|BC ARTICLE

()

Check for
updates

Crystal structures of human PAICS reveal substrate and
product binding of an emerging cancer target
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The bifunctional human enzyme phosphoribosylaminoimi-
dazole carboxylase and phosphoribosylaminoimidazolesuccino-
carboxamide synthetase (PAICS) catalyzes two essential steps in
the de novo purine biosynthesis pathway. PAICS is overex-
pressed in many cancers and could be a promising target for the
development of cancer therapeutics. Here, using gene knock-
downs and clonogenic survival and cell viability assays, we dem-
onstrate that PAICS is required for growth and survival of
prostate cancer cells. PAICS catalyzes the carboxylation of ami-
noimidazole ribonucleotide (AIR) and the subsequent conver-
sion of carboxyaminoimidazole ribonucleotide (CAIR) and
L-aspartate to N-succinylcarboxamide-5-aminoimidazole ribo-
nucleotide (SAICAR). Of note, we present the first structures of
human octameric PAICS in complexes with native ligands. In
particular, we report the structure of PAICS with CAIR bound
in the active sites of both domains and SAICAR bound in one of
the SAICAR synthetase domains. Moreover, we report the
PAICS structure with SAICAR and an ATP analog occupying
the SAICAR synthetase active site. These structures provide
insight into substrate and product binding and the architecture
of the active sites, disclosing important structural information
for rational design of PAICS inhibitors as potential anticancer
drugs.

The de novo purine biosynthesis pathway, ubiquitous across
the tree of life, includes a series of reactions catalyzing the con-
version of phosphoribosyl pyrophosphate into inosine mono-
phosphate, a key intermediate in nucleotide metabolism. In
most eukaryotes, the de novo purine biosynthesis pathway com-
prises 10 enzymatic reactions (1, 2) and in humans, steps 6 and
7 are catalyzed by the bifunctional enzyme PAICS (Fig. 1). All
enzymes involved in the de novo purine biosynthesis pathway
are potential targets for anticancer drug design, as cancer cells
are highly dependent on this pathway for proliferation, in con-
trast to normal cells that mainly use the nucleotide salvage
pathway for purine production (3). PAICS has been reported to
be overexpressed in various types of cancer such as prostate,
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breast, lung cancer, and melanoma, and plays a critical role in
cell proliferation, invasion, and efficient tumor growth (4—
11). This suggests that a good strategy to treat these cancers
could be to inhibit the enzymatic activity of PAICS. Such a
strategy is further supported by the finding that PAICS
expression correlates with disease progression, and ability to
form metastases in prostate cancer, and reduced tumor
growth upon PAICS knockdown in a mouse xenograft model
of prostate cancer (7). Furthermore, shRNA-mediated deple-
tion of PAICS was shown to reduce tumor growth in mouse
lung cancer and pancreas cancer models (12, 13), and to sig-
nificantly hinder malignant proliferation of breast cancer
cells in vitro (4) as well as in a mouse breast cancer disease
model (14). Targeting PAICS has also been suggested to be a
new strategy to treat neuroblastoma (15), which further sup-
ports PAICS inhibition as an interesting novel approach for
rational drug design of anti-cancer therapeutics.

Steps 6 and 7 of the de novo purine biosynthesis pathway com-
prise the carboxylation of aminoimidazole ribonucleotide (AIR)
and the subsequent ATP-dependent conversion of carboxyami-
noimidazole ribonucleotide (CAIR) and L-aspartate to N-succi-
nylcarboxamide-5-aminoimidazole ribonucleotide (SAICAR). In
the majority of eukaryotic organisms these steps are catalyzed by
the bifunctional enzyme PAICS (phosphoribosylaminoimidazole
carboxylase and phosphoribosylaminoimidazolesuccinocarboxa-
mide synthetase) harboring AIR carboxylase (AIRc) and SAICAR
synthetase (SAICARs) activities in a single polypeptide chain (Fig.
1), whereas prokaryotes, yeast, and plants have separate enzymes
to catalyze these two reactions (16, 17). The transcription factor
MYC directly regulates PAICS expression in prostate cancer (5)
and a BET bromodomain inhibitor has been shown to interfere
with MYC binding to the PAICS promoter and suppress PAICS
gene expression (7).

Although most eukaryotes and some bacteria perform the
AlRc reaction in a single step using a PurE-II-type AIRc activ-
ity, in bacteria, yeast, and plants, CAIR is synthesized in two
steps: AIR is carboxylated at N° in an ATP-dependent reaction
catalyzed by PurK and the resulting N°-CAIR is then converted
to CAIR by the mutase PurE-I, a homologue of PurE-II (18, 19).
Structures of prokaryotic PurE-I (20-22), prokaryotic PurE-II
(23), and prokaryotic (24, 25) and yeast (26-28) SAICARs
(PurC) have been determined in complexes with various
ligands. These structures demonstrated that PurE enzymes
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Structures of human PAICS with native ligands
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Figure 1. Scheme of the de novo purine biosynthesis pathway in humans. The reactions catalyzed by PAICS are highlighted in blue. The following abbrevi-
ations are used: ADSL, adenylosuccinate lyase; AICARt, aminoimidazole-4-carboxamide ribonucleotide transformylase; ATIC, aminoimidazole-4-carboxamide
ribonucleotide transformylase/inosine monophosphate cyclohydrolase; GARs, glycinamide ribonucleotide synthetase; GARt, glycinamide ribonucleotide
transformylase; GART, glycinamide ribonucleotide synthetase/glycinamide ribonucleotide transformylase/aminoimidazole ribonucleotide synthetase; IMPch,
inosine monophosphate cyclohydrolase; PFAS, N-formylglycinamidine ribonucleotide synthase; PPAT, phosphoribosylpyrophosphate amidotransferase; THF,

tetrahydrofolate.

function as octamers whereas the prokaryotic and yeast homo-
logues of SAICARs (PurC) are dimeric and monomeric
enzymes, respectively. X-ray structures of ligand-free human
(29) and insect (30) PAICS have confirmed an octameric orga-
nization also of the bifunctional enzymes, but structural infor-
mation on how natural ligands bind to bifunctional PAICS is
still lacking. In light of PAICS being a promising novel thera-
peutic target for cancer treatment, information on binding of
its natural ligands is of importance for the development of
potent and selective PAICS inhibitors.

We therefore set out to produce enzymatically active PAICS
and to solve the structures of PAICS in complex with its natural
ligands. We present here the first structures of PAICS in com-
plex with CAIR bound in active sites of both domains and
with SAICAR bound in the SAICAR synthetase domain. In
addition, we report the PAICS structure with SAICAR and an
ATP analog, AMP-PNP (adenosine 5’-(8B,y-imido)triphos-
phate), occupying the SAICAR synthetase active site. Fur-
thermore, we confirm that PAICS depletion has a negative
effect on the growth and survival of prostate cancer cells
supporting the validity of PAICS as an anti-cancer target.
The structural data presented here provide for the first time
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insight into substrate and/or product binding and the archi-
tecture of the two active sites of PAICS, thus providing im-
portant structural information for future rational design of
PAICS inhibitors.

Results and discussion

PAICS depletion reduces clonogenic survival of prostate
cancer cells

To demonstrate the importance of PAICS for the growth and
survival of prostate cancer cells, we have generated inducible
PAICS knockdown in the androgen-independent prostate can-
cer cell lines PC3 and DU-145. The depletion of PAICS protein
resulted in a significantly reduced ability to proliferate and
form colonies in both cell lines, whereas no effect was seen in
the control shNT cells (Fig. 2). These results confirm an impor-
tant role of PAICS in androgen-receptor negative prostate can-
cer cell growth (7).

Recombinantly produced PAICS is enzymatically active

The PAICS protein was recombinantly expressed in Esche-
richia coli in fusion with Hises-tagged CPD tag and was
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Figure 2. The effect of PAICS knockdown on proliferation and clonogenic survival of prostate cancer cell lines. A, Western blots showing knock-
down of PAICS after doxycycline induction of prostate cancer cell lines stably transfected with two different shRNAs against PAICS. B, Resazurin assay
measuring short-time effects of PAICS depletion on proliferation of prostate cancer cell lines DU-145 (left panel) and PC3 (right panel). Graphs shows
survival (%) normalized to shRNA NT + Dox (n = 2). C, representative plates from colony formation assay of DU-145 (left panel) and PC3 (right panel)
with and without doxycycline-induced shRNA-mediated PAICS depletion. D, quantification of colony formation assay shown in C. Graphs display sur-
vival (%) of minus doxycycline control (n = 3). Statistical significance was analyzed using two-way ANOVA or ordinary one-way ANOVA in GraphPad

Prism.

successfully purified in high yield to over 95% purity and
homogeneity (Fig. S1) by a combination of affinity and size-
exclusion chromatography. The activity of the purified pro-
tein was tested at different concentrations using the PAICS-
catalyzed reaction converting CAIR to SAICAR, requiring
L-aspartate and energy in the form of ATP, which is con-
verted to ADP and P;. The formed ADP was detected using
an ADP-Glo Kinase Assay (Fig. S1). The amount of ADP
produced clearly increased with increased concentrations of
PAICS and the use of 3 nm PAICS in the activity assay shows
that the enzyme is highly active and provides a robust and
reproducible activity assay with a signal to background ratio
of ~20 and a Z-factor above 0.7.
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Two PAICS structures with natural ligands solved

To elucidate the binding of substrates and products to
PAICS, we have solved two crystal structures of PAICS in com-
plexes with natural ligands. The data collection and refinement
parameters are shown in Table 1. Because the PAICS crystals
were very small thin needles, the data were collected using a
microfocused high-intensity X-ray beam and the diffraction
pattern exhibited anisotropy. This resulted in slightly higher
Rineas values. In one structure, determined at a resolution of 2.4
A, both AIRc active sites of both PAICS monomers in the asym-
metric unit are occupied by CAIR (the product), whereas the
SAICARSs active site is occupied by CAIR (the substrate) in one
of the monomers and by SAICAR (the product) in the second

SASBMB
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Table 1

Crystal parameters, data collection, and refinement statistics
Statistics for the highest resolution shell are shown in parentheses.

Structures of human PAICS with native ligands

Ligand CAIR, SAICAR SAICAR, AMP-PNP, Mg>*
PDB code 6yb8 6yb9
Data collection statistics
Space group . 1222 1222
Cell parameters (A; °) a=60.9,b=153.9,c=223.6;a=P=y=90 a=613,b=154.0,c=223.6;a==7y=90
Number of molecules in AU 2 2
Wavelength (A) 1 0.9686

Resolution (A)

Number of unique reflections
Multiplicity

Completeness (%)

Rineas (%)

CCuy2 (%)”

Average I/a(l)

Wilson B (A?)

47.15-2.36 (2.51-2.36)
43,523 (6,857)

13.8 (14.3)

99.8 (99.2)

26.6 (119.5)

99.5 (77.5)

8.39 (1.81)

37.4

47.33-2.41 (2.55-2.41)
41,224 (6,531)

10.9 (10.9)

99.0 (98.7)

35.3 (110.0)

96.6 (72.4)

5.16 (1.82)

39.7

Refinement statistics
Resolution range (A)
No. of reflections in working set

47.15-2.36 (2.42-2.36)
41,346 (2,941)

47.33-2.41 (2.47-2.41)
39,161 (2,788)

No. of reflections in test set 2,177 (156) 2,061 (146)
R value (%)° 17.7 (32.9) 17.7 (27.9)
Riree value (%) 23.5 (36.6) 22.9 (33.6)
RMSD bond length (A) 0.012 0.012
RMSD angle (°) 1.640 1.585
Number of atoms in AU 7,126 6,964
Number of protein atoms in AU 6,528 6,528
Mean B value (A?%) 39.1 39.2
Ramachandran plot statistics®

Residues in favored regions (%) 96.4 97.0
Residues in allowed regions (%) 100 100

“ Rineas defined in Ref. 31.
b Pearson’s correlation coefficient determined on the data set randomly split in half.

“Rvalue = ||F,| — |F.||/|F,|, where F, and F, are the observed and calculated structure factors, respectively.
“ Rivee 1S equivalent to the R-value but is calculated for 5% of the reflections chosen at random and omitted from the refinement process (32).

¢ Determined by MolProbity (33).

monomer. It also contains 9 molecules of ethylene glycol and 2
imidazole molecules originating from the crystallization
mother liquor. The other structure, also determined at a resolu-
tion of 2.4 A, has empty AIRc active sites, whereas the SAICARs
active sites are occupied by both SAICAR-Mg>* (the product)
and AMP-PNP-Mg>* (an ATP substrate analog). It also con-
tains 6 molecules of ethylene glycol. In both structures, the first
six N-terminal residues could not be modeled and seem to be
disordered based on the low quality of the electron density map
at the N terminus. The two structures are very similar and
superpose with an RMSD of 0.330 A for the superposition of all
protein atoms. Both structures have two almost identical pro-
tein chains in the asymmetric unit (RMSD of 0.242 A and 0.182
A for the first and second PAICS structure, respectively, for the
superposition of all protein atoms). Using crystallographic sym-
metry operations, the biologically active PAICS octamer with a
pseudo 422 symmetry (D4) was generated (Fig. 3). The PAICS
octamer is composed of a tightly packed core of eight C-termi-
nal AIRc domains surrounded by eight N-terminal SAICARs
domains.

PAICS structure in complex with CAIR and SAICAR

The AIRc active site—PAICS was crystallized with its final
product, SAICAR, however, the SAICAR molecule appears to
be unstable, as demonstrated for other intermediates in the pu-
rine de novo biosynthesis pathway like AIR and CAIR (34). SAI-
CAR is likely to have decomposed spontaneously back to CAIR
because the density in the AIRc active site corresponds to the
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CAIR molecule with an occupancy of 0.75. Due to the lower oc-
cupancy of the ligand and a relatively low quality of the electron
density map for the ligand, we confirmed the presence of CAIR
in the active site by calculating Polder omit maps for the CAIR
molecule after simulated annealing refinement performed
while omitting the CAIR molecules from the model (Fig. 4).
The CAIR molecule, which is the product of the AIRc active
site, interacts with the protein through a network of hydrogen
bonds (Fig. 4). The carboxylate group of CAIR stacks with resi-
due His-303 and residues Val-328, Ala-329, Arg-331, Asn-333,
and Leu-335 are within van der Waals distance from CAIR.
The phosphate moiety also interacts with residues from the
neighboring PAICS monomer and forms two hydrogen bonds
with residue Ser-370 and is also within van der Waals distance
from residue Pro-369, which demonstrates why the octameric
assembly is important for the catalytic activity of PAICS. The
previously published 2.8 A structure of human PAICS was sug-
gested to contain a molecule of CO, in a proposed CO,-binding
site, located at the 2-fold crystallographic axis about 8 A away
from the C* of AIR (29), which is too far for the carboxylation
reaction to occur. The electron density for none of our PAICS
structures suggests the presence of a CO, molecule at this site
and we propose that the actual CO,-binding site of PAICS is
the one occupied in this structure by the carboxylate group of
CAIR. A similar site is occupied by a CO, molecule in the struc-
ture of the homologous enzyme PurE from Acetobacter aceti
H59N inactive mutant in complex with AIR and CO, (PDB
code 5clj), suggesting that in case of human PAICS, the CO,

J. Biol. Chem. (2020) 295(33) 11656-11668 11659
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Figure 3. Overall structure of the PAICS octamer. PAICS octamer is displayed in a view along the 4-fold rotation axis (top) and rotated by 90° along the x
axis (bottom). Each chain is a different color in panel A. In panel B one monomer is highlighted in blue and the ligands CAIR in the AIRc active site and SAICAR
and AMP-PNP in the SAICARs active site are shown as pink, yellow, and green spheres, respectively. The CAIR originates from the PAICS-CAIR structure and the
SAICAR and AMP-PNP were superposed here from the structure of the PAICS-SAICAR-Mg?"-AMP-PNP-Mg>" complex to demonstrate the relative location of

the individual binding sites in the PAICS octamer.

Figure 4. CAIR bound in the AlRc active site. The CAIR molecule is shown
as pink sticks and the active site residues involved in direct (black dashed lines)
or water-mediated (cyan dashed lines) hydrogen bonds are shown as pale
blue sticks. Residue Ser-370 from another PAICS monomer in the octamer
that participates in ligand binding through hydrogen bonds (yellow dashed
lines) is shown as yellow sticks. Refined 2F, — F. electron density map for CAIR
contoured at 10-and mF, - DF, Polder omit map for CAIR contoured at 4 o
are shown in the upper right corner in blue and yellow, respectively.

molecule would form main polar contacts with the main chain
nitrogen atoms of residues Ala-302, Gly-334, and Leu-335.

The SAICARs active site—The SAICARs active site of the
first PAICS monomer in the asymmetric unit contains a CAIR
molecule, a substrate of this active site. The PAICS—CAIR

11660 . Biol. Chem. (2020) 295(33) 11656-11668

interaction network of direct and water-mediated hydrogen
bonds is shown in Fig. 5A. Residues Glu-97, Val-99, Thr-105,
Gly-106, Met-190, Lys-191, and Ser-213 are also within van der
Weaals distance from the CAIR molecule. The SAICARs active
site of the second PAICS monomer in the asymmetric unit con-
tains a SAICAR molecule, which is a product of this active site
(Fig. 5A). The CAIR portion of the SAICAR product forms
essentially the same interaction network with the active site
residues as in the case of the CAIR substrate and the N-succinyl
moiety of SAICAR forms a number of additional hydrogen
bond interactions (Fig. 54), and residues Lys-17, Thr-40, Ala-
41, and Asp-137 are also within the distance for van der Waals
interactions. The SAICARs active sites in both PAICS mono-
mers also contain a molecule of imidazole from the crystalliza-
tion mother liquor. The imidazole molecule stacks with the im-
idazole ring of CAIR/SAICAR and with residue Phe-129 and
forms hydrogen bonds to the phosphate of CAIR/SAICAR and
to residue Glu-97. The serendipitous presence of imidazole
bound in the active site might assist future design of inhibitors.
The ATP-binding sites in both monomers have an ethylene gly-
col molecule from the crystallization mother liquor bound in
the adenosine ring-binding cavity.

Structure of PAICS in complex with SAICAR-Mg®* and
AMP-PNP-Mg**

The AIRc active site is not occupied by any ligand and the
long binding cleft of the SAICARSs active site is occupied by the
product, SAICAR and AMP-PNP, which is an analog to the co-
substrate ATP. Because AMP-PNP is stabilized by magnesium
cations, we crystallized the enzyme in the presence of MgCl,

SASBMB



Figure 5. CAIR, SAICAR, and SAICAR-Mg2+ bound in the SAICARs active
site. A, the active site hydrogen bond network is shown here for SAICAR
(green sticks), and the CAIR molecule (yellow sticks) from the second mono-
mer is shown in superposition. The imidazole molecule is shown as magenta
sticks. B, the active site hydrogen bond network is shown here for SAICAR-
Mg?* (green sticks and green sphere). The active site residues involved in
direct (black dashed lines) or water-mediated, imidazole-mediated, and mag-
nesium-mediated (cyan dashed lines) hydrogen bonds are shown as pale blue
sticks. Residue Phe-129 that stacks with the imidazole molecule or forms a
m-stacking interaction (orange dashed line) with a ligand-bound water mole-
cule is also shown. G, refined 2F, - F. electron density maps for CAIR, SAICAR,
and SAICAR-Mg?" contoured at 1o are shown left to right, respectively.

and the structure revealed one Mg>" cation bound to each SAI-
CAR and AMP-PNP molecule. These two magnesium cations
together with two water molecules bridge the two ligands in the
active site (Fig. 6A4). Although the crystals from which the two
different structures were solved were grown in very similar
crystallization mother liquor, no imidazole molecules were
bound in this structure.

SAICAR-Mg>" binds to the SAICARs active site with a simi-
lar interaction network as in the structure without the magne-
sium and AMP-PNP (Fig. 5B). The direct hydrogen-bonding
pattern for the CAIR moiety is almost the same, but the ribose
does not form any water-mediated interactions. Also, the imid-

SASBMB
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D207

Figure 6. SAICARs active site with SAICAR-Mg>* and AMP-PNP-Mg>™. A,
the SAICAR-Mg®" (left) and AMP-PNP-Mg>* (right) molecules (green sticks
and green spheres) and water molecules bridging the two ligands (red
spheres) are shown in the SAICARs active pocket (blue cartoon and semi-
transparent surface). B, the ATP-binding site hydrogen bond network is
shown for AMP-PNP-Mg?* (green sticks and green sphere). Active site residues
involved in direct (black dashed lines) or water-mediated and magnesium-
mediated (cyan dashed lines) hydrogen bonds are shown as pale blue sticks.
Refined 2F, - F. electron density map for AMP-PNP-Mg>* contoured at 1o is
shown in the upper left corner.

azole ring is slightly rotated here to bind the magnesium cation,
and interacts therefore directly with residue Glu-97. The phos-
phate moiety does not form water-mediated interactions with
Lys-110, but interacts with a water molecule, which forms a
m-stacking interaction with Phe-129. The amide carbonyl
group of SAICAR is rotated toward the magnesium cation and
interacts with a water molecule that bridges the SAICAR
through another water molecule to the magnesium ion bound
to AMP-PNP. Compared with the other PAICS-SAICAR struc-
ture (Fig. 5A4), the N-succinyl moiety is oriented differently
here, with one of the carboxyl groups pointing toward the
AMP-PNP-Mg>*, and it does not interact with Asn-43 and
Lys-228, but rather forms a water-mediated hydrogen bond
with Asp-212 (Fig. 5B).

The AMP-PNP-Mg>" binds next to the SAICAR molecule
and forms hydrogen bond interactions mainly through the P-
PNP moiety with the loop turn containing residues 17-19 and
through the adenosine ring, whereas the ribose moiety does not
form any major interaction with the protein (Fig. 6B). The
adenosine ring is sandwiched between residues Met-93 on one

J. Biol. Chem. (2020) 295(33) 11656-11668 11661
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A

Figure 7. Intermediate tunnel system in PAICS. A, the tunnel connecting the AIRc (labeled with asterisks) and SAICARs (labeled with circles) active sites of 4
different PAICS monomers (differentiated by colors) in the octameric assembly is depicted in yellow, as identified by the program Caver (36). The CAIR and SAI-
CAR molecules in the active sites are shown as spheres. Details of the AIRc site tunnel entrance and SAICARs site tunnel exit are shown in panels Band C, respec-
tively. Key residues facilitating the entry/exit of the intermediate are shown as magenta sticks with polar interactions highlighted as black dotted lines, and the

possible intermediate trajectory is shown as red dotted arrows.

side and residues Val-21, Val-31, and Leu-33 on the other side
of the hydrophobic pocket and residues Tyr-14, Gly-16, Ala-88,
and GIn-90 are also within van der Waals distance from AMP-
PNP.

In both structures, the electron density map for the N-succi-
nyl moiety of SAICAR is less well resolved than for the CAIR
portion of SAICAR (Fig. 5C) and the B-factors for the N-succi-
nyl atoms are higher, which might be due to the N-succinyl
moiety missing in some of the unit cells and the SAICARs
active site containing a mixture of CAIR and SAICAR. Alterna-
tively, the N-succinyl moiety of SAICAR might be flexible and
adopt multiple conformations. Indeed, this portion of SAICAR
is oriented differently in the two structures (Fig. S2). Although
we cannot rule out that the difference in the orientation is
caused by the presence/absence of imidazole and magnesium,
we believe that this conformational flexibility is likely to allow
the final product SAICAR to leave the active site.

Intermediate tunnel system

From a multifunctional enzyme efficiency perspective it
would be advantageous for PAICS to channel reaction inter-
mediates through tunnels within the protein from one active
site to another without releasing the intermediate to the sur-
rounding cytoplasm. Such transfer of reaction intermediates is

11662 J Biol. Chem. (2020) 295(33) 1165611668

common in enzymes with multiple catalytic centers (35). To
investigate if the AIRc and SAICARs active sites in PAICS are
interconnected via tunnels, we used the program Caver (36),
and a network of tunnels that enable mutual communication of
the individual active sites in the octameric assembly was identi-
fied. The shortest and most spacious communications between
the two active sites are two tunnels that connect two neighbor-
ing AIRc sites with the two closest neighboring SAICARs active
sites, which are located in different PAICS chains in the octa-
mer than the AIRc sites (Fig. 7). The tunnels are inter-con-
nected through a common “hallway” enabling the CAIR prod-
uct from two AIRc sites to migrate as a substrate into two
SAICARs sites through the protein interior. Four such tunnel
systems exist in one PAICS octamer, each interconnecting four
different PAICS monomers, which further demonstrate how
the octameric assembly is important for PAICS function. This
analysis shows how the ligands bound in the individual active
sites are located relative to this tunnel system. Our findings
about the details of this substrate channeling system are gener-
ally in agreement with the tunnel system previously described
for the apo structure of human PAICS (29). The tunnel system
is in most areas wide enough to accommodate the CAIR mole-
cule without any substantial conformational changes needed.
However, transient local rearrangement of side chains at the
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Figure 8. Ligand-induced structural changes in PAICS active sites. Cartoon representations of PAICS in complex with CAIR, SAICAR-Mg?", and AMP-PNP-
Mg?>", and without any ligand (PDB code 2h31 (29)) are overlaid in gray, orange, and cyan, respectively. Side chains of residues located in the positions structur-
ally affected by ligand binding are shown in sticks with residue numbers indicated. A, AIRc site is shown with CAIR in pink stick representation. B, SAICARs site is
shown with CAIR and imidazole molecules in gray sticks and with SAICAR-Mg>* and AMP-PNP-Mg>" in yellow sticks and green spheres. The portion of the pro-
tein that is unstructured in the apo structure and folds in the presence of CAIR is highlighted in pink in the otherwise gray cartoon of the PAICS-CAIR complex.

exit of the AIRc site would facilitate for CAIR to enter the hall-
way, and similar local changes would help CAIR enter the SAI-
CARs site. Specifically, in the AIRc site, residues Lys-304 and
Ser-370, which are involved in the binding of the phosphate of
CAIR and each of them is part of a different PAICS chain, are
likely to rearrange and allow CAIR to pass between them and
enter the tunnel, being guided by Lys-304 (Fig. 7B). In the SAI-
CARs site, several basic residues (Arg-101, Arg-111, Lys-125)
are located along the exit of the tunnel into the active site, and
are also likely to navigate CAIR into the SAICARSs site by inter-
acting with its phosphate moiety, as also suggested previously
by Li et al. (29). Most importantly, CAIR is likely to interact
with Arg-111. Such interaction would disrupt the bonding
between Arg-111 and Glu-127 and thus allow for an efficient
translocation of CAIR from the tunnel exit to the SAICARs
active site, a process further assisted by Arg-101 and Ser-107
(Fig. 7C). Our structures demonstrate that some of the residues
identified as important for the intermediate channeling by Li et
al. (29) are directly involved in the binding of the phosphate
moieties of the ligands (Lys-304, Arg-101, Arg-111; see also Figs.
4 and 5). In contrast, the inner surface of the hallway lacks posi-
tively charged residues that could potentially impede the efficient
channeling of CAIR by interacting with its phosphate group.
Moreover, several negatively charged residues (Glu-142, Glu-143,
Asp-163) are likely to guide CAIR through the tunnel and prevent
it from halting in the hallway. The residues mentioned above are
conserved among bifunctional PAICS enzymes, which further
supports their importance for the enzyme function.

Structural changes upon ligand binding

To assess ligand-induced structural changes in PAICS, we
have compared our two PAICS structures to each other and
also with the previously published apo structure (PDB code
2h31 (29)). The RMSD value for the superposition of the apo
PAICS with both our PAICS complexes with native ligands is
0.9 A for 386 aligned residues. When comparing the AIRc site
in our two PAICS structures, the local conformation of the
active site is the same with the exception of slight changes in
the positions of some side chains. Because SAICAR decom-
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poses to CAIR, we cannot exclude that the AIRc active site in
the structure of PAICS with SAICAR-Mg>* and AMP-PNP-
Mg®" contains a small amount of CAIR too, despite that the
electron density map does not suggest so. Therefore, we also
performed a structural comparison with the apo PAICS struc-
ture, which clearly indicates that the AIRc active site is pre-
formed and binding of CAIR into the AIRc active site indeed
does not trigger any major conformational changes and only
small side chain rearrangements occur. For example, side chains
of residues Lys-304 and Arg-331 move inwards in the active site,
the ring of His-303 flips outwards from the active site to accom-
modate the carboxylate moiety of CAIR, and the side chain of
residue Asp-277 is oriented slightly closer to CAIR to form
hydrogen bonds with the hydroxyl groups of the ribose moiety;
the carboxyl carbon of Asp-277 is shifted by 0.8 A as compared
with our structure with the empty AIRc site and by 1.2 A relative
to the previously published apo structure (Fig. 84). Residues
Pro-369 and Ser-370 from the neighboring PAICS monomer
are not affected by CAIR binding.

The SAICARs site exhibits more profound structural
changes. Upon the binding of AMP-PNP the N-terminal
B-sheet (residues 13-15) is moved outwards from the AMP-
PNP-binding site and the side chain of Tyr-14 flips away from
the binding site, not to clash with the ribose-phosphate moiety
(see Fig. 8B). In case of the apo PAICS structure, this region
forms a loop (residues 12-19) that is located inside the ATP-
binding site with Tyr-14 penetrating into the binding site for
the adenosine ring. This suggests that the ATP-binding site is
already pre-formed upon the binding of the other substrate,
CAIR. A part of the structure in the CAIR-binding region is
largely unstructured in the apo PAICS structure (residues 36-
51 and 221-238 are missing in the model) (29) and folds upon
the binding of CAIR. This portion of the enzyme is folded in
the previously reported structure of insect bi-functional octa-
meric PAICS (PDB code 4ja0 (30), RMSD 0.9 A for 401 resi-
dues), because two sulfate molecules from the crystallization
conditions are bound in the SAICARs active site, mimicking
the phosphate of CAIR and the B-phosphate of ATP (30). The
loop comprising residues 41-46 is oriented differently in the
CAIR-bound and SAICAR-bound SAICARSs sites, irrespective
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Figure 9. Ligand binding in PAICS compared with homologues. A, AlRc site of PAICS in complex with CAIR (blue) is shown in superposition with prokary-
otic PurE Il from T. denticola in complex with AIR (green, PDB code 3rgg (23)), with PurE | from A. aceti in complex with AIR and CO, (pink, H59N catalytically
inactive mutant, PDB code 5clj), and with PurE | from E. coliin complex with CAIR (yellow, H45N catalytically inactive mutant, PDB code 2nsl (21)). Differentially
conserved, class-specific residues involved in CAIR binding, His-303, and Gly-273 (and equivalent residues) are shown as sticks. B, SAICARs site of PAICS in com-
plex with SAICAR-Mg?* and AMP-PNP-Mg?" (blue) and in complex with CAIR (green) is shown in superposition with SAICARs (PurC) from E. coli in complex
with CAIR, ADP, formate, and magnesium cations (pink, PDB code 2gqs (24)) and with SAICARs (PurC) from S. pneumoniae in complex with AIR, ADP, aspartate,
and magnesium cations (yellow, PDB code 4fe2 (25)). Side chains of suggested catalytic residues are shown as sticks. Semitransparent surface representation

of PAICS is also shown in both panels.

of the presence or absence of AMP-PNP in the ATP-binding
subsite. The loop might change its conformation upon the con-
version of CAIR to SAICAR, but because we were not able to
grow diffracting crystals and therefore not able to solve the
structure with both CAIR and aspartate bound in the SAICARs
site, we cannot draw any conclusions on the relevance of these
observed structural changes.

Comparison with structures of PAICS homologues

AIR carboxylase domain—The only structure of a class II
PurE enzyme in complex with any ligand is Treponema denti-
cola PurE 11, a prokaryotic AIR carboxylase that has been crys-
tallized in complex with AIR (PDB code 3rgg, RMSD 0.9 A for
154 residues) (23). Prokaryotic class I PurE enzymes, which cat-
alyze the conversion of N°~CAIR to CAIR through a PurE-AIR-
CO, intermediate (22), are also homologous to the AIRc do-
main of PAICS and structures of their complexes with various
ligands are available (20-22). Fig. 94 shows the superposition
of the AIRc domain of PAICS with homologous PurE enzymes
in complexes with relevant ligands. The superposition demon-
strates that PAICS binds CAIR in the AIRc domain in the same
manner as 7. denticola PurE 11 binds the substrate AIR. Super-
position of PAICS with the structure of A. aceti PurE I (catalyti-
cally inactive mutant H59N) in complex with the reaction
intermediates, AIR and CO, (PDB code 5clj, RMSD 2.1 A for
153 residues), and with E. coli PurE I (catalytically inactive mu-
tant H45N) in complex with CAIR (PDB code 2nsl, RMSD 2.2
A for 157 residues) (21) indicates that the aminoimidazole ring
of CAIR in PAICS overlays well with that of CAIR in E. coli
PurE I and is located closer to the inside (bottom) of the cavity
than the aminoimidazole ring of AIR in both class I and class II
PurE. The C? carbon of the aminoimidazole ring of CAIR in the
human PAICS is located further away from the rear wall of the
active site (Gly-273) than in the class I purE enzymes, similarly
to the class II purE from T. denticola. This structural informa-
tion supports the previously suggested position of the portal
through which the CO, molecule enters the CO,/carboxylate-
binding site located deepest in the AIRc pocket, being restricted
by Gly-273 and C? of AIR (23). The phosphate moiety of the
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CAIR molecule in the E. coli PurE I is oriented slightly more
outwards of the active site than in the case of the PurE II-type
enzymes PAICS and T. denticola PurE II. The carboxylate moi-
eties of the CAIR molecules coincide with each other and also
with the CO, molecule. Differentially conserved, class-specific
residues (22, 23) involved in CAIR binding are also shown in
Fig. 94 (Lys-304 in PAICS and PurE II versus R in PurE I and
Arg-341 in PAICS and PurE Il versus G in PurE I).

In conclusion, the comparison of the structures of the AIRc
domain of human bifunctional PAICS and its homologues, pro-
karyotic PurE enzymes from class I and class II, demonstrates
that ligand binding to these enzymes is very similar. The differ-
ence lies mainly in the position of the phosphate moiety, caused
by the differentially conserved phosphate-binding residue, Lys-
304 in human PAICS and other class II PurE enzymes, versus
an arginine in the case of PurE I enzymes. Despite this slight
variance, the molecular details of ligand binding to these
enzymes remain highly conserved throughout the tree of life.

SAICAR synthetase domain—Structures of both prokaryotic
(24, 25) and eukaryotic (26—28) homologues of the SAICARs
domain of PAICS in complexes with various ligands are avail-
able. CAIR or AIR together with ADP and magnesium cations
can be found in the structures of SAICARs (PurC) from E. coli
(PDB code 2gqs (24), RMSD 1.5 A for 232 residues) and Strep-
tococcus pneumoniae (PDB code 4fe2 (25), RMSD 1.5 A for 234
residues), respectively. Fig. 9B shows the superposition of the
PAICS SAICARs site with these homologous complexes. In our
PAICS structures the imidazole ring of CAIR is positioned at a
different angle than that of SAICAR, which might be caused by
the lack of magnesium cations in the PAICS-CAIR structure.
Otherwise the CAIR and SAICAR align relatively well with the
CAIR and AIR in the homologous structures. The N-succinyl
moiety of SAICAR does not bind to the substrate-binding site
for aspartate, but extends outwards from the binding cleft,
allowing for the final product SAICAR to exit the active site.
The aspartate-binding site is occupied by two water molecules
in our structure of PAICS with SAICAR-Mg”>* and AMP-PNP-
Mg*", and by a formate molecule and an additional magnesium
cation in the E. coli structure. AMP-PNP-Mg®" adopts a bent
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conformation and aligns well with the ADP-Mg>" in the ho-
mologous structures (Fig. 9B). In the two available structures of
ATP-bound prokaryotic homologues (Pyrococcus horikoshii,
PDB code 407w (37), RMSD 1.6 A for 226 residues and Metha-
nocaldococcus jannaschii, PDB code 2202, RMSD 1.7 A for 233
residues), ATP is also present in a bent conformation. The bent
ATP conformation is consistent with the proposed catalytic
mechanism that involves transfer of the y-phosphate moiety
from ATP to Glu-193, then to Glu-97 and finally to the carboxy-
late of CAIR, to activate it for the reaction with the aspartate posi-
tioned near the vicinity of the activated carboxylate group of
CAIR; the phosphate group charge is compensated for by Lys-
131, Lys-191, and magnesium cations (25). These key residues are
highly conserved and adopt the same conformation in our human
PAICS structures as in the homologues shown in Fig. 95.

Complexes of SAICARs from Saccharomyces cerevisiae with
various ligands have been reported, which include SAICAR
(PDB code 2cnv), aspartate (PDB code 2cnu), and ATP (PDB
code 1obd), with RMSD values of 2.7 A for 233 aligned residues
(26—28). In these structures, however, the aspartate and the N-
succinyl moiety of SAICAR bind to a different site than in the
human PAICS and prokaryotic PurC, further away from the
proposed active site residues. Moreover, the ATP is bound in
the ATP-binding pocket in an extended conformation, in con-
trast to AMP-PNP in the human PAICS structure and its pro-
karyotic homologues.

In summary, the binding poses of the ligands in the SAICARs
domain of human bifunctional PAICS are very similar to the
ligand poses in the prokaryotic homologues. The ligand binding
in the eukaryotic homologue from yeast is different, but we
chose not to draw any conclusion from this, as the S. cerevisiae
ligand-bound structures do not seem to be compatible with the
proposed catalytic mechanism of these enzymes. In contrast,
the comparison with the prokaryotic PurC enzymes indicates
that our structures present catalytically relevant complexes.

We show that depletion of PAICS greatly impedes the
growth of androgen-independent prostate cancer cells as dem-
onstrated by proliferation and colony formation assays, further
supporting PAICS as a valid target for the treatment of prostate
cancer. We successfully expressed and purified catalytically
active PAICS and here present the first structures of PAICS in
complex with its natural ligands. Each structure provides
detailed information on the molecular architecture of the active
sites and also on ligand binding by PAICS. Both binding pock-
ets, especially the CAIR- and ATP-binding sites of the SAI-
CARSs active site, display various types of interactions with the
bound ligands, in particular hydrophobic, stacking, polar, and
charge—charge interactions. These offer a chemical space that
can be exploited for the design of high-affinity specific inhibi-
tors. The structural data and the enzyme activity assay reported
here will be useful in future structure-based rational design of
potential anti-cancer drugs targeting PAICS.

Experimental procedures
PAICS knockdown and clonogenic survival assay

Generation of stable cell lines—Prostate cancer cell lines PC3
and DU-145 were obtained from ATCC and cultured in RPMI

SASBMB

Structures of human PAICS with native ligands

1640 medium supplemented with 10% fetal bovine serum, at
37°Cin 5% CO, humidified atmosphere. Inducible knockdown
cell lines were prepared by lentiviral delivery of anti-PAICS
shRNA in an inducible pRSITEP vector system following a pre-
viously published procedure (38). In brief, custom forward and
reverse oligos (Sigma Aldrich, Table S1) were annealed and
ligated into pRSITEP vector (Addgene), digested by FastDigest
BshTI and EcoRI, before transforming into One Shot Stbl3
Chemically Competent Cells (Invitrogen No. C737303) accord-
ing to the manufacturer’s protocol. Validation of correct inserts
was performed by sequencing. Stable lentiviruses carrying anti-
PAICS shRNA were produced by transfecting HEK293T cells
with a mixture of shRNA vector and packaging plasmids
(12260 and 12259; Addgene). Virions were harvested after 36
and 60 h post-transfection and used to transduce PC3 and DU-
145 cells, followed by selection with 1 ug/ml of puromycin for 7
days.

Clonogenic survival assay—Cells were seeded at densities of
200-500 cells/well in 6-well plates. After 24 h media on the cells
was changed to fresh media with or without 1 ug/ml of doxycy-
cline. Media was changed after 6 days and cells were fixed after
a total of 12 days with Carnoy’s fixative (methanol:acetic acid,
3:1, v/v) and stained with 0.4% crystal violet. Cells were counted
and cell survival determined by referring to the number of cells
seeded and normalized to the survival of respective cells with-
out doxycycline treatment.

Cell viability assay—Cells were seeded at 500 cells/well into
clear 96-well cell culture plates and left to settle for 18 h at
37°C, 5% CO,. The following day fresh medium with 1 um dox-
ycycline (inducing knockdown) or without (100% viability con-
trol) was added to the cells. Cells were grown at 37 °C for 72 h
before medium was replaced by fresh medium * 1 um doxycy-
cline. After another 72 h of cell growth, resazurin, pre-diluted
in PBS to 0.06 mg/ml, was added to the cells to a final concen-
tration of 0.01 mg/ml. Cells were incubated for 6 h at 37°C
before reading the fluorescence at excitation/emission 540/580
nm using a Hidex Sense Microplate Reader. The fluorescence sig-
nal was corrected for the signal detected in the absence of cells.

Protein expression, purification, and activity assay

An expression construct of human PAICS in pET22b-
CPDSall (Addgene Plasmid No. 38251) was produced. Expres-
sion from this plasmid results in a PAICS construct C terminally
fused to the Vibrio cholerae MARTX toxin cysteine protease
domain (CPD) C terminally tagged with a Hiss tag. The human
PAICS protein was expressed in the E. coli strain BL21 (DE3)
T1R pRARE2 at 18 °C overnight after induction with 0.5 mm iso-
propyl 1-thio-B-p-galactopyranoside. Bacteria were harvested
by centrifugation and lysed using sonication in lysis buffer (100
mwm HEPES, 500 mm NaCl, 10% glycerol, 10 mm imidazole, 0.5
mm TCEP, pH 8.0). The lysate was cleared by centrifugation and
the filtered supernatant loaded on a HisTrap HP column (GE
Healthcare). After washing the column with HisTrap wash
buffer (20 mm HEPES, 500 mm NaCl, 10% glycerol, 50 mm im-
idazole, 0.5 mm TCEP, pH 7.5), the HisTrap column with
bound protein was incubated in HisTrap wash buffer supple-
mented with 500 um inositol hexakisphosphate (No. P8810,
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Sigma Aldrich) overnight at 4°C. PAICS protein was eluted
with gel filtration buffer (25 mm HEPES, 100 mm NaCl, 0.5
mwm TCEP, 0.5% glycerol, pH 7.5) supplemented with 20 mm
imidazole. The eluted PAICS protein was concentrated and
loaded onto a HiLoad 16/60 Superdex 200 (GE Healthcare)
gel filtration column. Collected fractions were analyzed using
SDS-PAGE and fractions containing PAICS were pooled, ali-
quoted, concentrated to 38 mg/ml, and stored at —80°C in
storage buffer (25 mm HEPES, 100 mm NaCl, 0.5 mm TCEP,
5% glycerol, pH 7.5).

PAICS activity was assayed by detecting ADP formed in the
reaction step producing SAICAR from CAIR and r-aspartate
through hydrolysis of ATP. PAICS (3, 30, or 300 nm) was incu-
bated for 40 min at 22 °C in white 384-well assay plates (Corn-
ing No. 3574) with 180 um L-aspartate (Sigma Aldrich, No.
A9256), 10 um CAIR (a kind gift from Stephen Firestine,
Wayne State University), and 30 um ultrapure ATP (included
in the Kinase Assay from Promega No. V9101) in PAICS assay
buffer (50 mm Tris-HCI, pH 8.0, 10 mm DTT, 0.01% BSA, 0.01%
Tween 20, 20 mm MgCl,). The reaction was started by the addi-
tion of ATP and r-aspartate to the reaction well. Formed ADP
was detected using ADP-Glo Kinase Assay (Promega No.
V9101) according to the manufacturer’s recommendations by
measuring luminescence. Controls in which PAICS or L-Asp/
ATP were replaced with buffer were included. An ADP stand-
ard curve was included on the plate to convert luminescence to
the concentration of ADP.

Crystallization and diffraction data collection

The crystals were obtained by sitting-drop vapor diffusion
technique at 21°C in conditions from the Morpheus protein
crystallization screen (39). The protein storage buffer was 25
mm HEPES, 100 mm NaCl, 0.5 mm TCEP, 5% glycerol, pH 7.5.

To obtain crystals of the PAICS-SAICAR/CAIR complex,
the protein at the concentration of 16 mg/ml was supple-
mented with 5 mMm SAICAR (No. S688795, Toronto Research
Chemicals), incubated 20 min on ice, and clarified by centrifu-
gation (14,000 X g, 10 min, 4°C). 90 nl of the protein sample
were mixed with 90 nl of the reservoir solution containing 0.1 m
MES/imidazole, pH 6.5, 10% (w/v) PEG 8000, 20% (v/v) ethyl-
ene glycol, 0.02 M sodium L-glutamate, 0.02 M pL-alanine, 0.02 M
glycine, 0.02 m pL-lysine HCl, and 0.02 M DL-serine. Small nee-
dle-shaped crystals (approximately 20 X 10 X 150 um) grew
overnight and were harvested after 1 week. A complete diffrac-
tion data set at 2.36 A was collected at 100 K at the beamline
X06SA at the Swiss Light Source and processed using the XDS
software (40).

To obtain the crystals of PAICS in complex with SAICAR,
AMP-PNP, and Mg®", 6 mg/ml of protein was supple-
mented with 5 mm SAICAR (No. S688795, Toronto
Research Chemicals), 5 mm AMP-PNP (No. A2647, Sigma
Aldrich), and 10 mm MgCl,, incubated 20 min on ice, and
clarified by centrifugation (14,000 X g, 10 min, 4 °C). 450 nl
of the protein sample were mixed with 450 nl of the reser-
voir solution containing 0.1 M MES/imidazole, pH 6.5, 10%
(w/v) PEG 8000, 20% (v/v) ethylene glycol, 0.02 m sodium
formate, 0.02 M ammonium acetate, 0.02 M trisodium ci-
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trate, 0.02 M sodium potassium L-tartrate, and 0.02 M sodium
oxamate. Crystals of the same size and morphology as for
the PAICS-CAIR complex grew overnight and were har-
vested after 4 days. A complete diffraction data set at 2.41 A
was collected at 100 K at the beamline i24 of the Diamond
Light Source and processed using the XDS software (40).

The structures were solved by molecular replacement using
the program Molrep (41) and the apo structure of human
PAICS (PDB code 2h31) as a search model. Structure refine-
ment was performed using the program Refmac 5.8.0232 (42)
from the CCP4 package (43) in combination with manual
adjustments in Coot software (44). MolProbity server (33) was
used for evaluation of the final model quality. The presence of
CAIR in the AIRc active site in the final refined model was vali-
dated by simulated annealing refinement with phenix.refine
(45), whereas omitting the CAIR molecules, followed by the cal-
culation of Polder omit maps for the CAIR molecules (solvent
exclusion radius 3.0) (46). The data collection and refinement
statistics are listed in Table 1. All the figures representing struc-
tures were created using PyYMOL (47) and the presence of tun-
nels in the structure were analyzed using the Caver plugin for
PyMOL (36). The RMSD values for PAICS homologues were
obtained from the Dali server (48).

Data availability

Atomic coordinates and structure factors were deposited in
the PDB under the accession codes 6YB8 and 6YB9.
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