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Insight into the autoproteolysis mechanism of the Rsgl9 anti-o
factor from Clostridium thermocellum
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®Molecular Biology Institute. University of California, Los Angeles, 611 Charles Young Drive East,
Los Angeles, CA 90095, USA.

Abstract

Clostridium thermocellum is a potential microbial platform to convert abundant plant biomass

to biofuels and other renewable chemicals. It efficiently degrades lignocellulosic biomass using

a surface displayed cellulosome, a megadalton sized multienzyme containing complex. The
enzymatic composition and architecture of the cellulosome is controlled by several transmembrane
biomass-sensing Rsgl-type anti-o factors. Recent studies suggest that these factors transduce
signals from the cell surface via a Conserved Rsgl Extracellular (CRE) domain (also called

a periplasmic domain) that undergoes autoproteolysis through an incompletely understood
mechanism. Here we report the structure of the autoproteolyzed CRE domain from the C.
thermocellum Rsgl9 anti-o factor, revealing that the cleaved fragments forming this domain
associate to form a stable a/p/a sandwich fold. Based on AlphaFold2 modeling, molecular
dynamics simulations and tandem mass spectrometry, we propose that a conserved Asn-Pro bond
in Rsgl9 autoproteolyzes via a succinimide intermediate whose formation is promoted by a
conserved hydrogen bond network holding the scissile peptide bond in a strained conformation. As
other Rsgl anti-o factors share sequence homology to Rsgl9, they likely autoproteolyze through a
similar mechanism.
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Introduction

The effects of climate change and finite petroleum supplies have created a pressing

need to cost-effectively produce biofuels, chemicals, and materials from renewable and
carbon-neutral sources [1]. Lignocellulosic plant biomass (LCB) is a promising feedstock
to generate these biomaterials as it is the largest source of carbon in the biosphere

(~450 gigatons) and can be produced sustainably [2]. Currently, the use of LCB as a
feedstock is limited by its recalcitrance to degradation [3]. One approach to overcome this
problem is to employ Clostridium thermocellum (also known as Acetivibrio thermocellus or
Hungateiclostridium thermocellum) to break down biomass as this thermopbhilic obligate
anaerobe possesses extremely potent cellulolytic activity [4, 5]. C. thermocellum has
evolved the capacity to degrade LCB by displaying cellulosomes - massive multienzyme
complexes that efficiently hydrolyze cellulose into its component sugars [6-10]. The high
cellulolytic activity of the cellulosome originates from its modular architecture, which

is capable of colocalizing a large a number of glycoside hydrolases (GHs) that work
together to degrade cellulose and hemicellulose fibers within LCB [11]. In addition to C.
thermocellum, a number of mesophilic and thermophilic microbial species have been shown
to produce cellulosomes that confer potent cellulolytic activity [12, 13].

To degrade different types of biomass, C. thermocellum regulates the transcription of ~50
genes encoding GH enzymes that are incorporated into the cellulosome [14, 15]. Their
expression is regulated by extracytoplasmic function (ECF) o-factors, which together with
their cognate anti-o factors are responsible for altering GH gene expression in response to
the presence of different types of extracellular polysaccharides [16]. A total of nine ECF
o-factors may regulate gene expression in response to different types of polysaccharides.
These include eight Sigl-type o-factors (o4 to og) whose activities are modulated by at least
eight Rsgl-type anti-o factors (Rsgl1-8) that are co-transcribed from the same operon, and
o4 Which is regulated by the Rsi24c anti-o factor [16-19]. In the signaling process for

the Sigl-type o-factors, each of the membrane-bound anti-o factors are believed to bind

to different types of extracellular polysaccharides [17, 20-22]. They then transduce this
signal across the membrane, triggering the release of their cognate Sigl-type o-factor from
the cytoplasmic membrane [23]. The Sigl-type o-factor then binds to the RNA polymerase
complex enabling it to transcribe specific GH encoding genes, as well as genes that encode
scaffoldin proteins used to construct the cellulosome [24]. Each of the Rsgl anti-o factors
contains a conserved cytoplasmic N-terminal domain (NTD) that is located in the cytoplasm,
where it binds to its cognate o-factor. This is followed by a single membrane embedded
helix and an extracellularly located Conserved Rsgl Extracellular domain (CRE domain).
The CRE domain has also been referred to as either the periplasmic juxtaposition domain or
SEAL domain [25, 26]. Following this segment is a non-conserved C-terminal region that
frequently mediates polysaccharide binding. Biochemical studies have deduced the binding
activities of several of the Rsgl anti-o factors. For example, Rsgl1, Rsgl2 and Rsgl4 contain
family 3 type carbohydrate binding modules (CBM3) known to interact with cellulose [17],
Rsgl3 recognizes pectin via protective antigen 14 domains, Rsgl5 contains a family-10 CBM
that binds to arabinose, and Rsgl6 contains a family-10 GH module that degrades cellulose
and xylan [17, 20, 21]. Recent studies of the Rsgl-like factors from Bacillus subtilis and
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C. thermocellum suggest that signaling occurs via a regulated intramembrane proteolysis
(RIP) mechanism in which the anti-o factor undergoes proteolytic cleavage at two sites,
called site-1 and site-2 [25-27]. Site-1 cleavage occurs within their CRE domains as a result
of autoproteolysis, predisposing the anti-o factor for signal-induced structural changes that
expose site-2 for degradation by the RasP protease in B. subtilis or RseP in C. thermocellum.
The second cleavage event releases the cognate o-factor from the Rsgl’s cytoplasmic NTD
enabling it to selectively transcribe specific genes by targeting the RNA polymerase complex
to their promoters.

Recently we reported the structure of the cellulose-binding ectodomain from the C.
thermocellum Rsgl9. It is an ‘orphan’ anti-o factor [22] because unlike other Rsgl factors,
the gene encoding Rsgl9 is not located in an operon that also contains a gene encoding a o-
factor. The ectodomain in Rsgl9 adopts an elongated conformation in which a C-terminal bi-
domain unit is likely projected from the cell surface to engage cellulose, while its conserved
CRE domain resides near the membrane to presumably affect signal transduction. Using

a combination of NMR spectroscopy, AlphaFold2, molecular dynamics (MD) simulations,
and mass spectrometry we show that Rsgl9 exists in a pre-cleaved state on the extracellular
membrane that may enable it to transduce signals caused by carbohydrate binding into gene
expression changes that alter the composition of the cellulosome, and we provide evidence
that is compatible with CRE domain autoproteolyzing via a conserved mechanism involving
a succinimide intermediate.

Results and Discussion

Rsgl9’s CRE domain undergoes autoproteolysis.

CRE domains are conserved in a range of membrane embedded anti-o factors and have
recently been implicated in RIP-mediated signal transduction [23]. To gain insight into its
function, we recombinantly produced a polypeptide encoding Rsgl9’s CRE domain (CRE,
residues G167-K343 of Rsgl9) (Fig. 1A). The final step of the CRE purification process
involved the application of size exclusion chromatography (SEC). Interestingly, we noticed
that even though the purified protein eluted from the column at a position consistent with

its predicted molecular weight (~20 kDa, 177 amino acids) (Fig. 1B), based on SDS-PAGE
analysis the material within this peak contains two polypeptide chains with masses of ~2.4
and ~17.6 kDa as confirmed by MALDI-TOF (Fig. 1C). To confirm the identity of the
components, the two fragments were separated, digested with trypsin, subjected to reversed-
phase HPLC and then analyzed via electrospray ionization tandem mass spectrometry (ESI-
MS/MS) (Fig. 1D). This procedure revealed that the fragments corresponded to polypeptides
containing residues G167-N188 and P189-K343 in CRE, which was consistent with the

full CRE protein undergoing proteolysis at its N188-P189 peptide bond. Close analysis

of SDS-PAGE separated proteins in £. coli cells overexpressing CRE did not reveal the
presence of the intact polypeptide, suggesting that autoproteolysis occurs rapidly after the
protein is translated.
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NMR structure of the autoproteolyzed CRE domain.

Co-elution of the 2.4 and 17.6 kDa CRE cleavage fragments in SEC experiments suggests
that they associate with one another. To investigate the nature of this interaction, a 13C- and
15N-labeled sample of CRE was produced and its chemical shifts were assigned using triple
resonance NMR methods (Fig. 2A) [28]. CRE adopts a folded structure as evidenced by its
well dispersed 1H-1°N heteronuclear single quantum coherence (HSQC) spectrum. Notably,
both fragments within the cleaved CRE domain are structurally ordered. This is evident
from the heteronuclear 1°N{1H} nuclear Overhauser (hetNOE) data, since residues spanning
both fragments within the protein exhibit values >0.6 (Fig. 2B). It is further substantiated
by a plot of the random coil index (RCI) values predicted by TALOS-N, which reveals

that residues in both the short and long fragments are structured based on their backbone
chemical shifts (residues G177-1341) (Fig. 2C) [29].

The solution structure of the autoproteolyzed CRE domain was determined using
multidimensional heteronuclear NMR data and simulated annealing approaches [30, 31].
The structure is represented by an ensemble of 20 conformers that are compatible with 2,044
structural restraints (1,668 NOE distances, 301 dihedral angles, 74 hydrogen bonds) (Table
1).

Consistent with the hetNOE data (Fig. 2B), residues Y180-1337 are structurally ordered in
the ensemble; their backbone atoms can be superimposed to the mean structure with a root
mean square deviation (RMSD) of 0.57 A (Fig. 3A). CRE adopts an a/p/a sandwich that

is constructed from three subdomains: helices a1-3, strands 31-5 that form a central sheet,
and helices a4-7 (Fig. 3C). The B-strands are arranged in an anti-parallel manner, with the
exception of strands B4 and B5 that are parallel to one another and located at the edge of the
sheet. The shorter CRE fragment (residues G167-N188) comprises strand 1 that pairs in an
anti-parallel manner with strands p2 and p4 located in the longer fragment. The cleavage site
residues lie within the cleaved hairpin loop between the B1 and B2 strands and are partially
excluded from the solvent by the side chains of residues located within a1 (D210) and a6
(K336), as well as the side chain of Y241 located in the loop region connecting a1 and p4
(Fig. 3B, yellow).

The structure is similar to recently reported structures of CRE domains from the B. subtilis
Rsgl anti-o factor, as well as the Rsgl1, Rsgl2 and Rsgl6 proteins from C. thermocellum
(Fig. 4A) [27]. These proteins share 32-41% sequence identity with Rsgl9 and also undergo
autoproteolysis of an Asn-Pro peptide bond (Fig. 4B). The structure of Rsgl9 is most
similar to Rsgl2, as their backbone atoms can be superimposed with an RMSD of 1.95

A. A comparison of Rsgl9 to the different CRE domain structures reveals the presence of
many conserved residues that are positioned near the cleaved peptide bond (Fig. 4B) [26,
27]. These include amino acids within the conserved D[I/V]NPS sequence that harbor the
cleaved Asn-Pro peptide bond and several residues from the longer fragment that interact
with these amino acids. For example, semi-conserved polar contacts originating from the
side chains N208 and D210 to the cleaved proline residue are observed, as well as contacts
from L250, S310, and G312 to residues that surround the broken peptide bond (Fig. 3D,
4B). This conservation suggests that all CRE domains may autoproteolyze, consistent with
experimental studies of Rsgl from B. subtilis (B!PRsgl) and select Rsgl proteins from
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C. thermocellum (C"®Rsgl1-4, 6). A notable exception is the Rsgl8 CRE domain, which
replaces the Asn-Pro sequence with Asp-Ala and may not undergo autoproteolysis [26, 27].

A conserved hydrogen-bond network may impart strain onto the Asn-Pro peptide bond to
promote its cleavage.

To gain insight into the mechanism of cleavage, we used AlphaFold2 to model the structure
of an intact CRE domain that exists prior to autoproteolysis (Fig. 5A) [34]. The top 5 models
describing the structure were accurately predicted based on their pLDDT scores of 91.8 —
93.4. The intact (AlphaFold2) and cleaved (NMR) structures are closely related, as their
backbone atoms can be superimposed with an RMSD of 1.94 A. In general, the structural
differences originate from alterations in the conformations of protein loops and the presence
of an extra helical turn located at the end of the a.7 helix in the intact protein. However,
several features in the intact protein suggest that the region containing the Asn-Pro peptide
bond adopts a stressed conformation that may promote its cleavage. For an example, an
analysis using the program MolProbity reveals that N188-P189 w dihedral angle describing
the geometry of the scissile peptide bond is 83.2°, instead of the canonical value of +£180°
for an unstrained, trans-peptide bond [35]. The ¢ and  torsion angles for P189 in this
region also reside in the disfavored region of the Ramachandran plot (-107.3, 174.1).
Finally, a CaBLAM analysis reveals several geometric outliers involving C* atoms for
residues VV187-P189 suggesting that they adopt an energetically unfavorable conformation
(Fig. 5B) [36]. In marked contrast, the NMR structure of the cleaved polypeptide does

not exhibit this conformational stress; presumably because of the additional conformational
freedom that is afforded by rupture of the N188 and P189 bond.

Molecular dynamics (MD) simulations were performed to investigate the origin of
conformational strain in the CRE domain. Motions in the solvated model of the intact
protein were simulated for 200 ns using the CHARMMS36 all-atom force field [37]. The
coordinates in the simulation stabilized after ~50 ns and thereafter exhibited only small root
mean square fluctuations (RMSFs). Prominently, residues within and surrounding the p1-p2
hairpin containing the Asn-Pro peptide bond exhibited only relatively small conformational
fluctuations (~0.75 A RMSF values) and remained strained through the entirety of the
simulation. In particular, the w dihedral angle for the Asn-Pro peptide exhibited a non-ideal
average value of 148.1° + 8.4° (instead of ~£180°) with even larger transient excursions that
move it as far as 55° away from planarity. In contrast, for all other residues in the protein
their w dihedral angles retain values around £176° and thus their peptide bonds remain in

a lower energy, planar configuration. Residues surrounding the scissile bond also remained
in their original, unfavorable conformations. An inspection of the trajectory suggests that

an extensive hydrogen bond network may hold the Asn-Pro peptide bond in a strained
conformation (Fig. 6B). As part of this network, we also observed a long-lived water
molecule that for the majority of the trajectory maintained hydrogen bonding interactions
between residues D186, N188, and S190. Within the run time of the simulation, the water
formed at least one hydrogen bond contact with the aforementioned residues for 94% of the
simulation. In particular, the water molecule appears to form hydrogen bonds with both the
main chain amide and carbonyl of N188, which had a site occupancy of 45% during the
remaining 150 ns runtime after the system had stabilized Additionally, N208 and R313 form
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hydrogen bond contacts with both the amide side chain and main chain carbonyl of N188.
Although longer time-scale simulations are needed to fully assess the stability of this region,
this network may hold the Asn-Pro peptide bond in its strained conformation. This would
raise the energy of the uncleaved substrate, effectively reducing the activation energy barrier
required for proteolysis. The functional importance of the network is consistent with studies
of the CtheRsgl2 CRE domain since mutation of the equivalent residues in this protein impair
its autoproteolysis, specifically D186, S190, N208, and R313 [27].

Spontaneous cleavage may occur via a succinimide intermediate.

In principle, cleavage of the twisted scissile bond of CRE could occur via at least three
distinct mechanisms: (i) direct hydrolysis of the strained peptide bond, (ii) an N—0 / N—S
acyl rearrangement mechanism that is caused by a nucleophilic action of a proximal residue
such as a hydroxyl bearing serine residue [38, 39], or (iii) via a succinimide intermediate
mechanism whereby the Asn side chain (N188) with the Asn-Pro scissile peptide bond
undergoes cyclization and cleavage via the formation of a succinimide intermediate (Scheme
1) [40].

Proteolysis via direct hydrolysis (i) or an acyl rearrangement (ii) seems unlikely. Direct
hydrolysis seems unlikely for several reasons. First, in proteins that hydrolyze peptide bonds
the water molecule is typically activated for nucleophilic attack on the scissile bond by a
nearby metal or general base [41]. In the structure of Rsgl9 and other CRE proteins, no
metal is present near the labile peptide bond. There are numerous conserved residues near
the labile bond that could potentially function to activate a water molecule for hydrolysis
(e.g. S190, N208, and R313 in Rsgl9). However, results obtained by the Feng and Rudner
groups have shown that variants which alter these residues exhibit only mildly reduced
autoproteolytic activity, suggesting that they are unlikely to function as a general base
[25-27]. Second, the MD simulation of the uncleaved AlphaFold2 CRE model revealed
the presence of a long-lived water molecule that stabilizes the hydrogen-bond network and
could mediate hydrolysis, but is positioned too far away from scissile peptide bond making
it a poor candidate for a nucleophile [42]. However, we cannot exclude the possibility

that the 200 ns simulation may have been of insufficient duration to capture the presence
of a long-lived water molecule that could mediate hydrolysis. Third, the cleavage product
containing C-terminal Asn residue exhibits an isoform that is consistent with a mechanism
involving a succinimide intermediate (see below). The N—O / N—S acyl rearrangement
mechanism (ii) also seems unlikely to be the cause of CRE domain autoproteolysis. This
is the most commonly observed mechanism of protein autoproteolysis and involves an acyl
rearrangement mediated by a nearby side chain (e.g. Thr, Ser, Cys, Asn) that acts as a
nucleophile that attacks the carbonyl group within the scissile peptide bond [43]. Proteins
that utilize this mechanism include self-cleaving proteins such as the FoxR anti-o factor
[44], GPCR autoproteolysis inducing (GAIN) domains [45], and several viral polyproteins
including those from SARS-CoV-2 [46]. This acyl rearrangement is unlikely for CRE as
mutagenesis of highly conserved residues near the peptide bond that could serve as potential
nucleophiles in the CeRsgl2 protein (N208, D210, and R313) does not significantly
ablate its autoproteolysis [27]. Indeed, prior work on Ct"eRsgl2 demonstrated that double
mutants in which more than one potential nucleophile is altered do not completely disrupt
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autoproteolysis, making this mechanism unlikely. Similarly, mutations of residues proximal
to the autocleavage (Y182, D186, E192, V201, N208) site in the CRE of BSUPRsgl made

by the Rudner group did not completely prevent autocleavage but did lead to a similar
phenotype as the Arsg/ mutant [25]. According to the solution structure and MD simulation,
these residues are either involved within the hydrogen bond network surrounding the
autocleavage site or within the core of the domain. Thus, mutations to these core residues
would likely destabilize the domain such that the Rsgl protein would be more susceptible to
site-2 processing and activation.

We posit that the non-enzymatic cleavage of the Asn-Pro bonds in CRE domains occurs
via a succinimide mechanism shown in Scheme 1. This autoproteolysis mechanism has
been observed in the structurally unrelated aA-crystallin [40], aquaporin 0, FIhB and SpaS
proteins [47-50]. Bond cleavage starts with the cyclization of the Asn side chain when

its 8-nitrogen atom attacks its backbone carbonyl group to form a gem-hydroxylamine
transition state that subsequently collapses into a C-terminal succinimide intermediate
when the Asn-Pro bond breaks [51]. The C-terminal succinimide containing the Asn is
then hydrolyzed to create a racemic mixture of cleavage product that contains either a
C-terminal Asn or Asp-amide//soAsn residue (Scheme 1). This reaction is typically rare

in proteins as it competes with much faster Asn deamidation reaction that involves Asn
cyclization [52]. However, Asn-Pro peptide bonds are prone to autoproteolysis since this
competing deamidation reaction is disfavored because the proline backbone imine is a poor
nucleophile [53]. If cleavage in Rsgl9 occurs via a succinimide intermediate, the short
peptide cleavage fragment should contain both Asn and /soAsn at its C-terminus (Scheme
1). LC-MS/MS was performed on a sample of purified CRE domain that had been digested
with trypsin. This procedure identified 14 unique peptides corresponding to the larger
fragment and 1 peptide corresponding to the shorter fragment (85.2% and 90.9% sequence
coverage, respectively). Interestingly, the extracted ion chromatogram (XIC) revealed that
all the tryptic peptides eluted with a standard unimodal elution profile with the notable
exception of a shorter fragment containing the C-terminal Asn (or /soAsn) residue which
exhibited a bimodal profile (Fig. 7A). The identity of the bimodal peptide was confirmed
by LC-MS/MS as spanning residues G169-N188 (Fig. 7B). Notably, MS analysis of eluate
from the bimodal chromatographic peak revealed that both lobes corresponded to peptides
of m/z1081.49. This behavior is consistent with the elution of a C-terminal Asn//soAsn
peptide pair. To further investigate this issue, we performed parallel reaction monitoring
(PRM) on these tryptic digest products. Consistent with assignment as the autoproteolytic
/s0Asn and Asn products, both lobes of the LC peak exhibited nearly identical MS/MS
spectra. This behavior is expected given that their backbone amides are similarly susceptible
to collisional fragmentation (Fig. 7C). It is also notable that the single long-lived water
molecule, observed to stabilize the hydrogen bond network in MD simulations, is positioned
to facilitate cleaving the succinimide intermediate. Poised to hydrogen bond to the main
chain carbonyl of N188 (heavy atom separation 3.0 A), the water molecule can donate a
proton as the peptide bond is broken.

Proteins. Author manuscript; available in PMC 2025 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Takayesu et al.

Page 8

Conclusion

In this work, we demonstrate that the Rsgl9 CRE domain undergoes autoproteolysis at

a conserved Asn-Pro sequence to form a stably folded structure in which the proteolytic
fragments remain associated. Coupled with prior findings that show Rsgl9’s C-terminal
ectodomain binds cellulose, these results are consistent with it regulating the composition
of the cellulosome via a RIP signal transduction mechanism [22]. In this process,
polysaccharide binding to the Rsgl9 domain would cause the pre-cleaved CRE domain to
separate, thereby exposing it to degradation by the RasP intramembrane metalloprotease

to release a yet to be identified o-factor that controls gene transcription. This work

builds upon previous studies of the CRE domain by providing insight into the potential
mechanism for autoproteolysis. Additionally, we have confirmed that the CRE of the orphan
Rsgl9 undergoes autoproteolysis, implicating its involvement in extracellular sensing and
transcription regulation despite its unknown cognate o-factor. Future studies will be focused
on identifying this o-factor and testing whether polysaccharide binding triggers CRE
domain dissociation. Our NMR, MD and MS/MS analyses in combination with recently
reported mutagenesis data provide insight into how a conserved Asn-Pro peptide bond in
CRE domains is rapidly autoproteolyzed. We propose that a conserved hydrogen bond
network and bound water molecule promote cleavage by maintaining the scissile peptide
bond in a strained conformation that reduces the energy between the pre-cleaved substrate
and transition state associated with bond breakage. This is similar to the hydrogen bond-
maintained conformational strain seen in SEA domains, which have recently been proposed
Brogan et al. to function similarly to CRE [26]. There are over 1000+ CRE homologs that
contain the conserved D[I/V]NPS cleavage sequence across many species of gram-positive
bacteria, suggesting that this mechanism is widely employed by Rsgl-type anti-o factors to
mediate signal transduction.

Materials and Methods

Cloning and expression of CRE.

The nucleotide sequence for C. thermocellum DSM 1313 CRE (residues G167-K343) was
cloned into a pET-29b expression plasmid which contains an N-terminal 6xHis affinity tag
and followed by a Tobacco Etch Virus (TEV) protease cleavage site. The plasmid was
transformed into £. co/iBL21 (DE3) cells and cultured at 37 °C in LB media containing

50 pg/mL kanamycin until an ODggq of 0.6 — 0.8 was reached. Cells were then induced
with 1mM isopropyl p-D-thiogalactoside (IPTG) and incubated with agitation at 17 °C

for 12-17 hrs. Cell cultures were pelleted at 7k rpm at 4 °C for 25 minutes and were
resuspended in lysis buffer containing 50 mM Tris-HCI and 300 mM NaCl at pH 8.0. Cells
were lysed via sonication in the presence of 1 mg of lysozyme isolated from egg white and
2mM phenylmethanesulfonyl fluoride (PMSF) per liter of culture. Lysates were clarified by
centrifugation at 15k rpm at 4 °C for 50 minutes. Clarified lysate was loaded onto HisPur™
Co2*-NTA resin previously equilibrated in lysis buffer and incubated with agitation at 4
°C. The protein was washed with 10 CV of lysis buffer followed by a wash with lysis
buffer containing 10mM imidazole and finally eluted using elution buffer (lysis buffer +
500 mM imidazole). Elutions were concentrated to 5 mL using an Amicon™ 10k MWCO
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Ultra centrifugal filter and then dialyzed in lysis buffer without imidazole in the presence

of TEV protease overnight at 4 °C. The dialyzed and post-cleaved protein was then loaded
back onto the HisPur™ Co2*-NTA affinity resin and eluted with several washes of lysis
buffer. Elutions were further purified using a Superdex 75 preparative grade column on an
AKTA-FPLC system and concentrated again prior to storage and use. Samples from pre- and
post-TEV digestion of Rsgl9 CRE were separated by SDS-PAGE.

NMR spectroscopy and structure calculations.

CRE was uniformly isotopically 13C- and 15N-labeled using the same expression and protein
purification protocol as described above, but with expression induced after transferring to
minimal M9 media supplemented with 15SNH,Cl and [*3Cg] glucose. Protein samples for
NMR were exchanged into NMR buffer (50mM sodium phosphate, 200 mM NacCl, 0.03%
sodium azide, pH 6.0). NMR experiments were performed at 298 K on Bruker Avance

I11 HD 600 MHz and Bruker Avance NEO 800 MHz spectrometers equipped with triple
resonance cryogenic probes. Backbone and side chain atom assignments of CRE were
determined via the following experiments: 1°N-HSQC, 13C-HSQC, 15N-TOCSY, HNCO,
HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HCCH-COSY, HCCH-TOCSY, HNHA, and
HN(CO)CACB [28]. Data were processed using NMRPipe[54] and analyzed using XIPP
NMR software [55]. Initial assignment of cross-peaks within the NOESY spectra were
assigned automatically using UNIO [56] which were verified and added to manually

in XIPP. 13N{1H} heteronuclear NOE data was collected in duplicate and analyzed in
NMRFAM-Sparky [57]. Predicted secondary structure, RCI-S2 values and dihedral angle
restraints for structure calculations were generated using TALOS-N [58]. 1°N- and 13C-
edited NOESY spectra were acquired using a 120 ms mixing time and used to define NOE
distance restraints for structural calculations made using XPLOR-NIH v3.6 [59, 60]. The
final round of structural calculations included 200 structures generated, 40 of which had
zero NOE violations greater than 0.5 A or dihedral angle violations greater than 5°. A final
ensemble of 20 structures based on lowest overall energy were validated via PROCHECK-
NMR and selected to represent the structure of CRE, which were then deposited into

the PDB (accession: 8U90) [32]. Cartoon and ensemble representations of CRE and the
AlphaFold2 model of Rsgl9177-350 were generated using MOLMOL and PyMOL [61, 62].
All backbone alignment comparisons (atoms N, Ca, C’, and O) with Rsgl9 CRE were done
using the ‘align’ function in PyMOL with no pruning [62].

AlphaFold2 Modeling and MD Simulations.

A full-length, uncleaved model of Rsgl9 CREL77=350 was generated using AlphaFold2 [34]
(locally installed). 5 models were generated in structure determination. The highest ranked
structure based on pLDDT score was used for further MD simulations.

GROMACS version 2021 was used for explicit-solvent molecular dynamics simulations
of the uncleaved AlphaFold2 model of Rsgl9 CRE (G177-L350) using the CHARMM36
all-atom force field [37]. Structures were solvated in a cubic box and embedded with

an appropriate amount of Na+ and Cl- counterions for an electroneutral system. Energy
minimization and equilibration of the structures were completed using a steepest descent
method and subsequent NVT and NPT equilibration phases lasting 100 ps each. 200 ns
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simulations were performed on the equilibrated and energy minimized structures at constant
temperature and pressure (300.0 K and 1.0 atm) with a time step of 2.0 fs. Global backbone
RMSF over the course of the simulation reached convergence after 30 ns. The trajectory
file was analyzed using VMD to visualize long-lived water molecules and changes in
cleavage site side chain rotamers [63]. Fluctuations in dihedral angles over the course of the
simulation were extracted from the trajectory file and visualized in XMGRACE software
[64]. Hydrogen bond site occupancies were calculated using the HBonds plugin, v1.2 in
VMD with a distance and angle cutoffs of 3.4 A and 35° respectively.

Tandem mass spectrometry and MALDI-TOF.

Full length CRE was SEC purified and buffer-exchanged into 100 mM ammonium
bicarbonate, pH 8.0. A tryptic digest was performed at a ratio of 50:1 Rsgl9:trypsin,
overnight, using sequencing grade trypsin (Promega) before desalting using C18 resin
(Empore) in the format of StageTips [65]. The resulting peptides were injected onto an
Exploris Orbitrap 480 (Thermo Fisher) running the following mobile phase gradient: 3% B
from 0 to 7 minutes, 3% to 35% B from 7 to 40 minutes, 35% to 80% B from 40 to 45
minutes, 80% B to 50 minutes, and 80% to 3% B from 50 to 52 minutes. Data-dependent
acquisition was implemented, and the resulting data was analyzed using Max Quant with
the Andromeda search engine, default parameters. MS1 chromatograms were extracted
using FreeStyle 1.8 (Thermo Fisher) and plotted and centered at their apices. Purified
protein samples were analyzed by MALDI-TOF by first mixing with matrix solution (70%
Acetonitrile, 30% ddH20, 0.1% TFA, saturated a.-cyano-4-hydroxycinnamic acid) and
analyzed with an Applied Biosystems Voyager-DE STR MALDI-TOF in linear mode.
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Scheme 1.

Schematic showing the potential mechanism for the spontaneous deamidation and cleavage
of the N188/P189 bond. Auto-cleavage of the peptide bond acts as the initial step leading
to the formation of the succinimide intermediate. The C-terminal succinimide undergoes
hydrolysis leading to the formation of either a C-terminal Asn residue or a C-terminal Asp
amide (isoAsn). R1 and R2 represent the N- and C-terminal ends of the polypeptide chain,
respectively.
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Figure 1. The Rsgl 9 anti-o factor isproteolyzed at the Asn188-pr o189 peptide bond.

(A) Schematic of the intact Rsgl9 protein. It contains conserved domains that are found in
other Rsgl-family proteins (red). These include an intracellular anti-o factor domain (NTD,
residues 1- 55, red), a transmembrane helix (TM, dark gray) and an extracellular domain

of unknown function (CRE, residues 167-343, red, striped). Rsgl9 and many other Rsgl
proteins also contain a Pro-rich linker segment (light gray) that connects the Rsgl9 CRE

to S1C peptidase (mint, residues 396-578) and NTF2-like type domains (blue, residues
579-707). Rsgl9 also contains a unique insertion (orange) immediately following the NTD
that is in the cytoplasm. (B) SEC chromatogram of purified CRE protein, demonstrating
that it elutes as a single peak. The elution volume for CRE is consistent with the expected
molecular weight of the uncleaved form. (C) SDS-PAGE of His-tagged Rsgl9 CRE (167-
343) digested with TEV protease. A band corresponding to a fully intact, undigested 6xHis-
Rsgl9 (residues 167-343) is absent in the predigestion sample. (D) Reversed-phase HPLC
chromatogram of purified CRE obtained from SEC. The data show that CRE consists of
two polypeptides, short (residues G167 to N188, Rsgl9) and long (residues 189-343, Rsgl9)
fragments. The identity of the polypeptides was confirmed by ESI-MS/MS.
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(A) The 1H-15N HSQC spectrum of the uniformly 15N-labeled Rsgl9 CRE domain. Residue

numbering corresponds to the full-length Rsgl9 protein. (B) Plot of the steady state
heteronuclear SN{H} NOE (hetNOE) values for the backbone amides in the domain
plotted as a function of residue number. Error values are the maximal deviation from
the average obtained from two separate measurements. A schematic of the secondary
structural elements identified by NMR is depicted above. Out of a total of 176 residues

containing backbone amide groups in CRE, resolved hetNOE data could be obtained for 165
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residues. (C) Predicted Random Coil Index (RCI) values per residue as calculated using the
program TALOS-N and chemical shift data. In panels (B) and (C) the light-gray shaded area
represents the first 10 residues of the CRE protein construct and are structurally disordered.
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Figure 3. Solution structure of the Rsgl9 CRE domain.
(A) Superposition of the 20 lowest energy structures of the Rsgl9 CRE domain. Residues

corresponding to the 2.4 and 17.6 kDa fragments are colored light and dark blue,
respectively. Residues G167-K343 are shown with their N- and C-termini labeled. (B)
Surface representation of the CRE domain structure. Cleavage site residues (yellow)

and residues that partially occlude the cleavage site (orange) are colored. (C) Ribbon
representation of the lowest energy structure of the CRE domain with its secondary
structural elements labeled (a1-7, B1-5) (pdb accession: 8U90) (D) Expanded view of
the structure showing the cleaved peptide bond between the Asn!88 and Prol® residues.
Carbon atoms are colored by fragment (G167-N188, blue and P189-K343, green). The side
chains of nearby conserved residues are shown in stick format.
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Figure 4. Structure and sequence comparisonswith the Rsgl9 CRE domain.
(A) Overlay of the lowest energy structure of the Rsgl9 CRE domain (cyan, residues

167-343) with the structure of the CRE domain from the C. thermocellum Rsgl2 protein
(magenta, residues 89-248) (pdb: 8heq)[27]. The structures align with a backbone RMSD
of 1.95 A. (B) Sequence alignment of the CRE domain (top) with the other Rsgl proteins

in C. thermocellum (Rsgl 1-8) and the Rsgl anti-o factor from B. subtilis (Bsub_Rsgl).
Residue numbers and secondary structures are shown above the sequences and correspond
to the Rsgl9 protein. Shaded residues are conserved (dark purple most conserved). Multiple
sequence alignments for the Rsgl proteins were generated using Clustal Omega [33].
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Figure 5. AlphaFold2 Comparison to solution-state structure of CRE.
(A) Overlay and zoom of the lowest overall energy structure calculated for Rsgl9 CRE

(167-343) and the AlphaFold2-predicted model of CRE (177-350). The solution-state NMR
structure of CRE contains the cleavage site breakage between N188 and P189 whereas the
predicted AlphaFold2 structure is continuous through that region. The two structures align
with a backbone RMSD of 1.94 A. The conserved cleavage site residues (N188/P189) are
compared in the zoom-in window. The w* denotes a strained, non-planar peptide angle
(83.2°) for P189 in the uncleaved AlphaFold2 model. (B) MolProbity kinemage analysis

of the CRE cleavage site residues for the uncleaved AlphaFold2 model and solution state
structure of CRE. Backbone carbons are outlined in black. Outlier values for Ramachandran
(thick cyan line), bond-length (thick red line), twisted/non-planar peptide bonds (yellow
trapezoid), and C-Alpha geometry (magenta discs) are shown.
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Figure 6. MD simulations of the AlphaFold2 model of CRE.
(A) Plot of the root mean square fluctuation (RMSF) differences of CRE backbone amide

coordinates during the course of the 200 ns MD simulation. (B) Zoom in view of a
representative frame from an uncleaved precursor Rsgl9CRE during the course of the MD
simulation. The peptide bond dihedral angle for P189 (w*, magenta) remains predominantly
in a non-planar (153.2°) configuration as stabilized by the surrounding hydrogen bond
network. Backbone amide and side chain hydrogens (white) are shown to illustrate peptide
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bond geometries. Heavy atoms are colored blue and red to indicate nitrogen and oxygen,
respectively. Hydrogen bonds are denoted with dashed yellow lines.
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Fig 7. LC-M S/M S Chromatogram reveals bimodal peak for N-terminal CRE cleavage fragment.
(A) LC-MS extracted ion chromatograms of Rsgl9 peptides. Numbers above each peak

indicate the residue numbers of full-length Rsgl9 CRE represented in each fragment. Those
on the x-axis are to-scale and those above the x-axis are zoomed in to highlight their
elution. Note peptide 169-188 is the only peptide with a bimodal elution. (B) Annotated
MS2 spectra from peptide 169-188 confirm its identity. An asterisk (*) is used to denote
either Asn//soAsn (C) Parallel reaction monitoring (PRM) of the 169-188 product ions with
an optimized elution gradient. The intensities of ions containing N22 residue (y,, y3, and
dissociated products) as well as bq3 are plotted, which shows the entire bimodal elution
profile corresponds to elution peak CRE (169-188).
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Table 1.

Structural statistics of the solution structure of CRE

(sA)?

Root mean square deviation

NOE Interproton distance restraints (A)(1668)b 0.028 +0.002

Dihedral angles restraints (°) (301)¢ 0.550 + 0.059

Hydrogen bond distance restraints (A) (74) 0.027 + 0.005
Deviation from idealized covalent geometry

bonds (A) 0.002 + 0.0001

angles (°) 0.425 + 0.011

impropers (°) 0.301 +0.017
PROCHECK results (%)

most favorable region 948+1.1

additionally allowed region 44+11

generously allowed region 07+0.4

disallowed region 0.0+0.0

Coordinate Precision (A)7
Protein backbone 0.57 £0.07
Protein heavy atoms 1.16 £ 0.07

a . . S
(SA) represents an ensemble of the 220 best structures calculated by simulated annealing. The number of terms for each restraint is given in

parentheses. None of the structures exhibited distance violations greater than 0.5 A, or dihedral angle violations greater than 5°. Residues selected

for statistics and PROCHECK-NMR analysis were Y180-1337. [32]

bDistance restraints: 463 sequential, 261 medium (2 < residue separation < 4), 506 long range (>4 residues apart) and 438 intramolecular.

c . . . .
The experimental dihedral angle restraints were as follows: 3151 ¢ and 151  angular restraints

The coordinate precision is defined as the average atomic root mean square deviation (RMSD) of the 420 individual SA structures and their mean
coordinates. These values are for residues Y180-1337 of CRE. Backbone atoms refer to the N, C%, and C’ atoms.
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