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APIP, Apaf-1 interacting protein, has been known to inhibit two
main types of programmed cell death, apoptosis and pyropto-
sis, and was recently found to be associated with cancers and
inflammatory diseases. Distinct from its inhibitory role in cell
death, APIP was also shown to act as a 5-methylthioribulose-1-
phosphate dehydratase, or MtnB, in the methionine salvage path-
way. Here we report the structural and enzymatic characterization
of human APIP as an MtnB enzyme with a K,,, of 9.32 pM and a V5,
of 1.39 umol min~" mg~". The crystal structure was determined at
2.0-A resolution, revealing an overall fold similar to members of the
zinc-dependent class Il aldolase family. APIP/MtnB exists as a tetra-
mer in solution and exhibits an assembly with C4 symmetry in the
crystal lattice. The pocket-shaped active site is located at the end of
a long cleft between two adjacent subunits. We propose an enzy-
matic reaction mechanism involving Glu139* as a catalytic acid/base,
as supported by enzymatic assay, substrate-docking study, and se-
quence conservation analysis. We explored the relationship be-
tween two distinct functions of APIP/MtnB, cell death inhibition,
and methionine salvage, by measuring the ability of enzymatic
mutants to inhibit cell death, and determined that APIP/MtnB func-
tions as a cell death inhibitor independently of its MtnB enzyme
activity for apoptosis induced by either hypoxia or etoposide, but
dependently for caspase-1-induced pyroptosis. Our results establish
the structural and biochemical groundwork for future mechanistic
studies of the role of APIP/MtnB in modulating cell death and in-
flammation and in the development of related diseases.

squamous carcinoma | systemic inflammatory response syndrome

he programmed death of dangerous cells, either infected or
transformed, has critical importance for the survival of the
multicellular organism and therefore is also of great medical
relevance. APIP, Apaf-1 interacting protein, was initially iden-
tified as an inhibitor of apoptotic cell death induced by hypoxia/
ischemia and cytotoxic drugs (1). Recently APIP was also shown
to inhibit pyroptosis, an inflammatory form of cell death, in-
duced by Salmonella infection (2). Thus, APIP has been impli-
cated in two major types of programmed cell death: apoptosis
and pyroptosis. In apoptosis, APIP inhibits the mitochondrial
pathway involving caspase-9 but not the receptor pathway in-
volving caspase-8 (1, 3). In pyroptosis, APIP’s inhibitory function
was recently revealed in a functional genetic screen for the SNP
associated with increased caspase-1-mediated cell death in re-
sponse to Salmonella infection (2) and subsequently confirmed by
cell viability assays (2, 4). Intriguingly, other SNPs near APIP were
found in patients suffering from systemic inflammatory response
syndrome (2), which further implicates APIP in inflammation.
Distinct from its inhibitory role in the programmed cell death,
APIP was recently shown to act as an enzyme in the methionine
salvage pathway (2, 4). The amino acid sequence of human
APIP exhibits 23-26% identity to the previously characterized
Bacillus and yeast 5-methylthioribulose-1-phosphate dehy-
dratase (MtnB) (4). The methionine salvage pathway converts
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MTA (5-methylthioadenosine) to methionine through six en-
zymatic reaction steps, and MtnB is the third enzyme in the
pathway and catalyzes the dehydration of MTRu-1-P (5-meth-
ylthioribulose-1-phosphate) to DK-MTP-1-P (2,3-diketo-5-meth-
ylthiopentyl-1-phosphate) (Fig. 1B) (4, 5). In the absence of
methionine, cells supplemented with MTA exhibit decreased
viability when APIP expression is reduced (2, 4). These studies
indicate that APIP is an MtnB enzyme in the methionine salvage
pathway.

The methionine salvage pathway is found in all organisms,
from bacteria to plants and animals (6). The role of this pathway
is to recycle MTA, which is a by-product of the polyamine syn-
thetic process, back to methionine (Fig. 1B). The methionine
salvage pathway is beneficial as a means of recycling the sulfur
present in MTA because assimilation of sulfur is thermody-
namically costly (6). The metabolic importance of the pathway is
underscored in humans because methionine is one of the es-
sential amino acids needed to be provided through the diet, in
which it is one of the most limiting amino acids (6). Recently, the
methionine salvage pathway attracted medical interest because it
was implicated in cell death and inflammation and diseases as-
sociated with these processes. For example, metabolites such as
MTA and 2-keto-4-methylthiobutyrate (KMTB) have effects of
apoptosis induction (6-9). MTA was also shown to induce cas-
pase-1-dependent pyroptosis in the inflammatory response to
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Fig. 1. APIP as an MtnB enzyme in the methionine salvage pathway. (A) Initial reaction rate was plotted at seven different concentrations of the substrate
MTRu-1-P for Michaelis-Menten kinetic analysis. Data represent mean values with SE from three independent measurements. (B) Methionine salvage pathway
characterized in Homo sapiens and Saccharomyces cerevisiae converts MTA to methionine (Met) through the common six enzymatic reactions. Dashed line
represents B. subtilis methionine salvage reaction steps distinct from H. sapiens and S. cerevisiae. Gray colored enzymatic steps and metabolites represent
biochemical links that are not conceptually part of the methionine salvage pathway. AdoMet, S-adenosyl-I-methionine; dAdoMet, decarboxylated AdoMet;
DHK-MTPene, 1,2-dihydroxy-3-keto-5-methylthiopentene; HK-MTPenyl-1-P, 2-hydroxy-3-keto-5-methylthiopentenyl-1-phosphate; Met, I-methionine; MTOB,

4-methylthio-2-oxobutyrate; MTR, 5-methylthioribose.

bacterial infection (2). In addition, the 5-methylthioadenosine
phosphorylase (MTAP, which catalyzes the first step) is a tumor
suppressor implicated in a various human cancers (6, 10), and aci-
reducton dioxygenase 1 (ADI1, also called MtnD, which catalyzes
the fifth step) has a similar role in prostate cancer (11, 12). Hu-
man APIP/MtnB, which is the focus of the present study, is an-
other example of a methionine salvage enzyme that is implicated
in cell death and inflammation. APIP/MtnB was recently repor-
ted to be up-regulated in squamous carcinoma cells from tongue
and larynx (13) and down-regulated in the cells and tumors of
non-small-cell lung carcinoma (14). In addition, APIP/MtnB is
implicated in inflammatory conditions that likely involve caspase-
1-dependent pyroptosis, such as systemic inflammatory response
syndrome (2).

Studies of APIP/MtnB to date have focused mainly on its
functional role either in cell death or in methionine salvage. To
gain a better understanding of APIP/MtnB at a molecular and
biochemical level, we carried out a structural and biochemical
characterization in this study. The MtnB enzyme activity of APIP
was verified by an in vitro enzyme assay. In addition, the crystal
structure was determined at 2.0-A resolution, which revealed
details of the active site architecture and led to a proposed
catalytic mechanism. Furthermore, we explored the relation-
ship between two distinct functions of APIP/MtnB, cell death
inhibition, and methionine salvage, by testing its enzymatic
mutants derived from the crystal structure for their ability to
inhibit two main types of programmed cell death: pyroptosis
and apoptosis.

Results and Discussion

APIP Is an MtnB Enzyme in the Methionine Salvage Pathway. APIP
was predicted to be an MtnB enzyme in the methionine salvage
pathway by a recent bioinformatic analysis of the primary sequence
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(4), which was supported by cell viability assays from two in-
dependent studies, as noted above (2, 4). We tested the MtnB
enzyme activity of human APIP in an in vitro enzyme assay. The
preparation of MTRu-1-P, the substrate of MtnB, was not suc-
cessful because of the difficulties in purification after synthesis. So
MTRu-1-P was indirectly supplied to the assay system by addition
of MtnA enzyme, which precedes the MtnB reaction in the
methionine salvage pathway, and its substrate, MTR-1-P (meth-
ylthioribose-1-phosphate) (Fig. 1B). The concentration of
MTRu-1-P was calculated from the equilibration constant be-
tween MTR-1-P and MTRu-1-P. More details are described in
Materials and Methods. Product formation was measured by
monitoring the increase in absorbance at 280 nm for the re-
action coupled to Bacillus 2,3-diketo-5-methylthiopentyl-1-
phosphate enolase (MtnW), which follows the MtnB enzyme in
the bacterial methionine salvage pathway (Fig. 1B). MtnB en-
zyme activity of APIP was evident, with V,,,,, of 1.39 ymol min™"
mg~" and K,, of 9.32 uM deduced from the reaction rates
measured at seven different substrate concentrations (Fig. 14).
The observed MtnB enzyme activity for APIP is consistent with
recent reports that reduced APIP expression caused decreased
viability in cells supplemented with MTA as a source of me-
thionine and that the overexpression of APIP decreased cellular
MTA levels (2, 4). The results from our enzymatic assay indicate
that human APIP is the MtnB enzyme responsible for the de-
hydration step converting MTRu-1-P to DK-MTP-1-P in the
methionine salvage pathway (Fig. 1).

Overall Structure of APIP/MtnB. The crystal structure of APIP/
MtnB was determined by the multiwavelength anomalous dif-
fraction method using the bromide ion as an anomalous scatterer
for phasing. The structure was refined to 18.3% of Ry, and
22.0% of Ry at 2.0-A resolution, and the details of the crystal-
lographic analysis are summarized in Table S1. The asymmetric
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Fig. 2. Overall fold of APIP/MtnB and its tetrameric assembly. (A) The monomeric APIP/MtnB structure is sketched in ribbon representation. An active site zinc
jon is shown in a gray ball. (B) Tetramer assembly of APIP/MtnB in C4 symmetry is observed in an asymmetric unit of the crystal lattice. Zinc ions are rep-
resented as balls colored similarly as the corresponding subunits embracing them. (C) SEC-MALS shows that APIP/MtnB exists as a tetramer in solution.

unit contains four APIP/MtnB molecules forming a tetramer with
C4 symmetry (Fig. 2B). The final refined model contains residues
20-242 and one zinc ion for each APIP/MtnB molecule. The
monomer consists of a central nine-stranded p-sheet (S1-S9)
flanked on both sides by five a-helices (H1-HS5) and four 344
helices (G1-G4) (Fig. 24). The overall fold shows close similarity
to members of the class II aldolase family, including FucA [L-
fuculose 1-phosphate aldolase; Protein Data Bank (PDB) ID
1FUA], RhuA (r-rhamnulose-1-phosphate aldolase; PDB ID
10JR), and RibE (L-ribulose-5-phosphate 4-epimerase; PDB
ID 1JD1) (15-17), as analyzed by structural alignment using the
DALI server giving Z-scores of 18.6-23.1 for 179-197 aligned
residues (18). In particular, the strand order and direction, 6-71-
81-9-51-1}-21-3|-41, of the central p-sheet is conserved between
APIP/MtnB and the aforementioned class II aldolase family
members, and noticeable structural variations reside mainly in the
surrounding helices.

APIP/MtnB, similar to other members of the class II aldolase
family, forms a tetramer of C4 symmetry in the crystal lattice. We
investigated whether APIP/MtnB exists as a tetramer in solution
by measuring the mass using multiangle light scattering (MALS)
coupled with size-exclusion chromatography. The measured
mass was 104.4 kDa, which is exactly four times the monomeric
molecular mass of 26.1 kDa, indicating that APIP/MtnB exists
as a tetramer in solution (Fig. 2C). The interface between ad-
jacent subunits covers 2,114-2,865 Az, which is in the range of
a relatively large protein—protein interface area (19). The in-
terface on one subunit is located at the edge of the central
B-sheet and involves three loop regions (L[H1-S1], L[S7-H4],
L[S8-S9]), helix H3, and the 3 helix G1. The interface on the
other subunit is composed mainly of a helix HS, part of helix H1,
and the 3, helix G4.
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Active Site Architecture and Catalytic Mechanism. During the struc-
ture refinement, a strong spherical electron density was found
near the imidazole groups of three histidine residues (His115,
His117, and His195). The density is connected to the NE2 atoms
of the three imidazole rings of these histidine residues even at
a 2.5 o contour level of an omit map. We assigned this density to
a zinc ion in analogy to the other class II aldolase family mem-
bers, which are all zinc-dependent (15-17). To confirm the
presence of the zinc ion in APIP/MtnB, we performed an X-ray
fluorescence spectroscopy analysis on the APIP/MtnB crystal.
The wavelength scan around the K edge of zinc atom clearly
showed a peak at 9,671.1 eV (Fig. SLA4). Moreover, the data set
collected at the wavelength of the peak, 1.28201 A, further con-
firmed the presence of the zinc ion: its anomalous difference map
showed a strong density at the position of the modeled zinc ion in
the active site at the contouring level of 5 ¢ cutoff (Fig. S1B).
Because zinc ions had not been added during sample preparation,
these results suggest that APIP/MtnB acquired the zinc ion inside
the cell on culturing and bound to it tightly. A pocket-shaped
active site, defined by the presence of the catalytic zinc ion, is lo-
cated at one end of a long cleft along the subunit interface (Fig. 3B).
The zinc ion is octahedrally coordinated by six ligands: three histi-
dine residues (His115, His117, and His195) and three water mole-
cules (Fig. 34).

Near the zinc ion, the surface of the active site pocket is
formed by several residues, including Cys97, Tyr198, Glu139*%,
Lys142*, and Asnl66. Of these, Cys97, Glul39*, and Tyr198
form hydrogen bonds with the three water molecules that co-
ordinate the zinc ion (an asterisk indicates that the residue is
contributed by the neighboring subunit) (Fig. 34). Notably,
Glul139* is firmly positioned by the hydrogen bonds with Lys142*
and Asnl66, and these three residues are absolutely conserved
from bacteria to humans, which strongly implies that Glu139*

Kang et al.
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Fig. 3. Active site architecture and the catalytic mechanism. (A) Structural features of the active site are represented. The features contributed by the one
subunit are colored in pink, and the adjacent subunit in green. Hydrogen bond is represented as a dotted line in gray, and the coordination between zinc and
ligand in black. A pink ball is for the zinc ion, and red balls for water molecules. Asterisk denotes the residues contributed from the adjacent subunit. (B)
Surface is represented with the docked substrate, MTRu-1-P, from the same view as Fig. 2B, Lower. (C) Substrate binding mode is sketched from the docking
model with the same representing scheme and color code as in A and B. (D) Data represent mean relative specific activities of mutants with SE of three
independent measurements. The wild type’s specific activity is set to 100%. (E) Proposed catalytic mechanism, starting from the substrate-bound state (Left),
which corresponds to the docking model. (Right) Active site observed in the crystal structure.

plays a critical role in catalysis (Figs. 34 and 4). This is further
discussed below with a proposed catalytic mechanism.

Structural information about the substrate-binding mode can
provide insight into the catalytic mechanism and the related roles
of the active site residues. To obtain this information for APIP/
MtnB, we deduced a substrate-docked model using AutoDock4
(20) because determining the structure of the substrate-bound
state was hampered by difficulties in preparation of the sub-
strate, MTRu-1-P. The top solution, with an estimated free
energy of binding of —4.98 kcal/mol, shows a reasonable sub-
strate-bound structure as assessed by comparison with pre-
viously reported crystal structures of other class II aldolase
family members, FucA and RhuA, in complex with their common
substrate analog, PGH (phosphoglycolohydroxamate) (PDB IDs
4FUA and 1GT7) (15, 16). The overall binding of MTRu-1-P to
APIP/MtnB is very similar to PGH bound to FucA and RhuA.
The phosphate group of MTRu-1-P is bound deep within the
pocket, and two oxygen atoms, O2 and O3, coordinate to the zinc
ion, in a manner similar to PGH-bound structures of FucA and
RhuA (Fig. 3C) (15, 16). More importantly for the catalytic
mechanism, O3 and O4 of MTRu-1-P are hydrogen-bonded
to Glul39* and Cys97, respectively (Fig. 3C), as discussed
further below.

The substrate-docked model led us to propose an enzyme
reaction mechanism involving Glu139* as a catalytic acid/base
(Fig. 3E). The leftmost sketch in Fig. 3E is a simplified pre-
sentation of the active site occupied by the substrate, MTRu-1-P,
shown in Fig. 3C. In the first step of the proposed mechanism,
Glul39* abstracts a proton from C3 of MTRu-1-P, and the hy-
droxide is removed from C4 to coordinate the zinc ion, resulting in
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enol formation. The second step is a thermodynamic slide from
enol to keto by tautomerization, which results in the di-keto
product DK-MTP-1-P. In the third step, Glu139* donates a pro-
ton to the hydroxide ion, and the product DK-MTP-1-P diffuses
out of the active site. As water molecules come in, the active site
returns to the state observed in the crystal structure, with three
water molecules coordinating the zinc ion together with three
histidine residues to form the octahedral coordination geometry
(Fig. 34 and the rightmost sketch of Fig. 3E). It is important to
note that Glul139* is precisely positioned toward C3 of MTRu-1-
P through hydrogen bonds with Lys142* and Asnl66 in the
substrate-docked model, which explains the absolute conservation
of these three residues from bacteria to eukaryotes (Figs. 3C and
4 and Fig. S2). In addition, the mutation of Glul39* abolished
the enzyme activity almost completely, which further suggests that
Glul39* plays a critical role in catalysis (Fig. 3D).

Inhibition of Cell Death by APIP/MtnB and Its Enzymatic Function. As
noted above, APIP/MtnB was first identified in our previous
studies as an inhibitor of caspase-9-dependent apoptosis induced
by ischemic/hypoxic injury or by cytotoxic agents such as etopo-
side and cisplatin (1, 3). Recently it was reported that APIP/
MtnB inhibits not only the caspase-9—dependent apoptosis but
also the caspase-1-dependent pyroptosis (2). We investigated
whether the inhibition of two main types of programmed cell
death by APIP/MtnB is associated with its MtnB enzymatic ac-
tivity by testing the enzymatic mutants for the ability of cell death
inhibition. For pyroptosis assay, the death of HeLa cell is in-
duced by caspase-1 overexpression, and the APIP/MtnB en-
zymatic mutants were evaluated for the ability of cell death
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---- 244 Interaction with phosphate group of MTRu-1-P
e 202 Interaction with methylthio group of MTRu-1-P
---- 205 zn  Zinc coordination

Fig. 4. Alignment of APIP/MtnB sequences. The sequences are retrieved from UniProtKB database (http://www.uniprot.org).

inhibition. The Q96A mutant inhibited the cell death in a degree
approximately half that of the wild type, and the other three
mutants, C97A, E139A, and H115A, lost almost all ability of cell
death inhibition (Fig. 54). These results correlate well with the
enzymatic assay in which the mutants lost the enzymatic activity to
similar degrees; the Q96A mutant retained 36.2% of the enzymatic
activity of the wild type, and the other three mutants, C97A,
E139A, and H115A, exhibited less than 6% (Fig. 3D). In par-
ticular, the mutation of Glu139, a catalytic acid/base, caused the
largest defect commonly in both functions of cell death in-
hibition and MtnB enzyme catalysis (Figs. 54 and 3D). These
results suggest that the APIP/MtnB inhibits the cell death in-
duced by caspase-1 overexpression in a manner dependent upon
its MtnB enzyme activity.

For caspase-9-dependent apoptosis assay, we tested the APIP/
MtnB mutants in both hypoxic and cytotoxic conditions in which
APIP/MtnB was previously shown as an inhibitor of apoptosis
(1, 3). In the hypoxia-induced cell death assay, all four mutants
inhibited the death of HeLa cells to a similar degree as the wild
type (Fig. 5B). Given that these mutants exhibited decreased
MtnB enzyme activity (partial for Q96A and almost complete for
the other three mutants; Fig. 3D), these results suggest that the
inhibition of hypoxic cell death by APIP/MtnB is not dependent
upon its MtnB enzyme activity. In the etoposide-induced cell
death assay, three of the mutants, Q96A, C97A, and H115A,
showed similar levels of cell death inhibition as the wild type, and
E139A exhibited a significantly lower level (Fig. 5C). The im-
portant point of these results is that the degrees of inhibition of
etoposide-induced cell death by the wild type and the mutants do
not correlate with their MtnB enzyme activities (Fig. 3D). For
example, the C97A, H115A, and E139A mutants lost almost all
MtnB enzyme activity (Fig. 3D). However, C97A and H115A
mutants show a similar level of cell death inhibition as the wild
type, and the E139A mutant shows a significantly lower level
(Figs. 3D and 5C). The lack of correlation implies that the in-
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hibition of etoposide-induced cell death by APIP/MtnB is not
dependent upon its MtnB enzyme, same as for the hypoxia-
induced cell death. These results are consistent with the recent
study by Ko et al. (2), in which overexpression of the C97A
mutant resulted in a dominant negative phenotype that ren-
dered cells unable to use MTA as their source of methionine,
but still showed the retained ability to inhibit the cell death
induced by caspase-9 overexpression (2).

Cell Death and Methionine Salvage Pathway. Given that APIP is an
MtnB enzyme as well as a cell death inhibitor, it leads to the
question as to how these two distinct functions are related to each
other. As shown above, the inhibition of pyroptosis by APIP/
MtnB is dependent on its MtnB enzymatic function. In the recent
study by Ko et al. (2), the exogenous addition of MTA, the
starting substrate for the methionine salvage pathway, resulted in
an enhancement of pyroptosis, as did decreased APIP expression,
implying that the inhibition of pyroptosis by APIP/MtnB must be
mediated by MTA. This mechanism may explain why the APIP/
MinB enzymatic mutants failed to inhibit caspase-1-induced cell
death; overexpression of the mutants caused the defect in me-
thionine salvage pathway and the accumulation of MTA, which
resulted in their failure to inhibit the pyroptosis. The proin-
flammatory state has an increased demand for methionine to
support leukocyte proliferation and synthesis of acute phase
proteins and polyamines (2, 21), thus it was proposed that this
demand explains the link between pyroptosis and MTA (2).
In contrast to pyroptosis, the antiapoptotic function of APIP/
MtnB is not dependent upon its MtnB activity, as shown here
and by Ko et al. (2) in different experimental conditions. What
then is the mechanism of apoptosis inhibition by APIP/MtnB?
We showed in previous studies that APIP/MtnB suppresses
hypoxic/ischemic cell death by two different mechanisms (1, 3).
APIP/MtnB competes with procaspase-9 for binding to Apaf-1
and thereby inhibits the activation of caspase-9 (1). In addition,
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Fig. 5.

Evaluation of APIP/MtnB enzymatic mutants for the inhibition of cell death. (A) Caspase-1-induced cell death. (Left) HeLa cells were transiently

cotransfected with pEGFP and the indicated constructs for 18 h. After staining with 0.5 pg/mL ethidium homodimer (EtHD), cell death rates were measured by
counting the number of both GFP- and EtHD-positive cells among total GFP-positive cells after staining with EtHD. Ev, empty vector. Values indicate mean +
SD (n = 3). (Right) Whole-cell extracts were prepared and subjected to Western blotting using the indicated antibodies. (B) Hypoxia-induced cell death. HelLa
cells were transiently cotransfected with pEGFP and the indicated constructs for 24 h and then exposed to a hypoxic condition of 1% O, for 48 h. Cell death
rates were measured by trypan blue exclusion assay; bars represent mean + SD (n = 3). (C) Etoposide-induced cell death. (Left) Hela cells were transiently
cotransfected with pEGFP and the indicated constructs for 24 h and then treated with 40 1M etoposide for 36 h. After staining with 0.5 pg/mL EtHD, cell death
rates were measured by counting the number of both GFP- and EtHD-positive cells among total GFP-positive cells. Bars indicate mean + SD (n = 3). (Right) Cells
were treated the same as described above in the presence or absence of 10 uM IDN-6556. Western blotting was performed with the indicated antibodies.

PARP-1, poly(ADP ribose) polymerase-1.

APIP/MtnB activates AKT and ERK1/2, which inactivate cas-
pase-9 by phosphorylation (3). These mechanisms provide a
possible explanation for why APIP’s role in the inhibition of
apoptosis is independent of its MtnB enzyme activity, as shown
for the cell death induced by hypoxia or etoposide in the present
study and by caspase-9 overexpression in the recent study by
Ko et al. (2). Furthermore, the antiapoptotic function of APIP/
MtnB may involve interaction with the proteins affecting apopto-
sis, such as Apaf-1 or proteins in AKT and ERK1/2 signaling
pathways. In this regard, it is tempting to speculate that some
conserved surface residues may be responsible for such inter-
actions. Thus, we identified conserved surface residues by align-
ing APIP/MtnB sequences of four different multicellular model
organisms—human, fruit fly, plant, and yeast (Fig. S3)—and by
locating them on the molecular surface (Fig. 64). Even though
most of the conserved residues are located in the active site and
tetrameric interface as expected, two small conserved surface
patches were found distantly from the active site and the in-
terface. Specifically, one patch is composed of Asp72 and Lys90,
and the other of Tyr184 and Prol185. To find out which residue
among them may play a possible role in protein—protein in-
teraction for apoptosis inhibition, we examined their mutational
effects on APIP/MtnB’s function inhibiting cell death (Fig. 6). We
prepared four single mutants (D72A, K90A, Y184A, and P185A)
and two double mutants (D72A/K90A and Y184A/P185A) and
tested the mutants for the ability to inhibit pyroptosis and apo-
ptosis in the same experimental settings used for the enzymatic
mutants of Fig. 5 4 and C, respectively. All of the tested surface
mutants showed a similar level of pyroptosis inhibition as the wild
type, which perhaps is because the surface residues are located
distantly from the active site so that their mutation could not
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affect the catalytic activity. These results are consistent with the
notion that pyroptosis inhibition by APIP is dependent upon
its MtnB enzyme activity. For apoptosis inhibition, two mu-
tants, K90A and D72A/K90A, showed significant loss of ap-
optosis inhibition activity, and all of the other mutants, in
contrast, showed a similar level of apoptosis inhibition as the
wild type. Considering that the single mutant of D72A retains
a similar level of apoptosis inhibition activity as the wild type,
the mutation of Lys90 seems to cause the loss of apoptosis
inhibition activity observed for the double mutant D72A/K90A
as for the single mutant K90A. These results may imply that
Lys90 plays a role in apoptosis inhibition, presumably through
protein—protein interaction in the apoptosis signaling pathways
mentioned above.

The role of the methionine salvage pathway in metabolism is
to recycle the sulfur-containing byproduct of the polyamine
synthesis and convert it into one of the essential amino acids.
Apart from its metabolic importance, there is a strong medical
interest in the pathway stemming from findings that implicate
the component enzymes (MTAP, MtnD/ADI1, MtnA/MRD1)
and metabolites (MTA and KMTB/MTOB) in cancers and in-
flammatory diseases (2, 6, 9-11, 22). Human APIP/MtnB is
another example of a methionine salvage enzyme that is im-
plicated in these diseases. The involvement of APIP/MtnB in
cell death and inflammation may indicate that it plays a role in
the establishment of these related diseases; recent clinical
studies reported that APIP expression is up-regulated in squamous
carcinoma cells from tongue and larynx (13) or down-regulated in
the cells and tumors of non-small-cell lung carcinoma (14). In
addition, APIP is associated with inflammatory diseases, such as
systemic inflammatory response syndrome and cystic fibrosis (2,
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Fig. 6.

Evaluation of APIP/MtnB surface mutants for the inhibition of cell death. (A) The conserved residues on the molecular surface are colored in blue as in

Fig. S3. Outside the active site and the tetramric interface, two conserved patches are found: one patch consists of D72 and K90, and the other of Y184 and
P185. (B) Caspase-1-induced cell death. (Left) HelLa cells were transiently cotransfected with pEGFP and the indicated constructs for 18 h. After staining with
0.5 pg/mL EtHD, cell death rates were measured by counting the number of both GFP- and EtHD-positive cells among total GFP-positive cells after staining
with EtHD. Values indicate mean + SD (n = 3). (Right) Whole-cell extract were prepared and subjected to Western blotting using the indicated antibodies. (C)
Etoposide-induced cell death. (Left) HeLa cells were transiently cotransfected with pEGFP and the indicated constructs for 24 h, and then treated with 40 uM
etoposide for 36 h. After staining with 0.5 pg/mL EtHD, cell death rates were measured by counting the number of both GFP- and EtHD-positive cells among
total GFP-positive cells. Bars indicate mean + SD (n = 3). (Right) Whole-cell extracts were prepared and subjected to Western blotting using the indicated

antibodies.

23). Thus, future studies of APIP/MtnB should aim to elucidate
the detailed molecular mechanism of how APIP/MtnB mod-
ulates cell death and inflammation and contributes to the
development of related diseases. Our current structural and
biochemical characterization of APIP/MtnB lays the ground-
work for those future studies.

Materials and Methods

Structure Determination. Several constructs of APIP/MtnB were tested for
expression in an Escherichia coli system, and then the best behaving sol-
uble construct encompassing residues 20-242 was chosen for the crystal-
lographic study. Details for the preparation of recombinant APIP/MtnB
protein and the crystal samples were reported previously (24). Structure
was determined at 2.4-A resolution by multiwavelength anomalous dif-
fraction (MAD) method using Br as an anomalous scatterer. For NaBr
soaking, the native crystal of APIP/MtnB was transferred to the cry-
oprotecting solution containing 0.1 M NaBr in addition to the ingredients
described previously (24) and then was put therein for 30 s before flash-
cooling. MAD data were collected at three wavelengths of the peak, the
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inflection, and the high-energy remote. The SOLVE/RESOLVE software
package was used for the location of anomalous scatterers, phase calcu-
lation, density modification, and initial model building (25). Subsequent
manual model rebuilding and refinement was performed iteratively
against the data at 2.0-A resolution by using Coot (26), Refmac (24), and
CNS (27). A Ramachandran plot for the final model was generated by
Dynarama in Coot (26). Statistics for phasing and structure refinement are
summarized in Table S1.

Site-Directed Mutagenesis. Mutants of APIP/MtnB were generated by the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). Expression and
purification of the mutants were done following the same protocol as for the
wild type (24).

Size Exclusion Chromatography Combined with MALS. Size exclusion chroma-
tography-MALS (SEC-MALS) measurement was performed on the AKTA basic
system (GE Healthcare) connected to a miniDAWN TREOS (Wyatt Technology).
A Superdex-200 HR 10/300 GL column (GE Healthcare) was used with the buffer
of 20 mM Tris-HCI (pH 8.0), 0.1 mM TCEP, 100 mM Nadl, and 5% (volivol)
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glycerol at a flow rate of 0.5 mL/min. BSA (NEB) was used as reference to
determine the detector delay volume and normalization coefficients.

Enzyme Assay. Michaelis-Menten kinetics. MtnB enzyme activity of APIP/MtnB
was assayed by measuring the increase of absorbance at 280 nm for HK-
MTPenyl-1-P produced in the reaction coupled with Bacillus MtnW. The sub-
strate MTRu-1-P was prepared beforehand in 100 pL of the reaction mixture
containing 50 mM Tris-HCl (pH 7.5), 1 mM MgCl,, 28 ng of Bacillus methyl-
thioribose-1-phosphate isormerase (MtnA), and seven different concen-
trations of MTR-1-P. The exact MTRu-1-P concentration in the reaction mix-
ture was calculated from the equilibrium constant between MTRu-1-P and
MTR-1-P ([MTRu-1-PJ/[MTR-1-P] = 6.0). MTR-1-P was synthesized as previously
described (28, 29). The reaction was started by adding the limiting amount
(0.3 pg in 0.2 pL) of the APIP/MtnB protein to the reaction mixture and
was monitored at 280 nm with an HP 8453 UV-Visible Spectrophotometer
(Hewlett Packard). The concentration of the product, HK-MTPenyl-1-P, was
calculated from its molecular extinction coefficient, 9.5 x 103 M~ cm™" at
280 nm. Three independent measurements were performed.

Relative activity of mutants to the wild type. The overall experimental procedure
is the same as above, except that 0.72 pg of APIP/MtnB protein sample is
added into the mixture for the start of the reaction. MTR-1-P was synthe-
sized as previously described (30). The reaction was monitored at 280 nm
with a DU 800 Spectrophotometer (Beckman Coulter). Three independent
measurements were performed.

Preparation of the methionine salvage pathway enzymes. Each gene for Bacillus
subtilis MtnK, MtnA, MtnW, or human MTAP was amplified from the ge-
nomic DNA (ATCC) or the ¢cDNA (Korea Human GenBank) by PCR and
inserted into pET16b vector (Novagen) or its derivative for the bacterial
expression in an N-terminally His-tagged form. Each protein is overexpressed
in the Rosetta2 (DE3) strain of E. coli (Novagen), transformed with the cor-
responding expression vector, and purified through a His-tag affinity column
and desalting column (GE Healthcare).

Docking in Silico. A 2D structure of the substrate, MTRu-1-P, was drawn, and
its 3D coordinates were produced in PDB format by the PRODRG Server (31).
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The coordinate were then converted into PDBQT format with united atom
types and partial charges for each atom type by AutoDock4 (20). The protein
model for docking was prepared by the removal of water molecules from
the final refined coordinates of APIP. Then the polar hydrogen atoms were
added and Kollman charges were assigned for all atoms in the model (20). A
grid map of 50 A x 50 A x 50 A with 0.503 A grid spacing was generated
around the active site zinc atom. The Lamarckian genetic algorithm was
applied, and 30 individual runs were performed for a 150 population size
with a 250,000 maximum number of energy evaluations (20).

Cell Death Assay. Hypoxia induction, etoposide treatment, and cell viability
measurement were done mainly in the same way as reported previously (1, 3).
HelLa cells were transiently cotransfected with pEGFP and pcDNA3-HA-APIP/
MtnB. For hypoxic cell death, the trypan blue exclusion assay was used for
cell death rate measurement. In the case of caspase-1-induced or etoposide-
induced cell death, the cell death rates were measured by counting the
number of both GFP- and EtHD-positive cells.

Preparation of Figures for Structure and Sequence Alignment. Structural fig-
ures were generated from the coordinates of the crystal structure and the
substrate-docked model by using the PyMOL Molecular Graphics System
(Schrédinger). Sequence alignment was performed using ClustalX2 (32) and
edited by JalView (33).
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