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Abstract

Discovered nearly 70 years ago, the allosteric regulation of Escherichia coli aspartate transcarbamoylase
(ATCase) is discussed in every biochemistry textbook. ATCase catalyzes the first step in pyrimidine bio-
synthesis. Despite extensive research, the mechanism by which this enzyme is regulated by pyrimidine and
purine nucleotides has remained elusive. Here, we present a detailed analysis of E. coli ATCase using a
combination of biochemical assays, small-angle X-ray scattering (SAXS), cryo-electron microscopy (cryo-
EM), and X-ray crystallography, revealing the mechanism of allosteric communication between nucleotide-
binding sites and active sites. We show how the pyrimidine pair, CTP and UTP, synergistically inhibit the
enzyme by inducing a quaternary structure that enforces active-site cooperativity. Additionally, we provide
the first evidence of how the purine pair, ATP and GTP, drive the enzyme into its most active state by
promoting an expanded conformation that allows independent function of the active sites. Our findings
resolve longstanding questions in the literature and uncover a novel mechanism by which E. coli ATCase
regulates the balance of pyrimidines and purines.


https://doi.org/10.1101/2024.11.19.624407
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624407; this version posted November 20, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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.

Manuscript Miller, Patterson, et al.

Introduction

Escherichia coli ATCase has served as an enduring example of allostery for nearly 70 years.'” ATCase
sequentially binds two substrates, carbamoyl phosphate (CP) and L-aspartate (Asp), to catalyze the com-
mitted step of the pyrimidine biosynthesis pathway, which results in the production of uridine 5'-triphos-
phate (UTP) and cytidine 5'-triphosphate (CTP) (Figure 1A). Seminal biochemical studies revealed that the
pathway end-product CTP inhibits ATCase by inducing cooperative behavior with respect to the second
substrate, Asp, while the purine nucleotide adenosine 5'-triphosphate (ATP) stimulates activity.* Later stud-
ies showed that UTP acts synergistically with CTP to enhance inhibition,” while the role of guanosine 5'-
triphosphate (GTP) has been less clear.**® Remarkably, despite decades of research, the precise mechanism
by which nucleotides regulate this well-known enzyme had remained elusive.

Numerous models have been proposed to explain the regulation of ATCase activity,*!” which famously
exhibits a sigmoidal dependence on the second substrate, Asp. Of these, the most influential has been that
of Monod, Wyman, and Changeux (MWC), whose work was contemporaneous with initial biochemical
characterizations of ATCase.'*"? In the MWC framework, the sigmoidal dependence is explained by the
interconversion between two preexisting conformations, where substrate binding shifts the equilibrium in
a cooperative manner from a so-called tense (T) state, which has low substrate affinity, to a relaxed (R)
state, which has high substrate affinity. According to this model, allosteric inhibitors shift the equilibrium
towards the T-state, while activators shift the equilibrium towards the R-state.

Consistent with such a model, crystallographic studies spearheaded by Lipscomb, Kantrowitz, and co-
workers over the course of 45 years have revealed two major conformations (Figure 1B-D), regardless of
whether nucleotides are bound.”'*'®* E. coli ATCase has a distinctive dodecameric architecture with two
trimers of the catalytic subunit arranged with their active sites facing each other, bridged by three dimers
of the regulatory subunit with nucleotide-binding sites facing outwards (Figure 1B-D). Substrates bind the
catalytic subunit via the reorganization of two active-site loops, known as the 80s loop (residues 74-88) and
240s loop (residues 229-247) (Figure 1B), to produce a dramatic opening of the enzyme complex via a
screw-like mechanism. The closed and open conformations depicted by crystallography have been widely
accepted in the literature to represent the T- and R-states (Figure 1D). However, although significant efforts
have been made, existing crystal structures of nucleotide-bound ATCase have fallen short of explaining
how the identity of nucleotides at the regulatory subunits is communicated to the catalytic subunits.

Efforts to understand allostery in ATCase have been complicated by several factors, including the lack of
standardized conditions for direct comparisons of structural and biochemical data. Notably, the metal de-
pendence of ATCase had not been considered consistently. The final crystal structures from the Kantrowitz
group, reported about a decade ago, confirmed that there is not one but two nucleotide-binding sites per
regulatory subunit in the presence of Mg”".%%?*% Additionally, Vachette and colleagues demonstrated that
crystal structures of the R-state could not be reproduced by small-angle X-ray scattering (SAXS), high-
lighting the need for more solution-based studies.”

Based on these observations, we conducted a comprehensive biochemical and structural study of E. coli
ATCase under uniform, physiologically relevant conditions at pH 7.5 and with 15 mM Mg**. Using activity
assays, SAXS, cryo-EM, and crystallography, we systematically addressed outstanding questions in the
literature. We find that although ATCase generally adheres to a two-state model in response to substrate
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binding, the identity of the nucleotides bound at the regulatory dimers results in distinct R-state ensembles
with varying degrees of expansion. Our findings imply that nature has evolved an elegant allosteric mech-
anism for ATCase, where the pyrimidine pair, CTP and UTP, inhibits the enzyme by imposing highly co-
operative behavior between the two catalytic trimers, while the purine pair, ATP and GTP, is uniquely able
to relieve this inhibition by decoupling the catalytic trimers.

Discrepancy Between Crystallography and SAXS on the Nature of the R-state

We first examined the structural transition induced by the potent bisubstrate analog N-(phosphonoacetyl)-
L-aspartate (PALA)* using SAXS and showed that this transition can also be driven by CP and the Asp
analog, succinate (Supp. Fig.1, Supp. Table 1). The scattering of E. coli ATCase displays a prominent
secondary peak that reflects the extent of quaternary expansion (Figure 1E, arrow). When visualized in a
Kratky plot (/g* vs ¢), we observe a 1.6-fold increase in peak height and a shift to lower g from ~0.122 to
~0.112 A, indicating that the enzyme expands to a more open structure. Singular value decomposition
(SVD) revealed that both datasets can be described as a two-state T-R transition (Supp. Fig. 1). The scat-
tering of ligand-free ATCase, which represents the solution T-state, is described well by the crystallo-
graphic T-state (Figure 1E, blue). However, as noted by Vachette and co-workers,’ the crystallographic R-
state is not expanded enough to describe the observed position of the secondary peak in the solution R-state
(Figure 1E, red).

SAXS Reveals the Effect of Nucleotides on the R-state in Solution

A key assumption of the MWC model is that nucleotides affect enzyme activity by shifting the equilibrium
between two conformational states with differing affinities for the substrate. To test this assumption, we
saturated ATCase with CP and succinate to obtain the R-state and then performed SAXS experiments at
varying nucleotide concentrations (Supp. Tables 2-3).

Addition of CTP to the R-state resulted in a two-state transition, with a small shift in the secondary peak
towards higher ¢ (Supp. Fig. 2A). However, the peak position plateaued around 2 mM CTP well before
reaching the T-state value of 0.122 A™', suggesting that a slightly contracted form of the R-state had been
induced. Titration with equimolar CTP and UTP produced a similar but slightly more pronounced two-state
transition, plateauing at ~0.118 A" above 1 mM (Supp. Fig. 2A). Purines induced two-state transitions in
the opposite directions, suggesting an expansion of the R-state (Supp. Fig. 2B). The canonical activator
ATP led to a slight increase in the secondary peak height saturating above 2 mM, while titration of GTP at
a fixed ATP concentration of 5 mM led to further expansion, with the peak increasing in height and shifting
to lower g (~0.104 A™"). Notably, this transition saturated at a low concentration of 250 uM GTP, suggesting
significance for the ATP/GTP pairing.

To examine the subtle effects of nucleotides with greater confidence, size-exclusion chromatography-cou-
pled SAXS (SEC-SAXS) was performed under conditions identified above that saturate the unliganded T-
state, nucleotide-free R-state, and the various nucleotide-bound R-states (Supp. Tables 4-6). In all cases,
model-free deconvolution led to a clean signal separation of the ATCase complex (Figure 2A) from a minor
higher-order species (Supp. Fig. 3-5). The resulting high-quality scattering profiles recapitulate the obser-
vations from titration experiments. In addition to the expected shift in the secondary peak from 0.122 A™!
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for the unliganded T-state to 0.112 A" for the nucleotide-free R-state, a gradient of peak positions is ob-
served for the nucleotide-bound R-states, with pyrimidines and purines shifting the peak in opposite direc-
tions (Figures 2A, Supp. Fig. 6), corresponding to compaction and expansion, respectively. Altogether, our
SAXS results confirm that although substrate binding induces a concerted transition as predicted by the
MWC model, nucleotides alter the quaternary structure of the R-state with the pyrimidine and purine pairs,
CTP/UTP and ATP/GTP, having the most pronounced effects.

Cryo-EM Captures Nucleotide Effects on the T-R Equilibrium and Quaternary Structure

To visualize the effects of nucleotides on quaternary structure, we examined E. coli ATCase by cryo-EM
under the same set of conditions used for SEC-SAXS (Supp. Fig. 7-14, Supp. Tables 7-8). 3D classification
of intact ATCase particles yielded two types of 3D classes across all datasets: those that are T-state-like
(closed) and those that are R-state-like (open). As expected, only a T-state-like class was observed for the
unliganded ATCase, and the consensus model agreed well with the scattering profile obtained by SEC-
SAXS (Figure 2A). For all other datasets, which were obtained with saturating concentrations of CP and
succinate, R-state-like classes were observed. Of these datasets, those obtained with pyrimidines (CTP
alone or CTP/UTP together) also contained a small T-state-like class, corresponding to 16-25% of the par-
ticles (Supp. Fig. 8-9, 15).

From these datasets, three T-state and five R-state consensus maps were obtained with overall resolutions
of 2.6-3.9 A estimated by Fourier shell correlation. The enzyme interior, including the active sites, generally
aligned to higher resolution (~2.5-3.0 A) than the allosteric sites (~2.8-4.5 A) located on the outer periphery
(Supp. Fig. 7-12). In all maps obtained with CP and succinate, density for CP was clearly visible, while
density for succinate was more variable, reflecting its weak binding compared to the actual substrate, Asp.
Regardless, a key distinguishing feature between T-state and R-state maps was the absence or presence of
any succinate density (Supp. Fig. 13). Consistent with this observation, density for the R234 on the 240s
loop, which is responsible for binding succinate, is observed engaged in all active sites in R-state maps,
while they are disengaged in T-state maps (Supp. Fig. 13).

Consensus models of the T-state were highly similar to each other (Ca root-mean-square deviations of 0.8-
1.1 A). However, a gradient of R-state structures is observed, with pyrimidine and purines respectively
inducing a compaction and expansion (Figure 2B). These changes are readily visualized by the 240s loops,
which come nearly into contact in the presence of pyrimidines but are far apart in the presence of purines
(Figure 2B, bottom row). Importantly, these R-state models agree well with the scattering profiles obtained
by SEC-SAXS under matching conditions (Figure 2A). The only scattering profile that is slightly better
described by a T- and R-state mixture is that obtained with CTP/UTP (Supp. Fig. 15A). Here, the best fit is
obtained with a 20:80 mixture of the T- and R-state models obtained from this condition, similar to the
25:75 distribution of particles estimated by 3D classification. For the scattering profile obtained with CTP
alone, the best fit was obtained with the corresponding R-state model on its own (Supp. Fig. 15B).

To assess structural heterogeneity within each state, particles used for consensus refinement were subjected
to symmetry expansion and 3D variability analysis (3DVA) (Supp. Fig. 7-12). For each state, the resulting
3DVA trajectory could be described by a single mode of continuous breathing-like motion, which was
discretized into 20 unique sub-volumes. Refined models from corresponding consensus maps were then
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rigid-body fit into the sub-volumes to convert the 3DVA latent variable into a physiologically meaningful
coordinate: the center-of-mass distance between the catalytic trimers. The resulting histograms reveal a
small spread within each conformational ensemble (Figure 2C). Compared to crystal structures of the R-
state which consistently display trimer distances of 55.9 + 0.3 A (Methods), the R-state ensembles from
cryo-EM are clearly more expanded, with mean trimer distances ranging from 57.4 to 62.4 A.

These observations support the idea that the R-state is flexible enough to collapse in a crystal lattice, and
that this flexibility is important for nucleotide-dependent regulation. Notably, although we do observe a
small population of T-state by both cryo-EM and SAXS with CTP/UTP, the effect of pyrimidines is not
simply to shift the T-R equilibrium — they clearly cause a compaction of the R-state. Moreover, the R-state
ensemble obtained ATP/GTP is significantly more expanded than all other states, further highlighting the
significance of this pairing of purines.

Correlation with Enzyme Activity

Because enzyme kinetics have not been reported at pH 7.5 in the presence of Mg”", we performed activity
assays at the same nucleotide concentrations used for SEC-SAXS and cryo-EM (Figure 2D). The CP con-
centration was fixed at 4.8 mM, and the initial rate was measured at variable Asp concentrations. It was
previously shown at pH 7.0 and 8.3 that CTP on its own does not have a strong inhibitory effect in the
presence of Mg?" and that this metal ion plays an important role in coordinating the binding of two nucle-
otides in each regulatory subunit.** Consistent with this work, we find that it is the combination of CTP and
UTP that is most inhibitory, while the combination of ATP and GTP is most activating at physiological
Asp concentrations of ~4.2 mM (Figure 2D, inset).*’

The pyrimidine pair produces a highly sigmoidal saturation curve, while that produced with the purine pair
appears hyperbolic at low Asp concentrations. At high Asp concentrations, it is known that ATCase exhibits
behavior that is suggestive of substrate inhibition (i.e., a downturn in activity), however this effect is not
well understood and is difficult to model with low uncertainties.>’ We thus performed fits to the Hill equa-
tion in the transition regions where this model is suitable (Supp. Fig. 16, Supp. Table 9). This analysis
reveals that the Hill coefficient ny and the Asp concentration needed to reach half-maximal activity K are
inversely correlated with the openness of the R-state observed by cryo-EM and SAXS.

Two important conclusions can be drawn: (1) CTP and UTP together inhibit ATCase by inducing a com-
paction of the R-state to produce highly cooperative behavior (ny ~2.9), rendering the enzyme virtually
inactive near physiological [Asp] (K12 ~37 mM), whereas (2) ATP and GTP together produce the most
expanded R-state, where cooperative behavior is largely lost (nx ~1.2) and the enzyme is highly active at
physiological [Asp] (K2 ~ 2.9 mM). Since the cellular concentrations of the four nucleotides®'** exceed
the levels needed to saturate the structural effects induced by the CTP/UTP pair or the ATP/GTP pair (Supp.
Table 10), it is likely that these paired binding modes are more physiologically relevant than ATCase bound
to only one type of nucleotide or none at all.

Crystallography Resolves Unusual Binding of ATP and GTP


https://doi.org/10.1101/2024.11.19.624407
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624407; this version posted November 20, 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.

Manuscript Miller, Patterson, et al.

To obtain high-resolution insight into the nucleotide-binding sites, crystallography was performed in par-
allel to cryo-EM (Supp. Table 11). Previous crystallographic work by Kantrowitz and co-workers had re-
vealed how the pyrimidine pair, CTP/UTP, binds the regulatory subunit in the presence of Mg***! With
CTP in the first binding site, a Mg”" ion enables the preferential binding of UTP in a second site, which in
turn recruits the flexible N-terminus of the regulatory subunit (Figure 3A). They also reported a PALA-
bound structure with two ATP molecules coordinated by Mg**. However, the weak density suggested that
ATP may not be the optimal ligand in the second site.

Because all previous crystal structures of nucleotide-bound E. coli ATCase were obtained at acidic condi-
tions (pH 5.7-5.9), we screened for new co-crystallization conditions that would clarify how purines interact
with the enzyme at neutral pH. We first reproduced results from the Kantrowitz group by obtaining a 3.0-
A resolution structure of ATCase bound with ATP, CP, and succinate (Figures 3D, Supp. Fig. 17-18). As
with the previous structure, density for ATP in the second site is weaker than that in the first site, and the
N-termini of the regulatory subunits reach across the dimer interface without forming an ordered structure.

We then identified a co-crystallization condition at neutral pH that produced a new P321 crystal form of
ATCase bound with ATP, GTP, and PALA (Supp. Fig. 19). A 2.1-A resolution structure was obtained at
room temperature at a pH between 7.0-7.5 with strong electron density in the regulatory subunit supporting
the assignment of ATP in the first site and GTP in the second site, coordinating a shared Mg*" ion (Figures
3B-C, Supp. Fig. 20). Unlike the structures with disordered ATP in the second site (Figure 3D), here, we
observe ordered GTP molecules forming a non-canonical base pair across the dimer interface (Figure 3C).
For such pairing, one GTP must be deprotonated at the N1 position at any given time. Although the pKa at
this position is 9.2 in free GTP, electronic structure calculations suggest that it can be shifted towards neu-
trality by a positive charge on the Hoogsteen face of the nucleobase, which stabilizes its deprotonated form,
where negative charge is resonance-distributed between N1 and 06.** In ATCase, a conserved K60 provides
this positive charge (Supp. Fig. 21). Such a mechanism would explain why a GTP-bound structure was not
obtained in the previously used, acidic crystallization conditions as well as why our crystals dissolved at
lower pH.

Comparison of structures with CTP/UTP and ATP/GTP reveals how nucleotide identity affects the flexible
N-terminus of the regulatory subunit. As has been noted before, the first nucleotide-binding site is specific
for the amino group and the adjacent nitrogen of CTP or ATP and hence cannot make favorable interactions
with UTP or GTP. Notably, when CTP or ATP binds this site, the amino group forms hydrogen bonds with
the backbone carbonyls of 112 and Y89, while the adjacent nitrogen makes an additional bond with the
backbone amide of [12 or A11. These interactions serve to couple the N-terminus (residues 1-14) with the
“outer loop” (residues 88-89, stars in Figure 3A-B) that connects the two outermost B-strands of the regu-
latory subunit. K60 links the two allosteric sites, favoring interactions with the carbonyl oxygen of a UTP
or GTP than the amino group of a CTP or ATP in the second site. Thus, with CTP in the first site, the N-
terminus wraps around UTP in the second site to form additional base-specific interactions, bringing the
two N-termini together at the dimer interface to form a barrier between each CTP/UTP pair (Figure 3A).
Conversely, with ATP in the first site, K60 selects for GTP in the second site and stabilizes non-canonical
base-pairing across the dimer interface, resulting in a 4-nucleotide unit (Figure 3B-C). Here, the N-terminus
from each regulatory subunit reaches across the dimer interface to form a domain-swapped antiparallel -
sheet above the plane of the nucleotides, making hydrophobic interactions with the GTP bases. Altogether,
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these observations explain the previously observed importance of the N-termini in allosteric regula-
tion”***** and highlights the specific interactions made by the ATCase regulatory subunit with the pyrimi-
dine pair CTP/UTP and the purine pair ATP/GTP.

Allosteric Communication Revealed

To understand how nucleotide binding at the regulatory subunits propagates to the active sites, we combined
the strengths of cryo-EM and crystallography. Cryo-EM model refinement was performed with starting
models built from high-resolution crystal structures, and non-crystallographic symmetry (NCS) restraints
were applied to systematically characterize regions of asymmetry across the ATCase complex (Methods,
Supp. Fig. 22).

The refined cryo-EM models reveal a clear nucleotide-dependent path for allosteric communication (Figure
3E-G). The regulatory subunits form an extended B-sheet across the dimer interface, where the outer face
makes polar interactions with nucleotides, while the inner face, which consists almost entirely of isoleu-
cines, makes hydrophobic interactions with two pairs of helices, H1 and H2 (Figure 3E-F). The H2-helix
makes direct contact with the Zn domain, which is responsible for binding a catalytic subunit. Remarkably,
nucleotide binding controls the bending angle of the regulatory dimers, which in turn controls the center-
of-mass distance between the catalytic trimers (Figure 3G).

Binding of ATP/GTP produces the most bent -sheet (9.3° from planar), facilitated by the N-termini reach-
ing over the GTPs in the second site and pulling on the outer loops through interactions mediated by ATP
in the first site (Figure 3B). This action in turn pulls on the linkers between the nucleotide-binding and Zn
domains (Figure 3F), such that a slight overall bending of the regulatory dimer becomes amplified into a
large separation between the Zn domains and hence the catalytic trimers. Interestingly, the linker residues
P97 and P100 form a groove around the outer H2-helix, and bending of the regulatory dimer is accompanied
by its repacking. In the T-state, the H2-helices within a regulatory dimer are angled in opposite directions
(Supp. Fig. 22D), but in the ATP/GTP-bound R-state, these helices straighten into a parallel configuration
(Figure 3F, Supp. Fig. 22A).

In contrast, binding of CTP/UTP leads to a nearly planar B-sheet (3.1° from planar), facilitated by the N-
termini acting as a spacer between the nucleotide pairs at the dimer interface (Figure 3A). Correspondingly,
the separation between the Zn domains is smaller than that in the ATP/GTP-bound R-state while also being
larger than that in the T-state. This intermediate level of expansion leads to asymmetry: within each regu-
latory dimer, one H2—helix is angled like in the T-state (H2 in Figures 3E, Supp. Fig. 22B) while the other
is straightened like in the ATP/GTP-bound R-state (H2' in Figure 3E, Supp. Fig. 22B). This unusual asym-
metry is in fact also observed in crystal structures of the R-state (Supp. Fig. 22C) and was thought to explain
the existence of high- and low-affinity sites for CTP or ATP before it was known that there are two distinct
sites per regulatory subunit. Our cryo-EM models reveal that this asymmetry is only a feature of collapsed
forms of the R-state and that crystal structures of the R-state most closely resemble the CTP/UTP-bound
R-state in solution.
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Altogether, our results are consistent with the purine pair ATP/GTP producing the most expanded R-state,
where the catalytic trimers are fully separated, and the pyrimidine pair CTP/UTP producing a compressed
R-state structure, where the catalytic trimers are held closer together.

Cooperativity of the 240s Loop

Our findings so far indicate that nucleotide-dependent regulation of ATCase involves bending of the regu-
latory dimers, which controls the separation between the catalytic trimers and the binding cooperativity of
the second substrate. To further explore the link between nucleotide binding and cooperativity, we exam-
ined the individual roles of substrates and nucleotides using SAXS. Surprisingly, addition of ATP/GTP at
the same concentrations used in our other experiments induced a substantial shift of the secondary scattering
peak to lower ¢ even in the absence of substrates (Figure 4A-B, green). When CP was added along with
ATP/GTP, the peak shifted all the way to the position observed for the ATP/GTP-bound R-state obtained
with both substrates (Figure 4A-B, orange/red). No other nucleotide combination induced a significant
structural change in the absence of substrates or with CP alone (Figure 4A-B), suggesting that ATCase has
uniquely evolved to interact with ATP/GTP.

To gain molecular insight into the unexpected behavior observed by SAXS, we performed cryo-EM and
obtained a ~3.2-A resolution reconstruction of ATCase in a fully open conformation bound only to the first
substrate CP and the nucleotide pair ATP/GTP (Supp. Fig. 23, Supp. Table 7). The refined model exhibits
a trimer distance of 62.5 A and is consistent with the scattering profile obtained under identical solution
conditions (Supp. Fig. 24). A defining feature of this novel state is the conformations of the active-site
loops: the 80s loops are bound to CP, but the 240s loops are disengaged, extending into the central opening
of the enzyme (Figure 4D). In the closed T-state, the 80s loops can bind CP (Supp. Fig. 13), but the 240s
loops are restricted from moving. As a result, it had long been believed that binding of both substrates,
which requires both the 80s and 240s loops to engage (Supp. Fig. 13), drives the opening of the enzyme to
the R-state conformation.

Here, we show that when ATCase is bound to ATP/GTP, binding of CP is sufficient to fully open the
enzyme into a conformation that would allow unrestricted movement of the 240s loop. As this conformation
represents a state with high affinity for Asp, it is part of the R-state ensemble, and we can call it a “pre-Asp
R-state”. When ATP/GTP are bound, the pre-Asp R-state is expanded enough that the 240s loops can re-
main extended without clashing with those of the opposing catalytic trimer. However, if we dock the cata-
lytic subunits from the pre-Asp R-state into the cryo-EM structure of the CTP/UTP-bound R-state, a sig-
nificant clash is observed between the catalytic trimers (Supp. Fig. 25). Performing this analysis with our
other cryo-EM models shows that ATP/GTP is the only nucleotide combination that produces a sufficiently
large separation of the catalytic trimers to comfortably allow all active sites to bind Asp independently of
each other. Conversely, the movement of the 240s loops is more restricted with the other nucleotides, and
thus the active sites cannot act as independently. These observations explain why the most compressed
state, which is produced by CTP/UTP, exhibits the greatest cooperativity, and why cooperativity is lost in
the most expanded state produced by ATP/GTP.

Discussion
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Feedback regulation of ATCase was first observed in E. coli in 1956,* just a year before the dawn of
structural biology.>> Seminal biochemical studies then established that inhibition of ATCase by CTP pre-
sents as a sigmoidal dependence on the second substrate, Asp.* In the immediate years that followed, pio-
neering crystallographic studies on hemoglobin®’ and the development of the MWC model of allostery™>
provided a framework for understanding the sigmoidal behavior of ATCase in terms of two conformational
states. In a remarkable feat that took two decades, crystallographic studies ultimately succeeded in revealing
two major conformations: a closed state that is favored in the absence of substrates®® and an open state that
is favored when substrate analogs are bound.*® Early SAXS studies further showed that substrate binding
leads to a concerted transition between two such states.’” Thus, overall, the MWC model was able to explain
how sigmoidal substrate binding can arise from a T-state and R-state. Despite these successes, however,
the original question of how nucleotides regulate ATCase remained unanswered.

In this study, we leveraged advances in structural biology to revisit the mechanism of allostery in E. coli
ATCase. By applying model-free data decomposition methods®’*® to SAXS data, we demonstrated that
nucleotides do not simply shift the equilibrium between the T- and R-states, as assumed by the MWC
model, and that in fact, both pyrimidines and purines alter the quaternary structure of the R-state. Findings
from SAXS provided a roadmap for single-particle cryo-EM studies of ATCase, which allowed us to visu-
alize how different nucleotide combinations result in a gradient of R-states, with pyrimidines causing a
compaction and purines causing an expansion. These analyses revealed that the R-state exhibits functionally
important flexibility and can therefore partially collapse in a crystal lattice, providing an explanation for a
long-standing discrepancy between SAXS and crystallography** and why significant nucleotide-depend-
ent changes had not been previously captured. However, where cryo-EM excels at capturing the flexibility
of a protein, crystallography provides a means for limiting structural disorder. By pursuing crystallography
in parallel and moving away from the acidic conditions used in past studies, we were able to obtain detailed
insight into how GTP, a nucleotide that has often been overlooked in the ATCase literature, pairs with ATP.

By integrating our structural findings with biochemical data, we are able to propose a new mechanism for
nucleotide-dependent regulation of E. coli ATCase (Figure 5). Although a protein, which is dynamic and
flexible, cannot be directly compared to a mechanical device, an analogy can be made between the V-
shaped regulatory dimer and a bicycle brake, where the Zn domains serve as the brake pads. When ATP
and GTP are bound to the outer face of the regulatory dimer, the N-termini wrap above the plane of the
nucleotides, pulling on outer edges to open up the spacing between the Zn domains. Conversely, when CTP
and UTP are bound to the outer face, the N-termini wrap around the nucleotides in-plane, forcing the surface
to flatten and causing the regulatory dimer to partially collapse and bring the Zn domains together. These
motions, in turn, directly affect the reaction rate and cooperativity of the enzyme because the active-site
240s loop must move within the confined space of the enzyme cavity. Binding of the CTP/UTP pair is
analogous to putting the brakes on the enzyme by compressing the space available for the 240s loops to
move, whereas the ATP/GTP pair minimizes this effect (Figure 5). In the latter state, the enzyme functions
more like a catalytic trimer on its own, and consistent with this, removing the regulatory subunit from E.
coli ATCase results in an increase in activity and loss of cooperativity.* We note that although many bac-
terial ATCases have a regulatory subunit, there is also a class of ATCases that function as catalytic tri-
mers.**** Thus, it is interesting that the regulatory subunit evolved to allow ATCase to tune between un-
regulated and regulated states. Such a function is undoubtedly linked to the unusual structural features of
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the regulatory dimer, such as the striking difference in amino acid composition above and below the ex-
tended B-sheet that enables ordered nucleotide binding on one side to cause repacking of the helices and Zn
domains on the other side.

Finally, we address the likely physiological nucleotide states for E. coli ATCase. Given the estimated con-
centrations of nucleoside triphosphates (NTPs) in the cell, which are on the order of millimolar, we believe
that a nucleotide-free state is rare. With physiological levels of Mg”*, the regulatory subunits are selective
for the binding of two NTPs, preferring the chemical features of CTP or ATP in the first site, which in turn
selects for UTP or GTP in the second (Figure 5). For these nucleotide combinations, the flexible N-termini
of the regulatory subunits adopt meaningful, ordered conformations. In agreement with work by others,*
we have found that the regulatory subunit can bind two molecules of CTP or ATP (Supp. Fig. 14), but the
conformation of the second-site nucleotide and the N-termini are not as well-ordered. Likewise, when Mg**
is present, single-nucleotide conditions have much less pronounced effects on enzyme activity compared
to the mixed-nucleotide pairs. Altogether, these findings strongly suggest that the CTP/UTP and ATP/GTP
pairs are the most physiological nucleotide-binding modes. It is intriguing that nature evolved a complicated
regulatory scheme that involves all four NTPs. Yet nucleotide metabolism is heavily regulated at many key
steps, and other complex enzymes include ribonucleotide reductase,***! which is allosterically regulated by
multiple DNA precursors (ANTPs), and glutamine-phosphoribosyl pyrophosphate amidotransferase in the
purine pathway,** which is regulated by multiple downstream purines. For ATCase, the preference for
CTP in the first site and UTP in the second is especially significant as CTP is the final product and UTP is
the penultimate product of the pathway it regulates. This ensures that the pathway is not inhibited until both
products have accumulated. Likewise, the ATP and GTP pairing may have significance because the purine
biosynthesis pathway is bifurcated, producing both products. Additionally, this pairing may endow ATCase
with greater sensitivity to the abundance and balance of purines as ATP is also a substrate for CP synthe-
sis.* Nonetheless, the symmetric use of pyrimidine and purine pairs makes regulation of ATCase particu-
larly elegant. At last, 70 years of research has been synthesized into a unified story, closing this chapter on
E. coli ATCase.
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Figure 1. Regulation of Escherichia coli ATCase: knowns and unknowns. (A) Traditional regulatory
scheme for ATCase. ATCase catalyzes the committed step of pyrimidine biosynthesis, the condensation of
carbamoyl phosphate (CP) and L-aspartate (Asp). Early studies revealed that ATCase is inhibited by CTP,
the pathway end-product, with its precursor UTP enhancing its effects, while ATP, a product of the purine
biosynthesis pathway, stimulates activity.** The role of GTP has been debated.**’ (B) The catalytic subunit
functions as a trimer, with each active site sequentially binding two substrates. CP binds first along with an
80s loop (purple) from a neighboring subunit, followed by Asp, which involves a large rearrangement of
the 240s loop (orange) within the same subunit. (C) The regulatory subunit dimerizes at the nucleotide-
binding domains, each binding a pair of nucleoside triphosphates (NTPs) in the presence of Mg**. Each Zn
domain is responsible for binding a catalytic subunit. (D) E. coli ATCase forms a dodecamer comprising
two catalytic trimers and three regulatory dimers. Crystal structures have historically depicted two major
conformations, designated the tense (T) and relaxed (R) states, regardless of whether nucleotides are bound.
(E) The crystal structure of the unliganded T-state (PDB: 6at1)® provides a good fit to the experimental
SAXS profile of E. coli ATCase in the absence of ligands (b/ue). However, the PALA-bound R-state struc-
ture (PDB: 1d09)°® does not fit the SAXS profile obtained with 50 pM PALA (red). The position of the
second peak in the Kratky plot (Ig* vs. ¢) inversely correlates with the degree of expansion in the ATCase
complex, indicating that in solution, the R-state is more expanded than depicted by crystallography. In
panels B-D, the T-state structure is 6atl, while all others are 1d09.
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Figure 2. Effect of nucleotides on quaternary structure and activity of E. coli ATCase at pH 7.5 and 15 mM
MgCl,. No ligands were added to obtain the T-state. R-state conditions included substrate or substrate
analogs and the following nucleotide compositions: 1.5 mM CTP, 1.5 mM UTP (purple), 1.5 mM CTP
alone (blue), no nucleotides (green), S mM ATP (yellow), or 5 mM ATP, 1 mM GTP (salmon). (A) Scat-
tering profiles obtained by SEC-SAXS reveal a gradient of R-states in addition to the ligand-free T-state
(solid curves) and agree well with the theoretical scattering of cryo-EM models in panel B (dashed curves).
The secondary peak positions indicate that purines and pyrimidines cause an expansion and compaction of
the R-state, respectively. R-state conditions contained 500 pM CP, 10 mM succinate. (B) Cryo-EM under
the same set of conditions as SEC-SAXS reveals a gradient of R-state structures in addition to a compact
T-state. Top: Consensus maps of the ligand-free T-state (2.6 A), CTP/UTP-bound R-state (3.1 A), CTP-
bound R-state (3.5 A), R-state without nucleotides (3.1 A), ATP-bound R-state (3.3 A), and ATP/GTP-
bound R-state (3.3 A). Bottom: Refined consensus models show how nucleotides control the degree of
separation between the 240s loops from the top and bottom catalytic trimers. (C) Structural heterogeneity
within each of the states in panel B was characterized by 3D variability analysis and converted to particle
distributions as a function of the center-of-mass distance between the trimers. The R-state ensembles pro-
duced by purines and pyrimidines do not overlap. (D) Specific activities of ATCase under the same set of
nucleotide compositions as in panels A-C with 4.8 mM CP at variable Asp concentrations. CTP/UTP pro-
duces a highly sigmoidal curve, while ATP/GTP removes this effect. At high [Asp], the activities decrease
due to behavior reminiscent of substrate inhibition.*' Inset: Curves near physiological [Asp] of 4.2 mM.
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Figure 3: Structural basis of allosteric regulation by nucleotides. (A) Crystal structure of the CTP/UTP-
bound R-state (PDB ID: 4kh1)’ shows Y89 and 112 backbone interactions favor CTP in the first site, while
N-terminal backbone interactions favor UTP in the second. K60 bridges the two sites, providing selectivity
for both. (B) 2.2-A crystal structure of ATP/GTP R-state obtained in this study at neutral pH. Like with
CTP, ATP is favored in the first site, and K60 selects for GTP in the second. The GTPs form a non-canonical
base pair at the dimer interface, stabilized by interactions with K60 and T43 on the interfacial p-strands
(Supp. Fig. 20). N-termini form a domain-swapped -sheet above the GTPs, creating a hydrophobic pocket.
(C) Polder omit map of nucleotides in panel B, contoured at 66 (blue mesh), support an ordered ATP in the
first site and GTP in the second. (D) 3.0-A crystal structure of ATP/ATP R-state obtained this study at near-
neutral pH. Polder omit map contoured at 66 (blue mesh) shows ATP is disordered in the second site. (E)
Side view of regulatory dimer from cryo-EM CTP/UTP R-state model. Binding of CTP/UTP flattens the
[B-sheet across the dimer interface, placing the Zn-domains close together. One outer helix (H2) stays angled
like in the T-state, while the other (H2') straightens. (F) Side view of regulatory dimer from cryo-EM
ATP/GTP R-state model. ATP/GTP produce the most bent 3-sheet via domain-swapped N-terminal inter-
actions, opening the Zn-domain distance. Both H2/H2' helices straighten into a parallel arrangement. (G)
Bending of the regulatory dimer controls the Zn-domain separation and correlates with the center-of-mass
distance between the catalytic trimers. The dimer angle is defined by three points on the B-sheet (red
spheres) and its deviation from planarity (black dashed) in panels E and F. In panels A and B, the outer
loop (residues 88-89) is starred. In panels E and F, linker residues P97 and P100 are shown as sticks. Mg**
ions are shown as green spheres.
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Figure 4. ATCase bypasses the T-state with the purine pair, ATP and GTP. (A) Scattering profiles of E.
coli ATCase obtained by batch SAXS with and without 500 uM CP and (B) corresponding positions of
secondary Kratky peak, shown with same color scheme. Consistent with our previous understanding of
ATCase, CP alone (dark gray) is insufficient to cause a significant change from the ligand-free confor-
mation (/ight gray), even with the addition of 1.5 mM CTP, 1.5 mM UTP (purple) or 5 mM ATP (blue).
On the other hand, addition of 5 mM ATP, 1 mM GTP (green) is sufficient to cause a peak shift to lower ¢
even in the absence of CP. When CP is included (yvellow orange), the peak shifts all the way to the position
of the ATP/GTP R-state (red). These results demonstrate the unique ability of the ATP/GTP pair to expand
the quaternary structure, obviating the need for both substrates to bind to reach the R-state. (C) Cryo-EM
model of ATCase obtained with 5 mM ATP, 1 mM GTP, 500 uM CP (middle) compared with those of the
ligand-free T-state (leff) and the ATP/GTP R-state (right) from Figure 2. A novel conformation is observed
in which the 80s loops (purple) engaged but the 240s loops (orange) are not. (D) Close up of active site in
novel conformation in panel C shows CP interacting the 80s loop (purple) from a neighboring subunit via
S80 and K84. Engagement of the 240s loop (orange) with the second substrate involves interactions with
both R229 and R234, but only R229 is near the active site when the loop is disengaged.
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Figure 5. Model for nucleotide-dependent regulation of . coli ATCase. The most physiological allosteric
inhibitor is the CTP/UTP pair, while the most physiological allosteric activator is the ATP/GTP pair. Site
1 is specific for chemical features on the CTP and ATP nucleobases (red), while site 2 is specific for those
on UTP and GTP (cyan). The enzyme’s affinity for the second substrate, Asp, is determined by the ability
of the 240s loop (orange) to move within the confined space of the enzyme cavity. Top: With CTP/UTP
bound, the regulatory dimers (yellow) are pinched closed, holding the catalytic trimers (b/ue) close together.
This imposes cooperativity among the active sites to transition from the T-state conformation to one in
which the 240s loops are engaged with Asp. Bottom: With ATP/GTP bound, the regulatory dimers open,
allowing the enzyme to bypass the T-state. In this expanded conformation, the enzyme behaves like disso-
ciated catalytic trimers, removing cooperativity among active sites by allowing independent movement of
the 240s loops.
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