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ABSTRACT

How motions in enzymes might be linked to catalytic function is of considerable general
interest. Advances in X-ray crystallography and cryogenic electron microscopy (cryo-EM) offer
the promise of elucidating functionally relevant conformational changes that are not easily
studied by other biophysical methods. Here we use 3D variability analysis (3DVA) of the cryo-
EM map for wild-type (WT) human asparagine synthetase (ASNS) to identify a functional role
for the Arg-142 side chain as a gate that mediates ammonia access to a catalytically relevant
intramolecular tunnel. Our 3DVA-derived hypothesis is assessed experimentally, using the
R1421 variant in which Arg-142 is replaced by isoleucine, and by molecular dynamics (MD)
simulations on independent, computational models of the WT human ASNS monomer and its
catalytically relevant, ternary complex with B-aspartyl-AMP and MgPP;:. Residue fluctuations
in the MD trajectories for the human ASNS monomer are consistent with those determined
for 3DVA-derived structures. These MD simulations also indicate that the gating function of
Arg-142 is separate from the molecular events that form a continuous tunnel linking the two
active sites. Experimental support for Arg-142 playing a role in intramolecular ammonia
translocation is provided by the glutamine-dependent synthetase activity of the R142 variant
relative to WT ASNS. MD simulations of computational models for the R142I variant and the
R142l/B-aspartyl-AMP/MgPP; ternary complex provide a possible molecular basis for this
observation. Overall, the combination of 3DVA with MD simulations is a generally applicable
approach to generate testable hypotheses of how conformational changes in buried side

chains might regulate function in enzymes.
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There is considerable general interest in understanding how enzyme motions might be linked
to activity'®, although their precise contribution to catalysis remains the subject of debate®’.
Certainly, allosteric regulation of enzyme activity depends on correlated residue movements®

% Computer-based simulations'-'*

also support the idea that altered dynamics can be
correlated with improvements in the catalytic efficiency of “designer” enzymes as they undergo
optimization by the methods of directed evolution''®. In a similar fashion, hydrogen-deuterium
exchange experiments show that local motions in a distal, solvent-exposed loop of soybean
lipoxygenase are correlated with C-H activation energy barriers in the active site'”'®. Protein
motions have also been shown to mediate rapid interconversion of thermally accessible
conformational states in enzymes, although many of these states are not catalytically

t19

competent’®. Substrate binding can also bias the conformational ensemble of the free enzyme

to favor structures in which reaction can take place?*?'

, although this idea has mostly been
developed from NMR studies on enzymes that possess only a single active site. Much less is
known about how dynamical motions impact catalysis in enzymes that possess two, or more,

active sites, such as glutamine-dependent amidotransferases?2*

or tryptophan synthase?.
Such multi-site enzymes are widely regarded as being too large for routine NMR-based
studies of their motions in solution?, although chemical shift perturbations have been used to
elucidate the molecular basis of allosteric activation in heterodimeric enzyme complexes, such
as imidazole glycerol phosphate synthase?’. Methyl-transverse relaxation-optimized
spectroscopy (TROSY)? 25 has the potential to yield dynamical information for large, multi-
site enzymes if isotopically labeled methyl groups in valine, isoleucine or leucine residues can

29,30

be introduced into the protein®". Given the technical difficulty associated with such

experiments, however, computational methods have become increasingly important for

gaining a molecular understanding of dynamics in multi-site enzymes®'*?; recent examples

include studies of imidazole-glycerol phosphate synthase® and tryptophan synthase3*°.

Notwithstanding the power of modern simulation methods, the past decade has seen rapid

advances in new experimental techniques for observing the structural dynamics of proteins®**-
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3 More specifically, novel methods to analyze EM-derived maps® are providing new

opportunities to obtain information on enzyme motions directly from the electron density*>*'.
Here, we use human ASNS, a Class Il glutamine-dependent amidotransferase that mediates

asparagine biosynthesis****

, @s a model system to evaluate whether EM-derived maps can
provide insights into conformational changes that might mediate function in multi-site

enzymes.

Human ASNS is also of considerable biomedical interest, having been linked to metastatic
progression in breast cancer*®, sarcoma cell proliferation*®, and decreased effectiveness of
clinical treatments for acute lymphoblastic leukemia*’. Moreover, ASNS variants are strongly
correlated with impaired neural development in children*®, pointing to the importance of
gaining an in-depth understanding of how single residue changes might affect activity by
altering the conformational preferences and dynamics of the enzyme. Structural*®% and
biochemical studies show that ASNS is built from two domains, each of which contains an
active site that catalyzes one of the “half-reactions” needed for the overall conversion of
aspartate to asparagine (Supplementary Fig. S1)°'%%. As in all other glutamine-dependent
enzymes, catalytic turnover requires that ammonia must move through an intramolecular

tunnel connecting the active sites®°°.

Here we describe how combining the analysis of EM-derived variable maps®® with atomistic

MD simulations®"-%®

identifies the functional importance of a single residue, Arg-142, for
ammonia translocation in human ASNS. This conclusion is bolstered by the EM structure and
steady-state kinetic characterization of the R1421 ASNS variant, in which Arg-142 is replaced
by isoleucine (the cognate residue in the bacterial homolog AS-B). Our MD simulations also
provide the first molecular insights into how the presence of a key catalytic intermediate in the
synthetase active site might impact tunnel continuity and hence catalytic turnover in WT

human ASNS and the R142I variant. The molecular mechanisms for regulating ammonia

transfer in ASNS appear to differ sharply from those operating in other Class Il glutamine-


https://doi.org/10.1101/2023.05.16.541009
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.16.5410009; this version posted September 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

dependent amidotransferases, in which the intramolecular tunnels connecting the active sites

are created by large conformational rearrangements that are induced by substrate binding®®°.

RESULTS

Structure determination of human ASNS by cryo-EM.

Human ASNS was expressed in insect cells and purified as described previously®'? (

see
Methods). Single-particle images of unmodified, recombinant human ASNS (apo-ASNS) were
collected and processed using cryoSPARC.® To test the native state of ASNS in an unbiased
fashion, the “blob particle picker” option of cryoSPARC was used to select ~1.2 million
particles followed by several rounds of 2D classification as well as ab initio reconstructions,
giving a final total of 12 initial reconstructions (Supplementary Fig. S2). Eleven of these
reconstructions exhibited small densities (Supplementary Fig. S2d), which were further
processed because they might correspond to a monomeric form of the enzyme
(Supplementary Fig. S2f). We were not, however, able to converge these into a high-resolution
map corresponding to the ASNS monomer. The twelfth reconstruction clearly resembled the
“head-to-head” ASNS dimer seen in the X-ray crystal structure (Supplementary Fig. S3a)*'.
No initial 3D reconstruction resembling the “head-to-tail” dimer (Supplementary Fig. S3b) seen
in the X-ray structure of the bacterial homolog (AS-B)*® was found. We also examined the use
of template-based particle picking with the AS-B dimer as template, but this attempt merely
picked up a large number of junk particles (Supplementary Fig. S4). It is, therefore, unlikely
that particles resembling the “head-to-tail” dimer exist; indeed, 3D reconstructions of particles
selected in this study gave what appears to be a monomeric form of human ASNS
(Supplementary Fig. S4). Taken together, these findings are consistent with human ASNS
forming a “head-to-head” rather than a “head-to-tail” dimer. Realizing that the EM map of
ASNS was similar to the crystal structure (Supplementary Figs. S2d and S3a), we used a

template-based particle picking strategy to pick good particles efficiently. Data processing (see

Methods) eventually gave rise to a map with 3.5 A overall resolution (Table S1 and
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Supplementary Figs. S2 and S5-S7). The model derived from the EM map (Fig. 1) was
generated by utilizing our previous crystal structure of DON-modified human ASNS (PDB:

6GQ3)Y.

Our new EM structure answers several questions concerning the validity of the high-resolution
X-ray crystal structure for human ASNS*® in which the Cys-1 side chain is modified by 6-diazo-
5-oxo-L-norleucine (DON)*. First, two monomers of unmodified human ASNS in the native
state form a “head-to-head” dimer as a result of intermolecular interactions involving residues
31-34 in the adjacent N-terminal domains. The antiparallel orientation of these two peptide
segments places the side chains of Arg-32 and Glu-34 in monomer A so that they can form
salt bridges with Glu-34 and Arg-32 in monomer B, respectively (Fig. 1d and Supplementary
Fig. S8). Moreover, Phe-31 and Phe-33 in both monomers form a hydrophobic cluster on the
other face of the dimerization motif that likely contributes to the stability of the dimer interface
in water. These contacts between the N-terminal domains of the ASNS monomers are almost
identical to those observed in the X-ray structure, except the intermolecular disulfide bond is

absent*®

. This important finding supports that the head-to-head dimer is likely present in the
reducing environment of the cell. We conclude that “head-to-head” dimerization is an intrinsic
property of the human enzyme, in contrast to the “head-to-tail” dimerization observed for the
bacterial homolog. Second, the EM and X-ray structures of human ASNS both lack density for
residues in two loop segments (residues 201-220 and residues 465-475) and the C-terminal
tail (residues 539-560 and 536-560 in the EM and X-ray structures, respectively)
(Supplementary Fig. S9). SDS-PAGE characterization of the human ASNS samples used in
these cryo-EM studies shows no evidence for the presence of enzyme fragments
(Supplementary Fig. S10). Given that the apo-ASNS used to obtain the EM structure was
freshly prepared and vitrified immediately to make EM grids, there was insufficient time for

proteolysis to take place. Thus, it is likely that these regions are disordered rather than being

absent due to proteolysis as we originally speculated*.
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Finally, amino acid side chains pointing into the tunnel (Val-119, Val-141, Arg-142, Leu-255,
Met-344, Ala-404 and Leu-415) are clearly evident in the EM structure (Fig. 2a). These side
chains are predominantly hydrophobic, consistent with the idea that ammonia is translocated
between the active sites in its neutral form. The presence of a polar side chain (Arg-142) at
the end of the tunnel close to glutaminase site is therefore unexpected. Arg-142 is, however,
conserved in mammalian asparagine synthetases (Supplementary Fig. S11). Ser-362 and
Glu-364, which are both located in the part of the tunnel adjacent to the synthetase active site,
are also conserved residues (Supplementary Fig. S11). As observed for the X-ray structure of
DON-modified human ASNS, the intramolecular tunnel in the EM structure adopts a
discontinuous, form through which ammonia cannot diffuse (Fig. 2c and Supplementary Fig.
S12). In contrast, the intramolecular tunnel is continuous when glutamine and AMP are bound
within the active sites of the C1A AS-B variant (Supplementary Fig. S13)*°. Given that the
covalent modification of Cys-1 does not lead to stabilization of the continuous form of the
tunnel, our EM-based observations agree with previous proposals that AMP bound in the

synthetase active site is important for facilitating ammonia translocation®°,

Extracting conformational information for WT human ASNS from cryo-EM

Competition experiments show that ammonia released from L-glutamine is not released into
solution during L-asparagine synthesis and must therefore travel along the intramolecular

tunnel®®

. This translocation cannot take place when the tunnel is discontinuous, as seen in the
EM and X-ray structures of recombinant human ASNS, suggesting that tunnel structure and
function might be regulated by conformational effects and, perhaps, ligand binding or the
formation of intermediates in the catalytic cycle. To investigate whether this is the case for the
unliganded WT enzyme, we applied 3D variability analysis (3DVA)®¢ to the EM map of apo-
ASNS. As detailed elsewhere®, local differences in the protein structure are preserved by fast
freezing, thereby leading to particles in which the enzyme may be captured in slightly different

conformational states, if any exist. As a result, 3DVA can identify conformational changes from

the variance of particle stacks relative to a volume along a given principal component (PC)


https://doi.org/10.1101/2023.05.16.541009
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.16.5410009; this version posted September 5, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

axis (see Supplementary Figs. S12 and S14). Although many residues throughout the protein
might adopt alternate conformations in each PC, we were especially interested in those
affecting the intramolecular tunnel involved in catalytic function. Analyzing the map of apo-
ASNS along five PCs allowed us to convert the ensemble of EM densities into 100 high-
resolution model structures (20 for each component), which revealed conformational changes
in the Arg-142 side chain (Fig. 3 and Supplementary Fig. S15). We were therefore able to
observe side chain movements in apo-ASNS at high-resolution despite these being much
smaller than domain motions seen previously using 3DVA to study multidrug ABC exporters®.
In our overall EM model (Fig. 3a), Arg-142 adopts a conformation in which the side chain
blocks ammonia access to the tunnel, which we therefore designated as “closed”
(Supplementary Fig. S15). This conformation is also seen in two of the 3DVA-derived PCs
(components 0 and 2) (Figs. 3b and 3d). In two other PCs (components 1 and 3), however,
the Arg-142 side chain is re-positioned to yield an alternate conformation, designated as
“open”, which would allow ammonia access to the tunnel (Figs. 3c and 3e). In the fifth PC
(component 4), the side chain adopts a third conformation, designated as “partially open” (Fig.
3f). Closer examination of these structures showed that the carboxylate side chain of Asp-405
formed a salt bridge with Arg-142 when the latter adopted the “closed” conformation
(Supplementary Fig. S15). The “open” orientation of Arg-142 is stabilized by a network of
intramolecular interactions, involving Glu-76, Arg-142, Glu-414 and Asn-74 (Supplementary
Figs. S15). Based on these findings, we hypothesized that Arg-142 might function as a “gate”
to the ammonia tunnel thereby regulating ammonia translocation between the glutaminase
and synthetase active sites. We also speculated that Arg-142 might play a role in the molecular
mechanisms that convert the tunnel from a discontinuous form, seen in the X-ray structure of
DON-modified human ASNS*, to the continuous form that is present in the X-ray structure of
the C1A AS-B variant complexed to glutamine and AMP*°. So far, we were unable to obtain
cryo-EM structures of human ASNS bound to ligands or catalytic intermediates, such as the
ASNS/B-aspartyl-AMP/MgPP; ternary complex, with which to test these hypotheses. In

addition, the absence of several loop segments in our cryo-EM structure of the enzyme
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precluded the use of software tools for mapping the location and continuity of the

intramolecular tunnel.

MD simulations of the full-length apo-ASNS monomer

To overcome these problems with testing the proposed functional role of Arg-142 and
surrounding residues (Asp-405, Glu-76, Arg-142, Glu-414 and Asn-74), we turned to

7274 and Tama’®’® has shown the

computer-based approaches’®’!. Prior work by Schulten
utility of MD simulations in interpreting cryo-EM maps. Computational strategies have also
been used to study conformational changes and the energetics of ammonia translocation in

other glutamine-dependent amidotransferases’’®2. The calculations reported in this paper,

however, are the first performed for any ASNS homolog.

An initial model of the full-length, human apo-ASNS monomer was constructed using the
ROBETTA server (Supplementary Fig. S16a)®. Three segments in this model, corresponding
to two loops (residues 210-221 and 466-478) and the C-terminal tail (residues 535-560), were
built computationally because they are not observed for human ASNS by either cryo-EM or X-
ray crystallography*. Although published work suggests that ROBETTA provides accurate
conformational predictions for missing loops®, placement of the flexible C-terminal segment
is less certain (Supplementary Fig. S17). Nevertheless, this structural model was not biased

by data from the cryo-EM studies.

The ROBETTA-derived apo-ASNS model was equilibrated in a box of explicit water molecules
and the resulting system used in four replicate MD simulations of 200 ns duration at 298.15 K
(Supplementary Fig. S18). First, we assessed whether these MD simulations of the apo-ASNS
monomer were consistent with the 3DVA derived EM variable structures. The root mean
square fluctuations (RMSF) of backbone heavy atoms in all 100 of the 3DVA-derived EM

structures were calculated using CPPTRAJ®® and compared with those computed from
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structures sampled in the replicated MD trajectories of the WT apo-ASNS monomer. RMSF
values were normalized to the largest value in each dataset before being used in this
comparison, with the goal of offsetting differences in the magnitude of movements seen in the
MD simulations and those based on the restrained coordinates used to construct the EM map
(Fig. 4a). This comparison confirmed that residue fluctuations seen in the MD trajectories
generally corresponded to those revealed by 3DVA, except for residues adjacent to missing
segments in the EM structure for which there are significant differences between experiment
and simulation. For example, the 3DVA-derived fluctuations seen for residues 207-209, 221-
223, 464 and 478-479 (Fig. 4a) arise from the poor quality of the EM map in these regions.
The apparent disagreement in these regions is therefore artefactual and should not be taken
into the consideration. In a similar manner, the large fluctuations of the C-terminal tail in the
replicated MD trajectories likely result from these residues being poorly positioned in the initial

(t = 0 ns) model (Supplementary Fig. S17).

Second, we assessed the energetics of interconverting the multiple conformers of Arg-142
within the apo-ASNS monomer. A free energy surface describing the interconversion of the
Arg-142 side chain conformations was therefore constructed from well-tempered

86,87

metadynamics (WT-MTD) simulations Such calculations are well established in

computational biophysics®® and are well-suited to understanding the conformational

8990 |n these WT-MTD calculations, we chose the

preferences of proteins and peptides
distance between the centers of mass of the guanidinium and carboxylate functional groups
in Arg-142 and Asp-405, respectively, as one of the collective variables (CV1). A second
collective variable (CV2) was defined to be the distance between the centers of mass of the
guanidinium and carboxylate functional groups in Arg-142 and Glu-414. The calculated free
energy surface shows a large free energy minimum (0.0 kcal/mol) suggesting that the Arg-

142 side chain can adopt a range of conformations in the apo-enzyme (Supplementary Fig.

S19a). In addition, a minimum corresponding to the closed conformation (CV1 = 5.4 A and

10
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CV2 = 3.9 A) is also present, which is only 1.2 kcal/mol higher in energy (Supplementary Fig.
S19a). The conclusion that the conformational preference of Arg-142 is not biased by
sampling or the force field is bolstered by distance measurements showing that the Arg-142
side chain undergoes multiple conformational interconversions over the course of a

microsecond MD simulation (Supplementary Fig. S20a and Supplementary Table S2).

Finally, we assessed the relationship between conformational interconversions of Arg-142
and the structure of the intramolecular tunnel using four 200 ns replicate MD simulations of
the apo-ASNS monomer model in water (Supplementary Fig. S18). The location and continuity
of the intramolecular tunnel in four snapshots taken from one of these MD trajectories were
then analyzed using the CAVER 3.0 software®'. In the initial snapshot (t = 20 ns), the tunnel
is discontinuous and persists in this form for over 80 ns of simulation in apo-ASNS (Fig. 5a)
but becomes continuous by 140 ns into the trajectory. These findings are generally supported

in the replicate simulations.

With these snapshots in hand, we could calculate the distance between the Arg-142 side chain
and adjacent residues seen in the cryo-EM structure (Asn-74, Glu-76, Asp-405 and Glu-414)
(Supplementary Fig. S21) to see if tunnel continuity and movement of the Arg-142 side chain
were correlated (Supplementary Table S3). The measured distances in the four snapshots,
however, indicated that this was not the case in our MD simulations. We conclude that the
gating function of Arg-142 is separate from the molecular events that form the continuous form
of the tunnel; ammonia therefore travels to the synthetase site only if the tunnel is continuous

and the Arg-142 side chain adopts the open conformation.

MD simulations of the human ASNS/B-aspartyl-AMP/MgPP; ternary complex.

Recognizing that ligand binding might impact the residue motions seen in the apo-ASNS

monomer, we addressed these same questions using MD simulations of the ASNS/B-aspartyl-

11
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AMP/MgPP; ternary complex under identical conditions. Ammonia transport should be
facilitated in this catalytic intermediate if B-aspartyl-AMP is to be converted into asparagine,
and it is possible to form B-aspartyl-AMP in the absence of glutamine®®. These calculations
employed a model that was built by docking the ligands B-aspartyl-AMP and MgPP; into the
model of WT apo-ASNS used in the MD simulations discussed above (see Methods and
Supplementary Fig. S16b). As described for the human apo-ASNS monomer, we performed
well-tempered metadynamics (WT-MTD) simulations®”®® to obtain a free energy surface
describing the motions of the Arg-142 side chain when B-aspartyl-AMP is present in the
synthetase active site. The relatively featureless surface seen for apo-ASNS becomes more
complex (Supplementary Fig. S19b) with new energy minima corresponding to the closed,
partially closed, and open conformations (Fig. 3 and Supplementary Fig. S15) being clearly
defined. In the ternary complex, however, the open conformation is slightly preferred in energy
(0.2 kecal/mol) to the closed conformation, and the barrier directly separating these two minima
is calculated to be 2.1 kcal/mol. This result suggests that interconversion of the Arg-142 side
chain conformation in the ternary complex is possible at 298 K. A third minimum is also seen,
which is 1.0 kcal/mol higher in energy than that calculated for the open conformation

(Supplementary Fig. S19b).

As in simulations of the apo-ASNS monomer, Arg-142 undergoes multiple interconversions
between the open and closed conformations in a microsecond MD trajectory of the human
ASNS/B-aspartyl-AMP/MgPP; ternary complex (Supplementary Fig. S20b), supporting the
idea that Arg-142 can function to gate ammonia access to the tunnel. Under identical
simulation conditions to those used for the apo-ASNS monomer, however, the tunnel in the
human ASNS/B-aspartyl-AMP/MgPP; ternary complex adopts a continuous, open form within
80 ns (Fig. 5b and Supplementary Fig. S18b); findings that are consistent with replicate
simulations (Supplementary Fig. S22 and Supplementary Table S4). Similar to apo-ASNS,

measurements of the distances between the Arg-142 guanidium moiety and the side chains
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of Asn-74, Glu-76, Asp-405 and Glu-414 in the four snapshots are not correlated with
formation of the continuous tunnel (Supplementary Table S5). On the other hand, detailed
analysis of the trajectory for the human ASNS/B-aspartyl-AMP/MgPP; ternary complex does
indicate that the presence of the catalytic intermediate in the synthetase site disrupts a network
of salt bridges involving Arg-142 due to the carboxylate of pB-aspartyl-AMP forming a new
interaction with the Arg-403 side chain (Supplementary Fig. S23). As a result, Asp-405 and
Glu-414 can both adopt different conformations to those seen by cryo-EM, which stabilize the
open orientation of the Arg-142 side chain (Fig. 5¢, Supplementary Fig. S22). In other words,
the presence of the catalytic intermediate gives rise to a new network of salt bridges that is

different to that observed in the EM-based structure of apo-ASNS (Supplementary Fig. S15).

MD simulations of the full-length apo-R1421 ASNS variant monomer

Arg-142 is conserved in mammalian asparagine synthetases, Sequence and structural
alignments, however, show that that cognate residue in Escherichia coli AS-B is isoleucine
(lle-143) even though nearby residues are conserved in both homologs (Supplementary Fig.
11). We therefore used MD simulations to investigate the effects of replacing the polar arginine
by a non-polar isoleucine on tunnel structure. The initial model of the full-length monomer of
the apo-R1421 ASNS variant was built from the energy-minimized ROBETTA-based model of
apo-ASNS described above. Following identical procedures to those described above, we
observed that the tunnel remained continuous over the course of the 200 ns MD simulation
with full ammonia access (Fig. 6a). This contrasts with our observations for WT apo-ASNS
(Fig. 5a) and may merely be a consequence of the reduced length of the isoleucyl side chain.
Distance measurements in the four replicate MD trajectories, however, show that lle-142 side
chain undergoes far less movement than that of Arg-142, perhaps to avoid intermolecular
interactions with the polar carboxylate groups of Asp-405 and Glu-414 (Supplementary Fig.

S21). Comparing the RMSF values for residues in the R142l variant and the WT enzyme
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shows that the isoleucine side chain has a relatively small impact on the overall dynamics of

the apo-enzyme (Supplementary Fig. S24a).

Structure determination of the human R142] ASNS variant by cryo-EM.

We successfully determined the structure of the R142I variant dimer at 3.35 A resolution by
cryo-EM (Supplementary Table S1 and Supplementary Figs. S25-S28) in order to assess the
validity of these MD simulations. As expected, replacing a polar group by a hydrophobic side
chain had little impact on the overall structure of the enzyme (0.483 A RMSD of WT vs. the
R1421 variant (Supplementary Fig. S26), although it did give rise to structural changes in the
tunnel region. 3DVA studies of the EM map of the R142]| variant showed that the lle-142 side
chain adopts only a single conformation (Supplementary Fig. S30). Thus, the N-terminal
entrance to the tunnel linking the two active sites is open in the EM structure (Supplementary
Fig. S29). Remarkably, this single amino acid substitution appears to rigidify the entire protein,
as indicated by a 2-fold reduction for the observed particle distribution determined by 3DVA

(compare Supplementary Figs. S14 and S31).

Steady-State Kinetic Measurements

Both the EM structure and MD simulations suggest that replacing Arg-142 by isoleucine
results in unimpeded access of ammonia to a structurally continuous tunnel, coupled with
rigidification of the R142I variant in the absence of ligands. Steady-state kinetic assays were
therefore performed to determine the functional effects of replacing Arg-142 by isoleucine. In
these experiments, the MgATP concentration was fixed, and activity was measured by
detecting the formation of inorganic pyrophosphate (PP;) production®?, which, by analogy to
the bacterial homolog, is formed in a 1:1 stoichiometry with L-asparagine by WT ASNS®°. We
also investigated the activity of the R142A ASNS variant, in which Arg-142 is replaced by
alanine. This variant was chosen because the alanine side chain is small. As a result, the gate

of the tunnel should be open in this variant because Ala-142 is unable to form intramolecular
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interactions with other residues in the enzyme. When ammonia was used as the nitrogen
source, varying the ammonia concentration gave steady-state parameters for the two variants
that were essentially unchanged compared to those of WT ASNS (Table 1 and Supplementary
Fig. S32). When L-aspartate was varied at saturating levels of L-glutamine, but in the absence
of ammonia, the kinetics of PPi formation showed 4- and 2-fold reductions in turnover number
for the R1421 and R142A variants, respectively. In contrast, varying L-glutamine
concentrations at saturating concentrations of L-aspartate, gave 8- and 5-fold reductions in
turnover number for the R142] and R142A ASNS variants, respectively, even though a

substantial decrease in ®"Ky for L-glutamine is observed.

As the length of the intramolecular tunnel in human ASNS is ~ 20 A and translocation is
effectively a one-dimensional diffusion process®, it is unlikely that moving ammonia between
the two active sites is rate-limiting in the catalytic cycle of WT ASNS or site-specific variants.
In addition, given that the gate to the tunnel is open in the two variants, as seen in the MD
simulations (Fig. 6) and in the cryo-EM structure of the unliganded R142| variant
(Supplementary Figs. S29 and S30), ammonia trafficking is expected to be maintained at the
WT level and so have little impact on steady-state kinetic properties. Replacing the positively
charged Arg-142 side chain by the smaller, hydrophobic side chains of isoleucine or alanine,
however, clearly alters how the C-terminal synthetase domain in human ASNS responds to
different nitrogen sources (Table 1). This difference can be explained if free ammonia directly
accesses the synthetase site, as we have discussed previously®®, and ammonia translocation
from the glutaminase to the synthetase site is impaired for some reason. As a result, these
kinetic findings suggest that the function of Arg-142 may be more than merely a molecular

gate under turnover conditions.

MD simulations of the R142l/B-aspartyl-AMP/MgPP; ternary complex.
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Based on studies of carbamoyl phosphate synthetase®, we hypothesized that the structure
and/or dynamics of the tunnel in the R142I variant might be altered by the presence of the -
aspartyl-AMP intermediate. Two possibilities are that the tunnel becomes discontinuous or
that ammonia, produced in the N-terminal active site, can leak into bulk solution. We therefore
performed an additional set of MD simulations on the R142l/B-aspartyl-AMP/MgPP; ternary
complex to explore the molecular mechanism of the nitrogen source preference seen in the
R142l variant. We built a model of the cognate R142I ternary complex by replacing Arg-142
in the initial (t = 0 ns) structure of the human ASNS/B-aspartyl-AMP/MgPP; ternary complex
by isoleucine, which was then used to generate MD trajectories under conditions identical to
those described above for the WT ASNS ternary complex (Supplementary Fig. S33).
Unexpectedly, the presence of the B-aspartyl-AMP intermediate in the synthetase active site
significantly perturbed the structural properties of the tunnel in this ternary complex (Fig. 6b
and Supplementary Fig. S33). Thus, a discontinuous tunnel was observed in the trajectory
snapshots taken at 20, 80 and 140 ns, despite the lle-142 side chain adopting a conformation
allowing ammonia access. These MD-based results indicate that ammonia translocation is
impaired between the active sites in the apo-R142I variant, a conclusion that is consistent with
our kinetic measurements. Moreover, an additional branch of the tunnel that is seen in the
final trajectory snapshot (t = 200 ns) for the R142l/3-aspartyl-AMP/MgPP; ternary complex
may represent the development of a conduit by which ammonia can leak from the glutaminase

site.

DISCUSSION

The successful determination of a cryo-EM structure for human ASNS establishes the
physiologically relevant form of the human ASNS dimer and provides a basis for
understanding how cytotoxic ASNS inhibitors, which are potential anti-cancer agents®, might
interact with the enzyme®. More generally, our findings demonstrate the utility of cryo-EM for

identifying functionally important conformational changes®, even at the level of a single
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residue in an enzyme possessing multiple active sites. Our 3DVA-derived hypothesis is that
Arg-142 functions as a “gate” that controls the access of ammonia to the tunnel; it may also
participate in maintaining the structural integrity of the tunnel when p-aspartyl-AMP and MgPPi
are present in the C-terminal active site. This gating mechanism in ASNS therefore differs
from observations on other Class Il amidotransferases for which tunnel formation and
activation of glutaminase activity result from large conformational rearrangements that are
initiated by substrate binding®’. For example, the presence of 5’-phosphoribosyl-1'-
pyrophosphate (PRPP) in the C-terminal active site is required to produce the open form of
the intramolecular tunnel in Escherichia coli PRPP amidotransferase (Supplementary Fig.
S34a)*°. MD simulations have confirmed that PRPP binding stabilizes the conformation of a
key active site loop, which is disordered in the free enzyme®. A large-scale rearrangement of
the C-terminal tail in glutamine fructose-6-phosphate amidotransferase (GFAT) is also
observed when fructose-6-phosphate binds to the synthetase site in the C-terminal domain of
the enzyme®, leading to sequestration of the substrate from water and ammonia tunnel
formation. Generating a continuous, open tunnel in GFAT, however, requires reorientation of
the two domains and rotation of the Trp-74 side chain, a structure that is unlikely to be adopted
by the free enzyme (Supplementary Fig. S34b)*°.

Our MD simulations provide evidence that the continuous form of the intramolecular tunnel is
energetically favored by formation of B-aspartyl-AMP and/or MgPPi in the C-terminal domain
of the WT enzyme. More importantly, these calculations raise the possibility of a role for Arg-
142 in maintaining the structural integrity of the tunnel after formation of the p-aspartyl-AMP
intermediate; this finding may underpin the observed kinetic properties of the R142| variant
(Table 1) although additional experiments and simulations will be needed to support this
hypothesis. It is evident, however, that the motions of additional residues are involved in
controlling the structural properties of the ammonia tunnel. Identifying these motions by MD

simulation and validating them experimentally will yield additional insights into how continuous
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ammonia tunnel could be formed thereby regulating ammonia translocation in human ASNS.
However, such investigations lie outside the scope of this paper and will be reported

elsewhere.

In conclusion, this work outlined here illustrates the power of combining 3DVA-based
observations and MD simulations to generate hypotheses about side chain function. Our
strategy provides evidence for the idea that conformational changes in the Arg-142 side chain,
located in the glutaminase domain, impact catalytic events in the synthetase active site at a
distance of approximately 20 A away. Taken overall, our results provide an example of how
global regulatory mechanisms are embedded within the protein scaffold far away from the
active site(s) and emphasize the need to consider the total conformational ensemble of

proteins in efforts to obtain enzymes by de novo computational design'®°",

METHODS

Protein expression and purification.

The expression and purification of WT human ASNS was carried out as described
previously®!, except that 5 mM B-mercaptoethanol was present in all buffers used during
protein purification. Using a spin column, the recombinant enzyme was concentrated to 9
mg/mL in 25 mM Tris-HCI, pH 8.0, containing 200 mM NaCl and 5 mM DTT. In the case of the
two tunnel variants, R142A and R142I, cell pellets were sonicated for 4 minutes in lysis buffer
containing 100 mM EPPS, pH 8, containing 300 mM NaCl, 50 mM imidazole, and 5 mM TCEP.
After centrifugation at 12,000 rpm for 30 minutes at 4°C, the supernatant was loaded onto a
Ni-NTA column equilibrated with the same buffer at 4°C. Each protein was eluted with 100
mM EPPS, pH 8, containing 300 mM NaCl, 250 mM imidazole, and 5 mM TECP. Fractions
containing protein were collected, and exchanged into 100 mM EPPS, pH 8, containing 150
mM NaCl, and 5 mM TCEP, using a PD-10 size exclusion column. The purified enzyme was

concentrated using a spin filter, and its concentration was determined by Bradford assay.
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Aliquoted ASNS variant samples were stored at —80°C. For cryo-EM work, the sample buffer
containing the ASNS R142] variant was exchanged to 25 mM Tris-HCI, pH 8.0, containing 200
mM NaCl and 5 mM DTT by dialysis. The dialysate was concentrated by a spin column to 3.2

mg/mL.

Cryo-EM sample preparation and data collection.

300 mesh UltrAuFoil R1.2/1.3 grids were glow-discharged for 1 minute with a current of 15mA
in a PELCO easiGlow system before being mounted onto a Mark IV Vitrobot (FEI/Thermo
Fisher Scientific). The sample chamber on the Vitrobot was kept at 4 °C with a relative humidity
of 100%. A 3.0 uL sample of either recombinant WT ASNS or the R142l variant, at
concentrations of 9.0 mg/mL and 3.2 mg/mL, respectively, was applied to the grid, which was
then blotted from both sides for 4 s with the blot force set at 0. After blotting, the grid was

rapidly plunge-frozen into a liquid ethane bath cooled by liquid nitrogen.

Single particle data was collected by a 200 kV Glacios transmission electron microscope
(FEl/ThermoFisher Scientific) equipped with a Falcon4 camera operated in Electron-Event
Representation (EER) mode'®. Movies were collected using EPU at 150,000x magnification
(physical pixel size 0.93 A) over a defocus range of 0.4 to 2.0 ym and a total accumulated
dose of 40 e/ A%. Camera gain reference was taken at the end of the run. A total of 3,584
movies were acquired for WT ASNS and 4,101 movies for R142I variant. Data were processed
using cryoSPARC v3.2.2 and v4.4.1 over the duration of the project. Each movie was split into
40 fractions during motion correction with an EER upsampling factor of 1. After motion
correction and CTF estimation, micrographs were manually curated based on relative ice
thickness and CTF resolution fit such that 2,103 micrographs out of corresponding 3,584
movies for WT and 2,649 out of 4,101 movies for the R142| variant were chosen and used for

subsequent data processing.
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Assessing the mode of ASNS dimerization and structure determination.

To gauge how ASNS dimerizes in an unbiased fashion, particles were initially selected using
the “blob pick” option in cryoSPARC®. 2D class averages showed what appeared to be 2D
projections of a human ASNS dimer similar to that seen in the X-ray structure®
(Supplementary Fig. S2b). Further, 769,800 particles were subjected to two rounds of ab initio
reconstruction, resulting in a total of 12 initial reconstructions (Supplementary Fig. S2d). One
reconstruction clearly resembles the head-to-head dimer form of ASNS (compare
Supplementary Fig. S2d and S2e), and the rests exhibited small densities. In light of this
observation, particle selection was then carried out by template-based picking, using a
template generated from the X-ray structure (PDB: 6GQ3) in UCSF Chimera'®. The full cryo-
EM data processing workflow of WT ASNS is illustrated in Supplementary Fig S3. Bad
particles were removed using several rounds of 2D classification followed by 5 rounds of ab
initio reconstructions, and successive heterologous refinement, non-uniform refinement with
CTF and defocus correction, and the imposition of C, symmetry gave rise to a map with 3.5 A
overall resolution. The map was sharpened using the program DeepEMhancer'® as
implemented on the COSMIC? site'®. Model building started with fitting the crystal structure
(PDB: 6GQ3)* into the EM map using rigid body refinement by REFMAC'®. The resulting
model was then iteratively refined by real-space refinement in Phenix'%” followed by manual
inspection and refinement in Coot'®®. Figures for the cryo-EM density maps and models were
generated with Chimera'® or ChimeraX'®. The full cryo-EM data processing workflow of
R142| variant is illustrated in Supplementary Fig S25. The data processing for ASNS R142]
was carried out by a template-picking strategy. Bad particles were removed using several
rounds of 2D classification followed by 5 rounds of ab initio reconstructions, and successive
heterologous refinement, non-uniform refinement with CTF and defocus correction, and the
imposition of C, symmetry gave rise to a map with 3.35 A overall resolution. The map was
sharpened using the program DeepEMhancer'® as implemented on the COSMIC? site'®.

Model building for the R142] ASNS variant was carried out by essentially the same procedure
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as that described for WT ASNS except that the EM structure of the enzyme (PDB: 8SUE) was

used as an initial model.

3D variability analysis (3DVA) of the EM map for human ASNS.

Each EM map of WT ASNS and the R142| variant was separately subjected to 3D variability
analysis (3DVA) in cryoSPARC v4.4.1 filtered at 4 A resolution with the mask previously used
in a final non-uniform refinement®. Five principal components were used in both analyses. A
movie for each component (Supplementary Movies M1-M5 for WT ASNS, Supplementary
Movies M6-M10 for the R142| variant; Supplementary Table S6) was made with UCSF

Chimera'®?

using frames generated by the 3DVA display program in a simple mode in
cryoSPARC v4.4.1. Movie frames were subjected to variability refinement in Phenix, using 50
models per map, yielding a series of 20 models per component. Backbone RMS fluctuations

for each residue in the set of 100 structures obtained for WT ASNS were then computed using

the CPPTRAJ software package®.

Molecular dynamics simulations.

The ROBETTA server®® was used to build a model of full-length human WT ASNS in order
to add the residues that were not observed in the X-ray structure. In addition, this structure
contained an unmodified side chain for Cys-1. The protonation state of ionizable residues at
pH 7.4 was determined by calculation using the PROPKA algorithm'®, as implemented in

Maestro (Schrodinger Suite 2018-01) (Supplementary Table S7).

A model of the human ASNS/B-aspartyl-AMP/MgPP; ternary complex was then obtained by
positioning the Mg(ll) salt of inorganic pyrophosphate (PPi) into the initial WT apo-ASNS
model such that MgPPi was in an identical location to that observed in GMP synthetase'"" and

112

other members of the PP-loop ATP pyrophosphatase superfamily''=. p-aspartyl-AMP was

docked into the model of the binary complex so that the nucleobase was in a similar site to
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that seen for AMP in the X-ray crystal structure of the bacterial enzyme®®. The protonation
state of ionizable groups in the protein and the two ligands were assigned using PROPKA™"?
and Epik'", respectively. As a result, the amino and carboxylate groups of the aspartate-
derived portion of B-aspartyl-AMP formed complementary electrostatic and hydrogen bonding
interactions with Gly-365, Asp-367, Glu-368 and Arg-403; these four residues are conserved

in known glutamine-dependent asparagine synthetases (Supplementary Fig. S11).

Each of these models was energy minimized before being placed in a box of TIP3P water
molecules'"*, which was sized to ensure a minimum distance of 10 A between protein atoms
and the sides of the box. After the addition of sodium ions to neutralize the total charge of the
system, each model was heated to 300 K and equilibrated in the NPT ensemble (P = 101,325
Pa). Four 200 ns NPT MD simulations for each of these two models were then carried out,
with the OPLS_2005 force field'"® parameters describing the protein and the B-aspartyl-AMP
intermediate. In a control simulation, a microsecond trajectory was computed for the apo-
ASNS monomer under identical conditions. These calculations were performed using the
DESMOND MD package (D.E. Shaw Research, New York, NY, 2018). Snapshots were taken
at 200 ps intervals in MD simulations of the trajectories for WT ASNS and the WT ASNS/p-

aspartyl-AMP/MgPP; ternary complex (Supplementary Movies M11 and M12, respectively).

Each of the two, solvated equilibrated models (WT ASNS and the WT ASNS/B-aspartyl-
AMP/MgPP; ternary complex) were also submitted to well-tempered metadynamics (MTD)

simulations®"-88

, as implemented in the DESMOND software package, until convergence was
achieved at 1400 ns for apo-ASNS or at 600 ns for the ternary complex (see below). Two
distance-based collective variables were defined for these simulations (Supplementary Figs.
S15 and S21), corresponding to the distances between the center-of-mass (COM) of the

guanidinium group in Arg-142 and the COM of the carboxylate moieties in either Asp-405

(CV1) or Glu-414 (CV2). As outlined above, protein residues and the B-aspartyl-AMP and
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MgPP; ligands were described by the OPLS-2005 force field and the TIP3P potential was used
for the water molecules. In both WT-MTD simulations, Gaussian widths for CV1 and CV2 were
setto 0.2 A and 0.3 A, respectively, with the initial height of the Gaussian being 0.3 kcal/mol.
Gaussians were deposited at 1 ps intervals and the bias factor (defined as RAT in DESMOND)
for Gaussian rescaling was 1.7 kcal/mol. Trajectory snapshots were recorded at 10 ps
intervals. Convergence in both of these MTD simulations was confirmed (Supplementary Figs.
S35 and S36) using a script developed for analyzing DESMOND-derived trajectories

(Schrodinger, Inc.), which we include in the Supplementary Materials for this paper.

A computational model of the WT ASNS dimer was built by superimposing two copies of the
initial apo-ASNS monomer model on the X-ray crystal structure of human ASNS.*° As outlined
above for the MD simulations of the apo-ASNS monomer, the resulting dimer was energy
minimized, placed in a box of explicit TIP3P water molecules, and heated/equilibrated to 300
K. A 200 ns NPT MD simulation of the resulting system was then carried out, with the
OPLS_2005 force field"'® parameters describing the protein. Snapshots were taken at 200 ps
intervals in MD simulations of the trajectory. No significant differences in the RMS fluctuations
of residues are seen, except in the modeled C-terminal region, when monomer A and
monomer B of the ASNS dimer are compared to each other (Supplementary Fig. S37). Based
on these findings, the use of monomeric enzyme structures, for computational convenience,
in all production MD simulations of human apo-ASNS, the human ASNS R142]| variant, and
the WT ASNS/B-aspartyl-AMP/MgPP; and R142l/B-aspartyl-AMP/MgPP; ternary complexes

appeared to be justified.

Finally, models of the apo-R142| ASNS variant and the R1421/3-aspartyl- AMP/MgPP; ternary
complex were built by graphically replacing Arg-142 by isoleucine (Maestro GUI) in the initial,
unoptimized models of the apo-ASNS and the ASNS/B-aspartyl-AMP/MgPP; ternary complex.

These R142l-containing models were energy minimized and heated/equilibrated following
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identical procedures to those outlined above. Once again, four 200 ns NPT MD simulations
were carried out with the DESMOND MD package using identical conditions to those outlined
above for the WT enzyme and its ternary complex. Snapshots were taken at 200 ps intervals
in MD simulations of the trajectories for the R142| variant and the R142I/B-aspartyl-

AMP/MgPP; ternary complex (Supplementary Movies M13 and M14, respectively).

All MD simulations employed periodic boundary conditions (cubic box), and long-range
electrostatic interactions were calculated by particle mesh Ewald''® with short-range
interactions being truncated at 9 A. Trajectories were analyzed using CAVER 3.0 (default
settings) to determine the conformation of the intramolecular tunnel in sampled protein
structures®!, and backbone RMS fluctuations for the structures in the four MD trajectories were

computed using CPPTRAJ®.

Steady-state kinetic measurements.

The rate of pyrophosphate production catalyzed by recombinant, WT human ASNS and two
ammonia tunnel variants was determined in a continuous assay format using the EnzChek™
Pyrophosphate Assay Kit (Molecular Probes, Eugene, OR). Briefly, ASNS-catalyzed
pyrophosphate production was measured at 37 °C over a 4-minute period by monitoring the
absorption at 360 nm. In this assay, the reaction (400 pL) was initiated by the addition of
enzyme (50 nM) to a reaction mixture containing 2-amino-6-mercapto-7-methylpurine
ribonucleoside (0.2 mM), purine nucleoside phosphorylase (1 U/mL), inorganic phosphatase
(0.09 U/mL), and substrates in 100 mM EPPS, pH 8, containing 2 mM dithiothreitol, 10 mM
MgCl; and 5 mM ATP. When L-aspartate was varied (0-12.5 mM), the concentration of either
L-glutamine (20 mM) or NH4CI (100 mM) was fixed. Similarly, when either glutamine (0-20
mM) or NH4CI (0-100 mM) was varied, the L-aspartate (10 mM) concentration was constant.

The concentration of free ammonia in the assay was calculated using the reported pKa value
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at 37 °C'"". All assays were performed in duplicate, and data analysis was performed using

GraphPad Prism (GraphPad Holdings, La Jolla).

Data Availability

EM-derived structural data of WT human ASNS and the R142] ASNS variant have been
deposited in the PDB (PDB ID: 8SUE and 9B6G, respectively) and in the Electron Microscopy
Data Bank (EMDB ID: EMD-40764 and EMD-44253, respectively). Coordinate files for the 200
structures used in 3D variability analyses for WT human ASNS and the R142] ASNS variant,
and all MD-derived trajectories can be downloaded using links provided in the Supplementary

Material.
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Fig. 1. | Cryo-EM structure of human ASNS. a Schematic representation showing the N-
terminal glutaminase (forest green), dimerization (magenta) and the C-terminal synthetase
(cornflower blue) domains. The glutamine-binding (orange red) and synthetase active site
(orange) are also indicated together with residues constituting the intramolecular tunnel (red).
b EM map and c ribbon representation of human ASNS (coloring is identical to that used in
a). d Close-up view of the dimerization motif showing residues (C, magenta; N, blue, O, red)
participating in salt bridges (shown by cyan lines), and hydrophobic interactions. (A): monomer
A; (B): monomer B.
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Fig. 2. | a Residues defining the intramolecular tunnel in the EM structure of WT ASNS with
corresponding densities. Residues V119, V141, R142, L255, M344, S362, A404, and L415
are colored in sky blue and EM density (mesh) in blue. b Superimposition of residues defining
the intramolecular tunnel in the EM (colored sky blue as in Fig. 1a) and X-ray (white) structures
of human ASNS. c Internal cavity and pocket representations, as computed by PyMol,
showing the discontinuous tunnels in the EM (left) and X-ray (right) structures. The N- and C-
terminal domains of both structures are colored green and blue, respectively, with colored
circles showing the two active sites. Dashed lines connecting the active sites represent the
position of the open tunnel seen in the X-ray crystal structure of the bacterial enzyme
(Supplementary Fig. S13).

27


https://doi.org/10.1101/2023.05.16.541009
http://creativecommons.org/licenses/by-nc-nd/4.0/

Partially open

Fig. 3. | PCA-derived structures of the ammonia tunnel in human ASNS obtained from 3D variability analysis. a Side view of critical residues
(Val-141, Arg-142, Glu-364, Val-401, Ala-404, Val-414, Leu-415) constituting the ammonia tunnel derived from the consensus EM map. The
side chain of Arg-142 that blocks the tunnel is indicated (red circle). Side view of critical residues constituting ammonia tunnel derived from the
variable EM maps derived from 3DVA and corresponding models generated by 3D variable refinement. Critical residues constituting ammonia
tunnel derived from the maps at frame 1 (one end) and frame 20 (the other end) are superimposed: b PCA component 0, ¢ PCA component 1,

d PCA component 2, e PCA component 3, f PCA component 4.
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Fig. 4. | Normalized RMSF values for residues in human ASNS. a Comparison of values from
the 100 3DVA-derived structures of chain A (blue) and the MD trajectory of apo-ASNS (red).
As discussed in the text, the large 3DVA-derived fluctuations for residues 207-209, 221-223,
464 and 478-479 can be ignored in the comparison. b Comparison of values from the MD
trajectories of apo-ASNS (red) and the human ASNS/B-aspartyl-AMP/MgPP; ternary complex
(teal).
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Fig. 5. | Snapshots from the MD trajectories computed for a the WT apo-ASNS and b the WT
ASNS/B-aspartyl-AMP/MgPP; ternary complex. The surface of the tunnel is indicated by
spheres (t = 20 ns, light purple; t = 80 ns, forest green; t = 140 ns, violet purple; t = 200 ns,
lime). Red circles indicate the position of the side chain of Arg-142 in the structures. Protein
atoms are rendered as surfaces in cyan. Tunnels were identified using the CAVER 3.0
software package® and visualized in PyMol. ¢ Superimposed snapshots from the MD
trajectory of the WT ASNS/B-aspartyl-AMP/MgPP; ternary complex showing the reorientation
of the Arg-142 side chain (carbons are colored in slate (t = 0 ns) or green (t = 200 ns), and
oxygen and nitrogen atoms are colored red and blue, respectively). Distances between the
Arg-142 side chain and adjacent residues in these trajectories are provided elsewhere
(Supplementary Tables S2 and S3).
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Fig. 6. | Snapshots from the MD trajectories computed for a the R142I variant and b the
R142l/B-aspartyl-AMP/MgPP; ternary complex. The surface of the tunnel is indicated by
spheres (t = 20 ns, light purple; t = 80 ns, forest green; t = 140 ns, violet purple; t = 200 ns,
lime). Red circles indicate the position of the side chain of lle-142 in the structure. Protein
atoms are rendered as surfaces in cyan. Tunnels were identified using the CAVER 3.0
software package®' and visualized in PyMol.
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TABLE 1 Steady-state kinetic parameters for WT human ASNS and the two variants

Nitrogen L-Glutamine Ammonia
Source
Enzyme Ky (Asp) Keat @PKwm (GlIn) Keat @PKwm (NH3) Keat
mM s mM s mM s
WT 0.25+0.06 0.83+0.04 0.9+0.1 0.49 +£0.02 0.5+0.2 0.59+0.05
R142I 0.09+0.03 0.18+0.01 0.01+0.01 0.06 + 0.01 0.3+£0.2 0.54 +£0.07
R142A 0.20+£0.09 0.35+0.03 0.02+0.02 0.10 £ 0.01 1.2+04 0.70+0.07
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