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ABSTRACT

The Solute Carrier (SLC) superfamily of integral membrane proteins function to transport a wide array of
solutes across the plasma and organelle membranes. SLC proteins also function as important drug
transporters and as viral receptors. Despite being classified as a single superfamily, SLC proteins do not
share a single common fold classification; however, most belong to multi-pass transmembrane helical
protein fold families. SLC proteins populate different conformational states during the solute transport
process, including outward open, intermediate (occluded), and inward open conformational states. For
some SLC fold families this structural “flipping” corresponds to swapping between conformations of their
N-terminal and C-terminal symmetry-related sub-structures. Conventional AlphaFold2 or Evolutionary
Scale Modeling methods typically generate models for only one of these multiple conformational states of
SLC proteins. Here we describe a fast and simple approach for modeling multiple conformational states
of SLC proteins using a combined ESM - AF2 process. The resulting multi-state models are validated by
comparison with sequence-based evolutionary co-variance data (ECs) that encode information about
contacts present in the various conformational states adopted by the protein. We also explored the impact
of mutations on conformational distributions of SLC proteins modeled by AlphaFold2 using both
conventional and enhanced sampling methods. This approach for modeling conformational landscapes of
pseudo-symmetric SLC proteins is demonstrated for several integral membrane protein transporters,
including SLC35F2 the receptor of a feline leukemia virus envelope protein required for viral entry into
eukaryotic cells.

*Corresponding authors.

Abbreviations: AF2 — AlphaFold2 Multimer; EC - Evolutionary Covariance; ESM- Evolutionary-Scale
Modeling, LDDT - local-distance difference test; MD — molecular dynamics; ML — machine learning;
mmCIF - macromolecular crystallographic information file; MSA — multiple sequence alignment; PDB -
protein data bank; pLDDT - predicted local model confidence score predicted from ML
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INTRODUCTION

The Solute Carrier (SLC) superfamily of integral membrane proteins function to transport a wide array of
solutes across the plasma and organelle membranes. The superfamily includes more than 66 SLC protein
families (https://www.bioparadigms.org/slc/intro.htm), each including many individual proteins. SLC

proteins transport a wide array of molecules, including sugars, amino acids, vitamins, nucleotides, metals,
inorganic ions, organic anions, oligopeptides, and drugs (Hediger et al., 2013; Colas et al., 2016; Bai et
al., 2017; Pizzagalli et al., 2021). Some are orphan transporters with no known substrate. They constitute
a major portion of all human transporter-related proteins and play key roles in human health and disease
(Fredriksson et al., 2008; Bai et al., 2017; Pizzagalli et al., 2021).

SLC proteins also have important roles beyond their basic functions as physiological solute transporters.
For example, Sarangi et al have reported that both feline and human SCL35F2 proteins bind a variant of a
feline leukemia virus envelope protein (FeLV Env A5) and function as retroviral receptors (Sarangi et al.,
2007). SLC35F2 also transports the anticancer drug YM155 (Winter et al., 2014) and analogs (West et
al., 2023) into cancer cells. YM155’s mode of action includes induction of DNA damage toxicity (Winter
et al., 2014) and downregulation of the apoptosis inhibitor protein survivin through binding to the
interleukin enhancer-binding factor 3/NF110 transcription factor (Nakamura et al., 2012). Winter et al
have shown an absolute dependency of YM155 transport on expression of SLC35F2 (Winter ef al., 2014).
Nyquist et al have also reported synergy between high-androgen therapy for prostate cancer and YM155
that is mediated by SLC35F2 (Nyquist et al., 2017a; Nyquist et al., 2017b). Additionally SLC35F2 is
reported to interact with SYVNI1of TRIM 59, promoting p53 degradation (Che et al., 2023). These
studies highlight the pleiotropic functions of SLC35F2, illustrating the broad biological significance of
some SLC proteins.

Despite being classified as a single superfamily, the various SLC fold families do not share a single
common fold classification and are not all phylogenetically related. For example, the two most common
SLC fold families, the major facilitator superfamily (MFS) fold, which constitute the largest class of SLC
proteins, and the LeuT fold, another important class of SLCs, are topologically and structurally distinct
(Bai et al., 2017). However, despite these differences, many SLC transporters have a characteristic
structural architecture with pseudo two-fold symmetry, where the two halves of the protein structure are
related by a two-fold symmetry axis in the plane of the membrane bilayer (Forrest, 2013; Bai et al., 2017).
These halves have a similar folds but non-identical conformations, enabling the protein to adopt multiple
conformational states essential for its function. MSF-fold SLC proteins have a “6+6” topology comprised
of two “inverted pseudo-repeat” 6-helical bundles with antiparallel orientations related by a
pseudosymmetry axis, while the strikingly similar but topologically distinct LeuT-fold membrane proteins
feature two 5-helical bundles with “inverted pseudo-repeat” sequences that form structures related to one
another by pseudosymmetry axis (Bai ef al., 2017). Some (but not all) other SLC proteins also have folds
with internal structural pseudosymmetry (Bai et al., 2017).
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SLC proteins populate different conformational states during the transport process, including “outward
open”, with a surface cavity directed one way, intermediate (i.e., occluded, with no surface cavity), and
“inward open” with a surface cavity directed to the opposite side of the membrane (Colas et al., 2016; Bai
et al., 2017). Crystal structures have been solved for inward-open, occluded, and outward-open states of
MEFS and LeuT SLC proteins; for a few SLC proteins both inward and outward open states have been
determined by X-ray crystallography or cryoEM (Leano et al., 2019; Xue et al., 2020; Killer et al., 2021;
Wang et al., 2021; Lu et al., 2023). This conformational “flipping” confers an “airlock” or “revolving
door” function, which underlies their mechanisms of symporter or antiporter solute transport (Forrest,
2013; Colas et al., 2016; Bai et al., 2017). The switch between outward and inward open states results
from swapping of the conformations of the N-terminal and C-terminal symmetry-related sub-structures, in
which the N-terminal helical bundle switches to adopt the conformation of the C-terminal helical bundle,
while simultaneously the C-terminal helical bundle switches into the original conformation of the N-
terminal helical bundle. This pseudo-symmetrical transport mechanism provides the basis for modeling
the inward open (or outward open) conformations of some SLC proteins from knowledge of their outward
(or inward) open conformations (Crisman et al., 2009; Kowalczyk et al., 2011; Radestock and Forrest,
2011; Liao et al., 2012; Mancusso et al., 2012; Schushan et al., 2012; Forrest, 2013; Kim et al., 2019).

These dynamic structural and biophysical properties confer to SLC proteins their functions as gates for
symporter and antiporter transport of biochemically-important solutes and biomolecules (Bai ef al., 2017;
Pizzagalli et al., 2021). Both experimental and computational studies of SLC proteins have provided
important insights into the role of these conformational dynamics in solute transport. However, as they
are medium-sized integral membrane proteins, molecular dynamics simulations are quite challenging,
requiring powerful computing resources and appropriate simulation of membrane-mimicking
environments. While AlphaFold2 (AF2) (Jumper et al., 2021), Evolutionary Scale Modeling (ESM) (Lin
et al.,2023), and related machine-learning methods (Baek et al., 2021; Ahdritz et al., 2024) can provide
accurate structural models of integral membrane proteins, for systems that adopt multiple conformational
states like these SLCs, conventional AF2 calculations generally identify only one of the multiple states
observed experimentally (Huang et al., 2021; Del Alamo et al., 2022; Saldano et al., 2022; Chakravarty et
al., 2023; Kalakoti and Wallner, 2024; Wayment-Steele et al., 2024; Xie and Huang, 2024). Multiple
conformational state modeling of SLC proteins can also be guided by evolutionary covariance (EC)
analysis of functionally-preserved direct contacts, and thus provide information about contacts present in
the two (or more) states adopted by the protein structure (Hopf et al., 2012; Morcos et al., 2013; Sutto et
al., 2015; Toth-Petroczy et al., 2016; Zheng et al., 2018; Huang et al., 2019; Schafer and Porter, 2023).

Recently significant advances have been reported using modified AF2 protocols to accurately model
multiple conformational states of proteins, including integral membrane proteins. Promising approaches
use a conventional AF2 platform with curated input such as (i) state-annotated conformational templates
(Heo and Feig, 2022), (ii) shallow multiple sequence alignments (MSAs) that are chosen either randomly
(AlphaFold-alt) (Del Alamo et al., 2022; Sala et al., 2023) or by clustering homologous protein sequences
(AF-cluster) (Wayment-Steele et al., 2024), (iii) single protein sequences (Porter ef al., 2023), or (iv)
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MSAs masked at multiple positions (SPEACH-AF) (Stein and McHaourab, 2022) to switch the prediction
toward alternative conformational states. AF2 calculations using network dropouts (AFsample) can also
generate conformational diversity (Wallner, 2023b; a; Kalakoti and Wallner, 2024). These evolving Al-
based enhanced sampling methods can sometimes, but not always, provide models of multiple
conformational states of SLC proteins (Del Alamo et al., 2022; Chakravarty et al., 2023; Kalakoti and
Wallner, 2024; Wayment-Steele et al., 2024; Xie and Huang, 2024).

Here we describe a simple and robust approach for modeling alternative conformational states of pseudo-
symmetric SLC proteins using a combined ESM - AF2 process. Using these models to guide site-directed
mutagenesis, we also explore the impact of point mutations on SLC35F2 conformational distributions
using an enhanced AF2 sampling method (Del Alamo et al., 2022). The ESM-AF2 approach was used to
model the inward- / outward-open forms of two SLC proteins, human ZnT8 (SLC30AS, a Zn transporter)
and Escherichia coli D-galactonate:proton symporter (SLC17, a MFS superfamily transporter) for which
experimental structures of both outward- and inward-open states are available, and the resulting models of
alternative conformations were validated by comparison against these cryoEM or X-ray crystal structures.
These models were also validated against EC-based contact maps. For two additional SLC proteins,
Saccharomyces cerevisiae GDP-mannose sugar transporter 1 (SLC35D subfamily) and CMP-sialic acid
transporter 1 (which SLC family SLC35A1) only the outward-open forms are available as X-ray crystal
structures. Here, the alternative inward-open forms were modeled with the ESM-AF2 process, and then
validated by comparison against EC-based contact maps. For SLC35F2, neither inward nor outward open
experimental structures are available. The outward-open form was modeled using conventional AF2, and
the inward-open conformational state was then modeled using the ESM-AF2 process. Both the inward-
and outward-open structures were then validated against EC-based contact maps. Studies of the
conformational diversity of SLC35F2 using AF-alt (Del Alamo et al., 2022) exhibit a strong preference
for the outward-open state. Using the EC-predicted contacts as a guide, clusters of mutations were
identified that bias the distribution towards either the inward- or outward-open states.

METHODS

Evolutionary covariance (EC) - based contact predictions. EC-based contact predictions were performed
using evolutionary covariance analysis with NeBcon (Neural-network and Bayes-classifier based contact
prediction) https://seq2fun.decmb.med.umich.edu//NeBcon/, a hierarchical algorithm for sequence-based
protein contact map prediction (He et al., 2017), with a probability threshold of 0.7. A second server,
EVcouplings server https://evcouplings.org/ was also used to confirm these contact predictions.

Contact maps for experimental and predicted structures were obtained from CMview (Vehlow et al.,
2011), an interactive contact map visualization and analysis tool. Contact maps were generated for
interresidue Car distances of < 10.0 A. The contact lists generated from protein structure models were
then imported into excel spreadsheets for overlay and comparison with the EC-based predicted contacts.
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AlphaFold2, ESMfold, and Modeller modeling. AlphaFold2 (Jumper et al., 2021) modeling was
performed using Colabfold v1.5.5 server (Mirdita et al., 2022) with AlphaFold2.ipynb scripts, with no
templates, default multiple sequence alignments (MSAs), recycle of 12, and with random dropouts. The
Amber-relaxed top-ranked model was taken as the final predicted structure. Evolutionary Scale Modeling
(ESMfold) (Lin et al., 2023) models were generated using the ESMFold advanced.ipynb colab script.
Models were generated with random masking of input sequences (defined by masking rate of 0.15),
stochastic mode="LM" that uses no dropout, and recycle of 12. The model with the maximum pTM score
was selected as the final model. A locally installed version of MODELLER 10.4 (Sali and Blundell,
1993; Webb and Sali, 2016) was used for conventional template-based modeling. 20 models were
predicted for each run and the model with the best DOPE (Discrete Optimized Protein Energy score) was
selected as the representative structure.

AlphaFold-alt. Enhanced sampling with AlphaFold-alt (AF-alt) was carried out as described by Meiler
and co-workers (Del Alamo et al., 2022), using scripts kindly provided by Dr. Davide Sala and executed
on a local cluster of 4 A100 Nvidia HGX GPU processors. In each AF-alt run, 480 models were made
using randomly-generated shallow MSAs of 16-32 sequences. 30 models were generated for each MSA
depth of 16 to 32 sequences. Each run was < 3 hrs. No structural templates were used. For each model,
disordered N- and C-terminal regions were removed and the average pLDDT score (<pLDDT>) was then
computed for all of the remaining residues.

Statistical methods. Backbone root-mean-squared deviation (RMSD) and global distance test (GDT)
scores for structural comparisons were performed using the methods of Zemla implemented on their
public server http://linum.proteinmodel.org/ (Zemla et al., 2005).

RESULTS

EMS-AF2 modeling protocol. The challenge we addressed arises from the fact that conventional AF2
modeling will generally provide only one of the multiple conformations that are observed experimentally
(Huang et al., 2021; Del Alamo et al., 2022; Saldano et al., 2022; Chakravarty et al., 2023; Kalakoti and
Wallner, 2024; Wayment-Steele et al., 2024; Xie and Huang, 2024), motivating a need for complementary
methods for generating alternative conformational states. The ESM-AF2 process for modeling alternative
conformational states of SLC transporters that have structural pseudo-symmetry is outlined in Figure 1.

It is based conceptually on methods used for other pseudo-symmetric SLC proteins (Forrest, 2013; Kim et
al., 2019), in which the pseudo-symmetric halves of the transporter are first identified as an N-terminal
protein sequence (blue in Figure 1) and C-terminal protein sequence (purple in Figure 1), and the N-
terminal protein sequence is then modeled using the C-terminal segment as a structural template, and the
C-terminal protein sequence is modeled using the N-terminal segment as a structural model. However,
this method can be challenging if the sequence similarity in these two halves of the protein sequence is
low. In the ESM-AF?2 process, the N-terminal (blue) and C-terminal (purple) segments of protein
sequences are first swapped to create a virtual flipped sequence. The entire structure of this virtual
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sequence is then modeled using ESM fold, a large-language model based method that requires no
templates and only a single protein sequence. The resulting virtual protein structure is then used as a
structural template to model the original protein sequence using AF2.
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Fig. 1. The ESM-AF2 protocol for modeling alternative conformational states of pseudo-symmetric SLC proteins. (A)
cartoon representation of inward/outward open conformers representing the pseudo-symmetry of the helices, with pseudo-
symmetry halves indicated in blue and purple. (B) Protocol to model inward/outward open conformers for symmetric helical
transmembrane proteins (C) Topology diagrams showing the conformational flip of a representative 10-helical SLC protein
(SLC35F2). The vertical dotted line represents the symmetry axis of the pseudo-symmetric halves of the SLC protein.
Numbers represent the number of residues in the membrane-external loops. The top image represents the outward-facing state,
the middle image is the ESMfold virtual protein structure generated from a virtual flipped protein sequence, and the bottom
image the inward-facing state generated by comparative modeling using the virtual protein structure as a modeling template.

In this study, an ESMfold structure model generated from a virtual flipped sequence was used as a custom
template for AF2 with low MSA (16 - 32), recycle of 12, and with dropout. A shallow MSA is used so
that the template information dominates the modeling process. This “comparative modeling” step can
also be performed using Modeller (Sali and Blundell, 1993; Webb and Sali, 2016), SwissModel
(Waterhouse et al., 2018), or other template-based modeling method. Finally, the original (e.g., outward
open) and final (e.g., inward open) structures are validated by comparison against the EC-based contact
map that will generally include predicted contacts for both conformational states.

Validating the EMS-AF2 modeling protocol. As an initial test case of the EMS-AF2 method for
modeling alternative conformational states of SLC proteins, we selected human ZnT8 (SLC30AS), a 2 x
320-residue homodimeric integral membrane protein Zn-transporter, a representative SLC protein for
which structures have determined by cryoEM (Xue et al., 2020) (PDB ids: 6xpd, 6xpde, and 6xpf, at
resolutions of 3.9 A, 4.1 A, and 5.1 A, respectively). ZnT8 (PDB id: 6xpf) has two subunits; in the
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absence of Zn, chain-A is in an inward-open conformation and chain-B in an outward-open
conformation. Conventional AF2-colab calculations provided a structure with inward-open conformation,
in agreement with the cryoEM inward-open structure 6xpf-A (Ca RMSD 2.00 A). (Figure 2A). We then
used the ESM-AF2 modeling protocol outlined in Figure 1 to model the outward-open conformational
state, and compared the resulting model with the experimentally-determined outward-open cryoEM
structure. The computed outward-open conformation of ZnT8 has excellent agreement with experimental
outward-open structure 6xpf-B, with backbone Ca RMSD of 1.09 A (Figure 2B). We also compared
residue-residue contact maps for the experimental and EMS-AF2 outward open models with each other
and with the EC-based contact map generated from multiple-sequence alignments of ZnT8 homologs
(Figure 2C,D). The computed inward facing structure, modeled with AF2, has a contact map that is
nearly identical to that of the experimental inward-facing structure (Figure 2C); the outward-facing
structure computed from the inward-facing structure using the ESM-AF2 protocol is also essentially
identical to the experimental outward-facing structure (Figure 2D). While many ECs are common to both
the outward- and inward-open conformations, the ECs contain information about both states, and several
are unique to each conformation; i.e. there are 6 unique ECs for outward-open and 6 unique ECs for
inward-facing states. These several ECs unique to the outward/inward open conformations superimpose
on top of the corresponding unique contacts in the outward and inward-open computed models,
respectively (circled in Figures 2C,D). Hence, the ESM-AF2 protocol successfully modeled the outward-
open conformation of Znt8, as validated by comparison with EC-derived contacts. A second test case for
the ESM-AF2 modeling protocol using an SLC protein with both inward and outward-facing experimental
structures is presented for the E. coli D-galactonate:proton symporter in Supplementary Information.
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Fig. 2. Validation of ESM-AF2
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predicted (green points) outward-facing models. In panels C and D, major differences in the contact patterns of inward-open and
outward-open states, supported by ECs unique to each state, are circled.

Modeling inward-open forms of SLC proteins. In the case above (and in the SI), we chose SLCs
proteins for which experimental structures of both outward and inward open conformations are available,
and validated the ESM-AF2 modeling protocol against both the experimental atomic coordinates (using
RMSD and GDT metrics) and against contact maps predicted from EC analysis which are based on
experimental primary sequence data. However, for most SLC proteins, experimental structures are only
available for one (or none) of the two states. We next modeled inward-open structures for two integral
membrane proteins for which only the outward-open state is experimentally available. The results are
shown in Figure 3 for the 337-residue Saccharomyces cerevisiae GDP-mannose sugar transporter 1 Vrg4
(PDB id 5oge (Parker and Newstead, 2017)), an SLC35D subfamily member, and in Figure 4 for the 322-
residue Zea mays CMP-sialic acid transporter 1 [PDB id 6ilr-A (Nji et al., 2019)], an SLC35A subfamily
member. For both proteins, only outward-open forms determined at 3.22 A and 2.80 A resolution,
respectively, are available as X-ray crystal structures. The inward-open forms modeled with the ESM-
AF2 process were validated by comparison against the EC-based contact map. In both cases, the EC-
based contact maps could be largely explained by the combined contact maps of the outward- and inward-
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open conformations, although some sporadic predicted ECs at the edge of the cutoff value used for
identifying ECs were also present. These results further validate the ESM-AF2 process.
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Fig. 3. ESM-AF2 modeling of the inward-open conformation of the Zea mays CMP-sialic acid transporter 1. (A) The
experimental outward-open structure (PDB id 6ilr-A). (B) The inward-open structure modeled using ESM-MODELLER. In
each of panels A and B the top images are ribbon representations of the protein structure with surface exposed cavities shown
in either green (outward-open) or red (inward-open), and the bottom images are cylinder representations of these structural
states with helices numbered 1 - 10. The dashed horizontal lines in panels A and B denote the approximate locations of the
membrane boundaries. (C) The combined contact maps of the two resulting models are consistent with the experimental EC-
based contact map. Green contacts are those present in the experimental outward-open model, and red contacts are those
present in the predicted inward-open model. EC-based contacts are shown as black dots. The EC-based contacts circled in
green are unique to the outward-open conformation, and those circled in red are unique to the inward-open conformation. At
the thresholds chosen for ECs several predicted contacts are not explained by the combination of two conformational states. In
panels A and B (top), surface pockets are represented as space-filled voids using the server https://kvfinder-web.cnpem.br/.
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Fig. 4. ESM-AF2 modeling of the inward-open conformation of the S. cerevisiae GDP-mannose sugar transporter 1,
Vrg4. (A) The experimental outward-open structure (PDB id 5oge). (B) The inward-open structure modeled using ESM-AF2.
In each of panels A and B the top images are ribbon representations of the protein structure with surface exposed cavities
shown in either green (outward-open) or red (inward-open), and the bottom images are cylinder representations of these
structural states with helices numbered 1 - 10. The dashed horizontal lines in panels A and B denote the approximate locations
of the membrane boundaries. (C) The combined contact maps of the two resulting models are consistent with the EC-based
contact map. EC-based contacts are shown as black dots, inward-open contacts as red circles and outward-open contacts as
green circles. The EC-based contacts circled in green are unique to the outward-open conformation, and those circled in red are
unique to the inward-open conformation. At the thresholds chosen for ECs several predicted contacts are not explained by the
combination of two conformational states. In panels A and B, surface pockets are represented as space-filled voids using the
server https://kvfinder-web.cnpem.br/.

Modeling alternative conformations of SLC35F2 with ESM-AF2. SLC35F2 has < 12% sequence
identity with the SLC35 subfamily members of known structure; in particular there is no good
experimental structure that can be used as a template for comparative modeling of its inward-open
conformation. Having established the reliability, consistency, and limitations of the EMS-AF2 protocol,
AF2 was used to model the outward-open conformation of SLC35F2, and ESM-AF2 was used to model
its inward-open conformation (Figure 5). The contact maps of these two conformations were then
compared with its EC-based contact map. The excellent agreement between the EC-based contact map
and combined contact maps of the computed outward- and inward-open structures validate the accuracy of
the ESM-AF2 protocol for modeling this conformational heterogeneity of SLC35F2.
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Fig. 5. AF2/EMS-AF2 modeling of the outward- and inward-open conformations of human SLC35F2. (A) The
outward-open structure modeled with AF2. (B) The inward-open structure modeled using ESM-AF2. In each of panels A and B
the top images are ribbon representations of the protein structure with surface exposed cavities shown in either green (outward-
open) or red (inward-open), and the bottom images are cylinder representations of these structural states with helices numbered
1 - 10. The dashed horizontal lines in panels A and B denote the approximate locations of the membrane boundaries. (C)
Contact maps of the outward-open (green circles) and inward-open (red circles) structures superposed on the EC contact map
(black dots). (D) Expanded regions (labeled a through f) of panel C, focusing on key distinguishing contacts and ECs between
helices H4 and H10 in the inward-open conformation (subpanel D.a) and between helices H5 and H9 in the outward-open
conformation (subpanel D.d). Also shown in panel D, subpanels a, b, c, e and f are other key contacts and ECs distinguishing
the two states. In panels A and B (top), surface pockets are represented as space-filled voids using the server https://kvfinder-

web.cnpem.br/.

Having established models of the outward- and inward-open conformation states, we next explored using
AF2 modeling calculations to design point mutations that can destabilize the outward-open structure
relative to the inward-open structure, and visa versa. Contact maps generated by ESM-AF2 for the wild-
type SCL35F2 sequence (Figure SC,D) were used together with the models of inward- and outward-
facing states to design mutations predicted to stabilize or destabilize these states. ESMfold predictions,
which are relatively fast, were then performed for these various mutant sequences. Examples of the
mutant designs include Mutant 1 ([E216G, V220G, S224G, F228G]-SLC35F2; contacts in subpanels
Figure S5D.b and e) designed to prefer the inward-open conformation by destabilizing the outward-open
conformation, and Mutant 2 ([A57G, Y 129G, L134G]-SLC35F2; contacts in subpanels Figure 5D.c and
f) designed to prefer the outward-open conformation by destabilizing the inward-open conformation. The
locations of these mutations in the outward-open model of SLC35F2 are shown in Figure 6A. Using
AF2 modeling [no template, shallow (16 sequences) MSA, recycle of 12, and dropouts], Mutant 1
([E216G, V220G, S224G, F228G]-SLC35F2) returns an inward-open structure (Figure 6B), while similar
AF2 modeling of Mutant 2 ([A57G, Y 129G, L134G]-SLC35F2) results in an outward-open model. The
Ca contact maps generated for Mutant 1 (shown in red in Figure 6B) are in good agreement with the
contact map ( shown in blue in Figure 6B) for the inward-open model predicted using the flipped-
template method, indicating the effect of mutations in inducing conformational change.
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Fig. 6. (A) Mutation sites that shift the states from outward-open to inward-open (red residues) and inward-open to outward-
open (green residues) are shown mapped on the outward-open model generated by AF2. (B) Cq« contact map of wild-type (wt)
SLC35F2 inward-open model generated by ESM-AF?2 protocol (blue circles) and inward-open model of ([E216G, V220G,
S224G, F228G]-SLC35F2 (Mutant 1) generated by standard AF2 modeling (red circles). Subpanels a, b, and ¢ illustrate ECs
(black dots) and key inter-residue contacts in the inward-facing models of wt (blue circles) and Mutant 1 SLC35F2 (red
circles) used to design mutations, as discussed in the text.

AF-alt modeling of SLC35F2 conformational distributions. An alternative approach for modeling the
multiple conformational states of SLC proteins is to employ recently described enhanced sampling
protocols using AF2 with shallow MSAs or other forms of modified input information (Del Alamo et al.,
2022; Stein and McHaourab, 2022; Stein and McHaourab, 2024; Wayment-Steele et al., 2024). In
particular, AF-alt has been used successfully to generate both inward-open and outward-open
conformations for SLC protein ZnT8 and other integral membrane proteins (Del Alamo ef al., 2022). We
applied the AF-alt algorithm to SLC35F2 in order to further explore its potential for modeling the
preferences of wild-type (wt) and mutant sequences for inward vs outward open states. We focused our
analysis only on models with overall <pLDDT> > 70 (blue dots in Figure 7), a score characteristic of
reliable models (Jumper et al., 2021). For wt SLC35F2, AF-alt did not successfully model an inward-
facing state; rather it predicts only the outward-open conformational state, with no models of inward-open
conformations with <pLDDT> > 70 (Figure 7A). We next assessed if AF-alt can provide information on
the conformational states accessible to the two mutant SLC35F2 proteins. For Mutant 1 ([E216G,
V220G, S224G, F228G]-SLC35F2), AF-alt generates a distribution of high-scoring (<pLDDT> > 70)
models with both inward- and outward-open conformations; for Mutant 2 ([A57G, Y129G, L134G]-
SLC35F2), the distribution of high-scoring (<pLDDT> > 70) models is similar to that of wt-SLC25F2,
with a small shift toward the open-out conformational state. The plots of Figure 7 also indicate that the
outward-open structure of Mutant 1 is distorted compared to the wt structure, with a slightly higher GDT-
TS with the inward-open structure (i.e. GTD-TS inward-open of about ~70% rather than ~ 62%)).
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Although these results are not quantitative, and can only be used to identify trends, they demonstrate the
potential for developing AF-alt -like enhanced sampling protocols to model the conformational
preferences of SLC proteins and to design mutations that can shift from one conformational state to

another.
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Fig. 7. Conformational distributions predicted by AF-alt. 480 models were predicted for each of the three sequences (A) wild-
type SLC35F2, (B) Mutant 1 ([E216G, V220G, S224G, F228G]-SLC35F2), and (C) Mutant 2 ([A57G, Y129G, L134G]-
SLC35F2), using shallow (16-32 sequence) MSAs. The resulting models are color coded by average residue-specific pPLDDT
(<pLDDT>) scores: < 50% - red, small dots; 50 - 70% - yellow, medium-sized dots; > 70% - blue, large dots. <pLDDT> scores
were computed after eliminating the apparently flexible 36-residues from the N-terminal and 38-residues from the C-terminal
regions. These N- and C-terminal segments are predicted to be disordered and have very low pLDDT scores.

DISCUSSION

We have developed and tested a hybrid AF2 / ESM-AF2 protocol for modeling alternative conformations
of pseudo-symmetric SLC transporters. Generally, where AF2 provides only one (either inward- or
outward-open) conformational state; the alternative state can then be modeled by the ESM-AF2 (or ESM-
MODELLER) protocol. The ESM-AF2 protocol is inspired by a more traditional approach using
comparative modeling of the pseudo-symmetric halves of SLC transporters (Crisman et al., 2009;
Kowalczyk et al., 2011; Radestock and Forrest, 2011; Liao et al., 2012; Mancusso et al., 2012; Schushan
et al., 2012; Forrest, 2013; Kim et al., 2019). This traditional approach requires an accurate sequence
alignment between the two symmetric halves of SLC protein. However, in some cases it is difficult to
determine the correct sequence alignment needed for accurate comparative modeling. In the ESM-AF2
(or ESM-MODELLER) approach, we use EMSfold to generate from a virtual flipped sequence a virtual
protein structure, which is then used as a structure modeling template without the need for any sequence
alignment between the two halves of the SLC protein. This allowed us to reliable model alternative
conformational states of several SLC transporters that were difficult to model using the traditional
approach. The resulting multi-state models are validated by comparison with sequence-based evolutionary
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co-variance data (ECs) that encode information about contacts present in the various conformational states
adopted by the protein.

The ESM-AF2 (or ESM-MODELLER) approach is simple to implement and runs fast using publicly-
available Al-based servers. However, despite the successful examples demonstrated in this study, these
ESM-AF2 (or ESM-MODELLER) protocols for modeling alternative conformational states of pseudo-
symmetric SLC proteins have some limitations. They cannot be applied directly to homodimeric pseudo-
symmetric SLC proteins, such as YiiP or EmrE (Fleishman et al., 2006; Bai et al., 2017). Coordinates of
SLC proteins with large loops and other structural decorations require manual editing to eliminate these
loops / decorations prior to applying the protocol. In addition, the validation of alternative state
conformations by contact predictions relies on the quality of these contact predictions, and may not work
well for smaller SLC sequence families.

Although we have focused our analysis on the outward and inward conformational states of SLC
transporters, intermediate “occluded” states have also been captured in X-ray crystal and cryoEM
structures. Although the ESM-AF2 protocol could potentially also generate such occluded states, this was
not observed in the cases studied here. However, the AF-alt enhanced sampling protocol produced a
range of conformational states, including outward-open, inward-open, and intermediate occluded
conformational states (Figure 7). The significance of these intermediate conformational states in
mechanisms of solute transport will require further experimental studies.

The idea of introducing mutations to induce conformational shifts is an important tool for biological
studies. In our work on SLC35F2, we observed that while conventional AF2 returns only one of multiple
states, carefully selected mutations can shift the resulting model between outward-facing and inward-
facing states. Specifically, we observed that conventional AF2 can be used to model conformational
switching induced by targeted structurally-clustered mutations defined by ECs and contacts present in the
inward- and outward-open models. In this approach, key contacts were selected from regions of these
contact maps that are unique to one conformational state and mutations were designed to disrupt or
stabilize these interactions. Conformational shifting between states of SLC35F2 by these designed
mutations was also observed using the AlphaFold-alt protocol (Figure 7b).

Previous studies have pointed out that AF2 may not reliably predict the structural effects of missense
mutations (Buel and Walters, 2022) or the effects of mutations on protein stability (Buel and Walters,
2022; Pak et al., 2023); generally speaking, AF2 does not provide quantitative information about how
mutations may destabilize protein structures. However, more recent work demonstrates some accuracy in
predicting effects of single-site mutants with AF2. McBride et al report strong correlations of local
structural perturbations resulting from 1-3 mutations across 3,901 sets of experimental and AF2 models
(McBride et al., 2023). AlphaFold-cluster, using shallow MSAs of highly homologous sequence clusters
was reported to provide reliable predictions of the effects of single-site mutations on conformational
flipping between states of both KaiB and RafH (Wayment-Steele et al., 2024). SPEACH_AF with model
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relaxation and energetic analysis with Rosetta has also been used successfully to assess structural effects
of single site mutations (Stein and McHaourab, 2024). While still evolving, the prudent application of Al-
based modeling methods in designing specific mutations useful for structure-function studies is an
important area for further investigations.

Conclusions. In this work we describe and validate a hybrid ESM-AF2 approach for modeling alternative
conformational states of pseudo-symmetric SLC proteins. The approach overcomes the shortcoming of
conventional AF2 structure calculations which generally provide only one of the multiple conformational
states observed experimentally. The method is simple to use, rapid to run, and can be implemented using
the public domain ESMfold (Lin et al., 2023) and AF2-colab (Mirdita ef al., 2022) servers. In this
approach, the resulting multi-state models are validated by comparison with sequence-based EC data that
encode information about contacts present in the various conformational states adopted by the protein. We
also explored the complementary use of conventional AF2, ESM-AF2, and AF-alt (Del Alamo et al.,
2022) to model the effects of mutations on conformational preferences of the SLC35F2 transporter.
Experimental studies will be required to characterize the structures, dynamics, and functions of these
SLC35F2 mutants. Overall, the current study validates the ESM-AF2 protocol for modeling
conformational heterogeneity of pseudo-symmetric SLC transporters, one of the most extensive class of
transporters in the human proteome.
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SUPPLEMENTARY INFORMATION

As an additional test case, we selected the E. coli D-galactonate proton symporter (DgoT, an SLC17
family member), a 460-residue MFS superfamily symporter that transports D-galactonate while
antiporting protons. The outward- (PDB id 6e90) and inward- (PDB id 6e9n) open conformations of
DgoT have been solved by X-ray crystallography at 3.50 A and 2.92 A resolution, respectively (Leano et
al., 2019). Conventional AF2-colab calculations provided a structure with outward open conformation, in
excellent agreement with the X-ray crystal structure (C« RMSD 0.85 A). We then used the ESM- AF2
modeling protocol (Figure 1) to model the inward-open conformational state, and compared the resulting
model with the inward-open subunit structure determined by cryoEM. The computed inward-open
conformation has excellent agreement with experimental inward-open structure, with backbone Ca
RMSD of 1.35 A (Supplementary Figure S1A). We also compared residue-residue contact maps for the
experimental and ESM-AF2 inward-open models with each other and with the EC-based contact map,
which are also in excellent agreement (Supplementary Figure S1B). Finally, in order assess the use of
EC-based contact maps in distinguishing and validating outward- and inward-open models, we compared
contact maps for the experimentally-determined outward-open conformation, the experimentally-
determined inward-open conformations, and contacts predicted by EC analysis (Supplementary Figure
S1C). In this case, many ECs are common to both the outward- and inward-open conformations, and only
a few contacts distinguish outward- from inward-open states (circled in green in Supplementary Figure
S1C); some of these distinguishing contacts for the outward-open conformation are also observed as EC-
based contact predictions (black dots in the green circled region of Supplementary Figure S1C). Hence,
in some cases the EC contact map is not complete enough to extensively validate accurate predictions of
the alternative conformational states.
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Fig. S1. Validation of ESM-AF2 protocol using SLC proteins with both outward- and inward-open experimental
structures. (A) Superposition of the inward-open conformational state of E. coli D-galactonate:proton symporter (DgoT)
modeled using the ESM-AF2 protocol from a template generated by ESMfold using a virtual flipped-sequence (red) with the
experimentally-determined inward-open structure PDB id 6e9n (blue). (B) Contact maps for the inward-open conformational
state of DgoT predicted by ESM-AF2 (red circles), observed in the cryoEM experimental structure (blue circles ), and
predicted by EC analysis (black dots). (C) Contact maps for the experimentally-determined outward-open conformational state
of DgoT (green circles ; PDB id 6e90) and experimentally-determined inward-open conformational state (blue circles; PDB id
6e9n) structures compared with contact predictions from EC analysis (black dots). In this example, only a few EC-based
contacts between helices H4 and H11 and helices H5 and H10 distinguish the inward-open from outward-open structures.
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