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Gram-positive bacteria assemble pili (fimbriae) on their surfaces to
adhere to host tissues and to promote polymicrobial interactions.
These hair-like structures, although very thin (1 to 5 nm), exhibit
impressive tensile strengths because their protein components
(pilins) are covalently crosslinked together via lysine–isopeptide
bonds by pilus-specific sortase enzymes. While atomic structures
of isolated pilins have been determined, how they are joined to-
gether by sortases and how these interpilin crosslinks stabilize
pilus structure are poorly understood. Using a reconstituted pilus
assembly system and hybrid structural biology methods, we elu-
cidated the solution structure and dynamics of the crosslinked in-
terface that is repeated to build the prototypical SpaA pilus from
Corynebacterium diphtheriae. We show that sortase-catalyzed in-
troduction of a K190-T494 isopeptide bond between adjacent
SpaA pilins causes them to form a rigid interface in which the
LPLTG sorting signal is inserted into a large binding groove. Cellu-
lar and quantitative kinetic measurements of the crosslinking re-
action shed light onto the mechanism of pilus biogenesis. We
propose that the pilus-specific sortase in C. diphtheriae uses a latch
mechanism to select K190 on SpaA for crosslinking in which the
sorting signal is partially transferred from the enzyme to a binding
groove in SpaA in order to facilitate catalysis. This process is facil-
itated by a conserved loop in SpaA, which after crosslinking forms
a stabilizing latch that covers the K190-T494 isopeptide bond. Gen-
eral features of the structure and sortase-catalyzed assembly mech-
anism of the SpaA pilus are likely conserved in Gram-positive
bacteria.

pili | sortase | Gram positive | lysine isopeptide bond |
integrative structural biology

The cellular surface of many bacteria is elaborated with thin
appendages called pili (also called fimbriae) which have a

range of roles including twitching motility, conjugation, immu-
nomodulation, biofilm formation, and adherence (1, 2). These
long proteinaceous fibers are key virulence factors that mediate
initial host–pathogen interactions, which are subsequently strength-
ened by more intimate contacts from shorter pili and cell wall–
attached adhesins (1–13 ). As the infection progresses, pili also
facilitate biofilm formation, protecting invading microbes from
host immune clearance and exogenous antibiotics (1, 5, 11, 14).
Gram-positive bacteria display very thin (1 to 5 nm) (15) hair-like
pili that nevertheless possess enormous tensile strength because
their protein components are crosslinked together by lysine–
isopeptide bonds. These crosslinked fibers are displayed by a wide
range of pathogenic and commensal Gram-positive bacteria, but
their structures and mechanism of assembly remain poorly un-
derstood (2, 5, 7–10).
Pili in Gram-positive bacteria are assembled by pilus-specific

sortase enzymes that crosslink the pilus subunits (called pilins)
together via lysine–isopeptide bonds. Our current understanding
of this process has been significantly advanced by studies of the
SpaA pilus in Corynebacterium diphtheriae, a pathogen that causes
pharyngeal diphtheria (5, 8, 10, 16). The SpaA pilus mediates

adherence to the pharyngeal epithelium and consists of three types
of pilins: the pilus shaft is formed by SpaA, and the tip and base
are formed by SpaC and SpaB, respectively (17). The C. diph-
theriae pilus-specific sortase (CdSrtA) assembles the pilus by cat-
alyzing a repetitive, irreversible transpeptidation reaction that
covalently links pilin subunits together via an isopeptide bond. The
shaft of the pilus is formed by ∼100 to 250 crosslinked SpaA pilins
(16). CdSrtA-catalyzed SpaA polymerization begins when SpaA
prepilin proteins containing an N-terminal signal peptide sequence
are exported via the Sec pathway and retained on the extracellular
surface via a C-terminal cell wall sorting signal (CWSS) (18).
CdSrtA then crosslinks SpaA proteins together via a two-step
process. First, an LPLTG sorting signal sequence within the
CWSS is cleaved between Thr and Gly residues by the sortase,
generating a thioacyl-linked CdSrtA-SpaA intermediate in which
the enzyme’s active site cysteine residue is covalently linked to the
carbonyl atom of the sorting signal threonine. In the second step, a
lysine e-amine group originating from another SpaA pilin attacks
the thioacyl linkage in the CdSrtA-SpaA intermediate, thereby
joining distinct SpaA proteins together via a K190-T494 isopep-
tide bond (Fig. 1A). The reactive lysine in SpaA is housed within
the N-terminal domain and is part of a highly conserved
WxxxVxVYPK sequence motif that is found in many pilin proteins
(17). The shaft of the pilus is constructed by repeating this two-
step process, and a similar CdSrtA-catalyzed reaction is used to
add the SpaC tip pilin to SpaA. Pilus assembly is completed by
incorporating the SpaB basal pilin, which promotes pilus attach-
ment to the cell wall using a distinct housekeeping sortase CdSrtF
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(3). Pilus biogenesis is thought to occur within “pilusosomes” on
the cell surface, at which pilin substrates and pilus-specific sortases
colocalize to facilitate rapid polymerization (18).
Despite their importance in bacterial physiology and patho-

genesis, only structures of isolated, noncrosslinked pilins have
been determined at atomic-level resolution (19). This is because
it has been challenging to obtain homogenous crosslinked pili
that are suitable for biophysical analyses and because Gram-
positive pili are thin and flexible, making them difficult to study
using cryogenic electron microscopy and X-ray crystallography.
Crystal structures of isolated pilins have revealed that they contain
IgG-like Cna-type domains and frequently one or more sponta-
neously forming intradomain isopeptide bonds that impart sig-
nificant resistance to mechanical forces (19–21). Internal isopeptide
bond linkages exist as either D- or E-type and are extremely sta-
bilizing, allowing pilin domains to withstand the highest unfolding
forces yet reported for a globular protein (20). Atomic-level struc-
tures of sortase crosslinked pilins have yet to be visualized, but a
transmission electron microscopy study of the Streptococcus pneu-
moniaeRrgB pilus enabled the periodicity and polarity of individual
subunits within the pilus fiber to be determined (22). This work
revealed that the subunits in the pilus are arranged in a head-to-tail
manner, enabling sortase-catalyzed isopeptide crosslinking between
the lysine and LPxTG motifs located at the N- and C-terminal ends
of the pilin, respectively. In crystals, similar head-to-tail packing

arrangements are observed, but whether these lattice interactions
are also present in the intact pilus is not known.
In this study, we used a recently developed in vitro pilus as-

sembly system and hybrid structural biology methods to gain
insight into the structure and biogenesis mechanism of the SpaA
pilus from C. diphtheriae. We first determined the NMR struc-
ture of the N-terminal domain of SpaA crosslinked to the sorting
signal peptide and then used small angle X-ray scattering
(SAXS), NMR, and crystallographic data to model the structure
of the isopeptide-linked SpaA-SpaA building block that is re-
peated to construct the pilus shaft. We show that crosslinking is
accompanied by a large disordered-to-ordered structural change
in the SpaA pilin, which forms an interpilin interface that differs
markedly from packing interactions observed in crystals of the
isolated SpaA. Quantitative measurements of kinetics of the
sortase-catalyzed transpeptidation reaction suggest that the en-
zyme uses a latch mechanism to select the appropriate lysine
residue on SpaA for interpilin crosslinking.

Results
NMR Structure of the Crosslinked NSpaA-Signal Complex. To learn
how Gram-positive pili are stabilized by interpilin lysine–
isopeptide bonds, we examined how these crosslinks ligate SpaA
pilins together to construct the shaft of the C. diphtheriae SpaA
pilus (7, 16). The SpaA shaft pilin contains three autonomously
folded domains: N-terminal (NSpaA, residues 53 to 195), middle

Fig. 1. Structure of the NSpaA-signal peptide complex. (A) Schematic of pilus polymerization with full-length SpaA molecules. An expanded view of the two
portions of the crosslinked SpaA polymer investigated in this study, CSpaA-NSpaA complex and NSpaA-signal, are boxed in gray dashed lines and solid black
lines, respectively. (B) The NSpaA-signal peptide complex is represented in surface representation with relative conservation of each residue indicated by a
color gradient ranging from highly variable positions (blue) to highly conserved residues (yellow). The peptide (magenta sticks) is docked into a highly
conserved, nonpolar binding groove on SpaA. (C) A bundle of the 40 lowest energy structures of the SpaA-signal complex is displayed. The backbone of the
NSpaA domain is represented by blue ribbons. The last five residues of the sorting signal peptide are depicted as red sticks, and Lys190 is shown as green sticks.
(D) Secondary structural elements of the NMR structure are highlighted. (E) An expanded view of the peptide binding interface shows how the peptide is
bound in the cleft of NSpaA. Residues on SpaA exhibiting intermolecular NOEs to the peptide are shown as sticks. Interacting residues in the core of the
domain and within the AB loop are colored yellow and pink, respectively.
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(MSpaA, residues 196 to 349), and C-terminal (CSpaA, residues
350 to 500) domains (23). SpaA pilins are joined together via
interpilin crosslinks that connect the NSpaA and CSpaA domains;
a lysine–isopeptide bond links the side chain e-amine group of
K190 within NSpaA to the carbonyl group of the T494 residue
present in a LPLTG sorting signal sequence that immediately
follows CSpaA in the primary sequence (Fig. 1A). Previously, we
demonstrated that a mutationally activated CdSrtA enzyme co-
valently crosslinks peptides containing the LPLTG sorting signal
sequence to NSpaA, a process that mimics the reaction that is
repeated to build the shaft of the pilus (24–26). We first
employed this enzyme to produce the NSpaA-signal complex, in
which the K190 side chain in NSpaA is joined via an isopeptide
bond to the threonine residue in a sorting signal peptide
(KNAGFELPLT peptide that corresponds to residues K485 to
T494 in CSpaA) (SI Appendix, Fig. S1). Heteronuclear multidi-
mensional NMR spectroscopy was then used to determine the
atomic structure of the complex using a total 2,070 experimental
restraints, including 66 intermolecular nuclear Overhauser effect
(NOE) distance restraints (SI Appendix, Table S1 and Fig. S3).
The structure of the complex is well defined by the NMR data, as
the backbone and heavy atom coordinates of residues T3 to
Q192 and G488 to T494 in the ensemble can be superimposed to
the average structure with a RMSD of 0.48 ± 0.05 and 0.81 ±
0.04 Å, respectively (Fig. 1C).

NSpaA adopts a CnaB-type fold that binds the crosslinked
sorting signal via a large groove formed by residues within strands
βF and βG (Fig. 1D). The bound signal contains a characteristic
kink at its single proline residue, causing it to form an L-shaped
structure that spans from the K190 attachment site to a wedge-
shaped opening between the FG loop and helix α1 (27, 28). The
conserved LPLT residues in the sorting signal form nonpolar in-
teractions with a conserved surface on NSpaA and bury ∼630 Å2 of
solvent-exposed surface area (Fig. 1B). A detailed summary of
these interactions is provided in SI Appendix, Fig. S5. The
C-terminal T494 residue in the signal is joined via an isopeptide
linkage to the side chain of K190 located at the end of strand G
and partially masked from the solvent by residues that connect
strands A and B (called the AB loop) (Fig. 1D). The AB loop
extends over the P492-L293-T494 portion of the sorting signal,
contacting the T494 methyl group via interactions with the side
chains of Q69, L76, and I79 (Fig. 1E). Interestingly, G73 in the AB
loop is highly conserved among proteins that contain the pilin
motif (SI Appendix, Fig. S4) and is located at the tip of the loop
where the chain reverses direction and is in close contact with the
bound sorting signal. The positioning of the N-terminal end of the
structured portion of the signal is defined by intermolecular NOEs
to the aromatic side chain of F489, which is nestled into a hy-
drophobic region positioned directly underneath the first turn of
α1. Signal residues N-terminal to F489 are disordered and exit the
binding groove via an opening between the FG loop and helix α1,
which must therefore form the interpilin interface in the shaft of
the SpaA pilus.

Crosslinking Triggers the Closure of a Stabilizing Latch over the
Interpilin Linkage. A comparison of the structure of the NSpaA-
signal complex with a previously determined 1.6-Å crystal struc-
ture of unmodified SpaA protein reveals striking conformational
differences (Fig. 2D). While the apo- and complexed-forms of the
NSpaA domain adopt generally similar tertiary structures (their
backbone coordinates can be superimposed with a RMSD of
2.3 Å), crosslinking causes a significant rearrangement in the AB
loop, as well as more subtle changes in the positioning of the FG
loop and α1 helix. In the complex, the AB loop rests against the
body of the protein, encapsulating the K190-T494 isopeptide
linkage, while in the structure of the unmodified SpaA protein,
coordinates for residues Q69 to I79 in the AB loop are missing
because they exhibit scant electron density (23). To determine if

the AB loop undergoes a disordered-to-ordered transition upon
signal attachment by sortase, we assigned the backbone chemical
shifts of apo-NSpaA and acquired 1H-15N steady-state NOE re-
laxation data for apo-NSpaA and the NSpaA-signal complex.
Consistent with the NMR structure of the complex, the largest
differences in the backbone chemical shifts occur for residues that
form the signal binding groove and the AB loop (Fig. 2 A and B).
Interestingly, the 1H-15N steady-state NOE data reveal that signal
attachment significantly retards motions in the AB loop, as resi-
dues M63 to G86 in apo-NSpaA exhibit small-magnitude steady-
state NOEs indicative of high mobility, whereas in the NSpaA-
signal complex, they are rigid with values around 0.8 (Fig. 2C
and SI Appendix, Fig. S2). Covalent signal attachment also
quenches motions on the opposite side of the binding pocket, as
similar, albeit smaller trends are observed for residues in the FG
loop that contact the N-terminal end of the sorting signal near the
interpilin interface. Limited proteolysis experiments of apo-NSpaA
and the NSpaA-signal complex indicate that the protein in the
complex is ∼42% more resistant to proteolytic degradation after
24 h (SI Appendix, Fig. S6A). The NSpaA-signal complex is also
slightly more thermostable based on differential scanning fluo-
rimetry experiments (its ΔuG° increases by ∼0.9 kJ) (SI Appendix,
Fig. S6 B and C) (29, 30). Taken together, these data indicate that
the AB loop becomes ordered upon pilin crosslinking, forming a
latch structure that shields the isopeptide linkage and stabilizes
NSpaA.

Solution Structure of the Interpilin Interface. To gain insight into
the structure and dynamics of the interpilin interface that is re-
peated to build the SpaA pilus, we used the activated CdSrtA
enzyme to generate a crosslinked CSpaA-NSpaA dimer (M.W. 31
kDa); in the dimer, NSpaA is crosslinked via its K190 residue to
the sorting signal that resides in a 11–amino acid C-terminal tail
that immediately follows the CSpaA domain (Fig. 1A). NMR
spectra were acquired using samples of the dimer in which either
the CSpaA or NSpaA domains were selectively labeled with
nitrogen-15. A comparison with the spectra of the corresponding
isolated domains reveals that crosslinking causes substantial
chemical shift changes, suggesting that the domains pack against
one another in the dimer (SI Appendix, Fig. S7 A and B). This is
substantiated by molecular correlation time (τc) measurements
using NMR 15N relaxation data, as the τc of the CSpaA-NSpaA
dimer is 18.0 ns, much longer than expected if the domains were
simply connected by a flexible linker that enabled them to freely
reorient (the τc values of the isolated NSpaA and CSpaA domains
are 8.7 and 9.5 ns, respectively) (SI Appendix, Fig. S7C). SAXS
data of the crosslinked dimer also indicate that it is generally
inflexible as evidenced by the distance distribution (SI Appendix,
Fig. S8A) and normalized Kratky plots of the data (SI Appendix,
Fig. S8B). The calculated radius of gyration is smaller than
expected for a freely reorienting dimer, and the Kratky plot is
characterized by features which correspond to a nonflexible
structure. Thus, both NMR and SAXS analyses are in agreement
and indicate that the domains within the dimer are immobilized
with respect to one another.
The solution structure of the crosslinked CSpaA-NSpaA dimer

was modeled using an integrated approach that employed SAXS,
NMR, and crystallographic data. An initial model of the CSpaA-
NSpaA complex was constructed using the crystal and NMR
structures of CSpaA (Protein Data Bank [PDB]: 3HR6) and
NSpaA-signal (this work), respectively. SAXS data were then
employed to drive multistate rigid body modeling of the complex
using the MultiFOXS approach (31). To account for potential
interdomain flexibility, 10,000 models were generated, and resi-
dues connecting the CSpaA and NSpaA domains (K483-A488)
were allowed to move freely during the calculations (Methods).
Models of the CSpaA-NSpaA dimer in which the domains adopt
related orientations with respect to one another best fit the
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SAXS data (Fig. 3A and SI Appendix, Fig. S8 C and D). This
domain orientation is further supported by lower resolution ab
initio modeling of the scattering data using the programGASBOR,
which yields an elongated, kinked dimeric structure that is
similar to those obtained by MultiFOXS (Fig. 3C). In the
MultiFOXS model of the crosslinked CSpaA-NSpaA dimer that best
fits the SAXS data, the FG loop in NSpaA is inserted between
the UV and PQ loops in CSpaA, thereby positioning the sorting
signal following CSpaA within NSpaA’s peptide binding groove
(Fig. 3 B, Top). The protein–protein interface buries 1,270 Å2 of
solvent-exposed surface area (32) and is further stabilized by
interactions between the N-terminal portion of helix α1 in
NSpaA and UV loop in CSpaA. This packing arrangement ex-
plains why the W181 residue within the WxxxVxVYPK pilin
motif is conserved, as its indole side chain presumably plays a key
structural role in stabilizing the SpaA-SpaA interface by packing
into a hydrophobic surface formed by residues A450 and Y453 in
CSpaA’s UV loop (Fig. 3 B, Bottom Left). Stabilizing electrostatic
interactions are predicted to surround this nonpolar interface.
On one side, the negatively charged D179 side chain in NSpaA’s
FG loop is packed against a cationic surface on CSpaA formed by
residues K485 (signal peptide) and R374 (PQ loop) (Fig. 3 B,
Bottom Left), while on the other side, hydrophilic interactions
occur between residues at the N-terminal end of α1 helix in
NSpaA (T99, T100, and Q101) and residues located in CSpaA’s
UV loop (K483, K484, and E454) (Fig. 3 B, Bottom Right).
Notably, the SAXS-derived solution structure of the CSpaA-
NSpaA dimer presented here differs markedly from the head-
to-tail packing arrangement observed in crystals of the isolated
SpaA protein (23), and only the SAXS model is compatible with
NMR chemical shift mapping data (described in SI Appendix,
Fig. S9).
The biological relevance of the SAXS-derived model of the

interpilin interface is substantiated by in vitro and in vivo data.

Bacteria overexpressing SpaA proteins containing L99R, P172R,
D179R, or L182R single–amino acid substitutions at the pre-
dicted interface are impaired in pili display when assessed by
immunoelectron microscopy or immunoblotting of fractionated
cells with a specific antibody against SpaA (SI Appendix, Fig. S10).
All interfacial substitutions reduce the abundance of surface-
displayed pili when assessed by microscopy, with pili harboring
P172R and D179R substitutions showing largest defects. The SpaA
variants altering the presumed interface were further assessed for
their ability to serve as a substrate in the sortase-catalyzed cross-
linking reaction using an in vitro gel-based assay that monitors the
production of the CSpaA-NSpaA dimer (SI Appendix, Fig. S11)
(24). Consistent with formation of the interpilin interface being
required for efficient transpeptidation, a densitometry analysis of
the domain coupling reactions reveals that SpaA proteins harbor-
ing interfacial L99R, P172R, and L182R point substitutions produce
less crosslinked product (SI Appendix, Fig. S11B). Interestingly, the
integrity of the interpilin interface in the SAXS-derived model ap-
pears to be an important determinant for overall stability. This is
because trypsin digestion studies reveal that the CSpaA-NSpaA di-
mer is significantly more resistant to proteolytic degradation than
the NSpaA-signal complex, and introducing a single L99D substi-
tution at the interface is destabilizing as it increases CSpaA-NSpaA
dimer susceptibility to proteolysis (SI Appendix, Fig. S11C). In all,
the results of both biochemical and cellular experiments support the
SAXS-derived model of the interpilin interface and suggest that its
formation is required for efficient transpeptidation and resistance to
proteolytic degradation.

The Sorting Signal Must Be Partially Transferred to SpaA to Initiate
Crosslinking. Guided by the solution structures of the NSpaA-
signal complex and the crosslinked CSpaA-NSpaA dimer, we
employed in vitro crosslinking and cellular assays to probe the
mechanism of pilus biogenesis. Initially, NSpaA proteins containing

Fig. 2. The AB loop undergoes a disordered-to-ordered transition upon crosslinking. (A) 1H-15N HSQC correlation spectra of apo-NSpaA (green) and NSpaA-
signal complex (blue) are overlaid. The positions of residues with differences larger than 0.5 ppm in composite chemical shift are indicated on the plot. (B)
Chemical shift perturbations (CSPs) for each residue are plotted with respect to primary sequence. CSPs are binned into >0.75 ppm, 0.75 to 0.5 ppm, 0.5 to 0.25
ppm, and 0.1 to 0.25 ppm (indicated by red dotted lines of increasing transparency). (C) Heteronuclear NOE data are graphed as a function of primary
sequence for apo-SpaA (green) and SpaA-signal (blue). (D) A surface rendering of the complex, with the AB loop (purple), FG loop, and α1 helix (blue)
highlighted with cartoon representations and the signal peptide shown as magenta sticks. The apo-NSpaA structure is aligned to the NMR complex, and the
corresponding secondary elements are shown in green to highlight conformational shifts. The backbone coordinates can be superimposed with a RMSD of 2.3 Å.
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amino acid substitutions at conserved sites within the SpaA-SpaA
interface were tested for their ability to serve as substrates for
CdSrtA using an in vitro gel-based assay that monitors the covalent
attachment of a sorting signal peptide fluorophore to NSpaA
(Fig. 4A) (24). Some of the largest defects in transpeptidation ac-
tivity occur when NSpaA residues that contact the LPLT sorting
signal in the NSpaA-signal complex are altered (L168D and V187D)
or when the K190 nucleophile and residues immediately adjacent to
it are changed (H60A, Y188G, and K190A).
Variants exhibiting significant defects in reactivity were fur-

ther evaluated using a newly developed high performance liquid
chromatography (HPLC)–based assay that quantitatively mea-
sures the steady-state kinetics of crosslinking (26) (Fig. 4B and SI
Appendix, Fig. S12). In the HPLC-based assay, the sorting signal
peptide is held in excess, such that effects of NSpaA substitutions
on the second step of transpeptidation are revealed (i.e., the rate
at which the K190 lysine e-amine group in NSpaA attacks the
thioacyl-linked CdSrtA-SpaA intermediate). The V187D and Y188G
variants exhibit the largest defects in transpeptidation and alter side
chains that are positioned immediately proximal to the K190 nu-
cleophile (kcat/KM values are less than 1% of wild-type protein)
(Fig. 4B). Both substitutions reduce catalytic turnover, suggesting
that they are needed to properly form the active site used to catalyze
the isopeptide bond. The H60A variant also exhibits reduced cata-
lytic turnover, presumably because its imidazole ring stabilizes the

positioning of the Y188 sidechain through pi-stacking interactions.
Interestingly, disrupting contacts between NSpaA and residues in the
sorting signal that are positioned distal to the site of isopeptide
formation also reduces the rate of transpeptidation by increasing the
KM (A170S and W181A). This suggests that when the thioacyl
CdSrtA-SpaA intermediate formed in the first step of catalysis en-
counters NSpaA, the sorting signal bound to the CdSrtA’s active site
must move from the enzyme into the binding groove on NSpaA to
form a catalytically active complex that performs the final step of
transpeptidation.
Bacteria-expressing SpaA proteins containing single–amino

acid substitutions in the sorting signal binding groove also show
defects in pilus display. As shown in Fig. 4C, immunoblotting
analysis of protein samples collected from the culture medium
(S) and cell wall (W) fractions of corynebacterial cells expressing
wild-type SpaA produced abundant SpaA polymers detected in
the cell wall fractions, with some polymers secreted into the ex-
tracellular milieu. These protein polymers (P) have high molecular
weights as they were not well separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) electrophoresis.
Strains expressing SpaA with H60A, L168D, and W181A still
produced SpaA polymers, albeit less abundantly as compared to
wild-type SpaA. Consistent with the in vitro analysis, mutants
V187D and Y188G exhibited a significant pilus assembly defect,
with reduced pilus polymerization and accumulation of SpaA

Fig. 3. SAXS model of the crosslinked interpilin interface. (A) The best fit single-conformation rigid body model from the MultiFOXS calculation (CSpaA,
green; NSpaA, blue; signal peptide, red). (B) Details of the interface formed by the solution structure of the CSpaA-NSpaA complex. (Top) The cores of the two
domains and the interacting loops are shown as surface and cartoon representations, respectively. (Bottom) Expanded views of two interactions to CSpaA
mediated by the FG loop and α1 helix of NSpaA. (C) GASBOR ab initio model from solution scattering, shown as gray spheres. The rigid body model calculated
by MultiFOXS is aligned with the GASBOR model and depicted in ribbon representation. Left and right shapes are the same GASBOR models rotated
counterclockwise by 90° around y-axis. (D) Model of a dimer of full-length SpaA molecules comprising the pilus shaft. Coordinates from the crystal structure of
full-length SpaA molecules (PDB: 3HR6) were arranged in head-to-tail arrangements according to the interface determined by the MultiFOXS model of the
CSpaA-NSpaA structure (color gradient blue to green from N term to C term).
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precursors. To corroborate the fractionation results, the same set
of strains was analyzed by immunoelectron microscopy, whereby
cells were stained by SpaA antibodies, followed by staining with
12 nm gold particles conjugated to IgG. Consistent with the
Western blotting analysis and in vitro kinetic measurements, se-
vere effects are observed when V187D and Y188G substitutions
are introduced near the site of K190 crosslinking. These variants
are unable to assemble long and abundant pili as compared to the
wild-type SpaA (Fig. 4D, V187D and Y188G panels) while less
severe effects are observed for the H60A mutant strain that
exhibited higher activity in vitro (Fig. 4D, compare SpaA and
H60A panels). While V187D and Y188G NSpaA variants are
folded similar to the wild-type protein, these nonconservative al-
terations can be expected to significantly perturb the positioning
of nearby side chains. Finally, A170S and W181A mutants designed
to alter residues that contact the sorting signal but are positioned
distal to the site of crosslinking also produced fewer pili as com-
pared to the wild-type SpaA. The L168D mutant assembled short
pili, and the W181A mutant appeared to be fragile, with broken
pili surrounding the cells (Fig. 4D, L168D and W181A panels).
Thus, both the in vitro and cellular data suggest that signal transfer
from the enzyme to the sorting signal pocket on SpaA is required
for efficient catalysis, as mutation of this surface impairs cross-
linking. This explains previously reported findings that CdSrtA can
only crosslink sorting signals to K190 when it is housed in a
structurally intact NSpaA domain (24).

Discussion
Using a recently developed in vitro assembly reaction (24, 25)
and integrative structural biology methods, we determined the
structure and dynamics of the lysine–isopeptide bond crosslinked
CSpaA-NSpaA interface that is repeated to build the shaft of the
C. diphtheriae SpaA pilus (Fig. 1A). The structure of NSpaA
covalently attached to the CSpaA sorting signal was first deter-
mined by NMR, and then SAXS data of the SpaA-SpaA complex
was used in conjunction with the crystal structure of the CSpaA
domain to model the solution structure of the interpilin interface

that is formed by sortase crosslinking of the CSpaA and NSpaA
domains. This work reveals that sortase crosslinking immobilizes
the pilin subunits, triggering the formation of an extensive inter-
pilin interface in which the sorting signal following CSpaA is
inserted into a nonpolar groove on NSpaA (Fig. 3A). Residues
within the conserved WxxxVxVYPK pilin motif line the binding
groove and when altered slow transpeptidation in vitro and in cells
(Fig. 4). Our results shed light onto the structure and dynamics of
the shaft of the SpaA pilus, which can be modeled using our
structure of the CSpaA-NSpaA complex and a previously reported
structure of the intact SpaA protein (Fig. 3D) (23). The shaft is
formed by SpaA pilins that are arrayed in a head-to-tail manner
with successive sortase-installed interpilin isopeptide bonds posi-
tioned on opposite faces of the polymer and each crosslinked
SpaA-SpaA unit forming a “S” shape because of a ∼140° kink at
the CSpaA-NSpaA junction. The SpaA pilus and other Gram-
positive pili are presumably flexible, as they appear as nonlinear,
hair-like structures in transmission electron micrographs (Fig. 4D)
(16, 22, 33). This flexibility likely originates from intrapilin mo-
tions that occur between the N-terminal and middle domains, as
crystal structures of isolated pilins have revealed a small interface
between the domains that allow them to adopt different positions
with respect to one another (33–39). The strongest evidence
comes from studies of the GG-SpaD shaft pilin from Lactobacillus
rhamnosus, as its N-terminal domain adopts a range of bent
conformations relative to the body of the protein (40). Some
flexibility in the SpaA pilus may also originate from motions at the
interpilin CSpaA-NSpaA interface, as it is primarily formed by
hydrophilic interactions between the proteins (Fig. 3B). However,
these motions are presumably modest, since the normalized
Kratky plot of the SAXS data for the CSpaA-NSpaA complex
reveals a clear bell-shaped curve at low q values with a maximum
peak height of 1.32 at a peak position of 2.29, which are only
slightly larger than expected for a rigid, compact structure (SI
Appendix, Fig. S8) (41, 42). When adorned with its SpaC tip
pilin, the SpaA pilus adheres C. diphtheriae to human pharyngeal
cells, preventing disengagement of the microbe by withstanding

Fig. 4. In vitro and in vivo validation of key residues on the SpaA acceptor domain. (A) Gel fluorescence assay to rapidly screen a library of NSpaA variants.
The Top shows an SDS-PAGE gel visualized by FITC fluorescence, indicating the presence of CdSrtA (top band) or NSpaA (bottom band) conjugated to fluo-
rescent peptide. The Bottom shows the same SDS-PAGE gel visualized by Coomassie staining in order to visualize the total protein composition of each lane.
Peptide-labeled NSpaA variants typically have slightly lower electrophoretic mobility than the corresponding apo-NSpaA variant. (B) Bar graph comparing the
catalytic efficiency (kcat/KM) of each mutant to the corresponding kinetic parameters of wild-type NSpaA. (C) Cells of the C. diphtheriae ΔspaA mutant
expressing wild-type SpaA or individual SpaA mutants from a plasmid were grown to midlog phase and subjected to cell fractionation. Protein samples
collected from the culture medium (S) and cell wall (W) fractions were analyzed by immunoblotting with specific antibodies against SpaA (α-SpaA). Molecular
mass markers in kDa and SpaA polymers (P) and monomer (arrow) are indicated. (D) Cells of strains used in (C) were immobilized on carbon-coated nickel
grids and stained with α-SpaA followed by IgG-conjugated 12 nm gold particles and 1% uranyl acetate prior to electron microscopy. (Scale bars of 0.5 μm.)
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significant pulling forces caused by coughing, sneezing, mucocili-
ary flow, etc. (43, 44) The SpaA pilus can withstand these forces
due to the optimal positioning of intra- and intermolecular
lysine–isopeptide bond crosslinks (45). The model of the pilus fi-
ber presented here (Figs. 1D and 3B) is in agreement with pre-
vious single-molecule pulling experiments, which concluded that
the load bearing spine of the pilus only goes through the middle
(MSpaA) and C-terminal (CSpaA) domains that contain sponta-
neously forming intrapilin isopeptide linkages that are capable of
withstanding a pulling force of ∼525 pN (21, 23, 45).
To assemble pili, CdSrtA and other pilus-specific sortases se-

lect for crosslinking a single lysine on the surface of their pilin
substrates. As sortases are relatively small enzymes, how this
specificity is achieved has remained unclear. Our results suggest
that selectivity is achieved using a latching mechanism that relies
upon tertiary structural features present in the SpaA protein.
Fig. 5 shows a working model of lysine–isopeptide bond forming
step catalyzed by CdSrtA that adds a single SpaA protein to the
shaft of the pilus. This reaction forms a K190-T494 lysine–
isopeptide bond between SpaA proteins, connecting the sorting
signal (red) following the CSpaA domain (green) to the K190
amine group in NSpaA (blue) (Fig. 5A). Presumably, two
thioacyl-linked enzyme–substrate intermediates mediate this in-
teraction and are tethered to the membrane via their respective
CdSrtA enzymes (7, 18). The growing (SpaA)n polymer is housed
in a CdSrtA-(SpaA)n intermediate in which the carbonyl group in
residue T494 of the C-terminal sorting signal on the polymer is
attached via a thioacyl bond to CdSrtA’s active site cysteine. New
SpaA proteins enter the reaction as similarly bonded thioacyl
enzyme–substrate intermediates (CdSrtA-SpaA) after their sort-
ing signals are nucleophilically attacked by the enzyme’s active
site cysteine residue. A single protein is then added to the shaft
when the reaction intermediates form a ternary complex that
enables the K190 nucleophile on CdSrtA-SpaA to resolve the
thioacyl bond in the CdSrtA-(SpaA)n. During this process, the
growing pilus is transferred from one enzyme to another and is
then poised to react with a new CdSrtA-SpaA intermediate to
continue the polymerization reaction.
Our results suggest that the isopeptide bond–forming reaction

occurs through a latch mechanism in which selectivity for K190 is
achieved by first requiring that the sorting signal be transferred
from the enzyme to NSpaA in order to initiate catalysis (Fig. 5B).
The most parsimonious orientation of the enzyme–substrate re-
actants in the ternary complex aligns the sorting signal binding
pockets on the enzyme and NSpaA, enabling a simple translation
movement to transfer the signal between the proteins. This ori-
entation explains why the AB loop is flexible, as it can readily be
displaced outwards to allow K190 access to the enzyme’s active
site. Moreover, this arrangement positions CdSrtA’s β7/β8 loop
near K190, providing a rationale for why many of its residues are
highly conserved and important for catalysis (25). We surmise that
within the ternary complex, the sorting signal must be partially
transferred to the binding groove on NSpaA in order to activate
K190 for catalysis. This is because several NSpaA variants that
alter contacts to sorting signal residues that are positioned distal to
the site of crosslinking slow transpeptidation by increasing the
enzyme’s KM for NSpaA (Fig. 4B, W181A/A170S). Partial signal
transfer would act as a zipper, juxtaposing K190 and the CdSrtA-
(SpaA)n thioacyl bond, potentially creating a microenvironment
that deprotonates the e-amine for nucleophilic attack on the thi-
oacyl linkage. This would seem essential, since in the isolated
NSpaA protein the AB loop is dynamic (Fig. 2C) and thus tran-
siently exposes the side chain of K190 to solvent such that it
presumably adopts a protonated, nonnucleophilic state at physi-
ological pHs (its calculated pKa is ∼10.1) (46–48). As the iso-
peptide bond forms, our NMR data reveal that the AB latch
closes, undergoing a disordered-to-ordered transition that shields
the bond and stabilizes the protein. Latch closure may also help

drive the dissolution of the ternary complex, freeing the trans-
ferred polymer for another round of catalysis. It seems likely that
other sortases will build pili through a similar mechanism in which
the sorting signal is first partially transferred to a binding groove
on the pilin substrate to facilitate crosslinking to a specific lysine
residue. While not universal, the latch may also be a conserved
feature in many sortase-catalyzed pilus biogenesis reactions, as
structures of several shaft pilins solved in their apo-states also
contain disordered AB loops (20, 23, 36, 40, 49–53). As pili in
Gram-positive bacteria are important virulence factors, the results
reported here could be useful in guiding the development of an-
tibiotics that work by inhibiting pilus assembly.

Methods
Production of the Crosslinked NSpaA-Signal Complex and CSpaA-NSpaA Dimer.
The amino-terminal domain of the SpaA protein from C. diphtheriae (NSpaA,
residues E53 to S195) was produced and purified as described previously (24,
25). The NSpaA-signal complex was generated by enzymatic covalent liga-
tion of synthetic peptide to [13C,15N] NSpaA using a previously described
activated variant of CdSrtA (24, 26) (CdSrtA3M, residues N37 to Q257, con-
taining D81G/W83G/N85A mutations). Complete modification of NSpaA to
its cognate sorting signal peptide occurred after incubation of 100 μM
CdSrtA3M-His6, 100 μM NSpaA, and 1 mM synthetic peptide derived from the
SpaA sorting signal motif (KNAGFELPLTGGSGRI) (Peptide 2.0) in modifica-
tion buffer (50 mM Tris pH 8.0, 300 mM NaCl, and 5 mM TCEP) for 24 h at
room temperature. Sortase and unreacted peptide were removed from the
reaction by HisPur Co2+ purification and subsequent concentration by Ami-
con spin filters with a 10 kDa molecular weight cut-off (MWCO). Complex
formation was confirmed by matrix assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometry as well as SDS-PAGE analysis. The
sample was exchanged into NMR buffer (50 mM NaH2PO4 pH 6.0, 100 mM
NaCl, 8% D2O, and 0.01% NaN3) and diluted to a concentration of 1.2 mM
for NMR studies. Subsequently, the sample was lyophilized and redissolved
into 100% deuterated NMR buffer for additional NMR studies. The cross-
linked CSpaA-NSpaA dimer was prepared as described for the NSpaA-signal
complex but employed 300 μM CSpaA (SpaA, residues R350 to I500) instead
of peptide. To assess the relative reactivity of NSpaA variants with interfacial
point mutations, the reactions were stopped at indicated timepoints and
product formation was assessed by densitometry using ImageJ2 (54). For
SAXS analysis, the wild-type dimer was purified from the reaction compo-
nents using HisPur Co2+ immobilized metal affinity chromatography (IMAC)
(Thermo Fisher Scientific) and size exclusion chromatography (Superdex In-
crease 10/300 GL, GE Healthcare). For NMR samples of the dimer, either
NSpaA or CSpaA was uniformly labeled with nitrogen-15, and the other
component was expressed in natural abundance nitrogen-14 media.

Immunoelectron Microscopy and Cell Fractionation Studies. Cells of the C.
diphtheriae ΔspaA mutant expressing wild-type SpaA or individual SpaA
mutants from a plasmid were grown on Heart Infusion Broth (HIB) agar
plates. A full loop of each overnight colony was collected, suspended in, and
gently washed once with phosphate-buffered saline (PBS) buffer. A drop (7
μL) of bacterial suspension in PBS was immobilized on the carbon-coated
nickel grids for immunogold labeling as previously reported (25, 55). Cells
were stained with antibodies against SpaA (α-SpaA; 1:100 dilution), followed
by IgG antibodies conjugated to 12 nm colloid gold particles. Cells were then
stained with 1% uranyl acetate prior to analysis using a JEOL JEM1200
electron microscope. For fractionation studies, cells were cultured in HIB
media supplemented with 30 μg/mL kanamycin and grown to mid log phase
(OD600 = 0.5 to 0.6). Cells were normalized to OD600 at 1 before harvest. The
harvested cells were fractionated into medium (S) and cell wall–associated
(W) fractions as described previously (4). The samples were separated by
3 to 14% gradient SDS-PAGE and analyzed by immunoblotting with α-SpaA
antibody.

NMR Structure Determination and Relaxation Measurements. NMR spectra
were collected at 298 K on Bruker Avance III HD 600MHz and Avance NEO 800
MHz spectrometers equipped with triple resonance probes. NMR data were
processed with NMRPipe (56), and analyzed using CARA (57) (version 1.8.4),
XIPP (58) (version 1.19.6 p0), and NMRFAM-Sparky (59). 1H, 13C, and 15N pro-
tein chemical shifts were assigned using the following experiments: 15N-HSQC,
13C-HSQC, HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO, HBHA(CO)NH, HNHA,
HNHB, CC(CO)NH, H(CCCO)NH, HCCH-COSY, HCCH-TOCSY, and 15N-TOCSY.
Chemical shifts of the unlabeled (natural abundance) sorting signal peptide
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were assigned using: two-dimensional (2D) (F1,F2) 13C-filtered NOESY and 2D
(F1) 13C,15N-filtered TOCSY experiments (60). Protein NOE distance restraints
were acquired from 15N- and 13C-edited NOESY spectra (120 ms mixing time),
and intermolecular restraints were obtained from three-dimensional (3D) (F1)
13C, 15N -filtered (F2) 13C -edited NOESY-HSQC, (F1) 13C, 15N-filtered (F2)
15N-edited NOESY-HSQC, and 2D (F1) 13C -filtered NOESY spectra. ψ and φ
dihedral restraints were obtained from secondary 13C chemical shifts as cal-
culated by TALOS-N (61) and 3JHNα measurements from the HNHA spectrum.
Additional ψ angle restraints were obtained from analysis of 15N-edited NOESY
spectrum. Rotamer assignments and χ1 angle restraints for β-methylene protons
were obtained through analysis of 15N-TOCSY, HNHB, HN(CO)HB, and 15N
-ROESY spectra.

Structures were determined using the program XPLOR-NIH (62, 63). Ini-
tially, NOE cross peaks in the 3D 15N -edited NOESY-HSQC and 13C -edited
NOESY-HSQC spectra were assigned automatically using the program
UNIO10 (64, 65). The NOESY data were then manually inspected using he
program Xipp (58) to verify all cross peak assignments and to identify ad-
ditional distance restraints. An iterative procedure was used to refine the
structure of the protein–peptide complex. In the final round of calculations,
200 structures were generated, which yielded a total of 50 with no NOE,
dihedral angle, or scalar coupling violations greater than 0.5 Å, 5°, or 2 Hz,
respectively. The structures were sorted based on lowest overall energy, and
the top 40 were selected as the ensemble to represent the structure of
NSpaA-signal and have been deposited in the PDB (code 7K7F). The pro-
grams MOLMOL (66) and PyMOL (67) were used to generate figures.

The 15N relaxation data were collected using 1 mM 15N, 13C-labeled samples
of the apo- and NSpaA-signal complex dissolved in H2O on a Bruker Avance
600 MHz NMR spectrometer equipped with a triple resonance cryogenic
probe. Data were analyzed using SPARKY (59) and included: 15N longitudinal

relaxation rates (R1), transverse relaxation rates (R2), and {1H}-15N hetero-
nuclear NOEs. Quantifiable relaxation data could be measured for all param-
eters for 84 and 97 of 143 backbone amides for the apo- and NSpaA-signal
complexes, respectively. For inclusion in the calculations, data from each resi-
due must meet the following criteria: isolated 1H-15N cross peaks and {1H}-15N
NOE values of >0.6. For backbone R1 (15N) and R2 (15N) measurements at 600
MHz, the same relaxation delays were used for both apo- and NSpaA-signal
complex samples. R1(

15N) measurements used delays of T = 1500, 1000, 500,
300 (×2), 100, and 50 ms. R2(

15N) measurements used delays of 17 (×2), 34, 51,
68, 85, 119 (×2), 153, and 170 ms.

To calculate expected rotational correlation times based on molecular
weight, the following relationship between hydrodynamic radius and protein
molecular weight was employed:

r ≈
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3M

4πρNa
+ rw

3

√
,

in which M = molecular weight of the protein, ρ = the average density for
proteins (1.37 g/cm3), Na = Avogadro’s number, and rw = hydration radius
(1.6 to 3.2 Å) (68). After calculating the hydrodynamic radius of the protein
of interest, and assuming a spherical approximation, the Stokes’ law equa-
tion was used to calculation an expected rotational correlation time:

τc = 4πηr3

3kT
,

in which η = the viscosity of the solvent, r = hydrodynamic radius (calcu-
lated above), k = Boltzmann constant, and T = acquisition temperature.

Fig. 5. Latch mechanism of sortase-catalyzed pilus biogenesis. (A) The characteristic N-terminal “lid” appendage (blue) of CdSrtA occludes the catalytic
cysteine residue. During the acylation step, the lid must be opened to allow substrate entry to the active site, which allows for the formation of an
enzyme–SpaA acyl intermediate. The sorting signal peptide (red) is bound in the CdSrtA binding pocket (dark gray). (B) The acyl reaction intermediate en-
counters another SpaA molecule on the cell surface and the molecules are arranged such that the peptide docking sites and reactive cysteine and lysine of
CdSrtA and SpaA, respectively, are juxtaposed. This ternary complex in which both SpaA substrates are bound to the pilin polymerase is called the attack
complex. Prior to transpeptidation, the signal peptide is partially transferred to the binding groove of the SpaA acceptor substrate. After the signal peptide
binds efficiently to SpaA, the pilin lysine (K190, green) nucleophilically attacks the acyl linkage, resolving the intermediate and resulting in a SpaA-SpaA
isopeptide linkage. The orientation of the molecules suggests that the AB loop of the SpaA acceptor (purple) may engage in loop–loop interactions with the
β7/β8 loop of CdSrtA (gray). Following transpeptidation, the previously disordered AB loop collapses into a rigid latch-like conformation over the isopeptide
linkage, which dissolves the ternary complex and provides additional stability to the linkage site.

8 of 10 | PNAS McConnell et al.
https://doi.org/10.1073/pnas.2019649118 Sortase-assembled pili in Corynebacterium diphtheriae are built using a latch mechanism

https://doi.org/10.1073/pnas.2019649118


Experimental values of τc for the complex and isolated domains were esti-
mated using the ratio of T1 and T2 NMR relaxation rates (69).

Differential Scanning Fluorimetry and Protease Sensitivity Measurements. The
melting temperature and thermodynamic parameters were extracted from
Differential Scanning Fluorimetry data by a method described previously
(30). Briefly, NSpaA proteins were diluted to 50 μM in assay buffer (50 mM
Tris pH 8.0, 300 mM NaCl), supplemented with 15x SYPRO Orange (Sigma-
Aldrich) at a total volume of 20 μL. Thermal denaturation reactions were run
on a CFX Connect qPCR system (Bio-Rad). A heating rate of 0.2 °C/min was
employed from 4 to 95 °C, and fluorescence measurements (excitation at
525 ± 10 nm, detection at 570 ± 10 nm) were acquired after each 0.5° step
increase. The melting temperature for each protein was determined by the
first Derivative method after averaging the three replicate measurements.
The Tm is defined as the midpoint of the transition from folded to unfolded
and is identified spectroscopically as the temperature where the rate of
fluorescence increases with respect to temperature is greatest. The Tm was
then used to calculate the equilibrium constant of unfolding, as previously
described (30). For the limited proteolysis experiments, either NSpaA, the
NSpaA-signal complex, or the CSpaA-NSpaA dimer was dissolved in assay
buffer (50 mM Tris pH 8.0, 300 mM NaCl) at a concentration of 20 μM in a
volume of 100 μL. Trypsin protease stock solutions were created as described
by the manufacturer (Sigma-Aldrich). A total of 0 to 200 ng of trypsin pro-
tease (or 400 ng for CSpaA-NSpaA dimer reactions) was added to the reac-
tions and incubated at 37 °C. Samples from each reaction were taken after 6
and 24 h, separated by SDS-PAGE, and analyzed by densitometry.

Quantitative Transpeptidation Measurements. The gel-based fluorescence
assays were performed at room temperature as previously described (24, 26).
All reactions included 25 μM CdSrtAΔ, 250 μM fluorescent sorting signal
peptide (fluorescein isothiocyanate [FITC]-KNAGFELPLTGGSGRI) and 25 μM
wild-type or variant NSpaA. Time points were taken after 24 h, and the re-
sultant reaction mixture was separated by SDS-PAGE. The protein gels then
washed in ddH2O and fluorescence data were acquired with a Pharos FX gel
imager (Bio-Rad). FITC was detected by excitation with a 488 nm laser line
and detection with a 515 to 545 nm emission filter. The same gel was then
stained with Coomassie to visualize the total protein content of each lane.
Quantification of the kinetic parameters of transpeptidation was carried out
by separation of the reaction components by reverse-phase HPLC at various
time points and substrate concentrations. Each reaction was incubated at
room temperature, and proteins were dissolved in assay buffer (50 mM Tris
pH 8.0, 300 mM NaCl), containing 50 μM CdSrtA Δ79–87, 1 mM sorting signal
peptide (FELPLTGGSG), 5 mM DTT, and 50 to 300 μM wild-type or mutant
NSpaA. Different variants were incubated either 3.5 h (wild-type, L62D,
ABΔ15, and A170S) or 16 h (H60A, W181A, V187D, and Y188G) depending
on reactivity. The reactions were stopped by flash freezing in liquid nitrogen
after incubation. Each reaction condition was run in duplicate. A total of
25 μL of each reaction was injected onto a Water Symmetry 300 C4 HPLC
column (4.6 × 150 mm, 5 μm particle size). Proteins were eluted by applying
a gradient from 35 to 46% acetonitrile (with 0.1% trifluoroacetic acid) over
12 min at a flow rate of 1 mL/min. Elution of proteins was monitored by
absorbance at 215 nm. Peak height of each elution in the HPLC trace was
measured by integration of peak areas using Graphical Analysis (Vernier).
Data were plotted as Lineweaver–Burk in order to calculate kinetic param-
eters for each NSpaA variant.

SAXS Analysis. Scattering data were generated at the SIBYLS beamline
(Advanced Light Source [ALS], Lawrence Berkeley National Laboratory) (70).

Purified CSpaA-NSpaA complex (10 mg/mL) was dissolved in size-exclusion
chromatography (SEC) buffer (50 mM NaH2PO4, pH 6.5, 100 mM NaCl, and
0.01% NaN3) and applied to a Shodex KW-802.5 SEC column for SEC-SAXS.
Scattering of the buffer without protein was obtained using SAXS data from
the SEC run where no protein was eluted and was subtracted from the
merged data from the frames corresponding to the elution of the complex.
Radius of gyration (Rg) and maximal particle dimension (Dmax) were calcu-
lated by Guinier analysis [BioXTAS RAW (71)] and GNOM (ATSAS software
package), respectively. Calculated from the Guinier approximation, the ra-
dius of gyration (Rg) and forward scattering intensity (I[0]) were determined
to be 25.1 Å and 51.0 Å, respectively. From the distance distribution func-
tion, the Dmax and Porod volume were calculated to be 8.7 nm and 3.72 ×
104 Å3, respectively. The rod-like conformation of the dimer can be inferred
from these low-resolution structural parameters, as a spherical with 287
residues would be expected to have a Rg and Dmax of 19.8 Å and 5.1 nm,

respectively (Rg ≈ 3
̅̅
n̅3

√
and Dmax ≈ 2.6Rg) (41). Inspection of the normalized

Kratky plot of the SAXS data reveals a clear bell-shaped curve at low q values
with a maximum peak height at 1.32 at a peak position of 2.29, which in-
dicates a small contribution from disordered regions of the complex

(idealized peak height and position are 3=e ≈ 1.1 and qRg = ̅̅̅
3

√ ≈ 1.73,
respectively) (41, 42). The program GASBOR (72) was used to calculate low-
resolution ab initio models in which each residue of the protein is repre-
sented as dummy residues (DRs), starting from a random distribution inside a
search box with long axis of diameter Dmax, followed by a simulated
annealing protocol to condense the DR distribution to fit the experimental
scattering data.

For rigid body modeling, we began by generating the CSpaA-NSpaA iso-
peptide dimer starting structure by merging the crystal and NMR coordi-
nates of CSpaA (PDB:3HR6) and NSpaA-signal (this work), respectively, into a
single coordinate file using PyMOL (67). The coordinates were energy min-
imized in GROMACS (73) to remove steric clashes or inappropriate geome-
tries. Based on the lack of electron density in the crystal structure in positions
C-terminal to K484 and lack of defined peptide orientation in our NMR
complex N-terminal to F489, the positions in the sorting signal from K483-
A488 were defined as flexible residues and generated 10,000 conformations
which explored the conformational space available through rotation of
those backbone dihedrals using a Rapidly Exploring Random Tree search
algorithm in the Integrative Modeling Platform software package (74). A
SAXS profile was then generated for each model using the FOXS method
and the best scoring multistate models were enumerated. The MultiFOXS
algorithm predicted two single-state models, one with a significantly better
fit to the experimental SAXS data (χ2 = 0.89, 1.24). For subsequent analysis,
we chose the model with the superior χ2 value. No multistate models were
predicted, ruling out the possibility that the complex consists of an ensemble
of conformations in solution.

Data Availability. Protein structure data have been deposited in PDB (7K7F).
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