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Abstract

RND family proteins are transmembrane proteins identified as large spectrum drug transporters.
A prototypical case in this superfamily, responsible for antibiotic resistance in selected gram negative
bacteria, is AcrB. AcrB forms a trimer, which uses the proton motive force to efflux drugs, implementing
a functional rotation mechanism. Unfortunately, the size of the system (1049 amino-acid per monomer
and membrane) has prevented a systematic dynamical exploration, so that the mild understanding of
this coupled transport jeopardizes our ability to counter it.

To further our understanding, we present a novel strategy based on two key ingredients which are to
study dynamics by exploiting information embodied in the numerous crystal structures of AcrB obtained
to date, and to systematically consider subdomains, their dynamics, and their interactions. Along the
way, we identify the subdomains responsible for dynamic events, refine the states (A,B,E) of the functional
rotation mechanism, and analyze the evolution of intra-monomer and inter-monomer interfaces along the
functional cycle.

Our analysis paves the way to targeted simulations exploiting the most relevant degrees of freedom
at certain steps, and also to a targeting of specific interfaces to block the drug efflux.

More generally, our work shows that complex dynamics can be unveiled from static snapshots, and
our strategy may be used on a variety of molecular machines of large size.

Keywords: conformational changes, allostery, transporters, molecular distances, clustering, interfaces.

*Université Céte d’Azur, Inria, France

TUniversité Cote d’Azur, IPMC, France

fUniversité de Paris, CNRS, Laboratoire CiTCoM, 75006, Paris, France

$Université Cote d’Azur, CNRS, IPMC, France

YUniversité Céte d’Azur, Inria, France. Correspondence: Frederic.Cazals@inria.fr



1 Introduction

1.1 Drug efflux: the example of AcrB

Resistance-nodulation-cell division (RND) transporters. The periplasm of gram negative bacteria
may be seen as a buffer zone helping manage cytotoxic substances. Such compounds, which are metabolic
wastes or substances entering via porins, should be expelled outside the cell. Of particular importance are
resistance-nodulation-cell division (RND) transporters, a superfamily of membrane transporters involved in
activities ranging from multidrug resistance to trafficking of lipids. As opposed to channels, transporters do
not open simultaneously both communication sides. A prototypical case in this superfamily, representative
of the HAE1 family, is the AcrA-AcrB-TolC transporter [I]. While AcrB is the inner membrane transporter,
TolC is the outer membrane channel, with AcrA the adaptor protein linking AcrB and TolC. The size of the
transporter and its amino-acids composition make it possible to transport a wide range of compounds. Im-
portantly, these transport mechanisms follow the concentration gradient, with the molecule expelled towards
the high concentration side. The process requires external energy to trigger the necessitated conformational
changes. In the case of AcrB, this energy comes from the proton motive force (PMF): in short, AcrB per-
forms a coupled transport, trading one proton flowing along the negative gradient from the periplasm into
the cytoplasm, against a substrate molecule transported from the cytoplasm/inner membrane to the outside
of the cell across the periplasm (via AcrA and TolC).

Structure of AcrB. AcrB is a trans-membrane trimeric protein whose monomer involves 1049 amino-
acids, which are usually decomposed into three domains (Fig. [I{Top right)) and 19 subdomains (SI Table
. AcrB was first crystallized in 2002 by Murakami’s team in a symmetric conformation [2]. This first
crystal structure did not involve any substrate, and yielded symmetric monomers. A monomer of AcrB
can be split into three main structural domains, which can also be divided into subdomains [2]. Within
the trimer, the AcrB monomers form three layers parallel to the plane of the membrane: the TM domains
shapes a ring in the inner membrane, while the porter and docking domains form membrane proximal and
distal (respectively) domains in the periplasm. We now briefly describe these domains more precisely.

The transmembrane domain (TMD) involves 12 a-helices and contains the proton relay site. It can be
split into two membrane insertions stretches (TM1-6 and TM7-12).

The porter domain (also named Pore domain, PD), located in the periplasm, is responsible for the drug
efflux. Tt comprises four topologically homologous subdomains (each consisting of two 3 — « — 8 sandwiches)
working in pairs: PC1 and PC2 sandwich the substrate entrance site which faces the periplasm, while PN1
and PN2 sandwich the exit site.

The Docking domain (DD) located in the periplasm, is the region where TolC docks itself to AcrB. It
decomposes into two subdomains denoted DD and DC.

We note that PD and DD together contains approximately half of the amino-acids of the protein. Finally,
we also note the presence of one alpha helix in the cytoplasm, denoted a-helix.

Mechanism. While the first crystal structure was substrate free [2], the notable event was the (almost
concomitant) release of crystal structures obtained with substrates (doxyrubicin or minocyclin) [3], [4]. Both
publications proposed a three state alternating site functional rotation mechanism, whence the metaphor of
a peristaltic pump. The two groups termed the three conformations of a monomer as Access (A) - Binding
(B) - Eztrusion (E) and Loose - Tight - Open respectively. In the sequel, we use the former terminology.

Only monomers in state B were crystallized with the drug, and the other states were inferred based
on structural comparisons in terms of IRMSD with state B. Structural studies of trimers suggest that all
combinations of state are not possible [5], and six states for trimers have been postulated (SI Fig. .

The analysis of crystal structures yielded a number of key insights. Briefly, the proton coupled efflux of
one substrate molecule runs through steps involving three states [2, 4} [6] [1} [7} [8]. The three monomers cycle
as (A,B,E) — (B,E,A) —» (E,A,B) — (A, B,E). This cycling is made possible by proton binding and
drug binding. As a prototypical scenario, consider that from [7]. A monomer binding a proton on the high



concentration side triggers conformational changes. This makes substrate binding possible, and the trimer
adopts the states (E (protonated), B, A). When B binds a second proton, the trimer changes to states (E’,
B’, A’). The conformational changes at play are such that the substrate is extruded from B’, and the protein
released from E’ towards the low concentration side. Getting back to the overall mechanism, it has been
noticed that the export across AcrB-AcrA-TolC is allosteric in nature [9], with structural changes in AcrB
triggering a repacking of AcrA (to avoid leakage in the periplasm), which in turns triggers a synchronized
opening of TolC.

However, several important steps are still under debate at the AcrB level. For example, since substrate
transport and power generation are coupled, the preeminence of the former over the latter is unclear [§]. It
is also unclear whether the protonation occurs in the B state or at a transition state between the B and E
states. Finally, structuralists first considered the drug unbound in state A [3|, but it was later shown as
being drug-size dependent [10].

Modeling. Selected aspects of the efflux mechanism have been studied via molecular dynamics (MD),
both coarse grain [11] and all atoms [I2] — up 3us of simulation time for the latter [I3]. See [7] for a survey.
However, this strategy faces two major difficulties. The first one is the size of the system which prevents the
discovery of large amplitude conformational changes. The second one is the protonation state, which is not
handled by classical force fields, and therefore requires manual intervention.

Beyond structural aspects, models were also developed to study energetics. In [7], by quantifying both
the entropic changes of the solvent and the enthalpic - entropic changes of the protomers, it is argued that
the functional rotation mechanism is only possible due to the trimer configuration. A model based on the
free energy landscape approach [I4] has also been proposed [§]. Using selected electrochemical potential
terms as well as assumptions on the cooperativity between the protomers, a sequence of elementary events
is proposed, so that overall, the efflux complies with the first and second laws of thermodynamics.

1.2 Contributions

As shown by our review of previous work, the understanding of the efflux by AcrB presents shadow zones,
with uncertainties on the preeminence of certain steps, the unclear role of subdomains in the coupling of
substrate transport and power generation, as well as assumptions on the cooperativity between subdomains
within and across monomers.

To partially bridge these gaps, this work develops a novel strategy based on two key ingredients which
are (i) to study dynamics by exploiting information embodied in the numerous crystal structures of AcrB
obtained to date, and (ii) to systematically consider subdomains, their dynamics, and their interactions.
More specifically, we set the following goals:

e Classifying states of unlabeled monomers. We ascertain whether monomers can be unambigu-
ously ascribed to a state denoted A or B or E, using the least root mean square deviation (IRMSD )
distance calculations based on C,, carbons. Likewise, we check whether any trimer can be ascribed to
a particular configuration of states, e.g. ABE or AAA.

e Assessing the significance of conformational changes for subdomains. To asses the dynamics
of the various regions in AcrB, we study the conformational changes of subdomains within states and
across states, on the basis of fluctuations observed in the crystal structures. This study is carried out
using asymmetric structures only, so as to have at our disposal the three states.

¢ Refining monomer states. To mine the existence of stable substates of states A, B, and E, we
refine the clustering analysis for whole monomers using the subdomains identified as dynamic, under
the so-called combined RMSD as distance measure.

e Identifying subdomains compatible with states ABE. We identify a minimal set of subdomains
consistent with the classification of monomers.



e Characterizing the evolution of interfaces between subdomains along state changes. In-
terfaces between subdomains provide insights on the cooperativity of the efflux mechanism, and also
hint at interfaces which might be targeted to block the eflux. We perform a thorough study of all
interfaces and their evolution between subdomains across states.

e Understanding the conformational changes of other RND proteins. Replicate the previous
analysis on RND proteins with known structures, to go beyond the case of AcrB.

From a methodological standpoint, we note that these analysis are in spirit analogous to the classification of
hemoglobin quaternary structures [I5], based on rigid superpositions of the « and 8 subunits, buried surface
areas at the dimer/dimer interface, and the analysis of cavities. Letting alone the system and the specific tools
used, the case of AcrB raises one novel difficulty though, namely the identification of relevant subdomains
to explain the overall mechanism, a demanding task due in particular to the presence of loops/linkers.

2 Material and methods

2.1 Crystallographic data

Structures for AcrB. We focus on a set of wild-type AcrB structures with median resolution 3.32 A(SI
Fig. @) We gathered in total 32 pdb files containing n‘éfr_n' = 23 asymmetric structures: 17 files containing
one trimer and 3 files containing two trimers (SI Table . Whence a total of nA%™ = 17%3 +3 %6 = 69
monomers in asymmetric structures. Out of these 69 monomers, 43 of them come with a state label (label
for short) A or B or E assigned by the authors (SI Table[5).

With a focus on state A, we also consider nS¥™: = 12 symmetric structures of AcrB (wild-type structures,
resolution better than 6A) (SI Table .

The asymmetric unit of each such crystal containing a single monomer, the final dataset comprises a

total of nTot: = 81 monomers.

mono.

Domains and subdomains for AcrB. We used the segmentation of a monomer into subdomains and
loops/linkers introduced in previous work [2] B, 4] — shortening subdomains of up to three a.a. to ensure
a minimal loop length of four a.a. Those loops were rendered consistent with secondary structure of AcrB
using pdb liwg [2]. This resulted in 8 subdomains and 11 loops (SI Tab. .

Structures for other RNDs. To extend our results to other RND protein, we gather structures of RND
having at least 5 different pdbs in order to have significant results. We gathered in total 6 pdb files containing
nAY™ — 6 for MexB (2 of them from cryo-EM), and 8 pdb files containing nSY™: = 8 for CusA (SI Table
).

Domains and subdomains for other RNDs. We tried to find in MexB (HAE1-RND) and CusA (HME-
RND) subdomains equivalent to those of AcrB. To this end, we used structural definition of AcrB on liwg
and searched for similar structural subdomains in 3kso [16] for CusA and in 3w9i [17] for MexB (SI Tab. [3).

2.2 Methods

In the following, we describe the methods used to investigate the goals introduced in section for AcrB,
using the its states A, B and E. All scripts were coded in python. In order to have a fully automatized
worflow, Biopython was used to select the wanted chains. Scipy python package was used for unsupervised
learning methods.



2.2.1 Classifying states of unlabeled monomers

Clustering structures. To classify states of unlabeled monomers within trimers, we resort to hierarchical
clustering of monomers. To compare two monomers, we use the classical least root mean square devia-
tion (IRMSD ), a global comparison based on C, carbons, and the recently introduced combined RMSD or
RMSDcomp. [18]. Given the decomposition of a structure into subdomains (SI Tab. 7 RMSDcomp. provides
a weighted average of the IRMSD observed between these subdomains (the weight being the size i.e. the num-
ber of a.a.), stressing the role of local similarities. Practically, we use the implementation from the Structural
Bioinformatics Library [I9]-https://sbl.inria.fr/doc/Molecular_distances_flexible-user-manual.
htmll

Given a structural distance (IRMSD or RMSDcomp.), consider the matrix whose off diagonal entries are
the n; x (n; — 1)/2 distances obtained for all pairs of nA%™ = 69 monomers.

We feed the resulting matrix to hierarchical clustering. A clustering run yields a dendogram, namely a
binary tree whose leaves are the individual monomers, with each internal node representing a merge between
two clusters. The height of the internal node is called the merge or fusion value. Two methods provided
equivalent performances: average linkage (AL), and Ward [20]. Practically, we present results with AL rather
than Ward in all but one case, since the fusion values are in distance units rather than squared distances
units.

A cut in this dendogram defines a partition of the input data into clusters. Practically, we use two types
of cuts: a topological cut (Defs. [I} and [3) and geometric cut (Section [2.2.3).

Propagating labels. The clusters obtained may be used to label unlabeled structures by propagating
known labels to unlabeled structures within a cluster. To this end, we define:

Definition. 1 (Valid clustering of asymmetric structures with IRMSD .) Consider a clustering of
the n2sym- monomers, obtained by cutting a dendogram based on the IRMSD .

Term a subtree anchored at an internal node of the dendogram homogeneous if all state labels of its labeled
leaves are identical i.e. are either A or B or E.

The clustering is termed valid with respect to a state provided that there exists an homogeneous subtree
of size nASY™- containing all monomers for that state.

A clustering valid w.r.t. to the three states is simply termed valid.

Note that in our case, nASY™ = 69/3 = 23. In practice, given a dendogram, we seek a cut so that

definition [I] applies. The method to find such a cut plainly consists of a postorder traversal of the binary
tree, as long as the subtree explored remains homogeneous.

2.2.2 Assessing the significance of conformational changes for subdomains

The crystal structures provide opportunities to understand which domains characterize the successive drug
efflux steps. On the other hand, in performing structural analysis based on molecular distances (IRMSD and
RMSDcomb. ), the precision on coordinates and the dynamics present in the crystal structures must be taken
into account. For the former, from Cruickshank’s formula [21],[22], the typical precision on atomic coordinates
at a resolution of say 2.5A lies in the range [0.2,0.4] A. For the latter, atomic oscillation amplitudes are
related to B factors by the formula B = 87242, Yet, in a typical crystal, B factors may be affected by
conformational disorder [23| 24]. For latter comparisons, we define the mean displacement for a set of
structures as the average value of @ obtained using all C', of the monomers in these structures. In practice,
we use a single mean displacement computed for all (symmetric, asymmetric) structures.

Consider a particular subdomain (say a loop, a TM region, etc), and the corresponding median IRMSD
computed either over all pairs of structures within a state (A or B or E), or from two states i.e. (A and B)
or (A and E) or (B and E).

To single out significant distance values on a subdomain basis, we compare the median IRMSD obtained
for a set of pairs (see below) against the average mean displacement per subdomain, computed for those
pairs. To cope with the three states A, B and E, we perform six comparisons for each subdomain:


https://sbl.inria.fr/doc/Molecular_distances_flexible-user-manual.html
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e one intra comparison for each state A, B, E. The pairs processed are all pairs for that subdomain for
the state considered.

e one inter comparison for each pair of states i.e. (A, B), (A, E), and (B, E). The pairs processed are
all pairs of subdomains for the two states considered.

A given comparison is termed positive provided that the median IRMSD value is larger than the average
mean displacement.

Definition. 2 (Static, dynamic, unstable subdomains.) For a particular subdomain, consider the
three intra state comparisons within individual states, and the three inter states comparisons. Considering
the number of positive comparisons, we define:

e (0/0) No positive comparison whatsoever: static subdomain.

e (0/ > 1) No positive intra comparison, and at least one positive inter comparison: dynamic subdo-
main.

e (>1/0) Positive intra comparison(s) but no positive inter comparison: irrelevant since not observed.

e (> 1/ > 1) Positive intra and inter comparison(s). A subdomain with at least one positive inter com-
parison, for which at least one of the associated intra comparison is negative: dynamic subdomain.
Otherwise: unstable subdomain.

2.2.3 Identifying subdomains compatible with states ABE

Assume that all monomers have been labeled (assigned a state) and clustered. We further our analysis by
identifying those subdomains with significant dynamics, which account for valid clusterings. In doing so, the
RMSD gets replaced by the RMSDcomp. to narrow down the focus on the subdomains selected. We define:

Definition. 3 (Valid clustering of asymmetric structures with RMSDgcompb..) Consider a clus-
tering of the n2sY™ monomers found in asymmetric structures, obtained by cutting a dendogram based on
RMSDcomp.- A homogeneous subtree is called maximal if it is homogeneous and if the subtree anchored at
its father node is not homogeneous.

The clustering is termed valid w.r.t. a state provided that the number of maximal homogeneous subtrees
for that state is equal to one or two, with the additional condition in the latter case that the smallest subtree
has at most two leaves. (A constraint meant to tolerate a number of outliers equal to 10%.)

A clustering valid w.r.t. to the three states is simply termed valid.

Note that in case a clustering is valid with respect one or two states (but not all three), the state(s) of
interest are listed.

Similarly to Def. [I] given a dendogram, we seek a cut so that the definition applies, based on a postorder
traversal of the binary tree.

2.2.4 Refining monomer states

As noticed above, we wish to single out those subdomains compatible with states. With a focus on a specific
subdomain, we process the n1%: monomers found in the asymmetric and symmetric structures.

We seek a valid clustering of these subdomains in two steps. First, we compute a dendogram using the
IRMSD, and find homogeneous subtrees as explained previously, based on a postorder traversal. Second,
we post-process these trees by cutting them into subtrees, in such a way that each subtree reported has the
following property: the height of its root (the value at which the merge occurs in the dendogram) is less

than the mean displacement.



2.2.5 Characterizing the evolution of interfaces between subdomains along state changes

To model contacts between two subdomains, we resort to the Voronoi based interface model, which defines an
interface between two subdomains from the Voronoi diagram of the atomic solvent accessible model [25] 26].
More precisely, the Voronoi model identifies pairs of atoms, one on each subdomain, which are either directly
in contact as their Voronoi cells are neighbor, or are contacting a common crystallographic water molecule.
(NDb: Given the resolution of the crystal structures available, solvent water molecules were not incorporated
for the calculation of the Voronoi models [25].) Consider two subdomains v and v. Practically, we distinguish
two cases, namely an intra monomer interface Iy (u,v) when u and v belong to the same monomer, and an
inter monomer interface I»(u,v) when u and v belong to different monomers. For short, these interfaces are
called intra and inter respectively. The number of atoms at such interfaces are denoted #atoms Iy(u,v) and
#atoms I (u, v) respectively.

This number of atoms is known to be a robust linear estimator for the interaction area—each atom
contributes 10 of buried surface area, which itself is a proxy for the stability of protein complexes [25] 26].
We also note that Voronoi models give a direct access to atomic packing properties [26], which are typically
defined by the volume of atomic Voronoi regions, or by the volume of the intersection between atomic balls
and their Voronoi regions [27]. As packing defects concern almost exclusively solvent exposed atoms [26],
our focus in the sequel is on interfaces.

Voronoi interfaces were computed using tools from the Structural Bioinformatics Library (SI Sec. [7.1).
We exploit Voronoi interfaces as follows:

Definition. 4 (Intramonomer characteristic interface.) Denote S the set of all monomers with a
prescribed state. (Practically, S € {A,B,E}, namely the sets of monomers associated with a state A, B or
E.) Let Ii (u € m,v € m) be the Voronoi interface between subdomains v and v in monomer m € S.

The interface between subdomains u and v is termed characteristic if it exists in a fraction > f1 of all
monomers in S.

We use f1 = 0.9 in this work. This threshold is used to not discard interfaces involving small subdomains,
in particular loops, may not be complete in the crystal structures. We proceed with:

Definition. 5 (Evolving interface for two subdomains within a state.) Consider a characteristic
interface I (u,v) for a set of monomers S. Consider the median of the number of atoms involved in all
instances of this interface:

meds (u,v) = median{#atoms I;(u € m,v € m),m € S}. (1)

The medians for states A, B and E are denoted ma = meda(u,v),mp = medg(u,v),mg = medg(u,v).
The interface is termed evolving across the three states provided that

max(ma,mp, mg) —min(ma, mpg, mg)

>c(=0.5 2
max(ma,mp, mg) = o ) 2)

We also study interface between subdomains belonging to different monomers — intermonomers interfaces.
In order to compute interfaces for symmetric state crystals, we reconstructed the trimer from the asymmetric
unit (a monomer).

Definition. 6 (Intermonomer characteristic interface.) Consider a pair of states (S,T) € D =
{(A,B),(A,E),(B,E),(A,A)}. Let (S, T) be the corresponding sets of monomers. An interface Is(u,v)
between two subdomains u and v is termed characteristic provided that it exits in a fraction > fo of all pairs
of such monomers.

Note that practically, the sets (S, 7)) are neighboring monomers in the trimers studied. Practically, we also
use fo = 0.9 in this work. We proceed with:



Definition. 7 (Evolving interface for two subdomains from two states.) Consider an intermonomer
characteristic interface for two subdomains u and v. The median of the number of atoms involved in all
instances of this interface is defined by

med(s, 1y (u, v) = median{#atoms Iy(u € m,v € n), (m,n) € S x T}. (3)

The medians for the four pairs of states are denoted map = meda, gy (u,v), mag = meda g)(u,v), mpg =
med(p,gy(u,v), maa = meda, a)(u,v). The interface is termed evolving provided that

max(map, MAg, MBE, MAA) —MIN(MAp, MAE, MBE, MAA)
max(mag, MAE, MBE, MAA)

> ¢(=0.2). (4)

Note that the interfaces (AB), (AE), (BE) correspond to asymmetric structures, with (AA) for symmetric
ones.

Remark 1 The previous methodology has been described for AcrB using its three states A, B and E. It
adapts mutatis mutandis to other RNDs, taking for granted (i) a structural alignment method used to cor-
respondences between subdomains. Practically, we use the Kpax aligner [28], and (ii) states equivalent to A,
B and E.

3 Results

3.1 Classifying states of unlabeled monomers

Using the notion of valid clustering (Def. , we wish to propagate known labels of monomers to unlabeled
monomers of the same cluster. Clustering all asymmetric AcrB monomers using the IRMSD indeed yields
clearly separated clusters corresponding to the states A, B and E, from which the labeling of the 26 unlabeled
monomers can be done unambiguously (Fig. |1, SI Table . All monomers being labeled, we note that the
nASY™: trimers are in state ABE.

To further this observation, we also clustered monomers using the IRMSD on the individual domains,
obtaining a correct result for the TM and porter domains, but erroneous for the docking domain (SI Table
@. This result is expected, as the docking domain is known to be stable (in terms of conformations rather
than interfaces) when the monomer changes states [4], this stability confusing the clustering algorithm.
Clusterings obtained using RMSDcomp. for the three domains rather than the IRMSD also yields a valid
clustering (Fig. [1} insert). Finally, in terms of IRMSD values, the clustering of A state is closer to B state,
the most dissimilar being the E state. Indeed, merge values between state A and B in the dendogram are at
2.22A and at 3.2A with E.

3.2 Assessing the significance of conformational changes for subdomains

We noted above that distances (IRMSD , RMSDcompb,) between two structures are affected by the crystal
resolution, and are partly reflected by the B factor values—section Using the relative values of distances
and mean-displacements, we defined static, dynamic and unstable subdomains (Def. .

The analysis of the corresponding scatter plot for all subdomains singles out five subdomains (Fig. [2)):

e a-Helix (37 a.a.). With 3 intra and 3 inter positive comparisons, and IRMSD values for inter and intra
comparisons which are comparable: a-Helix is unstable.

e TM (380 a.a.). With 0 intra and 3 inter positive comparisons: a dynamic subdomain, with changes
between any two states. The highest median IRMSD being associated to inter comparisons with E
state.



e Loop2 (6 a.a.). With 0 intra and 2 inter positive comparisons: Loop2 is dynamic. Moreover, since
the IRMSD is large (1.75A) for states (A, B), moderate (1.1A) for states (B, E), and small (0.9A) for
states (A, E), state B differs from states A and E.

e Loop8 (11 a.a.). With 2 intra and 3 inter positive comparisons, and a gap singled out by two inter
comparisons: Loop8 is also a dynamic subdomain. Note that median IRMSD associated to inter
comparisons containing state E are the highest of all (around 3.5A).

e Loopll (16 a.a.). One gets 1 intra and 2 inter positive comparisons, with a gap associated with the
intra comparison for state E. Median IRMSD for state E is very low (0.25A), it increases for state B
while staying stable (0.6A), on contrary state A is unstable (1.2A). Therefore, Loopll is a dynamic
subdomain as well.

We note that AcrB structures have classically been analyzed based upon PN1, PN2, PC1, PC2, DN and
DC subdomains (3] and Fig. [2)). Interestingly, these subdomains are not dynamic by our criterion, even
though their relative position may change.

Since RMSD values depend on size, and the size of subdomains varies drastically (TM is 380 a.a., which is
almost 4 times more than PN1 and 20 times more than any loop; SI Table, we carry out an analysis based
on regions of equivalent size. More precisely, we split this subdomains into helix and loops (12 TM helices
and 9 loops) and study the dynamics of these subdomains (median IRMSD above their mean displacement
just as before ( Tab. [I)).

Using the same criterion as above (Def. , this analysis singles out three novel structural elements:

e TM5 (18 a.a.) : With 0 intra and 2 inter positive comparisons, a dynamic subdomain.
e TMLoop3 (24 a.a.): With 0 intra and 1 inter positive comparison, a dynamic subdomain.

e TMLoop5 (47 a.a. comprising the a-Helix): 3 intra and 3 inter positive comparisons and no clear gap,
this subdomain is unstable.

The eight subdomains just identified are used in the subsequent analysis.

Remark 2 Since F617-loop was identified as a key element in the efflux mechanism [29], and is localized in
our PC1 subdomain, we tried to regenerate the cluster with this loop. Alas, the clusters were all erroneous.
This can be explained because the IRMSD of this loop is below its mean displacement, which is probably
because of its oscillatory movement [29].

3.3 Identifying subdomains compatible with states ABE

AcrB contains a large number of subdomains which vary in size and dynamics. We wish to identify those
which yield a classification consistent with that of whole monomers (Sec. . We have just identified 5
main subdomains and 3 TM subdomains. Using subsets of these subdomains, we replicate the clustering
analysis (Sec. , based on the notion of valid clustering (Def. . Analysis is reported in Table

We observe that TMLoop3, TMLoop5 and a-Helix yield an incorrect clustering (Table [2)). This is
expected for a-Helix and TMLoop5, as we have seen that it does not exhibit any structural coherence event
within states (all comparison inter - intra above the line y = z, Fig. [2). For TMLoop3, we note that the
dynamics are restricted to states A and E, and that the difference between the mean displacement and the
median IRMSD is small (Table [I).

For TM5, we observe that clustering with Loop8 Loop2 and Loopll yields a valid clustering for state
E only (last line in Table [2)) while clustering ( Loop8 Loop2 and Loopll) plus whole TM yields a valid
clustering (penultimate line, Table [2)).

We conclude by observing that four subdomains (Loop2, Loop8,Loopll, TM) are compatible with the
clustering of states (Table [2| Fig. . The same holds by taking into account (Loop2, Loop8, Loopll) and
TM separately (Table [2).



3.4 Refining monomer states

. . L L2 . . . . S . _ .
We replicate the previous analysis using all wild type monomers, including the n)¥r = 12 symmetric

structures. For the TM and porter domains, we perform two types of analysis (Fig. : first, by clustering
the structures using exactly one subdomain, using IRMSD ; second, by clustering the structures using
several subdomains, using RMSDcomp. - As previously, the clustering generates a dendogram. Two clusters
are defined as significantly different if their distance is above the mean displacement of the studied region
(IRMSD > @). The clusters are colored accordingly. For example, for the TM region, the clustering cutoff
used is equal to w = 1.

Consider for example the analysis of TM usmg TM.¢ and TM~_15 under RMSDcOmb (Fig. (4 l(Top row)).

rnr

The dendogram features six clusters denoted Ay, Moo, ,vaT Meorn? AT Mo s B, Mcomb’BT Mooy, 20d Epy
three of which refine state A and two of which refine state B. Note that these substates depend on which
regions of TM used to perform the clustering. The same six clusters are obtained for the Porter domain
(Fig. [ Bottom row)).

Finally, the same procedure applied to the docking domain does not provide any coherent clustering —
no further analysis was performed on this domain.

Remarkably, the clusters obtained for both types of analysis (using IRMSD and RMSD¢omp.) and both
domains are subsets of the clusters corresponding to the A, B, and E states. (NB: we omit outliers in the
process: two structures in 5 cases, and up to 7 structures (Loopl1, SI Fi in the worst case.) Moreover,
the clusters obtained with TM and Porter match one another, which allows to drop the dependence to the
domain itself and call these substates of states A and B respectively.

We also note that the clustering involving substates provides insights on the dynamics of the TM (SI Fig.
and Porter (SI Fig. domains. Indeed, clusters for the latter are clearly separated (and are formed at
higher merge values), while clusters for the former are mixed for state A. This owes to larger conformational
changes in the Porter domain.

Remark 3 Note that the difference in quality criterion of structures, such as Resolution or R-free, are not
significantly different between * and 7 clusters, while 7’ cluster is so (SI Fig. .

However, the number of Ramachandran outliers varies significantly across the three states. A coherent
location along the sequence of these outliers for the backbones of monomers corresponding to a substate
could account for the clustering obtained. We are not aware though, a any method assessing the drifting of
coordinates induced by such outliers.

3.5 Characterizing the evolution of interfaces between subdomains along state
changes

Intra-monomeric interactions. We characterize intra-monomeric interactions with Voronoi interfaces
between subdomains (ST Table (7] ' Fig. [5{Top)).

The number of interfaces varies across states: 57 in A state, 68 in B state and 74 in E state. Moreover,
state A is the only one with no unique interface, one interface is shared between A and B (I;(PN1, Loop4)),
two between A and E (I;(PC1, Loop2), I;(Loop2, Loop3)), twelve between B and E (Fig. [5{Top)), one is B
specific (I1(Loopl, Loop5)), and six are E specific (I1 (Loop8, PN1), I;(PC2,TM), I (Loop7, PC2),I, (Loopl1, LoopT),
I (Loop8, Looph), I (PC1, PC2)). With a focus on interfaces that change significantly, we note that 17 in-
terfaces change significantly according to Def. [5| (Fig. |5} top diagram, interfaces tagged as *interface*), and
7 of them differs by at least 30 atoms (Fig. |5, top diagram, interfaces tagged as interface).

We note that state E has the largest interfaces since 6 of the above mentioned increase in state E, as seen
with the following three cases: (i) PC1 and PC2 which only interact in E state (49 atom involved; Fig. [7));
(ii) Loop8 and PC1 which interact in all states, yet more prominently in state E (state A and state B: circa
19 atoms, state E: circa 49 atoms); (iii) TM-Loopll which interaction increases (state A: 30 atoms, state B:
42 atoms, state E: 63 atoms).
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Inter-monomeric interactions. We proceed similarly for inter-monomeric interactions (Table |8 Fig.
B Bottom)), with a focus on two classes of interfaces.

The first class relates to interfaces which are not found in every pair of states: Io(PC2, DC) (exists in
AB and AE; SI Fig. [14), I,(PN1, Loop3) (exists in AE, AB and AA).

The second class contains interfaces found for any pair of states, yet, exhibit a large size change when
moving from one pair of states to another pair of states. This class contains Io(PN2, PC2), I;(DC, PN1),
I, (DN, PN1), I, (PN2,PN1), I,(TM,TM), I,(PN1,PN1). As seen from interface sizes and their evolution
(SI Table , the loosest interface is between B and E and the tightest with A and B. For example, using
median values, the interface between PN2 and PN1 involves 80 atoms for AB and 58 for BE; the interface
between PN2 and PC2 involves 68 atoms for AB and 19 for BE.

3.6 Application of the workflow to other RND proteins

We used the same comparison and clustering method. Each RND protein is compared to AcrB’s clustering.

MexB. Within the RND superfamily, MexB is the most similar to AcrB. Our analysis focuses on the
(solely) six PDB structures available (30 monomers). Since sequences of AcrB and MexB differ, IRMSD
were computed using the Kpax aligner [28] from the SBL. Regarding subdomains, we used those found as
dynamic for AcrB.

We first build the dendogram of AcrB and MexB, based on the RMSDcomp. of domains. This dendogram
shows monomers of MexB incorporated to clusters of monomers of AcrB (Fig. [6] Top). Protein MexB
therefore exhibits three states which we denote M-A, M-B, and M-E. Yet, the correspondence with those of
AcrB is not direct as evidence by the proximity between groups of monomers in the dendogram. On the one
hand, the states M-B and M-E are structurally close to those of AcrB. This is not the case for M-A which
clustering-wise differs from all clusters (A, B, and E) from AcrB.

Having identified the 3 alleged ABE states of MexB, we build the graph comparing median IRMSD values
to mean displacement value only for subdomains with IRMSD above mean displacement value for at least
one inter-state comparison (Fig. @ Bottom left). The following differences can be noticed w.r.t. AcrB:

e The subdomain (Loop 1, 6, 7, 9, PN2, DN, DC) which are not dynamic for AcrB are so for MexB. The
subdomains which stand out are identical (Loop 2,8, 11, TM).

e The individual subdomains show variable behaviors. Loop 8, which is dynamic for AcrB (with the
highest inter-state (A-E) IRMSD ), is stable during the transition between state A and E for MexB.
TM is dynamic for AcrB and MexB, yet, with the highest IRMSD in between B-E and the lowest
between A-B in AcrB, and opposite behaviors for MexB.

Next, we computed the intramonomer interfaces of MexB’s subdomains (SI Table E[) We note that
generally speaking, the interfaces tend to be larger in MexB than AcrB; also, for significant interfaces of
AcrB, the size difference is less marked in MexB. Consider e.g. the interface between I;(Loop8, PC1): in
AcrB, one moves from 19 atoms in state A to 49 atoms in state E; in MexB, one moves from 41 atoms in
state A to 52 atoms in state E.

Finally, we performed inter and intra comparisons with respect to states A, B, E;, M-A, M-B and M-E.
In analyzing box plots low 'variability’ corresponds to a boxplot range smaller than O.75A(Fig. |§| Bottom).
We note:

e TM between AcrB and MexB, B and E are very similar, A not (median RMSD above 1A) (Fig. @
third row, right plot)

e Porter low variability but high IRMSD values (Fig. @, last row, right plot). The lowest IRMSD value
being between E and M-E and B and M-B.

We conclude that MexB’s B and E states are similar to their counterpart in AcrB. State A is different,
but the differences still have to be understood.
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CusA. While AcrB and MexB transport molecules, CusA transport metallic ions. The latter have the
same organization as the former two (trimeric pump). However, its efflux mechanism might differ due to the
nature and size of the entity transported.

For CusA (8 pdb files, 8 monomers), our clustering analysis hints at two states (SI Fig. , which we
call C-1 and C-2 since none of these matches a state from AcrB.

Other RND. Other trimeric RND protein have resolved structures, such as CmeB, ADEB or ZneA.
Unfortunately, the sample size is too small to draw conclusions from our results. Applying our workflow
to all those proteins together could have been a solution, but the required structural alignments (Rmk.
failed due to the absence of seeds for Kpax. Note however that geometric comparisons within a protein i.e.
when no alignment is required are still possible.) Overall, a lesser conformational diversity is observed for
the metallic ion transporters, and fewer states are also observed. These facts are likely related to the smaller
size of the substrates cargoed, yet, requires further investigations based on larger datasets.

4 Discussion

From a thermodynamic and kinetic standpoint, a mechanism is best understood in terms of meta-stable states
and transitions between them, possibly summarized in a Markov state model [30]. The shear difficulty to
model the efflux mechanism implemented by AcrB resides in the size of the molecular system, the interactions
between all molecular species at play (the monomers, the proton(s), the drug(s)), and the role of pH. This
complexity results in multiple time scales spanned, so that classical modeling methods based on molecular
dynamics and variants fall short from providing a satisfactory picture. To make a stride towards a finer
understanding of AcrB’s eflux mechanism, the perspective of this work is to deliver a detailed analysis based
on the multiple crystal structures available. The punchline of this methodology is actually twofold: first,
clustering large ensembles of monomers helps to identify groups of structurally coherent monomers, which
stimulate analysis in terms of states and substates; second, focusing of subdomains with significant structural
changes help understanding which regions of a molecule are at play in certain (sub-)states.
We now discuss our finding in this perspective.

4.1 Classifying states of unlabeled monomers

States for trimers. Previous work on AcrB trimers had partly sorted out the states of trimers for two
reasons. First, a number of monomers within trimers had not been assigned a state. Second, asymmetric
trimers (TTO/BBE, LTT/ABB, LLT/AAB had been postulated ([5] and SI Fig. among them two
asymmetric states ABB and AAB were actually crystallized after stabilization thanks to cross-linking [31].
Our clustering based analysis resolves both issues, as we could unambiguously assign a state to each monomer
and confirm that all asymmetric states in current wild type known crystal structures are ABE.

Conformational changes for domains. AcrB is known to have three main domains [2]: Transmembrane,
Porter and Docking. The conformational changes of these domains are not homogeneous. In fact, the docking
domain was described as stable, while the other two domains are mobile throughout the change of state |3}, [4].
We found that the porter domain undergoes more significant conformational change than the transmembrane
domain, since the IRMSD between the clusters is higher.

4.2 Assessing the significance of conformational changes for subdomains

The dynamics of biomolecules generally encompasses two complementary aspects: first, large amplitude
conformational changes—which may involve rigid bodies whose relative positions change; second, (local)
dynamics contributing to the entropic stabilization of meta-stable states. A fine description of these two
aspects is of course very hard, as dynamics span multiple time scales over which stabilization occurs [32].

12



Our analysis of conformational changes versus fluctuations in crystal structures targets this dichotomy.
We note in particular that we identify dynamic subdomains which differ from those classically used (PN1,
PN2, PC1, PC2, DN and DC [3]), whose relative position change while their intrinsic dynamics are not
significantly altered.

4.3 Refining monomer states

Our clustering analysis based upon symmetric + asymmetric structures identifies 5 novel substates (3 for
state A, 2 for state B). These findings rely structural differences present in the crystal structures, which
are significant w.r.t. thermal fluctuations. We noted that substate A’ is more similar to B’ than to A”.
Naturally, structural similarity does not entail kinetic proximity, as two meta-stable states on the potential
energy landscape may be separated by high energy barriers or a succession of moderate barriers. Also,
the connexion between structure and thermodynamics / kinetics is complex, as mildly different structures
in terms of backbone IRMSD may have very different thermodynamic and/or kinetic properties. Indeed,
meta-stable states assessed in structural terms (say based on IRMSD ) do not provide any direct information
on their statistical weights (thermodynamics), or on the transition rates between their basins (kinetics).
Nevertheless, we analyze the putative connexions between substates, ligands, and thermodynamics.

The structures of AcrB used in this study were obtained using various types of drugs / ligands, which may
be classified by size (doxorubicin, minocyclin: small < 550g/mol; erythromycin, rifampicin: large), and /or
by physico-chemical properties such as solubility with the octanol-water partition coefficient (puromycin,
minocyclin: high logP < 1.5; erythromyecin, rifampicin: low logP > 2.5). These molecules influence the
crystal structure in several respects.

In terms of structure and thermodynamics, the ligands typically stabilize transient states. In our case, similar
ligands can be found in substates A’ and A” (doxorubicin, minocyclin, erythromycin). As for substate A”’,
even if two of the drugs crystallized were used in A’ too (dequalinium and ethidium also used for 2gif and
2hrt), they weren’t found in the later crystals. All the drugs in substate A"’ were co-crystallized in a different
location (central funnel). It is interesting to note that, at that time, the hypothesis of the efflux was different
(from the central funnel).

As for kinetics, the binding / eflux mechanism may differ [33]. As already noticed [10], drugs with higher
molecular weight binds to A state before B state, while drugs with lower molecular weight bind to B state
directly (or binding to A state is transient and has not been seen yet).

The substates identified also show that structures should be used with care when it comes to selecting
states/conformations to launch simulations, as the starting point may bias the outcome. For example,

computational studies tried to resolve protonation state of E monomer, but no agreement was found between
[34] (used 2dhh, state A”) and [35] (used 4dx5, state A’).

Experimental conditions. Finally, we note that the crystallographers used different crystallization condi-
tions and strategies: various buffer with different pH (4.6 to 8) which may alter the electrostatic interactions,
different temperatures which may alter thermodynamics and kinetics, the use of crystallization helper pro-
teins (DARpins) which may yield artifacts / non native conformations. This was already noted by Eicher
et al. as a possible reason of structural differences between their structure and the structures obtained by
another group [36]. Most structures were obtained by molecular replacement (except for liwg and [2dr6,
2dhh, 2drd|, the later being obtained partially with molecular replacement [3] [2]). The correlation between
the molecular replacement history and the clusters is complex, with ancestry in some cases but not all of
them (SI Fig. [I2). Also, the use of DARpins does not correlate with clusters.

4.4 Identifying subdomains compatible with states ABE

Understanding a mechanism benefits from the identification of subdomains which behave coherently within
states and/or which change coherently across states. Because the subsets of subdomains are unknown a
priori, in this work, we have systematically inspected all possible subsets.
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Our analysis of subdomains in terms of dynamics singled out 4 subdomains (Fig. [2): Loop2, Loop8,
Loopll, TM, and a-helix. Remarkably, all these subdomains but alpha-helix, when clustered using RMSD comp.
yield a correct clustering of states (Table . (We note that using RMSD¢omp. is mandatory here to account
for the size variation of these subdomains.) The dynamics of several subdomains (PC1, PC2, and to a lesser
extent loop F617) in terms of translocations were underlined by previous studies [29]. We note in this study
that these dynamics do not correlate with the three states — they yield non coherent clusterings. This is in
stark contrast with loops loop2, loop8, and loopll whose clusterings are coherent with the three states.

4.5 Characterizing the evolution of interfaces between subdomains along state
changes.

The interface area between two proteins interacting non-covalently typically lies in the range 1500 - 4000
A? [26]. (Note that interaction area refers here to the buried surface area, that is the surface area of
the two molecules represented in the solvent accessible model, which get buried upon complex formation.)
Remarkably, a robust statistic is that all interface atoms contribute on average ~ 10 A? to this interface [25].
The situation is different for protein - drug interactions, where the smaller molecular weight of the latter
yields interface areas on the protein side in the range 300 - 1000 A2 [37]. In light of these values, interfaces
(within a monomer, in-between monomers) featuring a change of at least 30 atoms theoretically stands a
chance to be of interest to modulate the interaction / the mechanism. As a complementary statistic stressing
relative rather than absolute measures, we also inspect those interfaces satisfying a significant relative change,
as specified by Egs. within a monomer) and across 1monormers).

Our results show that a wide variety of interfaces could be targeted.

On the one hand, using Eq. 17 intra-monomer interfaces change significantly of size throughout the
change of state. We noticed that one of these interfaces I (Loop3, PC1), is involved in the binding of P9D,
an inhibitor co-crystallized with AcrB [I7], via a phenylalanine enriched groove between Loop3 and PCI.
Out of 17 interfaces, 7 of them exhibit a change of more than 30 atoms when the state changes (SI Table .

The interfaces I (Loop8, PC1) and I (Loop9, PC1), which are located in the middle of the drug binding
pocket, exist in all states, yet with a varying size. Of particular interest is the interaction of I; (DC, PN1):
it also satisfies both selection criteria, and exhibits a large size change (state A: 50 atoms; state E: 7 atoms);
yet, DC and PN1 are stable subdomains (Fig. . More generally, several of our interfaces are located in the
drug binding pocket, and could therefore be targeted by inhibitors.

On the other hand we have the inter-monomer interfaces for which two of them increase of more than
30 atoms. The first one, Io(PN1, PN1), does not seem easily accessible, as it is buried in the center of the
trimer, The second one, Is(PN2, PC2), is of interest (SI Fig. . The inhibitor targeting this interface could
bind while a BE interface would occur, since it is at its smallest. Because the interface would not be able to
get back to its AB or AE size, both monomers could be blocked in those states. And if as hypothesized in
the literature there could be only one E monomer in a trimer, the efflux would be stopped.

4.6 Refined mechanism

For more readability, the dynamic will be explained per monomer, starting with the Access conformation.
All the subdomains or the region of interest described here can be found in Fig[2] The description here
is summarized in Fig. [7] Four regions are of special interest to study these transitions: Loop2 and Loop8
(located at the entrance of the binding pockets), Loopll (contacting TM), and TM. Our analysis sheds new
light on the changes of these regions.

Resting— Access state. The resting protein is the Access conformation. The recognition of substrates
happens at an affinity site, the access pocket , or the vestibule depending on whether the ligand comes from
the periplasm or arrives from the membrane (in the TMD between TM1 and 2). As previously reported, the
protein has a really loose state [4]. It was described as not being constrained by its neighboring monomers.
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Our analysis confirms this finding, and strengthens it since we also note that this state minimizes the number
of interfaces between subdomains within a monomer (44 compared to 52 and 54).

Transition Access — Bound state. Loop2 is dynamic and undergoes its largest conformational change
during this transition, and the dynamics of this loop is inherent to the switch from A to B state. In fact for
Loop2, the clustering shows that state A is closer to state E than state B: IRMSD A to E: 0.9 A, IRMSD A to
B: of 1.75A— data not shown. The movement of this Loop characterizes state B, and this movement is easily
explained taking into account the other subdomains and the drug. While a movement of its neighboring
subdomains might cause the dynamics, interaction with the drug is likely involved (2 of the 6 amino-acids
of that loop are part of the distal pocket (DP), Table . Loop8, which contains T676-loop described in
the literature, is also involved in the transition from A to B. The T676-loop regulates the access to the
access pocket (AP)[38], which is really important for substrate transport. Some keys amino-acids have been
identified in the interaction with the drug by molecular dynamics. These amino-acids are also said to be
involved in the opening and closure of the PC domains. This is made possible by the oscillatory movement
of Loop8 between the A and B states [38]. At the same time, Loopll is starting its coil to helix transition,
which stabilizes this subdomain.

Concerning TM, IRMSD yields correct clusters for all states (Table . Structures in the E state stand
further apart in the clustering, which is coherent with the conformational changes associated to the protona-
tion between states B and E. However, our analysis also shows that a significant change also occurs between
states A and B. The fact that this split is not visible upon splitting TM into its constitutive helices (Table
2)) show that this change is rather global.

The proton relay site gets protonated because the region within the TM domain is continuously hydrated.
Fischer and Kandt identified possible routes of proton transfer [39]. In state A, three possible routes from
the periplasm to the TM part are open. In state B, while these routes are still open, the access to the
cytoplasm opens. On the contrary, in state E, all these routes are closed. These openings and closures are
triggered by the aforementioned conformational changes.

The movements just discussed for Loop2, Loopll — but also TM as shown below, result in an increasing
number of intra interfaces: state A: 44, state B: 52.

Entrance— Bound state. Different recognition mechanisms have been proposed for high vs. low molecular
mass compounds [I0], with small ligands binding directly to the deep (or distal) pockets, and large ligands
binding to the proximal binding pocket in A state. We note that preeminence of the binding versus the
conformational change has remained elusive, a fact which might hint at a conformation selection mechanism.
The DP opens to accommodate the drug, as seen from the size decrease of 6 interfaces (SI Table @, which
mostly involve major porter domain subdomains (PC1, PN1 and PN2). It is interesting to note that state B
was described as the ‘tightest’ state [4]. But this ’tightness’ was described for intermonomeric interfaces. The
tight packing with neighboring monomers is consistent with the loose internal state of the DP. Concomitantly,
Loopl1 start to close the entrance to the AP with it’s coil to helix conformational change.

Transition Bound — Exit state. The transition from B to E is believed to be the energy-requiring one,
with the active efflux of the substrate towards upper domain (the so-called funnel), through a putative exit
gate. The energy comes from the proton motrice force, and key amino acids have been identified: Asp407,
Asp408 (both in TM4, central), Thr978 (TM11) and Lys940 (TM10 central). It has been speculated [39)
that proton uptake occurs in between states A and B, or in between states B and E, and that proton release
occurs between states E and A. Proton binding to protomer leads to a decrease in free energy, thus changing
to a new more stable conformation [§]. We now discuss the protonation mechanism and the associated

conformational changes. Our analysis shows that the largest conformational changes of TM occur in state
E (median IRMSD values higher for inter state comparisons associated to state E, see section [3.2]).

Loop8 changes are linked to the closure of the drug binding pocket and its entrance. Indeed, this
movement is characteristic from state E. The clustering with Loop8 is only correct for state E, Table
also, the IRMSD associated to inter comparisons containing state E is the largest one (Fig. . Loop8 being
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connected to PC1 and PC2, its conformational changes are also involved in the creation of the interface PC1
and PC2. This compression is responsible for the closure of the entrance to the pocket, and the ejection of
the drug up/out of the monomer.

The conformational changes in TM propagate to the porter domain with Loopll directly connected to
the TM domain and Loop8. Subdomains such as PC1 and PC2 do not undergo conformational changes
themselves (IRMSD less than the subdomains’ mean displacement, Fig. , and their tighter interactions
owes to the movements of the connected loops.

Exit. The compression of the structure is also seen from the analysis of the 54 intra interfaces in state E,
as new interfaces appear ( Loop7-PC2, Loopll-Loop7, PC1-PC2) and existing ones get enlarged (Loopll-
Loop8, Loopl1l-TM). The gate towards the funnel (2 amino-acids in loop motifs allowing the opening and
closure of a door exiting AcrB, Q124 and Y758) opens and the substrate is released. The opening of the
gate in the E conformation is also said to be oscillatory.

Transition Exit — Access state. Upon substrate release, the proton will be freed to the cytosol; confor-
mation E returns to A, thus restarting the cycle.

Our analysis for Loopll shows that state A crystals cannot be put in one cluster using this loop (Table
. The conformational diversity in that state is not observed for states B and E, with cluster getting formed
at thresholds IRMSD of 1.17A and IRMSD of 0.5A respectively (SI Fig. . This loop therefore goes from
very constrained one in state E to a very loose one in state A.

The dynamics of Loop2, Loopll and TM described till now result in a global decrease of intra interfaces
from state E, 54, to A, 44.

4.7 Understanding the conformational changes of other RND proteins

Studying the mechanism of RND proteins is a challenge because of the size of the system, the need of energy
from the proton gradient, and the membrane. As a matter of fact, most of the studies about the efflux
mechanism are on one model, AcrB. Here, we tried to further the application to other RND proteins. The
structural difference of the non-transmembrane part of the proteins confined us to the RND family.

Applying AcrB’s workflow to MexB succeeded, a fact which we ascribe to the decent number of structures
and the high sequence identity (70%). Previous work reported the similarity between states B and E of AcrB,
and M-B and M-E of MexB, and differences between states A and M-A [40, [I7, 41} [42]. A noticeable difference
is the dynamics of Loopll which has already completed its coil-to-helix transformation in state B in MexB.

Our work allowed us to quantify the differences between the two, which mainly resides in MexB’s state
A, M-A; also M-A is almost as constrained as state M-E in the Porter domain. Interestingly, the dynamic
subdomains remain mainly the same as AcrB, also hinting at kinetic differences.

Note that no state M-A with a drug bound was resolved. It would be interesting to check whether drugs
binding in state A could bind to state M-A. If we presume that changes in the TM domain are due to the
protonation, the IRMSD value and fusion values of the clusters could suggest that either the kinetics of the
protonation differ, or the number of protons differs (this number is still under debate even for AcrB).

As for CusA, only symmetric structures were resolved, yielding two states via our analysis. Each cluster
is characterized by different ligand(s) (monovalent ion; bivalent ion or no ion). These clusters might be due
to kinetic differences due to a difference in size of the ligand.

5 Outlook

The coupled transport performed by AcrB and more generally RND transporters is a complex mechanism
involving large amplitude conformational changes, as well a complex energetics. While previous modeling
work has essentially explored two veins, namely the analysis of selected events occurring on short time
scales using molecular simulation, and the design of thermodynamic models, our work introduces a third
tier aiming at unveiling global dynamics based on static structures. More specifically, given a set of crystal
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structures containing the different states of the system scrutinized, we undertake a systematic study of
dynamics of subdomains, and also of interactions between subdomains. The method relies on the ability to
cluster conformations, based on global RMSD or the combined RMSD applied to suitable sets of subdomains.
Because the sets of coherent subdomains are unknown a priori, our method systematically inspects them all.
(We note in passing that the clustering may be semi-supervised or unsupervised, this study falling in the
first tier since we use labels for selected monomers. ) The method is general enough to encompass the case
of homologous proteins, provided one can identify common subdomains via alignments.

The comparison of structures can be considered as standard for simple systems, in particular two
biomolecules forming a binary complex—one compares the unbound structures to the bound ones. Geo-
metric criteria have also shown useful to classify quaternary structures of hemoglobin, for which all four
subunits are known to be relevant. Our work goes beyond by considering a large ensemble of structures for
which the role of subdomains but also loops/linkers is unclear in the first place, when a systematic analysis at
the subdomain level. We also note that our grouping strategy is analogous in spirit to the design of Markov
state models from molecular dynamics simulations. States in Markov state models indeed group together
coherent conformations.

The systematic character of our analysis holds promises in several directions.

From the structural standpoint, the ability to identify dynamic domains, or domains whose relative
positions change at a specific step of a complex mechanism makes it possible to launch dynamic explorations
(based on molecular dynamics or Monte Carlo methods) focusing on those degrees of freedom (typically
dihedral angles) relevant to that step.

From the thermodynamic standpoint, we noticed in our review of previous work that the models developed
were hinging on hypothesis regarding particular interactions between subdomains. Our systematic analysis
of such interactions paves the way towards enhanced such models.

From the application standpoint, the exhaustive study of interfaces between subdomains offers a putative
list of interfaces to be targeted by drugs or peptides to alter the mechanism. For the case of AcrB, this
targeting would aim at blocking the cycle of alternating states A — B — E — A. Last but not least,

we also believe that our systematic approach is a first step towards the development of mechanistic models
explaining complex mechanisms. In physics, Newton’s cradle is a simple example of a system which can
be modeled as a graph whose vertices represent the elementary parts—the beads, and whose edges represent
certain interactions between these parts at certain moments in time. A complex molecular machine could be
modeled in a similar way, with vertices representing subdomains and edges interactions between them—e.g.
evidenced by interfaces. Our systematic analysis makes it possible to create such graphs, and we anticipate
that in a near future, several molecular machines, for which there exist significant databases of structures,
will be analyzed this way. Examples of high interest include transporters such as AcrB, but also fusion
proteins, polymerases, or the nuclear pore complex, to name a few.
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Figure 1: (Top left) Side and top views of the AcrB trimer (Top right) Topology of AcrB: sub-
domains defined from the sequence. Nodes represent subdomains—in parenthesis the number of a.a.,
and arc coil regions. Green regions are dynamics, as identified by our analysisfsection (Bottom) Clus-
tering the nASY™- asymmetric AcrB monomers using the IRMSD : clearly separated clusters
allow labeling the 26 unlabeled monomers from labeled ones. Hierarchical clustering with Average
linkage was used. Main panel IRMSD ; inset RMSD¢omp. with three domains (TM, porter, docking). A leaf
of the tree reads as follows: sE_3w9h C: state E, PDB id 3w9h, chain id in PDB file C. Known labels are
found in the same cluster: sE (green cluster), sA (red cluster), sB (cyan cluster). These labels allow labeling

the remaining unlabeled structures. Note that RMSDcomp. yields fusion values significantly lower than those
with IRMSD .
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Figure 2: (Top) The 19 subdomains in a monomer of AcrB (Bottom) Comparing the mean
displacement in crystal asymmetric structures against the median IRMSD of subdomains for
different states and transitions identifies 5 dynamic/unstable subdomains (Def. [2)-red boxes.
Comparisons of monomers ascribed to the same state A: red, B: blue, E: yellow; Comparisons
of monomers ascribed to different states: A to E: orange, A to B: purple, B to E: green. The mean
displacement is defined as < u >, with B = 872u?.

identifies mobile subdomains.

Mean displacement (A)
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Subdomain | Mean displacement (A) [ Median IRMSD (A) [ Compared state
TM5 1 1.204 State A - E
1.188 State B - E
TMLoop3 1.08 1.217 A-E
TMLoopb 1.11 1.54 A-A
1.633 A-B
1.96 A-E
1.337 B-B
1.495 B-E
1.447 E-E

Table 1: Mean displacement in the crystal structures and median IRMSD of selected Trans-
membrane subdomains comparing different states. Only the subdomains whose median IRMSD is
higher than the mean displacement are reported here.

RMSDc of distance matrix with average linkage

Figure 3: Clustering the AcrB asymmetric monomers restricted to subdomains (Loop2, Loop8,
Loopll, TM, a-helix) (section [4.4) with RMSDcomb. yields three clusters corresponding to
the A/B/E states. Green: cluster E, Cyan: cluster B, Red: cluster A.
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Table 2: Clustering selected subdomains of AcrB under RMSDcomb. versus the A, B, E states:
Loop2, Loop8, Loopll, TM yield compatible clusterings. A clustering yielding three clusters cor-
responding to the A/B/E states is plainly labeled C for Correct — X for incorrect; a clustering segregating
state S only is denoted C(S). Note that TM5, TMLoop3 and TMLoop5 are Transmembrane subdomains,
while the other subdomains are in the porter domain. Lines in bold are commented in the main text.
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Figure 4: AcrB: states A, B and E and the associated six substates for all (symmetric + non-
symmetric) structures. (Left panels: dendograms) (Right panels: substates and subdomains)
Schematic representation of clusters from the dendogram, with columns for substates and lines for clustering
conditions. (Top row) Using TM and selected subdomains. (Bottom row) Using Porter and selected
subdomains. Since the groups of structures obtained from both analysis are identical, we drop the dependency
to the subdomains and simply refer to the five substates as A/, AN, A" and B/7 B". See Section i

Figs. [T0] and
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Figure 5: AcrB: Evolution of interfaces between subdomains within a monomer and across
monomers. (Top: interfaces within a monomer.) Conventions used to tag an interface uses two
criteria: *interface*: criterion from Eq. ; interface: interface size differs by at least 30 atoms. (Bottom:
Interfaces between two monomers.) Interfaces listed within the inner circle are found in the three pairs of
interfaces i.e. AB, AE and BE. Interfaces listed along a radius are found in the two states apart from that
radius. The interface PN1-Loop3 pertains to symmetric structures only. Tagging an interface name uses two
criteria: *interface™: criterion from Eq. @ interface: interface sizes differ by at least 30 atoms across two
conditions.
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Figure 6: Analysis of MexB’s states. (First row) Clustering with RMSDcomp. for AcrB and
MexB. RMSD was computed on domains (TM, Porter, Docking) (Second row, left) Characterization
of dynamic subdomains of MexB. Mean square displacement in crystal asymmetric structures versus
median IRMSD. (Second row, right) States of AcrB versus states of MexB. On a per state basis,
boxplot of IRMSD values (A) for pairs of domains from AcrB and MexB. Top: Porter Domain; bottom: TM

Domain. See Section@
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e recognition of substrates at affin-
ity site

e loose state with least internal in-
terfaces between subdomains

o 3 identified substates adopted by
subdomains in a monomer

e TM : small global change (deprotonation)

e Loop 2

® Logp 11: helix to coil
reopening of the entrance

® Loop 8

e Loop 2 dynamic (++)
Z» o interface, thus mobile subdomain
e Loop 11 start to change to helix

e TM : small global changes
Decompression of PC1 and PC2

(-> reopening of drug binding pocket]
and its entrance)

e A — B due to drug accommodation
e Reduction of interfaces between main

B” B porter subdomains
e Opening of drug binding pocket
(DBP)
e TM: small global change (protona- e 2 identified substates adopted by sub-
tion) domains

e Loop2

e Loop 11: helix -> closure of the en-
trance

e Loop 8

= Compression of PC1 and PC2
triggers the closure of drug binding
pocket

Figure 7: Positioning of the main events unveiled in this work with respect to the (A,B,E)
cycle. Our analysis singles out two types of events: the dynamic behavior of a subdomain (within a state,
in-between two states), and the evolution of interfaces between two subdomains (within a monomer, across
monomers). Dynamic subdomains between each state are in bullet list. Deduced effect on structure are
written next to the subdomains. Loop 11 undergoes a coil to helix conformational change, which contribute
to the closing of the entrance to the drug binding pocket. Illustrations: relative movement of PC1 and PC2
due to Loop8. and definition of the interface I (PC1, PC2). Starting from state A, both subdomains get
further apart in state B before colliding in E state. The median values for the number of interface atoms
are: state A: 0, state B: 0, state E: 49.
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7 Supporting information

7.1 Software tools

The following software tools from the Structural Bioinformatics Library were used [19]:

e Molecular distances measures (IRMSD , RMSD¢omp. ) [18]: https://sbl.inria.fr/doc/Molecular_
distances_flexible-user-manual.html

e Voronoi interfaces [43}[19]: https://sbl.inria.fr/doc/Space_filling_model_interface_finder-user-manual.
html and https://sbl.inria.fr/doc/Space_filling model_interface-user-manual.htmll

7.2 Structure: overview

Domains | Subdomains Amino-acids Size Key residues reported in [44]
™ ™ 1-28 331-494 540-558 876-1044 | 380 127, K334, 1337, H338, V341, D407, D408, K940
Loop6 495-502 8 None
aHelix 503-539 37 None
Porter PN1 43131 89 S46, 579, T91, Q89, QI124, QI25, 5128, E130)
Loopl 29-42 14 None
Loop2 132-137 6 S134, S135, F136
PN2 138-177 279-325 87 Q176, L177, G290, K292
Loop3 178-182 5 F178, S180
Loop4 272-278 7 E273, N274, D276, 1277
Loop5 326-330 5 Y327
Loop7 559-572 14 D566
PC1 573-668 96 | M573, M575, Q577, F610, V612, F615, F617, R620, F617, T624, F628, M662, F664, F666, N667, L668
Loop8 669-679 11 P669, V672, E673, L674, T676
PC2 680-717 816-859 82 D681, R717, E826, L828, S836, E842
Loop9 718-725 8 N719
Loop10 812-815 4 None
Loopll 860-875 16 1868, Q872
Docking DN 183-271 89 None
DC 726-811 86 Y758

Table 3: Description of used subdomains for AcrB. The subdomains in bold are the one found as being
responsible for conformational change.
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Figure 8: Mechanism for the trimer (Adapted from [5]) Schematic representation of the AcrB alternating
site functional rotation transport mechanism extended by postulated intermediate steps. The conformational
states loose (L), tight (T), and open (O) are colored blue, yellow and red, respectively. The lateral grooves
in the L and T monomer indicate the substrate binding sites. The different geometric forms reflect low
(triangle), high (rectangle), or no (circle) binding affinity for the transported substrates. Both states LTO
at the far left and far right are identical.

32



7.3 Structural data used

PDB quality distribution

16 |

14 -

12 4

10

count

0 1 2 3 4 5 6
Resolution (A)

Figure 9: Distribution of resolution of AcrB’s pdb. Median resolution is 3.32A. See Table @
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Protein | Symmetry | article | pdb | Xtal or EM | Wild or mutate State Resolution (A)
2dhh xtal wild ABE 2.8
B | 2dwd xtal wild ABE 3.1
2dr6 xtal wild ABE 3.3
Al 2gif xtal wild ABE 2.9
2hrt xtal wild ABE (x2) 3
BE] | 28s xtal wild ABE 25
6] 3noc xtal wild ABE 2.7
3nog xtal wild ABE 3.34
3aoa xtal wild ABE 3.35
Asymmetric 10| 3aob xtal wild ABE 3.35
3aoc xtal wild ABE 3.35
3aod xtal wild ABE 3.3
I36] 4dx5h xtal wild ABE 1.9
4dx7 xtal wild ABE 2.25
I | 3woh xtal wild ABE 3.05
4zit xtal wild ABE (x2 3.296
AcrB S xtal wild ABE Eng 3.47
[48] | 5jmn xtal wild ABE 2.5
o] 5066 EM wild ABE 5.9
oncH EM wild ABE 3.2
loy6 xtal wild A 3.68
loy8 xtal wild A 3.63
[49] loy9 xtal wild A 3.8
loyd xtal wild A 3.8
loye xtal wild A 3.48
g i [50] 4k7q xtal wild A 3.5
ymmete e T Tiwg xtal wild A 35
I | 2rdd xtal wild A 35
B2 | 26w xtal wild A 3.1
[53] 3d9b xtal wild A 3.42
5] dedi xtal wild A 3.7
4c48 xtal wild A 3.3
E0] | 2v50 xtal wild ABE 3
7] 3w9i xtal wild ABE(x2) 2.79
MexB | Asymmetric 3w9j xtal wild ABE(x2) 3.15
] | 6ia xtal wild ABE 2.01
&) 6iol EM wild ABE 3.76
6iok EM wild ABE 3.64
3kO0i xtal wild A 4.116
I16)] 3k07 xtal wild A 3.521
3kso xtal wild A 4.367
. 3kss xtal wild A 3.88
CusA | Symmetric | —per—— xtal wild A 2.898
3t53 xtal wild A 3.37
I56] | 3t51 xtal wild A 3.9
3t56 xtal wild A 3.42
. 4k0e xtal wild ABE 3.713
ZmeA | Asymmetric | [57] . xtal wild ABE(x2) 3

Table 4: Crystal structures used in this study.
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7.4 Results — Classifying states of unlabeled monomers

A monomers | B monomers | E monomers
2dhh C 2dhh A 2dhh B
2drd C 2drd A 2drd B
2dr6 C 2dr6 A 2dr6 B
3aoa C 3aob A 3aob B
aod C 3aod A 3aoc B
3aob C 3aoa A 3a0a B
3aoc C 3aoc A 3aod B
4dx5 A 2hrt E 2hrt F
4dx7 A 2hrt B 2hrt C
3noc A 2gif B 2gif C
5nch A 4zit B 4zjl F
2j8s A 4zjl B 4zjl C
3w9h A 4zit E 4zit F
2hrt D 4zjl E 4zit C
2hrt A 4dx5 B 2j8s C
2gif A 4dx7 B 3noc C
4zjl D 5nc5 B 4dx5 C
4zjl A 2j8s B 4dx7 C
47it A 5jmn B 5jmn C
4zit D 3noc B 5nch C
5066 J 3w9h B 3w9h C
3nog A 5066 K 5066 L
5jmn A 3nog B 3nog C

Table 5: Conformations of trimers in asymmetric structures. The structures are those described in
Table [dl Each entry features the pdbid followed by the label of a chain. Bold labels for chains indicate that
the corresponding state (A, B, E) has been annotated by the authors of the crystal structure.

average

Irmsd monomer
rmsdc monomer
rmsdc monomer withLoops
Irmsd Docking
Irmsd Porter
Irmsd TM
rmsdc subdomain
rmsdc subdomain nodock
rmsdc subdomain withLoops

QOO QO QA

Table 6: Clusterings attempted: correct (C) and erroneous (X). See Def. |1} For cluster’s correctness
written like C(X), the cluster is able to segregate one state against the other two. Interesting clusters, such
as erroneous but might still give information are written in bold.
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3.03

2.5 A

2.04

154

.16

.45

1.04

0.5

A

S5 A —2rdd

(A) Porter IRMSD

IRMSD of distance matrix with average linkage

SR

3.6
3.5 -

3.0

(C) Loop8 IRMSD

Figure 11: Clustering including symmetric structures:

<A
id-A

SA3noc A

G
SA—3n05A

A 2j8:

sS_SA

A'+B'

37

RMSDc

IRMSD

RMSDc of distance matrix with average linkage

o P R M AR ; O RPN
ESE TISSRRSIRSEeEEEee
DO
E B B’
Y
(B) Loop8 Loop2 Loopll RMSDcomb.
IRMSD of distance matrix with average linkage
2.04
2.00 4
.79
1.75 A
1.50 A
34
1.25 A
.12
1.00 A
0.75 -
0.50 4
0.25 4

A

(D) Loop2 IRMSD

sB_3a0C A
$5_SA_ 2rdd_A

using Porter and its subdomains.



7.5 Results — Refining monomer states

| 2rdd

ord6” 3aoa”
T “rao 3aob” .
L 2dhh’ 3a0c* bjmn 7
— 2dI‘dv 3a0d*
) —— loy8 3w9h
liwg T 1oyd
— 1loy6 ——(1t9x)7 3d9b
—- loy9
—- loye
—— 4k7q
o 3noc
— 2j8s |:3n0g*
— 4dx7
— 2hrt I
liwg *—2gif - _ijﬁ _ 2035*
— —— 4cdi
— 471" L 4c48

Figure 12: Filiation of AcrB crystal structures starting from liwg. For two structures linked by
an edge, the structure on the right was obtained by molecular replacement from the structure on the left.
PDB names with top right red asterics are asymmetric structures. The structure in parenthesis is a mutant.
Structures in colored squares are the one in the corresponding clusters of Fig. [I0]B for state A. Structure
liwg’ is a model built from liwg used in [4] and unpublished in the PDB.

38



Resolution for each subcluster of A

7 n.s.
[ wk |
ik
1
67 o
c 54
=
=
2
[=]
4
[
3
o
2
T T T
A A A
n=7 n=7 n=16
Ramashandran outlayers for each subcluster of A
Fkk
‘ EX T3
251 X%
n 20
4
1)
>
©
=
3
2154
o
5
=
@
% 10
[+
E
o
-4
54 o
N =
T T T
A A e
n=7 n=7 n=16
Side chain outlayers for each subcluster of A
EEES
35 4 I ns Ed
30 o
n 25
g
3 —_
5 20
o
c
‘g o
S 154
L5
o
n
10 A l
5
0

Figure 13: Comparison of pdb quality scores. Mann-Whitney test were performed to
Size of the sample was specified for every cluster.
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7.6 Results — Characterizing the evolution of interfaces between subdomains
along state changes

AB BE AE

Figure 14: Evolution of two intermonomer interfaces: I,(DC,PC2) and I2(PN2, PC2). (PDBid:
4dx5) Monomer colors read as follows: blue - state A, yellow - state B), red - state E. Interface Io(DC, PC2),
median values for the number of interface atoms: AB: 19, BE: 0, AE: 21; Interface Io(PN2, PC2), median
values for the number of interface atoms: AB: 68, BE: 19, AE: 67.

7.7 Results — Application of the Workflow on other RND proteins
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Nb of atoms (AA)

Interactions | Nb of atoms (AB) | Nb of atoms (AE) | Nb of atoms (BE)
PN1 Loop3 4 4 None 4
DN DN 6.0 7 7 8
Loop9 DN 7.0 8.0 12 10
PN2 PC2 68 67 19.0 65
Loop4 DN 29 29 31 31
PC2 DC 19 21 None 19
DC PN1 47 49 55 49
PC1 DN 73 73 72 7
DN PN1 85 87 63.0 90
PN2 PN1 80 65 58.0 74
T™ TM 100 103 87 78.0
PN1 PN1 121 90.0 109 115
DN DC 244 230 230 233

Table 8: Interfaces between subdomains from different monomers.

An interface is refered here

only if it can be found in all crystal structures featuring the two states of interest. The number of atoms
presented is the median value for all such interfaces. Tagging uses two criteria: *interface*: criterion from
Eq. E] interface: interface size differs by at least 30 atoms.
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