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AlphaFold2 (ref.1) has revolutionized structural biology by accurately predicting
single structures of proteins. However, a protein’s biological function often depends
on multiple conformational substates?, and disease-causing point mutations often
cause population changes within these substates®*. We demonstrate that clustering a
multiple-sequence alignment by sequence similarity enables AlphaFold2 to sample

alternative states of known metamorphic proteins with high confidence. Using

this method, named AF-Cluster, we investigated the evolutionary distribution of
predicted structures for the metamorphic protein KaiB® and found that predictions
of both conformations were distributed in clusters across the KaiB family. We used
nuclear magnetic resonance spectroscopy to confirm an AF-Cluster prediction: a
cyanobacteria KaiB variant s stabilized in the opposite state compared with the
more widely studied variant. To test AF-Cluster’s sensitivity to point mutations, we
designed and experimentally verified a set of three mutations predicted to flip KaiB
from Rhodobacter sphaeroides from the ground to the fold-switched state. Finally,
screening for alternative states in protein families without known fold switching
identified a putative alternative state for the oxidoreductase Mpt53 in Mycobacterium
tuberculosis. Further development of such bioinformatic methods in tandem with
experiments will probably have a considerable impact on predicting protein energy
landscapes, essential for illuminating biological function.

Understanding the mechanistic basis of any protein’s functions
requires understanding the complete set of conformational substates
that it can adopt? For any protein-structure prediction method, the
task of predicting ensembles can be considered in two parts: an ideal
method would (1) generate conformations encompassing the com-
pletelandscape and (2) score these conformationsinaccordance with
the underlying Boltzmann distribution. AlphaFold2 (AF2) achieved
breakthrough performance in the CASP14 competition®in part by
advancing the state of the art for inferring patterns of interactions
between related sequences in a multiple-sequence alignment (MSA),
building on along history of methods for inferring these patterns’,
often called evolutionary couplings. The premise of methods to infer
structure based on evolutionary couplingsis that, because amino acids
exist and evolve in the context of 3D structure, they are not free to
evolveindependently, butinstead co-evolve in patternsreflective of the
underlying structure. However, proteins must evolve in the context of
the multiple conformational states that they adopt. The high accuracy
of AF2 (ref. 1) at single-structure prediction has garnered interest in
its ability to predict multiple conformations of proteins, yet AF2 has
been demonstrated to fail in predicting multiple structures of meta-
morphicproteins®, proteins with apo/holo conformational changes™
and other multi-state proteins' using its default settings. Despite these

demonstrations of shortcomings, it was shown that subsampling the
input MSA enables AF2 to predict known conformational changes of
transporters™.

Success of the MSA subsampling approachinagiven systemimplies
that when calculating evolutionary couplings with a complete MSA,
evolutionary couplings for multiple states are already sufficiently
present such that when introducing noise to obscure subsets of these
contacts, there are still sufficiently complete sets of contacts cor-
responding to one or the other state. Indeed, methods for inferring
evolutionary couplings have already demonstrated that contacts corre-
sponding to multiple states canbe observed at the level of entire MSAs
for membrane proteins®, ligand-induced conformational changes'®
and multimerization-induced conformational changes”. Methods
proposed to deconvolve sets of states when previous knowledge about
oneor morestatesis knowninclude ablating residues corresponding to
contacts of aknown dominant state’® and supplementing the original
MSA with proteins that are known to occupy a rarer state'®. However,
thereisaneed for methods that deconvolve signal from multiple states
if they are not already both present at the level of the entire MSA. For
example, simply subdividing a MSA and making predictions for por-
tions of the MSA has also been used to detect variationsinevolutionary
couplings within a protein family”%,
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Fig.1|AF2 predictions from MSA clusters for the fold-switching protein
KaiB returnbothknownstructures. a,b, Crystal structures of KaiB from

T. elongatus (KaiB™) in the ground state (PDB: 2QKE) (a) and the FS state
(PDB:5JYT) (b). ¢, The default ColabFold prediction of KaiB™ returns the FS
state. Using only the closest 50 sequences by sequence distance returned
fromthe MSAreturns thegroundstate. Fora-c, the first 50 residues that are
identicalinbothstates are coloured grey and the fold-switching elements are
colouredthesameinbothstates.d, Overview of the AF-Cluster method. Left,
MSA s clustered by sequence similarity. Sequence spaceis depicted usinga

We hypothesized that metamorphic proteins—proteins that occupy
more than one distinct secondary structure as part of their biologi-
cal function—would be a useful set of model proteins to develop
methods for predicting conformational ensembles, as they undergo
particularly marked conformational changes. For example, although
the metamorphic protein KaiB contains only 108 residues, it under-
goes a conformational change that affects the secondary structure of
around 40 residuesinits C-terminal part, switching between a canoni-
calthioredoxin-like structure and aunique alternative conformation®
(Fig.1a,b). Fewer than ten metamorphic protein families have been

r.m.s.d., ground state (A)

t-distributed stochastic neighbour embedding (--SNE)* of the one-hot
sequence encoding. Right, clusters areused asaninputto AF2, resultingina
distribution of predicted structures, coloured by pIDDT. e, The top five models
forthegroundand FS state, ranked by pIDDT. f, The r.m.s.d. of AF2 structure
predictions for all clusters relative to the ground and FS state. The highest-
confidence regions of the AF-Cluster distribution for KaiB™ are within 3 A
r.m.s.d. of crystal structures of both the ground and FS state. By contrast,
sampling the MSA uniformly returns only the FS state with high confidence.

thoroughly experimentally characterized?, spanning a diverse range of
functions. Fold switchingin proteins governs transcription regulation
(RfaHin Escherichia coli***), circadianrhythms (KaiB in cyanobacteria®),
enzymatic activity (the selecase metallopeptidase in Methanocaldo-
coccus jannaschii**), cell signalling (the chemokine lymphotactinin
humans®) and cell cycle checkpoints (MAD2 (encoded by MAD2L1)
in humans®2%). A computational analysis of the Protein Data Bank
(PDB) thatidentified changes in secondary structure between protein
models sharing the same sequence suggested that between 0.5% and
4% of all proteins are fold switching?. The development of systematic
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methods to identify fold-switching proteins would aid in identifying
fold-switching proteins, highlight new structures and interactions
to target for therapeutics?, as well as illuminate broader principles
of protein structure, function and evolutionary history that underlie
known and unknown metamorphic proteins.

We hypothesized that, if we could deconvolve sets of evolutionary
couplings without adding previous knowledge and input these sets
separately into AF2, AF2 might be able to predict multiple conforma-
tions with high structural accuracy. We demonstrate that a simple
MSA subsampling method—clustering sequences by sequence simi-
larity—enables AF2 to predict both states of the metamorphic proteins
KaiB, RfaH and MAD2. Importantly, we show that, using our method,
AF-Cluster, both states are sampled and scored with high confidence
by AF2’slearned predicted local distance difference test (pIDDT) meas-
ure. We investigated the reason for AF-Cluster’s prediction of multiple
states in the KaiB system: by making AF-Cluster predictions for KaiB
variants from a curated phylogenetic tree, we found that KaiB vari-
ants predicted to fold to one or the other substate were distributed in
clusters throughout the phylogenetic tree. We experimentally tested
the AF-Cluster predictions on a KaiB variant in Thermosynechococ-
cus elongatus vestitus that was predicted to favour the fold-switched
(FS) state. Using nuclear magnetic resonance (NMR) spectroscopy, we
couldindeed verify our AF-Cluster prediction. To test the ability of our
methodto predict the effect of point mutations in switching a protein’s
conformational equilibrium, we predicted and consequently validated
aminimal set of point mutations that switch KaiB from R. sphaeroides
between the ground and FS state.

Having evaluated our AF-Cluster method on known metamorphic
proteins, we next hypothesized that this approach might be able to
detect alternative conformations in protein families for which no
alternative structures are known. We applied our method to an exist-
ing database of MSAs associated with crystal structures®. Here we
describe one candidate from our screen with a novel predicted alter-
native fold, the secreted oxidoreductase Mpt53 from M. tuberculosis.
Our results demonstrate that, in the oncoming age of AF2-enabled
structural biology, related sequences for any given protein target might
contain asignal for more than onebiologically relevant structure, and
that deep-learning methods can be used to detect and analyse these
multiple conformational states.

AF-Cluster predicts both KaiB states

We started our investigation with a contradiction posed by predict-
ing the structure of the metamorphic protein KaiB using AF2. KaiB
is a circadian-rhythm protein found in cyanobacteria®* and proteo-
bacteria® that adopts two conformations with distinct secondary
structures as part of its function: during the day, it primarily adopts
the ground-state conformation, which has a secondary structure of
Bappaap thatis not found elsewhere in the PDB (Fig.1a; PDB: 2QKE). At
night, itbinds toKaiCinaFS conformation, which has a thioredoxin-like
secondary structure (Bapappa) (Fig. 1b; PDB: 5)YT). The thermodynam-
ically favoured state for KaiB from T. elongatus (KaiB™) is the ground
state; the FS structure was first solved in a complex with KaiC*, and
could be solved for the isolated KaiB only by introducing stabilizing
mutations to this variant®. However, AF2 run using ColabFold* predicts
the thermodynamically unfavoured FS state for KaiB™ (Fig. 1c (left)).
We hypothesized that evolutionary couplings present within the MSA
may be biasing the prediction to the FS state. Notably, predicting the
3D structure of KaiB using just the 50 MSA sequences that are closest
by number of mutations (hereafter, edit distance) to KaiB™ resultedin
aprediction of the ground state (Fig. 1c (right)); however, predicting
the 3D structure of KaiB™ using the closest 100 sequences returned
to predicting the FS state. Investigating this further revealed that the
next 50 sequences themselves predicted the FS state in both AF2 and
the unsupervised learning method MSA Transformer (Extended Data
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Fig.1). We thought that the MSA might contain subsets of sequences
that yield AF2 predictions for either the ground or FS state, and that
subsets that predicted the FS state would overpower subsets predict-
ingthe ground state. We therefore clustered the MSA by edit distance
using DBSCAN®, and ran AF2 predictions using these clusters as the
input (Fig. 1d). We selected DBSCAN to perform clustering because
we found that it offered an automated route to optimizing clustering
a priori (Methods and Extended Data Fig. 2). Hereafter, we refer to
this entire pipeline as AF-Cluster—generating a MSA with ColabFold,
clustering MSA sequences with DBSCAN and running AF2 predictions
foreach cluster.

Notably, we found that the AF2 predictions from our MSA clusters
comprised adistribution of structures, with the highest-scored regions
ofthedistribution correspondingto the ground and FS state. Figurele
shows the top five models within 3 A of crystal structures for each state,
ranked by pIDDT. We compared this subsampling method to predictions
from MSAs obtained by uniformly sampling over the MSA at various
MSA sizes (Fig. 1f), analogously to methods used elsewhere to predict
multiple states of transporters™. We found that, for uniformly subsam-
pled MSAs of size 10,1 out of 500 samples was within 3 A of the ground
state, with lower confidence than the MSA cluster samples (Extended
DataFig. 2e). Uniformly subsampled MSAs of size 100 did not sample
the ground state at all.

We were interested in whether there were differing sets of contacts
in our MSA clusters that other methods could also detect, and whether
this could help us to understand how AF cluster detected two states.
We used the same set of clusters to make predictions using the unsu-
pervised deep learning model MSA Transformer®** and found that these
clusters contained evolutionary couplings for both states, and the
score based on contact maps correlated with the root mean squared
deviation (r.m.s.d.) in AF2 (Methods and Extended Data Fig. 3). No
randomly sampled MSAs were found to contain evolutionary couplings
corresponding to the ground state.

Experimental test of KaiB predictions

To better understand the origin of these two different sets of evolu-
tionary couplings, we wanted to rule out the possibility that non-KaiB
proteins with similar folds to the FS state were contributing to the
prediction. We created a phylogenetic tree for KaiB comprising 487
variants (Methods and Supplementary Dataset 1) and made structure
predictions for all the variants. For each sequence, we used only the
closest tensequences by evolutionary distance as aninput MSA to best
detectlocal differencesinstructure predictions. We found that regions
of high pIDDT for both the ground and FS state were interspersed across
the tree (Fig. 2a). We confirmed that, for variants in the tree that had
been experimentally characterized, the prediction from AF-Cluster
corresponded to the structure expected to be thermodynamically
favoured (Fig. 2b). For example, variants from R. sphaeroides®, T.
elongatus® and Synechococcus elongatus® all were predicted in the
ground state, confirming their characterized circadian-rhythm func-
tion. By contrast, aKaiB variant from Legionella pneumophila that has
previously been crystallized in the FS state® was predicted with high
confidence for the FS state.

KaiB variants in cyanobacteria have been characterized as belong-
ingtothree groups as well as afourth variant, previously described as
elongated KaiB due to an N-terminal domain of unknown homology
and function®. For clarity, we refer to the KaiB domain of this variant
asKaiB-4. Notably, we noticed that KaiB-4 variants were evolutionarily
close to the better-studied KaiB-1 variants involved in the circadian
clock, yet the KaiB-4 variants were predicted by AF-Cluster to primarily
occupy the FS state (Fig. 2¢c). To experimentally test this prediction,
we characterized one such variant using NMR spectroscopy, from
T. elongatus vestitus (hereafter, KaiB™-4). KaiB™-4 was found to be
stably folded at 35 °C and, after backbone assignments, we found peak
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Fig. 2| The KaiB family contains pockets of sequences predicted tobe
stabilized for both states. a, AF2 predictions for each variantin a phylogenetic
tree using the ten closest sequences as theinput MSA. Left, eachnodeis coloured
by predicted state (blue, ground state; red, FS state). Right, the same tree,
coloured by pIDDT. b, Three known fold-switching KaiB variants fromR.
sphaeroides® (i), T. elongatus® (ii) and S. elongatus™ (iii) are predicted in the
ground state, and a variant from L. pneumonia® (iv), crystallized in the FS

state, is predicted inthe FS state with a high pIDDT. ¢, AKaiB copy present

inT. elongatus vestitus, KaiB™-4, is predicted to favour the FS state.

duplication for many peaks corresponding to amajor stable and minor
unfolded state (Extended Data Fig. 4). KaiB™-4 was confirmed to be
monomericat NMR concentration as determined using size-exclusion
chromatography coupled to multi-angle light scattering (SEC-MALS)
(Extended Data Fig. 4). The secondary structure calculated from the
major state chemical shifts indeed corresponded to the FS KaiB state
(Fig. 2d). CS-Rosetta® models calculated from the chemical shifts
(Fig. 2e) are within 1.8 + 0.3 A r.m.s.d. to the FS state predicted by
AF-cluster. We used 3D 'H-"N- and 3D 'H-*C-NOESY to determine the
NMR structure, and confirmed that the NMR structure (Fig. 2f) also
matches the AF-Cluster-predicted model with1.89 + 0.13 Ar.m.s.d. and
an average pairwise r.m.s.d. of 0.7 A over backbone atoms (Extended
DataTablel).

Mutations to flip the KaiB equilibrium

Beyond predicting the predominant state of naturally occurring pro-
teins, we wanted to test the ability of AF-Cluster to predict effects
of point mutations, a task that AF2 in its default settings has not
achieved*’. We hypothesized that, by comparing clusters that pre-
dict different states, we could identify a minimal set of mutations
that would switch AF2’s prediction between states. We used KaiB
from R. sphaeroides® (hereafter KaiB™) for this test, which we found
using NMR switches between two monomeric states, to eliminate
the complicating factor of mutations contributing to ground-state
tetramerizationin the previously studied KaiB™ (ref. 5). We observed
that, as for KaiB™, AF-Cluster predicts the ground and FS state for
KaiB® with high confidence. We calculated the difference in enrich-
ment between sequence clusters predicting the ground and FS state

® AF-Cluster
© CS-Rosetta

b
Literature support as
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(i) Ground
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L Sl
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NMR structure

d-f,Experimental testing of KaiB™-4. d, The secondary structure propensity
determined by NMR backbone chemical shifts, calculated using TALOS-N* for
KaiB™-4, fully agrees with the FS state predicted by AF-Cluster. Unassigned
aminoacid residuesareindicated by stars. e, Structure models calculated
using CS-Rosetta”, showningrey, have 1.8 + 0.3 Ar.m.s.d. to the AF-Cluster
model (magenta). f, NMR structural models calculated from 3D 'H-*N-and
3D'H-"C-edited NOESY spectrahave an average pairwise r.m.s.d.of 0.7 A, and
1.89+0.13 Ar.m.s.d. to the AF-Cluster model.r.m.s.d. valuesin e and fwere
calculated over backbone atomsinsecondary structure regions.

(Fig.3a), and noticed at several positionsin the C-terminal part of the
protein differentially enriched residues that differed substantially
in their charge and hydrophobicity. For example, clusters predict-
ing the FS state were enriched for arginine at position 68, whereas
clusters predicting the ground state at position 68 were enriched for
leucine, a switch between a charged and a hydrophobic residue. We
hypothesized that a subset of these mutations might be sufficient for
determining whether AF2 predicts the ground or FS state. We folded
all combinations of the eight most-enriched residues in AF2 with no
MSA to test whether any combination caused a high-confidence fold
switch (Methods and Extended Data Fig. 5). Indeed, we found that
three mutations—I68R, V83D and N84R—were sufficient to switch
a prediction of KaiB* from the ground state to a prediction of the
FS state (Fig. 3b). We introduced these mutations into KaiB*® and
characterized this triple mutant (KaiB®*-3m) using NMR (Fig. 3c). It
was again confirmed to be monomeric at NMR concentrations using
SEC-MALS (Extended Data Fig. 3). The 'H-"N heteronuclear single
quantum coherence (HSQC) spectrain both the wild-type (WT) and
KaiB®S-3mindicate the presence of major and minor state peaks, with
the populationsappearingto be flipped (Fig.3d). Notably, the second-
ary chemical shifts from backbone resonance assignment of the major
peaks confirmed that the incorporation of these mutations indeed
switch KaiB® from the ground to the FS state (Fig. 3e). Comparison
of the average peak intensity ratios of the assignable minor (ground
state) peaks to those of the major state (FS) peaks show that the mutant
occupiesthe FS state witha population of 86% (versus11%in the WT),
and the ground state with a population of 14% (versus 89% in the WT)
(Fig. 3f). Overall, NMR confirmed our prediction that a triple mutation
switches KaiB®® to the FS state.
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Fig.3|Adesigned minimalset of mutations switches the predominant

fold of KaiB®* from the ground state to the FS state. a, Sequence features
enrichedin clusters that predict the FSand ground state.b, Three mutations
aresufficient to switch the structure prediction for KaiB*S in AF2 from the
ground state to the FS state. Top, AF-Cluster models for KaiB*S and KaiB®*-3m,
coloured by pIDDT. Bottom, three mutation sites are highlighted. ¢, Overlaid
'H-SNHSQC spectra of KaiB*® (blue) and KaiB®-3m (red). d, Examples of residues
fromwell-resolved regionsin the'H-*“NHSQC assigned in both states are shown

Testing AF-Cluster on other proteins

We next tested AF-Cluster on five additional experimentally verified
fold-switching proteins: the E. colitranscription and translation factor
RfaH, the human cell cycle checkpoint MAD2, the selecase metallo-
peptidase enzyme from M. jannaschii, the human cytokine lympho-
tactin and the human chloride channel CLICI. In RfaH, the C-terminal
domain (CTD) interconverts betweenan a-helix bundle and a -barrel
through binding to functional partners?. In the autoinhibited state,
the a-helix bundle of the CTD interacts with the N-terminal domain.
In the active state, the CTD unbinds and forms a B-barrel*>* (Fig. 4a).
Predicting the structure of RfaH with the complete MSA from Colab-
Foldreturned astructure that largely matched the autoinhibited state
(Extended DataFig. 6a) apart fromthefirst helicalturninthe CTD being
predicted as disordered. Note that the B-factorsinthe crystal structure
for this region are the highest (Extended Data Fig. 6b). The active state
was not predicted. By contrast, AF-Cluster predicted both the autoin-
hibited and the active state (Fig. 4b). Notably, the average pIDDT for
thetop five models for each state (84.2 for the active state, 73.9 for the
autoinhibited) was higher thanthe pIDDT of the autoinhibited state by
the complete MSA (pIDDT of 68.6), suggesting that clustering resulted
in deconvolving conflicting sets of couplings.

MAD2 has two topologically distinct monomeric structures that are
inequilibriumunder physiological conditions?”. These are termed the
open and closed states (often referred to as O-MAD2 and C-MAD2).
The closed state binds to CDC20 as part of MAD2’s function as a cell
cycle checkpoint®. In the closed state, the C-terminal B-hairpin rear-
range into a new B-hairpin that binds to a completely different site,
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for WT KaiB® and KaiB*>-3mtoillustrate the flip in populations through the
three mutations. e, Chemical-shift-based secondary structure calculated using
TALOS-N* analysis of the ground and FS states of KaiB®® and the major state of
KaiB®-3m. Unassigned amino acid residues are indicated by stars. The green
boxindicates the fold-switching region. f, Average of the NMR peak intensity
ratio of ground versus FS state for select residues that could be assigned in
bothstates for both variantsinwell-resolved regions. The error bars represent
thes.e.m.n=5residues.

displacing the original N-terminal B-strand® (Fig. 4c). We found that
AF-Cluster again had the ability to predict models for both of MAD2’s
conformational states (Fig. 4d).

RfaH and MAD2 both interconvert between two distinct mono-
meric forms. However, selecase, lymphotactin and CLICl interconvert
between amonomericand anoligomeric state (Extended DataFig. 6¢).
AF-Cluster was unable to predict the oligomeric state for selecase, lym-
photactinand CLIC1. The selecase protein is a metallopeptidase from
M. jannaschiithat was reported previously®. It reversibly interconverts
between anactive monomeric formandinactive dimers and tetramers.
Lymphotactinisahuman cytokine that adopts acytokine-like fold but
was found toadoptanall-B-sheet dimer as determined using NMR at a
higher temperature andin the absence of salt?. CLIC1is anion channel
with aredox-enabled conformational switch. In the reduced state, it
adopts amonomeric state with a N-terminal Bapaf3 fold. After being
oxidized, it forms a dimer, and its N terminus adopts a aaa fold. This
foldis stabilized by a disulfide bond between two of the a-helices within
the monomer that forms after oxidation*. All of these proteins pose
starting points for future improvements to AF-Cluster.

AF-Cluster predicts novel states

We next examined whether AF-Cluster could detect novel putative alter-
native states in protein families without known fold switching (Fig. 5a).
As astarting point, we selected 628 proteins 48-150 amino acids in
length from a database of MSAs associated with crystal structures®
(Methods). After clustering the MSAs using DBSCAN®, we generated
AF2 predictions for ten randomly chosen clusters from each family
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and compared the pIDDT to the r.m.s.d. from the reference structure.
For most of the protein families screened, an increase in r.m.s.d. cor-
responded to a decrease in pIDDT (Fig. 5b). As a control, AF-Cluster
models of ubiquitin, a protein that is well characterized to have no
alternative states, returns only models with high confidence and low
r.m.s.d. to the crystal structure PDB 1UBQ. However, a handful of pro-
teins in this preliminary screen returned models with a high r.m.s.d.
and high pIDDT, hinting to a predicted structure with high dissimilar-
ity to the original structure as well as high confidence from AF2. For
these proteins, we generated AF2 predictions for all generated clusters
from the MSA.

The results for one of these candidates, the oxidoreductase Mpt53
from M. tuberculosis, are described here. Mpt53 is an extracellular
single-domain enzyme that is suggested to ensure correct folding of
several cell-wall and extracellular protein substrates in M. tuberculosis
by catalysing disulfide oxidation*2. Figure 5c shows all of the AF-Cluster
models for Mpt53, visualized by principal component analysis (PCA)
on the set of closest heavy-atom contact distances. Two prominent
states are observed that correspond to the largest-sized MSA clusters
(Extended DataFig. 7a), and both of which have pIDDT values that are
statistically significantly higher than the rest of the set (Extended Data
Fig.7b). One state corresponds to the known thioredoxin-like confor-
mation of Mpt53 (ref. 42), whereas the other state correspondstoa
conformationwith adifferent secondary structure layout (Fig. 5d,e).In
the second state, strand 1 replaces 35 within the B-sheet. The a-helix
a4 is displaced to the opposite side of the 3-sheet, and a5 is rotated.
Mpt53isamember of a superfamily of enzymes with diverse functions
that all share the same thioredoxin fold with a conserved CxxC active
site that canformadisulfide bond. Models for the alternative state dem-
onstrate avery similar active site orientation at residues Cys36-Cys39
(Extended Data Fig. 7c). We were interested in whether we could find
structuresin the PDB that matched this alternative state. We screened
for homologous 3D structures for both 1LU4 and the alternative state

in the PDB using DALI** (Methods and Extended Data Fig. 7d-f). The
closest structure that we found (PDB: 3EMX) adopted a similar second-
ary structure tothe Mpt53 alternative structure. This structureis of an
unspecified thioredoxin from the archaea Aeropyrum pernix with no
associated publication.

We were interested in whether any structure homologues to the
known Mpt53 state also predicted alternative conformations. We used
AF-Cluster to test ten proteins with the lowest alignment-weighted
r.m.s.d. from DALI to the original state (Methods). Notably, six out of
the tensampled an analogous alternative fold with varying amounts of
sampling (Extended Data Fig. 8). The closest-ranked homologues for
boththe known and alternative state are dispersed across a calculated
phylogenetic tree of all the DALI hits (Extended Data Fig. 9).

Discussion

AF2 has revolutionized prediction of single structures**, but devis-
ing methods to predict structures of multiple conformational states
would substantially advance our understanding of protein function
at the atomic resolution. We demonstrate that simply clustering
input sequences from MSAs of metamorphic proteins enables AF2
to sample multiple biologically relevant conformations with high
confidence.

Using the metamorphic protein KaiB as a model system, we sought
to understand why clustering resulted in multiple states predicted.
We found that pockets of KaiB variants in a phylogenetic tree were
predicted to be stabilized for one or the other state. This is consistent
with findings for the fold-switching proteins RfaH* and lymphotac-
tin*¢, as well as non-fold-switching proteins such as the Cro repressor
family*