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Abstract

Type Il bacterial L-asparaginases (L-ASP) have played an important therapeutic role in cancer treatment for
over four decades, yet their exact reaction mechanism remains elusive. L-ASP from Escherichia coli
deamidates asparagine (Asn) and glutamine, with an ~ 10 higher specificity (k.a/Km) for asparagine despite
only one methylene difference in length. Through a sensitive kinetic approach, we quantify competition among
the substrates and interpret its clinical role. To understand specificity, we use molecular simulations to
characterize enzyme interactions with substrates and a product (aspartate). We present evidence that the
aspartate product in the crystal structure of L-ASP exists in an unusual a-COOH protonation state.
Consequently, the set of enzyme—product interactions found in the crystal structure, which guided prior
mechanistic interpretations, differs from those observed in dynamic simulations of the enzyme with the
substrates. Finally, we probe the initial nucleophilic attack with ab initio simulations. The unusual protonation
state reappears, suggesting that crystal structures (wild type and a T89V mutant) represent intermediate steps
rather than initial binding. Also, a proton transfers spontaneously to Asn, advancing a new hypothesis that the
substrate's a-carboxyl serves as a proton acceptor and activates one of the catalytic threonines during
L-ASP's nucleophilic attack on the amide carbon. That hypothesis explains for the first time why proximity of
the substrate a-COO™ group to the carboxamide is absolutely required for catalysis. The substrate's catalytic
role is likely the determining factor in enzyme specificity as it constrains the allowed distance between the
backbone carboxyl and the amide carbon of any L-ASP substrate.

© 2015 Elsevier Ltd. All rights reserved.

Although these two substrates differ in length by only
one carbon, L-ASP demonstrates a significantly
higher apparent affinity (1/K,,) and catalytic rate
(Kcat) for Asn compared to Gin. As a result, enzyme

Introduction

Bacterial type Il L-asparaginases (L-ASP) have
been used for over four decades to treat acute

lymphoblastic leukemia [1] and other related forms of
cancer [2,3]. Other applications of L-ASP include the
food industry, where it is used to prevent the
formation of acrylamides in foods with high starch
content. L-ASP catalyzes the deamidation of both
asparagine (Asn) and glutamine (Gin), which results
in the formation of aspartate (Asp) and glutamate
(Glu), respectively, and the by-product ammonia.

0022-2836/© 2015 Elsevier Ltd. All rights reserved.

specificity (kea/Kin) is ~ 10 times larger for Asn than
for GiIn (Fig. 1a) [4].

Reducing the availability of Asn in the blood is
effective in killing certain types of cancer cells that
are auxotrophic for Asn [5,6]. Side effects often
linked to high glutaminase activity [7—11] pose a
significant problem in L-ASP therapy and frequently
preclude completion of the full treatment [12,13]. Yet,
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Fig. 1. (a) L-ASP catalyzes the conversion of Asn into
Asp (top) and of GiIn into Glu (bottom). L-ASP conversion of
asparagine occurs with an ~10* higher specificity (kcaKm)
than for glutamine. (b) Model of the double-displacement
mechanism supported by kinetic measurements. Upon
formation of the enzyme—substrate complex (ES), ammo-
nia (NH3) is first cleaved before nucleophilic attack by
water (H2O) and final formation of the product (P). Forward
and reverse rate constants are indicated by k and k_;.

some glutaminase activity is considered necessary for
a maximal anticancer effect on certain cell types [14].
This paradoxical behavior has been linked to the
activity of another enzyme, asparaginase synthetase
(ASNS), which converts glutamine into asparagine
[15,16]. We recently showed that the necessity for
glutaminase activity largely depends on the expres-
sion levels of ASNS [17]. Cancer cells that are ASNS
negative are sensitive to both the wild-type L-ASP and
a glutaminase-free mutant (Q59L). The wild-type
enzyme is also effective against cells with low ASNS
expression [17]. A better understanding of substrate
specificity may provide a path toward optimizing
asparaginase therapy [18—22] by engineering ana-
logs with tailored ratios of asparaginase:glutaminase
activity.

While the specific molecular details of L-ASP
catalysis are not fully known, the wealth of functional
and structural studies provides important insights on
the reaction mechanism. L-ASP can deamidate other
substrates besides asparagine and glutamine (includ-
ing peptides with carboxy-terminal asparagine resi-
dues and Asn analogs such as succinamic acid),
subject to the absolute requirement of a backbone
carboxyl within two or three carbons from the
carboxamide [23,24]. Early competition kinetics ex-
periments strongly suggested a double-displacement
(ping-pong) mechanism (Fig. 1b) proceeding through
an aspartyl-enzyme intermediate [23,25]. That type of
mechanism is further supported by functional muta-

genesis of the Escherichia coli [26,27] enzyme and
structures of homologs from Pseudomonas [28] and
Erwinia chrysanthemi [29,30].

Several residues in the E. coli enzyme catalytic site
(Fig. 2) have been identified as important for
asparaginase activity, including T12, Y25, T89, D90
and K162 [27,31-33]. The two well-conserved threo-
nines, T12 and T89, have been proposed as possible
nucleophiles in the formation of an enzyme—substrate
intermediate, with individual mutations of these
residues resulting in minimal change in K., yet a

Fig. 2. Crystal structure of the E. coli L-ASP tetramer
with bound aspartate product. The inset (bottom) highlights
the positions of key residues (colored cyan) in one of four
identical active sites. Those residues include T12, Y25,
S58, Q59, T89, D90, A114 and K162 from one enzyme
subunit (colored red), as well as N248 and E283 from the
adjacent enzyme subunit (colored yellow). Thick tubes
represent a-helical regions, and ribbons with arrows
represent (B-sheets. Atom color code: oxygens (red),
nitrogens (dark blue), hydrogens (white) and carbons
(gray). Side-chain oxygens of the Asp ligand are colored
magenta for distinction.
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drastic drop in the maximal reaction velocity [31,32].
Mutations of Y25 slow down the reaction turnover
significantly [27]. Also, Y25's close spatial proximity
to T12, observed in the crystal structure [34]
(Fig. 2), led to the proposal that the tyrosine-gluta-
mate Y25/E283 pair serves as a proton acceptor
during nucleophilic attack [28]. Mutations of E283
have little effect on enzyme activity [29,33], how-
ever, and kinetic data suggest that Y25 instead
plays a critical role in stabilizing the catalytic lid loop
upon substrate binding [35]. Thus, questions about
the specific nucleophile and proton acceptor remain
open.

Our current atomic-level knowledge of the L-ASP
reaction largely relies on the crystal structures [34,36]
of the enzyme with bound Asp product. However, the
different structural nature of Asn and Gin, compared
with Asp, may result in changes in the orientation and
corresponding contacts with the protein. Given the
difficulty in obtaining a crystal structure of wild-type
L-ASP with Asn or GIn, molecular simulations may be
used to clarify many aspects of substrate binding and
reaction mechanisms. A recent molecular simulation
study [37] tested several possible deamidation
mechanisms of Asn. With the use of electronic
structure calculations, the work arrived at an ener-
getically favorable process not requiring a covalent
enzyme—aspartyl intermediate. However, the pro-
posed reaction pathway disagrees with the experi-
mentally supported, double-displacement
mechanism (Fig. 1b) since water is involved in a
direct nucleophilic attack of the substrate before
cleavage of the ammonia group [37]. This discord
may stem from the choice of initial configuration used
in the electronic structure study.

The existing descriptions of the L-ASP catalytic
mechanism have yet to explain how a one-carbon
increase in substrate chain length that appears in
Gin relative to Asn results in such a dramatic effect
on the deamidation reaction (Fig. 1a). Furthermore,
the unexplained absolute requirement of a backbone
carboxyl within two or three carbon atoms from the
carboxamide [23,24] may hint at a possible active
role of the substrate during catalysis. Here, we
address those two questions through a combined
experimental and computational approach.

We first revisit the experimental kinetics of Asn and
GIn degradation by L-ASP using a highly sensitive
liquid chromatography—tandem mass spectrometry
(LC-MS/MS) assay. We apply the assay to the
clinically relevant E. coli enzyme (Elspar). Kinetic
data collected in the presence of both substrates are
interpreted in the context of substrate concentrations
encountered in clinical settings. Kinetic data for pure
substrates indicate that Asn and Gin induce different
levels of mild cooperativity in the enzyme, suggest-
ing that chemical features of the substrate can
produce small changes to the global conformation of
L-ASP. Since cooperativity is weak, no change is

expected to the reaction mechanism based on
substrate occupancy. Hence, we conduct extensive
classical molecular dynamics (MD) simulations to
investigate the local structure of the L-ASP active
sites and preferred positions of the product (Asp)
and substrates (Asn and Gin). We find that each
ligand establishes a different set of contacts with the
enzyme that also modulates the intraprotein interac-
tions of nearby residues. Finally, we use ab initio MD
(AIMD) and electronic structure calculations to explore
possible initial stages of the reaction that utilize the
substrate's a-carboxyl as the primary proton acceptor.
Our results give the first explanation as to why
proximity of the a-COO™ group to the carboxamide
is absolutely required for catalysis. A probabilistic
assessment of conformations conducive for the
initiation of catalysis also helps explain the higher
K.at and the lower K, for Asn compared to Gin.

Results

Reexamining L-ASP kinetics and competition
between substrates

We start exploration of selectivity, cooperativity and
competition of the substrates by reexamining the
kinetics of L-ASP deamidation. We recently developed
a highly sensitive LC-MS/MS assay of L-asparaginase
enzyme activity capable of simultaneous measure-
ment of the four amino acids (Asn, Gin, Asp and Glu),
as described in Materials and Methods. The sensitivity
of the assay is important to capture the behavior of the
enzyme at all levels of substrate concentration since
the apparent binding affinity for Asn is low
(Km ~ 15 pM [4]). Given the large differences in the
previously observed k., and K, for Asn and Gin, a
more accurate determination of these kinetic con-
stants will be helpful in characterizing the competition
and the dynamics of asparagine elimination in the
presence of glutamine, as it occurs under physiolog-
ical conditions in the blood plasma.

The deamidation kinetics of Asn show a clear
pattern of cooperativity between subunits (Fig. 3a)
and were consequently fitted to the Hill equation for
reaction velocity vo,

Vinax[S]"
Y Ky + 1S W
where the half-occupation constant (Kj s, analogous
to the Michaelis constant, K,) is defined by the
substrate (S) concentration at which the reaction
attains one-half its maximal velocity (Vnax), and the
Hill coefficient (n) describes the cooperativity be-
tween enzyme subunits for a given substrate. The
apparent value of nfor Asnis 1.5 + 0.1, while that for
Ginis 1.1 £ 0.1. Although cooperativity has not been
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Fig. 3. Kinetics of substrate deamidation by L-ASP assayed by the LC-MS/MS technique. (a) Hill plots, 1vo/(Vinax — Vo)l
versus substrate concentration on a double-logarithmic scale, show the cooperativity of the enzyme in the degradation of
Asn (squares) and Gin (triangles). Broken lines show the corresponding curves with no cooperativity (n = 1). Vertical
dotted lines show the substrate concentration (K 5) needed to reach half the Vimax. (b) Apparent half-occupation, Ko s(app),
constants obtained for Asn degradation in the presence of competitive inhibitor Gin. Diamonds show the expected Kj 5(app)
values assuming a simple competition scheme without cooperation [Eq. (2)]. (c) and (d) show time courses of Asn and Gin
deamidation by 7.5 nM L-ASP for mixtures containing 100 uM Asn + 100 pM Gin and 100 pM Asn + 1600 uM Gin.
Squares mark Asn depletion; triangles indicate Glu appearance; curves indicate theoretical predictions. Open symbols
and broken lines show data and predictions for deamidation of each substrate separately (no competition) at the
corresponding concentrations in each case. Filled symbols and continuous lines show data and predictions for

deamidation of a mixture of the two substrates at the corresponding concentrations in each case.

Inhibition of

asparaginase activity increases with inhibitor (GIn) concentration.

reported previously for L-ASP, it has been observed
in the type | bacterial asparaginase, with a Hill
coefficient of 2.6 [38]. The observed turnover rate for
Asn of 60 + 7 s is hlgher compared to previous
values of 24-45s~' [4,26,39], while the
half-occupation constant (K, s) remains similar with
a value of 18 + 2 yM compared to the previous K,
values of ~15 uM [4]. The kg4 for Gin is higher than
previous estimates, 2.2 + 0.3 s~' compared to
0.33-1.5s7" [4,26,39], yet K5 is considerably
lower, 1600 + 400 uM compared to the K., values
of 3500-5200 puM [4,26,39]. A higher temperature
(T = 37 °C) used here to mimic physiological condi-
tions may account for increased k., relative to prior
measurements carried out at room temperature
(T = 25 °C). The observed k.4 is ~30 times greater,
and apparent binding affinity (1/Ko5) is ~80 times
greater, for Asn than for Gin. The s1pecificity
constants (kg t/Ko T:,) of 3.3x 10° M for Asn
and 1.4 x 10 ! for Gin |nd|cate that E. coli
L-ASP (Elspar) favors degradation of Asn over Gin

by a factor of 2400, approximately 10 times lower
than previously reported [4].

While Asn is clearly the stronger competitor, reliable
anticancer effects require deep Asn depletion down to
submicromolar concentrations [14,40,41], where
the more abundant GIin can outcompete the pre-
ferred substrate. Thus, we explore the competition
between the two substrates for the active site in
L-ASP by measuring the steady-state behavior for
Asn degradation in the presence of varying concen-
trations of GIn. Steady-state kinetic parameters,
including the half-occupation constant (Kj s5), the Hill
coefficient (n) and the turnover rate (k.a), are
presented in Table 1 for all measured substrate
conditions.

Given that the substrates affect the cooperativity of
L-ASP differently, many kinetic constants may be
needed to describe accurately the steady-state
behavior during competition. Nevertheless, we
expect that a simple competition scheme (no
cooperativity) may predict the behavior of the
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Table 1. Kinetic parameters for deamidation of individual and mixed substrates by L-asparaginase I

Experiment Ko.s (UM) n Keat (871 keal Kos M™" 571
Pure Asn 18 + 2 (~15)? 15+0.2 60 + 7 (24-45)? 3.3 x 10°
Pure GIn 1600 = 400 (3500-5200)2 11 %01 2.2 + 0.3 (0.33-1.5)7 1.4 x 10°
Asn + 300 uM Gin 21 %2 1.4 +0.1 72+5 3.4 x 10°
Asn + 900 uM GIn 25+ 4 1.4+0.2 67 +3 2.7 x 10°
Asn + 8000 uM GIn 68 + 3 1.0+0.2 48 + 9 0.71 x 10°

@ Previously obtained values of Ky 5 (Kn) and k.o (Refs. [4,26] and [39]) obtained at room temperature assuming no cooperativity

between subunits.

apparent half-occupation constant, Kg s(pp), for Asn
at inhibitor (GIn) concentrations near or below K|
(Ko.s for GIn) with sufficient accuracy. If that is the
case, the substrate concentration needed to reach
half the maximum velocity will increase linearly with
inhibitor concentration [I] according to

Kos(app) = Kos + [l] x Kos/Ki. (2)

The values of Kjs@pp) (Fig. 3b) show good
agreement with the simple competition scheme
[Eq. (2)] for GIn concentrations below K; (300 and
900 pM Gin), and the corresponding Hill coefficients
and turnover rates remain roughly constant for these
two cases (Table 1). However, the predicted simple
competition value is significantly higher than the
observed one (Fig. 3b) at high GIn concentration
(8000 pM, ~5 Kj), and k4 also decreases (Table 1),
indicating a more complex competition behavior. In
the case when the inhibitor suppresses the coopera-
tivity of the substrate, the apparent Hill coefficient for
enzyme competition is expected to approach 1.0 as
the inhibitor reaches an infinite concentration [42],
which is in good agreement with the value of n=
1.0 = 0.1 obtained for the highest Gln concentration
(Table 1).

To further quantify the substrate competition, we
measured the time courses of Asn depletion and Glu
formation reactions in 1:1 and 1:16 (Asn:Gin)
mixtures as compared with identical reactions
performed with pure substrates (Fig. 3c and d).
L-ASP (Elspar) at 7.5 nM concentration completely
degrades pure 100 pM Asn (~5 Kps) in a linear
fashion within ~300 s. GIn, when present in equal
concentration, has little influence on the time course
of asparaginase reaction. In contrast, 1600 pM GIn
(~1 K)) slows the reaction appreciably. Note that Glu
appears with a measurable rate only after most Asn
is degraded in the 1:1 mixture. The Gin-to-Asn ratio
at which both product reaction rates equal each
other is approximately 3000 for both competition
experiments (Fig. 3c and d), which is in good
agreement with the measured ratio of the Asn/GIn
specificities (Keai/ Ko 5) of 2400.

Considering the kinetic parameters in the context
of clinical application provides insights about the
utility of substrate competition. At the physiological

blood plasma concentration of 800 uM Gin (0.5 Ky 5)
and 50 pM Asn (2.4 Kj 5) [43], about 10% of the newly
injected clinical variant of E. coli L-asparaginase will
be occupied by GIn (according to vo/Vinax). The
remaining enzyme will begin degrading Asn due to
the higher probability of Asn entering the reaction
(90% occupancy) and 30 times higher turnover rate
(Ksat) relative to Gin. The enzyme will “switch” to Gin
deamidation when Asn levels drop below 0.4 uM
(0.02 Koy 5). Partial depletion of Gln consequently
permits further decrease of Asn levels. Thus, the
enzyme sequesters GIn precisely when Asn ap-
proaches the submicromolar concentration levels
required for reliable anticancer activity. Our compe-
tition data well explain correlated changes of Asn
and Gin levels recorded in clinical trials [11].

The finding that Asn and Gin induce different
levels of mild cooperativity in L-ASP suggests that
substrate binding can affect the global conformation
of the protein to a limited extent, and these changes
depend on the chemical features of the ligand.
Nevertheless, weak cooperativity suggests that the
reaction mechanism is unchanged by occupancy of
multiple binding sites. Therefore, we focus on the
local features of the active site to gain mechanistic
insights. In particular, we characterize the local
enzyme-ligand interactions for Asn, GIn and the
enzymatic product Asp.

Protonation state of Asp product

Based on the crystal structure of E. coliL-ASP (PDB
ID: 1NNS) [36] with the Asp product bound (Fig. 2), we
use classical MD simulations to characterize how
subtle chemical features, represented by different
protonation states, modulate the enzyme-ligand
interactions for the Asp ligand. This first step defines
a control case that considers the structure and
dynamics of the enzyme when occupied by the
same ligand present in the crystal structure.

Under neutral conditions (pH of ~7) in bulk water, a
conventional expectation is that the Asp ligand would
be fully charged, with two unprotonated carboxyl
groups. Close examination of the hydrogen-bonding
geometry between the Asp ligand and the enzyme
in the BECA [34] and 1NNS [36] structures,
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however, suggests that this ligand exists instead in
an unusual protonation state. Following previously
reported analyses [44,45], we observe that the
C-O—O0 hydrogen bond between one of the a-car-
boxyl oxygens of the ligand and the S58 hydroxyl
oxygen lies close to the plane formed by the a-carboxyl
group (Fig. 4a). The angle for this C-O—O hydrogen
bond is near 130°, which is a feature commonly
observed when the carboxyl is protonated [44].
Additionally, estimation of the acid dissociation con-
stant (pKy) of the a-carboxyl of the ligand Asp with the
widely used PROPKA software [46,47] suggests an
unusually high value (close to neutral pH), which also
supports a protonated state.

We test the hypothesis of a protonated a-carboxyl
on Asp through MD simulations of the tetrameric
enzyme based on the 1NNS structure. Similar
results are anticipated for the lower-resolution
3ECA structure since the active sites appear
identical with TNNS. The product ligand (Asp) is

put into different protonation states: backbone
carboxyl protonated (a-COOH), side-chain carboxyl
(y-COOH) protonated, doubly protonated (a-COOH
and y-COOH) and no carboxyl protonation (the
conventional charged state at neutral pH). The
systems are simulated for 1 ns with restrained
backbone atoms on the enzyme, which maintains
the overall structure of the protein to mimic the
low-hydration and high-packing-density conditions
of the crystal. The orientations of these differently
protonated Asp ligands and selected nearby en-
zyme residues are tracked relative to the starting
crystal structure configuration (Fig. 4 and Fig. S1).
Root-mean-square deviation (RMSD) values for the
ligand atoms, as well as for the side chains of residues
in contact with the ligand (see Fig. 4), quantify the
structural differences.

These simulations support the hypothesis that the
a-carboxyl group of Asp is protonated since the two
simulations with an a-COOH Asp ligand (Fig. 4b and

Asp ligands

X-ray structure
with Asp ligand

a-COOH

Contacts RMSD 0.446
Ligand RMSD  0.178

Unprotonated carboxyls

Contacts RMSD 0.601
Ligand RMSD  0.625

Asn ligand

Startmg structure
with Asn ligand
(based on X-ray struct.)

Hydration: ~1 water/lig.

&2
b
b

1 ns restrained backbone

Contacts RMSD: 0.429
Ligand RMSD:  1.241

Hydration: ~1 water/lig.

f/ f&
v
.

30 ns unrestrained

Contacts RMSD: 1.616
Ligand RMSD:  1.776

Hydration: ~2 waters/lig.

Fig. 4. Orientation of ligands in the active site. (Top panels) (a) The hydrogen-bonding pattern and geometry of the Asp
ligand in the crystal structure suggest an unusual protonation state (see the text). (b) and (c) show the ligand position after
1-ns simulations under different protonation states while restraining the enzyme backbone atoms (shown as spheres).
Broken black arrow in (c) illustrates the large reorientation of the ligand. Other possible protonation states of Asp are shown
in Fig. S1. (Bottom panels) Asn ligand reorientation from the starting configuration (d) based on the position of the Asp
ligand in the crystal structure. (e) Reorientation of the Asn ligand and nearby residues after 1-ns simulation while
restraining the enzyme backbone atoms (shown as spheres). (f) Final position of the Asn ligand after simulating for 30 ns
without restraints. Ligands are drawn with thicker bonds and only hydrogen atoms attached to the carboxyl groups shown
for clarity. Broken lines highlight hydrogen bonds. Side-chain oxygens shown in magenta for distinction. “Contacts RMSD”
values (A) relative to the crystal structure were calculated from protein residues in contact with the ligand: G11, T12, Y25,
V27, G57, S58, Q59, G88, T89, D90, A114, M115, N248 and E283 (see Materials and Methods).
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Fig. S1c) best reproduce the orientation of the ligand
and nearby residues compared to the crystal
structure (Fig. 4a).

While the a-COOH protonation state may seem
unusual, the lower pH conditions (pH 5-6) and lower
water content used during crystallization of the protein
[34,36] would stabilize the a-COOH form of the Asp
ligand (Fig. 4b). Crystallization conditions could also
favor protonation of the side-chain carboxyl group.
Protonation of only the y-COOH group (Fig. S1b)
seems unlikely, as seen by the large reorientation of
the ligand and significantly larger RMSD value
compared to the crystal structure. Asp protonated at
both y-COOH and a-COOH groups (Fig. S1c) appears
less likely than the single a-COOH case (Fig. 4b) since
the ligand RMSD value is slightly larger. Finally, the
unprotonated Asp ligand (Fig. 4c) undergoes a
significant reorientation during this short simulation
time, which strongly supports our hypothesis that the
conventionally anticipated, fully charged state of the
product does not correspond to that observed in the
crystal structure. To further validate the results
observed for the a-COOH (Fig. 4b) and the unproto-
nated Asp (Fig. 4c), we extended the restrained
backbone simulations for these two systems up to
30 ns. The observed trends persisted in each case.

Orientation and hydrogen-bonding network of
the natural ligands (Asn and Gin)

While factors other than crystallization conditions
may have contributed to the unusual protonation state
of the bound Asp product discussed in the last section
(i.e., proton transfer during catalysis), the protonation
states of the two substrates entering the catalytic site
are unambiguous. Under physiological conditions
(neutral pH), Asn and GiIn should have unprotonated
carboxyls upon initial binding to the enzyme. We focus
on this initial contact and simulate L-ASP with both
substrates under physiological protonation states
(0-COO~ and a-NH3). The same crystal structure
used in the previous section defines the starting
configuration for the protein and ligand (Fig. 4d).

Similar to the unprotonated Asp case (Fig. 4c), Asn
quickly reorients (<1 ns) within the catalytic site and
forms new hydrogen bonds with the nearby side
chains (Fig. 4e) even while the protein backbone is still
restrained. After 30 ns of simulation without backbone
restraints (Fig. 4f), the established protein—ligand
contacts remain in place. In addition, an increase in
hydration and rearrangement of several nearby
residues occurs. For example, Y25 loses contact
with T12 and E283 in three out of the four subunits. In
fact, Y25 is nolonger near the ligand in those subunits.

A close-up view within the catalytic site of one
enzyme subunit reveals important differences in the
hydrogen-bonding networks for Asn and Gin ligands
(Fig. S2), which are illustrated in a two-dimensional
schematic (Fig. 5a) of the protein—substrate (blue

f H” A “H,
K162
o

L13 L i é\(

b Probability of finding heavy atoms within 3 A

ASN GLN
Lig. 1 Lig.2 Lig. 3 Lig. 4 Lig. 1 Lig.2 Lig.3 Lig. 4
T12-0H----0g, 053 091 096 068 0.00 088 086 0.00
T12—=NH----O, 092 087 089 083 0.00 007 058 0.00
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558—NH----0y, 086 085 091 0.02 0.96 0.00 075 059
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T89—0H---Oy(5) 0.50 083 040 053 0.00 029 001 0.00
T89—NH----Oy(5) 089 086 082 050 0.00 069 056 0.00
D90—-0----HNg 099 099 089 098 099 091 099 097
A114—0----HNy() 059 057 050 060 057 004 000 0.31
E283-0,----HNg 095 082 074 072 0.28 0.00 0.00 0.66
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HOH----0y5) 012 009 042 033 0.86 0.00 000 0.67

Q59—NH---0,-E283 031 037 011 0.00 0.02 001 000 0.00
K162—NH---OH-T89 0.91 092 089 087 0.19 000 000 021
K162—-NH----0,—D90 100 1.00 1.00 0.96 1.00 0.07 | 099 1.00
N248—-NH----0,-D90 | 0.34 024 032 0.04 0.05 0.18 . 0.00 0.00
N248—NH----0,~E283 0.19 008 025 032 0.08 0.02 001 024
N248—NH----0,-E283 037 051 027 024 014 004 002 020
Al14—=NH---OH, 097 099 099 098 1.00 093 093 081

L13=NH---OH, 099 098 097 0.84 1.00 1.00 1.00 0.41

Fig. 5. (a) Contact map showing the hydrogen-bonding
network in the L-ASP catalytic site for Asn ligand. Colored
broken lines indicate protein—substrate (blue) and protein—
protein (red) hydrogen bonds. (b) Probabilities of finding
the heavy atoms of a given hydrogen-bonding pair within
3 A during the last 20 ns of each simulation. Each box in
the table is color coded (green = 1.0, white = 0.0) as a
visual guide for interpretation.

broken lines) and protein—protein (red broken lines)
contacts for the Asn ligand. For simplicity, we chose
the labels Ogy, Oq2 and N, for the oxygens and
nitrogen on the backbone end of the ligand, and O,
and N, for the oxygen and nitrogen on the amide side
chain. We quantified this hydrogen-bonding network
for each subunit of the protein through the probability
of finding the heavy atoms of a given contact within
3 A during the last 20 ns of each simulation (Fig. 5b).
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In the case of Asn, protein residues T12, S58
and T89 “clamp” onto the ligand and stabilize it
through simultaneous interactions of the side-chain
hydroxyls and backbone nitrogens with Asn's amide
and carboxyl oxygens. The positively charged
a-amine of Asn is coordinated by Q59, D90 and
E283, while the amide nitrogen forms hydrogen
bonds with the backbone oxygen of A114. Although
K162 and N248 do not contact the ligand directly,
those residues may play an important role in
maintaining the intraprotein hydrogen-bonding net-
work. Additionally, a water molecule is trapped in a
small cavity in the catalytic site, which is stabilized by
hydrogen bonds with L13 and A114. This unique
water remains in place throughout the simulation (in
all four catalytic sites for all ligands), isolated from
the rest of the water in the vicinity. That water often
contacts the carboxyl and amide oxygens of Asn.

The additional carbon in the Gin ligand, compared
to Asn, affects how GIn interacts with the catalytic
site. The contact probabilities (Fig. 5b) in the case of
Asn are uniform across the subunits for most
interactions, while many appear to have a bi-modal
distribution for Gin. In terms of the protein—substrate
contacts, Gin is consistently able to establish contacts
only with S58 and D90 through the a-amine and
carboxyl groups, respectively. Close interaction
between the GIn carboxyl oxygen and T12-OH is
only seen in two of the subunits, and interaction of
the amide oxygen with T89-OH is only sparingly
seen (probability P = 0.29) in one of the subunits.
The one-carbon difference between substrates also
affects the intraprotein hydrogen-bonding network.
Particularly, the contact between K162 and T89 is
consistently observed with a high frequency
(P> 0.85) in all four subunits in the case of Asn,
while it occurs much less frequently (P < 0.25) and
in only two subunits for Gin. Although the role of the
trapped water molecule is unclear, it is consistently
present near the ligand and in close contact with the
protein (through the backbone nitrogens of L13 and
A114) in all four subunits for both substrates. The
dynamics of this water molecule are highly re-
strained, to a degree comparable to the ligand's
backbone.

The difference in the pattern and number of enzyme
contacts for the two substrates translates into different
mobility of the ligands. We quantify the mobility as the
root-mean-square fluctuation (RMSF) from the aver-
age position in the last 10 ns of simulation. Compared
to Asn, Gin is 49% more mobile in the catalytic site.
For Asn and especially for GiIn, the side chain is
considerably more dynamic than the backbone.

Residues in the catalytic site that are in direct contact
with the ligand are 29% more dynamic when the ligand
is GIn compared to Asn, with the largest change in
mobility occurring in the catalytic loop. Overall, mobility
of both ligand and protein correlates inversely with the
preference for the ligand (Asn > GIn) and indicates

that the presence of the ligand in the catalytic site
significantly affects the dynamics and local structure of
the enzyme active site.

Prediction and testing of the reaction initiation
pathway

During nucleophilic attack, the hydroxyl proton of
one of the proposed catalytic threonines (T12 or
T89) must be transferred to a nearby electronegative
atom, either directly or through a proton bridge.
Focusing on T12, we observe that the side-chain
hydroxyl of this residue is in frequent close proximity
to one of the a-carboxyls of the Asn ligand (0O%"; see
Fig. 5b), which suggests that this oxygen could play
the role of proton acceptor (Fig. 6a, PT1) upon attack
of the amide carbon (CY in Asn and C° in Gin).
Alternatively, earlier works proposed that the enzy-
me's E283 could act as a proton acceptor by means
of a proton bridge through Y25 (Fig. 6a, PT2). We
compare the probabilities of those two nucleophilic
attacks/proton transfers by taking the distances
between the atoms involved in each case (i.e.,
atom pairs connected by arrows in Fig. 6a) and
calculating a normalized distance (see Fig. 6). A
normalized distance value of 1 corresponds to the
atoms being in contact, and higher values corre-
spond to the atoms moving apart.

Time traces of the normalized distances comparing
the two possible proton transfers in the case of Asn
suggest that the substrate's a-carboxyl is close
enough to act as a proton acceptor during nucleophilic
attack by T12 (Fig. 6b). A similar trend is observed in
the case of GiIn (Fig. 6¢) although there is more
variability between subunits of the enzyme. Our
results indicate that the alternative (PT2) proton
transfer from T12 to E283 through Y25 is unlikely for
either substrate since the atoms involved in the
transfer are never found in close proximity at the
same time during the course of the simulation. The
likelihood of observing either proton transfer path is
better illustrated in probability density plots (Fig. 6d),
where we combine the normalized distances sam-
pled independently over all four subunits in each
case.

To test possible initiation mechanisms for nucle-
ophilic attack by the enzyme's T12 onto the amide
carbon (CY) of the Asn substrate, we use AIMD
simulations and electronic structure [quantum me-
chanics (QM)] methods. We assess the stability of
reaction intermediates with AIMD and predict reac-
tion energies (AE = Eproducts — Ereactants) With QM.
For each reaction tested, we steer the AIMD
simulations by bringing two selected atoms within
bonding distance in a stepwise manner, followed by
release of the steering constraints, to observe the
lifetime of the intermediate products (see Materials
and Methods). Structures of reactant and product
complexes for each reaction are also energetically
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Fig. 6. Predicting atomic proximities for a nucleophilic
attack of the substrate. (a) Two paths for nucleophilic
attack by T12 hydroxyl O to Asn CY (C® in GIn) and the
corresponding proton transfer: (1) to the a-carboxyl of the
ligand (PT1) and (2) to E283 through Y25 (PT2).
Normalized distances for each catalytic site occupied by
(b) Asn, or (c) GIn. The normalized distance is obtained
from the distance between each atom pair connected by
arrows in each proton transfer pathway during the period
from 10 to 30 ns, divided by the sum of the corresponding
van der Waals radii (CHARMMZ27 parameters) and
averaged over all pairs in each case. On (b) and (c),
each time-dependent distance trace has been smoothed
with a running average (100 ps window) for clarity.
(d) Probability densities of normalized distances (all four
catalytic sites combined) for the two pathways.

optimized and single-point energies are calculated
with two different density functionals and large basis
sets for comparison (see Materials and Methods).

The AIMD/QM system is composed of a subset of
18 of the enzyme's residues in the active site,
including T12, Y25, S58, T89, K162, E283, the Asn
substrate and the confined water molecule (see
Fig. 7a and Materials and Methods). The coordi-
nates for this subsystem were taken from a
shapshot of the classical simulation at the end of
the 1-ns period when the protein backbone atoms
were restrained. We selected this snapshot due to
the compactness of the active site (Fig. S3), which
significantly reduces the computational cost yet
retains the important structural features of the
unrestrained system (see Materials and Methods).
In the AIMD simulations, we also include four
additional water molecules found near the substrate
to provide a more realistic solvation environment for
the Asn substrate. These waters are omitted in the
structural optimizations and single-point energy
calculations due to their unstructured nature,
which prohibit consistent optimization results. In-
stead, solvation effects in the electronic structure
calculations are included implicitly through a polar-
izable continuum model (see Materials and
Methods).

Upon direct attack of asparagine CY by the hydroxyl
O of T12 and formation of the enzyme—substrate
intermediate (E—Asn; Fig. 7b and Fig. S4), the
hydroxyl proton spontaneously transfers onto the
nearby carboxyl oxygen of the substrate (COO-H
distance of 0.94 A; Fig. S4). Spontaneous proton
transfer occurs once the T12-O-CY distance is less
than 1.6 A, indicating an energetic barrier at larger
separations. The substrate's amide oxyanion that
forms in the reaction product is stabilized by the
hydroxyl proton of T89 (T89-OH—O distance of
1.55 A; Fig. S4) and a proton of the trapped water
molecule (HOH—O distance of 1.72 A; Fig. S4).
However, once the system is allowed to evolve
naturally over time, we observe that the enzyme-
substrate intermediate is unstable (Fig. S4c—f) and
quickly (<0.025 ps) relaxes back to the starting
configuration. The kinetic instability of the E—Asn
intermediate suggests a small difference between the
energy of the products and the transition state. While
obtaining a transition state structure for this reaction
and its corresponding energy is beyond the scope of
this study, the energy difference (AE) for the optimized
structures in this case is ~30 kcal/mol (Table 2).

Protonation of the substrate's amide oxygen prior
to nucleophilic attack may stabilize the enzyme—
substrate intermediate by preventing formation of an
electron-unpaired oxyanion. That proton could origi-
nate from the enzyme's nearby lysine (K162) and
transfer to the ligand through T89 (first step in Fig. 7c).
The amine of K162 has a high probability of being
hydrogen bonded to the hydroxyl O of T89 and so does
the T89-OH to the ligand's amide oxygen (see Fig. 5b).
Additionally, experimental work has suggested that
K162 acts as a proton buffer for T89 since it may



2876 Specificity of Therapeutic L-sparaginase
a Enzyme active site + Asn substrate AIMD/QM subsystem
Side view Asn  E283 Q[ ypo Top view
substrate }‘ 558
N248 \“Kae (\ N
Y, <
R116 N £
(backbone - c L13 : /\; / "‘. .‘/
only) (backbone K162 7 Asn
4 only) * o =8 4 substrate
; )I
g ;‘\le
Klﬁi}
% G113
b E + Asn E—Asn / E—Asn' N
K162 K162 | k162 :
N2 i RNl L F ! AN E I
" H NH; NHj \ H NH, NH,4 H NH; NHj |
Oy ) o I R 0-H
O-H -0 AE =28 H—H-0 H-g | 6-H~0 H |
189 I o e m 6 O | T89 :/J\ 6 o, o |
R o-ne’ e, TR NH & ' NH L ;
| : | L/ NH I e NH N |
NH- 558 -\ $58 | x . |
i T12 | T12 ss8 |
T12 AIMD lifetime: < 0.025 ps \ AE=-6 !
g U U i p— -
¢ E + Asn E + AsnH
K162 K162
o NH: : s ANH
H NH, NH, \ -‘,‘ NH, NHj
(; o "

O-H "/ -,
,.—O-. ‘H\ A—'l-.E oy T89
o-u" i N ~ -

- (' =0 H=g
A9 H AIMD lifetime: > 0.1 ps
NH o-+e’/ o) _8

' L
j\NH-—»" 558 NH--" 558

1L AE =16

E—AsnH 4 E—AsnH' \I
K162 : K162 |
AN ; | Nz ‘ I
. y NH, NHj, \ } NH, NHj4 |

H By ! H O-H
LH=0 v H-o I &erH=0 - Ho ]
T89 6 .0 H | T89 o 0. o |
H N | < i
NH /N " TNH N |

n /NH ‘ | il NH ",
~ $58 | % AL |
T12 | T12 ss8 |
AIMD lifetime: > 2.0 ps \ AE =-6 !

Fig. 7. Testing the kinetic stability and energetics of possible initiation mechanisms for nucleophilic attack on the substrate
by the enzyme residue T12. (a) Enzyme + Asn substrate AIMD/QM subsystem (see Materials and Methods). Asn carbon
atoms are shown in green, and side-chain oxygen is in magenta, for distinction. A chemical reaction is driven in each case until
two selected atoms are bonded (see Materials and Methods). (b) Direct nucleophilic attack of the substrate's y carbon by the
hydroxyl O of T12 (see also Fig. S4). (c) Two-step nucleophilic attack by T12 through preprotonation of the substrate amide
oxygen by the K162-T89 proton bridge (see Figs. S5-S7). All AE given in kilocalories per mole (kcal/mol) for the M062X
functional (see Table 2). The E-Asn’ and E-AsnH’ configurations on the right (enclosed by broken boxes) are lower-energy
configurations resulting from a-COOH—S58 reorientation and consequent “paired” instead of “clamped” hydrogen bonding.

have an unusually low pK, [32]. Such a protonated
intermediate (Figs. S5 and S6) appears to be
metastable (>0.1 ps), depending on the initial condi-

tions. As an example, keeping the protonated amide
oxygen of the ligand oriented toward the hydroxyl O of
T89 (the proton source) makes the intermediate stable
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Table 2. Energy differences for energy-optimized reactants and products in nucleophilic attack

Reactants Products AE? AE?
MO062X® (kcal/mol) wB97X-D® (kcal/mol)

Direct nucleophilic attack by T12 E + Asn E-Asn 28 32
With a-COOH—S58 reorientation E-Asn E-Asn’ -6 -6
Two-step nucleophilic attack by T12 E + Asn E + AsnH 11 12
E + AsnH E—-AsnH 16 22
Total 27 34
With a-COOH—S58 reorientation E-AsnH E-AsnH’ -6 -7

a
AE = Eproducts -

Ereactams

P Single-point energies calculated with the 6-311++G(2d,2p) basis set.

for ~0.1 ps (Fig. S5) before returning to the starting
configuration. That time is short, but considerably
longer (~4x) than the intermediate formed by direct
attack of the ligand by T12. In contrast, allowing the
proton to point away from T89 significantly improves
the stability of the protonated intermediate beyond
0.75 ps (the length of the simulation; Fig. S6). The
energy difference for this E + Asn — E + AsnH inter-
mediate reaction step is ~ 12 kcal/mol (Table 2), which
is less than half the overall reaction energy for direct
nucleophilic attack described above.

Similarly to the direct T12 attack (Fig. 7b), nucle-
ophilic attack by T12 onto the amide-protonated
substrate (second step in Fig. 7c) results in
spontaneous transfer of the T12 hydroxyl proton
onto the nearby carboxyl oxygen of the substrate
(COO-H distance of 1.06 A; Fig. S7). In this case,
however, the enzyme—substrate intermediate is
stable for the duration of the 2.0-ps AIMD simulation
(Fig. S7c—f). Protonation of the substrate's amide
oxygen appears to improve the kinetic stability of the
E—AsnH tetrahedral intermediate significantly
(~100x) compared to the E-Asn case. Moreover,
the energy difference for this second E + AsnH — E—
AsnH intermediate step is ~16 kcal/mol (Table 2),
similar to the first protonation step. Adding the second
nucleophilic attack with the first amide protonation
step places the overall energy difference for the
E + Asn - E + AsnH - E-AsnH nucleophilic attack
~30 kcal/mol (Table 2).

Although the overall energy difference between
product and reactant complexes in both nucleophilic
attacks tested is similar, the second nucleophilic
attack via the intermediate amide protonation step is
a more likely pathway for the reaction due to the
increased kinetic stability, as well as the division into
two lower-energy steps. We note that the relatively
large values of the energies reported in Table 2 may
be due to constraining the a carbons in the electronic
structure calculations. Freezing the positions of the a
carbons maintains the relative orientation of the
enzyme residues similarly to the native structure yet
limits the extent of the structural/energetic optimiza-
tions. Therefore, the constraints likely result in
overestimation of the calculated single-point
energies.

While the backbone amide and hydroxyl groups of
S58 form a “clamping” hydrogen-bonding pattern with
the a-COO™ of the Asn ligand prior to nucleophilic
attack, with both protons of S58 on the same carbonyl
oxygen (Fig. 5 and Fig. S2), the substrate's protonated
a-COOH in the covalently bound intermediates (E—
Asn and E-AsnH) may prefer to hydrogen-bond
differently. The 2-ps AIMD trajectory of the second
nucleophilic attack by T12 (Fig. S7) shows that the
hydroxyl group of S58 loosens from the carbonyl
oxygen in the substrate's a-COOH and begins to
transition into a “paired” hydrogen-bonding pattern
(Fig. S7f). Optimization of the E-Asn and E—AsnH
structures, which promotes reorientation of the sub-
strate a-COOH and S58 hydroxyl groups (E-Asn’ and
E-AsnH’; Fig. 7b and c), shows that the paired
hydrogen bonding is energetically favored over the
clamping pattern (by ~6 kcal/mol; see Table 2).

Returning to the results from the classical MD
simulations, we compute the normalized distance for
this latter mechanism (Fig. 7c) of nucleophilic attack
by T12 in which substrate protonation occurs at the
amide oxygen in addition to the a-COO™~ (Fig. S8a).
A comparison of the two ligands (Fig. S8b and c)
suggests that a double-protonation event would be
much more likely to occur for Asn than for Gin. We
note that the prerequisite to have all four atom pairs
in close proximity at the same time priot to catalysis
largely depends on the lifetime of the first interme-
diate (substrate protonated on the amide oxygen)
and whether there is sufficient time for the nucleo-
philic attack to take place while that intermediate still
exists.

Discussion

Using a sensitive LC-MS/MS technique to charac-
terize enzyme kinetics, we demonstrated that the
two natural substrates are degraded by L-ASP simul-
taneously and in a regime close to simple competition.
The substrates induce different levels of cooperativity
between subunits, with Asn having a higher Hill
coefficient (n = 1.5) compared to GIn (n = 1.1). Those
results suggest that chemical features of the substrate
can produce small changes to the global conformation
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of L-ASP. While cooperativity increases the level of
complexity needed to model steady-state kinetics, our
data show that enzyme inhibiton by GIn can be
described well by a simple competitive inhibition
scheme at physiological concentrations of the two
substrates (<Kj 5 for Gln). We also obtained accurate
kinetic constants for L-ASP at physiological tempera-
ture. Due to a specificity (k.a/Kos) that is 10 times
larger than previously found for Gin, the present
results yield a ratio of Asn:Gin specificities of 2400
(~103) compared to the previous value of ~10*
determined under room-temperature conditions.

The refined Asn:GIn specificity ratio (2400) indi-
cates that GIn will be degraded with efficiency that is
about 1 order of magnitude higher than estimated
previously [4,26,39]. The role of L-ASP glutaminase
activity in cancer therapy and adverse side effects has
been discussed previously [7—11]. Our kinetic data
lead to the simple conclusion that, with the given
kinetic parameters, competition for the catalytic site
will be most pronounced when Asn concentration
approaches the submicromolar level required for a
reliable therapeutic effect. At that moment, gluta-
minase activity becomes necessary to deplete the
nonpreferred, but highly abundant, Gin in order to
decrease the level of Asn further. The predicted
kinetic relationships capture the phenomenology of
tight correlation between Asn and Gin concentra-
tions reported in clinical trials [11]. The need to
overcome kinetic block by Gln may help explain why
optimal Asn depletion requires >90% depletion of
Gin to kill malignant cells in the blood [14].

Guided by the small values observed for enzyme
cooperativity, which suggests that the catalytic
mechanism is unaltered by substrate occupancy,
we used molecular simulations to investigate the
local structure of the L-ASP active sites. We showed
that the specific chemical features of each ligand
(Asp, Asn and Gin) affect both protein—ligand and
protein—protein interactions.

Our initial analysis of the crystal structure of
L-ASP with the product Asp and multiple MD
simulations with different protonated forms of Asp
indicated that the Asp ligand in the crystal structure
is likely protonated at the a-carboxyl group. That
unusual protonation state determines the set of
protein—ligand interactions that formed the basis for
prior interpretations of catalytic mechanism. Those
interactions between enzyme and product differ
from the ones observed in simulations of the
enzyme with the substrates, which motivates a
new mechanism.

Molecular simulations of L-ASP with Asn and GiIn
also revealed significant differences in interactions
and mobility between the two substrates. Starting in
the same protein and ligand configuration as in the
crystal structure, Asn undergoes a considerable
reorientation in the catalytic site of L-ASP early in the
simulation (<1 ns) and forms a new hydrogen-bonding

network with nearby residues. Although Gin is able to
establish many of the same contacts with the enzyme,
the additional carbon limits GiIn to forming only a
small subset of those contacts at any given time.
The larger number of protein—ligand and intraprotein
(near the catalytic site) hydrogen bonds, in the case
of Asn, favors interaction with the enzyme and also
lowers the mobility of the ligand in the active site,
therefore accounting for the lower value of Kj 5 for
Asn compared to Gin.

The classical MD simulations further suggested that
the a-carboxyl in both substrates could act as a proton
acceptor during nucleophilic attack. That conclusion
resulted from observations of T12 (one of the
candidates for nucleophilic attack) in close proximity
and hydrogen bonding of the T12 side-chain hydroxyl
to the a-carboxyl in both substrates.

Prior works have reported other instances when
substrate molecules participated in catalytic reac-
tions. For example, substrate backbone atoms have
been shown to stabilize or directly participate in
enzymatic reactions [48,49]. The a-carboxyl of
glutathione has also been shown to act as a proton
acceptor during catalysis by the glutathione trans-
ferase A1-1 [50]. Recall that prior experiments
reported that a free carboxyl group on the backbone
of L-ASP-catalyzed substrates in proximity to the
amide group is required for catalysis [24]. An
a-carboxyl group of the ligand that acted as the
proton acceptor during nucleophilic attack would
help explain that observation. Here, preliminary
experimental results show that the substrate analogs
homoglutamine and 3-aminobutanamide, in which
the substrate a-carboxyl is too distant from the amide
carbon or not present, are not degraded by L-ASP
(see Materials and Methods). Those experimental
results support our hypothesis.

Our ab initio simulations and electronic structure
energy calculations provide further support for the
substrate proton acceptor hypothesis by showing
spontaneous proton transfer to the substrate (Asn)
a-carboxyl and formation of a reasonably stable
intermediate complex following a steered nucleophilic
attack by T12. The resulting paired hydrogen-bonding
pattern between S58 and the protonated a-carboxyl
of the covalently bound enzyme—substrate interme-
diate (E-AsnH’) resembles not only the geometry
observed in the crystal structure with Asp ligand
(Fig. 4a), but also the geometry of the crystal
structure of the T89V mutant (Fig. 8). While crys-
tallization conditions may stabilize unusual proton-
ation states of the ligand, it is also plausible that the
crystal structures (of the wild type and T89V mutant)
provide a glimpse into the intermediate steps of
nucleophilic attack. An alternate coordination of
the ligand by S58 postnucleophilic attack, relative
to prenucleophilic attack, may be a feature of the
enzyme that specifically stabilizes the intermediate
complex and prevents “backflow” of the proton to the
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T12 hydroxyl donor, thus facilitating nucleophilic
attack by T12.

Our results also bring into question the stability of
the negatively charged (oxyanion) tetrahedral
enzyme-ligand intermediate (observed lifetime of
less than 0.025 ps). Guided by our contact data and
previous experimental observations, we tested the
possibility of stabilizing the tetrahedral intermediate
by first protonating the amide oxygen of the Asn
substrate by a proton transfer from K162 through
T89, which in itself may be stable for longer than
0.1 ps. Protonation of the amide oxygen of Asn
significantly increases the stability (>2.0 ps) of the
enzyme—substrate intermediate after nucleophilic
attack by T12. An initial nucleophilic attack that first
requires protonation of the amide oxygen of the
ligand through the K162-T89 proton bridge could
help explain the increased catalytic rate observed
for Asn compared with GIn. The present studies
support a substrate amide preprotonation mecha-
nism since K162 and T89 are frequently found in
close proximity during occupation by the Asn
substrate, but not GIn. That protein—protein interac-
tion could improve the likelihood of a successful
nucleophilic attack by T12 (Figs. S7 and S8) and
therefore increase the observed k.,: for Asn versus
Gin.

While the current study highlights the molecular
determinants of substrate binding and the likely initial
stages of reaction, the subsequent stages of the
reaction and their corresponding energy changes
remain to be explored by ab initio calculations.
Furthermore, the dynamics of product release may
largely depend on the final protonation state of ligand
and enzyme. Studies for these two important
aspects of L-ASP function are currently underway
through classical MD and AIMD simulations.

In summary, our experimental and simulation
results suggest that interactions with the protein
are largely dependent on the specific structural
features of the ligand. Furthermore, our data strongly
support a new hypothesis that the substrate itself

Fig. 8. Hydrogen-bonding pattern in two covalent-
ly bound enzyme-ligand intermediate structures:
(left) optimized enzyme—substrate complex (E-AsnH’)
from electronic structure calculations, (middle)
enzyme—aspartyl (E-Asp) intermediate structure of
the crystallized T89V mutant (PDB ID: 4ECA) and
(right) structures superimposed. In both cases, S58
forms “paired” hydrogen bonds with the ligand's
a-carboxyl group, and the S58 hydroxyl oxygen lies
in the same plane (gray disk). The orientation here
resembles that of the product in the wild-type crystal
(E + Asp; Fig. 4a), but differs from a “clamp” formed
on the substrate prior to nucleophilic attack
(E + Asn; Fig. 4f).

plays a critical catalytic role in the L-ASP mechanism
of deamidation by providing its own carboxyl as a
base that abstracts the proton and thus activates a
catalytic threonine. This catalytic role imposes a
constraint on the allowed distance between the
backbone carboxyl and the amide carbon of any
L-ASP substrate, and it is likely the determining
factor in the specificity of the enzyme.

Materials and Methods

Experimental kinetics

We recently developed a sensitive LC-MS/MS assay for
direct assessment of L-asparaginase enzyme activity by
simultaneous measurement of the four relevant amino
acids: substrate Asn, product Asp, substrate Gin and
product Glu [51]. The LC system was an Agilent 1290
infinity ultrahigh performance system coupled to an Agilent
6460 triple quadrupole mass spectrometer. The four amino
acids were separated on a Zorbax SB-C18 column
(3.0 mm x 100 mm, 1.8 pm) using a mobile phase con-
sisting of 0.3% heptafluorobutyric acid and 0.5% formic
acid in (A) water and (B) acetonitrile. The LC gradient
conditions were as follows: 0-2 min = 0% B; 2.01-
2.5 min = 0-5.0% B; 2.51-3.5 min = 90.0% B; and 3.51—
6 min = 0% B. The column temperature was 25 °C;
injection volume was 5 pL, and flow rate was 0.4 mL/
min. The MS conditions included gas temperature at
300 °C, drying gas flow at 7 L/min, nebulizer pressure at
50 psi, sheath gas temperature at 325 °C, sheath gas flow
at 10 L/min, capillary voltage at 3750 V, nozzle voltage at
0 V and dwell time at 20 ms. Multiple reaction monitoring
transitions used for quantitation were 133.1 - 74,
134.1 > 74, 1471 - 84 and 148.1 - 84 for Asn, Asp,
GIn and Glu, respectively. Isotopically labeled internal
standards included '3C4-'5N2-Asn, '3C4-'°N2-Asp,
13C5-15N2-GIn and '3C5-'°N2-Glu, which were spiked
into the methanol (MeOH) quenching solution at the
optimized concentration of 10 uM. Limits of detection
were 1.0, 0.5, 1.75 and 3.17 nM for Asn, Asp, GIn and Glu,
respectively, with linearity ranging up to 1000 pM and 2 of
0.998, 0.995, 0.991 and 0.996. The r* values are
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coefficients of determination derived from linear regression
of the standard curve from O to 1000 pM. Calibration
curves were run using amino acids diluted in mobile phase
A and 50% methanol.

The clinically used enzyme variant of E. coli type Il
L-asparaginase (Elspar®) was purchased from Ovation
Pharmaceuticals. Enzyme reactions were performed at
Elspar concentrations of 5 and 20 nM to assess Asn and
GIn deamidation kinetics, respectively. Reactions included
2—1000 puM Asn or 63—-8000 uM Gin and 23 mM Tris buffer
(pH 8.5) and a temperature of 37 °C. Time courses of Asn
or GIn deamidation by 7.5 nM Elspar with single sub-
strates and mixtures of substrates were also measured.
Mixtures spanned substrate Asn-to-Gin ratios from 1:1 to
1:16. At time points ranging from 0 to 30 min, reaction
aliquots were quenched in 80% final MeOH containing the
aforementioned four internal standards. Samples were
then filtered through a protein precipitation plate and the
filtrates were diluted further in mobile phase A, making the
final dilution 20-fold. We determined that the rate of
product formation (v,) for the two substrates varies linearly
over a wide range of substrate concentrations through
2 min (Asn) and 50 min (Gin).

In addition to asparagine and glutamine degradation,
mixtures of 10 mM 2-amino-5-carbamoylpentanoic acid
(homoglutamine) or 10 mM 3-aminobutanamide (3-AB)
were also incubated with 1.8 pM Elspar in 23 mM Tris
buffer (pH 8.0) at 37 °C for 24 h. No detectable product
formed.

Steady-state kinetic parameters were determined from
the initial velocity (vo) versus substrate concentration
curves using the Hill equation [see Eq. (1)] to account for
cooperativity between enzyme subunits. The half-occupa-
tion constant Kj s is defined by the substrate concentration
at which the reaction attains one-half its maximal velocity
(Vmax)- The Hill coefficient, n, describes the cooperativity of
the enzyme for a given ligand, with n =1 indicating no
cooperativity and n> 1 indicating positive cooperativity.
The enzyme turnover rate, k.o, was determined from the
maximal velocity and the total enzyme concentration,
Keat = Vimax/[Elo. Asn and GIn deamidation kinetics were
measured for the pure substrates, as well as for Asn in the
presence of 300, 900 and 8000 uM Gin inhibitor. The
resulting kinetic parameters are shown in Table 1. All
velocity profile experiments were repeated at least three
times, and the kinetic parameters were obtained by
nonlinear fitting of the data to Eq. (1) using the SciPy
tools [52].

In addition to the steady-state kinetics, time courses of
Asn and GiIn deamidation were also measured for each
substrate separately and for two competing conditions
(100 pM Asn + 100 pM Gin and 100 pM Asn + 1600 M
Gin), as shown in Fig. 3. Given the complexity of the kinetic
equations needed to describe the different cooperativities
of the substrates in different enzyme occupation states
accurately, we modeled the approximate time behavior of
the product release and substrate degradation using the
conventional Michaelis—Menten equation with effective
kinetic constants that provided the best fit for all curves
shown in Fig. 3c and d. These effective constants (kqat =
72 57! and Ky, = 19 uM for Asn; ket = 2 87" and Ky =
1900 uM for GIn) were used to integrate the ordinary
differential equations based on the initial substrate and
enzyme concentrations using the SciPy tools [52].

Classical simulations

The tetrameric biological assembly of the crystal
structure of E. coli L-asparaginase (PDB ID: 1NNS) [36]
was used as a template for all molecular simulations. The
catalytic site in this structure is occupied by the product
aspartic acid. Simulations included all residues (1-326)
resolved in the crystal structure. Molecular transforma-
tions, assembly of the simulation cell and computational
analysis were performed with VMD [53] version 1.8 using
custom-written Tcl scripts. All molecular visualizations and
three-dimensional renderings were performed with the
UCSF Chimera package version 1.10 [54]. For substrates
other than aspartic acid (asparagine, glutamine), the VMD
plugin PSFGEN was used to preserve the coordinates of
the backbone and identical atoms of the substrate in the
crystal structure and was used to derive the coordinates of
any additional atoms. The N- and C-termini of the protein
were modeled in the charged state. For the remaining
amino acids, the dissociation state was estimated using
the PROPKAT server [55,56]. All water molecules resolved
in the crystal structure were retained during hydration of
each system, and ~51,000 water molecules (TIP3P) were
added to the cubic simulation cell (122 A side). Sufficient
sodium (137) and chloride (125) ions were added to
neutralize the net charge of the protein (- 12) and provide a
salt concentration of 0.13 M.

Following energy minimization, we simulated each
system for 1 ns with harmonic restraints on the backbone
atoms (1 kcal/mol/A? spring constant). Selected Asp sys-
tems were further simulated with restrained backbone atoms
forupto 30 ns. Afterthe initial 1-ns simulation with restrained
backbone, assemblies with Asn and GIn were simulated up
to 30 ns without restraints. All simulations were performed in
the NPT ensemble using the NAMD2 simulation package
[57] with the CHARMMZ27 force field parameters, including
the grid-based CMAP correction [58,59]. The time step for all
simulations was 1 fs, with coordinates saved every 1 ps.
Pressure was maintained constant at 1 atm using the
Langevin piston method, and the temperature was main-
tained at 310 K using the Langevin thermostat with a
coupling coefficient of 1 ps~'. Long-range electrostatics
were calculated using the particle-mesh Ewald method with
areal-space cutoff of 10 A and a Fourier grid spacing of 1 A.
Nonbonded Lennard-Jones interactions were calculated
using a switching function starting at 8.5 A with a cutoff of
10 A. Electrostatic forces were updated every 4 steps and
Lennard-Jones interactions were updated every 2 steps.
Simulations were conducted at the High Performance
Computer Cluster at the University of Maryland, College
Park, and at the RedSky Supercomputer at Sandia National
Laboratories.

Ab initio simulations

Atomic coordinates for ab initio simulations of Asn in the
active site of L-ASP were taken from a snapshot of the
classical MD simulation near the end of the first 1 ns with
restrained backbone atoms. In this selected configuration,
the ligand orientation and protein contacts are stable (see
Fig. 4) yet the active site is compact, which significantly
reduces the computational costs. The 239-atom system
(see Fig. S3) included four water molecules and residues
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G11, T12, L13 (backbone atoms only), Y25, V27, G57,
S58, Q59, G88, T89, D90, G113, A114, M115, R116
(backbone atoms only), K162, N248 and E283.

Comparison of the selected conformation to the initial
crystal-like arrangement, and the structure after the 30-ns
unrestrained simulation, shows that the contacts of the
ligand with the enzyme are well maintained through the
unrestrained stage (Fig. 4e and f), with slightly decreased
frequencies. The slightly reduced enzyme-ligand contacts
are due to the thermal fluctuations of the system at full
hydration, which are unimpeded by the molecule packing
in the crystal. Importantly, there is a crucial change present
in the structure used for AIMD simulations (Fig. 4e),
compared to the crystal-like arrangement (Fig. 4d), that
persists through the whole unrestrained stage: strength-
ening of the contact between T12 and the backbone
carboxyl of the ligand in contrast to the terminal carboxyl
indicative of Asp in the crystal structure. That change
makes the configuration at the end of the restrained
simulation period already consistent with our proposed
mechanism of the backbone carboxyl of the ligand as the
primary acceptor of the proton from the T12 hydroxyl.

Amino acids not connected to other residues, or at the
end of a chain, were terminated at the C® position (as a
methyl group) to avoid spurious effects from charged
termini such as COO~ and NH3. The a carbons of all
protein residues were fixed to maintain the structural
integrity of the active site during the simulations, except in
the case of residues T12 and T89 because they were
involved in nucleophilic attack or proton transfer.

Ab initio simulations were performed using the Vienna ab
initio simulation package VASP software [60—62]. Atomic
interactions were calculated with the generalized gradient
approximation exchange-correlation density functional of
Perdew, Burke and Ermzerhof (PBE) [63,64] and projecte-
d-augmented wave pseudopotentials [65] incorporating only
valence electrons. PBE is a pure functional of broad
applicability, with good performance on biologically relevant
systems [66,67] that is comparable to hybrid functionals
such as the commonly used B3LYP [68-70]. The pure
functional form of PBE also offers a significant speed-up
compared to hybrid functionals in VASP due to lower
computational cost at each iteration (no Hartree—Fock
exchange calculated) and faster convergence of the self--
consistent field. Dispersion interactions were incorporated
with the van der Waals DF2 density functional method [71—
73]. Dimensions of the simulation cell (32.84 A, 34.63 A and
32.12 A) were adjusted to minimize effects on the energy of
the system due to interactions across periodic boundaries. A
time step of 0.5 fs and an energy cutoff of 400 eV were used.
The temperature was held constant at 350 K with a Nose
thermostat (period of 20 fs) to prevent the known over-
structuring of water at 298 K when using PBE [74,75].
Hydrogen atoms were given the mass of deuterium to permit
an increased simulation time step.

Chemical reactions were driven along a reaction
coordinate defined by the distance between two selected
atoms (distance labeled by red asterisk in Figs. S4-S7).
The procedure decreases the atom—atom distance until
the two atoms are bonded (~1.5 A apart for C-O bonds
and ~1.0 A for O—H bonds). The driving is implemented in
a stepwise manner by decreasing the atom-atom distance
in 0.16-A increments followed by 100 steps of simulation
while constraining the reduced distance.

Electronic structure optimization and energy
calculations

Electronic structure (QM) calculations, including optimi-
zations to find lowest-energy structures and single-point
energies of the simulated AIMD systems, were conducted
with the Gaussian 09 program [76]. The four unstructured
waters in the AIMD subsystem were omitted in these
electronic structure calculations due to problems with the
optimization of these mobile water molecules. QM
subsystems for each of the reaction steps were optimized
with the B3LYP [68-70] functional using the 6-31G(d)
basis set as implemented in Gaussian 09. The B3LYP
functional was chosen for the optimization process as it
has been widely used and tested on organic chemistry
systems, and it was the only functional that produced
consistent optimized structures compared to others tested.
The single-point energies of each optimized system were
subsequently calculated with the more accurate M062X
and wB97X-D hybrid functionals and 6-311++G(2d,2p)
basis set. The M062X functional has been shown to
provide excellent performance for biologically relevant
cases [77-79], and the more recent wB97X-D functional
[80] has been shown to describe accurately problems
where charge transfer and dispersion are important [80—
83]. Solvation effects were included in all calculations
through the use of the integral equation formalism
polarizable continuum model as implemented in Gaussian
09. A low dielectric constant, € = 4, was chosen to
resemble the internal protein environment. No significant
difference in relative energies was observed when a value
of € = 40 was used instead.

Analysis of simulation results

All estimations of the contact probability and mobility of the
atomic groups were performed for heavy (nonhydrogen)
atoms only. Probabilities of contact between the enzyme,
ligand and water molecules were scored based on the
frequency of occurrence of the atoms within the first contact
shell from each other. The width of the first shell was defined
as the position of the first minimum on the time-averaged
radial distribution function for all heavy atoms in ligand—
enzyme and ligand—water contacts, which was close to 3 Ain
all cases. Probability of contacts between the ligand and
enzyme for unrestrained 30-ns simulations was calculated
over the last 20 ns, with a time step of 10 ps. For the 1-ns
simulations with restrained backbone, the contact probability
was estimated with a 1-ps step and computed for the first
10 ps (to estimate the starting contacts, for comparison) and
the last 100 ps.

Water molecules in direct contact with a ligand (first
hydration shell, 3 A distance between the centers of water
oxygen and any heavy atom of the ligand) were estimated for
each system with a 10-ps time step over the last 250 ps of the
simulation period and averaged among all four catalytic sites.

The mobility of the ligand and enzyme residues was
quantified as RMSF around time-averaged positions. It is
known that straightforward interpretation of RMSF as
residue mobility might be misleading if regions with a
stable backbone conformation move as part of a larger
secondary structural domain. In those cases, analysis of
the backbone torsion angles is needed to provide a
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complete picture of residue mobility [84]. However, such
structural elements are not present in the catalytic site of
L-ASP, which is lined by loops. Given that our mobility
analysis is mainly focused on enzyme residues in close
vicinity to the ligand, applied to the simulation stage with
restrained backbone and intended to characterize the
ligand and the enzyme motions, we have limited the
quantification to RMSF. Alignment and calculations of the
time-averaged position and fluctuations were performed
for each catalytic site independently to avoid affecting the
local ligand motions by remote changes in the domain
positions or dynamics of other catalytic sites in the
tetramer. The whole tetramer was split into four equal
parts based on proximity to the nearest ligand. Spatial
alignment for the catalytic site was performed based on all
backbone atoms of the enzyme quarter. The final results of
RMSF per atom for separate sites were averaged (as root
of mean squares) among the catalytic sites to combine the
statistics of the whole tetramer.

The distances between the particular atoms of interest
were traced through time with a 1-ps step over the last
20 ns of simulations (see Fig. 6 and Fig. S8). The
distances were traced independently for each catalytic
site, and their frequencies were estimated and then
averaged over all four catalytic sites. For presentation on
the histograms, each distance was normalized relative to
the sum of van der Waals radii (CHARMMZ27 values) of the
two participating atoms.

RMSD measurements for Fig. 4 and Fig. S1 were
performed by first spatially aligning the protein backbone
with the starting configuration to account for translational
and rotational motion. Contact RMSD values (A) were
calculated from protein residues in contact with the ligand:
G11, T12, Y25, V27, G57, S58, Q59, G88, T89, D90,
A114, M115, N248 and E283. Ligand RMSD values were
calculated with respect to Asp in the crystal structure.
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