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Advancements in cryo-EM have stimulated a revolution in structural biology.
Yet, for membrane proteins near the cryo-EM size threshold of approximately
40 kDa, including transporters and G-protein coupled receptors, the absence
of distinguishable structural features makes image alignment and structure
determination a significant challenge. Furthermore, resolving more than one
protein conformation within a sample, a major advantage of cryo-EM, repre-
sents an even greater degree of difficulty. Here, we describe a strategy for
introducing a rigid fiducial marker (BRIL domain) at the C-terminus of mem-
brane transporters from the Major Facilitator Superfamily (MFS) with Alpha-
Fold2. This approach involves fusion of the last transmembrane domain helix
of the target protein with the first helix of BRIL through a short poly-alanine
linker to promote helicity. Combining this strategy with a BRIL-specific Fab, we
elucidated four cryo-EM structures of the 42 kDa Staphylococcus aureus
transporter NorA, three of which were derived from a single sample corre-
sponding to inward-open, inward-occluded, and occluded conformations.
Hence, this fusion construct facilitated experiments to characterize the con-
formational landscape of NorA and validated our design to position the BRIL/
antibody pair in an orientation that avoids steric clash with the transporter.
The latter was enabled through AlphaFold2 predictions, which minimized
guesswork and reduced the need for screening several constructs. We further
validated the suitability of the method to three additional MFS transporters
(GIpT, Bmr, and BIt), results that supported a rigid linker between the trans-
porter and BRIL. The successful application to four MFS proteins, the largest
family of secondary transporters in nature, and analysis of predicted struc-
tures for the family indicates this strategy will be a valuable tool for studying
other MFS members using cryo-EM.

Since the Resolution Revolution', single particle cryo-electron micro-  limitation for the technique is the lower size limit of the particles,
scopy (cryo-EM) has become a powerful technique for elucidating which has been estimated at ~38 kDa’. Two of the largest classes of
biomolecular structures, including macromolecular complexes, human membrane proteins are near this size threshold: (i) secondary
membrane proteins, and amyloid fibrils®®. However, a remaining active transporters from the Major Facilitator Superfamily and (ii)
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G-protein coupled receptors (GPCRs). Proteins within these families
often lack extramembrane domains, which leads to challenges in
particle alignment in 2D classification and angle determination in 3D
classification®™. The results are often low-resolution cryo-EM maps
insufficient for constructing atomic resolution models and decipher-
ing molecular mechanisms.

Fiducial-assisted methodologies aim to address these limitations
and include synthetic antibodies that bind the target protein and
engineered fusion protein constructs”™. The former introduces a
recognizable marker and increases the effective size of the system,
both of which improve image alignment and enable structure
determination” ™. An ancillary benefit is increasing the homogeneity
of the sample if the binders stabilize a specific conformation. Although
this approach has been successfully implemented for transporters and
GPCRs™®?, the discovery of a target-specific binder can be a time-
consuming and expensive process. The task becomes even more
challenging if one aims to study several conformations as part of the
protein’s mechanism (e.g., states in a transport cycle). Furthermore, a
binder may block access to the binding pocket, preventing structure
determination of the protein bound to its substrate or ligand.

To bypass the development of target-specific binders, efforts have
focused on protein engineering strategies to accomplish the same goal
as binder-assisted methods* . The challenge for this approach is to
constrain the fiducial mark with respect to the target protein. A pop-
ular fiducial marker has been the “BRIL” domain from apocytochrome
b562a, a four-helix bundle that contains three mutations to stabilize
the structure®. First utilized as a crystallization chaperone by engi-
neering the domain into the third intracellular loop of GPCRs*"*, BRIL
technology has been further advanced through the discovery of syn-
thetic antibodies that bind BRIL and create a fiducial mark for cryo-
EM***, Several membrane protein structures have benefitted from
these developments, including applications to ion channels®,
transporters®*%, and GPCRs*»***°"*2, BRIL has been incorporated into
loops adjoining two transmembrane (TM) domains and fused to
termini********_ The most successful applications use the former
approach where double tethering rigidly couples BRIL to the target
protein, enabling structure determination. Fusion of BRIL to the N- or
C-terminus would be preferable for reducing chances of protein mis-
folding and minimizing the potential impact on the target protein’s
conformation. Yet, there are limited successful examples yielding cryo-
EM structures applied to small transporters®® and no systematic design
criteria for achieving a rigid fusion construct. Most studies have relied
on trial and error with a few recent examples employing AlphaFold2
for designing suitable constructs****45,

In this work, we describe a design approach to solve structures of
small membrane protein transporters from the Major Facilitator
Superfamily, the largest family of secondary active transporters in
nature***°, by rigidly fusing BRIL to the C-terminal end of the target
protein. Transporters from this family are involved in a broad range of
substrate transport, including movement of ions, metabolites, pep-
tides, and drugs across the membrane through antiport, symport, and
uniport mechanisms**~!, We demonstrate the suitability of our fusion
strategy for cryo-EM studies to four MFS transporters, including
structure determination for the 42 kDa transporter NorA.

Results

Design of a fusion protein separated with a rigid linker
Transporters from the Major Facilitator Superfamily (MFS) are com-
monly comprised of 12 TM domain a-helices®. Using this family as the
model system, we hypothesized that creation of a continuous helix
spanning from TMI2 of the transporter to the first helix of the four-
helix bundle BRIL domain would result in a sufficiently rigid construct
for cryo-EM structure determination (Fig. 1a). Another reason to
choose the C-terminus of the transporter as the fusion location is that

the last TM helix is far away from the substrate binding site and does
not play a major role in substrate recognition or translocation®.

To test the idea, we initially designed constructs of the S. aureus
transporter NorA, an MFS protein with 12 TM helices which is involved
in antibiotic resistance’*. The first step in the design was to identify
residues on the C-terminal end of NorA to be truncated since both
AlphaFold2*® and the experimental structures'®** supported the pre-
sence of a disordered terminus (Fig. 1a). By using AlphaFold2, we
applied the following selection criteria summarized in Fig. 1b to iden-
tify the last native residue to retain: (1) the residue possessed a helical
secondary structure, (2) the residue made inter-helical structural
contacts within 5 A to anearby TM helix (or helices), and (3) the residue
displayed an AlphaFold2 pLDDT confidence score of 70 or higher (i.e.,
a “confident” prediction). Based on our selection criteria, Arg380 in
TM12 was identified as the last native residue of NorA to retain due to
its a-helical secondary structure, packing with residues in TM9 and
TMI10, and the AlphaFold2 pLDDT score of 82.83. C-terminal residues
Ala381 to Met388 were viewed as dispensable to NorA’s overall struc-
ture since they displayed no contacts to nearby TM helices, did not
possess a predicted helical secondary structure, or displayed a pLDDT
score below 70. Although it was not essential in the design, our prior
cryo-EM maps of NorA also revealed sparse density for these
residues'®, supporting the metrics for identifying flexible residues from
the AlphaFold2 prediction.

We considered four fusion protein sequences to connect NorA
and BRIL, which differed only in the linker’s length, ranging from
zero to three alanine residues, and allowing the BRIL domain to
cover a 360° span of orientations (Fig. 1a). Note that alanine was
used previously as a linker for cryo-EM studies® and was selected
due to its helix inducing properties®™’. Furthermore, while other
residues also possess helical propensity, alanine has the lowest
potential side chain conformational entropy penalty of such resi-
dues and given the small size of the side chain it is least likely to
make clashes with residues on the target protein. Use of zero to
three residues in the linker ensured the BRIL helical bundle resided
at four different orientations for selecting a construct that reduced
clash with the transporter, particularly if a BRIL-specific Fab was
required for structure determination.

Next, AlphaFold2 was used to predict the NorA-BRIL fusion
protein structures (Fig. 1c). Analysis of these models aimed to
identify a construct with minimal steric clash between NorA, BRIL,
and a Fab developed to bind BRIL (BAG2)*. The latter was devel-
oped as a fiducial marker for cryo-EM and was included in the
analysis to increase the size of the complex from 54 kDa to 106 kDa
in the instance BRIL was too small to be characterized by cryo-EM.
While BAG2 was not included in the AlphaFold2 predictions, its
positions were obtained by overlaying BRIL in the BRIL-BAG2
crystal structure (PDB ID: 6CBV)* with BRIL in the NorA-BRIL
AlphaFold2 predictions. In each highest ranked prediction, NorA
resided in the inward-facing conformation and the relative orien-
tation between NorA and BRIL was altered in the expected manner
based on the periodicity of the helix.

NorA-BRIL with a three alanine residue linker (NorA-BRIL**)
was identified as the most suitable candidate since it displayed
minimal steric interference between NorA and the BRIL/BAG2 pair
(Fig. 1c). Given the extended position of BAG2 away from NorA, we
also predicted little clash with NorA if it occupied an outward-
facing conformation required for its rocker-switch mechanism®-%,
which the highest ranked AlphaFold2 predictions did not consider.
Furthermore, we anticipated this orientation of BAG2 relative to
NorA would lead to better particle angular alignment since it
introduced a more distinguishable fiducial mark. In contrast to the
NorA-BRIL** construct, NorA-BRIL®, NorA-BRIL*, and NorA-BRIL**
displayed BAG2 closer to NorA. For example, BAG2 in NorA-BRIL®
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NorA-BRIL®**

Fig. 1| Design and prediction of NorA-BRIL structures. a Schematic repre-
sentation of the shared helix approach where the C-terminal helix of NorA (gray) is
adjoined to the N-terminal helix of BRIL (blue), as indicated with dashed boxes.

b Three recommended criteria to select the last native residue to retain in the
transporter’s sequence. For NorA, Arg380 was selected since it was the last residue
in the TMI2 helix to satisfy the three criteria. ¢ Fusion protein sequences and
prediction of NorA-BRIL-BAG2 structural models. Left: The NorA-BRIL portion of
the complexes (NorA in gray; BRIL in blue) were predicted using AlphaFold2, while
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BAG2 (pale yellow) was modeled by aligning BRIL from the crystal structure of BRIL-
BAG2 (PDB ID: 6CBV)** with BRIL in the NorA-BRIL AlphaFold2 predictions. The
counterclockwise arrow, starting from the lower left panel, indicates increasingly
longer alanine linkers (black) from zero to three residues. Right: The dotted rec-
tangle displays sequences of the four NorA-BRIL fusion proteins displaying a por-
tion of TM12 of NorA (gray), the alanine residues of the linker (black), and the first
helix of BRIL (blue).

and NorA-BRIL* were proximal to NorA, while NorA-BRIL'* dis-
played the most overlap with BAG2. Nevertheless, to gauge the
accuracy of predicted models, we initiated experiments on both
NorA-BRIL™ and NorA-BRIL**, which offered the greatest contrast
in the predicted orientations of BAG2 relative to NorA.

Cryo-EM screening of NorA-BRIL constructs

We first attempted cryo-EM experiments on the NorA-BRIL" and NorA-
BRIL** constructs without the help of any Fab. Cryo-EM samples were
prepared for these fusion proteins in the absence of BAG2 by using the
most concentrated fractions obtained from size-exclusion
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chromatography (SEC) (Supplementary Fig. 1a, b). Following cryo-EM
data collection and processing, 2D classes were obtained (Supple-
mentary Fig. 1c, d). While some 2D classes in top views (perpendicular
in the membrane region) showed helical features, we were unable to
observe BRIL in 2D classes in side views for either sample, similar to a
prior report®. These observations indicated that either the poly-
alanine linker was flexible or the BRIL domain alone was insufficient for
allowing 3D reconstruction of NorA.

To assess the linker’s rigidity, a requirement for testing the validity
of our approach, we performed binding assays of NorA-BRIL con-
structs to BAG2. SEC experiments revealed BAG2 induced left-shifted
peaks upon binding NorA-BRIL" and NorA-BRIL*, and the NorA-
BRIL**-BAG2 complex exhibited a greater peak intensity compared to
NorA-BRIL'*-BAG2 (Fig. 2a, b). The latter observation suggested the
NorA-BRIL**BAG2 complex was more stable, which likely stemmed
from reduced steric interference (Fig. 1c).

Next, we collected and processed cryo-EM datasets for NorA-
BRIL'*-BAG2 and NorA-BRIL**-BAG2 complexes. Note that the NorA-
BRIL"-BAG2 sample also contained Fab36, a NorA-specific outward-
open binder'®; however, since few NorA-BRIL" particles bound both
BAG2 and Fab36, we only considered particles corresponding to NorA-
BRIL'*-BAG2 complexes (see Methods section “Cryo-EM sample pre-
paration and screening”). The resulting 2D classes displayed the
canonical two-lobe Fab structure and continuous density extending
from BAG2 to NorA (Fig. 2c, d). Overall, these classes positioned BAG2
proximal to NorA in the NorA-BRIL™ construct and distal to NorA in the
NorA-BRIL** construct, in qualitative agreement with the predicted
models (Fig. 1c). However, the 3D cryo-EM map for NorA-BRIL'*-BAG2
deviated from the predicted model, showing NorA displaced by at least
20 A from the corresponding density (Fig. 2e). This divergence likely
stemmed from steric clash between BAG2 and NorA and was con-
sistent with the lower purification yield of the complex from SEC
experiments (Fig. 2a). In contrast, the cryo-EM map of the NorA-BRIL*-
BAG2 complex revealed a striking similarity to the overall shape of the
prediction, where BAG2 was positioned away from NorA and avoided
steric clash (Fig. 2f). While the resolution in this small dataset was
insufficient for deriving conclusions about NorA’s conformation, these
findings validated our design strategy of using AlphaFold2 to control
the orientation of BRIL and BAG2 relative to NorA by using a short poly-
alanine linker. Since the NorA-BRIL**-BAG2 complex was less likely to
interfere with NorA’s structure, this construct was determined to be
suitable for cryo-EM studies.

Finally, an important consideration was whether the C-terminal
truncation of NorA and fusion with BRIL influenced its function as an
efflux transporter from S. aureus. To test this, we performed growth
inhibition assays against norfloxacin, an antibiotic which NorA
effluxes. NorA-BRIL** displayed a strong phenotype relative to a dead
mutant NorA control and was similar to wild-type NorA (Supplemen-
tary Fig. le, ). These functional results support the conclusion that the
NorA-BRIL* fusion protein is minimally invasive to NorA’s structure
and activity.

Multiple conformations of NorA resolved from a single cryo-
EM sample

Using NorA-BRIL* bound to BAG2, we set out to test whether a high-
resolution cryo-EM map could be obtained using this fusion protein
construct. We reasoned a sample at pH 5.0 would be suitable for the
experiment since our team recently discovered NorA populates an
inward-occluded structure when two membrane embedded residues
Glu222 and Asp307 were protonated’. While this structure required
the use of a NorA specific antibody (FabDA1) to capture the inward-
occluded state, we envisioned this conformation could be observed in
the “wild-type” fusion protein at low pH to facilitate the protonation of
the above-mentioned acidic residues in the absence of the antibody.

Cryo-EM experiments with NorA-BRIL** at pH 5.0 would test the suit-
ability of the fusion strategy to solve atomic resolution structures
without a NorA-specific antibody. To this end, we prepared a cryo-EM
sample of the NorA-BRIL**-BAG2 complex at pH 5.0 (Supplementary
Fig. 1g, h).

Following collection of a large cryo-EM dataset and processing
without masking, we obtained three uniform cryo-EM maps corre-
sponding to NorA in the inward-open, inward-occluded, and occluded
conformations (Supplementary Fig. 2; Supplementary Fig. 3a-c).
Notably, the linker adjoining NorA and BRIL displayed continuous
density in all three maps, suggesting rigidity between BAG2 and NorA.
In each map, the linker connecting NorA and BRIL displayed a local
resolution of ~3.3 A (Supplementary Fig. 3a—c). Alternative processing
of the same dataset into a single ab initio 3D class resulted in a 2.86 A
cryo-EM map with densities partially missing in the N-terminal domain
of NorA (TM1 to TM6) relative to the C-terminal domain (TM7 to TM12)
(Supplementary Fig. 3d). Adding up the particle numbers across
the three isotropic maps (Supplementary Fig. 3a-c) roughly equated to
the particle number in this anisotropic map (Supplementary Fig. 3d),
suggesting the missing density of the N-terminal domain likely stem-
med from the presence of multiple conformations. In each case, the
local resolution of the NorA-BRIL* linker, regardless of the processing,
mirrored the overall map resolution: 2.8 A local resolution of the linker
for the anisotropic map and 3.3 A local resolutions for the three iso-
tropic maps. This observation suggested that the linker rigidity
extended to NorA and directly assisted particle alignment, thereby
improving the overall resolution of the entire construct. This
improvement enabled residues within the substrate binding pocket to
display local resolutions near the overall map resolution.

The final cryo-EM processing step involved masking around NorA
to enhance the quality of the N-terminal domain for the three isotropic
maps, leading to final map resolutions spanning from 3.18 to 3.25A
(Fig. 3a; Supplementary Fig. 2; Supplementary Fig. 4; Supplementary
Table 1). These resolutions compared favorably to the NorA-FabDAl
cryo-EM map at 3.26 A resolution, where FabDAL1 stabilized an inward-
facing state of NorA>'. The quality of the three maps afforded unam-
biguous modeling of the backbone and side chains of NorA TM domain
helices and the linker to the BRIL domain (Fig. 3b; Supplementary
Fig. 5). Cross-sections of the three structures revealed differential
accessibility of the substrate binding pocket from the cytoplasmic side
of the membrane, consistent with inward-open, inward-occluded, and
occluded classifications (Fig. 3c). Notably, the inward-open structure
was in best agreement with the AlphaFold2 predicted model in Fig. 1c
by displaying a 0.704A r.m.s.d (Supplementary Fig. 6a). Super-
imposition of NorA in the inward-occluded and occluded structures
with NorA in the inward-occluded state in complex with FabDA1**
revealed backbone r.m.s.d. values of 1.076 A and 1.373 A (Supplemen-
tary Fig. 6b, c). The greater similarity of the former structures and the
accessibility of the substrate binding pocket supported the char-
acterization of these conformations. Although the NorA-BRIL* fusion
construct was designed based on the inward-open conformation of the
protein, the simultaneous observation of two additional conforma-
tions from the same sample shows a great advantage of our approach.
The presence of three conformations within the ensemble at pH 5.0
indicated that FabDAL likely bound to NorA through a conformational
selection mechanism since the inward-occluded structure most closely
resembled NorA’s conformation when in complex with FabDAL. These
results also emphasize the flexible nature of NorA’s structure and the
power of synthetic antibodies to stabilize specific conformations. The
successful demonstration that our strategy is compatible with deci-
phering multiple conformations of the transporter is complementary
to biophysical techniques such as NMR spectroscopy and single-
molecule FRET for quantifying structural dynamics and conformer
populations within ion-coupled transport cycles’ % Note that
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Fig. 2 | Binding experiments and cryo-EM of NorA-BRIL** and NorA-BRIL** in
complex with BAG2. a, b SEC chromatograms of NorA-BRIL" (a) and NorA-BRIL**
(b) in PMAL-C8 at pH 7.5 in the absence (black traces) or presence of three-fold
excess BAG2 (gray traces). Arrows indicate the SEC peaks corresponding to NorA-
BRIL alone or NorA-BRIL-BAG2 complexes. In each experiment, the same amount of
NorA-BRIL was injected. For NorA-BRIL", the peak displayed a 1.41-fold increase in
the peak integration after BAG2 addition. For NorA-BRIL*, the peak displayed a
3-fold increase in the peak integration after BAG2 addition. ¢, d Exemplary 2D
classes of NorA-BRIL'-BAG2 (c) and NorA-BRIL**-BAG2 complexes (d). The total
number of particles were 11,127 and 11,053 for ¢, d, respectively.

e, f Superimposition of cryo-EM maps of NorA-BRIL'*-BAG2 (e) and NorA-BRIL*-
BAG2 complexes (f) displayed in partially transparent gray surface and the corre-
sponding predicted model shown in cartoon (NorA in dark gray; BRIL in blue; BAG2
in pale yellow; linker in black). Only the F, portion of BAG2 is displayed. In each
panel, BRIL and the F, portion of BAG2 of the model were aligned to the respective
cryo-EM map using Chimera®. The different parts of the model are named and
indicated using double sided arrows. Due to the resolution, the superimposition is
used to assess the relative agreement of NorA-BRIL relative to BAG2 and not

to assign NorA’s conformation (i.e., inward- or outward-facing).

additional discussion of the structures is provided in the Supplemen-
tary Information along with detailed structural views in Supplemen-
tary Fig. 7.

Cryo-EM structure of outward-facing NorA

To complement the inward-facing and occluded structures of NorA at
pH 5.0 and further benchmark the approach, we sought to determine
an outward-facing conformation of NorA at pH 7.5 using the same
NorA-BRIL* fusion construct. We previously showed that the antibody
Fab36 bound NorA from the extracellular side of the membrane by
inserting its CDRH3 loop into the substrate binding pocket of NorA,
yielding an outward-open conformation’®, A cryo-EM sample of NorA-
BRIL** in complex with both BAG2 and Fab36 at pH 7.5 was prepared

and used to collect a large cryo-EM dataset (Supplementary Fig. 8a, b).
Following data processing, we obtained a cryo-EM map of this complex
containing two Fabs at 2.56 A resolution (Supplementary Fig. 8c;
Supplementary Fig. 9; Supplementary Table 1). While the 2D classes
displayed clear density corresponding to BRIL and BAG2 (Fig. 4a), the
density for BRIL and a portion of BAG2 was very weak in the final cryo-
EM map (Fig. 4b, ¢). This likely occurred because NorA-Fab36 served as
the gravity center of the entire complex due to the extensive interac-
tions made between CDRH3 of Fab36 and the substrate binding pocket
of NorA. Nevertheless, we hypothesized that BRIL/BAG2 retained its
ability to serve as a fiducial mark even though its density was weaker in
the cryo-EM map. Two observations supported this conclusion and
underscored that the linker between NorA and BRIL remained rigid.
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Fig. 3 | Cryo-EM maps and structures of masked NorA-BRIL** at pH 5. a Cryo-EM
maps of masked NorA-BRIL** at pH 5.0 in inward-open (left), inward-occluded
(middle), and occluded conformations (right), with map resolutions of 3.21A,
3.18A,and 3.25 A, respectively. Maps are colored by the N-terminal domain of NorA
(TM1to TM6; in dark gray), C-terminal domain of NorA (TM7 to TM12; in light gray),
alanine linker (in black), and BRIL (in blue). b Structures of NorA in the inward-open

Inward-occluded

Occluded

¥ C-term

(left), inward-occluded (middle), and occluded (right) conformations, where NorA
is displayed in a cartoon representation (TM helices in rainbow). Side views are
depicted in the same orientation as the maps. ¢ Cross-sections of NorA in the
inward-open (left), inward-occluded (middle), and occluded (right) conformations,
where NorA is displayed in a surface representation and the substrate binding
pocket is indicated in the boxed region (same box size for all).

First, the three alanine residue linker and a portion of the first helix of
BRIL displayed local resolutions of -2.8 A, which were near the overall
map resolution (Fig. 4d). Second, the overall map resolution was
markedly higher for the NorA-BRIL**-Fab36 portion of the fusion
complex (2.56 A) relative to our published NorA-Fab36 cryo-EM map
(3.16 A)'*® (Supplementary Fig. 9d). While the two maps exhibited a
strong similarity, the cryo-EM map from the fusion construct displayed
more well-defined densities (Fig. 5a, b). This result indicated that the
BRIL fusion approach worked synergistically with an existing target-
specific Fab to enhance the resolution, a finding that may be applicable
for improving the resolution of other MFS transporters. From this map,
all 12 TM helices of NorA and the Fab36 CDRH3 loop that inserted into

NorA’s substrate binding pocket were precisely modeled (Supple-
mentary Fig. 10).

The refined model aligned closely with the outward-open struc-
ture of NorA in complex with Fab36 (PDB ID: 7LO8), displaying an
r.m.s.d. of 1.047 A (Fig. 5¢). The higher overall resolution of the new
structure likely accounts for the r.m.s.d. difference. Indeed, residues
within and surrounding CDRH3 showed local resolutions of -2.3 A
(Fig. 5d). As expected from the improved resolution, intermolecular
distances within the NorA-Fab36 complex were more clearly defined
with a few key interactions between the CDRH3 loop and NorA resi-
dues differing up to 0.6 A relative to our prior report. Nevertheless, all
contacts previously reported remained intact and the overall
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Fab36

NorA

Fig. 4 | Cryo-EM results of the NorA-BRIL**-BAG2-Fab36 sample. a Exemplary
cryo-EM 2D classes of the NorA-BRIL**-BAG2-Fab36 sample at pH 7.5. The expanded
view on the right displays one of the 2D classes, denoting regions within the
complex corresponding to NorA, BRIL, BAG2, and Fab36. b Two views of the cryo-
EM map of the NorA-BRIL**-BAG2-Fab36 sample displayed at 100, where o is the
standard deviation of the map. Parallel gray lines indicate a representation of the
lipid bilayer containing NorA. ¢ Cryo-EM map of the NorA-BRIL**-BAG2-

BRIL-BAG2

Fab36 sample displayed at 3o. The boxed region corresponds to the BRIL and BAG2
domains. d Model-to-map superimposition (left) and local resolution cryo-EM map
(right) for a portion of TM12 of NorA and the alanine linker connecting NorA and
BRIL for the NorA-BRIL**-BAG2-Fab36 sample. The cryo-EM map is displayed in gray
mesh and the model is shown in a stick representation (gray for carbon, red for
oxygen, blue for nitrogen). For the local resolution map, higher resolution is
depicted in blue and lower resolution is shown in red.

interaction surface was unchanged. Taken together with our inward-
open, inward-occluded, and occluded structures determined in the
NorA-BRIL** sample at pH 5.0, this outward-open structure paves the
way for additional mechanistic studies, including structures of NorA
bound to substrates and inhibitors. The latter will serve to guide
improvements to inhibitor potency and specificity that would other-
wise be difficult to accomplish in the absence of the described fusion
protein approach.

Applicability of method to other MFS transporters

The application of the BRIL fusion strategy to NorA suggested this
approach may apply more broadly to other MFS transporters tolerat-
ing truncation of the C-terminus. To quantitatively estimate this frac-
tion of MFS transporters, we analyzed 1,118 proteins contained within

103 MFS subfamilies from the Transporter Classification Database®,
representing proteins from all domains of life. Our findings indicate
that most MFS transporters possessed <20 residues after the last
residue in the terminal TM helix (Fig. 6a). Structural inspection of these
proteins using AlphaFold2 revealed that 50% were predicted to contain
disordered C-termini, as characterized by “low confidence” pLDDT
scores (i.e., pLDDT scores between 50 and 70) (Fig. 6b, c). Another 25%
were predicted to contain mostly disordered C-termini but displayed a
few residues with pLDDT values above 70 (Fig. 6d, e). The final 25% of
predicted structures displayed several C-terminal residues with pLDDT
values above 70, indicative of more extensive structure (Fig. 6f, g).
Proteins in this category and structurally similar ones are unlikely to be
applicable to the method. Based on this analysis, we estimate that
C-terminal extension of MFS transporters to the BRIL domain is
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Fig. 5 | Resolution of the outward-open cryo-EM structure of NorA is improved
using the BRIL fusion approach. a Structure (left) and cryo-EM map (right) of the
NorA-BRIL**-BAG2-Fab36 sample displaying NorA (gray) and Fab36 (heavy chain in
light orange, light chain in blue). The overall cryo-EM map resolution is 2.56 A. The
cryo-EM map is displayed at 100, where o is the standard deviation of the map.

b Published structure (right) and cryo-EM map (left) of the NorA-Fab36 complex
displaying NorA (gray) and Fab36 (heavy chain in light orange, light chain in blue)'®.
The overall cryo-EM map resolution is 3.16 A. The cryo-EM map is displayed at 10c.
¢ Superimpositions of NorA (left) and CDRH3 (right) for structures of NorA-BRIL**-
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Fab36 (pale yellow) and NorA-Fab36 (PDB ID: 7LO8, gray). The backbone r.m.s.d.
values for NorA and CDRH3 are 0.626 A and 0.554 A, respectively. d Model-to-map
fit (left) and local resolution cryo-EM map (right) displaying select regions around
the CDRH3 loop that inserts into the NorA substrate binding pocket. The cryo-EM
map is displayed in gray mesh and the model is shown in a stick representation
(gray for carbons of NorA, pale yellow for carbons of CDRH3, red for oxygen, blue
for nitrogen). For the local resolution map, higher resolution is depicted in blue and
lower resolution is shown in green.

applicable to ~50-75% of proteins within this family. Further dissection
by MFS subfamily revealed that some subfamilies displayed higher or
lower propensities relative to this range which is expected given
structural conservation within the groups (Fig. 6h; Supplementary
Table 2).

Next, we aimed to design MFS-BRIL fusion proteins for transpor-
ters without significantly ordered structure on the C-terminus (i.e.,
from Fig. 6b, d). A summary of the overall workflow is provided in
Supplementary Fig. 11. We selected 20 MFS transporters from different
subfamilies, including 10 from bacteria and 10 from eukaryotes (Sup-
plementary Table 3). The selection criteria summarized in Fig. 1b were
implemented starting from AlphaFold2 models, where the last native
residue of the target transporter possessed a helical secondary struc-
ture, displayed interhelical contacts to other TM domains, and showed
an AlphaFold2 pLDDT confidence score >70 (Supplementary
Fig. 12a, b; Supplementary Table 3). For each protein, AlphaFold2 was
then used to predict fusion protein structures using linkers ranging
from zero to eight alanine residues. Following AlphaFold2 predictions,
the most suitable fusion protein sequences were selected after

analyzing for clashes with BRIL and BAG2 and considering pLDDT
confidence scores of the fusion protein (Supplementary Fig. 12b;
Supplementary Table 3). For the pLDDT values, greater confidence
scores have been correlated to increased rigidity®* and we therefore
used this as a guide to select among fusion proteins that provided
clash-free predictions. Notably, we found about half of the constructs
achieved approximately the same pLDDT scores between wild-type
and the fusion protein when comparing native residues, while the
other half displayed somewhat lower pLDDT scores than the wild-type.
The NorA-BRIL* construct clustered into the latter half, suggesting
that slightly lower values still confer rigidity. However, for almost every
fusion protein, we found that the linker and start of the BRIL domain
showed overall higher confidence scores relative to the native
C-terminal residues (Supplementary Fig. 12b). The length of alanine
linker varied among the optimal fusion constructs since the last native
residue of the transporter was not always in the same registry of the
terminal TM helix (Supplementary Fig. 12a). For example, some fusion
proteins (e.g., Bmr-BRIL and Blt-BRIL’*) required a linker length up to
seven alanine residues to avoid steric clash and preserve a continuous
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helix between the transporter and BRIL (Supplementary Fig. 12c). In
contrast, other transporters required a short linker or no additional
alanine residues, such as GIpT, to yield a suitable fusion construct.
To experimentally test the designs, we selected GIpT, Bmr, and Blt
as a subset from two of the most populous subfamilies of MFS trans-
porters (2.A.1.2 and 2.A.1.4). GIpT is a glycogen phosphate transporter
from E. coli*®, while Bmr and Blt are B. subtilis transporters involved in

Q5M4L1
AN

) o

Q8NCK7

C-term

multidrug resistance®>*®, Constructs were first purified and tested for
binding to BAG2. For each system, we observed the complex of the
fusion protein and BAG2 shifted to the left by ~1 mL in SEC chroma-
tograms, similar to that observed for NorA-BRIL binding to BAG2
(Fig. 7a-c; Supplementary Fig. 13). Next, we collected small cryo-EM
datasets of each complex to gauge the quality of the images and
rigidity of the constructs. 2D class averages for each sample displayed
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Fig. 6 | Statistical analysis of MFS proteins to gauge applicability of the BRIL
fusion strategy to MFS transporters. a Histogram plot of the length of the
C-terminal tail following the terminal TM helical residue in the structure of 1,118
MFS proteins. Note that 54 proteins displayed tail lengths >120 residues and are not
shown. b, d, f AlphaFold2 pLDDT values plotted as a function of residues following
the terminal TM helix for a total of 100 MFS structures. The residue after the
terminal TM helix was renumbered as residue 1. Using this nomenclature, proteins
with no pLDDT values above 70 after residue 4 clustered into the 50% category
displayed in (b). Proteins with pLDDT values above 70 for residues 5 —14 clustered
into the 25% category displayed in (d). Proteins with pLDDT values above 70 for
residues 15 and beyond clustered into the 25% category displayed in (f). The dotted
line indicates the pLDDT value of 70, which is the “confident” cutoff used in

AlphaFold2. c, e, g Example AlphaFold2 predicted structures for each of the cate-
gories in b, d, and f. Each protein is indicated by the Uniprot ID. All residues up to
and including the terminal TM helix are colored in gray. Residues with pLDDT
values above 70 are colored in blue and those below 70 are colored in magenta, as
indicated in the schematic above (c). In each predicted structure, TMI12 and the
C-terminus is indicated. h Plot of the estimated applicability of the BRIL method
presented in this work as a function of different MFS subfamilies. Bars display the
percentage of proteins within each subfamily with no pLDDT values above 70 after
residue 4 (like those in b). The error bars represent the upper limit percentage of
proteins with pLDDT values above 70 only for residues 5 to 14 (like those in (d)). A
complete list of MFS subfamilies and applicability is displayed in Supplementary
Table 2.

the transporter, BRIL, and BAG2 in the designed conformation, where
BAG2 was extended away from the transporter as in the NorA fusion
protein (Fig. 7d-f; Supplementary Fig. 12c). Likewise, 3D reconstruc-
tions showed continuous density connecting the transporter and BRIL,
supporting a rigid linker and with the cryo-EM density overlapping
with the predicted structure of the complex (Fig. 7g-i). The quality of
these cryo-EM data was comparable to screening datasets of NorA-
BRIL* (i.e., compare with Fig. 2e, f), indicating the feasibility of using
our strategy more broadly for structure determination of MFS trans-
porters. Taken together with cryo-EM-derived structures of NorA-
BRIL* bound to BAG2, we conclude that the strategy to fuse BRIL with
the C-terminal end of MFS transporters will be a beneficial tool for
studying this family of proteins.

Discussion

In this work, we described a strategy for designing a rigid MFS
transporter-BRIL fusion protein and validated it using four trans-
porters from this family with cryo-EM. Notably, the method allowed
for multiple cryo-EM structures to be determined for NorA, a 42 kDa
MFS transporter near the theoretical minimum for cryo-EM structure
determination. By introducing a short poly-alanine linker between
NorA and BRIL, we obtained a linker resolution of -2.8 to 3.3 A that
propagated to the substrate binding pocket of NorA. It is likely that
the rigid linker facilitated these conformations to be deciphered
during cryo-EM data processing, leading to three structures eluci-
dated from a single sample. A key to this design was identification
and removal of flexible residues from the C-terminus of the trans-
porter and selection of the linker length to adjust BRIL’s orientation
to avoid clashes and increase the effectiveness of particle alignment.
The design workflow is described in Supplementary Fig. 11 in a step-
by-step format.

From our analysis in Fig. 6, we estimated C-terminal fusion of BRIL
to MFS transporters is relevant for ~50-75% of proteins within the
family. MFS transporters comprise the largest family of secondary
active transporters in nature and display a broad range of biological
functions and substrate specificities, including transport of ions,
metabolites, peptides, and drugs*~'. For example, MFS multidrug
efflux transporters such as NorA and MdfA are involved in antibiotic
efflux by binding and transporting a variety of structurally distinct
molecules®”*®, while other transporters involved in metabolism and
growth such as GIpT and GLUT4 display a narrower range of substrate
specificity®’°. Since there are no systematic design strategies to solve
cryo-EM structures of small MFS transporters, we envision our
approach of fusing a compact four-helix bundle to a TM helix distant
from the substrate binding pocket will facilitate determination of
substrate bound structures and offer a tool to interrogate inter-
molecular interactions underlying substrate specificity.

Creation of fusion proteins in the literature differ in the flexibility
of the linker between the fiducial mark and the target protein and the
location of the fusion partner in a loop or at a terminus®**""*"%, Flexible
linkers are more likely to retain correct protein folding at a cost of
resolution due to poorer particle alignment. A successful example of

this approach involved fusion of BRIL to the folate transporter SLC19A1
using the transporter’s native, unstructured N-terminus®. The cryo-EM
structure revealed BRIL positioned parallel to the TM domains of the
transporter and stabilized by electrostatic interactions with a loop
from SLCI19Al. Since BRIL was fortuitously stabilized by interactions
with the transporter’s loop residues, this strategy is unlikely to be
translatable to other MFS transporters. An alternative strategy is to
introduce a rigid linker to the fiducial mark by extending a TM helix
(i.e., the “shared helix” approach®**’), enabled by the fact that most
transporters contain TM helices. Elegant examples of this idea have
been introduced by incorporating BRIL at the N-terminus of the
potassium channel KcsA** and fusing short epitope sequences to the
termini of small membrane proteins”>’*. The former utilized poly-
alanine linkers and others incorporating Arg, Lys, Phe, and Glu residues
to demonstrate topological control of BRIL and BAG2. Similarly, the
short epitope sequence can be efficiently incorporated into the target
protein sequence and recognized by antibodies. Nevertheless, prior to
this work, there have been limited successful applications in deriving
atomic resolution cryo-EM maps or structural models upon fusion to
small membrane protein transporters. Furthermore, our work pro-
poses three quantitative criteria for identifying the last terminal resi-
due to retain within the native transporter (Fig. 2b; Supplementary
Fig. 11) and shows that selection of a short and optimal poly-alanine
linker facilitates determination of atomic resolution structures,
including three NorA structures from a single cryo-EM sample. It is
likely that a structured linker coupled with recognition of the tertiary
structure of BRIL by BAG2 conferred rigidity between the transporter
and Fab, ultimately providing improved particle alignment in cryo-EM
data processing relative to recognition of a single helical domain as in
the epitope fusion strategy. Regarding the BRIL-KcsA fusion protein,
this is a difficult model system since KcsA forms a tetramer and each
monomer contains only two TM helices.

Prior to our findings, it has been unclear whether a single rigid
fusion of a fiducial mark to a small membrane protein is sufficient for
structure determination by cryo-EM. In fact, there are more successful
examples of cryo-EM structures derived from double tethering BRIL
and other fiducial marks into loops adjoining TM helices. One study
investigated the adenosine A2a receptor-BRIL construct used for X-ray
crystallography® and resolved a cryo-EM structure in complex with
BAG2%. The cryo-EM map displayed two continuous helices adjoining
BRIL to the receptor by using only the native residues of the receptor.
However, when the authors engineered one continuous helix and one
flexible linker to BRIL, the map quality did not afford structure
determination. Other cryo-EM structures for different GPCRs have
also been elucidated by grafting the linker residues from the adenosine
A2a receptor onto the target receptor (i.e., ARRQL from A2a to the
N-terminus of BRIL and ERARSTL from A2a to the C-terminus of
BRIL)**2, Furthermore, the adenosine A2a receptor linker was used to
fuse BRIL between TM8 and TM9 of the MFS transporter VMAT2,
which resulted in a structure of a dimer where the authors noted the
potential of an artifact induced by the BRIL fusion®. Lastly, unlike the
work on the adenosine A2a receptor, a similar BRIL fusion junction
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Fig. 7 | Application of helical fusion approach to three additional MFS trans-

porters. a-c SEC chromatograms of GlpT-BRIL** (a), Bmr-BRIL” (b), and BIt-BRIL
(c) in PMAL-C8 in the absence (black traces) or presence of three-fold excess BAG2
(gray traces). Arrows indicate the SEC peak shifts of the MFS-BRIL fusion proteins
upon BAG2 binding. d-f Exemplary 2D classes of GIpT-BRIL**-BAG2 (d), Bmr-BRIL"*-
BAG?2 (e) and BIt-BRIL’*-BAG2 (f) complexes. g-i Superimposition of cryo-EM maps
of GIpT-BRIL°*-BAG2 (g), Bmr-BRIL’*-BAG2 (h), and BIt-BRIL’*-BAG2 (i) complexes
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displayed in partially transparent gray surface and the corresponding predicted
model shown in cartoon (GIpT, Bmr, and Blt in dark gray; BRIL in blue; BAG2 in pale
yellow; linker in black). Only the F, portion of BAG2 is displayed. In each panel, BRIL
and the F, portion of BAG2 of the model were aligned to the respective cryo-EM
map using Chimera®. The different parts of the model are named and indicated
using double sided arrows. The total number of particles were 12,164, 66,568, and
10,857 for (g-i) respectively.

applied to the B2-adrenergic receptor was unsuccessful for structure
determination in the absence of a bivalent nanobody further rigidify-
ing the construct®™. In contrast to these reports indicating that multi-
ple tethering contacts of the fiducial mark are required for cryo-
EM structure determination, our findings show that a single rigid linker
between the terminal TM helix of an MFS transporter and BRIL is
sufficient. A graphical summary of the above discussion is provided in
Supplementary Fig. 14.

An alternate approach to rigid linkers is the incorporation of split
N- and C-terminal binding partners fused to the target protein with
flexible linkers such that their interaction creates a fiducial mark*¢”>7®,
The drawback of this approach, in contrast to a single fusion like the
one used in this work, is the requirement to manipulate both the N- and
C-termini of the target protein and the need to screen multiple sam-
ples since the split fusion pair is not rigidly coupled to the termini of
the target.

The final category of universal fiducial marks involves the devel-
opment of Fabs or scaffolds that bind or are fused with small synthetic
binding proteins that do not interfere with the target protein
interface'””’%, While this approach is a powerful technology for sta-
bilizing higher energy conformations and increasing the overall size of
the system for cryo-EM structure determination, the drawback is the
need to identify a nanobody binder to the target protein.

Relative to the fiducial assisted strategies discussed above, the
approach described in this work offers four advantages. First, design of
the fusion construct is simple and modular in nature without the need
for extensive protein engineering. Eliminating multiple tethers or
cages to reinforce the interface of the fusion protein minimizes
potential risks of perturbing the native structure of the protein while
retaining the ability to resolve atomistic structures (-3 A). Second, the
orientation of BRIL and BAG2 can be predicted with AlphaFold2 and
structural superimposition simply by changing the length of the
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alanine linker. This reduces the time-consuming and costly step of
screening constructs for cryo-EM and minimizes potential overlap of
the fiducial marker and native binding surfaces within the target pro-
tein which may lead to folding problems. Third, the rigidity of the
construct emerging from our strategy is compatible with resolving
multiple conformations of the transporter in a single sample, if those
conformations exist in the ensemble. Since secondary active trans-
porters transition between different conformations, the successful
implementation of this approach may expedite mechanistic studies for
other MFS transporters. Fourth, the location of the BRIL fusion at a
position of the transporter that does not play a major role in substrate
binding or translocation may allow for structure determination of
substrate-bound structures. Taken altogether, the strategy for creating
asuitable fusion construct described in this work will be a valuable tool
for resolving small MFS transporter structures in multiple conforma-
tions using cryo-EM, including those in complex with substrates,
ligands, and inhibitors.

Methods

Fab expression and purification

The BAG2 gene*, rigidified in the elbow region of the heavy chain’,
was purchased (Twist Bioscience), subcloned into a pTac expression
vector, and transformed into the 55244 strain of E. coli (ATCC). BAG2
and Fab36 were expressed and purified with essentially the same
procedure we previously reported’. E. coli harboring the Fab plasmids
were expressed through leaky expression by incubation for 24 h at
30 °Cin TBG media. Cells were harvested by centrifugation and stored
at —80 °C. Cell pellets were resuspended and homogenized in running
buffer (20 mM sodium phosphate pH 7.0) supplemented with 1 mg/mL
hen egg lysozyme (Sigma). After centrifuging at 12,000 r.p.m.
(17,418 x g, maximum) for 2 h at 4 °C in a Beckman centrifuge equipped
with a JA-25.50 rotor (Beckman Coulter), the pellet was discarded and
the supernatant loaded onto a protein G column (Cytiva) equilibrated
in running buffer. Following washing steps using the running buffer to
remove unwanted proteins, the targeted Fab was eluted with 100 mM
glycine (pH 2.7) and neutralized with 2M Tris buffer (pH 10). Peak
fractions of purified Fab were combined and concentrated to 15 -
25 mg/mL using an Amicon ultra centrifugal filter with a 10 kDa nom-
inal cutoff molecular weight (Millipore). Concentrated Fabs were flash-
frozen and stored at —80 °C until complex assembly with the purified
NorA-BRIL construct.

NorA-BRIL construct expression and purification

NorA-BRIL genes (NorA-BRIL™* and NorA-BRIL*)) were purchased har-
boring C-terminal decahistidine tags (Twist Bioscience) and subcloned
into a pET29b vector. The vectors were transformed into C43 (DE3) E.
coli and autoinduced with essentially the procedure previously
reported'®. Cells were grown with shaking at 32 °C in ZYP-5052 medium
supplemented with 1mM MgSO,. The incubation temperature was
reduced to 20 °C at an OD¢gonm Of 0.5-0.6 and incubated for 20-22 h.
Cells were harvested by centrifugation and stored at —80 °C until
further use.

Cell pellets were thawed, resuspended, and homogenized in
lysis buffer (40 mM Tris pH 8.0, 400 mM NaCl, 10% glycerol), and
centrifuged at 7,000 r.p.m. (5,927 x g, maximum) for 20 min at 4 °C
in a Beckman centrifuge equipped with a JA-25.50 rotor (Beckman
Coulter) to clarify the resulting lysate. For each construct, the
membrane fraction was isolated by centrifuging for 2.5h at
35,000 r.p.m. (142,688 x g, maximum) using a Beckman ultra-
centrifuge equipped with a Type 45 Ti fixed-angle rotor (Beckman
Coulter). Subsequently, membrane fractions were solubilized in
20 mM Tris pH 8.0, 400 mM NacCl, 10% glycerol (v/v), 10 mM imida-
zole, and 1% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace).
Cobalt affinity resin (Thermo Fisher Scientific) was mixed with solu-
bilized membrane fractions and incubated at 4 °C for 40 min to bind

NorA-BRIL proteins. After washing away unwanted proteins with
wash buffer (20 mM Tris pH 8.0, 400 mM NacCl, 10% glycerol (v/v),
0.2% (w/v) LMNG, 30 mM imidazole), NorA-BRIL protein was eluted
with 400 mM imidazole. Subsequently, the carboxy-terminal dec-
ahistidine tag in the elution fractions was removed from NorA-BRIL
by incubation with tobacco etch virus (TEV) protease at 4 °C for 8 -
12 h and subsequently dialyzed into SEC buffer (20 mM Tris pH 7.5
and 400 mM NacCl). The mixture for each construct was passed over
the cobalt affinity column to separate NorA-BRIL' and NorA-BRIL*
present in the flow through from TEV captured in the affinity resin.
NorA-BRIL fractions were incubated with PMAL-C8 amphipol (Ana-
trace) at a final concentration of 0.06% (w/v) for 8-12 h at 4 °C. Fol-
lowing this step, Bio-beads (Bio-Rad) were added (typically 10 g for
each 50 mL) and incubated with the sample for 24 h at 4 °C to remove
LMNG detergent. The sample was then purified by SEC using a
Superdex 200 10/300 column (Cytiva) preequilibrated with SEC
buffer set to pH 5.0 (50 mM sodium acetate pH 5.0 and 400 mM
NaCl) or pH 7.5 (20 mM Tris pH 7.5 and 400 mM NacCl). Peak fractions
of the target protein were pooled and concentrated using a con-
centrator with a 10-kDa nominal cutoff molecular weight (Millipore).

Cryo-EM sample preparation and screening

NorA-BRIL** cryo-EM samples were prepared in the absence (pH 7.5) or
the presence of 3-fold molar excesses of BAG2 (pH 5.0) or BAG2 and
Fab36 (pH 7.5) by incubating for 1 h at 4 °C. Each sample was purified
with SEC using a Superdex 200 10/300 column (Cytiva) pre-
equilibrated with SEC buffer set to pH 5.0 (50 mM sodium acetate pH
5.0 and 400mM NaCl) or pH 75 20mM Tris pH 7.5 and
400 mM NaCl).

NorA-BRIL" cryo-EM samples were prepared in the absence (pH
7.5) or the presence of 3-fold molar excesses of BAG2 and Fab36 (pH
7.5) by incubating for 1h at 4 °C. Each sample was purified with SEC
using a Superdex 200 10/300 column (Cytiva) preequilibrated with
SEC buffer set pH 7.5 (20 mM Tris pH 7.5 and 400 mM NaCl). Note that
we found the NorA-BRIL"-BAG2-Fab36 sample to possess few intact
complexes where NorA-BRIL"* was bound to both BAG2 and Fab3é.
Therefore, NorA-BRIL'"-BAG2 particles from this sample were used to
compare with NorA-BRIL* particles at pH 7.5.

To prepare cryo-EM grids, 3.8 uL of sample at -4 mg/mL was
applied onto UltrAuFoil 300-mesh R1.2/1.3 grids (Quantifoil) that
were glow-discharged with the PELCO easiGlow GlowDischarge sys-
tem (Ted Pella Inc.). Grids were blotted on both sides for 3.5 or 4 s at
100% humidity and a temperature of 4 °C, and then plunge-frozen
into liquid ethane (cooled by liquid nitrogen) using a FEI Vitrobot
Mark IV. NorA-BRIL samples were screened on a Talos Arctica
microscope (200kV X-FEG electron source, two condenser lens
system) equipped with a Gatan K3 camera (5760 x 4092). Notably, a
small dataset for NorA-BRIL**-BAG2-Fab36 complex generated a
Coulomb potential map at 3.63 A with 73,813 particles. A slight pre-
ferred orientation problem was detected where side views were
predominately captured and displayed more distinct helices than the
top or bottom views in the two-dimensional classification. Thus,
subsequent Krios data collection was imaged on tilted and untilted
grids for this sample.

Cryo-EM data collection

Cryo-EM data for NorA-BRIL**-BAG2 and NorA-BRIL**-BAG2-
Fab36 samples were acquired on a Titan EF-Krios microscope at
105,000x nominal magnification under 300 kV (imaging system: Gatan
Bioquantum K3 camera)**~%2, Zero-loss images were taken using a GIF-
Quantum energy filter with a 20 eV slit. Leginon software version 3.6
was used for automated data collection®’. Movies were collected with a
physical pixel size of 0.413 A (dose fractioned over 60 frames for tilted
micrographs and 40 frames for non-tilted micrographs). The NorA-
BRIL**-BAG2 and NorA-BRIL**-BAG2-Fab36 datasets received an
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accumulated dose of 48.53 e/A? and 48.61 e /A2, respectively. The ice
thickness on-the-fly was measured to select the holes with the desired
ice thickness for data collection®’. A total of 10,267 movies were col-
lected for NorA-BRIL**-BAG2 at a nominal defocus range of -0.6 -
2.5um, and 5,543 movies (1,294 tilted and 4,249 untilted) were col-
lected for NorA-BRIL**-BAG2-Fab36 at a nominal defocus range of 0.5
to -2.5pum®*®, On-the-fly movie processing was executed using
MotionCor2 software version 1.5 and CTFFIND4 software version
4.1.13, under regulatory purview of Appion®****. Meanwhile, on-the-fly
particle picking was performed using Warp®’.

Cryo-EM image processing and map analysis

The NorA-BRIL**-BAG2 and NorA-BRIL*-BAG2-Fab36 datasets were
processed in cryoSPARC (version 3.3.1)*® with similar steps. The patch
contrast transfer function was estimated for the dose-weighted
micrographs. Initial 2D class averages were generated using particles
picked by Warp¥. Topaz training® and template-based picking were
used for additional rounds of particle picking. A total of 5.29 and 4.03
million particles were selected from the NorA-BRIL**-BAG2 and NorA-
BRIL**-BAG2-Fab36 datasets, respectively. Particles underlying well-
resolved 2D classes were used for initial ab initio model building, and
all picked particles were used for subsequent heterogenous three-
dimensional (3D) refinement. Particles from classes corresponding to
complete NorA-BRIL**-BAG2 and NorA-BRIL**-BAG2-Fab36 complexes
or complexes apparently lacking the Fab constant domain were
retained for subsequent rounds of ab initio model building and het-
erogeneous 3D classification. After multiple rounds, a non-uniform 3D
refinement step was used to generate the final 3.21A (159,621 parti-
cles), 3.18 A (117,232 particles), and 3.25 A (184,707 particles) resolution
maps of NorA-BRIL**-BAG2 in the inward-open, inward-occluded, and
occluded conformations, as assessed using the gold standard Fourier
shell correlation (FSC) at FSC=0.143°, where the final number of
particles underlying the cryo-EM map are given in the parentheses.
Likewise, the final 2.56 A (298,088 particles) resolution map of NorA-
BRIL*-BAG2-Fab36 in the outward-open conformation was assessed
using the same gold standard FSC. Directional FSC distribution and
angular particle distribution heat maps show little preferred orienta-
tion bias for both complexes. Particles were evenly distributed with
various orientations that generated 2D classes of similar resolution.
Final maps were sharpened using Phenix.auto_sharpen for 3D model
building”.

Structural model refinement

Structural models of the complexes were built and refined in Coot®*?
and Phenix”, respectively. The NorA-Fab36 structure (PDB ID: 7LOS8)
was used as the reference structure for initiating model building from
the cryo-EM map obtained for the NorA-BRIL**-BAG2-Fab36 sample at
pH 7.5. The AlphaFold2 predicted structure of NorA-BRIL** and the
crystal structure of BAG2 (PDB ID: 6CBV) were used as starting refer-
ence structures for initiating model building from the cryo-EM map
obtained for the NorA-BRIL**-BAG2 sample at pH 5.0.

Growth inhibition assay in E. coli

C43 (DE3) E. coli cells were transformed with NorA in pET28, NorA-
BRIL* in pET29a, and a control dead NorA mutant in pET28 (i.e.,
E222Q/D307N) and grown on Luria-Bertani (LB) agar plates infused
with 100 pg/mL kanamycin. Next, a single colony was inoculated into
LB liquid culture supplemented with 20 uM IPTG and 100 pg/mL
kanamycin and grown overnight at 37 °C. Overnight cultures were
diluted by 200-fold in fresh LB media supplemented with 20 pM IPTG,
100 pg/mL kanamycin, and different norfloxacin concentrations ran-
ging from O to 1.6 pg/mL. ODgponm Was monitored over time using a
BioScreen Pro C device at 30 °C with shaking between measurements
every 15 min. Similar results were obtained in at least two independent
experiments.

Bioinformatic analysis of MFS transporters

A total of 1,118 MFS transporters were analyzed from the Transporter
Classification Database®. The corresponding AlphaFold2 model for
each of the above Uniprot IDs was analyzed to identify the last residue
in the terminal TM domain helix using the biopython “DSSP” module.
Each of these residues was manually checked to ensure the residue was
in the desired location. The i +1 residue relative to the last helical one
and subsequent residues along with their pDLLT scores from the
AlphaFold2 were used for subsequent analysis. The list of MFS trans-
porter Uniprot IDs is provided in the Supplementary Material.

GIpT-BRIL®*, Bmr-BRIL* and BIt-BRIL™ construct expression
and purification
The GIpT-BRIL* gene, corresponding to residues Metl to Arg441 of
GIpT, was purchased (Twist Biosciences) and cloned in a modified
pBAD33 vector® between Ecorl and Xbal cut sites (the fusion protein
sequence is listed in Supplementary Table 3). The C-terminus following
BRIL contained a TEV cleavage site, a myc tag, and a 10x His-tag. The
plasmid was transformed into C43(DE3) E. coli and a starter overnight
100 mL LB growth was inoculated and grown at 37 °C. In the morning,
10 mL of overnight culture was added to each of six baffled flasks
containing 1L LB. The culture was grown at 37 °C to an ODgoonm Of ~1.0,
upon which the temperature was reduced to 25 °C. After 30 min, the
culture was induced with 0.1% arabinose and expressed for 1.5h,
similar to a prior study on GIpT*“. Cell pellets were harvested by cen-
trifugation and immediately lysed in buffer (50 mM Tris pH 8.0,
400 mM NacCl, 10% glycerol, 1mM EDTA) containing protease inhibi-
tors (0.5 pg/ml pepstatin A (w/v), 0.5 pug/ml leupeptin (w/v), 0.5 pg/ml
E-64 (w/v), 0.5 mM PMSF) at a ratio of 5 mL buffer per gram of cells.
The suspension was passed five times through an EmulsiFlex-C3 high
pressure homogenizer (Avestin, Inc.) for lysis. Next, the lysate was
centrifuged at 13,000 x g for 20 min at 4 °C in a Beckman centrifuge
equipped with a JA-25.50 rotor (Beckman Coulter). The supernatant
was further centrifuged at 40,000 r.p.m. (186,386 x g, maximum) for
2.5h at 4 °C using a Beckman ultracentrifuge equipped with a Type 45
Ti fixed-angle rotor (Beckman Coulter) to purify the membrane frac-
tion. The pellet was suspended in membrane buffer (20 mM Tris pH
8.0, 300 mM NaCl, 10% glycerol, 10 mM imidazole, 1% (w/v) dodecyl-B-
D-maltopyranoside (DDM; Anatrace)) at a ratio of 10 mL buffer per
gram of membrane. The suspension was stirred for 2h at 4°C and
subsequently centrifuged at 35,000 r.p.m. (142,688 x g, maximum) for
30 min at 4 °C using a Beckman ultracentrifuge equipped with a Type
45 Ti fixed-angle rotor (Beckman Coulter) to remove insoluble mate-
rial. The supernatant was incubated with -1 mL Ni-NTA resin (Thermo
Fisher Scientific) and gently stirred at 4 °C for 2 h. This suspension was
loaded onto a column, washed with wash buffer (20 mM Tris pH 8.0,
200 mM NaCl, 10% glycerol, 25 mM imidazole, 0.2% DDM), and eluted
with elution buffer (20 mM Tris pH 7.5, 200 mM NaCl, 10% glycerol,
400 mM imidazole, 0.2% DDM). Fractions containing GIpT-BRIL°* were
pooled and cleaved overnight with TEV protease at 4 °C. The next
morning, the sample was dialyzed for 2 h in dialysis buffer (20 mM Tris
pH 7.5, 100 mM NacCl) and subsequently stirred with Ni-NTA resin for
1h at 4 °C. This suspension was loaded onto a column and the flow
through collected. PMAL-C8 amphipol (Anatrace) was added to the
flow through fractions at a 5/1 ratio (w/w) of PMAL-C8/GIpT-BRIL** and
incubated with stirring for 16 h at 4 °C. Next, bio-beads (Bio-Rad) were
added (typically 10 g for each 50 mL) and incubated with the sample
for 24 h at 4°C to remove DDM detergent. Finally, the sample was
purified by SEC using a Superdex 200 10/300 column (Cytiva) pre-
equilibrated with SEC buffer (20 mM Tris pH 7.5 and 100 mM Nacl).
Purified fractions were used for binding to BAG2 which is
described below.

The Bmr-BRIL’* and BIt-BRIL7A genes were purchased (Twist
Biosciences) and cloned in a pET29 vector, similar to NorA (the fusion
protein sequences are listed in Supplementary Table 3). The growth of
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the Bmr and BIt fusion proteins were identical to those of NorA with
the use of autoinduction media and C43(DE3) E. coli, as previously
described above®. Cell pellets were thawed, resuspended, and
homogenized in lysis buffer (40 mM Tris pH 8.0, 400 mM NaCl, 10%
glycerol), and centrifuged at 6,000 x g for 20 min at 4 °C in a Beckman
centrifuge equipped with a JA-25.50 rotor (Beckman Coulter). The
membrane fractions were isolated by centrifugation for 4h at
35,000r.p.m. (142,688xg, maximum) using a Beckman ultra-
centrifuge equipped with a Type 45 Ti fixed-angle rotor (Beckman
Coulter). Subsequently, membrane factions were solubilized in buffer
(20 mM Tris pH 8.0, 400 mM NaCl, 10% glycerol (v/v), 10 mM imida-
zole, 1% (w/v) lauryl maltose neopentyl glycol (LMNG; Anatrace)) for 1 h
at 4 °C. The detergent insoluble fraction was removed by centrifuging
at 35,000r.p.m. (142,688 xg, maximum) for 30 min at 4 °C. Nickel
affinity resin (Thermo Fisher Scientific) was added to solubilized
membrane fractions and incubated at 4 °C for 1-2 h. After washing
away unwanted proteins with wash buffer (20mM Tris pH 8.0,
200 mM NaCl, 10% glycerol (v/v), 0.2% (w/v) LMNG, 25 mM imidazole),
fusion proteins were eluted with a similar buffer containing 400 mM
imidazole. Subsequently, the C-terminal 10x-His tags were removed by
incubation with TEV protease at 4 °C for 16 h and subsequently dia-
lyzed into dialysis buffer (20 mM Tris pH 7 and 100 mM NaCl). The
mixture for each construct was passed over a Ni-NTA column to
separate Bmr-BRIL’* and BIt-BRIL’* proteins present in the flow
through from TEV captured in the affinity resin. Fractions containing
the fusion proteins were incubated with PMAL-C8 amphipol (Anatrace)
at a 5/1 ratio (w/w) of PMAL-C8/fusion protein for 16 h at 4 °C. Fol-
lowing this incubation, Bio-beads (Bio-Rad) were added (typically 10 g
for each 50 mL) and incubated with the sample for 24 h at 4°C to
remove LMNG detergent. The sample was then purified by SEC using a
Superdex 200 10/300 column (Cytiva) preequilibrated with SEC buffer
(20 mM sodium phosphate pH 5.0 and 100 mM NaCl).

For SEC binding experiments, GIpT-BRIL®, Bmr-BRIL™, and BlIt-
BRIL™ alone and in the presence of 3-fold molar excess BAG2 were
injected into Superdex 200 10/300 column (Cytiva) preequilibrated
with SEC buffer (20 mM Tris pH 7.5 and 100 mM NacCl).

Cryo-EM experiments on GlpT-BRIL®*, Bmr-BRIL’A, and Blt-
BRIL’ bound with BAG2

GIpT-BRIL®, Bmr-BRIL’A, and BIt-BRIL’* cryo-EM samples were pre-
pared in the presence of 3-fold molar excesses of BAG2 at pH 7.5 for the
GIpT sample and at pH 5.0 for Bmr and BIt samples. Each sample was
purified with SEC using a Superdex 200 10/300 column (Cytiva) pre-
equilibrated with SEC buffer set to the respective pH value: (i) 20 mM
Tris pH 7.5 and 100 mM NaCl for GIpT-BRIL®, (ii) 20 mM phosphate pH
5.0 and 100 mM NaCl for Bmr-BRIL™, and (iii) 50 mM sodium acetate
pH 5.0 and 100 mM NacCl for Blt-BRIL™.

To prepare cryo-EM grids, 4 uL of SEC purified complexes at
~2-4mg/mL of the GIpT-BRIL®*, Bmr-BRIL”, and BIt-BRIL"* were
applied onto UltrAuFoil 300-mesh R1.2/1.3 grids (Quantifoil) that were
glow-discharged with the PELCO easiGlow Glow Discharge system
(Ted Pella Inc.). Grids were blotted on both sides for 3 or 3.5 s at 100%
humidity and 16 °C, and then plunge-frozen into liquid ethane (cooled
by liquid nitrogen) using a FEI Vitrobot Mark IV. Samples were
screened on a Talos Arctica microscope (200kV X-FEG electron
source, two condenser lens system) equipped with a Gatan K3 camera
(5760 x 4092).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-44145 (NorA in the

inward-open conformation; NorA-BRIL**-BAG2 sample at pH 5.0),
EMD-44147 (NorA in the inward-occluded conformation; NorA-
BRIL**-BAG2 sample at pH 5.0), EMD-44144 (NorA in the occluded
conformation; NorA-BRIL**-BAG2 sample at pH 5.0), and EMD-44143
(NorA in the outward-open conformation; NorA-BRIL**-BAG2-
Fab36 sample at pH 7.5). The atomic coordinates have been depos-
ited in the Protein Data Bank (PDB) under accession codes 9B3M
(NorA in the inward-open conformation; NorA-BRIL**-BAG2 sample
at pH 5.0), 9B30 (NorA in the inward-occluded conformation; NorA-
BRIL**-BAG2 sample at pH 5.0), 9B3L (NorA in the occluded con-
formation; NorA-BRIL**-BAG2 sample at pH 5.0), and 9B3K (NorA in
the outward-open conformation; NorA-BRIL**-BAG2-Fab36 sample at
pH 7.5). Previously published structures discussed or analyzed in this
work are as follows: 7LO8 and 6CBV. Source data are provided with
this paper.
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