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Significance

 During exponential growth,  
﻿Bacillus anthracis , the pathogen 
responsible for anthrax, is covered 
by the Sap S-layer, an outermost 
proteinaceous monolayer that is 
important for virulence and 
mechanical support to the cell 
envelope. Essential for these 
functions is the paracrystalline 
nature of the S-layer. We now 
present the complete atomic 
structure of in vitro grown Sap 
lattices. This model contains 
high-resolution details of lattice 
contacts and the mechanisms 
underlying the stability of the Sap 
layer, and suggests a 
conformational change from 
condensed monomers to 
postassembly protomers. The Sap 
lattice model helps explain how 
the S-layer forms and can be 
targeted with lattice-disrupting 
agents as potential therapeutics 
for the treatment of anthrax.
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Bacillus anthracis is a spore-forming gram-positive bacterium responsible for anthrax, an
infectious disease with a high mortality rate and a target of concern due to bioterrorism 
and long-term site contamination. The entire surface of vegetative cells in exponential
or stationary growth phase is covered in proteinaceous arrays called S-layers, composed
of Sap or EA1 protein, respectively. The Sap S-layer represents an important virulence
factor and cell envelope support structure whose paracrystalline nature is essential for 
its function. However, the spatial organization of Sap in its lattice state remains elusive. 
Here, we employed cryoelectron tomography and subtomogram averaging to obtain a 
map of the Sap S-layer from tubular polymers that revealed a conformational switch
between the postassembly protomers and the previously available X-ray structure of
the condensed monomers. To build and validate an atomic model of the lattice within 
this map, we used a combination of molecular dynamics simulations, X-ray crystal-
lography, cross-linking mass spectrometry, and biophysics in an integrative structural
biology approach. The Sap lattice model produced recapitulates a close-to-physiological
arrangement, reveals high-resolution details of lattice contacts, and sheds light on the
mechanisms underlying the stability of the Sap layer.

S-layer | anthrax | cell surface | cryo-ET | exoskeleton

 The surface layer or “S-layer” is a proteinaceous monolayer found to cover the entire cell 
surface in numerous Bacteria and almost all Archaea ( 1 ,  2 ). S-layers form paracrystalline 
arrays, typically consisting of a single secreted (glyco)protein that self-assembles to form 
a well-defined 2D lattice with specific symmetry ( 3 ). S-layer proteins (SLPs) are complex 
multidomain proteins that commonly contain a signal peptide (SP), a cell envelope binding 
module, and an assembly domain (AD) responsible for S-layer formation ( 2 ). In some 
organisms, the expression of SLPs is a resource-intensive process, accounting for 10% to 
30% of total protein synthesis, making this envelope ultrastructure a significant part of 
the cell life cycle ( 4 ). Bacterial S-layers serve diverse functions, with alternative roles 
attributed in different organisms, including molecular sieving, modulation of infection, 
adhesion, protective coating, and more recently, acting as an exoskeleton ( 5         – 10 ). Due to 
their self-interacting nature, SLPs represent challenging structural targets, hampering 
three-dimensional crystallization and biophysical characterization. As a result, the current 
structural repertoire of SLPs remains scarce, often encompassing partial domains. In recent 
years, methodological advances are starting to provide atomic-level insights into S-layer 
structures, mapping their lattice contacts and arrangement on the cell surface ( 11             – 18 ).

﻿Bacillus anthracis , a gram-positive and spore-forming bacterium, is the causative agent 
of anthrax—a zoonotic disease that primarily affects herbivorous animals. Anthrax remains 
a significant public health concern due to its high mortality rate despite antibiotic treat-
ment (2% to >45% depending on infection route), the high environmental resilience of 
its spores and the absence of effective vaccination programs ( 19 ). The cell envelope of 
vegetative B. anthracis  cells is characterized by the presence of an S-layer, composed of one 
of two mutually exclusive SLPs: Sap and EA1 ( 20 ,  21 ). The presence of an intact S-layer 
forms an important growth and virulence factor under environmental conditions and 
during infection ( 9 ,  14 ), making it an attractive therapeutic, vaccine, and diagnostic target 
( 22 ,  23 ). While Sap is the dominant SLP during the exponential growth phase, cells switch 
to EA1 expression during the stationary phase in nutrient-rich media ( 24 ). Both S-layers 
have unique, noncompatible lattices ( 25 ), with Sap and EA1 coexisting only during the 
S-layer switch and then present in monomolecular patches ( 26 ). In B. anthracis  and other
S-layer-containing bacteria, S-layer assembly appears tightly regulated with cell expansion
( 26 ), suggesting a continuous S-layer is functionally important. Moreover, the use of Sap
and EA1 depolymerizing nanobodies has shown that the crystallinity of the S-layer is
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important for its function ( 14 ,  17 ). The acute disruption of Sap 
S-layer lattice integrity by nanobody treatment leaves behind an
attached but amorphous layer of Sap, which results in severe mor-
phological defects of the cell surface and eventual cell collapse
( 14 ). Similar observations were made in EA1, where stationary
phase cells treated with lattice-disrupting nanobodies resulted in
cell lysis under hypo-osmotic conditions ( 17 ). These remarkable
observations suggest that under increased turgor pressure, the
S-layer lattice is important for mechanical support of the cell
envelope. Indeed, force nanoscopy showed that cells with a com-
promised Sap S-layer lattice exhibited decreased compressive stiff-
ness and elastic modulus, providing compelling experimental 
evidence that the S-layer functions as a prokaryotic exoskeleton 
that promotes rigidity and mechanical stability to B. anthracis  cell 
envelope ( 9 ). To fulfill this mechanical function, the S-layer relies 
on the noncovalent lateral crosslinking of subunits in the form of 
the S-layer lattice contacts.

 The X-ray structure of the Sap assembly domain (SapAD ) 
revealed the multidomain architecture of the protein, composed 
of six β-sandwich domains (D1 to D6) interconnected by short 
linkers ( 14 ) ( Fig. 1A  ). An equivalent domain structure is seen 

in other S-layers known from Bacillus  species, EA1, SbsB, and 
SbsC ( 13 ,  17 ,  27 ). In the stationary phase S-layer EA1, and in 
the Geobacillus  S-layer SbsB, the solution state of the SLP mon-
omers adopts a condensed structure that depends on the ordering 
of interdomain calcium binding sites. The supertertiary struc-
tures of these SLPs orient the domains into their assembly- 
competent conformations. Domains 3 to 6 adopt a flat tile-like 
architecture, with domains 1 and 2 protruding and forming a 
connection to the N-terminal domain that binds the peptido-
glycan sacculus. In both proteins, the S-layer lattice assembles 
in a P1 symmetry by noncovalent protein–protein interactions 
between the SLP protomers. S-layer self-assembly takes minor 
rearrangements of the SLP protomer, primarily in the orientation 
of domains 1 and 2. The main B. anthracis  S-layer Sap adopts a 
similarly condensed supertertiary structure, but one that does 
not depend on calcium binding.        

 To date, no clear insights exist into the intermolecular interac-
tions in the Sap S-layer. The orientation and contact points of the 
Sap protomers within the lattice remain elusive, as well as the 
mechanism by which nanobodies dissolve the lattice and render 
the S-layer nonfunctional. To address these questions and obtain 
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Fig. 1.   Sap S-layer cryo-ET map and domain assignment ambiguity. (A) Top: Domain organization of Sap (SP: signal peptide; SLH: S-layer Homology domains; 
D1 to D6: Ig-like domains 1 to 2 in the S-layer AD). Bottom: Crystal structure of the SapAD (PDB 6HHU) in ribbon representation and colored by domains. SapAD 
domains give rise to an “Arm” (domains 1 and 2) and a “Body” (domains 3 to 6). (B) A cryo-EM micrograph of single-layered tubules of recombinant SapAD. (Scale 
bar, 100 nm.) (C) Top: 2D class average of in vitro assembled S-layers featuring a cross-and-ridge-like pattern with p2 symmetry. Bottom: 2D class average of 
SapAD S-layers labeled with Ni-NTA-nanogold. (D) Top and side views of the SapAD subtomogram average (StA) map at approximately 7.2-Å resolution. The map 
shows two two-fold symmetry points: one at the central cross-like region and the other at flanking ridge-like region, both indicated with red ovals. The dotted 
line shows the unit cell of the Sap S-layer lattice measuring a = 211.4 Å, b = 89.1 Å, γ = 84.0° (E) i) rigid body docking of the SapAD X-ray structure (PDB 6HHU) 
into the StA map. ii to iv) manually flexible body docked Sap monomers where D6 aligns with the ridge feature of the lattice, shown in ribbon representation 
and colored as in Fig. 1A.
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a comprehensive model of the Sap S-layer lattice, we employed 
cryoelectron tomography (cryo-ET) and subtomogram averaging 
(StA) techniques to generate a medium-resolution map of in vitro 
reconstituted Sap S-layer. By integrating data from all-atom 
molecular dynamics simulations, with X-ray crystallography and 
biochemical experiments of domain–domain interfaces, we pres-
ent a complete and experimentally validated model of the Sap 
S-layer lattice formed by the AD, with high-resolution informa-
tion of the contact points within the lattice.

Results

Cryoelectron Tomography and Domain Docking of the Sap S-
Layer. We previously showed that recombinant SapAD monomers 
(residues 214-814, i.e., missing the N-terminal, cell-wall-anchoring 
SLH domain) readily assemble into in vitro S-layers, forming 2D 
sheets and single-layered tubules with unit cell dimensions a = 211.4 
Å, b = 89.1 Å, γ = 84.0°, values similar to those of the in vivo Sap S-
layer as found on the B. anthracis cell surface (a = 184 Å, b = 81Å, γ = 
84.0°) (14, 25). Two-dimensional (2D) classification and averaging 
of sections or “particles” cropped from electron micrographs of 
these in vitro-reconstituted S-layers resulted in classes featuring a 
cross-and-ridge-like pattern with p2 symmetry, reminiscent of the 
2D crystallographic projection maps of in vivo S-layers (Fig. 1 B 
and C). To aid the positioning of the domains of the Sap to the 
lattice we labeled the N terminus of Sap with nanogold. Cryo-EM 
imaging followed by classification clearly put the N terminus in the 
middle of the “ridge” of the projection map. To obtain 3D structural 
information regarding the domain arrangement, preformed tubules 
of SapAD were prepared for cryo-ET (Fig. 1D). Tilt series of these 
tubules were recorded and tomograms were reconstructed for 
further analysis. Particles were cropped at regular intervals around 
the diameter and along the length of each tubule with the initial 
orientation defined as a normal to the tube. These tube segments 
were then iteratively aligned and averaged (Materials and Methods). 
The final StA reconstruction of SapAD (28) (applying C1 symmetry) 
had a resolution of 7.2 Å and was produced from 10,126 particles 
from 7 tomograms (Fig. 1D and SI Appendix, Fig. S1 C and D and 
Table S1).

 The resulting map of the Sap lattice recapitulates the P2 symme-
try seen in 2D projections, with two twofold protomer contacts in 
a central cross-like region and a flanking ridge-like region ( Fig. 1D  ). 
The resulting map has an average height or “thickness” of ~2 nm, 
with a maximum of 4 nm in the ridges as a result of an outward 
protruding density. The map shows defined domain-like densities 
that match the dimensions of the beads-on-a-string Ig domains of 
the Sap monomer. However, the map resolution was insufficient to 
allow ab initio matching of any of the densities with individual Sap 
domains given the dominant β-stranded character of the Sap mon-
omer structure. On first impression, the cross-like density is remi-
niscent of the D1D2 arm of the SapAD . However, the rigid body 
docking of the SapAD  crystal structure demonstrates several mis-
matches in both the SapAD  arm and body (D3 to D6), resulting in 
a poor overall correlation coefficient (cc) of the model and map 
( Fig. 1E   model (i); cc = 0.509). This poor fit suggested the con-
densed solution state of the SapAD  monomer [held monomeric by 
means of two bound nanobodies—not shown ( 14 )] must undergo 
substantial conformational changes for the formation of the lattice.

 The six Ig-like domains in the SapAD  are connected by short 
linkers (3 to 7 residues). To generate a lattice model for SapAD  
consistent with the StA map, we explored multiple conformations 
by treating the individual domains (D1 to D6) as rigid bodies and 
allowing conformational rearrangements using the interdomain 
linkers as flexible hinge regions. To narrow down the plausible 

models, we mapped the location of the C-terminal hexahistidine 
tag on D6 by Ni-NTA-nanogold bead labeling and cryo-EM imag-
ing followed by 2D class averaging. The strong density observed in 
the 2D classes corresponded to the gold beads and clearly aligned 
with the ridge feature of the lattice, away from the cross ( Fig. 2C  ). 
Assuming the cross-like contact represents the D1D2 arm, two 
alternative flexible dockings of D3D4 are able to fit the density and 
place the D6 domain in the ridge region ( Fig. 1E  , models ii and 
iii; cc = 0.838 and 0.839, resp.). Alternatively, a flexible docking 
with D4D5 in the cross region is also able to place D6 in the ridge 
and give a reasonable fit of the densities in the StA map ( Fig. 1E  , 
model iv, cc = 0.891). The existence of at least three possible models 
that fit reasonably well within the StA map shows that the map 
alone does not allow unambiguous modeling of the Sap S-layer.          

Molecular Dynamics Simulations of Sap Lattice Candidates. To 
iteratively construct, assess, and filter candidate S-layer models, we 
turned toward all-atom MD simulations. The first lattice model 
tested using MD (Fig. 2A) was derived from D1D2 forming the 
cross feature following the D1D2 atomic model from the X-ray 
monomer structure (PDB 6HHU) (14). The D3–D6 interface was 
extracted from the same X-ray structure. After 500 ns of simulation 
for each of the four independent replicas, we observed that the 
D4–D4 interface remained stable while the other three interfaces 
(D1D2–D1D2, D3–D6, D1–D5) fell apart, as indicated by 
either large changes in mean domain–domain distances or large 
SD (Fig. 2A). The next lattice model (Fig. 2B) was motivated by 
the stability of the D4–D4 interface, which we hypothesized to 
represent the cross feature instead of the unstable D1D2–D1D2 
interface. However, in this layout, the lattice fell apart at all four 
interfaces (Fig. 2B). A third lattice model (Fig. 2C) was designed 
to avoid the interfaces that were identified as unstable in the prior 
two computational experiments, as well as the identification of 
p2 symmetric D2–D2 and D5–D5 interfaces that were predicted 
using Alphafold Multimer (29). Here, we first assumed that the 
D2–D2 interface formed the cross feature, yielding a ring-like Sap 
structure with D1 interacting with D6. We found that all four 
interfaces tended to dissociate. However, the D2–D2 interface 
remained associated in two of the four replica simulations, which 
suggested to us that the D2–D2 interface may still be viable 
for the next lattice model. The final lattice model (Fig. 2D) is 
equivalent to flex-dock model iv (Fig. 1E), where the cross feature 
is formed by a D5–D5 interface. Our simulations predict that all 
four interfaces in this lattice (D2–D2, D5–D5, D1–D6, D3–D6) 
are stable, although we did observe D2–D2 dissociation in one 
replica after ~300 ns (Fig. 2D). Finally, we note that the symmetric 
D2–D2 interface proved to be the most susceptible to strain due 
to the box length and was frequently the weak point of the lattice 
using the StA map-derived cell dimensions (SI Appendix, Fig. S1), 
which are 4.45% and 4.70% larger in the X and Y dimensions, 
respectively, compared to the optimal MD cell dimensions.

Experimental Validation of the Sap S-Layer Model. Motivated
by the MD simulation results, we set out to validate model iv, 
in which the central cross is formed by D5–D5 interactions. 
This model contains three additional lattice contacts formed by 
D2–D2, D1–D6, and D3–D6. We studied the interaction of the 
two separately expressed heteromeric complex domains (D1–D6, 
D3–D6) using size exclusion chromatography. Purified D3 and 
D6 exhibited clear in vitro interaction, as evidenced by a shift 
to higher molecular weight (MW; Fig.  3A). While attempting 
to test the interaction between D1 and D6, we encountered 
solubility issues with recombinantly expressed D1. However, we 
successfully purified a construct comprising D1 and D2 (D1D2) 
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and confirmed its interaction with D6 through a higher MW shift 
in the size exclusion chromatography peak (Fig. 3A). Thus, these 
data corroborate the presence of stable D3–D6 and D1D2–D6 
contacts, interactions not compatible with the SapAD solution 
state (Fig. 1A) and therefore candidate intermolecular contacts.

 We next employed X-ray crystallography to obtain atomic reso-
lution views of the interdomain contacts observed by SEC and 
predicted by the model iv simulation. We successfully crystallized 
D1D2–D1D2 ( 30 ), D3–D6 ( 31 ), and D4D5–D4D5 ( 32 ) domains 
(SI Appendix, Table S2 ). For an objective identification of the stable 
domain–domain contacts, PISA (Protein Interfaces, Surfaces, and 
Assemblies) was used to calculate interaction energies for all contacts 
in the crystals ( 33 ). In the D1D2–D1D2 crystal, the interface exhib-
iting the highest stability was formed by the interaction between 
D2 subunits ( Fig. 3B  ). The D2 domains are involved in a twofold 
symmetric contact by β–β and side chain interactions of residues 
G356–T359 ( Fig. 4 ). The D1D2–D1D2 dimer shows a good rigid 
body fit with the ridge region of the S-layer (cc = 0.86), where it 
coincides with the twofold axis in the lattice ( Fig. 3C  ). Another 
two-fold symmetric interaction is seen in the D4D5–D4D5 crystals, 
formed by interaction of the D5 domains. The D4D5–D4D5 com-
plex results in a distinctive interaction unit that gives a good rigid 
body fit (cc = 0.89) with the cross-like feature in the S-layer lattice, 

where it coincides with the second two-fold axis in the S-layer lattice 
( Fig. 3 B  and C  ). Finally, the stable contact observed in the D3–D6 
crystal corresponds to an asymmetric interaction, forming an inter-
molecular contact unit that shows a good rigid body fit with the 
residual density in the S-layer StA (cc = 0.89) ( Fig. 3 B  and C  ). 
When docked in the map, these individual complexes reconstitute 
the SapAD  protomers with lattice contacts as found in model iv. 
Furthermore, these intermolecular contacts fit with the three stable 
interfaces identified in the MD simulations (model iv;  Fig. 4D  ), 
suggesting they provide an atomic resolution view of the S-layer 
contacts. To further validate the S-layer model ( 34 ), mass spectrom-
etry analysis of lysine crosslinking was conducted on monomer and 
polymer samples of SapAD . 115 observed crosslinks were mapped 
on the different candidate lattices using XlinkAnalyzer ( 35 ), with 
violations classified as a Cα–Cα distance of over 30 Å, a distance 
suitable for the BS-3 crosslinker ( 36 ). The D5–D5 cross candidate 
model showed the best consistency with the crosslinks, having less 
than 20% violations, with a few additional crosslinks just above the 
30-Å threshold that could have been caused by small domain rear-
rangements not fully captured by the model (SI Appendix, Fig. S2 ). 
Notably, crosslinks validating the formed D3–D6–D1 (residues
437–773, 255–748), D45–D45 (509–645, 599–599, 599–692,
637–692), and D2–D2 (289–300, 344–344) interfaces were
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overrepresented in the tubule-polymerized samples (SI Appendix, 
Table S3 ). The agreement between the X-ray structures, their rigid 
body fit with the StA map, the MD simulations, and the cross-linking 
reports provides compelling evidence for the validity of our pro-
posed model and its ability to accurately capture the structural 
organization of the Sap S-layer.          

Molecular Contact Points in the Sap Lattice. In the experimentally 
derived model of the Sap S-layer, Sap protomers would interact with 
four adjacent molecules via two twofold (D2–D2 and D5–D5) 
and two translational (D3–D6 and D1–D6) interactions (Fig. 4A). 
Three of these interfaces were captured in domain–domain crystal 
structures (Fig. 3 and SI Appendix, Table S2), providing atomic 
detail of their specific interactions. The D2–D2 interface maps 
to the ridge region of the S-layer, and involves a total surface area 
of 357.8 Å stabilized by 5 main chain (MC) and side chain (SC) 
hydrogen bonds through homotypic β-strand pairing (Ser385MC–
Ser385MC, Ser385SC–Ser385SC, Thr359SC–Gly356MC, Ser385MC–
Ser385MC, Gly356MC–Thr359SC) (Fig. 4 B, i). The cross-like region 

in the Sap lattice is composed of domains D4 and D5, where 
homotypic interactions of domain 5 form the primary contributor 
of the protomer–protomer interface. Notably, this interface 
features a central hydrophobic core consisting of phenylalanines 
complemented by four hydrogen bonds (Phe597MC–Leu693MC, 
Lys637SC–Asp690MC, Leu693MC–Phe597MC, Asp690MC–Lys637SC) 
and two salt bridges (Lys637SC–Asp690SC, Asp690SC–Lys637SC) 
(Fig. 4 B, ii). With a total surface area of 518 Å, the cross-like feature 
makes the largest domain–domain contact in the lattice and likely 
represents a major contributor to the stability and integrity of the S-
layer. The third interface captured in our crystal structures involves 
domains D6 and D3. This interface is stabilized by five hydrogen 
bonds (Thr445SC–Gln801SC, Lys452MC–Ala759MC, Thr761MC–
Asp451SC, Thr761SC–Asp451SC, and Thr761SC–Asp451SC) along 
with hydrophobic interactions, encompassing a total interface area 
of 431.6 Å (Fig.  4 B, iii). Notably, this intermolecular D3–D6 
interface is isomorphous to the intramolecular D3–D6 contact 
previously reported for the SapAAD monomer in a condensed 
solution conformation (Fig. 5) (14).
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Formation of the complex is confirmed by a shift to a smaller elution volume. (B) X-ray structures of domain–domain complexes capturing Sap S-layer interfaces. 
Resolution of the crystal structure and PDB code are indicated. (C) Rigid-body docking of domain–domain X-ray structures into the StA map. Red ovals indicated 
twofold symmetry axes. (D) Superimposition of Sap S-layer lattice model iv in ribbon representation (white), and the X-ray structures of domain–domain 
complexes (colored by domain).
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 To validate that the molecular contacts captured in the crystal 
structures indeed correspond to the lattice interfaces in the Sap 
S-layer we introduced point mutations at the D2–D2 interface.
Specifically, we generated a lattice-breaking mutant by introducing 
two subtle substitutions (S358A and T359V) that would prevent 
the formation of three stabilizing hydrogen bonds, and introduced 
a charge repulsion by T357D mutation. The impact of the triple 
mutant (T357D–S358A–T359V) on lattice formation was then 
studied using DLS. While the mutant displayed a single popula-
tion with a calculated hydrodynamic radius corresponding to the 
monomeric protein ( Fig. 4C  ), the WT protein over time assem-
bled into a broad range of high molecular weight species corre-
sponding to in vitro S-layers. To ensure the lack-of-function of 
the T357D-S358A-T359V mutant was not due to indirect effects, 
we also sought positive confirmation by means of S358C as a 

candidate Cys–Cys crosslinking mutant across the D2 interface. 
In its native form, S358 forms a hydrogen bond with the corre-
sponding S358 residue in the interacting monomer, with a dis-
tance of 3.21 Å ( Fig. 4B  ). The formation of in vitro S-layers and 
the intermolecular cysteine crosslinking in the S358C mutant was 
monitored using negative stain EM and SDS-PAGE, respectively 
( Fig. 4 D  and E  ). Purified SapS385C  readily assembled into in vitro 
S-layers, and unlike WT Sap, it formed a redox-sensitive dimer
upon S-layer assembly (i.e., in the presence of β-mercaptoethanol
as reducing agent), confirming the presence and modeled inter-
actions of the D2–D2 interface.  

Dynamics of the Sap Interfaces by MD. After experimental 
validation of the Sap lattice model, we further analyzed the dynamics 
at each of the four domain–domain interfaces from our MD 
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Fig. 4.   Validation and atomic details of the Sap S-layer interfaces. (A) Complete SapAD S-layer model (domains 1 to 6) with atoms shown as spheres, colored 
by domain and with a central Sap monomer highlighted. The S-layer is stabilized by three inter- (labeled i to iii) and one intramolecular interaction (labeled iv), 
each boxed with a dotted line. (B) Atomic details of the lattice contacts of the Sap S-layer obtained by domain–domain X-ray crystallography. Residue labels 
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Particle distribution and calculated hydrodynamic radius of SapFL-WT and the mutant SapFL-T357D-S358A-T359V as measured by dynamic light scattering (DLS). (D) 
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Fig. 5.   Inter-Sap contact analysis by molecular dynamics simulations. (A–D) Snapshots depict the interfaces between (A) D1–D6, (B) D2–D2, (C) D5–D5, and (D) 
D3–D6. Domains are shown in cartoon representation (colored according to Fig. 1A), with interfacial residues depicted in stick representation and labeled. (E 
and F) Mean ± SD (n = 4) interfacial residue–residue contact frequency is shown for the interfaces between (E) D1–D6, (F) D2–D2, (G) D5–D5, and (H) D3–D6. Each 
bar is colored according to domain, which shows the type of interaction that is present. (I) Ribbon and surface representation of the SapAAD monomer (domains 
D1–D6) in condensed conformation (PDB 6HHU) and its postassembly S-layer conformation (this study; contacting domains of neighboring protomers shown 
in white). The pre- to postassembly transition involves a 20° pivoting around the D4–D5 linker and a rotational isomerization by 180° swivels of D6 and D3D2D1 
around the flexible D5–D6 and D4–D3 linkers. The intramolecular D3–D6 contact is replaced by two isomorphous intermolecular D3–D6 contacts (boxed).
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simulations (Fig. 5). First, we note that the D1–D6 interface was 
consistently the most stable across all four replicas. We find that the 
D1–D6 interface has sixteen identified interfacial residue–residue 
contacts, with ten contacts of frequency larger than 0.9 (Fig. 5 A 
and E). Comparison to the number of contacts at each interface 
suggests that this interface is one of the strongest throughout the 
lattice. Notably, the Thr716, Ser717, and Thr718 on D6 form stable 
interactions with Asp250 and Leu251 residues on D1 (Fig. 5A). 
While polar interactions are the most common type of interaction 
at this interface, nonpolar interactions between Leu253 and each of 
Gly741, Val742, and Pro743 are also notable. The symmetric D2–
D2 interface has fifteen interfacial contacts, with eleven contacts of 
frequency larger than 0.9 (Fig. 5 B and F), suggesting that D2–D2 
is another strong lattice interface. The main driving force for the 
stability of the D2–D2 interface is a sequence of Thr357-Ser358-
Thr359 along an interfacial β-strand (Fig. 5B), the same sequence 
targeted in our lattice-breaking triple mutant. The hydrogen bonds 
formed by these residues with the corresponding β-strand across 
the interface are the most frequent and consistent; the breaking 
of these hydrogen bonds triggered the dissociation of the D2–D2 
interface in one of the four replicas after ~300 ns (Fig. 2D). The 
other notable interactions on this strand are between Gly356 which 
formed nonpolar interactions with Pro340 and Ala341. The D5–
D5 interface only has 9 domain–domain interfacial contacts but 18 
linker–domain contacts, suggesting that this interface is potentially 
the strongest of all 4 and is largely mediated by linker–domain 
interactions (Fig. 5 C and G). At this interface, Lys692 forms a 
cation–π interaction with Phe600 and Phe597 and a salt bridge 
with Glu640, while Phe600 and Phe597 form a π–π interaction 
(Fig. 5C). Lys637 also forms a salt bridge with Asp690 and stable 
interactions with Gly691 and Lys692 at this interface (Fig. 5C). 
The interactions mediated by these lysine residues are also likely 
critical to the stability of the D5–D5 interface, which is consistent 
with the crosslinking data, with 338 observed crosslinks between 
Lys637 and Lys692, solely restricted to the polymer sample. Finally, 
the D3–D6 interface was the least stable across the four interfaces, 
as indicated by having only six interfacial contacts with a frequency 
above 0.9 and by the high SD across most contacts (Fig. 5 D and 
H). The key interactions that maintain this interface are likely the 
salt bridges between Glu446–Lys798 and possibly Lys452–Asp760. 
In addition, several nonpolar interactions, such as Leu460–Val757, 
are also present. In summary, we identify the interfaces with the 
largest number of interfacial contacts with high frequency as the 
most stable. D5–D5 is likely the most stable interface given the 
twenty-one identified contacts with frequency larger than 0.9. D1–
D6 and D2–D2 have 10 and 11 contacts with frequency greater 
than 0.9, respectively, making these the next most stable interfaces 
throughout our current lattice model. D3–D6 has the fewest 
contacts with six greater than 0.9 frequency and is the least stable 
interface, especially given the much larger SD in contact frequency 
as compared to the three other interfaces.

Discussion

 In this study, we have combined computational and experimental 
approaches to determine the structural organization of the Sap 
S-layer from the human and animal pathogen B. anthracis . We 
report a medium-resolution StA map of the Sap lattice, which 
revealed domain architecture that substantially differed from the 
monomeric structure previously reported in combination with a 
depolymerizing nanobody (PDB 6HHU). Since small angle X-ray 
scattering (SAXS) suggested the latter represents the conformation 
of the in-solution monomer ( 14 ), our map of the Sap lattice 
domain architecture implies Sap monomers undergo a substantial 

conformational change from the observed closed solution form 
to an open postassembly form. In the Sap monomer, intramolec-
ular contacts between D4–D5 and D3–D6 give rise to a flat tile-
shaped body ( Figs. 1A   and  5I  ), with domains D2 and D1 hanging 
off the body like an arm with an approximately 85° angle in the 
elbow. In the Sap S-layer, the intramolecular D4–D5 and D3–D6 
contacts are broken to give way to the formation of a new intra-
molecular contact between D1 and D6 and four intermolecular 
lattice contacts, comprising homotypic D5–D5 and D2–D2 inter-
actions and two isomerized D3–D6 and D6–D3 contacts ( Fig. 5I  ). 
Remarkably, the disruption of the intramolecular D4–D5 and 
D3–D6 contacts results in an approximately 20° opening of the 
pivot angle between D4 and D5, and a 180° swivel of D6 and 
D3–D2–D1 around the D5–D6 and D3–D4 linkers, respectively. 
This rotational isomerization facilitates the formation of the new 
intramolecular contact between D1 and D6, and the formation 
of two new intermolecular D3–D6 contacts, which are otherwise 
isomorphous to the intramolecular D3–D6 contact ( Fig. 5I   and 
﻿Movie S1 ). On the cell surface, Sap monomers emerge from the 
SEC translocon as unfolded chains. If and with what lifetime the 
condensed solution conformation of Sap monomers occurs in vivo, 
either as a competing off-route conformer or as a required inter-
mediate to S-layer self-assembly is presently unclear. Our data 
illustrate the existence of competitive intra- and intermolecular 
D3–D6 contacts. In freshly purified samples, Sap is predominantly 
found as a monomeric species that self-assembles into Sap S-layers 
in a matter of hours ( 14 ), demonstrating that intra- and intermo-
lecular D3–D6 contacts can interconvert, with the intermolecular 
Sap contacts as thermodynamic minimum. Strikingly, our MD 
simulations show the D3–D6 interface as the least stable across 
the four S-layer interfaces. The higher interdomain fluctuations 
at this interface, as compared to the other three interfaces, may 
be consistent with a required interconversion of the condensed 
solution form to the postassembly conformation. Although the 
individual contact points are limited in surface area, the overall 
S-layer structure demonstrates remarkable stability, readily form-
ing even in solution. We propose that the high stability of the
S-layer can be attributed to avidity, where the network of numer-
ous weak interactions collectively contribute to the overall stability.
We hypothesize that by relying on avidity of weaker domain-based
interactions, the Sap S-layer is equipped with a delicate balance
between stability and flexibility. Presumably this enables the
S-layer to accommodate dynamic cellular processes, such as cell
growth and division, while maintaining its structural integrity.

 The emerging structures of SLPs found in the genus Bacillus  
reveal that despite their low pairwise sequence identity, these 
proteins adopt homologous beads-on-a-string domain structures 
that condense into a body (D3–D6) and arm (D1–D2) architec-
ture ( 13 ,  14 ,  17 ,  27 ). A notable difference between Sap and SbsB, 
SbsC, and EA1 is that the latter three require calcium binding 
to adopt the assembly-competent conformation and form 
S-layers. In SbsB and EA1, the binding of 3 to 4 calcium ions
structures intramolecular domain contacts that drive a confor-
mational switch in domains D3–D6 from a linear conformational 
ensemble to a condensed tile-like body that exposes and shapes 
the interaction surfaces found in the S-layer contacts ( 13 ,  17 ). 
In Sap, this conformational switch does not implicate calcium 
binding, but rather the rotational isomerization of the intra- to 
an intermolecular D3–D6 contact. The reasons behind the devi-
ation of Sap from a calcium-driven conformational switch are 
unknown, but may reflect the growth under low calcium con-
centrations, such as during intracellular germination of phago-
cytosed spores and the intracellular growth of B. anthracis  during 
early infection.

http://www.pnas.org/lookup/doi/10.1073/pnas.2415351121#supplementary-materials
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 Despite the architectural homology between Bacillus  SLPs, each 
adopt unique lattices and lattice contacts. When comparing the 
Sap lattice to the other available S-layer structures, Sap shares the 
characteristic smooth surface to be presented toward the outside, 
while the protrusion of D1 in the ridge would connect to the 
cell-wall binding SLH domain ( 37 ) forming the corrugated side of 
the S-layer. However, the outward-facing surface of Sap is remark-
ably neutral compared to the other S-layers, which tend to be acidic, 
and as a group, the pI of S-layer assembly proteins tends to be acidic. 
Strikingly, Sap contains a large, irregular pore slit with approximate 
dimensions of 113 Å × 68 Å with the diameter reaching 30 to 40 
Å in contrast with the tight lattices of Clostridium difficile  and 
﻿Caulobacter crescentus . Nevertheless, pore sizes of 2 to 8 nm are 
deemed canonical to S-layers, and pores of these dimensions would 
allow for a very permeable array being able to transport a wide range 
of molecules, from ions to even small folded proteins ( 7 ). These 
structural features suggest a potential role for the Sap S-layer in 
enabling dynamic molecular exchange and communication, includ-
ing nutrient uptake, signaling, and potentially even the recognition 
of host molecules. To what extent the structural and topological 
differences in the various Bacillus  S-layers alter their (selective) per-
meability to nutrients and proteins is largely unknown. With the 
availability of detailed S-layer models, we can also start to address 
the reasons underlying the metabolically costly exchange of S-layers 
seen in certain species, including B. anthracis . Finally, we anticipate 
that more S-layer models will allow the rationalization of the 
mechanical support given by S-layers and clarify the molecular 
mechanisms of S-layer disruptive antibodies.  

Materials and Methods

Cloning for Recombinant Protein Production in Escherichia coli. Synthetic 
codon-optimized SapAD encompassing residues 216 to 814 (UniprotKB: P49051) 
with a C-terminal 6xHis tag was used from ref. 14. Full-length Sap (residues 31 
to 814) was amplified from the B. anthracis (strain 34F2) genome using prim-
ers 383 and 384 and was subsequently cloned into linearized pASK-IBA3plus 
vector (using primers 321 and 322) by Gibson assembly and transformed into 
chemically competent DH5α E. coli (New England BioLabs). Construction of Sap 
mutants is described in Supplementary Methods, with all plasmid and primers 
used in this study listed in SI Appendix, Tables S4 and S5.

Protein Expression and Purification of SapAD, SapFL, and Sap Domains. 
Production and purification of the AD of Sap (SapAD: residues 216–814 with 
C-terminal His-tag, pAFSLP1) was conducted as previously described (14) and
detailed in Supplementary Methods. SapFL, SapFL mutants, and individual Sap
domains (all N-terminally tagged with 6xHis) were expressed in E. coli BL21 (DE3) 
grown in Terrific Broth (TB) supplemented with 100 µg/mL of Ampicillin at 37
°C and induced with 200 µg/L anhydrotetracycline when the OD600 reached 0.5. 
The different Sap forms were purified using Ni2+ IMAC and polished using size 
exclusion chromatography as described in SI Appendix, Supplementary Methods.

SapAD Tubule Formation and Sample Preparation for Cryo-ET. S-layer 
assembly was achieved by prolonged incubation at 25 °C of 2 mg/mL of freshly 
purified SapAD in PBS. Tubules were left to polymerize for 2 wk before being 
prepared for cryo-ET. For grid preparation, samples were mixed with concentrated 
6-nm, gold-protein A conjugate (Aurion, 2.413 particles per mL) for fiducials. The 
gold fiducials were concentrated by pelleting the stock solution for 45 min at
>20,000×g in a benchtop centrifuge and pipetting off excess liquid to obtain 
more concentrated solutions in the manufacturer’s storage buffer (PBS with 1% 
bovine serum albumin and 15 mM NaN3). 2 µL of tubules was mixed with 8 µL of
eightfold concentrated gold solution, after which 3 µL of the mixture was applied 
onto glow discharged UltrAuFoil R2/2 grids (Quantifoil), manually blotted in a CP3 
Cryoplunge (Gatan) maintained close to 100% humidity at 22 °C, before being 
plunged in liquid ethane. Grids were stored in liquid nitrogen until used for 
screening or imaging by cryo-ET. Prior to high-resolution data collection, samples 
were screened at cryogenic temperatures using an in-house 120-kV JEM 1400 

(JEOL) microscope equipped with a LaB6 filament and a CMOS camera (TVIPS 
TemCam F-416).

Data Collection for Cryo-ET. Cryo-ET data collection was performed on a 300-kV 
Titan Krios G1 (FEI, ThermoFisher) equipped with a GIF Quantum® SE energy filter 
(Gatan) and K2 Summit direct electron detector (Gatan) at the Frankfurt Center 
for Electron Microscopy (FCEM), Goethe University Frankfurt. Data were collected 
in superresolution mode at a nominal magnification of 81,000×, corresponding 
to a pixel size of 0.9 Å, using a 70-µm objective aperture with defocus ranging 
from −2 to −3.5 µm. The dose-symmetric tilt scheme (38). Data collection was 
performed using SerialEM (39) to collect tilts between −60° and 60°, with 3° 
increments and a total exposure of ~156 e-/Å2. Six superresolution frames were 
collected per tilt. For the first three tomograms, the zero-tilt image was collected 
with a high dose image of about 15 e-/Å2 on camera, and the remaining dose was 
distributed equally over the nonzero tilts for the purposes of better visualization 
and incidental methods development.

Cryo-ET Image Processing and Subtomogram Averaging. Motion correction 
of the acquired movies was performed using MotionCor2 (40) and the resulting 
micrographs were assembled into a raw tilt series stack. Initial CTF correction was 
done using defocus estimation by Gctf (41) and ctfphaseflip from IMOD (42). Tilt 
series were aligned using gold fiducials manually. Tomograms were reconstructed 
from the collected tilt series using batch processing in IMOD (42).

Particles were picked and cropped from bin-8 tomograms using Dynamo
Catalogue (43, 44). For this, we generated a supersampled mesh of crop-points 
defined along the length of each S-layer tube using the “Filament with rings”
model along a manually defined central axis. As the tubes were of varying width 
(SI Appendix, Fig. S1A), the radius of each model was adjusted to the manually 
determined radius of the tube. Initial Euler angles of each particle were assigned 
as normal to the tube outer surface. Not all the tubes were perfectly round in 
cross-section, but rather appeared compressed to varying degrees by the ice
layer (SI Appendix, Fig. S1B), so an initial box side-length of 48 pixels (nomi-
nally 345.6 Å) was chosen. This larger box size was chosen to 1) be sufficiently 
large to incorporate multiple pattern features observed in the 2D averages, and 
2) be sufficiently large to accommodate larger z-shifts during refinement since 
cropping around an imagined circular cross-section on a compressed tube would
result in some particles not being centered in the box. Two tomograms from the 
SAP-alone sample which had tubes with particularly round cross-sections were 
used to estimate a range of tube widths likely to have rounder tubules. Particles 
from these tubes (82 to 94 pixels, or nominally ~590.4 to 676.8 Å, in width)
defined a subset of particles that were processed further.

An initial subset of the particles from a tomogram with round cross-sections 
was used to create an alignment project that started with a reference generated 
from a nonaligned average of 10% of the particles from this tomogram and went 
through two rounds of coarse alignment, each with three iterations. The result of 
this project was low-pass filtered to ~58 Å and used as the starting reference in a 
multireference alignment project of the width-subsetted bin-8 particles. Three 
classes were used to check the heterogeneity of the dataset. As all three classes 
looked similar to each other, all the particles were used going forward. Refinement 
with particle half sets was performed iteratively with gradually unbinning up to 
bin 2 (equivalent to a nominal counting resolution of 1.8 Å). A cylindrical half 
shell was used as the refinement mask at higher bin values and a shaped mask 
generated using RELION 3.1 (45) Mask Create was used later for lower bin values. 
Initial references were all filtered to at least 40 Å and in all stages, cross-correlation 
(cc) was used to include only the best 50% of the particles into the average.

At this point, in an effort to improve resolution further, 3D-CTF-corrected 
tomograms were generated using NovaCTF (46). Particles were recropped from 
these tomograms, re-refined from bin 4 to bin 2 (with half-sets still maintained) 
and recentered on the “X” cross. Finally, as the orientational coverage by the par-
ticles was good, to try to improve the resolution even further, 3D-CTF-corrected 
tomograms were reconstructed from only the −30° to 30° tilts and particles were 
recropped from these tomograms and subjected to a final round of refinement. 
Final resolutions were estimated by postprocessing in RELION 3.1 (45). Figures 
were created using ChimeraX (47).

SapAD Crosslinking and Mass Spectrometry Analysis. For crosslinking of 
SapAD, either freshly eluted monomeric material or two different batches of tubule 
material (>1 wk old) were subjected to crosslinking analysis and analyzed on 

http://www.pnas.org/lookup/doi/10.1073/pnas.2415351121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415351121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415351121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2415351121#supplementary-materials
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stain-free SDS-PAGE prior to mass spectrometry analysis. BS3 [bis(sulfosuccin-
imidyl)suberate, ThermoFisher] was dissolved in PBS (sample buffer) and reacted 
with either preformed tubules or monomeric SapAD in 20- or 50-fold molar excess 
of crosslinker. After 2 or 1 h, respectively, the reaction was quenched with 25 mM 
glycine and sent for trypsin digestion and mass spectrometry analysis at the VIB 
proteomics core (VIB, Ghent University). Given the complexity of the sample, 
i.e., a mix of monomer and polymer crosslinks in each sample, all crosslinks
with occurrence >3 were selected for analysis regardless of their spread over
different samples (for reference, SI Appendix, Table S3). Crosslinks were mapped 
and distance plots were generated for the different lattices using XlinkAnalyzer 
(35) as a plugin in Chimera (48), and 2D visualization was rendered using XiView 
(49). When lysines were not present in the structure file, the closest residue was 
taken for mapping (e.g., lysines 654, 810, 814).

Crystallization, Structure Determination, and analysis. Crystallization screens 
were set up using freshly purified domains. When two different domains were used, 
the molar ratio was 1:1. Samples were concentrated using AMICON 3-kDa MWCO
centrifugal concentrators to various concentrations as indicated later. All crystals were 
obtained using the sitting drop vapor diffusion method and a Mosquito nanoliter-
dispensing robot at room temperature (TTP Labtech, Melbourn, UK). First, optimal 
crystals of domain 1 and domain 2 appeared after 2 wk in a Morpheus kit condition 
containing 0.09 M halogens, 0.1 M buffer system 1 6.5 (pH) and 37.5% v/v Precipitant 
Mix 41 at 144 mg/mL. Crystals of the complex formed by domain 3 and domain 6 
appeared after a week in a condition of the Proplex kit containing 0.1 M of sodium 
HEPES (pH 7.5) and 25% w/v PEG 2000 MME at 53 mg/mL. Diffracting crystals of the 
domains D4 and D5 appeared in a condition of the PACT screen containing 0.1 M MMT 
[malic acid, MES, and TRIS (1:2:2 molar ratio)], pH 7 and 25% w/v PEG 1,500 at 140 
mg/mL after 10 d. In all cases, the drop containing the crystals was supplemented with 
15% glycerol and the crystals were mounted in nylon loops and flash-cooled in liquid
nitrogen. X-ray diffraction data were collected at 100 K using the Beamlines Proxima
2 and Proxima 1 at the Source optimisée de lumière d'énergie intermédiaire du LURE 
(SOLEIL) synchrotron (Gif-sur-Yvette, France) and beamline I04 at the Diamond Light
Source (Didcot, UK). Data were processed with AutoProc (50) and XDS (51) and the 
structures were determined by molecular replacement using individual domains 
of the PDB 6HHU as a search model. The structures were refined through iterative 
cycles of manual model building with COOT (52) and reciprocal space refinement 
with phenix.refine (53) and Buster (54). All crystallographic statistics are shown in 
SI Appendix, Table S2. Study of the crystal interfaces was analyzed using the software 
PISA (33). Structural figures were generated with ChimeraX (47). Atomic coordinates 
and structure factors have been deposited in the protein data bank (PDB) under the 
accession codes: 8S83 (complex D3+D6), 8RX2 (homocomplex D1D2–D1D2), 8S80 
(homocomplex D4D5).

All-Atom Molecular Dynamics Simulations. The X-ray atomic model of the Sap
monomer was obtained from the Protein Data Bank (PDB) under the ID 6HHU. The 
PDB was processed using CHARMM-GUI (55) to replace engineered residues with
canonical amino acids. Missing loops (residues 654–659 and residues 690–691) 
were filled using Modeller 10.1 (56). GROMACS 2021 (57) was then used to 
incorporate hydrogen atoms with standard protonation states. All simulations 
used the CHARMM36m force field (58).

Interfaces for the Sap protein lattice were aligned using domain–domain 
structures docked or predicted from HADDOCK 2.4 (59) or Alphafold Multimer 
v2.1.0, respectively (29). Docked structures were first manually positioned 
throughout the cryo-ET map based on each candidate lattice structure. Then, 
each domain of the complete Sap monomer was aligned via alpha-C atoms
to the docked structures using visual molecular dynamics (VMD) (60). Energy 
minimization of the constructed dimeric structure was performed using steep-
est descent in vacuum using a buffer distance of 4 nm between all protein 
atoms and the box edges and a force tolerance of 1,000 kJ/mol/nm. Next, the 
energy-minimized dimer was placed in a triclinic box with dimensions of X = 
85.1 Å, Y = 204.4 Å, Z = 10.0 Å, and γ = 84°. The system was subsequently
neutralized with 0.15 M NaCl after solvation with water. Energy minimization 
was performed again with the same conditions as above. The four investigated 
lattice models contained 185, 235; 120, 617; 184, 917; 174, 740 atoms, 
respectively.

MD simulations were performed using GROMACS 2021 (57) and a timestep of 2 fs. 
Four replicas with identical initial coordinates and randomized velocities were initially 

run for 10 ns under constant NVT using the stochastic velocity rescaling thermostat (61) 
and a damping time of 0.1 ps, while all heavy atoms were restrained using a force con-
stant of 1,000 kJ/mol/nm. An additional 85 ns was integrated to relax flexible regions 
of the protein and to allow side chains to reorient at protein–protein interfaces. This 
equilibration was done by adding a positional restraint (same force constant as before) 
to the C atoms outside 10 Å of any interface while allowing all interfacial residues 
and linkers to move freely. These trajectories were then extended with all positional 
restraints removed for longer production runs. We ran constant NVT dynamics for 500 
ns using the same thermostat and a damping constant of 2.0 ps to test the stability of 
each interface in each proposed lattice model. Protein coordinates were extracted every 
1 ns from each of the simulations for analysis. All trajectory analysis for dissociation 
and contact identification was done using the final 500 ns trajectories.

To analyze dissociation events, the distances between centers of mass of each 
interfacial domain were computed using MDTraj1.9.7 (62) and Contact Map 
Explorer 0.7.1 (63). The mean and SD for each relevant time-series distance profile
was computed across all four replicas; the statistics for interfaces that appeared 
twice within a simulation (e.g., D3–D6) were considered independent samples, 
effectively yielding eight sets of data.

Interfacial contacts between protein residues were identified using a 4.5 Å 
cutoff between any heavy atom within each residue (64). Any residue–residue pair 
that satisfied this distance criteria was considered a contact while its frequency 
was calculated by normalizing the number of frames with successful contacts by 
the total number of frames in the trajectory. The mean and SD of each contact 
frequency was computed from four replicas and any residue pairs with frequency 
greater than 0.75 were identified as stable interfacial contacts. Snapshots of inter-
facial structures were generated using VMD (60).

Data, Materials, and Software Availability. The atomic coordinates of the 
domain–domain X-ray structures have been deposited in the Protein Data Bank 
(PDB) with the accession codes: 8S83 (D3–D6) (31), 8RX2 (D1–D2) (30), and 
8S80 (D4–D5) (32). The final model has been deposited in the PDB with acces-
sion code: 9G93 (34). The StA map been deposited in the EMDB with accession 
code: EMD-45459 (28). All other data are included in the manuscript and/or
supporting information.
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