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STRUCTURAL BIOLOGY

Cryo-EM structure of the bacterial intramembrane
metalloprotease RseP in the substrate-bound state

Kikuko Asahi't, Mika Hirose?t, Rie Aruga11', Yosuke Shimizu3t, Michiko Tajiri11', Tsubasa Tanaka',
Yuriko Adachi', Yukari Tanaka', Mika K. Kaneko?, Yukinari Kato?, Satoko Akashi',
Yoshinori Akiyama3, Yohei Hizukuri3*, Takayuki Kato?*, Terukazu Nogi1*

Site-2 proteases (S2Ps), conserved intramembrane metalloproteases that maintain cellular homeostasis, are as-
sociated with chronic infection and persistence leading to multidrug resistance in bacterial pathogens. A struc-
tural model of how S2Ps discriminate and accommodate substrates could help us develop selective antimicrobial
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agents. We previously proposed that the Escherichia coli S2P RseP unwinds helical substrate segments before
cleavage, but the mechanism for accommodating a full-length membrane-spanning substrate remained unclear.
Our present cryo-EM analysis of Aquifex aeolicus RseP (AaRseP) revealed that a substrate-like membrane protein
fragment from the expression host occupied the active site while spanning a transmembrane cavity that is inac-
cessible via lateral diffusion. Furthermore, in vivo photocrosslinking supported that this substrate accommoda-
tion mode is recapitulated on the cell membrane. Our results suggest that the substrate accommodation by
threading through a conserved membrane-associated region stabilizes the substrate-complex and contributes to

substrate discrimination on the membrane.

INTRODUCTION

Intramembrane proteases (IMPs) that catalyze peptide bond hydro-
lysis within the membrane have been identified in all three domains
of life. Of them, IMPs that cleave transmembrane (TM) segments of
their substrates have been classified into three distinct families based
on the catalytic type: site-2 protease (S2P), presenilin/signal peptide
peptidase, and rhomboid (1, 2). IMPs are implicated in signal trans-
duction by releasing signaling molecules and in membrane proteos-
tasis by removing unnecessary polypeptides from the lipid bilayer
(3-5). As IMPs regulate diverse cellular processes, their dysregula-
tion is also known to cause several types of human diseases such as
cancer, Alzheimer’s disease (6, 7), and Parkinson’s disease (8). Among
the three IMP families, S2P is classified as the metalloprotease-type
IMP (9). In eukaryotes, S2Ps have been shown to activate membrane-
spanning precursors of transcription factors to regulate sterol ho-
meostasis and endoplasmic reticulum stress responses (10-12). S2P
homologs identified in bacteria are involved in similar cellular pro-
cesses such as mediating signal transduction in envelope synthesis
and stress responses (13, 14). Furthermore, S2P function is related to
chronic infection and persistence that leads to multidrug resistance
(15). In Mycobacterium tuberculosis, deletion of an S2P homolog
gene largely attenuates both acute and chronic infection (16). It has
been reported that the Vibrio cholerae S2P homolog is involved in
pathogenicity and entering dormancy (17). Finding inhibitors that
target S2P homologs in pathogens is expected to lead to the develop-
ment of antimicrobial agents, but inhibitors that directly target active
site residues will likely cause severe adverse effects by disturbing the
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activities of human S2P and many soluble metalloproteases. Thus,
exploring an allosteric site that is unique to each specific S2P homo-
log could inform rational design of selective inhibitors.

Regarding physiological function and the regulation of cleavage,
Escherichia coli RseP (EcRseP) is one of the best characterized mem-
bers in the S2P family and classified as the group I S2P, which in-
cludes human S2P and most of the S2P homologs related to virulence
in pathogens. EcRseP was first identified in the signaling process for
extracytoplasmic stress response, where it cleaves a membrane-
spanning anti-sigma factor RseA to release and activate 6" (18-20).
EcRseP also cleaves the sigma factor regulator FecR to induce gene
expression in the ferric citrate uptake system (21). It has also been
shown that EcRseP contributes to quality control in the cell mem-
brane by degrading remnant signal peptides derived from secreted
proteins (22). Furthermore, EcRseP cleaves an endogenous toxin
HokB, which induces persister formation in E. coli. EcRseP sup-
presses HokB cytotoxicity via intramembrane proteolysis (23), rais-
ing a possibility that EcRseP is implicated in the awakening of the
HokB-induced persister. In addition, systematic cleavage analysis
has shown that 13 other small membrane proteins are potential sub-
strates for EcRseP (23). All EcRseP substrates identified so far are
single-pass TM proteins with an N-in/C-out topology but show no
obvious homologies on the primary structure. Nevertheless, EcRseP
is suggested to perform the intramembrane proteolysis not in pro-
miscuous manners, but rather in specific manners as the cleavage
analysis also showed that some of small membrane proteins with the
N-in/C-out topology were not efficiently cleaved by EcRseP (23).
Thus, structural data on EcRseP and its substrate-bound complex
are essential to elucidate the substrate discrimination mechanism.

We therefore performed crystallographic analysis and determined
a three-dimensional (3D) structure of EcRseP in complex with the
competitive inhibitor batimastat (fig. S1) (24). EcRseP is a four-TM
protein with an N-out/C-out topology, in which three TM helices
(TM1 to TM3) constitute a conserved catalytic core that coordinates
the active site zinc ion. EcRseP also has a conserved membrane-
reentrant 3 sheet (MREP sheet) close to the active site. Many soluble
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metalloproteases unwind their substrates before cleavage and bind it
as a strand addition to a  sheet near the active site (25). A similar
mechanism has been proposed for EcRseP based on mutational and
cross-linking analyses (26). The peptide-mimetic inhibitor batimastat
bound to the MREP sheet in an extended conformation comparable
to the strand addition in the crystal structure (24). In addition, the
binding of batimastat to MREP appeared to be stabilized by main
chain to side chain interactions with a highly conserved asparagine
residue on TM3. As the mutations of this Asn residue substantially
reduced the proteolytic activities, it is likely that the substrate cleavage
segment is also unwound by MREP and clamped by the conserved
Asn residue for efficient cleavage within the membrane.

The batimastat-bound EcRseP structure has deepened our under-
standing of the substrate cleavage mechanism, but it remained unclear
how a full-length substrate is accommodated in EcRseP. Batimastat
was bound in a hydrophilic cavity surrounded by the TM helices (TM-
cavity), which is likely the substrate-binding pocket (fig. S2). However,
the cavity appears inaccessible to membrane-spanning substrates if
substrates can only enter the cavity by lateral diffusion. EcRseP pos-
sesses tandemly arranged PDZ-N and PDZ-C domains (PDZ tandem)
and PDZ C-terminal (PCT) region on the periplasmic side. The peri-
plasmic PDZ domains and the PCT region are structural elements
unique to the bacterial group I S2Ps and suggested to be implicated in
the substrate discrimination and accommodation (27, 28). The crystal-
lographic analysis of EcRseP revealed that the PCT region consists of
two helices (PCT-H1 and PCT-H2) and an intervening loop with a
short 319 helix (PCT-loop) (24). The PCT region appears to restrict the
entry of the substrates because PCT-H1, PCT-H2, and PCT-loop form
ahole (PCT-hole) at the membrane surface and surround the periplas-
mic end of the TM-cavity (figs. S1 and S2). In contrast to the small-
molecule batimastat, membrane-spanning substrates will have more
limited degrees of freedom when entering the TM-cavity. The periplas-
mic region of the substrates is generally abundant in hydrophilic resi-
dues and would have difficulty in entering the PCT-hole through the
membrane. Alternatively, structure-based biochemical analyses raised
the possibility that the PCT-region, together with TM4, undergoes
gate-like structural changes to permit the substrate entry (24). Chemi-
cal modification and cross-linking analyses suggested that PCT-H2
movement is important for substrate cleavage. Consistent with this,
substrate cleavage was substantially reduced when an electrostatic in-
teraction that stabilizes the PCT-H2 conformation was disrupted by
mutating an aspartate on TM4. These observations suggest that TM4
and PCT undergo cooperative conformational changes during sub-
strate cleavage. A crystallographic analysis of an RseP ortholog from
the marine y-proteobacterium Kangiella koreensis (KkRseP) is also
consistent with a gate-like movement of the PCT region (fig. S1) (24).
In the KkRseP crystal structure, PCT-H2 and PCT-loop adopted a dif-
ferent conformation from that in the EcRseP crystal. This conforma-
tional difference is probably due to the crystal packing interactions. In
the KkRseP crystal, TM4 on the crystal packing neighbor docked to the
cleft created by the displacement of PCT-H2 and PCT-loop. The con-
formational flexibility required to adopt this conformation suggested
that PCT-H2 and PCT-loop have a propensity to undergo structural
changes through interactions with substrates. Nevertheless, the lack of
structural data for substrate-bound complexes prevented us from de-
termining the mechanism of structural changes and substrate binding.

To sample different conformational states, we further attempted to
perform cryo-electron microscopy single-particle analysis (cryo-
EM SPA) on EcRseP. However, we could not obtain high-resolution
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structural data due to its small size and high structural flexibility. Al-
ternatively, we performed cryo-EM SPA on an RseP ortholog from a
hyperthermophilic bacterium Aquifex aeolicus (AaRseP), which shares
a common domain organization with EcRseP and KkRseP (Fig. 1A),
and we obtained a well-resolved electron microscopy (EM) density
map by using the Fab of an anti-AaRseP monoclonal antibody as a fi-
ducial marker. Although no physiological substrates have been identi-
fied for AaRseP, a cell-based cleavage assay in E. coli confirmed that
AdaRseP can proteolyze the model substrate used for EcRseP (29). In
this study, we successfully obtained a 3.61-A resolution 3D reconstruc-
tion model for the active site mutant of AaRseP in complex with the
Fab. Unexpectedly, we observed that a ligand, presumably a polypep-
tide, was accommodated in the TM-cavity where the periplasmic C-
terminal tail of the polypeptide was located inside the PCT-hole. We
identified a candidate for the polypeptide ligand and confirmed that
AaRseP could cleave the proposed polypeptide on the membrane in
our cell-based assay. Using in vivo crosslinking, we also demonstrated
that the model substrate occupies the expected binding site in the TM-
cavity when AaRseP is expressed on the E. coli cell membrane. Our
results suggest that the substrate accommodation by threading the C-
terminal tail through the PCT-hole contributes to stabilization of the
Michaelis, or enzyme-substrate (ES), complex and substrate discrimi-
nation on the cell membrane, which will help us develop strategies for
selective regulation of intramembrane proteolysis by specific IMPs.

RESULTS
Cryo-EM SPA of AaRseP(WT)
We prepared a complex of AaRseP (47.8 kDa, not including the tag
and the zinc ion) with an antibody Fab fragment recognizing the
PDZ-N domain to produce a particle that is sufficiently large for struc-
ture determination by cryo-EM SPA. In addition, we obtained struc-
tural data at higher resolution by solubilizing the AaRseP[wild type
(WT)]:Fab complex with lauryl maltose neopentyl glycol (LMNG)
(fig. S3). During data processing, we found that the AaRseP(WT):Fab
particles showed variations in the orientation of the PDZ tandem with
respect to the TM region. We therefore performed discrete heteroge-
neity analysis by 3D classification and obtained a 3D reconstruction
model at 3.95-A resolution for one of the classes (Fig. 1B and figs. S4
to S6). The resolution was sufficient for us to assign atomic models to
the density maps using crystal structures for the PDZ tandem and Fab
and an AlphaFold2 prediction model for the TM domain (Fig. 1, C
and D). Despite the low resolution, the secondary structures in the
TM domain (TM1 to TM4, PCT-H1, PCT-H2, and MREP sheet)
agreed with the density maps well. In the final model, the Fab appears
to fix the orientation of the PDZ tandem by docking to the PDZ-N
domain in an orientation parallel to the membrane plane such that the
V1 domain of the Fab makes contacts with the detergent micelle that
covers the TM domain (Fig. 1B). The PDZ-N and PDZ-C domains
adopt the clam shell-like arrangement observed in other RseP ortho-
logs and form a pocket between them (PDZ-pocket; fig. S6) (24). In
the refined structure, the PDZ-pocket was located above the PCT-hole
that leads the TM-cavity where the active site for intramembrane
cleavage is located. The overall structure of AaRseP(W'T) is consistent
with the crystal structure of EcRseP, except that the orientation of the
two PDZ domains relative to the TM domain positions the PDZ-N
above the PCT-hole in the EcRseP structure (fig. S7, A and B).
During model building, we unexpectedly found a rod-shaped
residual density inside the AaRseP molecule that could not be
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Fig. 1. Cryo-EM structure of AaRseP(WT) complexed with Fab. (A) Domain organization of AaRseP. (B) EM density map for AaRseP(WT) complexed with Fab shown at
two different contour levels. The map at the higher contour level is colored to match the assigned atomic model. (C and D) Assigned atomic models and residual densities
shown in different views. The residual densities observed at 4c level in the F, — Fc map are shown as blue surface models. (E and F) TM region of AaRseP(WT) in different
views. Cutaway surface models of the TM region are shown with the residual densities (blue surface) relative to the plane of the membrane in cross-section (E) and top-
down (F) perspectives. (G) Close-up view of the active site. The side chains of zinc-coordinating residues and E18 that activates a water molecule for intramembrane
proteolysis are shown as stick models. The edge of the residual densities (blue transparent surface) is located close to the zinc ion.

assigned to any portion of the expressed construct. The density en-
tered the TM region from the PCT-hole, passed through the TM-
cavity, and reached the vicinity of the zinc ion in the active site.
Discontinuous but strong densities (>4c) were also observed in the
corresponding region of the F, — F. map calculated using the EM
density map and the refined atomic model (Fig. 1, D to G). To deter-
mine whether the orientation of the PDZ tandem is related to oc-
cupancy, we searched for ligand densities in all 3D classes. Residual
densities were best resolved in the selected 3D class but were ob-
served in all 3D classes. These observations suggested the presence
of a cleavage product from an E. coli membrane protein in the TM-
cavity. AaRseP may not have released the substrate from the bind-
ing pocket because of the nonphysiological nature of the E. coli
membrane protein substrate and of the expression in E. coli at 30°C
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compared to expression in Aquifex aeolicus at an optimal growth
temperature of 95°C (30).

Cryo-EM SPA analysis of AaRseP(E18Q) mutant

We next performed cryo-EM SPA on an active site mutant of AaRseP
to test if an uncleaved fragment could be observed in the TM-cavity.
Specifically, we introduced the E18Q mutation, which has been re-
ported to substantially reduce the substrate cleavage activity (29). We
prepared the AaRseP(E18Q) mutant in complex with the same Fab
used with AaRseP(WT) (fig. S8). We analyzed the conformational
heterogeneity in the mutant through two rounds of 3D classification.
We again observed rod-shaped densities within the TM region in all
classes and selected a 3D class that had well-resolved densities in the
TM region in each round of the 3D classification. Consequently, we
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obtained a final 3D reconstruction model at 3.61-A resolution (Fig. 2A
and figs. S9 to S11), enabling us to trace the backbone for almost all
residues including the PCT region (Fig. 2, B and C). In the resulting
structure, the PDZ-N domain is located just above the PCT-hole, an
orientation of the PDZ tandem relative to the TM region that differs
slightly from that in the 3D class analyzed for AaRseP(WT) (figs. S6,
S7,and S11). In the density map for the E18Q mutant, the rod-shaped
density was continuous from the PCT-hole to the MRE sheet at the
cytoplasmic side and comes in proximity to the active site zinc ion
(Fig. 2, B to F). The cytoplasmic tail of the density was longer than
that observed in the WT, and it aligned parallel to the edge strand of
MREp. The structural feature of the observed residual density is con-
sistent with the previously proposed mechanism of strand addition
for substrate docking. These observations support our hypothesis
that a fragment of an E. coli membrane protein that is cleavable by
AaRseP is accommodated in the TM-cavity.

Ligand identification by mass spectrometry and in vivo
cleavage experiments

We subsequently performed mass spectrometry (MS) to test the hy-
pothesis that a fragment of an E. coli membrane protein is accom-
modated in the TM-cavity. We first performed native MS analysis on
detergent-solubilized AaRseP(E18Q) and observed ions with charges
ranging from 10+ to 15+ under nondenaturing conditions (Fig. 3A).
By deconvoluting the observed mass/charge ratio (m/z) values, the
molecular mass of AaRseP(E18Q) was calculated to be 49,337.6 + 1.2,
which agrees with the theoretical value calculated from the protein

sequence. In the mass spectrum of the E18Q mutant, two other ion
series (marked with # and t in Fig. 3A) were also observed, corre-
sponding to molecular masses of 52,303.1 + 2.6 and 57,625.3 + 3.1.
These mass values indicate that some populations of the E18Q mu-
tant were associated with ligands of 2965.4 and 8287.6 Da, respec-
tively. In contrast, no intense peaks for ligand-bound complexes were
observed in the mass spectrum of AaRseP(WT) whose molecular
mass was calculated to be 49,338.7 + 1.6 (Fig. 3A). These observa-
tions suggest that the uncleaved polypeptide ligand binds to the ac-
tive site more stably in the E18Q mutant. We further attempted to
identify the ligands by separating the purified AaRseP(E18Q) sample
through micro-reversed phase chromatography (Zip-Tip) and ana-
lyzing the fractions by MS. Consequently, we observed a peak of the
isolated ligand at 2965.4 Da in addition to many background mass
peaks at low m/z region that likely reflect co-eluted small molecules.
In contrast, no ions corresponding to the 8287.6-Da ligand were ob-
served (Fig. 3B). This absence could reflect a low initial concentration
in the sample, depletion by the sample preparation, poor ionization,
dilution below the detection limit from the wider range of charge
states, or a combination of these factors. Subsequently, we further
performed MS/MS analysis on the 2965.4-Da ligand and confirmed
it to be a polypeptide by MS/MS analysis. Homology search using
partial sequence showed that the isolated polypeptide matched a par-
tial fragment of the E. coli endogenous enzyme heme o synthase
(CyoE; Fig. 3B) (31). CyoE is composed of 296 amino acid residues
and is predicted by AlphaFold2 to possess nine TM helices (https://
alphafold.ebi.ac.uk/entry/AOA7T2JMKO) (32). The identified region

Fab (H)

H21

Edge strand

Fig. 2. Cryo-EM structure of AaRseP(E18Q) complexed with Fab. Maps and models are shown for AaRseP(E18Q) complexed with Fab as in Fig. 1 (B to G). (A) EM density
map at two different contour levels. (B and C) Assigned atomic models and residual densities shown in different views. (D and E) Cutaway surface model of the TM region
in different views. (F) Close-up view of the active site. The side chains of zinc-coordinating residues and the mutated residue (Q18) are shown as stick models. The cyto-
plasmic tail of the residual density (blue transparent surface) is parallel to the edge strand of the MRE sheet.
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Fig. 3. Ligand identification by MS. (A) NanoESI mass spectra of AaRseP(WT) and AaRseP(E18Q) obtained under “near-native” condition [200 mM ammonium acetate
containing 0.032% (w/v) DDAO (pH 7.4)]. In AaRseP(E18Q), peaks of # (11 + ~14+) and t (12 4+ ~15+) correspond to molecular masses of 52,303.1 + 2.6 (+2965.4) and
57,625.3 + 3.1 (+8287.6), respectively, indicating two different ligands were bound to the protein. (B) Upper panel shows the mass spectrum of isolated ligands from an
acetone-precipitated AaRseP(E18Q) sample using micro-reverse phase chromatography with ZipTip C4. It is likely that a slight amount of chemicals co-eluted with the
ligand were observed at low m/z region. The bottom panel shows the MS/MS spectrum with the monoisotopic ligand mass [M+2H]*" at m/z 1483.71 indicated in green.
The ligand was identified from the product ions as GFSIIAITALSVMMSVDFMVPDSHTLLA (M = 2965.50, monoisotopic), corresponding to Gly-266 through Ala-293 from
CyoE, an endogenous E. coli enzyme. Observed b ions, y ions, and internal ions are indicated in red, blue and purple, respectively.

corresponds to Gly-266 to Ala-293, 28 residues from the hydropho-
bic region of TM9 to the C-terminal periplasmic tail (Fig. 4A) (33). 1t
is generally known that the S2P family members including RsePs
cleave single-pass TM segments with an N-in/C-out orientation. One
possibility is that a partial fragment of CyoE is generated during deg-
radation in the E. coli cell membrane. The TM9 fragment could then
be accommodated into the TM-cavity of AaRseP(E18Q) in the N-in/
C-out orientation that is consistent with that of typical S2P substrates.

To test if the TM9 fragment could be a substrate for AaRseP, we
performed an in vivo cleavage assay using model substrates of TM
fragments from substrate candidates fused to an N-terminal hemag-
glutinin (HA) tag and a maltose-binding protein (MBP). In our previ-
ous study, we constructed a model substrate that contains the TM1
sequence (Phe-9 to Phe-29) of E. coli Lacy, followed by the periplas-
mic residues of E. coli RseA (His-120 to Val-148), referred to as HA-
MBP-RseA(LY1)148 (Fig. 4, B and C) (34). Our previous results
showed that AaRseP can efficiently cleave HA-MBP-RseA(LY1)148
(29). In this study, we constructed a model substrate with the CyoE
fragment (Asp-257 to Val-281 on TM9 and Phe-282 to Trp-296 on the
C-terminal tail), referred to as HA-MBP-CyoE(TM9+Ctail) (Fig. 4, B
and C). We evaluated cleavage efficiencies based on the relative inten-
sity for cleaved/uncleaved model substrates when coexpressed with
AaRseP(WT) as compared to that with AaRseP(E18Q). Consistent
with our previous results, the uncleaved HA-MBP-RseA(LY1)148
band almost disappeared when coexpressed with AaRseP(WT). Sim-
ilarly, the accumulation of uncleaved HA-MBP-CyoE(TM9+Ctail)
was substantially reduced by coexpression with AaRseP(WT) as com-
pared to the condition with AaRseP(E18Q), indicating that the TM9
fragment can be a substrate for AaRseP (Fig. 4D). These observations
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are consistent with the residual density observed in the TM-cavity of
AaRseP(E18Q) representing a partial fragment of CyoE.

Binding mode of the substrate TM segment in the cavity

Following the results from the MS and biochemical analyses, we mod-
eled a polypeptide chain into the residual density by locating the N
terminus on the cytoplasmic side (MRE sheet side) and the C termi-
nus on the periplasmic side (PCT-hole side) (Fig. 5A). The resulting
model consisted of 15 amino acid residues, whereas the CyoE frag-
ment identified by the MS analysis was composed of 28 residues (Fig.
5, B and C). The main chain structure agreed well with the density
map, but we could not assign the sequence due to the low quality of
side chain densities. However, we could estimate the cleavage site
within the polypeptide chain based on the density map and the bind-
ing mode. The density for the backbone atoms in the third residue
appeared to be continuous with that of the zinc ion at the active site,
suggesting the coordination by the C=0 group (fig. S12). Thus, we
assigned this residue as the P1 site on the substrate because the P1
C=0 group generally coordinates the zinc ion in the Michaelis com-
plex of metalloproteases. The third residue is located closest to the
mutated catalytic side chain (E18Q) on TM1. In AaRseP(WT), a wa-
ter molecule located between the glutamate side chain and the zinc
ion would perform a nucleophilic attack to cleave the peptide bond
after the P1 site. From these positions, we assigned 15 residues in two
groups based on their location relative to the zinc ion, P3-P1 and
P1’-P12'. In the N-terminal region, the P3-P1 and P1'-P3’ residues
adopted an extended conformation and aligned antiparallel to the
edge strand (Leu-60 to Leu-66) of MREP sheet (Fig. 5D). The P1’
residue and Gly-62 are positioned to form a hydrogen bond between
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Fig. 4. In vivo cleavage of the CyoE model substrate by AaRseP. (A) AlphaFold2 prediction model of CyoE. The residues colored medium blue (G266 to A293) corre-
sponds to the fragment complexed with AaRseP(E18Q). The region including the residues colored cyan (D257 to W296) was used in the model substrate for the cleavage
assay. (B) Amino acid sequences of the TM and C-terminal periplasmic regions of each model substrate. (C) Schematic diagram of the model substrates. (D) In vivo cleav-
age assay. E. coli YK191 (ArseA ArseP) cells harbored plasmids for both substrate and protease: HA-MBP-RseA(LY1)148 (pYH124), HA-MBP-CyoE(TM9+Ctail) (pSY87), or
vector control (pSTD689) and another one for AaRseP-Hisg (0TM748) or its active site mutant (E18Q, pTM749). Cells were grown for 2 hours, and then, expression was in-
duced for 2 hours. Total cellular proteins were TCA-precipitated and analyzed by Laemmli SDS PAGE with anti-MBP or anti-His immunoblotting. An asterisk indicates a
nonspecific band serving as a loading control. Chr. MBP indicates endogenous MBP. A representative result from three biological replicates is shown.
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Fig. 5. Modeling the polypeptide ligand. (A) Overall structure of AaRseP(E18Q) with the assigned polypeptide ligand. (B and C) TM region in two different views. The
residual density is shown as a transparent blue surface. The assigned polypeptide ligand is shown as a stick model. (D to F) Close-up view of the regions around P3-P1 and
P1’-P3’ (D), P3’-P7’ (E), and P7’-P12’ (F). Hydrogen bonds between the main chain atoms of the polypeptide ligand and AaRseP are shown as cyan dotted lines.
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the main chain atoms. In addition, the backbone hydrogen bond do-
nors and acceptors on P2 and Val-64 appear oriented toward each
other and may form main chain to main chain interactions in some
bound conformations. This arrangement of the P3-P1 and P1'-P3’
residues is consistent with that suggested by the previous cross-linking
analysis on EcRseP (26). Cysteine residues that were introduced at
Tyr-69 and Lys-71 of EcRseP on the MREP sheet (corresponding to
Tyr-63 and Lys-65 on AaRseP) efficiently formed disulfide bridges
with the cysteine residue on the substrate, which supports the close
proximity of these residues to the substrate. Crystallographic analysis
of EcRseP in complex with batimastat suggested that this position of
the substrate backbone is clamped by the residue corresponding to
N371 (24), and this residue is highly conserved throughout the S2P
family. In our model, N371 on AaRseP was located close to the
substrate-like ligand (Fig. 5D) and in position to form hydrogen
bonds with the main chain atoms of the P2’ residue as expected. At
the P4’ site, the polypeptide chain shifts slightly to allow P4'-P7’ to
pass through a narrow part of the TM-cavity created by the PCT-loop
and F370 on TM3 (Fig. 5E). The P4’-P7’ residues also adopted an ex-
tended conformation and formed main chain to main chain interac-
tions with Thr-334 to Gly-336 on the PCT-loop. In contrast to the
N-terminal residues, the subsequent P8'-P12’ residues were assigned
a helical conformation (Fig. 5, A and F). These five C-terminal resi-
dues protruded from the TM-cavity and make few contacts with
AaRseP. The C-terminal region of the polypeptide ligand was sur-
rounded by the U-shaped arrangement of PCT-H1, PCT-loop, and
PCT-H2 on the membrane surface. This arrangement appears to pre-
vent the accommodated polypeptide chain from laterally diffusing
into or out of the TM-cavity.

In vivo photocrosslinking analysis to examine the substrate
accommodation inside the PCT-hole

In our assigned model, the substrate-like polypeptide is threaded
through the PCT-hole, which is inaccessible to a membrane-spanning
polypeptide without notable structural changes in the PCT region
and/or the polypeptide. However, the AaRseP molecule subjected to
the cryo-EM SPA was solubilized in detergent micelles, which may
permit a higher degree of freedom for the interactions between
AaRseP and the polypeptide compared to the membrane-bound
conformation. Given the possibility of structural changes, we could
not exclude the possibility that the substrate binding mode in the
lipid bilayer is different from that observed in the cryo-EM struc-
ture. We therefore attempted to examine whether substrates are ac-
commodated into the same site when AaRseP catalyzes proteolysis
within the cell membrane. For that purpose, we performed in vivo pho-
tocrosslinking analysis in E. coli using the model substrate HA-MBP-
RseA(LY1)148. We introduced p-benzoyl-L-phenylalanine (pBPA), a
photoreactive amino acid analog, into AaRseP(E18Q) at multiple
residues located on the inner wall of the TM-cavity (Fig. 6A). We
also introduced pBPA at position Y63 on the edge strand as a posi-
tive control (Fig. 6A). In EcRseP, the pBPA residue introduced at
Y69 (corresponding to Y63 on AaRseP) was efficiently cross-linked
with the endogenous RseA (24). As expected, a higher molecular
weight band (~80 kDa) for the cross-linked product appeared when
the E. coli expressing the Y63pBPA mutant was exposed to ultravio-
let (UV) irradiation (Fig. 6B). Furthermore, cross-links were formed
with high efficiency when pBPA was substituted with T321 on PCT-
H1, 1344 on PCT-H2, and F370 on TM3 (Fig. 6B). Cross-linked
bands were also observed when pBPA was introduced at T318 on
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PCT-H1, L335 on PCT-loop, 1341 on PCT-H2, and 1363 and L367
on TM3 though the cross-link efficiencies were relatively low (Fig.
6B). These observations suggested that the model substrate contain-
ing the LacY TM1 sequence was accommodated in AaRseP in a
manner similar to that observed in the model. To ensure that these
mutations did not alter AaRseP activity, we also introduced the
same set of pBPA mutations into AaRseP(WT) and performed the
in vivo cleavage assay. Consequently, we confirmed that all the pBPA
mutants maintained cleavage activity for the model substrate (Fig. 6C),
indicating that the detected cross-links were formed with the sub-
strate in a cleavage-competent conformation. Last, we selected
PpBPA mutants that showed high cross-linking efficiency with HA-
MBP-RseA(LY1)148 (T321pBPA on PCT-HI, 1344pBPA on PCT-
H2, and F370pBPA on TM3), and we repeated the cross-linking
analysis with the CyoE-based substrate HA-MBP-CyoE(TM9+Ctail).
Similar to the above cross-linking analysis with the LY1-based sub-
strate, all three pBPA mutants indeed showed distinct cross-linking
bands (Fig. 6D). These results support the notion that AaRseP ex-
pressed on the cell membrane also accommodate substrates into the
TM-cavity isolated by the PCT region, as observed in the cryo-EM
structure of AaRseP(E18Q).

DISCUSSION
Our present cryo-EM analysis unexpectedly revealed the 3D struc-
ture of the substrate-bound state for an S2P family member, specifi-
cally AaRseP. The observed binding mode of the substrate-like
polypeptide ligand provides us with insights into the substrate bind-
ing mechanism that is generalizable to other S2P family members,
including the homologs from pathogenic bacteria. Critically, these
structural data prompt us to modify the previously proposed multi-
step model for S2P substrate discrimination and accommodation.
Ultimately, these insights may help us design selective inhibitors for
the bacterial group I S2Ps. Our cryo-EM structures for both WT
and active site mutant (E18Q) of AaRseP solubilized in detergent
micelles revealed residual densities in the TM-cavity, and for the
E18Q mutant, this density could be assigned as a polypeptide ligand
with identifiable structural features and mechanistically interpreta-
ble binding mode. Native MS analysis also showed the presence of
ligands that did not dissociate from AaRseP(E18Q) under collision
energies that were sufficient to strip detergent from the complex.
Furthermore, the MS/MS analysis revealed that one of the ligands
bound to AaRseP(E18Q) was a partial fragment of CyoE, a multi-
pass TM protein endogenous to E. coli. As our biochemical analysis
showed that AaRseP efficiently cleaves the CyoE fragment, we as-
signed a 15-residue polypeptide chain to the residual density. The
side-chain structures remained unresolved due to ambiguity in the
density map, but the model assignment elucidated the conformation
ofthe polypeptide backbone and its binding mode with AaRseP. Most
residues in the polypeptide chain adopted an extended conforma-
tion and penetrated through the TM-cavity formed inside the bun-
dle of TM helices. In addition, the C=0 group of the putative P1 site
appeared to coordinate the zinc ion, indicating that the model rep-
resents the ES state. The CyoE fragment should form a TM helix
before the accommodation into AaRseP. Thus, our structural data
suggest that the fragment is unwound by AaRseP during substrate
accommodation and cleavage.

Regarding the binding mode of the substrate cleavage segment,
the resulting cryo-EM structure of the substrate-bound AaRseP
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Fig. 6. In vivo photocrosslinking between AaRseP and the model substrate. (A) Residues tested for cross-linking analysis. The residues mutated to pBPA are shown in
ball-and-stick models. Residues where the introduced pBPA was efficiently cross-linked with HA-MBP-RseA(LY1)148 are underlined. TM region is shown relative to the
plane of the membrane in top-down (top) and cross-section (bottom) perspectives. TM4 is omitted to visualize the assigned polypeptide ligand. (B) In vivo photo-cross-
linking analysis. E. coli YK191 (ArseA ArseP) cells harboring both pEVOL-pBpF and pSY41 [HA-MBP-RseA(LY1)148] were transformed with pNO1461 [AaRseP(E18Q)-Hisg
(none)] or its derivatives having an amber mutation at the indicated positions. Cells were cultured in M9 medium with pBPA and then irradiated with ultraviolet (UV) light.
TCA-precipitated proteins were analyzed as in Fig. 4D. XL indicates the predicted cross-linked products between AaRseP-Hisg and the model substrate. An asterisk indi-
cates the nonspecific band that serves as a loading control. Residue Tyr-63 on AaRseP corresponds with Tyr-69 from EcRseP on the edge strand of the MREp sheet and was
used as a positive control for cross-linking. A representative result from three biological replicates is shown. (C) Proteolytic activity of the AaRseP pBPA mutants. E. coli
YK191 (ArseA ArseP) cells harboring both pEVOL-pBpF and pSY41 [HA-MBP-RseA(LY1)148] were transformed with pUC118 (vec.), pNO1457 [AaRseP-Hisg (WT)], pNO1461
(E18Q), or pNO1457 derivatives having an amber mutation at the indicated positions. Cells were cultured in M9 medium with pBPA. TCA-precipitated proteins were ana-
lyzed by Laemmli SDS-PAGE with anti-MBP and anti-His immunoblotting. An asterisk indicates the nonspecific band that serves as a loading control. A representative re-
sult from three biological replicates is shown. (D) In vivo photocrosslinking analysis for CyoE model substrate. Sampling and immunoblotting were performed as in (C)
except that pSY137 [HA-MBP-CyoE(TM9+Ctail)] were used as the model substrate-expressing plasmid. A representative result from three biological replicates is shown.

mutant was consistent with the models that have been previously =~ with the edge strand of the MREp sheet by the strand addition
proposed based on the cross-linking and structural analyses (24, 26).  mechanism. Because of the low resolution of density maps and the
Specifically, the conservation of the intramembrane f sheet and the absence of secondary structure restraints in the refinement in our
Asn clamp are further accumulating evidence that most S2P family  cryo-EM structure, we do not observe continuous hydrogen bond-
members share this common substrate binding mechanism. Our  ing pairs between the six N-terminal residues of the polypeptide li-
cryo-EM structure supported the previous prediction from cross-  gand (putative P3-P1 and P1’-P3’ residues) and the edge strand.
linking and structural analyses that the polypeptide ligand interacts =~ However, the P1’ residue is oriented to form a hydrogen bond, while
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other residues also appear poised to form hydrogen bonds after a
slight shift in binding conformation (Fig. 5D). Structure prediction
by AlphaFold2 indicates that the intramembrane f sheet near the
active site is a conserved structural module among the S2P family
members, although the strand-order topology differs depending on
the species (fig. S13). This conclusion is also supported by experi-
mental structure determination. The crystal structure of a group III
S2P from Methanocaldococcus jannaschii, MjS2P, also has an intra-
membrane f sheet (35). In addition, a very recent cryo-EM analysis
of a group III S2P from Bacillus subtilis, SpoIVFB, elucidated that
the membrane reentrant f loop serves as the substrate-binding site
(36). While all known substrates for the group I S2Ps including RseP
have an N-in/C-out orientation, SpoIVFB accommodates an un-
folded substrate Pro-6* in the opposite N-out/C-in orientation in
the cryo-EM structure. Despite this difference in orientation, SpoIVFB
also binds with the substrate cleavage segment through the main
chain to main chain interactions via the membrane reentrant 3 loop,
which was described as a p sheet augmentation in that study. Thus,
it is highly possible that substrate accommodation via an extension
of an intramembrane P sheet is a conserved mechanism throughout
the S2P family. In addition, the previously proposed involvement of
the conserved Asn residue (N371 on AaRseP) in substrate binding is
also supported by this current model assignment. Our previous
structure-based mutational analysis on EcRseP suggested that the
side-chain amide group of the Asn residue at the corresponding site
(N394 on EcRseP) forms hydrogen bonds with the main chain C=0
and N—H groups of the substrates. The density of the N371 side
chain was largely disordered, but the orientation of the Ca-Cp bond
would point the side-chain atoms toward the main-chain atoms of
the polypeptide ligand.

Furthermore, our present cryo-EM structures suggest the pres-
ence of an additional substrate accommodation mechanism in the
bacterial group I S2Ps. The most important finding regarding the
substrate binding mode is the penetration of the C-terminal tail
through the PCT-hole. The PCT-hole is surrounded by the periph-
eral membrane-associated PCT-H1, PCT-loop, and PCT-H2 as well
as TM3 and is located at the periplasmic end of the TM-cavity. Thus,
the polypeptide ligand in the cryo-EM structure is separated from
the lipid bilayer by the PCT region that sits above the membrane on the
periplasmic side. Our previous cross-linking analysis on EcRseP
demonstrated that the PCT-H1 and TM3 residues located inside the
TM-cavity were efficiently cross-linked with the physiological sub-
strate RseA (24, 27). This prior result indicated that RseA could be
accommodated deep inside the TM-cavity, but we expected that
PCT-H2 and PCT-loop move out to create space for substrates. How-
ever, our present cross-linking analysis indicates that the substrate
can be accommodated inside the PCT-hole when AaRseP is present
in the more physiologically relevant environment of the cell mem-
brane. Our previous and present structural analyses demonstrated
that RseP orthologs share the structural feature of a PCT-region.
Structure prediction by AlphaFold2 further suggests that this struc-
tural feature is common among other bacterial group I S2Ps (fig. S13)
(32). Thus, it is possible that a unique and conserved mechanism for
substrate accommodation among the bacterial group I S2Ps is sub-
strates threading through the hole formed by the membrane-associated
region. Structural analyses suggested that the substrate accommoda-
tion by group III S2Ps is largely different as their active sites appear to
be accessible to membrane-spanning substrates via lateral entry due to
the absence of structural elements corresponding to the PCT region
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(fig. S13) (35, 36). In the bacterial group I S2Ps, the substrate thread-
ing is presumed to stabilize the substrate-binding state and to pro-
mote the substrate cleavage in the TM-cavity. Furthermore, there is a
possibility that the threading also contributes to substrate discrimi-
nation. It is known that RseP orthologs cleave single-pass TM segments
with short soluble domains. Because of the threading mechanism, in-
ternal TM segments with an N-in/C-out orientation in multipass
membrane proteins would be excluded from the TM-cavity and
would not act as substrates. One exception to this may be multipass
membrane proteins with a C-out topology, in which the C-terminal
TM helix could be thread through the PCT-hole as its orientation is
consistent with that of the type II membrane protein. Our previous
proteome analysis indicated that the EcRseP activity substantially re-
duced the accumulation level of CyoE, which is a nine-TM protein
with a C-out topology (21). It remains to be addressed whether some
full-length multipass membrane proteins with a C-out topology
could be substrates for bacterial group I S2Ps.

On the basis of the results from this study, we modified our mod-
el for intramembrane proteolysis by EcRseP and its orthologs. We
previously proposed that substrate discrimination and accommoda-
tion are regulated by three processes: (i) size exclusion, (ii) gating,
and (iii) unwinding (24). In RsePs, the size exclusion mechanism
has been proposed, wherein the PDZ tandem only permits the entry
of type II TM proteins with short periplasmic domains to approach
the TM region (28). Subsequently, PCT-H2 and PCT-loop, together
with TM4, possibly serve as the substrate entry gate and undergo
structural changes from closed to open conformations to accom-
modate the substrate into the active site. In the previous model, we
had anticipated that PCT-H2 and PCT-loop would adopt a relatively
closed, or partially open, conformation so as to permit the lateral
entry and accommodation of substrate. However, the present study
strongly suggests that the PCT-H2 and PCT-loop return to a com-
pletely closed conformation to isolate the C-terminal tail of the sub-
strate from the lipid bilayer. After accommodation, the substrate
would be locally unwound by the MREP sheet and the conserved
Asn residue in the TM-cavity (Fig. 7).

The revised model for the substrate accommodation raises an-
other question as to how the substrates enter the PCT-hole on the
membrane. If PCT-H2 maintains its helical structure on the mem-
brane surface during the substrate entry, then substrates would need
to undergo notable structural changes to pass through the PCT-H2
where the periplasmic tail remaining after the site-1 cleavage would
be transiently embedded in the lipid bilayer. This process should be
energetically unfavorable if it occurs, as the periplasmic soluble do-
mains are generally abundant in hydrophilic residues and mem-
brane deformation has a high energy penalty (Fig. 4B). Another
scenario would be that PCT-H2 transiently unfolds to permit sub-
strate entry. Evidence exists to support this model. We previously
performed a cell-based Cys-scanning accessibility assay on PCT-H2
using a probe to react with Cys residues exposed to the aqueous
milieu and found that all residues on PCT-H2 could be modified by
the probe to comparable levels (24). This result suggested that PCT-
H2 is not fixed. Rather, it is highly mobile on the E. coli membrane
surface. Further observations indicated that PCT-H2 is mobile. As
mentioned above, PCT-H2 and the PCT-loop are unfolded and dis-
sociated from the membrane peripheral region in the crystal struc-
ture of KkRseP (24). These structural changes in the PCT region
were affected by the crystal packing where TM4 on the crystal pack-
ing neighbor docked to the cleft in the TM-cavity, suggesting that
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Fig. 7. Model for structure-based substrate discrimination and accommodation. RseP is presumed to regulate the substrate discrimination and accommodation by
size-exclusion, gating, and unwinding processes. (i) Size exclusion: The PDZ tandem excludes bulky intact substrates by steric hindrance. After the site-1 cleavage, the
size-reduced substrates become accessible to RseP. (ii) Gating: Despite conformational fluctuations in the regions surrounding the active site (PCT-H2, TM4, and PDZ
tandem), substrate entry into the TM-cavity by lateral diffusion is restricted by a gate formed by the helical segment of PCT-H2 that interacts with TM4 at the periplasmic
membrane surface. However, the present structural analysis demonstrated that the substrate is accommodated inside the PCT-hole. Therefore, RseP and/or substrates
could undergo drastic structural changes to permit the substrate entry. Transient unfolding of PCT-H2 along with PCT-loop would allow substrates to be thread through
the PCT-hole. After the entry into the TM-cavity, substrates would be separated from the lipid bilayer as the PCT-H2 region refolds and TM4 packs closely. (i) Unwinding:
In the separated TM-cavity, the substrate adopts an extended conformation and the local geometry of the intramembrane cleavage site is pre-organized by the conserved
Asn residue clamp (labeled N with a yellow round triangle). This conformation, observed in this study, would restrict dissociation of unprocessed substrate out of the ac-
tive site by lateral diffusion. The results from this study suggest that the accommodation inside the PCT-hole is a potential mechanism by which RseP discriminates single-
pass membrane proteins from multipass membrane proteins because termini of substrates are required for threading. In this model, it is possible that the discrimination

mechanism is permissive to C-out oriented C-terminal TM helices on full-length multipass membrane proteins.

these regions can undergo structural changes through interactions
with substrates. The importance of this helix-swapped structure for
the binding mechanism remains unclear. If PCT-H2 and PCT-loop
transiently unfold, then the substrate could enter the PCT-hole with-
out embedding the hydrophilic periplasmic domain into the hydro-
phobic lipid bilayer (Fig. 7).

We can now propose that substrate gating process could be a pos-
sible target for the selective inhibition of specific bacterial group I
S2Ps. Our previous biochemical analysis on EcRseP showed that dis-
rupting the gate structure substantially reduced the substrate cleavage
efficiency (24), suggesting that blocking the gating process inhibits
substrate cleavage. Because the presence of a peripheral membrane-
associated region corresponding to the PCT region is a conserved
feature, substrate threading in the gating process is likely a con-
served mechanism among the bacterial group I S2Ps. However, the
sequence and structure of these putative PCT regions differ between
evolutionally distant species. For instance, AlphaFold 2 predicts that
the PCT region of M. tuberculosis contains a loop region with longer
helical elements as compared to those of the RseP orthologs (fig.
S§13). Thus, the differences in this region alone may be sufficient to
design inhibitors for specific S2Ps. In addition, the structure predic-
tion indicates that the peripheral membrane-associated region of
human S2P diverges largely from those of bacterial group I S2Ps (fig.
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S13), which is also preferable for the development of selective in-
hibitors without adverse effect.

Looking across all IMPs that cleave single-pass TM segments,
lateral entry of substrates by threading appears to be common. The
aspartate protease-type y-secretase is also known to cleave single-
pass TM proteins with short soluble domains (37), but it has the
opposite preference for the substrate TM helix orientation. All
known substrates of y-secretase show an N-out/C-in topology. For
y-secretase, the standard assumption is that the substrate laterally
diffuses into the active site between TM helices, but cryo-EM struc-
tures of y-secretase show substrates such as Notch bound in a con-
formation where lateral diffusion in and out of the binding site is
sterically blocked by a peripheral loop that connects the TM helices.
Therefore, the substrates have been proposed to be threaded through
this peripheral loop when they are accommodated into the internal
binding site (38). It is possible that the substrate accommodation by
threading is unique to the IMPs, which all have limited degrees of
freedom on the membrane relative to soluble proteases. Design of
inhibitors that target the region involved in the substrate threading
may be a promising strategy for the development of the selective
inhibitors for y-secretase as well.

In summary, we have elucidated the cryo-EM structure of an
AaRseP mutant, providing the first 3D structure of the bacterial
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group I S2P with a substrate-like polypeptide ligand accommodated
into the TM cavity that houses the active site. Our in vivo photo-
crosslinking experiment confirmed that the membrane-spanning
polypeptide is surrounded by the continuous membrane-associated
helices of the PCT region and therefore separated from the lipid bi-
layer in the bound state. Our structural data allow us to propose a
model for substrate discrimination and accommodation, including
substrate threading, and suggest structural criteria for the develop-
ment of selective inhibitors, including targeting the gate region that
varies depending on the species. Nevertheless, the precise mecha-
nism of substrate entry remains unknown as the low resolution of
the density map and possible heterogeneity in the polypeptide ligand
hampered assignment of the side-chain structure in the polypeptide
model and identification of specific enzyme-substrate interactions.
Further understanding of the substrate discrimination and accom-
modation mechanism, which should inform rational inhibitor de-
sign, awaits structure determination of AaRseP or other S2P homologs
in complex with their physiological substrates at higher resolutions.

MATERIALS AND METHODS
Generation of monoclonal antibody for AaRseP and
production of Fab
Anti-AaRseP antibody 4A9 was established by immunizing GANP
transgenic mice (39) with the PDZ tandem fragment of AaRseP in the
previous study (28). In this study, the primary structures of the heavy
and light chains of 4A9 were determined by cloning their cDNAs ac-
cording to the same procedure as reported previously (24, 40, 41).
For overproduction, 4A9 Fab was produced as a fusion protein
with human growth hormone (hGH) and octahistidine tag. Specifi-
cally, the cDNA encoding the VH-CH1 region was amplified with
primers that added an additional Ser residue at the N terminus and
then was subcloned into the pSGHVO vector (42, 43). 4A9 Fab
used for the cryo-EM analysis contained a dodecapeptide PA tag,
GVAMPGAEDDVY, (44) downstream of the CH1 region, while that
used for the crystallization contained no additional sequence. The
cDNA encoding the light chain with the original signal sequences
were subcloned into the pCAG-Neo vector (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan). Expression plasmids for the
heavy and light chains were mixed and transfected into Expi293F cells
(Thermo Fisher Scientific) using the ExpiFectamine 293 Transfection
Kit (Thermo Fisher Scientific). The culture supernatant was harvested
by centrifugation and neutralized with tris-HCI (pH 8.0) at a final con-
centration of 20 mM. The culture supernatant was incubated with
Ni-NTA agarose resin (QIAGEN) and then washed with 20 mM tris-
HCI (pH 8.0), 300 mM NaCl, and 10 mM imidazole. Subsequently,
the captured Fab was eluted with 20 mM tris-HCI (pH 8.0), 300 mM
NaCl, and 250 mM imidazole. N-terminally hexahistidine-tagged
TEV protease (Hisg-TEV) was added to the elution fraction to cleave
off the N-terminal hGH and Hisg tags and dialyzed against 10 mM
tris-HCI (pH 8.0), and 150 mM NaCl overnight at 4°C. After remov-
ing the cleaved hGH-Hisg portion and Hiss-TEV by passing the frac-
tion through Ni-NTA agarose resin, the flow-through and wash
fractions containing Fab were further purified by gel filtration on a
Superdex 200 Increase 10/300 GL (Cytiva) column equilibrated in
10 mM tris-HCI (pH 7.4) and 150 mM NaCl. The peak fractions con-
taining 4A9 Fab were concentrated by ultrafiltration using an Ami-
con Ultra Centrifugal Filter with a molecular weight cutoft of 30 kDa
(Merck Millipore).
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Crystallographic analysis of 4A9 Fab

Initial crystallization conditions were searched using the Index
(Hampton Research) screening kit. Each of protein solution and
crystallization buffer (0.2 pl) was dispensed into 96-well plates using
a Crystal Gryphon (Art Robbins Instruments) and equilibrated
against 60 pl of crystallization buffer in the reservoir by the sitting-
drop vapor diffusion method. 4A9 Fab was crystallized in a solution
containing 25% (w/v) polyethylene glycol 3350 and 50 mM zinc ac-
etate. Crystals were quickly soaked in the cryoprotectant, which was
prepared by mixing the crystallization buffer and ethylene glycol in
aratio of 4:1 (v/v) and frozen in liquid nitrogen. As the crystals were
microcrystals, x-ray diffraction data were collected at SPring-8
beamline BL32XU (45) using an EIGER X9M detector (Dectris).
Microfocused x-rays with a beam size of 15 pm by 10 pm at wave-
lengths of 1.0000 A were used for both raster scan and data collec-
tion. A dataset with a total oscillation range of 10° and 0.1° oscillations
per frame was collected from each crystal under an absorbed dose of
10 megagraqy. The partial datasets collected with the automated data
collection system ZOO (46) were merged, integrated, and scaled us-
ing the KAMO system (47), which integrates BLEND (48), XDS,
and XSCALE (49, 50). Diffraction intensities were converted to
structure factors using the CCP4 suite where 5% of the unique re-
flections were randomly selected as a test set for the calculation of
free R factor (51).

For structure determination, molecular replacement was per-
formed with Molrep in CCP4 using the crystal structure of the mouse
IgG Fab raised against the PDZ tandem of an RseP homologue from
Aquifex aeolicus [Protein Data Bank (PDB) code: 3WKM] (28). As a
result, two Fabs were assigned in the asymmetric unit. After rebuild-
ing and refining the initial model by ARP/wWARP (52), models were
manually modified and fit into the electron density map using the
program COOT (53). The updated models were refined with phenix.
refine (54) iteratively while monitoring the stereochemistry with
MolProbity (55). Statistics for data collection and refinement are
summarized in table S1, respectively.

Purification of AaRseP and complex formation with Fab
For the cryo-EM analysis, the AaRseP-Hisg WT and the E18Q mu-
tant were overproduced in E. coli KK374 (ArseA, ArseP, and AdegS)
(56). E. coli KK374 cells transformed with the expression plasmids,
pNO1457 or pNO1461 (29), were grown at 30°C to an optical den-
sity at 600 of 0.7 in LB medium [tryptone (10 g/liter), yeast extract
(5 g/liter), and NaCl (10 g/liter); without pH adjustment] supple-
mented with ampicillin (50 pg/ml), followed by induction of overex-
pression with 0.1 mM isopropyl-p-p-thiogalactopyranoside (IPTG)
and culture at 30°C for additional 3 hours. After harvest by centrifu-
gation, cells were lysed by sonication in 10 mM tris-HCI (pH 7.4).
Subsequently, the lysate was centrifuged at 40,000g for 45 min. at 277 K
to separate the cell debris. The supernatant was further separated
by ultracentrifuge at 200,000¢ for 60 min at 277 K. The precipitant
was suspended in 10 mM tris-HCI (pH 7.4) and was ultracentri-
fuged again under the same conditions. Last, the precipitant was sus-
pended in 10 mM tris-HCI (pH 7.4) and collected as membrane
fraction. The total protein was quantified by the bicinchoninic acid
assay using bovine serum albumin as a standard, and the protein
concentration was adjusted to 10 mg/ml.

Membrane proteins were solubilized by adding the same volume
of a solubilization buffer containing 40 mM tris-HCI (pH 7.4), 150 mM
NaCl, and 2% n-dodecyl-N, N-dimethylamine-N-oxide (DDAO) to
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the suspension of the membrane fraction. After incubation at 277 K
for 1 hour, the mixture was ultracentrifuged at 210,000g for 60 min. at
277 K. The supernatant was mixed with Ni-NTA agarose resin, and
the unbound fraction was washed out with a buffer containing 20 mM
tris-HCI (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 0.05%
DDAQO. The resin was further washed with a buffer containing 20 mM
tris-HCl (pH 8.0), 300 mM NaCl, 20 mM imidazole, and 0.02%
LMNG for detergent exchange. AaRseP-Hisg was eluted from the
resin with a buffer containing 20 mM tris-HCI (pH 8.0), 300 mM
NaCl, 250 mM imidazole, and 0.02% LMNG. The elution fraction
was then applied to a Superdex 200 10/300 GL size exclusion chroma-
tography column [Cytiva, Tokyo, Japan (GE Healthcare)] to isolate
the monodisperse fraction of AaRseP-Hisg with a running buffer con-
taining 10 mM tris-HCI (pH 7.4), 150 mM NaCl, 0.02% LMNG. Last,
the purified AaRseP-Hisg was mixed with the 4A9 Fab and was again
applied to the size exclusion chromatography to separate the complex
fraction with a running buffer containing 10 mM tris-HCI (pH 7.4),
150 mM NaCl, and 0.003% LMNG.

Cryo-EM grid preparation and data collection

For cryo-EM sample preparation, 2.5-pl aliquots of the purified
AaRseP(WT):Fab or AaRseP(E18Q):Fab was applied to the glow-
discharged holey carbon grids [Quantifoil Cu (for E18Q) or Au (for
WT) R0.6/1.0, 200 mesh]. The grid was blotted using Vitrobot Mark
IV (Themo Fisher Scientific) operated at 4°C and 100% humidity
with a blotting time of 3 s and waiting time of 14 s. The frozen grids
were inserted into a Titan Krios (Thermo Fisher Scientific) at 300-kV
accelerating voltage equipped with a Gatan Bioquantum K3 direct
electron detector (Gatan) and Cs corrector (CEOS, GmbH), which
were installed at the Institute for Protein Research, Osaka University.
Micrographs were acquired using SerialEM software (https://bio3d.
colorado.edu/SerialEM/) at a nominal magnification of 105,000
(calibrated pixel size of 0.675 A/pixel) with a total dose of 60 e /A*
and a defocus range of —0.8 to —1.8 pm. The detailed imaging con-
ditions are described in Table 1.

Cryo-EM data processing

All image processing was performed using cryoSPARC (57). (Image
processing steps are summarized in Table 1 and figs. S3 and S6.) For
the AaRseP(WT):Fab and AaRseP(E18Q):Fab, 11,400 and 15,777
movies were processed, respectively. After Patch Motion Correction
(patch-based motion correction) and Patch CTF Estimation (con-
trast transfer function estimation), the particles were selected using
Blob Picker and noise particles were removed by Inspect Particle
Picks. The images of picked particles were extracted from micro-
graphs with a box size of 360 pixels, which were reduced to 60 pixels.
A total of 1,925,238 and 4,429,254 particles for AaRseP(WT) and
AaRseP(E18Q) were subjected to 2D Classification with the follow-
ing parameters: K = 200, number of the final full iterations = 10, and
batch size per class = 500. The resulting 2D classes were grouped
into four categories: “good” classes where the domain arrangement
is well-resolved, “fair” classes that are not clear but presumed to be
derived from the target particles, “poor” classes with weak signal,
and “noise” classes. Then, Ab-initio Reconstruction was performed
using the good 2D classes, which produced one good model and two
noise models. Subsequently, three steps of Heterogeneous Refine-
ment were performed against the three ab initio models to select
target particles gradually. In the first step, only the good 2D classes
were subjected to Heterogeneous Refinement. In the second step,
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the fair 2D classes were further included in the refinement. In the
last step, all 2D classes except for the noise classes were used in the
refinement. After three steps of Heterogeneous Refinement, the se-
lected particles were merged and extracted with a box size of 360
pixels, which were reduced to 180 pixels. The extracted particle
stacks were subjected to Ab-initio Reconstruction with three classes
and Heterogeneous Refinement. At this stage, 454,239 and 1,157,141
particles were selected for AaRseP(WT) and AaRseP(E18Q), re-
spectively, and further subjected to Non-uniform (NU) Refinement
(58). We also repeated particle picking using Template Picker in
cryoSPARC after obtaining the refined 3D models. However, no
substantial improvements were observed in the quality of density
maps after subsequent re-refinement.

Subsequently, 3D Classification using solvent masks was per-
formed to analyze discrete heterogeneity. For AaRseP(WT), selected
particles were subjected to 3D Classification into six classes, in
which the PDZ tandem adopts various orientations with respect to
the TM region. After three rounds of Heterogeneous Refinement,
NU Refinement was performed for each 3D class. The global resolu-
tions were higher than 4 A for four of six classes (classes #2, #4, #5,
and #6). Class #2 with 88,124 particles was refined up to 3.95 A, in
which the TM region was relatively well-resolved as compared to
other three high-resolution classes The density map of class #2 was
used for the model building of the AaRseP(WT):Fab complex.

For AaRseP(E18Q), the first round of 3D Classification pro-
duced four classes (classes #1, #2, #3, and #4) with different orienta-
tions of the PDZ tandem with respect to the TM region. After three
rounds of Heterogeneous Refinement and NU Refinement, the sec-
ond round of 3D Classification was performed on class #1 with the
best-resolved TM region to further separate it into three 3D classes
(classes #1-1, #1-2, and #1-3), which improved the quality of the
densities for the TM domain and polypeptide ligand. After three
rounds of Heterogeneous Refinement and NU Refinement, class #1-
1 with 120,267 particles was refined up to 3.61 A and its density map
was used for the model building of the AaRseP(E18Q):Fab complex.

Model assignment into cryo-EM map and refinement

The crystal structures of 4A9 Fab (PDB code: 8ZAY, this study),
AaRseP PDZ-N (PDB code: 6AKQ) (59), and AaRseP PDZ-C (PDB
code: 3WKM) (28) were used for model assignment. For the TM do-
main, the partial model was extracted from the full-length AaRseP
structure predicted by AlphaFold2 (60). These partial models were
superposed on the density map by rigid-body fitting on ChimeraX
(61). Subsequently, the models were manually fit into the density map
using Coot. The updated models were refined using phenix.refine
(54) while monitoring the stereochemistry with MolProbity (55). The
Fourier shell correlation (FSC) curves between the refined model and
EM density map are shown in fig. S14. For the analysis of residual
densities, F, — F. maps were calculated using servalcat (62, 63). Figures
for the models and maps were prepared using ChimeraX. Statistics
for refinement and validation are summarized in Table 1.

Mass spectrometry

The AaRseP(WT) and AaRseP(E18Q) samples for the MS analysis
were prepared by essentially the same procedure as those for the
cryo-EM analysis except that the detergent was not exchanged
from DDAO to LMNG on the Ni-NTA agarose column. Purified
AaRseP(WT) and AaRseP(E18Q) in TBS buffer (pH 8.5) containing
0.032% (w/v) DDAO were buffer exchanged into MS buffer [200 mM
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Table 1. Cryo-EM data collection, processing, refinement, and validation. RMSD, root mean square deviation; FSC, Fourier shell correlation; CC, correlation

coefficient; PDB, Protein Data Bank.

Datasets AaRseP(WT):Fab

AaRseP(E18Q):Fab

105,000%

V0|tage (kv) 300

300

Total dose (e /A2) 60

60

0.024

Defocus range (um) —08t0—1 8

—-08to—-1.8

Plxel size ( A/plxel

0.675

cryoSPARC v4.4.0

1

No of |n|t|a| partlcle |mages 1,925,238

4,429,254

No ofﬁnal partlcle images 88,124

120,267

Map resolutlon (A) 3 95

3.61

FSC threshokj s 0 143

0.143

Map resolutlon range (A) 3 26 35 5

2.98-52.5

Program - PHENIX-1.21-5207

PHENIX-1.21-5207

In|t|a| models

AaRsepTM O A|pha|:o|d2

AlphaFold2

: AaRseP PDZ N 6AKQ

6AKQ

AaRseP PDZ C 3WKM. S

3WKM

8ZAY (this study)

Real space

Mode| Map CC (mask) (R e 082 IS

0.83

Mode| re50|ut|on (A) OO 42

4.0

FSC threshold os

0.5

Model composmon

Non hydrogen atoms 6725

6800

862

1

Polypeptlde Ilgand re5|dues

15

Average B factors (AZ)

p,—otem OO 18574 SO

147.06

190.72

156.27

Bond |ength (A) s (R e 0003 s

0.003

Bond ang|e ( ) e 0728 s

0.677

Vahdatlon

Mo|pr0b|ty ey OO 221 B

214

13.64

271

Favored/allowed/disallowed (%) 96.71/3.29/0

97.06/2.94/0

PDB code 9J)82
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ammonium acetate (pH 7.4) containing 0.032% (w/v) DDAO] using
a centrifugal buffer exchange device (Micro Bio-Spin 6, Bio-Rad,
Hercules, CA, USA).

Mass spectral data were acquired using a SYNAPT G2 HDMS
instrument (Waters, Milford) equipped with a nano-ESI source.
The samples were deposited in platinum-coated borosilicate cap-
illaries with a 5-pm inner diameter purchased from HUMANIX
(Hiroshima, Japan).

The ligand peptides were isolated from acetone-precipitated
AaRseP(E18Q) samples using micro-reverse phase chromatography
with ZipTip C4 (Millipore, Billerica, MA, USA). The solvent for
equilibration and binding was 40% acetonitrile and 0.1% formic
acid, and that for elution was 80% acetonitrile and 0.1% formic acid.
The eluted peptides were then diluted where the solvent composi-
tion was adjusted to 50% acetonitrile and 0.1% formic acid, followed
by analysis using nanoESI MS and MS/MS. The ligand peptide
was identified from the product ions in combination with data-
base search using ProteinProspector (https://prospector.ucsf.edu/
prospector/mshome.htm).

Media, strains, plasmids, and oligonucleotides for
biochemical analysis

L medium [Bacto Tryptone (10 g/liter), Bacto Yeast Extract (5 g/liter),
and NaCl (5 g/liter); pH adjusted to 7.2 by using NaOH] and M9
medium (without CaCl,) (64) supplemented with thiamine (2 pg/
ml) and 0.4% glucose were used for the cultivation of E. coli cells.
Ampicillin (50 pg/ml), chloramphenicol (20 pg/ml), and/or spec-
tinomycin (50 pg/ml) were added for selecting transformants and
for growing plasmid-harboring cells.

E. coli K-12 strains, plasmids, and oligonucleotides used in this
work are listed in tables S2 to 54, respectively. Construction of the indi-
vidual strain and plasmids are described in Supplementary Materials.

Construction of the plasmids used in biochemical analyses are
described as follows. Plasmids encoding AaRseP with a point muta-
tion were constructed by standard site-directed mutagenesis using
appropriate combinations of mutagenic primers and a template plas-
mid. pSY87 and pSY137 [HA-MBP-CyoE(TM9+Ctail)] was con-
structed as follows. A 0.07-kb Sall/HindIII-digested polymerase
chain reaction (PCR) product (having a predicted TM9 and C-tail
periplasmic region of the cyoE gene) amplified from an ASKA library
plasmid encoding Hiss-CyoE (65) with primers P1/P2 was inserted
into the same site of pYH20 to obtain pSY85. Then, the 1.5-kb EcoRI/
HindIII-digested fragment of pSY85 was inserted into pSTD689 and
pHM1548, yielding pSY87 and pSY137, respectively. To construct
pSY41 (plasmid encoding a substrate for pBPA suppression), a 1.5-kb
PCR product [HA-MBP-RseA(LY1)148-encoding gene with TAA
stop codon] amplified from pYH20 using primers P3/P4 was con-
nected with the EcoRI/HindIII-digested pHM1548 vector fragment
using In-Fusion HD cloning kit (Takara Bio).

In vivo cleavage assay of AaRseP and the derivatives

In vivo cleavage of the CyoE model substrate by AaRseP was analyzed
essentially as described previously (26, 66). Precultured cells were in-
oculated into M9 medium supplemented with each of the 20 amino
acids (20 pg/ml), thiamine (2 pg/ml), and 0.4% glucose and grown at
30°C for 2 hours with shaking. After addition of 1 mM IPTG and
1 mM adenosine 3',5'-cyclic monophosphate (CAMP), the cells were
further cultured for 2 hours, and then total proteins were precipitated
by trichloroacetic acid (TCA) treatment, washed with acetone, and
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suspended in SDS sample buffer with 2-mercaptoethanol (2ME). The
proteins were analyzed by Laemmli SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) and immunoblotting using an Immobilon
membrane filter (MilliporeSigma) and appropriate antibodies: the
rabbit polyclonal anti-MBP (56) or the anti-His antibodies from the
Penta-His HRP Conjugate Kit (QIAGEN). Proteins were visualized
by Lumino image analyzer LAS-4000 mini (Cytiva) using ECL or
ECL Prime Western Blotting Detection Reagents (Cytiva).

Site-directed in vivo photo crosslinking and evaluation of
the proteolytic activity of the pBPA mutants

Site-directed in vivo photocrosslinking was carried out using es-
sentially the same method as previously described (27). E. coli
cells harboring three plasmids, pEVOL-pBpE, a model substrate-
expressing plasmid and a plasmid encoding an AaRseP(E18Q)-
Hisg derivative were grown at 30°C for 2 hours in an M9 medium
supplemented with thiamine (2 pg/ml), 0.4% glucose, and 0.5 mM
PBPA (Bachem AG) with shaking. After addition of 1 mM IPTG
and 1 mM cAMP, the cells were further cultured for 2 hours. After
adding spectinomycin (200 pg/ml) to stop further protein synthe-
sis, a portion of the culture was withdrawn and UV-irradiated for
10 min at 4°C using a B-100 AP UV lamp (365 nm; UVP LLC.).
Proteins were TCA-precipitated and dissolved in SDS sample buf-
fer with 2ME. To evaluate the proteolytic function of the AaRseP
pBPA mutants, the cells were cultured in the same manner except
that the derivatives of AaRseP(Glu-18, proteolytically active form)
were used. Cultured cells were TCA-sample prepared and ana-
lyzed by immunoblotting.

Supplementary Materials
This PDF file includes:

Figs.S1to S14

Tables S1to S4
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