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ABSTRACT Bacteroides thetaiotaomicron (Bt) is a prominent member of the human gut microbiota with an extensive capacity
for glycan harvest. This bacterium expresses a five-protein complex in the outer membrane, called the starch utilization system
(Sus), which binds, degrades, and imports starch into the cell. Sus is a model system for the many glycan-targeting polysaccha-
ride utilization loci found in Bt and other members of the Bacteroidetes phylum. Our previous work has shown that SusG, a lipi-
dated amylase in the outer membrane, explores the entire cell surface but diffuses more slowly as it interacts with starch. Here,
we use a combination of single-molecule tracking, super-resolution imaging, reverse genetics, and proteomics to show that
SusE and SusF, two proteins that bind starch, are immobile on the cell surface even when other members of the system are
knocked out and under multiple different growth conditions. This observation suggests a new paradigm for protein complex for-
mation: binding proteins form immobile complexes that transiently associate with a mobile enzyme partner.

INTRODUCTION

The human gut microbiome comprises thousands of
different bacterial strains (1) that contribute to defense
against pathogens, activation of the immune system, obesity,
and malnutrition (2-5). Many of these bacteria are required
to break down complex plant-derived glycans that cannot
be degraded by human digestive enzymes. Most glycan
degradation depends on the collective action of the Gram-
negative Bacteroidetes, a dominant bacterial phylum in
the gut, which has evolved to degrade a vast array of carbo-
hydrates (6). This is accomplished through the regulated
expression of outer-membrane protein sets called starch-uti-
lization (Sus)-like systems, which are composed of several
proteins that bind, degrade, and import different glycans.
Sus-like systems are encoded within discrete polysaccharide
utilization loci (PULs), and each Sus-like system outer-
membrane complex targets a distinct glycan substrate (7).
The repertoire of PULs within these bacteria drives their
metabolic lifestyle and fitness, dictating both the coloniza-
tion and persistence of these microbes within the host gut
(8,9). A detailed understanding of the molecular mechanism
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of glycan transport is critical for the development of thera-
pies that utilize diet to change the microbiota composition
toward improved health.

Sus-like systems contain proteins homologous in struc-
ture and function to several proteins originally described
in the prototypical PUL, the Bacteroides thetaiotaomicron
(Bt) Sus (10,11). The Sus locus (susRABCDEFG) encodes
five outer-membrane-localized proteins, SusCDEFG, which
form the Sus complex at the cell surface (Fig. 1). Starch
polysaccharides are initially bound by SusD, SusE, and
SusF (12,13) and are subsequently broken down into smaller
oligosaccharides by the amylase SusG (14). These oligosac-
charides are transported into the periplasm through the SusC
TonB-dependent transporter, and then degraded to glucose
by the SusA (15) and SusB (16) glycosidases.

The Sus is a model system for understanding how com-
plex polysaccharides are broken down by Bacteroidetes,
which rely heavily on Sus-like systems for nutrient acquisi-
tion (17,18). Nearly all sequenced gut Bacteroidetes ge-
nomes encode Sus-like systems that can metabolize a
wide variety of substrates (7), yet little is known about
how Sus proteins work together at the cell surface. The in-
dividual structures of the Br Sus proteins SusCDEF have
been elucidated, revealing that SusD has a single starch
binding site, SusE and SusG each have two starch binding
sites, and SusF has three starch binding sites (11). These
binding sites do not have redundant functionality, but rather
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play discrete roles in glycan capture (19). Importantly,
SusDEFG are not embedded in the membrane but are teth-
ered to the cell surface via lipidation at an N-terminal
cysteine, followed by a flexible linker of 15-20 amino acids
such that each protein can be thought of as “floating” above
the membrane like a balloon on a string (Fig. 1).

The SusDEFG proteins have discrete folds (Fig. S1).
SusD (62 kDa) is a globular «-helical protein, whereas
SusE (42 kDa) and SusF (52 kDa) are composed of three
and four tandem Ig-like domains of ~100 amino acids,
respectively; besides the N-terminal domain of each protein,
all domains have a single starch-binding site. There is a pro-
line residue at nearly every domain junction, and we specu-
late that these prolines restrict the overall conformational
flexibility of SusEF. SusG (78 kDa) comprises a globular
catalytic domain and a carbohydrate-binding module
(CBM) that protrudes from the catalytic site. The CBM is
linked to the catalytic domain by two short linkers (residues
212-217 and 334-338) that are unlikely to impart structural
flexibility, and thus, SusG, like SusE and SusF, is expected
to maintain an extended conformation. Additionally, the
proteins lacking the signal peptides could be expressed in
Escherichia coli, were highly soluble, and bound starch.
Therefore, an interaction with a protein partner, or the Bt
membrane, is not essential for folding or for starch binding.
Still, despite the detailed information in Fig. S1 regarding
the individual structures (13,14,20), we could not predict
how the proteins behave in the membrane environment or
how they interact with each other, or with other proteins,
on the cell surface.

We previously probed the movement of the glycoside hy-
drolase SusG in live anaerobic cells using single-molecule
fluorescence imaging (21), and we discovered that this pro-
tein moves around the entire cell surface. SusG displays a
noticeable decrease in its effective diffusion coefficient in
the presence of the large polymer starch, as well as when
it transiently associates with the SusCDEF proteins, indi-
cating dynamic, starch-mediated Sus complex formation.
Little is known about the organization and structure of the
Bacteroides membrane, and our work with SusG was, to

Stationary Outer-Membrane Proteins
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FIGURE 1 The outer membrane proteins of
the Sus complex. SusC is a membrane-spanning
B-barrel. SusDEFG are associated with the cell
membrane through lipidation of a cysteine residue
(C) near the N-terminus. The identity of the lipid
groups is unknown. Single-molecule microscopy
shows that SusD and SusG are mobile, whereas
SusE and SusF are immobile. To see this figure
in color, go online.
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our knowledge, the first to examine cell-surface lipoprotein
dynamics in live anaerobic cells. A key question, therefore,
is whether other Sus surface components are similarly mo-
bile, as answering this question would both inform a model
of how the Sus proteins assemble in Bf and provide insight
into the extent of protein mobility on the cell surface as bac-
teria interact with their environment.

Here, we employ super-resolution imaging and single-
molecule tracking to examine the starch-binding proteins
SusE and SusF. In stark contrast to the highly mobile
SusG, we find that SusE and SusF remain immobile at the
cell surface despite changing environmental conditions
and within strains with different genetic backgrounds.
This is, to our knowledge, the first observation of lipopro-
teins that are significantly immobile (down to our 25 nm res-
olution). Similar high degrees of confinement have been
observed in E. coli for some integral outer-membrane
proteins, with confinement diameters from published studies
ranging from 0.02 to 0.60 um (22,23), although our observa-
tions here show that the SusE and SusF confinement
diameter is at most 0.025 um, i.e., less than or equal to
the localization precision of our super-resolution micro-
scope. This immobility does not appear to be driven by
the N-terminal sequence of the signal peptide or by lipida-
tion, as swapping in the N-terminal sequence of SusE
does not decrease SusG diffusion. Therefore, we hypothe-
size that the differences in mobility are due to interactions
of the SusEF proteins with an unknown partner, possibly
another protein or a component of the cell membrane. Over-
all, we present here, to our knowledge, a new model for
outer-membrane protein collaboration on the surface of
Gram-negative bacteria: assembly of a system of mobile
proteins around select stationary protein centers.

MATERIALS AND METHODS
Bacterial strains, mutagenesis, and cell growth

Bacterial strains in this study are listed in Table S1 and primers are listed in
Table S2. Bacteroides thetaiotaomicron (Bf) was grown as previously
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described (21). Briefly, cells were cultured in medium containing 0.5%
tryptone-yeast-extract-glucose and incubated at 37°C under anaerobic con-
ditions in a Coy chamber. Approximately 24 h before imaging, cells were
diluted into minimal medium containing 0.5% (wt/vol) carbohydrate
(glucose or maltose). Mutations were performed as previously described
(13) using a counter-selectable allelic exchange method. All mutants
were created in a thymidine kinase deletion (Atdk) mutant.

Imaging

Bt cells expressing fluorescent protein fusions were imaged on an Olympus
IX71 inverted fluorescence microscope using a 1.40 numerical aperture
100x widefield oil-immersion objective. HaloTag labeling with TMR was per-
formed as described previously (21), and TMR-labeled fusions were excited
with a 561-nm laser (Coherent-Sapphire 561-50, Coherent, Santa Clara,
CA). Fusions to PAmCherry were activated with a 406-nm laser (Coherent
Cube 405-100) and excited with the 561-nm laser. Fluorescence emission
was detected using a 512 x 512 pixel Photometrics Evolve electron-multi-
plying charge-coupled device camera. Images were collected continuously
at a rate of 25 frames per second (fps) or at 1 fps for time-lapse imaging.

Data analysis

Single-molecule fitting and track construction were performed as previ-
ously described (24). The mean-square displacement (MSD) was calculated
for each track, then trimmed so that only the first half of the MSD was re-
tained to reduce the noise produced by averaging fewer steps at longer time
lags (7). MSD-versus-7 curves of length 10 or longer were used for further
analysis (i.e., the original track had to be at least 20 steps long to be consid-
ered). The slope of each MSD curve was calculated by fitting a line to the
first three points.

Western blotting, co-IP, and membrane
fractionation

Bt membranes were collected by spinning from mid-log cells grown anaer-
obically in minimal medium containing 0.5% (w/v) maltose. Cross-linking
was carried out anaerobically for 1 h on whole cells before fractionation.
Cells were lysed by sonication and spun briefly to remove large debris.
Membranes were collected by spinning for 30 min at 50,000 x g, washed
with phosphate-buffered saline (PBS), then resuspended and incubated in
PBS containing 1.5% (w/v) dodecyl maltoside. Solubilization was per-
formed for 1 h, and the remaining insoluble protein was spun for 45 min
at 100,000 x g. Co-immunoprecipitation (co-IP) was performed on solubi-
lized membranes using the Crosslink Magnetic IP/Co-IP Kit (Pierce Protein
Biology, Waltham, MA) according to manufacturer instructions. Sus
outer-membrane lipoproteins were detected by Western blot using rabbit
polyclonal primary antibodies and horseradish-peroxidase-conjugated
goat anti-Rabbit IgG secondary antibody (Sigma-Aldrich, St. Louis,
MO). Antibodies to SusD, SusE, and SusF were raised against the recom-
binantly expressed proteins (19,25). The SusC antibodies were raised
against the N-terminal plug domain of the protein (residues 118-242),
which is conserved among many other SusC-like proteins in Bt. Therefore,
the SusC antibodies cross-react with other SusC-like proteins present in our
membrane preparations, as seen in Fig. 5 b.

Total membrane proteomic sample preparation

Using 5 mg/mL maltose as the carbon source, 1 L of Bf was grown to mid-
log phase (ODgop 0.65-0.75) at 37°C in minimal Bacteroides medium.
Cells were centrifuged (10,000 x g for 15 min) then frozen in liquid N,.
Cells were thawed in 20 mL of 20 mM KH,PO, (pH 7.3), sonicated on
ice, and intact cells were removed by centrifugation at 15,000 x g for
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17 min. The supernatant was ultracentrifuged at 200,000 x g for 2 h at
4°C to pellet total membranes. The membrane pellet was resuspended in
20 mL of 20 mM KH,PO, (pH 7.3), followed by a second round of ultra-
centrifugation. All steps from growth to membrane purification were
repeated, and both preparations were submitted for mass spectrometry
(runs 1 and 2; Table S3). For the first run, the final membrane pellet was
resuspended in 7.5 mL of 20 mM KH,PO, (pH 7.3) plus 0.1% Tween-20
and gently sonicated to completely resuspend the membranes. This sample
was concentrated via a 5 kDa MWCO spin filter before proteomic analysis.
For the second preparation only, half a tablet of cOmplete EDTA-free pro-
tease inhibitor (Roche, Basel, Switzerland) was included during cell lysis
and the final membrane pellet was resuspended in 3 mL of 20 mM
KH,PO, (pH 7.3) plus 0.1% Tween-20; this sample did not require
concentration.

Quantitative mass spectroscopy

The total membrane samples and co-IP samples were submitted to MS Bio-
works LLC (Ann Arbor, MI) for Quant-works label-free unfractionated pro-
teomic analysis, as described in (26). The protein abundances within each
sample were determined by calculating for each protein the normalized
spectral abundance factor, NSAF = (SpC/MW)/ > (SpC,/MW,) x N,

where SpC is the spectral counts, MW is the protein molecular weight,
and N is the total number of proteins.

Bt growth experiments

All Bt culturing was performed in a Coy anaerobic chamber (gas mix: 85%
N, 10% H,, and 5% CO,) at 37°C. Each strain was grown for 16 h from a
freezer stock in tryptone-yeast extract-glucose medium and then back-diluted
1:100 into Bacteroides minimal medium supplemented with 5 mg/mL
glucose. After 24 h, cultures were back-diluted 1:100 into Bacteroides mini-
mal medium supplemented with 5 mg/mL of carbohydrate. Growth experi-
ments were performed in triplicate. Plates were loaded into a Biostack
automated plate-handling device coupled to a Powerwave HT absorbance
reader (both from Biotek Instruments, Winooski, VT). Absorbance at
600 nm (ODgg) was measured for each well at 20 min intervals. Data were
processed using Gen5 software (BioTek), Microsoft Excel, and Prism.

Immunofluorescence

Bt strains were grown in Bacteroides medium with 5 mg/mL maltose to an
ODggp of 0.6 and washed twice with PBS. Cells were resuspended in
0.25 mL PBS, to which 0.75 mL of 6% (v/v) formalin in PBS was added,
and then incubated with rocking at 20°C for 1.5 h. Cells were washed twice
with PBS, then resuspended in 0.5-1 mL blocking solution (2% (v/v) goat
serum and 0.02% (w/v) NaNj3 in PBS) and incubated for 16 h at 4°C. Cells
were centrifuged and resuspended in 0.5 mL of a 1/100 dilution of custom
rabbit antibody sera in blocking solution and incubated by rocking for 2 h at
20°C. Cells were washed with PBS and then resuspended in 0.4 mL of a
1/500 dilution of Alexa Fluor 488 goat anti-rabbit IgG (Life Technologies,
Carlsbad, CA) in blocking solution and incubated with rocking for 1 h at
20°C. Cells were washed three times with an excess of PBS and then resus-
pended in 20 uL of PBS plus 1 uL of ProLong Gold antifade (Life Technol-
ogies). Cells were spotted on 0.8% (w/v) agarose pads and imaged using an
Olympus IX70 inverted confocal microscope. Images were processed with
Metamorph Software.

RESULTS AND DISCUSSION

SusG dynamics are unchanged under aerobic conditions.
Although we have previously shown that fusions of



SusG to the enzymatic HaloTag can be labeled by the
dye TMR for single-molecule imaging in living, anaerobic
Bt (21), the fluorescent protein PAmCherry is advanta-
geous, because its photoactivation allows control of the
number of molecules that are fluorescent at one time. Bt
is aerotolerant, and colonies are able to survive oxygen
exposure for several days (27). We explored the possibil-
ity of imaging dormant cells under aerobic conditions
to allow the use of PAmCherry, whose chromophore re-
quires oxygen to mature. We found that SusG-HaloTag
is mobile under aerobic conditions (Fig. S2, a and b).
The single-molecule trajectories of the proteins can
be quantitatively analyzed in plots of the MSD versus
time lag (Fig. S2, ¢ and d). Here, each trajectory is a
curve with slope equal to four times the effective
molecular diffusion coefficient, D. SusG-HaloTag protein
dynamics are unchanged in the presence or absence of
oxygen (Table 1). As before, we constructed SusG-
PAmCherry by replacing the starch-binding CBMS58
domain with PAmCherry (21). The SusG-PAmCherry
fusion supports growth on starch (Fig. S3), and effective
diffusion coefficients and distributions measured for
SusG-PAmCherry in aerobic conditions were similar to
those measured for the SusG-HaloTag fusion under
anaerobic conditions (Table 1; (21)). The dynamics of
SusG are therefore independent of both the identity of
the fluorescent tag and the presence or absence of oxygen
in the environment. The similar patterns of diffusion in
aerobic and anaerobic conditions imply that the SusG dy-
namics are passive and likely a result of membrane
fluidity, rather than dependent upon the cell’s redox status
or on the proton motive force, as oxygen prevents maltoo-
ligosaccharide uptake by Bt. Because SusE and SusF are
lipoproteins like SusG, and their glycan-binding activity
is not oxygen-sensitive, we examined the dynamics of
these proteins using PAmCherry fusions and in aerobic
conditions.

Stationary Outer-Membrane Proteins

SusE and SusF are immobile in the membrane
despite perturbations to the cellular environment

PAmCherry was fused to the C-terminus of SusE or SusF via
a three-alanine linker. Cells expressing these fusions dis-
played wild-type growth kinetics on starch (Fig. S3,
¢ and d), indicating that the fusions are functional. Immuno-
fluorescence on fixed, non-permeabilized Bt cells using
antibodies against SusE and SusF demonstrated that
PAmCherry-labeled SusE and SusF localize to the outer sur-
face of the cell, as expected (Fig. S4). To our surprise, and in
contrast to our SusG fusions, the single-molecule trajec-
tories of the SusE and SusF fusions are compact and
confined to puncta, indicating that these constructs are
immobile in the cell membrane over time spans ranging
from a few seconds to tens of seconds (Figs. 2, a and b
and S5; Movies S1 and S2). Of note, we observe mobile
SusG and immobile SusE and SusF in identically treated
cells, confirming that these dynamic observations are not
due to unintended differences in the experimental condi-
tions. The MSD curves show clear differences for the
various Sus lipoproteins (Fig. 2, d—f; Table 1). Although
12.1% of SusG-PAmCherry molecules diffuse at a rate
>0.05 um?/s (Fig. 2 f, blue and purple curves), only 1.1%
of SusE-PAmCherry and 0.9% of SusF-PAmCherry move
this quickly (Fig. 2, d and e, blue and purple curves). Simi-
larly, although 93.4% of SusE-PAmCherry and 95.3% of
SusF-PAmCherry molecules have effective diffusion coeffi-
cients <0.02 umzls (Fig. 2, d and e, red and yellow curves),
only 73.4% of SusG-PAmCherry molecules move this
slowly (Fig. 2 f, red and yellow curves). To further confirm
that Sus protein dynamics are unaffected by the presence
of oxygen, we fused SusE to the HaloTag (HT) protein
and imaged TMR-labeled SusE-HT under aerobic and
anaerobic conditions. Like SusE-PAmCherry imaged aero-
bically, SusE-HT remained confined to puncta under
both conditions (Fig. S6) and had a similar mobility profile

TABLE 1 Dynamics of Protein Constructs
Tracks with Tracks with Tracks with
Aerobic/ Tracks with 000l <D< 002<D<ZL 005<DX< Tracks with  Total No. of  Tracks Shown

Protein Construct Anaerobic D < 0.001 (%) 0.02 (%) 0.05 (%) 0.1 (%) D > 0.1 (%) Tracks in Fig.
SusG-HT anaerobic 25.7 52.1 17.4 33 1.5 1687 Fig. S2.d
SusG-HT aerobic 29.3 52.7 12.1 4.0 2.0 5788 Fig. S2 ¢
SusG-PAmCherry aerobic 29.3 44.1 14.4 8.6 3.5 256 Fig. 2 f
SusE-PAmCherry aerobic 43.2 50.2 5.5 1.1 none 273 Fig. 2 d
SusE-HT anaerobic 53.4 432 2.7 none 2.1 146 Fig. S6 f
SusE-HT aerobic 433 48.7 6.3 1.4 0.3 348 Fig. S6 e
SusF-PAmCherry aerobic 46.5 48.8 3.9 0.6 0.3 338 Fig.2 e
SusD-PAmCherry aerobic 21.8 55.5 16.4 4.6 1.8 110 Fig. S7 ¢

(3-Ala linker)
SusD-PAmCherry aerobic 23.6 54.7 15.1 3.8 2.8 106 Fig. S7d

(20-Ala linker)
SusE-Nterm-SusG- aerobic 23.8 429 15.5 11.9 5.6 84 Fig. 4d

PAmCherry

Distributions of effective diffusion coefficients, D, are shown for each construct measured with single-molecule tracking. Values for D are in ,umz/s.
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FIGURE 2 SusE-PAmCherry and SusF-
PAmCherry are highly confined, whereas SusG-
PAmCherry explores the cell. (A—C) Each image
shows a cell with 35 single-molecule tracks plotted
in random colors. Scale bars, 1 um. (D-F) MSD of
all tracks lasting >20 frames is plotted for each

Mean Squared
Displacement (um?)

protein fusion (red, effective diffusion coefficient
(D) < 0.001 um?s; yellow, 0.001 um?/s < D <
0.02 um?*s; green, 0.02 um%s < D <
0.05 um?s; blue, 0.05 um*/s < D < 0.1 um?/s;
purple, D > 0.1 um?/s). To see this figure in color,
go online.

107 10° 107 10°
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(Table 1). The similarities within these different labeling
and oxygen conditions further demonstrate that anaerobic
conditions are not required to obtain physiologically rele-
vant protein dynamics.

We hypothesize that the enzymatic SusG diffuses in the
outer membrane, whereas SusE and SusF remain stationary
for optimal carbohydrate binding by the Sus system.
To complete the picture, we therefore examined the mobility
of a fusion of PAmCherry to SusD, the fourth carbohydrate-
binding Sus outer-membrane protein. SusD-PAmCherry
exhibited high mobility like SusG-PAmCherry (Fig. S7;
Table 1). However, it should be noted that the SusD-
PAmCherry strain exhibited delayed growth on starch,
which suggests that this tag reduced the ability of SusD to
effectively contribute to starch uptake. Therefore, it is diffi-
cult to discern whether the movement of SusD is due to the
tag interfering with the interaction of SusD with its partner
SusC, or if SusD is normally mobile. Changing the length of
the linker between the C-terminus of SusD and PAmCherry
from a 3-Ala linker to a 20-Ala linker did not resolve the
growth defect (Fig. S3, e and f).

Because SusE and SusF remain stationary in the outer-
cell membrane despite changes in oxygen and labeling
conditions, we further measured the effect of the presence
of other Sus proteins and capsular polysaccharide on the
positioning of SusEF. Previous studies with formaldehyde
cross-linking have demonstrated that SusC, SusD, and
SusE interact (28), so we hypothesized that SusCD might
be responsible for confining SusE and SusF in the mem-
brane. However, both SusE and SusF remained immobile
when SusC or SusD were deleted from the chromosome
(Fig. 3, a—d). Furthermore, SusF remained immobile in a
strain in which SusE was deleted (Fig. 3 g). Thus, the sta-
tionary character of SusE does not depend on SusCD, and
the stationary character of SusF does not depend on
SusCDE. Bt has a thick surface capsular polysaccharide
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layer (7). Although the precise monosaccharide and linkage
composition of these capsules is unknown, we hypothesized
that the glycan-binding proteins SusE and SusF may interact
nonspecifically with the capsule or are otherwise influenced
by the capsule organization on the cell surface. We examined
SusEF dynamics in an acapsular strain of Bt (19) and found
that both SusE-PAmCherry and SusF-PAmCherry remain
immobile in the absence of the capsule (Acps; Fig. 3,
e and f). This is consistent with our previous demonstration
that SusG protein dynamics are unchanged by the presence
or absence of capsule (21). Thus, SusEF interactions with
the capsule layer are not responsible for immobility.

The SusE N-terminus does not confer immobility

After cleavage of the signal peptide, mature SusDEFG are
lipidated at an N-terminal cysteine and tethered to the outer
leaflet of the outer membrane (28,29). Previous structural
studies of these lipoproteins demonstrate that they also
contain a flexible disordered linker that further separates
the N-terminal domain from the surface of the cell (11).
To determine whether the N-terminal sequence of SusE
confers immobility, we replaced the N-terminal region
(M1-W44) of SusG—which contains the signal peptide
through the flexible linker—with the analogous N-terminal
region (M1-N28) of SusE. This “SusE-Nterm-SusG-
PAmCherry” hybrid protein remained mobile, with dy-
namics indistinguishable from those of SusG-PAmCherry
(Fig. 4; Table 1): 73.4% of SusG-PAmCherry molecules
and 66.7% of SusE-Nterm-SusG-PAmCherry molecules
diffuse at <0.02 ,umz/s; 14.4% of SusG-PAmCherry
molecules and 15.5% of SusE-Nterm-SusG-PAmCherry
molecules diffuse at a rate between 0.02 and 0.05 ,urnZ/s;
and 12.1% of SusG-PAmCherry molecules and 17.5%
of SusE-Nterm-SusG-PAmCherry molecules diffuse at
>0.05 um?/s. These results suggest that the immobility of
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FIGURE 3 SusE-PAmCherry and SusF-PAmCherry remain highly
confined even when other members of the Sus complex or the capsule
(cps) machinery are knocked out. Each image (A-G) shows a single cell
with 35 single-molecule tracks plotted in random colors. Scale bars,
1 um. To see this figure in color, go online.

SusE is not conferred by its N-terminus but is likely due to
an unknown interaction with some membrane component or
another protein. However, treatment of Bt cells with EDTA
or lysozyme to disrupt lipopolysaccharide or peptidoglycan,
respectively, failed to increase SusEF mobility (data not
shown).

Overall, though our experiments do not identify the mech-
anism that immobilizes SusEF, they demonstrate that the
immobility of SusEF in the Bf outer membrane is an important
property that remains robust to perturbations: SusEF remain
stationary in the membrane independent of fluorescent tag
identity or oxygen concentration and despite numerous per-
turbations, including knockouts of other Sus system proteins.
This strong propensity of several proteins to remain stationary
while their putative binding partners are mobile in the bacte-
rial cell membrane presents a new model for the cooperative
action of an outer-membrane protein system.

Stationary Outer-Membrane Proteins

SusE-Nterm
-SusG-PAmCherry
B R =

SusG-PAmCherry

10" 10" 107 100
Time Lag, T (s)

Mean Squared Displacement (um?)

FIGURE 4 SusG-PAmCherry (A and C) remains mobile when the 44
N-terminal amino acids are replaced with the 28 N-terminal amino acids
from SusE (B and D), changing the lipidation signal. (A and B) Each
image shows a cell with 35 single-molecule tracks plotted in random colors.
Scale bars, 1 um. (C and D) The MSD of all tracks lasting >20 frames
is plotted for each protein fusion (red, effective diffusion coefficient
(D) < 0.001 um?%s; yellow, 0.001 um*s < D < 0.02 um?s; green,
0.02 ,umz/s <D <£0.05 p.mZ/s; blue, 0.05 p.mZ/S <D <0.1 p,mz/s;purple:
D > 0.1 um?/s). To see this figure in color, go online.

SusCDE can be captured in an outer-membrane
complex

Previous work has captured a SusCDE interaction via form-
aldehyde cross-linking of cells followed by native poly-
acrylamide gel electrophoresis (28). To further examine
this interaction and any others that may take place within
this complex, we performed co-IP of SusD using custom
anti-SusD with solubilized B membranes. This solubiliza-
tion efficiently releases SusD, SusE, and SusG; however,
SusF remains in the insoluble fraction (Fig. 5 a), even
upon prolonged incubation with detergent (Fig. S8). SusF
is an otherwise soluble protein when expressed recombi-
nantly without its lipidation site, so its enrichment in the
insoluble membrane fraction suggests that it interacts
strongly with the membrane either directly or via binding
to an unknown insoluble molecule. Although it is tempting
to speculate that the immobility of both SusE and SusF is
due to their interactions in the membrane, SusE is mostly
solubilized, whereas SusF is not. Thus, it is unclear whether
the enrichment of SusF in the insoluble fraction is related to
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A SusD SusE SusF SusG
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FIGURE 5 The Sus outer-membrane proteins vary in solubility and
abundance. (A) The soluble (s) and insoluble (i) fractions of Sus outer-
membrane lipoproteins after detergent extraction from fractionated Bt
membranes. The relative density, as a percent of the total signal, is reported
below each lane. (B) Co-IP of SusD from solubilized membranes of the
three strains. Western blot on the co-IP samples was performed with custom
SusD or SusC antibodies. Of note, anti-SusC cross-reacts to label other
SusC-like proteins in Bt (Materials and Methods). The soluble (s) lane is
the solubilized membranes used for the co-IP, and the co-IP lane indicates
the sample that was eluted after immunoprecipitation.

its stationary nature, or whether these two observations are
independent characteristics of this protein.

Based on previous reports, we hypothesized that some of
the Sus proteins would interact through transient or weak
protein-protein interactions (28). To detect Sus complex for-
mation, we performed quantitative proteomics on the total
membrane fraction from Bt before solubilization, as well
as on SusD and SusE co-IP elutions from cells with or
without formaldehyde cross-linking (Tables 2 and S4). For
these experiments, we report the normalized spectral abun-
dance factor (NSAF), a measure of how much of the total
spectrum for a sample can be assigned to a particular pro-
tein, normalized by the molecular weight of that protein
(30). Under native (non-cross-linking) conditions, co-IP of
SusD brings along SusC, as demonstrated via Western blot
(Fig. 5 b), and the relative abundance of SusD/SusC is
~1:0.6 (Table 2). However, very little SusE is captured as
a co-eluent in the native SusD pulldowns; the relative abun-
dance of SusD/SusE is at most 1:0.1. This low SusD/SusE
ratio, and the fact that it was only detected in one native
experiment, suggests that SusE interacts only weakly with
SusD or SusC in this experiment. When Bt cells were treated

with formaldehyde to covalently link weakly or transiently
interacting proteins, more SusE was immunoprecipitated
along with SusD. For reasons that remain unclear, a lower
amount of SusC was captured with SusD when formalde-
hyde was added. It is possible that SusE and SusC compete
for interactions with SusD such that capturing more SusE
limits the ability of SusC to interact with SusD. Recipro-
cally, co-IP of SusE under native conditions did not capture
additional Sus proteins, but formaldehyde treatment re-
sulted in co-elution of SusD and SusC (Tables 2 and S4).
This need for formaldehyde suggests that the interaction
of SusE with the SusCD complex is weak and/or transient.

In these experiments, the lack of SusG or SusF captured
via co-IP was not necessarily unexpected. We have previ-
ously suggested that SusG interacts with the Sus complex
transiently and therefore is unlikely to be pulled down
with the complex natively (21). However, here SusG is still
not captured with SusD or SusE in formaldehyde-treated
cells. One possibility is that formaldehyde does not cross-
link SusG because of the absence or spacing of appropriate
chemical reactive groups at the interaction interface (31).
Another important distinction is that for co-IP and prote-
omics, sus expression was induced in Bt cells with the small
sugar maltose and not on starch, as this polysaccharide is
difficult to remove from cells after culturing for the down-
stream experiments. Thus, the entire Sus complex may
not associate unless the large starch polysaccharide is pre-
sent. In addition, SusF may not be captured via co-IP
because it is not efficiently solubilized from the membrane,
yet it is possible that SusF in its native environment on
the cell surface interacts with the other Sus proteins. How
the Sus proteins interact with each other in the membrane
is still unknown, though our work demonstrates that
SusCDE interact, and our previous work suggests that
SusG interacts transiently with these proteins during starch
catabolism (21).

Two crystal structures of homologous Sus-like complexes
from Bt have been determined, as reported in Glenwright
(32). In the first Sus-like complex, which may target pep-
tides, when the SusCD-like pair was isolated from solubi-
lized membranes, two additional lipoproteins, encoded
within the same locus and akin to SusEF, co-purified as
part of this complex. The intimate association of these

TABLE 2 Relative Sus Outer-Membrane Protein Abundances Identified by Proteomics Were Calculated from NSAF values

Total Membrane Total Membrane SusD Co-IP SusD Co-IP SusD Co-IP SusE Co-IP SusE Co-IP

Proteome No. 1 Proteome No. 2 Native No. 1 Native No. 2 Formaldehyde Native Formaldehyde
SusC 0.80 0.85 0.58 0.60 0.32 NA 0.07
SusD 1.00 1.00 1.00 1.00 1.00 NA 0.21
SusE 0.41 0.52 NA 0.11 0.22 1.00 1.00
SusF 0.41 0.58 NA NA NA NA NA
SusG 0.23 0.26 NA NA NA NA NA

Total membrane samples 1 and 2 are from Bt cells grown on maltose to induce Sus expression. Because of differences in sample concentration, these rep-
licates are not averaged. Co-IP reactions were performed on solubilized fractionated membranes from maltose-grown cells. Co-IP results represent pooled

triplicates.
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four proteins, BT2261-2264, is one example of Sus-like pro-
teins that may associate stably. However, when this group
isolated the second SusCD-like complex, BT1762/3, only
the SusCD-like pair was captured, not the additional lipo-
protein, BT1761, nor the enzyme, BT1760, also encoded
within the PUL (32). Taken together with our data presented
here, it is likely that the proteins within different Sus-like
systems assemble with different affinities, stabilities, and
dynamics depending on the nature of the individual proteins
and the substrate that the system imports.

Quantitative proteomics on total Bf membranes measure
the relative abundance of all proteins within the Sus and other
homologous Sus-like systems. Although Sus is abundant in
the membrane proteome, several other Sus-like systems and
SusCD pairs are also highly expressed (Table S3). Some of
these highly represented systems likely target other necessary
nutrients such as vitamins or iron. The relative abundances of
the five Sus lipoproteins in the membrane fraction of Bt are
not equal: SusD and SusC are the most abundant, and SusE,
SusF, and SusG have lower and more variable abundances.
The SusD/SusC and SusD/SusE ratios differ between the
native and cross-linked co-IPs compared to the total relative
abundance of these proteins in the Bf outer membrane, likely
because our co-IP experiments cannot capture every Sus pro-
tein assembly that exists on the cell surface. Our observation
that less SusC and more SusE co-immunoprecipitate with
SusD in the presence of formaldehyde may suggest that the
Sus proteins cycle on and off of each other. This idea was first
suggested by the Salyers lab, who reported that less SusC as-
sociates with SusD when SusE is present (28), as visualized
via native polyacrylamide gel electrophoresis of solubilized
Bt membranes. Therefore, we hypothesize that some Sus
outer membrane proteins interact weakly and transiently,
and not simultaneously in one distinct complex. In other
words, there is some dynamic equilibrium between Sus pro-
teins that may produce various combinations of SusCDEFG
on the cell surface. The differences in the dynamics among
the Sus proteins (Fig. 1), where SusG and SusD are mobile
whereas SusE and SusF are not, likely contribute significantly
to the formation of multiple “versions” of the complex.

CONCLUSIONS

We observed here for the first time, to our knowledge, that
the protein components in Bt that collaborate to capture
starch at the cell surface have distinctly different mobilities.
In particular, we found that SusE and SusF remain highly
confined to puncta, a behavior that differs from that of
SusG and SusD, which diffuse across the Bt cell surface.
These differences are surprising because the Sus outer mem-
brane proteins have similar lipidation signals and are simul-
taneously expressed from the same locus. Although the
mechanism that drives mobility or immobility is unclear,
the immobility of SusE and SusF is robust to changes in
the fluorescent label, to perturbations to Sus protein expres-

Stationary Outer-Membrane Proteins

sion, and to the deletion of cell-surface capsular polysaccha-
rides. The imperturbability of this phenotype suggests that it
plays a role in the protein interactions involved in Sus com-
plex formation.

In our previously published study of SusG dynamics (21),
we noted that SusG (78 kDa) slows substantially in the pres-
ence of corn amylopectin, which has a molecular mass of
10’-10% Da (33). Here, however, we observe that SusE
(42 kDa) and SusF (52 kDa) are immobile even without
exposure to starch; the experiments reported here are all per-
formed in the presence of the small disaccharide maltose
and/or the monosaccharide glucose. Of note, none of the
Sus proteins binds maltose, but this small sugar effectively
upregulates the sus operon, allowing us to observe Sus pro-
teins on the cell surface. Therefore, neither the size of the
SusEF proteins, alone or as fusions with PAmCherry
(25 kDa) or Halo tag (33 kDa), nor the presence of maltose
is likely to affect protein dynamics.

The weak and/or transient interactions involved in Sus
complex formation are revealed here by several experi-
mental approaches. The proteomic data suggests that the
Sus proteins are present in different abundances on the
cell surface: similar amounts of SusC and SusD are found
in the membrane, whereas SusEFG are much less abundant.
This difference suggests that these proteins do not engage in
a static, high-affinity complex with equal components of
all the proteins. Additionally, the co-IP experiments support
a model of SusCDE interacting weakly—perhaps tran-
siently—and in different stoichiometries. The single-mole-
cule trajectories of SusG, which is highly mobile on the
cell surface, corroborate this interpretation. Furthermore,
although the SusD fusion has a growth defect, SusD-
PAmCherry is also mobile. The movement of SusG and
SusD may demonstrate that transient binding and unbinding
of these proteins occurs during catabolism. Although the
SusC/SusD ratio is ~1:1 in the total-membrane proteomic
samples, suggesting the proteins are present in the mem-
brane at about equal amounts, we capture about two times
more SusD than SusC during co-IP with SusD antibodies.
The difference between the 1:1 SusC/SusD ratio seen by
spectral abundance and the 1:2 ratio in co-IP supports the
hypothesis of a transient interaction, and it is therefore
likely that the affinity of SusC and SusD is weaker than in
other SusCD-like pairs. For instance, during a recent
structure determination of two other SusCD-like pairs, the
SusC-like and SusD-like proteins were co-purified in a 1:1
complex at almost every domain junction (32).

Overall, this work supports a model whereby protein
complex formation is a function of both protein affinity
and mobility. Interaction among the Sus proteins may occur
at immobile SusEF centers that nucleate the formation of
transient SusCDEF or SusCDEFG complexes, motivating
the need for more biophysical characterization to comple-
ment existing biochemical tools in assessing protein com-
plexes on the bacterial cell surface. Thus, we present, to
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our knowledge, a new paradigm for the formation of enzyme
complexes in the outer membrane of Gram-negative bacte-
ria cells: within the Bt Sus protein system, SusE and SusF
form stationary starch binding sites at which starch degrada-
tion occurs by transient binding of mobile SusG.
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Sl Figures

Figure S1. The crystal structures of SusD (PDB 3CK9), SusE (PDB 4FEM), SusF (PDB 4FE9), and SusG (PDB
3K8L). Co-crystallized maltooligosaccharides are shown with grey and red spheres, prolines in Susk and
SusF are shown with yellow spheres. The 15 — 20 residue N-terminal linkers that connect each protein to
the lipidated cysteine for tethering to the membrane were not resolved in the crystal structures. The N-
terminal domain of SusE (residues 38-167) was not resolved in the crystal structure.
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Figure S2. SusG-HT is mobile on the cell surface whether imaged under aerobic or anaerobic conditions.
(A-B): each image shows a cell with 35 SusG-HT single-molecule tracks plotted in random colors. Scale

bars = 1 um. (C-D): the mean squared displacement of all tracks lasting longer than 20 frames is plotted
for each protein fusion. Red: effective diffusion coefficient (D) < 0.001 pm?/s; yellow: 0.001 pm?/s < D <
0.02 pm?/s; green: 0.02 pm?/s < D £ 0.05 um?/s; blue: 0.05 pm?/s < D £ 0.1 um?/s; purple: D > 0.1 pm?/s.
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Figure S3. The fluorescently labeled SusG strains support growth on starch. Growth was measured in

minimal medium containing 5 mg/mL glucose (/eft) or maize amylopectin (right) as the sole carbon
source. (A, B): SusG-HT and SusG-PAmCherry were made by replacing the starch-binding CBM58 domain
with HT or PAmCherry; CBM58 is not required for growth on starch as evidenced by the normal growth
of SusG CBM58%*, which contains a starch-bindingdeficient version of CBM58. (C, D): SusE-HT, SusE-
PAmCherry, SusF-HT, and SusF-PAmCherry are C-terminal protein fusions with 3-alanine linkers. (E, F):
SusD-PAmCherry is a C-terminal protein fusion with a 20-alanine linker. The ASusD strain was used as a

negative control for growth on starch.
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Figure S4. SusE-PAmCherry and SusF-PAmCherry visualized by immunofluorescence. Formalin-fixed,
non-permeabilized Bt strains were grown in minimal media supplemented with maltose and labeled
with custom rabbit polyclonal antibodies to Susk and SusF and then stained with a secondary antibody
conjugated to Alexa Fluor 488 goat anti-rabbit IgG. The side-by-side panels display bright-field and
fluorescence images for each strain labeled with (A) anti-SusE serum and (B) anti-SusF serum. Scale bars
=5pum.
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SusE-PAmCherry SusF-PAmCherry

Figure S5. SusE-PAmCherry and SusF-PAmCherry remain highly confined when imaged for longer periods
of time via time-lapse imaging. These figures show tracks of molecules that remain in place for 3-47 s,
with one 40 ms frame acquired every 1 second. Each image shows a cell with 35 single-molecule tracks
plotted in random colors. See also the corresponding Movies S1 and S2 of SusE-PAmCherry and SusF-
PAmCherry, respectively. Scale bars =1 um.
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Figure S6. SusE-PAmCherry is highly confined when labeled with PAmCherry or HaloTag (HT) and
whether imaged under aerobic or anaerobic conditions. (A-C): each image shows a cell with 35 single-
molecule tracks plotted in random colors. Scale bars = 1 um. (D-F): the mean squared displacement of all
tracks lasting longer than 20 frames is plotted for each protein fusion. Red: effective diffusion coefficient
(D) £0.001 pm?/s; yellow: 0.001 um?/s < D < 0.02 um?/s; green: 0.02 um?/s < D < 0.05 um?/s; blue: 0.05
um?/s < D 0.1 um?/s; purple: D > 0.1 um?/s.
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Figure S7. SusD-PAmCherry is mobile when the fluorescent label is attached via two different C-terminal
linker lengths. (A, B): each image shows a cell with 35 single-molecule tracks plotted in random colors.

Scale bars =1 um. (C, D): the mean squared displacement of all tracks lasting longer than 20 frames is
plotted for each protein fusion. Red: effective diffusion coefficient (D) < 0.001 um?/s; yellow: 0.001

um?/s < D < 0.02 pm?/s; green: 0.02 um?/s < D < 0.05 pm?/s; blue: 0.05 pum?/s < D < 0.1 um?/s; purple: D

> 0.1 pm?/s.
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Figure S8. SusF remains insoluble during prolonged incubation with dodecyl maltoside. SusF is
solubilized from the membrane as described in Methods, but incubated for 1, 9 or 19 h prior to
centrifugation. The membrane-solubilized supernatant (s) and insoluble material (/) were run on a
Western blot and SusF was detected with custom anti-SusF rabbit antibodies.
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S| Movies

Movie S1. SusE-PAmCherry molecules remain immobile in a Bt cell on the timescale of seconds. Movies
are acquired via time-lapse imaging, with one 40 ms frame acquired every 1 second. Scale bar =1 um.

Movie S2. SusF-PAmCherry molecules remain immobile in a Bt cell on the timescale of seconds. Movies

are acquired via time-lapse imaging, with one 40 ms frame acquired every 1 second. Scale bar =1 um.

Sl Tables

Table S1. Bacterial strains used in this study

Strain Name Organism Mutations Notes
Bt Atdk Bt Atdk Ref. (13)
Bt SusG-HT Bt SusG-HT Ref. (21)
MF001 Bt SusG-PamCherry, Atdk
MF002 Bt SusE-HT, Atdk
MF003 Bt SusE-PamCherry, Atdk
MF004 Bt SusE-PAmCherry AsusC, Atdk
MF005 Bt SusE-PAmCherry AsusD, Atdk
MF006 Bt SusE-PAmCherry Acps
MFO007 Bt SusF-HT, Atdk
MF008 Bt SusF-PAmCherry AsusC, Atdk
MF009 Bt SusF-PAmCherry AsusD, Atdk
MF010 Bt SusF-PAmCherry Acps, Atdk
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Table S2. Oligonucleotides used in this study

Primer Name

Sequence (5'-3')

Used for Construction of

SusD pAMCherry Up
nest

SusD pAMCherry UpF
Sall

SusD pAMCherry UpR

pAMCherry SusD F
pAMCherry SusD R

SusD pAMCherry
DownF

SusD pAMCherry
DownR Xbal

SusD pAMCherry
Down nest

SuskE pAMCherry Up
nest

SuskE pAMCherry UpF
Sall

Sust pAMCherry UpR

pAMCherry SusE F
pAMCherry SusE R

Susk pAMCherry
DownF

Susk pAMCherry
DownR Xbal

SuskE pAMCherry
DownR nest

SusF pAMCherry Up
nest

SusF pAMCherry Up
Sall

SusF pAMCherry UpR

pAMCherry SusF F
pAMCherry SusF R

SusF pAMCherry
DownF

SusF pAMCherry
Down R Xbal
SusF pAMCherry
Down nest
HaloTag F

GTGCAGACAAAGCCGCCAAC

GCATGTCGACCTGGTTTGTGGTACTCGTGTAG

GCGCATGAACTCCTTAATGATGGCTGCTGCTGCTTTATAGCCTTCA

TTTTGTG

CACAAAATGAAGGCTATAAAGCAGCAGCAGCCATCATTAAGGAG
TTCATGCGC

CTTTTATATAAGGATGAACTCTTGGTTACTTGTACAGCTCGTCCAT
G

CATGGACGAGCTGTACAAGTAACCAAGAGTTCATCCTTATATAAA

AG

GCATTCTAGATAACCGTCACGCGGTTGTCG

CCGCTTGCAGTCATGGCAGG

TGCCCAAACTGTAGAACTCA

GCATGTCGACGTAGCTGTATATATCCGCCTG

GCGCATGAACTCCTTAATGATGGCTGCTGCTGCCTTCTTTTCTCCT

GTACC
GGTACAGGAGAAAAGAAGGCAGCAGCAGCCATCATTAAGGAGT

TCATGCGC

GAATCGTTCTTTTTAAAGTTAATTACTTGTACAGCTCGTCCATG

CATGGACGAGCTGTACAAGTAATTAACTTTAAAAAGAACGATTC

GCATTCTAGACAGCTAACAAAATTATCACCGG

CGGTGCAAATTTCACCTG

GCATCACCTTGCAGCCTGCC

GCATGTCGACCGGTGATAATTTTGTTAGCTGG

GCGCATGAACTCCTTAATGATGGCTGCTGCTGCTTCGATACGGCC

TGTTCCGTTGC
GCAACGGAACAGGCCGTATCGAAGCAGCAGCAGCCATCATTAAG

GAGTTCATGCGC

CCTTGATTTCTTGTAGTATTACTTGTACAGCTCGTCCATG

CATGGACGAGCTGTACAAGTAATACTACAAGAAATCAAGG

GCATTCTAGACCTTTCACGGCAGCGGTC

GGAAGAGGCGCCGTATTTTG

AGACCTGGGTTATTTCTTCGAC

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusD C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusE C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

SusF C-terminal PAmCherry
fusion

HaloTag C terminal fusion
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Primer Name

SEQUENCE (5'-3')

Used for Construction of

HaloTag R

SusG-PAmCherry UpF
Sall
SusG-PAmCherry UpR

SusG-PAmCherry
DownF
SusG-PAmCherry
DownR Xbal
PAmCherry SusG F

PAmCherry SusG R
PAmCherry-SusG F
PAmCherry-SusG R

SusG-PAmCherry-pX
R
SusG-PAmCherry-pX
F

SusE-PAmCherry
D*dFG DownF
SusE-PAmCherry
D*dFG DownR
SusE-PAmCherry-pX
R
SusE-PAmCherry-pX F
SusG-PAmCherry pX
NT swap F
SusG-PAmCherry pX
NT swap R

Susk NT F

SusE NT R

GTCGAAGAAATAACCCAGGTCT
GCATGTCGACCAAGGAAACAGGGAATGGCCGTCGC

GCTGCTGCATTGCCTGAGCCTGTCACGGCAGCGGTCTCGTCAG

CAGCAGCAGGCAGCAACGGCGCGAACGGCCAGATCACCTATTTC

CATTCTC

GCATTCTAGAGTGAATGGGTATCGGCTTGTTGG

CAGGCTCAGGCAATGCAGCAGCAGCCATCATTAAGG

GTTGCTGCCTGCTGCTGCCTTGTACAGCTCGTCCATG

CGCTGCCGTGACAGGCTCAGGCAATGCAGCAGCAGCCATCATTA

AG
CTGGCCGTTCGCGCCGTTGCTGCCTGCTGCTGCCTTGTACAGCTC

GTCC

ATTGCCTGAGCCTGTCACGGCAGCGG

GGCAGCAACGGCGCGAACGG

GACGAGCTGTACAAGTAATTAACTTTAAAAAGAACGATTCATC

GGCGGCCGCTCTAGAGAATGCGGAGTGATTATTC

TTACTTGTACAGCTCGTCC

TCTAGAGCGGCCGCCAC
TGGACCGCACTTACCGCC

AATGATGATGTATTAAAGAC

TGTCTTTAATACATCATCATTATGAAAAAAATATCCAACATATTAC

CGGTAAGTGCGGTCCAGTTCAGGATCGGATTGCTG

HaloTag C terminal fusion

CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBM58 swap with
PAmCherry
CBMS58 swap with
PAmCherry
CBM58 swap with
PAmCherry
SusD* E-PAmCherry AFG

SusD* E-PAmCherry AFG
SusD* E-PAmCherry AFG

SusD* E-PAmCherry AFG

SusE-Nterm-SusG-
PAmCherry
SusE-Nterm-SusG-
PAmCherry
SusE-Nterm-SusG-
PAmCherry
SusE-Nterm-SusG-
PAmCherry

Table S3. Whole membrane proteomics. (Attached separately)

Table S4. Co-IP proteomics. (Attached separately)
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