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Abstract

RfaH is a two-domain metamorphic protein involved in transcription regulation and transla-
tion initiation. To carry out dual functions, RfaH relies on two coupled structural changes:
domain dissociation and fold switching. In the free state, the C-terminal domain (CTD)
of RfaH adopts an all-a fold and is tightly associated with the N-terminal domain (NTD).
Upon binding to RNA polymerase (RNAP), the domains dissociate and the CTD completely
transforms into an all-g fold, while the NTD remains largely, but not entirely, unchanged.
We test the idea that a change in the conformation of an extended §-hairpin (43-£4) located
on the NTD, helps trigger domain dissociation. To this end, we use homology modelling to
construct a structure, Hy, which is similar to free RfaH but with a remodeled $3-34 hairpin.
We then use an all-atom physics-based model enhanced with a dual-basin structure-based
potential to simulate domain separation driven by thermal unfolding of the CTD with NTD
in a fixed, folded conformation. We apply our model to both free RfaH and H;. For H; we
find, in line with our hypothesis, that the CTD exhibits a lower stability and the domains
dissociate at a lower temperature (77), as compared to free RfaH. We do not, however, ob-
serve complete refolding to the all-f state in these simulations, suggesting that a change
in $3-44 orientation aid in, but is not sufficient for, domain dissociation. In addition, we
study the reverse fold switch in which RfaH returns from a domain-open all-3 state to its
domain-closed all-a state. We observe a T-dependent transition rate; fold switching is slow
at low T, where the CTD tend to be kinetically trapped in its all-§ state, and at high-T,
where the all-a state becomes unstable. Consequently, our simulations suggest an optimal
T at which fold switching is most rapid. At this 7', the stabilities of both folds are reduced.
Overall, our study suggests that both inter-domain interactions and conformational changes

within NTD may be important for proper functioning of RfaH.



1 Introduction

Over the past decade or so, several proteins have been found to switch between structurally
distinct native states [1,2], rather than folding into a unique native conformation as implied
by Anfinsen’s thermodynamic hypothesis [3]. Because the discovered structural transforma-
tions are large-scale, reversible, and involve central features, including secondary structure
and sidechain packing of the hydrophobic core, these proteins were termed “metamorphic” [4].
Fold switching is related to a change in function of the metamorphic protein and often occurs
as a result of a binding event, such as dimerization, or from a change in the environmental
conditions, e.g., temperature or salt concentration [5]. Recently, it was also discovered that
the relative population of folds is affected by crowding effects [6,7]. Fold switching proteins
are present in all domains of life 8], carry out diverse functions [9], and may help facilitate

structural transitions in protein evolution [10-14].

A functionally well-characterized example of a metamorphic protein is the transcription
elongation factor RfaH [15]. It consists of two domains connected by a flexible linker of
around 15 amino acids [16]. RfaH is found in some bacteria, including Escherichia coli [17],
where it activates transcription of virulence genes by binding to RNA polymerase. It is known
that RfaH activates genes that contain a 12 nt-long sequence called operon polarity suppressor
(ops) in their leader sequence [18]. To achieve this specificity, RfaH relies on a drastic
structural transformation of its C-terminal domain (CTD) [19]. In its free state, the CTD
adopts an a-helical hairpin that is packed against the mixed-a/8 structure of the N-terminal
domain (NTD). The interface between the domains masks its RNAP binding site situated
on the NTD, making free RfaH autoinhibited. Relief from autoinhibition occurs when RfaH
binds to RNAP in the presence of ops, which triggers the domains to dissociate. However,
the mechanism is largely unknown [20|. Following domain dissociation, the NTD is able to
bind tightly to RNAP while the dissociated CTD spontaneously transforms from a helical

hairpin into a 5-stranded [-barrel. This g-barrel fold allows CTD to bind ribosomal protein
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S10, thereby initiating translation of newly synthesized mRNA [19]. Once transcription is
terminated and RfaH is released from RNAP, a reverse fold switch from the g-barrel to the
helical hairpin takes place, thereby returning RfaH to its autoinhibited state. RfaH thus
operates in a complete functional cycle [20] in which the CTD switches between its two folds

once in each direction.

Here we use molecular simulations to study two aspects of the RfaH functional cycle which
both remain incompletely understood: the dissociation of the domains upon RNAP binding
and the reverse fold switch of the CTD, i.e., the transition from the all-§ state to the all-«
state. Several computational studies, using various models and conformational sampling
techniques, have focused on the isolated CTD [21-28|. All these studies have demonstrated
that the helical hairpin is highly unstable for the isolated CTD, which is in line with NMR
experiments [19], but also show differences in details such as the height of the free energy
barrier between the folds [25-28]. Simulations have also been carried out on full-length
RfaH [28-34], which have emphasized the importance of inter-domain contacts for control-
ling the relative stability of the two folds. We used an all-atom physics-based model in
combination with Monte Carlo sampling techniques to show that the CTD is characterized
by larger structural fluctuations and lower local resistance to mechanical forces, as com-
pared to the NTD [33]|. Galaz-Davison et al. [34] showed using molecular dynamics and the
AWSEM model that the NTD may both stabilize the all-a state and hamper the refolding

of CTD into the all-g state by trapping the chain in an intermediate state.

It was suggested that RfaH and RNAP initially form an encounter complex, in which RfaH
transiently remains in an autoinhibited state [35]. The encounter complex triggers the dis-
sociation of the RfaH domains, leading to a subsequent switch in CTD fold. Structures have
been determined for RfaH in its free, autoinhibited state using X-ray crystallography (PDB
id bond) [17]| and in its final RNAP bound state using cryo-electron microscopy (6¢6s) [36].

Comparing these structures reveal not only the drastic fold change of the C'TD but also subtle



conformational changes in the NTD, as we and others have noted [19,20,33|. One difference
is the orientation of an extended hairpin formed between strands $3 and 54 (approximately
residues 31-52) relative to the rest of the NTD, as shown in Fig. 1A. Here we test the idea
that a change in 3-£44 hairpin conformation, which may occur upon the formation of the
encounter complex, play a role in domain dissociation by lowering the affinity between CTD
and N'TD. To this end, we construct model H; as a type of structural chimera between the
RfaH free and bound states. As shown in Fig. 1A, H; is highly similar to free RfaH (5ond)
except in the region of the $3-£4 hairpin, which instead has a conformation close to that
of the RfaH bound state (6¢6s). By applying the computational model for fold switching
developed in Ref. [33], we study the stability of the CTD in the context of the two different
NTD conformations. Our simulations indicate a loss of CTD stability for the computational
model based on H; relative to the model based on the free RfaH state, in support of our
hypothesis. In addition, we use the same computational model to simulate the reverse fold
switch, i.e., the S-to-a transformation of the CTD. This transformation is the final step in
the RfaH functional cycle, in which the autoinhibited state is restored and NTD and CTD

re-establish contact.

2 Results and Discussion

2.1 Structural model of RfaH with modified NTD

We start by constructing the structural model, H;, which combines features of the autoin-
hibited state (5ond) and the RNAP bound state (6¢6s). Specifically, H; is obtained in the
following way. First, the structures 6¢6s and Hond are optimally superimposed, i.e., the root
mean square deviation (RMSD) between the two sets of atomic coordinates is minimized

over all rigid-body translations and rotations of one of the chains. In this superposition, the



RMSD is not determined over the entire chain but only over the regions 2-29 and 54-99,
which are the most structurally conserved regions in the NTD and therefore lead to a very
good superposition (RMSD = 0.79 A). We then assemble into a fresh PDB file different
segments from the superimposed structures according to: segments 2-29, 54-99, and 115-162
(CTD) from 5ond, and segment 31-52 (/33-04 hairpin) from 6¢6s. Finally, the remaining
residues (1, 30, and 100-113) are reconstructed using a homology modeling tool [37]. The
result is a full-length RfaH structure, Hy, (see Fig. 1A) that is almost identical to the free
form of RfaH (50ond) in all regions of the chain except the 3-54 extended hairpin, which is
oriented as in the final bound form (6¢6s). The idea is that H; represents some structural
aspects of RfaH in the RfaH-RNAP encounter complex. The number of native contacts in
H; is 120 compared to 137 in the structure 5ond (see Fig. 1C). The reduction is mainly
due to a loss of inter-domain contacts between the (3-84 hairpin and the CTD. The lost
contacts include the salt bridge Glu48-Argl138 and several hydrophobic contacts involving
Phel30 (see Supplementary Table S1), which have been suggested to be important for the
stability of the NTD-CTD interface [19,32].

2.2 Impact of NTD conformation on the CTD stability

We now test the impact of the change in the $3-84 conformation on the stability of the
all-aw CTD. To do this, we apply a hybrid all-atom model for fold switching developed
previously [33], to both the free RfaH structure (5ond) and the model structure H; (see
Methods for details). In these simulations, the NTD backbone is held fixed while the CTD
is able to fold, unfold and, in principle, also fold switch to its all-§ state. From a physical
perspective, these simulations can be seen as computational thermal unfolding experiments
of RfaH in which the NTD has been engineered to be highly stable, e.g., with covalent cross-
links . In our previous work, we showed that our model captures the essential thermodynamic

feature of RfaH [19], namely that the CTD folds into a stable all- fold in the context of the
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full length protein while, as an isolated fragment, it refolds into a stable -barrel [33].

To quantify the progress of the folding towards the two different folds of CTD we use the
quantities (), and @)z, which represent fractions of contacts formed (see Methods). Fig. 2A
shows the equilibrium temperature dependence of (), for free RfaH and H;. Both models
exhibit a reversible folding and unfolding behavior, which allows us to extract midpoint
temperatures, T,,, by fitting these curves to a simple two-state expression. We find that
T, = 410 K and 380 K for free RfaH and H;, respectively, indicating a higher CTD stability
for free RfaH relative to H;. These equilibrium simulations thus show that when the NTD
conformation in RfaH is modified so as to perturb the orientation of the extended (3-54
hairpin, the stability of the CTD is significantly reduced. Interestingly, for the CTD treated
as an isolated fragment, which folds to the all-§ state, the midpoint temperature for the
folding transition is 375 K [33], only slightly below the T3, value obtained for CTD in the
(full-length) H; model. It is important to note that in our hybrid model, in which a physics-
based model has been augmented with a structure-based potential, the temperature scale
is not preserved. Hence absolute values quoted for T" are not physical, however, it remains
valid to compare observed T's. The reduced stability of CTD exhibited by H; should help
promote domain dissociation in RfaH. Indeed, in Fig. 2B, the T dependence of the distance D
between the center of mass points of NTD and CTD, indicates that NTD-CTD detachment

is initiated at a lower 1" for H; than for free RfaH.

2.3 Energy landscape for free RfaH and H;

Having shown, in line with our hypothesis, that a change in the orientation of the (3-54
hairpin leads to a reduced stability of the CTD, we next examine free energy landscapes of
the two RfaH states. Specifically, we determine the free energy surfaces F(Q,,@s) for free

RfaH and H; at their respective T;s. As shown in Fig. 3A, free RfaH exhibits two separate



free energy minima corresponding to an unfolded state, U, (low-Q,/low-Q3 ) and the folded
all-a state (high-Q,/low-Qs ). By contrast, for Hy, F'(Q,,Qs) exhibits only a single rather
broad minimum, which stretches from low-Q), to high-Q, (see Fig. (3B). In particular, this
means that the free energy barrier between U and the all-a state present in the free RfaH
state, is absent in the H; state. The loss of this barrier upon switching from free RfaH to H;
can be clearly seen by comparing the 1D projections of the free energy surfaces F'(Qq, @p)

on the @), variable, as shown in Fig. 4.

Returning to the 2D surfaces F(Q,,@s), we note that neither free RfaH nor H; displays
a minima at Qg ~ 0.7-0.9, which corresponds to a fully formed [-barrel [33]. Hence, no
complete fold switching in the a-to- direction occurs in these simulations. However, in
some simulations starting from the H; we observe the formation of a partially folded S state
(see Fig. 5). This partially formed f state is visible as a shallow free energy minimum at
Qp ~ 0.3-0.5 in the F(Q,, @) surface of model Hy, which is absent for free RfaH, indicating
some tendency towards fold switching for H;. As noted above, the midpoint temperature
T = 380 K for model H; is close to the midpoint of the folding curve for isolated CTD
(375 K). For the isolated CTD, at T" ~ 380 K, our computational RfaH model exhibits a
clear free energy minima at Qg ~ 0.7 — 0.9 [33]. Hence, some refolding into the §-barrel fold
would therefore be expected, if the CTD could fully detach from NTD at a low enough T
Hence we conclude that a refolding into the g-barrel state is likely hindered by interactions
between CTD and the hydrophobic RNAP binding surface on NTD. A similar conclusion
was obtained by Galaz-Davison et al. [34] using a different computational approach. Indeed,
in our simulations, the (average) domain-domain distance D is only slightly larger at 380 K
than at T's where the all-« state is fully formed, indicating an incomplete separation between

the domains even as CTD starts to unfold at T ~ T},.

Taken together, our results above indicate that a change in orientation of the 53-£4 hairpin

lowers the stability of the CTD and the domain-domain interface but is not sufficient to



trigger a transformation into the g-barrel. Complete domain dissociation may require that
the RNAP binding surface becomes engaged with another partner molecule, such that this
large hydrophobic surface is not exposed. Such an engagement could be achieved in wvivo
by the binding of the NTD binding surface to the tip of the two coiled-coil helices in the S

clamp domain of RNAP, as occurs in the final bound state of RfaH [32].

A few suggestions for how domain separation occurs in RfaH upon interaction with RNAP
have been made. Zuber et al [20] suggested that interactions between RfaH and the ops
DNA sequence and between RfaH and the S-clamp helices (8’CH) on the RNAP elongation
complex, cause a weakening of the domain interface. Ultimately, the ops site must indeed play
a decisive role because RfaH activation occurs selectively in the presence of ops [18]. However,
it is also clear that ops DNA alone is not sufficient to trigger domain separation, because
RfaH co-crystallizes with ops in the autoinhibited (domain-closed) state [17]. Kang et al. [36]
suggested that thermal fluctuations of the RfaH helical hairpin would provide an opening
for interactions with 8’CH and thereby finalize domain separation. The binding between
the RfaH NTD and g’CH is indeed strong, replacing the structurally similar CTD from the
RfaH paralog NusG in competition experiments [36]. Our simulations suggest that the CTD
is quite tightly bound to NTD even in the I state, such that thermal fluctuations are not
sufficient to displace the CTD. Moreover, experimental data suggest that the autoinhibited
state does not exchange with an open state, at least on the NMR timescale [38|. In a previous
work [28|, we analyzed local mechanical stability properties of the free RfaH structure by
using pulling simulations to deform the structure at different locations along the chain. This
analysis indicated that the CTD generally exhibits lower structural rigidities than the NTD.
Our present work suggests that a conformational change of the $3-£4 hairpin triggered in
the encounter complex could disturb key interdomain contacts, including Glu48-Argl3S.
For final domain dissociation, this mechanism must occur in combination with at least one
additional effect to further weaken the CTD structure and domain interface, perhaps an

increase in the local concentration of the RfaH NTD near the 5’CH [38].
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Further insight into domain dissociation of RfaH was obtained recently by Zuber et al. [39]
who introduced a cross-domain disulfide bond (C51-C138), thereby allowing cryo-EM struc-
tures to be determined for autoinhibited RfaH in complex with RNAP (or, rather, a paused-
state transcriptional elongation complex). These structures revealed that autoinhibited RfaH
binds close to its final binding site on RNAP and is positioned such that the tip of f'CH
of RNAP is partially inserted between the helical hairpin of the CTD and the NTD RNAP
binding surface. Binding also causes a twist in the ops DNA hairpin loop, extending the
length of the loop. Moreover, residues at the tip of the 53-44 hairpin (in particular, Arg40)
make favorable charge-charge interactions with an upstream portion of DNA, as in the final
bound state of RfaH. Such attraction between DNA and the 33-34 tip may indeed drive a

change in conformation of the $3-54 hairpin.

2.4 Reverse fold switching

We now turn to the refolding of the CTD to the all-a state when the starting point is the
all- state. This “reverse” [-to-« fold switch is the final step in the functional cycle of RfaH,
in which the autoinhibited state is restored. To study this process, we initialize the system
in a model conformation (Hsy) generated by combining the experimental structures of all-«
free RfaH for the NTD and the f-barrel fold of the isolated CTD (see Fig. 1B). This initial
conformation represents the state of RfaH after transcription termination and RfaH has been
released from the RNAP elongation complex [20]. We carry out 30 independent simulations
using our free RfaH model at a fixed temperature T' = 390 K, i.e., under conditions where
the all-a state is the thermodynamically most stable state (see Fig. 2). Hence, for long
enough runs, refolding to the all-a state should be guaranteed. Simulations are carried out
using only small-step Monte Carlo updates (i.e. no pivot moves) in order to mimic the time

evolution of this process (see Methods).
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A representative trajectory of a [-to-a fold switch simulation is shown in Fig. 6. It shows
the MC time evolution of the root-mean-square deviation of the CTD taken with respect
to either the all-a state (RMSD,,) or the all-3 state (RMSDg), the domain-domain distance
(D), and the occurrence of different secondary structure elements along the chain. The main
progression of events can be described as Ng — I — N,, where N3 is the all-g state, N,
the all-a state and I an intermediate state. In the trajectory in Fig. 6, the N3y — I and
I — N, transitions occur at approximately 3.5 x 10 and 7.5 x 10° MC cycles, respectively.
At a more detailed level, we note that Ny is characterized by relatively small fluctuations in
RMSDg and in the secondary structure elements of the -barrel (strands 51-85), and large
fluctuations in D. These characteristics are consistent with a well-structured CTD connected
to the NTD by a highly flexible linker region (residues 100-112) [19]. The jump in RMSDy
at 3.5 x 105 MC cycles (Ng — I) coincides with the unfolding of 51 and $35, i.e., the N-
and C-terminal -strands of the B-barrel. After this transition, at 3.6 x 10° MC cycle, D
exhibits a sudden decrease in the size of its fluctuations suggesting that the CTD becomes
tightly bound to the NTD. Visual inspection of structures in the interval (3.6 —4.2) x 10¢ MC
cycles reveals hydrophobic interactions between the RNAP binding surface on NTD and the
nonpolar side of the $2,33,34-sheet, which has become exposed following the opening of the
B-barrel (see Supplementary Video S1). This finding is consistent with simulations of Galaz-
Davison et al. [34], who found that the S-barrel CTD becomes trapped in a three-strand
configuration during refolding, driven by specific interactions between NTD and CTD. Once
the 32,33,84-sheet also unfolds at around 4.2 x 10° MC cycles, fluctuations in D increases
again although they remain smaller than in Ny or at higher temperatures (Figs. 6 and 2B).
Hence, in the intermediate state I, CTD remains spatially close to NTD while constantly
undergoing relatively large structural changes, as seen by the large fluctuations in RMSD,
and RMSDg. In terms of secondary structure, the coil state (i.e., lack of organized secondary
structure) dominates in I. Interestingly, however, there are transient formation of both a-

helix and f-sheet, especially in the ay and a5 regions. Finally, the CTD transitions to N,
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as can seen through an abrupt decrease in RMSD,,, the formation a well-ordered a5, and a

further decrease in D.

2.5 Is there an activation barrier to fold switching in the [-to-a

direction?

In the above fold switching simulations, there is a relatively long initial period in which
Njs remains well ordered (see Fig. 6), even though thermodynamically N, is most stable.
This suggests the presence of a barrier to escaping Ng. Similarly, there might be a barrier
in the I — N, step. How large are these barriers? Are barrier heights dependent on
conditions, such as 77 We first demonstrate the presence of a barrier in the Ng — I step
by following a procedure we developed in Ref. [33]. The basic idea is to compare the fold
switching simulations with separate set of simulations carried out under identical conditions
but started from an extended, unfolded state, U, rather than Ng. Simulations started from
U will avoid the Ng — I step, and its associated barrier, and should therefore reach N, in a
shorter time on the average. Figures 7 shows the relaxation of (Q,), (@), and (D), for both
sets of simulations, to their equilibrium values at 7' = 390K, where () denotes an ensemble
average taken over 30 independent runs. While the two sets of results converge at around
2 million MC steps in terms of (Qg), differences in (Q),) and (D) persist until the end of
the simulation time, suggesting a barrier in the Ng — I step. A barrier to fold switching is
also apparent from the overall shapes of the (Q,) relaxation curves, which is sigmoidal-like
for the simulations started from N and more akin to a single exponential relaxation for the

simulations started from U.
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2.6 Temperature-dependent fold-switching

Next we looked at the T-dependence of the p-to-a-fold switch. We extend our reverse
fold switch simulations above at 390 K to cover a range of temperatures, 370-410 K, which
includes the T,,s of the CTD as fragment (375 K) and as part of the full-length RfaH (410 K).
These simulations thus probe RfaH fold switching across a range of stabilities of the CTD’s
two different folds. Specifically, we measure the mean-first-passage times (MFPT), 7 and
Ty of the Ng — I and I — N, steps, respectively. Figure 8 shows 7, and 7, as well as the
total switch time Tqwiten = 71 + T2, as functions of 7. We find that the MFPT for Ng — I
(71) becomes large at low 7', which makes sense if the stability of the CTD g-barrel increases
relative to I with decreasing T. The T-dependence of 75, (I — N, ), is non-monotonic and
Ty increases rapidly at high T's; likely due to the all-a CTD becoming unstable (cf. Fig. 2).

Overall, the results for 71 and 7, mean a rate of fold switching, Ts;litch,

that is maximum at
T =~ 410 K. Interestingly, this coincides with the T,, of the CTD. Hence, fold switching in
the [-to-a direction is most rapid around the midpoint temperature of the all-a state. Our
results suggest further that it might be disadvantageous for the all-g3 state of the CTD to be
too stable, as it would slow the return of RfaH to its autoinhibited state. Indeed, the CTD of
RfaH exibits a lower thermal stability than single-fold RfaH homologues in the Spt5/NusG
superfamily [35], which have CTDs that are structurally similar to RfaH all-3 state. Finally,
we note that, at T},, 71 &= 7» (see Fig. 8). This is not a condition guaranteed to hold at the

midpoint temparature, because the all-g state of the CTD is not significantly populated at
this T (see Fig. 2).

3 Summary and conclusion

We have used Monte Carlo simulations and an all-atom hybrid model [33], which combines

physics-based and structure-based potentials, to study the first and last steps of the func-
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tional cycle of the transcription factor RfaH, namely the dissociation of its domains and
the fold switching of the CTD from an all-g state to an all-a state, respectively. The RfaH
protein can adopt one of two stable folds depending on the current local environment. Specif-
ically, depending on whether RfaH is free or bound with RNAP, its CTD is either in an all-«
state closely interacting with the NTD or in an all-3 state separated from the NTD. Here we
tested the hypothesis that changing the relative orientation of the extended (3-34 hairpin is
a sufficiently change of environment for CTD to switch its fold. To this end, we constructed
a model structure Hy, which includes a modified 33-34 orientation, and applied our compu-
tational model to both H; and the free RfaH state. We also used the same computational
model to simulate the reverse process that takes the CTD from its all-3 state back to its all-«
state. Our conclusions are the following: (1) we find that a change in the extended (33-£4
hairpin reduces the stability of the CTD all-a state and increases its propensity to detach
from the NTD; (2) the reduced CTD stability induces some f-structure but does not trigger
a complete refolding to its all-g state, due to strong interdomain attractions for a partially
folded or unfolded CTD; (3) the reverse fold switch, taking the CTD from a domain-open
all-g state to a domain-closed all-ar state, proceeds via an intermediate state exhibiting large
structural fluctuations, including both local a- and §-structures, and tight interactions with
the RNAP binding site; and (4) the rate of 5-to-a fold switch is temperature dependent;
our observed rates are slow at low 7', where the all-beta CTD is highly stable, as well as at
high T's, where the all-a state is unstable, resulting in an optimal 7" where fold switching is
most efficient. Taken together, our simulation results indicate that the NTD of RfaH, which
maintains its overall fold during the RfaH functional cycle, play crucial roles both through

inter-domain interactions and through subtle internal conformational changes.
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4 Materials and Methods

4.1 Computational protein model

Simulations were carried out with the software package PROFASI [40] using the computa-
tional model for fold switching developed in a previous work [33]. The basic idea of our
approach is to combine into a single model (1) an effective physics-based potential, which
was parametrized based on the folding behavior of a set of peptides and proteins [41], and
(2) a structure-based (SB) potential with two different target structures. Hence, we refer to
this as a “hybrid” approach. In Ref. [33], we extensively tested this model on the refolding

and fold switching of RfaH against available experimental data.

The protein chain is represented in all-atom detail while solvent is treated implicitly through
effective interactions. Model conformations are described using backbone torsional angles,
¢ and v, and sidechain torsional angles, x, meaning that bond lengths and bond angles
are held fixed. The potential function of the physics-based model [41], can be written as
a sum of four terms: F©) = Ey. + Fuo + Fup + Es. The local term Ej,. includes electro-
static interactions between partial charges on neighboring peptide planes and is important
for a proper local description of the protein chain. The excluded-volume energy term FE.,
implements repulsions (1/r'?) between all atom pairs. The final two terms, Fyy, and By,
represent hydrogen bonding and sidechain-sidechain interactions, and drive secondary and
tertiary structure formation. Hydrogen bonds are implemented as directionally dependent
explicit attractions between backbone-backbone and backbone-sidechain groups. The term
FE,. includes both effective hydrophobic attractions and sidechain charge-charge interactions.

In this way, solvent effects are implicitly considered by the energy function.

The dual basin SB potential provides energetic bias towards to two native structures encoded
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as two sets of residue-residue contacts, C® and C”. The potential can be written
Esp = XEQN(CY) + N E{(CP) = Eeone(A*, C%5 N, CF) (1)

where Eég(C’) is a function that implements energetically favorable interactions for the
set of contacts C, and A\* and A’ are contact strengths. Following previous work we set
A* = M = 0.3. The correction term, Feo., is included in order to avoid double counting
contributions of common contacts in C* and C?. Finally, our hybrid model combines the

physics- and structure-based potentials into the single function, i.e., E = E© + Egp [33].

In this work, we apply our hybrid model to two pairs of reference structures. Simulations of
the free RfaH state are carried out using C® and C” determined from the structures 5ond
(domains closed, all-ae CTD) and Hy (domains open, all-3 CTD), respectively. The procedure
for determining a set of contacts present in a given structure is given in Section 4.4. The
model based on the 5ond/H; structure pair is identical to Ref. [33]. Simulations of RfaH in
a hypothetical state in which the $3-£4 hairpin has adopted a modified conformation are
carried out with C* and C? determined using the structures H; and H,, respectively. In
the text, we refer to these two models as models for free RfaH and the H; state. In all
simulations, the backbone of the NTD (residues 1-99) is held fixed while sidechains are left
free. All other parts of the protein, including the linker (100-112) and the CTD (113-162),

are entirely free.

4.2 Monte Carlo simulations

To characterize the equilibrium behavior of the CTD as part of full-length RfaH, we used
fixed-temperature Metropolis MC. We performed conformational sampling using three dif-
ferent types of moves: (1) a pivot move that updates a single Ramachandran ¢- or ¥-angle;

(2) Biased Gaussian Steps (BGS) that work by updating up to 8 consecutive ¢, 1)-angles such
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that an approximately local chain deformation is obtained [42]; and (3) a sidechain move
that updates a single sidechain torsional angle, y. While (1) gives global changes in confor-
mation, (2) and (3) give local (or small-step) changes. In all our simulations, the fraction of
sidechain moves was held fixed at 58%. The remaining moves were divided between pivot
and BGS. At a given state (free or Hy) and temperature 7', we determined the equilibrium
behavior of the CTD by performing 10 or more independent runs of each 1 x 107 MC cycles,
where a cycle is 560 elementary MC steps (the number of turnable ¢, 1, or x angles in the
protein chain). The backbone chain corresponding to positions 1-99, i.e., the ordered region
of the NTD, was held fixed in its initial (native) conformation by disallowing BGS and pivot
moves in this region. Sidechains were left free to move across the entire protein. Our MC
simulations of the reverse fold switch differed from the equilibrium simulations in that they
were started from Hs and the global (i.e. pivot) moves were turned off. Hence, chain dy-
namics in these simulations were driven by rotations in sidechains and the BGS backbone
moves. Since both these moves provide local or semi-local chain updates, we expect the
resulting chain dynamics to be similar to those obtained by solving the Langevin equation

of motion [43].

4.3 Native contact maps

Native contact sets C' = {ij| if residues i and j are in contact} are obtained by submitting
PROFASI regularised model structures of 5ond, H;, and Hy to the SMOG webserver [44]
with the coarse-graining option “Calpha” and otherwise default parameters. In these contact
sets, two residues ¢ and j are considered to form a contact ij if there is at least one atom-
atom contact between the two residues according to the shadow contact map algorithm [45].
All contacts within the NTD (1-99) and all contacts involving the domain linker region (100-
112) were removed from the obtained sets. For 5Sond, this left us with 137 native contacts

of which 58 are within the CTD (all-a fold) and the remaining 79 are NTD-CTD inter-

17



domain contacts. For H;, we obtained 120 native contacts, which differ from 5ond in the
inter-domain contacts formed between the (3-44-hairpin segment (residues 30-53) and the
CTD (113-162). For H,, we obtained 130 native contacts within the CTD (all-3) and no

inter-domain contacts. The three different contacts sets are compared in Fig. 1.

4.4 Observables

The quantities (), and (g represent fractions of native intra-CTD contacts formed, taken
with respect to either the all-a fold or the all-3 fold. In this procedure, a contact between

0
ij?

residues ¢ and j is considered formed if rj; < 1.27;, where 7“8 and ry; are the C,-C, distances in
the native state and extracted configuration, respectively. @), is determined over a restricted
set of 46 native contacts in C®, while Qp is taken over all 130 contacts in C”. The reason
for the restricted set of contacts in determining @), is to exclude 22 of the 58 contacts in
C* that involve any residue in the segment 116-121, which represent the N-terminal part of
the ay helix of CTD and is poorly structured in solution (see the Supplementary Figure S1).
This was shown by both Burmann et al. [19] using NMR spectroscopy and Galaz-Davison et
al. [46] using hydrogen/deuterium exchange mass spectrometry (HDXMS). @, in this work
is identical to the observable leg) of Ref. [33]. The root-mean-square deviations, RMSD,,
and RMSDg, are measured over C, atoms of the CTD and are taken with respect to two
representative experimental structures 5ond (all-o) and 2lcl (all-3), respectively. Secondary

structure assignments, used for the calculation of a-helix and §-sheet contents, were obtained

using STRIDE [47].
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Figure 1: RfaH states and contact maps. (A) Two different structures of the all-a state
of RfaH: the experimentally determined structure of free RfaH (pdb id 5ond in vermilion)
and a hypothetical structure of RfaH in the RfaH/RNAP encounter complex (H; in blue).
(B) Model structure Hy of the all-5 state of RfaH, in which the S-barrel structure of the
isolated CTD (pdb id 2lcl) is combined with the free RfaH structure (5ond) from the free
form of RfaH. H; and Hy are created using homology modeling as described in Methods. (C)
Native residue-residue contacts within the CTD (residues 113-162) for the structures 5ond,
H; (above the diagonal) and Hy (below the diagonal), and between the NTD and CTD for
5ond and H;. Contacts within the NTD are identical for all three structures and not shown.
In this work we apply our all-atom hybrid model for fold switching [33] to the 5ond and H;
structures, creating computational models for the free RfaH state and for RfaH in the state
H1 (“model Hl”).
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Figure 2: mpact of the NTD structure on the stability of the all-a CTD state. (A) Shown is
the temperature dependence of the fraction of CTD native contacts, obtained from equi-
librium simulations of our model for the free RfaH state (squares; vermilion) and our
model for the H; state (circles; blue). Solid curves in are fits to the two-state equation
Q) = (QY + QVK)/(1 + K), where K = exp (—AE(1/kgT — 1/kgT,,) and QY, QN, AE
and Ty, (midpoint temperature) are fit parameters. According to the two-state model, mid-
point temperatures for free RfaH and H; are 410K, and 380K, respectively. (B) The average
distance between the centers of mass of NTD (the average is taken over residue the are same
in position in both free RfaH and made H;) and CTD versus temperature.

26



A B

Model H, (380K)

Free RfaH (410K)

0 1 2 3 4 5 6 7 8 9 10 F/kBT

Figure 3: Free energy surfaces for free RfaH and the model H; at midpoint temperature.
Free energy surfaces F'(Xi, Xo) = —kpT'In P(X, Xs), with X; = Q, and Xy = Qs for (A)
the free RfaH model at T'= 410K and (B) the H; model at 7' = 380K.
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Figure 4: Free energy profiles in midpoint temperature. Free energy as function of ), for
our hybrid models of free RfaH (vermilion) and H; (blue) with dual basin SBM, taken at
their respective midpoint temperatures, 7' = 410K and 7" = 380K.
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Figure 5: Example of a fold switching trajectory in the model H; with a partial transition to
the all-g CTD state. The red and blue lines are fractions of a and 8 contacts, respectively.
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Figure 6: Example of a reverse fold switching trajectory (see Supplementary Video S1). Time
evolution of (A) the root-mean-square deviation determined for the CTD and taken with
respect to the a-helical hairpin structure (RMSD,,, PDB id 5ond) or the S-barrel structure
(RMSDg; PDB id 2lcl), (B) the domain-domain distance (see Methods), and (C) secondary
structure elements at different positions along the chain, including the linker region (residues
100-112) and the CTD (residues 113-162).
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Figure 7: Folding and reverse fold switching of RfaH CTD. Evaluation of (A) (@) and
(B) (Qa), in small-step MC simulations started in either the S-barrel state (green line) or
in an unfolded (rod-like) chain (purple line). (C) Domain-domain distance in folding and
reverse fold-switching of the RfaH CTD, respectively, for two systems that start from the
p-barrel CTD (purple line) and unfolded state (green line). The averages are taken over 30

independent trajectories at T= 390 K, where the dominant state for CTD is the a-helical
hairpin fold.
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Figure 8: Transition time for the RfaH CTD. Temperature dependence of the transition time
(blue) from S-barrel CTD to a-helical CTD, (purple) from S-barrel CTD to intermediate
state I, and (green) from the state I to a-helical CTD where the NTD held fixed in its folded

state. The average is taken over 10 independent runs in each temperature.
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