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Linear CsgX Disulfide constrained CsgX,,.

Supplementary Figure 1: Design of linear (a) and cyclic (b) versions of CsgX. Disulfide constrained
CsgX peptides were designed by adding an additional C-terminal Cys residue at position 58, and
mutating Asn24 to Cys.



Supplementary Figure 2: Full Blue native PAGE gel for (CsgG:CsgX)s complex formation
analysis. Gel image is provided as the full, uncropped image of the gel presented in Figure 2a.



Supplementary Figure 3: Addition of disulfide staple does not disrupt the overall architecture of
the (CsgG:CsgX1)s. (CsgX1iin)o (magenta) and (CsgX1eyc)s (light pink) have the same overall topology
and orientation in the (CsgG:CsgX1iin)9 and (CsgG:CsgX1cyc)o assemblies, respectively.



structure (C9 symmetry applied) structure (C9 symmetry applied)
original de3|gn model structure (before C9 symmetry applied)

Supplementary Figure 4. The CsgX1iin hairpin is shifted about the axis of symmetry relative to
the design model. a, Top view of (CsgG:CsgX1lin)9 map and model. C9 symmetry was applied in the
final stage of refinement (non-uniform refinement) prior to modeling. b, Top view of (CsgG:CsgX1iin)o
structural model (magenta), aligned with the original design model (teal), shows uniform rotation of the
CsgX1lin hairpin about the axis of symmetry. ¢, Top view of (CsgG:CsgX1iin)o structural model
(magenta), aligned with a model of (CsgG:CsgX1in)e (green) built into a density map for
(CsgG:CsgX1iin)e prior to application of C9 symmetry, shows that the observed shift is not a result of
C9 symmetry application in cryo-EM data processing.



Observed side chain conformations Designed vs observed side chain conformations
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CsgX2,,, H2

Supplementary Figure 5: Key polar interactions are shifted in the structure of (CsgG:CsgX2cyc)o
relative to the desigh model. The structure of two CsgX2cyc subunits, CsgX2cyc and CsgX2¢yc’ (purple)
from the full (CsgG:CsgX2cyc)e structure are shown fit in the sharpened, refined 3D volume for
(CsgG:CsgX2cyc)o (zoned around CsgX2cyc at 1.9 radius around key residues and contoured to 0.5)
(left). The corresponding CsgX2iin subunits from the design model (grey) are aligned with the structure
displayed in purple (right). Side chains of key polar residues (S49, Q52, T53) in the refined structure fit
in the observed density (left) but deviate from the designed rotamers for S49 and Q52 (right). In the
experimental structure (purple) the shift in the rotamers of S49 and Q52 maintains a hydrogen bond
between S49 and Q52 but disrupts the designed hydrogen bond between Q52 and T53.



Supplementary Table 1: CsgG, CsgF and CsgX sequences

Design ID Primary sequence Outcome
CsgG-F56Q- CLTAPPKEAARPTLMPRAQSYKDLTHLPAPTGKIFVSVYNIQDETGQ | Used for all
Strepll FKPYPASNQSTAVPQSATAMLVTALKDSRWFIPLERQGLQNLLNERK | (CsgG:CsgX)s
IIRAAQENGTVAINNRIPLQSLTAANIMVEGSIIGYESNVKSGGVGARY | assemblies in
FGIGADTQYQLDQIAVNLRVVNVSTGEILSSVNTSKTILSYEVQAGVF | experimental and
RFIDYQRLLEGEVGYTSNEPVMLCLMSAIETGVIFLINDGIDRGLWDL | structural
QNKAERQNDILVKYRHMSVPPESSAWSHPQFEK characterization
CsgF 1-30 GTMTFQFRNPNFGGNPNNGAFLLNSAQAQN Pore assembly, gel and
electrophysiological
analysis
CsgX1iin GTMTFQFRNPNFGGNPNNGAFLLNSAQAQNAGILAAQLWNNGDYD | Full experimental and
RALSLFIAVVQS-NH:2 structural
characterization
CsgX1cyc GTMTFQFRNPNFGGNPNNGAFLLCSAQAQNAGILAAQLWNNGDYD | Full experimental and
RALSLFIAVVQSC-NH: structural
characterization
CsgX2iin GTMTFQFRNPNFGGNPNNGAFLLNSAQAQNGGELAAKLWANGDE | Full experimental and
TNALSLFQTIIQS-NH: structural
characterization
CsgX2cyc GTMTFQFRNPNFGGNPNNGAFLLCSAQAQNGGELAAKLWANGDE | Full experimental and
TNALSLFQTIQSC-NH:2 structural
characterization
CsgX3iin GTMTFQFRNPNFGGNPNNGAFLLNSAQAQNAGELAKKLWENGNYV | Experimental
NQALSLFQTVIQS-NH2 characterization
CsgX3cyc GTMTFQFRNPNFGGNPNNGAFLLCSAQAQNAGELAKKLWENGNYV | Experimental
NQALSLFQTVIQSC-NH:> characterization
CsgX4iin GTMTFQFRNPNFGGNPNNGAFLLNSAQAQNAGELGLKLLRKGDVE | Pore assembly
TALTLFAQVISG-NH2
CsgX4cyc GTMTFQFRNPNFGGNPNNGAFLLCSAQAQNAGELGLKLLRKGDVE | Pore assembly
TALTLFAQVISGC-NH2
CsgX5iin GTMTFQFRNPNFGGNPNNGAFLLNSAQAQNAGELGLKLLRKGDVE | Pore assembly
TALKLFAIVIAG-NH2
CsgX5cyc GTMTFQFRNPNFGGNPNNGAFLLCSAQAQNAGELGLKLLRKGDVE | Pore assembly

TALKLFAIVIAGC-NH:




Supplementary Table 2: Cryo-EM data collection, refinement and validation statistics

(CsgG:CsgXliin)o (CsgG:CsgXleye)o (CsgG:CsgX2 tin)9 (CsgG:CsgX2eyc)o
EMD-71748 EMD-71746 EMD-71747 EMD-71749
PDB: 9PNA PDB: 9PN8 PDB: 9PN9 PDB: 9PNB
Data collection and
processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure 46 46 46 46
(e-/A%)
Defocus range (um) -0.8t0-1.8 -0.8to -1.8 -0.8t0-1.8 -0.8to -1.8
Pixel size (A) 0.834 0.834 0.834 0.834
Micrographs (no.) 2,886 2,299 2,887 2,745
Symmetry imposed C9 Cl C9 C9
Initial particle 580,854 423,217 635,836 610,425
images (no.)
Final particle 784,377
images (no.) 79,368 (symmetry expanded 77,499 100,419
(C9) from 87,153)

Map resolution (A) 2.61 2.96 2.68 2.57
FSC threshold 0.143 0.143 0.143 0.143
?gp resolutionrange 5 5 5 | 2-20 22-3.6 22-3.1

Refinement
Initial model used (CsgG:CsgXliin)o (CsgG:CsgXleye)o (CsgG:CsgX2iin)o (CsgG:CsgX2cyc)9 design
(PDB code) design model design model design model model
Model resolution (A)
FSC threshold 2.7 29 2.7 2.6
0.5 0.5 0.5 0.5
Model resolution 2.5-39 2.6-41 2.6-47 2.5-39
range (A)
Map sharpening B —-103.5 -93.8 -99.7 —104.1
factor (A2)
Model composition
Non-hydrogen
atoms 21,618 21,654 19,260 21,096
Protein residues
Ligands 2790 2799 2383 2736
n/a n/a n/a n/a
B factors (A2)
Protein 86.27 121.21 80.35 77.78
Ligand n/a n/a n/a n/a
R.m.s. deviations
Bond lengths (A) 0.002 0.004 0.003 0.004
Bond angles (°)
0.500 0.513 0.575 0.561
Validation
MolProbity score 0.72 0.98 1.04 0.85
Clashscore
Poor rotamers (%)  0.67 2.11 2.55 1.28
0.39 0.26 0.43 0.00
Ramachandran plot
Favored (%)
Allowed (%) 98.69 98.19 98.52 97.99
Disallowed (%) 1.31 1.81 1.48 2.01
0.00 0.00 0.00 0.00




Supplementary scripts:

MASTER search commands:

Backbone Search:

~/Path/master --targetList ~/Path/pds/list --rmsdCut 1 --query query.pds --matchOut ./output/match.txt
--structOut ./output/ --outType full --seqOut ./output/seq.txt --topN 200

Master Designability Analysis:

~/Path/master --targetList ~/Path/pds/list --rmsdCut 1.5 --query query.pds --matchOut
Joutput/match.txt --structOut ./output/ --outType match --seqOut ./output/seq.txt

Master Looping:
~/Path/master --targetList ~/Path/pds/list --query query.pds --rmsdCut 1 --gapLen 8 21 --matchOut
Joutput/match.txt --structOut ./output/ --outType wgap --topN 200

Example python script for Master Looping and Clustering:

## code to iterate the MASTER loop searching and clustering automatically. This file needs to be in the
directory containing the .pdb of interest.

# Example syntax:

#"'python MASTER _loop_search.py query.pdb 8 21 1" will search for gapLen's starting from 8 and will run the
wgap until length 21 with RMSD 1 and then perform loop clustering.

# Change the --targetList as needed

import numpy as np

import sys

import math

import os

import prody as pr

from scipy.sparse import csr_matrix

# Check if an "output" directory exists, make if not present.
dir_path = os.path.dirname(os.path.realpath(__file_ ))
isdir = os.path.isdir(dir_path + 'Joutput’)
print(isdir)
if isdir == False:
print("'output' directory does not exist; making new directory...")
directory = "output”
os.mkdir(directory)
print("Directory '%s' created" %directory)

query=(sys.argv[1])

# Use the 'createPDS' module of MASTER on the query.pdb and grab the query.pds. Change the directory
path as needed for your installation.

os.system("~/Path/createPDS --type query --pdb %s" % query)

name, extension=o0s.path.splitext(query)

pds= name + '.pds'

# Use the 'master' module of MASTER on the query.pds. Change the directory paths as needed for your
installation (i.e. targetList and MASTER modules)
start=int(sys.argv[2]) # grabs the initial starting gapLen



extend=int(sys.argv[3]) # grabs the length to query
rmsdCut=(sys.argv[4]) # grabs the rmsdCut per normal MASTER search
gaplLen_list=list(range(start,(extend+1)))
foriin gapLen_list:

gapLens=i

os.system("~/Path/master --query %s --targetList ~/Path/pds/list --rmsdCut %s --gapLen %d --
matchOut ./output/%d/match.txt --structOut ./output/%d --outType wgap --topN 200" % (pds, rmsdCut, gapLen,
gapLen, gapLen))

## Runs the "cluster_loops.py" command:

def get_rot_trans(mob_coords, targ_coords):

mob_coords_com = mob_coords.mean(0)
targ_coords_com = targ_coords.mean(0)
mob_coords_cen = mob_coords - mob_coords _com
targ_coords_cen = targ_coords - targ_coords_com
cov_matrix = np.dot(mob_coords_cen.T, targ_coords_cen)
U, S, Wt = np.linalg.svd(cov_matrix)
R = np.dot(U, Wt)
if np.linalg.det(R) < 0.:

Wi[-1] *= -1

R = np.dot(U, Wt)
return R, mob_coords_com, targ_coords_com

#@jit("f4[:,:1(f4[:,:,:])", nopython=True, cache=True)
def _make_pairwise_rmsd_mat(X):
M = X.shape[0]
N = X.shape[1]
O = X.shape[2]
D = np.zeros((M, M), dtype=np.float32)
m_com = np.zeros(O, dtype=np.float32)
t com = np.zeros(O, dtype=np.float32)
m = np.zeros((N, O), dtype=np.float32)
mtrans = np.zeros((O, N), dtype=np.float32)
mtr = np.zeros((N, O), dtype=np.float32)
t = np.zeros((N, O), dtype=np.float32)
¢ = np.zeros((O, O), dtype=np.float32)
U = np.zeros((O, O), dtype=np.float32)
S = np.zeros(O, dtype=np.float32)
Wt = np.zeros((O, O), dtype=np.float32)
R = np.zeros((O, O), dtype=np.float32)
mir_re = np.zeros(N * O, dtype=np.float32)
t re = np.zeros(N * O, dtype=np.float32)
sub = np.zeros(N * O, dtype=np.float32)
foriin range(M):
forjin range(i + 1, M):
for k in range(O):
m_coml[k] = np.mean(X]i, :, k])
t com[k] = np.mean(X[j, :, k])
m = np.subtract(X]i, :, :], m_com)
for a in range(N):
for b in range(O):
mtrans[b, a] = m[a, b]
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t = np.subtract(X[j, :, :], t_com)
¢ = np.dot(mtrans, t)
U, S, Wt = np.linalg.svd(c)
R = np.dot(U, Wt)
if np.linalg.det(R) < 0.0:
Wi[-1,:]*=-1.0
R = np.dot(U, Wt)
mtr = np.add(np.dot(m, R), t_com)
g=0
for ain range(N):
for b in range(O):
mtr_re[q] = mtr[a, b]
t re[q] = X[, :, :][a, b]
q+=1
sub = np.subtract(mtr_re, t_re)
DIi, j] = np.sqrt(1.0 / N * np.dot(sub, sub))
return D

class Cluster:
def __init__ (self, **kwargs):

self.rmsd_cutoff = kwargs.get('rmsd_cutoff', 0.5)
self.cluster_tag = kwargs.get('cluster_tag', ")
self.selection = kwargs.get('selection’, 'all')

od = kwargs.get('rmsd_mat_outdir', .")
self.rmsd_mat_outdir = od if od[-1] =="/" else od + /"
od = kwargs.get('clusters_outdir', .")
self.clusters_outdir = od if od[-1] == "/" else od + '/'
self.pdbs = None

self.pdb_coords = list()

self.pdbs_errorfree = list()

self.rmsd_mat = None

self.adj_mat = None

self.mems = None

self.cents = None

self._square = False

self._adj_mat = False

self._data_set = False

self._ifg_count = list()

self._vdm_count = list()

self._query_name = list()

self._centroid = list()

self._cluster_num = list()

self._cluster_size = list()
self._rmsd_from_centroid = list()
self._cluster_type = list()

self.df = None

def set_pdbs(self, pdbs):
""Load pdbs into the Cluster object to be clustered.
VdMs must be all one residue type."""
self.pdbs = pdbs



def _set_coords(self, pdb):

""Grabs coordinates of atoms in bb selection and iFG dict."™"

try:
coords = pdb.select(self.selection).getCoords()
self.pdb_coords.append(coords)
self.pdbs_errorfree.append(pdb)

except AttributeError:
pass

def set_coords(self):
"""Grabs coords for every vdM in pdbs.
for pdb in self.pdbs:
self._set _coords(pdb)
self.pdb_coords = np.array(self.pdb_coords, dtype="float32")

def make_pairwise_rmsd_mat(self):
""Uses C-compiled numba code for fast pairwise superposition
and RMSD calculation of coords (all against all)."""
assert isinstance(self.pdb_coords, np.ndarray), 'PDB coords must be '\
'numpy array'
assert self.pdb_coords.dtype == 'float32', 'PDB coords must '\
'be dtype of float32'
self.rmsd_mat = _make_pairwise_rmsd_mat(self.pdb_coords)

@staticmethod
def greedy(adj_mat):
"""Takes an adjacency matrix as input.
All values of adj_mat are 1 or 0: 1 if <= to cutoff, 0 if > cutoff.
Can generate adj_mat from data in column format with:
sklearn.neighbors.NearestNeighbors(metric="euclidean’,
radius=cutoff).fit(data).radius_neighbors_graph(data)""

if not isinstance(adj_mat, csr_matrix):
try:
adj_mat = csr_matrix(adj_mat)
except:
print('adj_mat distance matrix must be scipy csr_matrix '
'(or able to convert to one)'")
return

assert adj_mat.shape[0] == adj_mat.shape[1], 'Distance matrix is not square.'

all_mems =]
cents =[]
indices = np.arange(adj_mat.shape[0])

while adj_mat.shape[0] > O:
cent = adj_mat.sum(axis=1).argmax()
cents.append(indices[cent])
row = adj_mat.getrow(cent)
tf = ~row.toarray().astype(bool)[0]
mems = indices[~tf]
all_mems.append(mems)
indices = indicestf]
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adj_mat = adj_matftf][:, tf]
return all_mems, cents

def make_square(self):
self.rmsd_mat = self.rmsd_mat.T + self.rmsd_mat
self._square = True

def make_adj_mat(self):
"""Makes an adjacency matrix from the RMSD matrix
self.adj_mat = np.zeros(self.rmsd_mat.shape)
self.adj_mat[self.rmsd_mat <= self.rmsd_cutoff] = 1
self.adj_mat = csr_matrix(self.adj_mat)
self._adj_mat = True

def cluster(self):
"""Performs greedy clustering of the RMSD matrix with a given
RMSD cutoff (Default cutoff is 0.5 A).""
assert self.rmsd_mat is not None, 'Must create rmsd matrix first with '\
'make_pairwise_rmsd_mat()'
if not self._square:
self.make_square()

if not self._adj_mat:
self.make_adj_mat()

self.mems, self.cents = self.greedy(self.adj_mat)

def print_cluster(self, cluster_number, outpath=None):
""Prints PDBs of a cluster after superposition of the backbone (bb_sel)
onto that of the cluster centroid. The backbone of the cluster centroid
is itself superposed onto that of the largest cluster's centroid.""

if not outpath:
outpath = self.clusters_outdir +'/' + str(cluster_number) + /'

try:
os.makedirs(outpath)

except FileExistsError:
pass

cluster_index = cluster_number - 1
cent = self.cents[cluster_index]
mems = self.mems[cluster_index]

# Align backbone of cluster centroid to backbone of centroid of largest cluster.

R, m_com, t_com = get_rot_trans(self.pdb_coords[cent],
self.pdb_coords[self.cents[0]])

cent_coords = np.dot((self.pdb_coords[cent] - m_com), R) +t_com

for i, mem in enumerate(mems):
R, m_com, t_com = get_rot_trans(self.pdb_coords[mem], cent_coords)
pdb = self.pdbs_errorfree[mem].copy()
pdb_coords = pdb.getCoords()
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coords_transformed = np.dot((pdb_coords - m_com), R) +t_com
pdb.setCoords(coords_transformed)
is_cent =" _centroid' if mem == cent else "
pr.writePDB(outpath + 'cluster_' + str(cluster_number) +' mem_" + str(i)
+ self.cluster_tag +is_cent +' ' + str(pdb).split()[-1] + ".pdb.gz', pdb)

def print_clusters(self, clusters):
"""Prints all clusters in the list *clusters
for cluster_number in clusters:
self.print_cluster(cluster_number)

*unn

def run_protocol(self, pdbs):
""Runs a series of methods that will cluster the
PDBs and output a pandas dataframe, RMSD matrix, and
PDBs of top 20 clusters."™"
print('begin clustering...")
self.set_pdbs(pdbs)
print(‘setting PDB coords...")
self.set_coords()
print(‘constructing RMSD matrix...")
self.make_pairwise_rmsd_mat()
print('greedy clustering...")
self.cluster()
print('making dataframe...")
self.print_clusters(clusters=range(1, len(self.mems) + 1))

def listdir_mac(path):
return [f for f in os.listdir(path) if f[0] !="."]

HHEHH BB
R

def run_cluster(path):
for loopdir in listdir_mac(path):

print(loopdir)

loopsize = int(loopdir)

pdbs = list()

for fin [f for f in os.listdir(path + loopdir) if f[-3:] == 'pdb']:
pdb = pr.parsePDB(path + loopdir + '/ + f)
ca_sel = pdb.select('name CA')
if len(ca_sel) == 14 + loopsize:

pdbs.append(pdb)

kwargs = dict(rmsd_cutoff=1.0, cluster_tag='_loop_'+str(loopsize),
clusters_outdir=path + loopdir + '/clusters/',
selection="name CA")

clu = Cluster(**kwargs)

clu.run_protocol(pdbs)

path = dir_path + 'Joutput/’
run_cluster(path)
print("Loop outputs and clusters can be found in '%s"™ %path)



Rosetta sequence design file:

<ROSETTASCRIPTS>
<SCOREFXNS>
<ScoreFunction name="ref15" weights="ref2015">
</ScoreFunction>
</SCOREFXNS>

<RESIDUE_SELECTORS>
</RESIDUE_SELECTORS>

<TASKOPERATIONS>
<InitializeFromCommandline name="ifcl"/>
<ReadResfile name="resfile" filename="resfile.txt"/>
<ExtraRotamersGeneric name="extrachi" ex1="1" ex2="1"
ex1_sample_level="1" ex2_sample_level="1" extrachi_cutoff="14"/>
<IncludeCurrent name="include_curr" />
</TASKOPERATIONS>

<FILTERS>
<PackStat name="pstat" threshold="0.30" repeats="10" />
<PackStat name="pstat_mc" threshold="0" repeats="10"/>
<NetCharge name="net_charge" confidence="0"/>
<ScoreType name="total_score" scorefxn="ref15"
score_type="total_score" threshold="100000000000"/>
<ScoreType name="total_score_1" scorefxn="ref15"
score_type="total_score" threshold="100000000000"/>
</FILTERS>

<MOVERS>

<SetupForSymmetry name="setup_symm" definition="spONT.symm"/>

<PackRotamersMover name="pack" scorefxn="ref15"

task operations="ifcl,resfile,include_curr,extrachi"/>
<PackRotamersMover name="pack_fast" scorefxn="ref15"

task _operations="ifcl,resfile,include_curr"/>
<MinMover name="min_bb" scorefxn="ref15" tolerance="0.0000001"
max_iter="1000" chi="false" bb="true">
<MoveMap name="map_bb">
<Span begin="1" end="999" bb="true" chi="false" />

</MoveMap>
</MinMover>
<ldealize name="idealize"/>
<MinMover name="min_sc" scorefxn="ref15" tolerance="0.0000001"
max_iter="1000" chi="true" bb="false">
<MoveMap name="map_sc">
<Span begin="1" end="999" bb="false" chi="true" />

</MoveMap>
</MinMover>
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<MinMover name="min_sc_bb" scorefxn="ref15" tolerance="0.0000001"

max_iter="1000" chi="true" bb="true">
<MoveMap name="map_sc_bb">

<Span begin="1" end="999" bb="true" chi="true" />

</MoveMap>
</MinMover>
<ParsedProtocol name="parsed_pack_fast" >
<Add mover_name="pack_fast"/>
<Add mover_name="min_bb"/>
</ParsedProtocol>
<ParsedProtocol name="parsed_pack" >
<Add mover_name="pack"/>
<Add mover_name="min_bb"/>
<Add mover_name="min_sc"/>
</ParsedProtocol>
<GenericMonteCarlo name="pack_mc" preapply="0" trials="3"
temperature="0.03"

filter_name="pstat_mc" sample_type="high" mover_name="parsed_pack">
<Filters>
<AND filter_name="total_score 1"
temperature="15" sample_type="low"/>
</Filters>
</GenericMonteCarlo>

<GenericMonteCarlo name="pack_fast_mc" preapply="0" trials="2"

temperature="0.03"

filter_name="pstat_mc" sample_type="high" mover_name="parsed_pack_fast">
<Filters>
<AND filter_name="total_score 1"
temperature="15" sample_type="low"/>
</Filters>
</GenericMonteCarlo>

</MOVERS>
<APPLY_TO_POSE>
</APPLY_TO_POSE>

<PROTOCOLS>
<Add mover="setup_symm"/>
<Add mover_name="parsed_pack_fast"/>
<Add mover_name="pack fast_mc"/>
<Add mover_name="pack_mc"/>
<Add mover_name="min_sc_bb"/>
<Add filter_name="pstat"/>
<Add filter_name="net_charge"/>
<Add filter_name="total _score"/>
</PROTOCOLS>

<OUTPUT scorefxn="ref15"/>
</ROSETTASCRIPTS>
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Base Rosetta Resfile:

NATRO
USE_INPUT_SC
start

31 APIKAAAG
32 APIKAAG
34 APIKAA LI
35 APIKAAAG
38 APIKAAL
47 APIKAAA
48 APIKAA L
50 APIKAAL
51 APIKAAF
54 APIKAA VIA
55 APIKAA VI
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