terminal nucleophile
(Ntn) hydrolase family [15, 16]. Enzymes in this family are synthesized as a single
polypeptide precursor, devoid of enzymatic activity. These enzymes must undergo
autoproteolytic cleavage to form two subunits, a and 3, to attain an enzymatically active
state. Previous mechanistic studies on Ntn enzymes were conducted on the human [17] and
bacterial versions of AGA [18], with some studies on the E. coli ASNase3 [19]. These
studies allowed the authors to propose a mechanism where three active site threonine
residues participate in substrate hydrolysis [17]. A novelty of this proposed mechanism is
the role played by the B-subunit's N-terminal amino group of the catalytic threonine. The
amino group of this threonine functions to activate its hydroxyl group, thus rationalizing the
need for Ntn enzymes to undergo cleavage in order to attain enzymatic activity (prior to
cleavage, this amino group is involved in a peptide bond with the preceding residue).

Surprisingly, hASNase3 purifies uncleaved (i.e. enzymatically inactive), indicating a very
slow autocleavage rate [20, 21]. In contrast, AGA and other studied bacterial ASNase3
enzymes are purified as fully cleaved enzymes (i.e. enzymatically active). For the
Flavobacterium glycosylasparaginase, the aspartic acid preceding the scissile bond was
proposed to act as the base activating the following threonine to initiate cleavage [22]. In
contrast, a glycine precedes the analogues threonine in hASNase3, indicating that a different
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base must be compensating. Previously, we reported the ability of the free amino acid
glycine to promote the cleavage reaction of hASNase3 [21], which occurs between Gly167
(becoming the end of the a-subunit) and Thr168 (becoming the beginning of the B-subunit).
This finding is consistent with a conclusion voiced by Michalska et al [19] that the
mechanism of autocleavage is likely to be different between different classes of Ntn
enzymes. Two additional active site threonine residues, Thr186 and Thr219, are conserved
within this enzyme family and together build a catalytic triad. Mutagenesis of analogous
threonines have been reported for human AGA [8, 17], but the fact that autocleavage
remained efficient for many of the mutants suggest fundamental differences to hASNase3.
Therefore, while the basic hydrolytic mechanism of Ntn enzymes has been largely
elucidated (and would presumably apply to hASNase3, but would need to be confirmed),
questions remain regarding the role of the catalytic triad to the essential autocleavage
reaction.

As previously discussed, replacing the therapeutically used bacterial asparaginases with a
less-immunogenic human enzyme would have clinical advantages. A prerequisite for the
clinical use of asparaginases is a low micromolar Ky, value for the substrate Asn (serum Asn
concentration ~50 uM [23]). The wild type version of hASNase3 has a Ky value in the
millimolar range, making it unsuitable as a replacement for the bacterial asparaginases. To
inform the design of hASNase3 variants with low Asn Ky, and for engineering variants that
autocleave efficiently without the need for glycine activation, we initiated a structure/
function study of this enzyme. In this work we focused on the threonine catalytic triad,
dissecting the role of each threonine for both the enzyme-activating cleavage reaction and
for the asparaginase reaction. We also report, to our knowledge for the first time, an Ntn
plant-type asparaginase structure in the covalent intermediate state — a state after
nucleophilic attack on the substrate Asn side chain and before release of the product Asp.
Together, these structural and biochemical experiments reveal important details on critical
residues involved in the hASNase3 cleavage self-activation and catalytic activity, and
suggest an important functional role for the highly conserved N-terminal segment situated
next to the active site (His8-Gly9-Gly10), which we refer to as the HGG loop.

RESULTS AND DISCUSSION

Individual role of threonines 168, 186 and 219 for hASNase3 autocleavage

We recently reported that the free amino acid glycine selectively acts to promote the
autocleavage reaction of hASNase3 in a temperature, time and concentration-dependent
manner [21]. We took advantage of this discovery to evaluate the capacity of four
hASNase3 mutants to undergo the autocleavage reaction in order to identify which of the
active site threonines is critical for enzyme activation. Wild type (WT) hASNase3 is
expressed and purified as a single polypeptide (uncleaved inactive form) that migrates as a
single band of ~37 kDa on SDS-PAGE denaturing gel (Figure 1a and b). A 24-hour
incubation at room temperature in 250 mM glycine solution pH 9.0 is sufficient to promote
full cleavage of the WT enzyme (active form). In the context of the cleaved enzyme, the two
lower molecular weight polypeptides at ~20 and ~12 kDa are referred to as the a- and p-
subunits, respectively (Figure 1). To probe the role of the three conserved threonines (168,
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186 and 219 according to hASNase3 numbering) regarding self-activation, we generated the
following mutations: T168S, T186V, T219A and T219V (the rationale for each mutation is
discussed below).

All mutants expressed comparably to the WT enzyme and the purified mutant enzymes
exhibited the expected single band at ~37 kDa on a SDS-PAGE gel corresponding to the
uncleaved state (Figure 1). After a 250 mM glycine treatment, the T168S and T186V
mutants showed no cleavage even after 48 hours incubation (Figure 1a). In contrast, the
T219V mutant displayed partial cleavage (bands at ~20 and ~12 kDa) while a complete,
albeit slow cleavage was observed for the T219A mutant after 48 hours (note that the
additional faint bands at ~16 and 18 kDa are interpreted as contaminants, based on the fact
that they do not increase in intensity as cleavage progresses).

As glycine can accelerate the autocleavage reaction in a concentration dependent manner,
we increased the amount of glycine during incubation from 250 mM to 2.0 M in order to
confirm that the Thr168 and Thr186 residues are indeed essential for the cleavage reaction.
Despite the presence of 2.0 M glycine, the T168S mutant remained predominantly
uncleaved, showcasing the essential role of Thr168 for the cleavage reaction (Figure 1b). In
contrast, the increase in glycine concentration promoted partial cleavage of the T186V
mutant. This result suggests an important but not essential role for Thr186 in the cleavage
step. Recapitulating the observations made in the 250 mM glycine experiments, the Thr219
mutants behaved somewhat differently to each other, with the T219V mutant still remaining
only partially cleaved even after 48 hours, despite the presence of 2.0 M glycine. In contrast,
the T219A mutant was fully cleaved already after 24 hours. This supports the conclusion
that Thr219 is not essential for the cleavage reaction, but the different behavior between the
T219V and T219A mutants suggests a cleavage-inhibiting effect in the case of valine at that
position.

Based on these results, we rank the members of the threonine triad by decreasing importance
for the cleavage self-activating reaction as follows: Thr168>>Thr186>Thr219. In order to
better understand the role and mechanism of these threonines during the process of self-
activation, we solved the three dimensional structures of each mutant. Additionally, we
solved a high-resolution wild type hASNase3 structure that was used for comparison with
the mutant structures.

High resolution wild type hASNase3 structure

To better understand structural changes between WT and mutant enzymes, in this report we
make use of a new 1.5 A resolution structure of uncleaved WT hASNase3. Data collection
and refinement statistics are listed in Table 1. In previous work [20, 21] we were able to
elucidate several hASNase3 structures of cleaved and/or uncleaved enzyme in the apo state
or in complex with product and/or glycine. However, the highest resolution structure
obtained prior to this work was 1.75 A (PDB ID: 4GDV [20]) corresponding to the partially
cleaved hASNase3 in complex with aspartate. It has to be mentioned that despite extending
the resolution to 1.5 A for the new WT uncleaved hASNase3 structure reported here, we still
could not observe traceable electron density for the region spanning residues 153 to 165,
which appears to be too flexible even in the uncleaved state (in other words, despite being
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uncleaved, only Leul66 and Gly167 could be modeled prior to the would-be cleavage site
with Thr168). We use this high-resolution WT hASNase3 structure for all the comparisons
with the threonine mutant structures discussed below.

Comparison of WT and T168S hASNase3: role of Thr168

A recent analysis of serine and cysteine proteases clarifies that these catalytic residues
cannot be replaced by threonine due to the steric constraints imposed by the threonine -
methyl group [24]. However, these constraints are eliminated in Ntn enzymes, explaining
the compatibility of threonine (though Ntn enzymes also use serine and cysteine). In the case
of the proteasome B-subunit, the first member of “Thr proteases”, replacing the threonine by
a serine reduces the reaction rate [25]. This was explained by the y-methyl group of the
threonine favoring the reactive threonine rotamer [24]. Likewise, for the Flavobacterium
glycosylasparaginase, an enzyme very similar to hASNase3, mutation of the catalytic
threonine to either cysteine or serine resulted in reduced but measurable enzymatic activity
[26]. Different to our observation with hASNase3, where replacing the catalytic threonine
by a serine largely abolishes autoproteolysis (Figure 1), the analogous mutation in the
bacterial enzyme only reduces autoproteolysis by about 50% [26]. To understand the
importance of threonine at position 168 for intramolecular cleavage of hASNase3 we
determined the structure of the T168S variant at 1.95 A (Table 1). The T168S mutant as well
as all three other variants discussed here crystallized at the same condition as the WT
enzyme, i.e. 2.2-2.5 M sodium malonate pH 7.0. Moreover, crystals adopted the same space
group and unit cell dimensions, contained two molecules (homodimer) in the asymmetric
unit and also presented the same twinning characteristics. As such, we can exclude
crystallization conditions or crystal contact artifacts as the cause of any observed differences
between the structures.

The rationale behind mutating Thr168 to serine instead of the isosteric valine is that lack of
a hydroxyl group would by necessity prevent the cleavage reaction. Due to the hydroxyl
functionality in serine, one would have predicted that this residue would be able to substitute
for threonine at this position. Yet, as revealed by the autoproteolysis experiments discussed
earlier, the T168S mutant remains essentially uncleaved, even in the presence of glycine. In
fact, in the structure of the T168S mutant we could model more residues N-terminal to what
would have been the cleavage site than in any other of our previous uncleaved hASNase3
structures (Figure 2a).

The WT and T168S hASNase3 structures were superimposed (root mean square deviation
(rmsd) of 0.32 A for 540 Caatoms) and a close-up of their active site is represented in

Figure 2b. The major difference occurs in the orientation of the side chain of the residue at
position 168. In the WT structure, the Thr168 hydroxyl shares a hydrogen atom with the
hydroxyl of Thr186 (Figure 2b and c; see also Figure 3). This interaction acts to orient the
Thr168 hydroxyl group in the direction of Gly167. This interaction is crucial for the first
step in the peptide-bond cleavage reaction, as once activated by a base, Thr168 can then
initiate a nucleophilic attack on the Gly167 carbonyl moiety (green arrow, Figure 2b). In
contrast, in the T168S structure, the hydroxyl of Ser168 is orientated in an opposite
direction, being at hydrogen bond distance to the Thr218 carbonyl group and the hydroxyl of
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Thr219. These interactions strongly stabilize the Ser168 side chain away from Gly167.
Hence the lack of a y-methyl group in serine allows for the stabilization of an inactive
rotamer, resulting in this variant being essentially unable to cleave itself (Figure 2b and c).

Comparison of WT and T186V hASNase3: role of Thr186

Incubation of the T186V mutant with glycine showed that this mutant retains the ability to
cleave, albeit at a slow rate. Moreover, to compensate for the lack of the Thr186 hydroxyl
group, the cleavage is dependent on a high amount of base (i.e. glycine) to activate Thr168.
This indicates that while Thr186 is not crucial for activation it is still very important. We
determined the structure of the T186V mutant to better understand the role of this residue
(Figure 3a).

The T186V hASNase3 structure was solved in the uncleaved state at a resolution of 1.71 A
(Table 1) and the overlay with the WT structure (rmsd of 0.25 A for 482 Caatoms) reveals
nearly identical structures (Figure 3b). Based on these structures, and as previously noted for
homologous bacterial enzymes [3, 27], in Figure 3c we propose a cleavage mechanism for
the WT situation in which the Thr186 hydroxyl accepts two hydrogen bonds from the
conserved Gly187/Gly188 loop (3.0 A and 2.9 A, respectively). As a result of these
interactions, the Thr186 hydroxyl is oriented to act as a hydrogen bond donor for Thr168.
The formation of the hydrogen bond between Thr186 (as donor) and Thr168 (as acceptor) is
expected to make the hydroxyl's proton of Thr168 more labile; by Thr168 accepting a
hydrogen bond from Thr186, the electron density on the oxygen atom of Thr168 is reduced
and this will lower the pKa for this hydroxyl group. In other words, the anion is stabilized
relative to the hydroxyl state and the anion is more nucleophilic. Being now further activated
by a base (e.g. glycine, as proposed by Su et al. [21]), the Thr168 Oy atom can proceed to
attack the Gly167 carbonyl, thus initiating enzyme cleavage (green arrow, Figure 3c).

As noted above, the function of the Gly187/Gly188 NH groups is to orient the hydroxyl of
Thr186. Despite lacking a hydroxyl group, this orientation is maintained for the valine side
chain in the T186V mutant (3.2 A and 3.5 A away from the Gly187/Gly188 NH groups,
respectively). However, the distance of the valine to the hydroxyl of Thr168 increases to 3.7
A from 3.0 A in the case of a threonine at position 186 (Figure 3b and d). This difference in
distance is due to adjustment in position of both Thr168 and Val186, which is done to
minimize the unfavorable close interaction between their respective side chains. In
conclusion, the T186V mutant structure supports the proposed role for the hydroxyl of
Thr186 as an activator of the Thr168 hydroxyl group.

Comparison of WT and T219A/V hASNase3: role of Thr219

The hASNase3 glycine incubation experiments have revealed that the T219A variant can be
relatively easily activated compared to the other threonine mutants examined, but at a slower
rate than the WT enzyme (Figure 1). Aware of the fact that modifying an amino acid with a
smaller one could mislead interpretation of the role of Thr219, we also replaced the
threonine with its isosteric amino acid valine to generate the T219V variant. Indeed, as
discussed previously, we observed a different behavior with this mutant, where it is barely
cleaved even after a 48-hour incubation in a solution of 2.0 M glycine pH 9.0 (Figure 1).
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To attain more insight into the function of Thr219, we solved the structures of the
hASNase3 T219A and T219V mutants in their uncleaved state at a resolution of 1.95 A and
2.1 A respectively (Table 1 and Figure 4a and b). Both structures were aligned and
compared to the uncleaved WT hASNase3 structure (T219A/WT: rmsd of 0.30 A for 531
Ca atoms and T219V/WT: rmsd of 0.32 A for 511 Ca atoms). The low rmsd values
demonstrate that the overall structure of the mutants is mostly identical to that of the wild
type enzyme. A close-up of the area around Thr219 is presented in Figure 4 ¢ and d.
Interestingly, even when focusing on the mutation site, we could not detect any notable
structural difference between the WT enzyme and the T219A variant (Figure 4c), which is
consistent with the observation that the cleavage rate of this mutant is only slightly slower
than the WT enzyme (Figure 1).

In contrast, at the mutation site, the T219V mutant displays structural changes explaining
why cleavage is more adversely affected by this mutation (Figure 4d). As noticed with
T219A, it seems that the residue at position 219 doesn't directly affect the positioning or
orientation of the Thr168 side chain. However, it appears to be influencing the movement of
the neighboring glycine-rich HGG loop instead. The HGG loop is a conserved sequence at
the N-terminal region of the enzyme that changes conformation between the cleaved and
uncleaved states. Our study was one of the first to report a change in the Gly9 carbonyl
orientation when the enzyme is cleaved: in the uncleaved state the Gly9 carbonyl interacts
with the side chain of His8, whereas in the cleaved state the carbonyl of Gly9 flips to the
opposite side [20, 28]. In fact, we exploit this structural feature to distinguish the cleaved
from uncleaved state.

In the T219V mutant structure we observe, for the first time in an hASNase3 structure, a
reorientation of His8 (Figure 4d, red arrow). Moreover, the valine introduced at position 219
adopts a different orientation (~135° rotation) compared to the position of the original
threonine. In this conformation, Val219 faces the His8 imidazole group, which compensates
by rotating to avoid a steric clash. In the T219V variant structure, we observe a not-seen
before conformation of Gly9 whose carbonyl rotates ~60° in the opposite direction of
Thr168 compared to uncleaved hASNase3 WT. In such a conformation and because of the
geometrical restraints, the following glycines 10 and 11 have to adopt a conformation not
seen previously. The interplay between the HGG-loop conformation and the nature of the
residue at position 219 reveals that it is not a coincidence that the HGG motif is strictly
conserved among the plant-type asparaginases, and the T219V structure adds to the
mounting evidence indicating an indirect role for the HGG loop in the cleavage reaction.

Implication of threonines 168, 186 and 219 for enzymatic activity of hASNase3

We evaluated each member of the threonine triad for its role in the asparaginase activity (i.e.
Asn hydrolysis). In addition, for WT hASNase3 we also determined the isoaspartyl
aminopeptidase activity using B-L-Asp-LPhe as substrate. Since uncleaved enzymes are by
default devoid of enzymatic activity, we first activated the wild type and mutant enzymes by
incubating with glycine (see Materials and Methods for more details). The kinetic
parameters measured for wild type hASNase3 are presented in Table 2A. Our measured Ky
values are in the range of those determined previously by Cantor et al [16]. However, we
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observe a slightly slower substrate hydrolysis rate that could be due to the different
enzymatic assay used or the method used to approximate the active (i.e. cleaved) enzyme
concentration.

The T168S mutant was unable to be cleaved and thus, no activity assays were performed on
this variant. Interestingly, even though all other variants were partially (T186V, T219V) or
completely cleaved (T219A), we were not able to detect any asparaginase activity under the
experimental conditions (Table 2B). To confirm the lack of residual asparaginase activity of
the mutant enzymes, we employed much higher enzyme concentrations relative to that used
when assaying the wild type, and very high substrate concentrations. Despite this, no
asparaginase activity was detected for the mutants, indicating that all three threonines are
required to catalyze the hydrolysis reaction.

Insight into hASNase3 Asn hydrolysis reaction through the covalent intermediate

structure

We were successful in trapping wild type hASNase3 in the covalent intermediate state by
performing a very short soak with the substrate Asn, and solved its structure at a resolution
of 1.97 A (Table 1 and Figure 5a). The covalent intermediate represents a state after
nucleophilic attack by the Thr168 side chain on the carbonyl group of the Asn substrate side
chain, and the expulsion of the amino group. To our knowledge, this is the first elucidated
Ntn plant-type (i.e. type I11) asparaginase structure in this state (note that a covalent
intermediate structure was previously reported for the type I/11 asparaginases [29, 30], but
these enzymes are different from the type 111 enzymes discussed here).

A close-up view of the active site of the covalent intermediate structure is presented in
Figure 5b and c. Both protomers of the crystallographic asymmetric unit display the
covalent intermediate state and have a nearly identical structure (rmsd of 0.40 A over 278
Caatoms) with limited differences at the active site. Interestingly, the covalently linked
substrate adopts a slightly different orientation of the f—carbon between protomers A and B
but maintains the same overall interactions with the active site residues (Figure 5b and c).
The covalently linked substrate's a-carboxylic group makes a bidentate interaction with the
Arg196 side chain and with the Gly222 NH atom. The a-amino group is in close contact
with the Asp199 side chain and the Gly220 carbonyl.

With regard to interactions with the threonine triad, Thr168 is covalently connected with the
substrate. Thr186 is at 2.8 / 3.2 A (depending on protomer) distance to the oxygen atom of
Thr168 that is linked to the substrate. The interaction between Thr219 and the substrate
(side-chain carbonyl group) diverges largely between the two protomers, being at a 2.5 A
distance in protomer B but extending to 4.2 A in protomer A. Similarly, the distance
between the NH group of Gly220 and the substrate side-chain carbonyl group differs from
3.2 A'in protomer B to 3.9 A in protomer A. Thr219 and Gly220 have been reported by us
and others to be part of the oxyanion hole that has been proposed to stabilize the negatively
charged tetrahedral intermediate [17, 20, 28].

To obtain a more detailed understanding of how Asn hydrolysis is catalyzed by hASNase3,
we compared this new covalent intermediate state to the substrate/product bound state as
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previously observed in the structure of the fully cleaved hASNase3 — Asp complex (PDB:
4GDW [20]; Figure 6). We chose protomer B of the covalent intermediate structure for this
comparison since the intermediate — Thr219/Gly220 distances are shorter, and would
therefore more likely represent the state immediately following the formation of the reaction
intermediate.

The overlay of WT hASNase3 covalent intermediate protomer B and the cleaved hASNase3
Asp complex reveals an overall identical structure with an rmsd of 0.27 A over 552
Caatoms. Figure 6 (panels d, e and f) proposes a schematic of the hASNase3 asparaginase
reaction from the initiating nucleophilic attack to the formation of the covalent intermediate
with distances reported in Figure 6 panels b and c. The processing of Asn to Asp and
ammonia is thought to begin with the nucleophilic attack by the activated side chain of
Thr168 on the substrate's side chain carbonyl group. Similar to the role it plays in the
cleavage reaction (as discussed above), the hydroxyl of Thr186 acts as a hydrogen bond
donor for Thrl68. This is a vital interaction that increases the nucleophilicity of Thr168.
Additionally activating Thr168 is its own a-amino group. Unlike the pre-cleavage state
where the amino group of Thr168 makes a peptide bond to Gly167, in the post-cleavage
state it is a free amino group. As such, it acts as a base to activate the Thr168 hydroxyl
(distance between a-amino and hydroxyl of Thr168 2.9 A, Figure 6b and d), which then
proceeds to attack the substrate's side chain (distance of Thr168 hydroxyl and Asn CB-atom
2.6 A, Figure 6b). Upon nucleophilic attack, the negative charge that develops on the Asn
side chain O atom in the transition state is stabilized by the oxyanion hole formed by Thr219
and Gly220 (Figure 6e). After release of ammonia, the being-hydrolyzed amino acid
remains covalently linked to Thr168 (Figure 6¢ & f) until an activated water molecule
attacks the ester carbon atom and liberates the product (see mechanism previously proposed
by us [20] for the rest of the reaction).

Interestingly, in the covalent intermediate structure, we were required to model the Gly9
carbonyl as 50% in conformations referred to as “cleaved” and “uncleaved” positions
(Figure 5d). Hence, the HGG loop seems not to only play a role in the cleavage reaction but
also for substrate hydrolysis. This observation further supports the importance of this highly
conserved region.

The behavior of the T186V and T219A/V mutants regarding the asparaginase reaction
becomes now somewhat clearer. We mentioned earlier that a valine at position 186 impedes
hASNase3 cleavage because this residue is unable to activate Thr168 for autocleavage.
Additionally, the cleaved T186V enzyme is devoid of asparaginase activity. This suggests
that for promoting the attack on the Asn side chain by the Thr168 hydroxyl group, Thr186
must work in concert with the Thr168's own a-amino group. That is, for nucleophilic attack
on the side chain of the substrate asparagine, Thr168 requires activation both by its own
amino group and by the hydroxyl of Thr186. Concerning T219A, this mutant can be easily
cleaved but yet does not attain asparaginase activity (Figure 1, Table 2B). The covalent
intermediate structure suggests that Thr219 has a critical role in stabilizing the tetrahedral
intermediate (Figure 6¢). Additionally, the structure of the covalent intermediate reveals
flexibility in the HGG loop, suggesting that the conformation of this region may be also
playing a part in catalyzing asparagine hydrolysis.
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Mutants of hASNase3 generated to date based on the increased understanding of its function
have failed to provide an enzyme with a lower Km value. For example, replacing the
histidine of the HGG loop with an alanine with the goal of promoting flexibility and the
cleaved state resulted in an unstable enzyme. Likewise, several mutations of 11e189, situated
in the proximity of the substrate, did not result in an enzyme with the desired low Km
property. These initial mutagenesis efforts suggest a need to combine several amino acid
changes to attain the goal of a stable enzyme with low Km.

CONCLUSIONS

In summary, the experiments conducted on hASNase3 provide structure/function evidence
for the role of the catalytic triad composed of three conserved threonines in type I11
asparaginases. We found that correct positioning of the Thr168 hydroxyl group is critical for
autocleavage, and hence even when conservatively replaced by a serine, no active enzyme is
made. Thr186 is important but not essential for autocleavage, yet is crucial for hASNase3
activity. On the other hand, Thr219 is not essential for autocleavage, but like the other two
threonines of the triad, is required for asparaginase activity. Studies of the Thr219 mutants
suggest that flexibility of the HGG loop influences both enzyme cleavage and its
asparaginase activity. Therefore, the engineering of this enzyme in order to lower its Asn
Kwm Vvalue for use as a replacement of bacterial enzyme in cancer therapy would have to take
into consideration both the importance of the threonine triad as well as the implication of the
HGG loop to promote the cleaved and enzymatically-competent conformation. While such a
mutated hASNase3 variant may also be immunogenic, it is predicted to be less so than the
currently used bacterial enzymes.

Materials and Methods

Cloning, Expression and Purification of human ASNase3

Human ASNase3 was cloned and purified as previously described in Nomme et al. [20]. All
point mutations were inserted using the QuikChange® Site-Directed Mutagenesis Kit from
Agilent Technologies and confirmed by sequencing.

Briefly, for expression and purification, E. coli BL21(DE3) C41 carrying the hASNase3
plasmid (modified pET14b to include a His-SUMO tag) were grown at 37 °C in 2YT media
until reaching an optical density at 600 nm of 0.6-0.8. Expression was induced using 0.5
mM isopropyl p-D-1-thiogalactopyranoside and the temperature was reduced to 18 °C
overnight. After lysis by sonication, the enzyme was purified on a metal affinity column
charged with nickel. The His-SUMO tag was then cleaved in solution by SUMO protease,
and followed by a last step of gel filtration. The hASNase3 containing fractions were then
concentrated to 38-53 mg/ml, aliquoted, and stored at —80 °C.

Enzyme activation by glycine

Wild type hASNase3 and variants were activated by incubating for 4 days in a 2.0 M glycine
pH 9.0 solution at room temperature (RT). Glycine was then washed out by dialysis
overnight at RT against a solution containing 25 mM Tris/HCI pH 7.5, 200 mM NaCl and 2
mM DTT.
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Kinetic Assay

The catalytic activity of hASNase3 was determined using a spectroscopic NADH-dependent
enzyme-coupled assay [31, 32]. All measurements were taken in triplicate at 37 °C in a
buffer containing 100 mM Tris/HCI pH 7.5, 0.4 mM a-ketoglutarate and 0.4 mM NADH
with 75 nM hASNase3 wild type. To determine the Ky, and k5 values, we varied L-
asparagine/p-L-Asp-L-Phe concentration and kept the enzyme concentration fixed. Using
SigmaPlot the Michaelis—Menten equation was fit to the data (SigmaPlot 2000/Enzyme
Kinetics Module 1.0, from Systat Software, Inc., San Jose California USA,
www.sigmaplot.com).

Crystallization of hASNase3

For crystallization setups, 2 uL of hASNase3 at 35-40 mg/ml (in 25 mM Tris/HCI pH 7.5,
200 mM NaCl, 2 mM DTT) were mixed with 1 pyL of 0.6 M sodium malonate, pH 7.0 on a
glass cover slip, and left to undergo vapor diffusion using the hanging drop method at 20 °C
over a reservoir of 2.2-2.5 M sodium malonate, pH 7.0. As described in a previous study by
us [20], for crystals grown in malonate, we observed precipitant molecules occupying the
substrate binding site. To solve this precipitant-competition issue, all crystals were first
transferred to a 75% saturated NaCl, 25 mM MES/NaOH pH 6.5 solution (wash solution)
for 15 min in order to wash the malonate molecules out from the active site. We also showed
that a short soak (2-5 min) in a 2-3 M glycine, pH 7.5 solution (cleavage solution) was
normally enough to complete full cleavage of the wild type protein in the crystal [20]. To
obtain the high resolution wild type hASNase3 structure crystals were transferred into the
cleavage solution for 2 min followed by 5 min in the wash solution in order to wash out the
glycine from the previous step and finally into a 75% saturated NaCl, 25 mM MES/NaOH
pH 6.5, 20% glycerol solution (cryo solution) supplemented with 62.5 mM p-Asp-Phe for 2
min for cryoprotection. Unexpectedly, the enzyme remained uncleaved and no substrate was
observed in the active site. The T168S mutant crystals were transferred to the cleavage
solution and then moved to the cryo solution for 1 min. The T186V structure was obtained
by transferring crystals into the cryo solution containing 62.5 mM B-Asp-Phe for 1 min.
However, no substrate was observed in the active site. The T219A mutant crystals were
transferred to the cleavage solution for 2 days followed by a 1 min soak in the cryo solution.
The T219V mutant crystal was moved to the cryo solution for 1 min for cryoprotection.
Finally, to obtain the wild type protein in the covalent intermediate state, crystals were first
transferred to the cleavage solution for 2 min. Glycine was then washed out by transferring
the crystals back into the wash solution. A last transfer to a 250 mM asparagine, 75%
saturated NaCl, 25 mM MES/NaOH pH 6.5, 20% glycerol solution for 2 min was used as
source of asparagine and as the cryoprotectant. Longer soaks resulted in an electron density
at the active site corresponding to the product aspartate (note that we cannot distinguish by
electron density between asparagine or aspartate, but interpret the resulting density in
crystals that were soaked a longer time with asparagine as coming from the product
aspartate).
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Data collection and structure solution of hASNase3

Diffraction data for the hASNase3 wild type covalent intermediate and the T219A mutant
were collected using the in-house X-ray source (Rigaku RU- 200 rotating anode) with an R-
Axis IV++ image plate detector while data for the uncleaved wild type hASNase3, T168S,
T186V and T219V mutants were collected at the Advanced Photon Source (APS) located at
Argonne National Laboratory, using the SERCAT 22-ID and LS-CAT beamlines (Table 1).
Data were processed using XDS [33].

All crystals were perfectly twinned, with the true space group being P65 (apparent space
group, P6522), and contained two copies of hASNase3 in the asymmetric unit. The data sets
were analyzed by phenix.xtriage [34] and depending on the data set, the usual parameters
that indicate the presence of twinning (e.g. Wilson ratio <I"2>/<|>"2; L test; H test) were
clear about the presence of twinning or less so. However, the R vs R analysis consistently
indicated twinning. This analysis suggests that our crystals contain pseudo rotational
symmetry (PRS). PRS has been shown to mask the presence of twinning by partially
compensating for its effect [35]. An excellent treatise on this topic is discussed in the paper
by Lebedev et. al. [35] Supplementary Table S1 presents the twinning statistics for all data
sets computed for the entire resolution range plus for the highest resolution shell. At high
resolution the masking effects of PRS on the twinning statistics are diminished.

The structure was solved by molecular replacement (Molrep [36] CCP4) using the human
ASNase3 as starting model (PDB entry 4GDV), refined with Refmac5 [37] and model built
using Coot [38]. All structures had residue Asp119 of both protomers in the generously
allowed/disallowed regions of the Ramachandran plot; the correctness of the modeling was
verified with omit maps. We are aware of the short distance (2.2 A) between the N-atom of
the covalent intermediate and the carboxylate of Asp199 in protomer A. Refinement using
Refmac5 and phenix both yielded the same short distance, and the model is consistent with
omit maps. Structural figures were prepared using the PyMOL Molecular Graphics System,
Version 1.6.0 Schrddinger, LLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Glycine activation of WT hASNase3 and catalytic triad threonine mutants. (a) WT
hASNase3 and mutants were incubated for 2 days at 25 °C in storage buffer containing 250
mM glycine pH 9.0. Enzyme samples prior to incubation are labeled under No Glycine and
T and migrate as a ~37 kDa band on the gel, corresponding to the uncleaved (inactive) form
of the enzyme. After 24 h incubation, the WT hASNase3 migrates as two lower molecular
bands corresponding to the a- and -subunits and is fully activated. The T219A mutant is
partially and almost fully activated after 24 h and 48h incubation, respectively, while the
T219V mutant is only partially cleaved after 48 h. The T168S and T186V mutants remain in
their uncleaved inactive form. (b) Same as (a) but enzymes were incubated ina 2.0 M
glycine pH 9.0 solution. In this condition, the WT hASNase3 is fully cleaved after 24 h
incubation. The T219A mutant shows a faster cleavage rate and is almost fully activated
after 24 h incubation. The T168S mutant remains essentially uncleaved while the T186V
and T219V mutants are partially cleaved.
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(a)

FIGURE 2.
Comparison of the hASNase3 T168S mutant to the WT uncleaved high-resolution structure.

(a) Simulated annealing omit map (2Fo-Fc) from CNS contoured at 1o around residues
GIn163 to Val169 of the T168S structure Protomer A. (b) WT hASNase3 uncleaved
structure (thin yellow sticks) and the T168S mutant (thick blue sticks) are superimposed and
a close-up of the cleavage site is presented. Serine at position 168 interacts with the carbonyl
of Thr218 and the side chain of Thr219 (dashed blue lines with distances in Angstroms).
The side chain of Ser168 would have to rotate 180° (red arrow) to be able to proceed to
nucleophilic attack on Gly167 carbonyl (green arrow) and break the peptide bond. Thr186
side chain is also represented with its a-carbon displayed as a sphere. (c) On top, proposed
scheme showing the WT hASNase3 nucleophilic attack from Thr168 side chain on the
Gly167 carbonyl with B: representing the base responsible for additional Thr168 activation.
At the bottom, the same reaction within the T168S mutant is hampered by Ser168 side chain
being maintained by interactions with threonines 218 and 219 and thus oriented in a
catalytically non-competent conformation.
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FIGURE 3.
Comparison of the hASNase3 T186V mutant to the WT uncleaved high-resolution structure.

(a) Fo-Fc omit map contoured at 2.20 around valine at position 186. Residue 186 from
Protomer A was removed from the model that then underwent several rounds of refinement
to eliminate model bias. (b) WT hASNase3 uncleaved structure (thin yellow sticks) and the
T186V mutant (thick orange sticks) are superimposed and a close-up of the cleavage site is
presented. In the WT enzyme, the hydroxyl group of Thr186 hydroxyl is oriented by the
main chain NH atoms of highly conserved glycines 187 and 188 (3.0 A and 2.9 A
respectively) and by Thr168 (3.0 A). Dashed lines represent hydrogen bonding interactions
with distances given in Angstroms. When the isosteric valine replaces the threonine at
position 186, the side chain maintains the same orientation but the distance to Thr168
increases to 3.7 A in order to avoid steric clashes from their respective side chains. (c)
Scheme proposing a cleavage mechanism for WT hASNase3 in which Thr186 builds a
hydrogen bond donor interaction to the Thr168 hydroxyl and hydrogen bond acceptor
interactions to the Gly187/188 NH atoms. As a result of accepting a proton from Thr186, the
Thr168 hydroxyl becomes more likely to be activated by a base (B:). The green arrow
represents the nucleophilic attack from Thr168 hydroxyl on Gly167 carbonyl. (d) In the
T186V mutant, valine at position 186 is unable to participate in hydrogen bond interactions.
As a result, Thr168 activation is more difficult to attain (dashed green arrow).
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FIGURE 4.
Comparison of the hASNase3 T219A/V mutants to the WT uncleaved high-resolution

structure. (a) Fo-Fc omit map contoured at 2.20 around alanine at position 219. Residue 219
from Protomer A was removed from the model that then underwent several rounds of
refinement to eliminate model bias. (b) Fo-Fc omit map contoured at 2.2¢ around valine at
position 219. Residue 219 from Protomer A was removed from the model that then
underwent several rounds of refinement to eliminate model bias. (c) WT hASNase3
uncleaved structure (thin yellow sticks) and the T219A mutant (thick green sticks) are
superimposed and a close-up around the cleavage region is presented. Side chains of
residues 186 and 219 (highlighted in grey) are presented with the a.-carbon displayed as a
sphere. Distances between residue 168 and residues 186 and 219 are in Angstroms and
represented in dashed lines. The highly conserved HGG loop is also represented. (d) WT
hASNase3 uncleaved structure (thin yellow sticks) and the T219V mutant (thick tan sticks)
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are superimposed and a close-up around the cleavage region is presented. The valine side
chain at position 219 (highlighted in grey) rotates ~135° compared to the original threoning,
forcing the side chain of His8 to rotate 90° to avoid steric clashes (red arrow). In this
conformation the Gly9 carbonyl also has to rotate ~60° facing the opposite side of Thr168
resulting in a change in conformation of the residues following Gly9 (see also Figure 5d).
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FIGURE 5.
The WT hASNase3 structure in the covalent intermediate state. (a) Fo — Fc omit map

(contour level of 2.20) surrounding the covalently linked substrate to Thr168. The substrate
covalently linked to Thr168 conformation is defined in unbiased electron density that was
calculated before the Thr168-substrate was built in both protomers. (b) Close-up of the WT
hASNase3 active site protomer A structure (grey). Dashed lines indicate interactions
between covalently linked substrate (green) and hASNase3 surrounding residues (distances
in Angstroms). The red dashed lines show the lack of interaction with the oxyanion hole
formed by Thr219 and Gly220. (c) Same as (b) but from protomer B showing that the
interactions between the covalent substrate and Thr219-Gly220 are maintained (green
dashed lines). Thus, the state observed in protomer B more accurately demonstrates the role
of these residues in stabilizing the negatively charged tetrahedral intermediate. (d) Fo-Fc
omit map contoured at 2.20 around His8-Gly9 region. Residues His8 and Gly9 were
removed from the model that then underwent several rounds of refinement to eliminate
model bias. We had to model the Gly9 carbonyl as 50% in the “cleaved” and “uncleaved”
conformations.
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FIGURE 6.
Comparison of fully cleaved WT hASNase3 in complex with Asp and in the covalent

intermediate state. (a) Fully cleaved WT hASNase3 structure in complex with Asp (PDB ID
4GDW, enzyme in magenta, Asp in dark green) and the WT covalent intermediate
hASNase3 protomer B structure (enzyme in grey and covalently linked substrate in lighter
green) are superimposed and a closeup of the active site is presented. (b) WT hASNase3
active site from the fully cleaved Asp complex structure. Black dashed lines indicate
interactions between Asp (dark green) and hASNase3. The red dashed line shows the
distance between the Thr168 hydroxyl group and the Asp p-carboxylate carbon atom (2.6
A). The curved dotted black line indicates the distance between the freed amino group from
Thr168 activating its hydroxyl for nucleophilic attack on the substrate side chain (all
distances are in Angstroms). (¢) WT hASNase3 active site from the covalent intermediate
protomer B structure. Grey dashed lines indicate interactions between the covalently linked
substrate (light green) and hASNase3. (d) hASNase3 asparaginase mechanism. After
enzyme cleavage and binding of Asn, the freed amino group of Thr168 activates its side
chain, allowing for nucleophilic attack on the substrate side chain (red arrow). This reaction
is facilitated by the interaction between Thr186 and Thr168 side chains. (€) The resulting
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negatively charged tetrahedral intermediate is stabilized by the oxyanion hole composed of
Thr219 and Gly220 in the transition state. (f) After release of ammonia, the being-
hydrolyzed amino acid remains covalently linked to Thr168 in a state we refer to as the
covalent intermediate.
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Table 2
Kinetic characterization of WT hASNase3
A. Kinetic parameters of WT hASNase32
Asn P-L-Asp-L-Phe
Km (MM) Keat (SH) Keat/Km (MM 1sY)  Km (mM) kcat (S1) kcat/KM (mM-1sh)
2.09 (£0.16) 3.19 (+0.07) 1.52(+0.15) 0.12 (+0.02) 0.80 (+0.06) 6.66 (+ 1.61)

B. Enzyme concentrations ([E]) used to determine asparaginase activity

% Cleavageb Activity® [E]d no correction  [E]€with correction
WT 100 Yes 75 nM Enzyme 75 nM Enzyme
T186V 45 Not detected 400 nM Enzyme 180 nM Enzyme
T219A 100 Not detected 310 nM Enzyme 310 nM Enzyme
T219vV 50 Not detected 310 nM Enzyme 155 nM Enzyme

aReactions were conducted at 37 °C, pH 7.5 and in triplicate.
bDetermined by gel densitometry analysis
CMeasured with [ASN] = 20 mM
d .
Total [E] in cuvette

eApproximated cleaved [E] in cuvette

J Mol Biol. Author manuscript; available in PMC 2015 June 26.

Page 27



