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Abstract

Many human proteins contain intrinsically disordered regions, and disorder in these
proteins can be fundamental toithieinction B for example, facilitating transient but
specific binding, promoting allostery, or allowing efficient post-translational
modification. &sG a multi-domain protein implicated in host colonisation and

biofilm formation inStaphylococcus aurepgrovides another example of how

disorder can play an important role. Approximately half of the domains in the
extracellular repetitive region of SasG are intrinsically unfolded in isolatiorth&se

E domains fold in the context of theeighbouring, folded G5 domains. We have
previously shown that the intrinsic disorder of the E domains mediates long-range
cooperativity between non-neighbouring G5 domains, allowing SasG to form a long,
rod-like, mechanically strong structure. Here we show that the disorder of the E
domains coupled with the remarkable stability of the inter-domain interface, results in
cooperative folding kinetics across long distances. Formation of a small structural
nucleus at one end of the molecule results in rapid structure formation over a distance
of 10 nm, which is likely to be important for the maintenance of the structural
integrity of SasG Moreover, if ths normal folding nucleus is disrupted by mutation,

the inter-domain interface is sufficiently stable to drive the folding of adjacemd E a

G5 domains, along a parallel folding pathway, thus maintaining cooperative folding.

Significance statement

Understanding the role played by disorder in Biology is becoming increasingly
important. Disordered proteins are central to signalling, development, initiation of
transcription and other vital cellular processes. How and why disordered proteins are
used is not entirely clear, but disorder can be important in allostery, facilitate
regulatory post-translational modification and allow rapid, specific, yet promiscuous
binding. Here, our investigations of the biofilm-promoting protein SasG illustrates
that disorder can play another role. We demonstrate that the intrinsic disorder of half
the domains is important for imparting long range cooperativity in folding of a large
multidomain protein Ballowing formation of a very small local element of structure to
precipitate cooperative folding of adjacent disordered domains across a length scale of

~10 nm.
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Introduction

It has been suggested that as much as 20% of the proteome may be intrinsically
disordered (1), mainly manifested as intrinsically disordered regions (IDRs) within
multidomain proteins, although a few proteins are apparently entirely disordered.
Some proteins function as a consequence of disorder: for example, disordered PEVK
regions of titin act as an entropic spring (2), while in the nuclear pore complex
disordered nucleoporins provide a thick selective barrier controlling nuclear import
(3). Disorder can also play other roles: it facilitates posttranslational moificahd

may promote allostery (4, 5). SasG is a cell wall attached protein from
Staphylococcus auretisat promotes intercellular adhesion during the accumulation
phase of biofilm formation via its C-terminal repetitive region (6-8). We previously
showed that this part of SasG contains alternating E and G5 domainsAjFaadl

that E folds when it is N-terminal of a G5 domain. The disorder of E domains in
isolation is essential for formation of a long, stiff, mechanically strong, rod-like
structure (9) capable of projecting the N-terminal A domain, which is involved in host
colonisation (6).

Here we combine biophysical measurements, protein engineering and
simulation to show that the disorder in the E domains of SasG also promotes
cooperative folding and unfolding pathways. We find that SasG domaingthave
highly polarized transition state structure, where formation of a small porten of
three-stranded sheet in the far C-terminal regicaQdsGG5 domain is sufficient to
drive the folding of structure over a distance of 10 nm. Our studies reveal the
importance of the E-G5 interface in driving this cooperativity. Furthermore, when the
usual folding nucleus is disrupted by mutation in the multidomain protein, tisen th
interface is sufficiently stable to drive folding of the two adjacent domains. Thus we
propose that disorder can play a key role in ensuring cooperative folding over long

distances in multidomain proteins.

Results

SasG domains fold cooperatively at equilibriut@sG domains are highly

homologous: the sequence identity between G5 domains (except for the first and last)
and between E domains is >97%. Here we investigated the first E domain and the
second G5 domain (Gp either alone, or in tandem (&%) (Fig. 1). We have



previously shown that the E domain is fully unfolded in isolation (10). Since SasG
domains have no tryptophans, (un)folding was followed by monitoring intrinsic
tyrosine fluorescence. We have demonstrated that urea-induced equilibrium
denaturation curves of §5° monitored by fluorescence coincide with those recorded
by ellipticity at 235 nm (7) and with domain-specific FRET probes (9), demonstrating
that equilibrium unfolding of thevo-domain construds fully cooperativetwo-state
with concerted disruption of both domains and of secondary and tertiary structure,
with no accumulation of intermediates (Fig)1The stability of EG5* is around 3.5
kcal mol* greater than that of an isolated*@®main (6.3 vs. 2.8 kcal mbl
respectively).

Kinetic experiments reveal that SasG domains fold and unfold cooperatikely.
refolding kinetics of G5and EG5” can both be described by a sum of two
exponential phases withfastfolding phase (accounting for at least 30% of the
amplitude) and a slower phase that represents prabneansisomerization-limited
folding events (B35 and G5 have 17 and 8 prolines, respectively). Only the faster
phase is discussed here. The rate constant for folding3& s the same as that of
G5 at all denaturant concentrations (Fif)1Under unfolding conditions, at urea
concentrations 6.5 M, only a single kinetic phagedetected for both G%nd EG5,

but E-G5* unfolds significantly more slowly, and the dependence of the logarithm of
the rate constant for unfolding on denaturant concentratg i€ significantly

higher. The unfolding limbs of the chevron plots are curved (). To account for
non-linearity in the observed unfolding rate constant, the chevron plot data were fitted
to a sequential transition states model (12), in which denaturant iralssgsh

between two barriers separated by a high-energy intermediate.

At denaturant concentrations below ~6.5 M urea all the evidence suggests that
both G5 and thewo-domain construct E5° fold via atwo-state pathway where the
two domains fold and unfold cooperativelye observe, for both constructs, that the
values ofmp.\ obtained by combining kinetim-values are the same within error as
the equilibrium values (Supplementary Table 1). Similarly, the values of free energy
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" The dependence of folding/unfolding rate constantfueea] (kinetiom-values,ms andmy,) is

determined by the change in SASA between the denatured state, bedrahsition state, TS, (in

folding) and TS and the native state, N (for unfoldlifidl). Thus, since E55° and G5 have the same
folding m-values we can assume that they fold via the same transitionTtatenfoldingm-value

(my,) is higher for EG5? than for G52 because the entire E domain, plus a significant proportion of the
G5° domain unfold between N and TS



of unfolding ( ! !! !!i ) calculated from the kinetic data match the equilibrldr_r'l!!:

values (Supplementary Table 1). Furthermore, double-jump stopped-flow experiments
showed no evidence of additional phases that might reveal populated intermediates
for either construct.

Cooperative unfolding breaks down at high denaturant concentrafi¢tresunfolding

of E-G5° andG5’ results in a decrease in tyrosine fluorescence. However, in the
unfolding kinetics of BS5* only, at urea concentrations >7.0 M, we obsered

second, faster rate, associated with an increase in fluorescence that shows very weak
denaturant dependence (Fi@ &and Supplementary Fig. 1). A similar extra phase was
also observed for the 65° construct labelled with ES00W-E532EPANS FRET pair

(Fig. 1D), which reports specifically on the (un)folding of E. In contrast, the
unfolding kinetics of BS5* probed by 1555W-E613¢ NS (resulting in FRET only
when G5 is folded) is monophasic (FigD}). We infer that the minor rate detected at
high urea concentration is related to unfolding of the E domain, perhaps when the
stabilizing interface fails at high denaturant concentrations. Note that two other
mutations that strongly destabilized the E domain (G524A and G527A) also
decoupled the unfolding of E and §Supplementarfig. 2).

G5 and EG5 fold via the same highly polarized transition st&@&ceG5 and E-

G5 fold at the same rate, and the dependence of the refolding rate constant on
denaturant concentration is the same (F), We infer that they fold via the same
rate-limiting transition state. To map out which regions are structured early in the
folding of G5 and EG5? a mutational! -value analysis was carried out. SasG
domains do not have a compact hydrophobic core and all side chains are exposed to
solvent. Mutation of surface residues rarely results in sufficient loss of stability to
undertake' -value analysis (13). Hencaseries of non-conservative mutations

(mainly Proto-Ala and Glyto-Ala) were introduced in both Gand EG5?, and their
influence on the thermodynamic stability and kinetics was investigated
(Supplementary Tables 2-5)-values were calculated (Supplementary Tables 4,5)
for mutants where the destabilization enerigy! (!! ) : ) # 0.7 kca$mol™ (14). In

general, non-conservative mutations, such as those we are using here, have to be
interpreted with care. But the resultant chevron plots show that here we can be
unequivocal (Fig. &,B). Unusually, mutations eithaifter only the folding kinetics,

meaning' is close to 1 and the region is fully structured in thedr&Jter only the



unfolding kinetics meaningy ~ 0, suggesting the region is as unstructured in the TS
asin the denatured state. There are no intermetliatalues. When mapped onto the
structures thé -value pattern is clear (FigCZD). It is only in the extreme C-terminal
loopResheet region that any structure is formed at all in the transition '5t#6.8)

in both G5 andin E-G5°. This reveals that the rate-limiting TS for foldiisg

common for the two constructs and strongly polaripetie C-terminal region of the

G5* domain. The rest of the protein folds only after formation of this initial

embryonic structure, formation of which estabdisthe correct register for the

strands of the Gbdomain.

Simulations reveal more details about the folding pathwdtgr the main, rate-

limiting TS our kinetic experiments are relatively OblindO to the subsequent steps.
With simulations it is possible to probe the entire pathway. Long equilibrium
simulations for GBand EG5” were carried out using a coarse-grained native-centric
model, which allowed us to follow a number of unfolding and folding reactions. In all
these simulations, the first step in the folding of botA && EG5? is formation of

the C-terminal -sheet/loop motif of GHFig. 3). In the case of B5, the C-terminal
region of E folds concurrently with the N-terminal part ofG8sulting in formation

of the E-G5 interface. This is followed by folding of the N-terminaheet of E

which completes the B5° structure (Fig. B); thus folding of the interface is key to

the folding of E (See also Supplementary Fig. 3). At the mid-point temperature, where
the proteins are folded 50% of the time (approximately 320K for ®6trand EG5),

we observed only a few complete folding events, as the domains are rarely fully
unfolded. Hence we performed a large number of shorter simulations starting from
completely unfolded structures (from simulations at high temperature) setting the
temperature well below the folding temperature. Folding occurs in most of these short
simulations and in all cases the sequence of events is that described above. In a few
caseswhere the E domain folds first, its unfolding is required before tB&%elds.

The stability of the interface is essential to ensure cooperative unfoldinG6t.E-

We identifiedtwo mutations in the E-domain of 65° (G517A and G548A), at the
interface between the two domains, that, although the interface was sufficientty stabl
to promote the folding of the E domain, resulted in unfolding kinetics that were
completely uncoupled; two unfolding phases are observalll imfolding traces

(Figure A-C). As was seen iwild-type (WT) EGS5, the fast unfolding phase,



ascribed to the unfolding of the E domain (which has a low amplitude and is
associated with an increase in fluorescence) has a weak dependence on denaturant
concentration. Importantly, the slower unfolding phase, associated with the larger
fluorescence change, now has the unfoldingalue of theG5* domain alone, further
evidence that, for these mutations at the interface, the E éndoB&ins now unfold
independently.

We investigated this further using the interface mutant P599A found in the G5
domain, which has no effect on the thermodynamic stability and kinetics?af G5
isolation but perturbs B5° (Fig. 4D,E). Pro599 is located in the N-terminal loop of
G5 In the isolated domain Pro599 is exposed to solvent, whereas in the context of E-
G5 it contributes to the hydrophobic cluster at the E-G5 inter-domain interface,
where it makes contacts with Phe510 and Tyr547 from the E domain AfigVé
introduced the E500W-E53%EP*NS FRET pair (Fig. A) in E-G5-P599A, which

results in FRET only when E is folded. The unfolding kinetics were monitored by the
decrease in 1,5-IAEDANS fluorescence (Fig),4and at high denaturant
concentrations that promote unfolding, a single phase was detected, corresponding to
the faster unfolding phase found foiG*-P599A (similar rate constants and the

same urea-dependence) clearly representing unfolding of E uncoupled ffom G5
Note that we still observe the same single refolding phase for this mutant (except
around the midpoint, Fig 4E), when followed by FRET because the folding?d$ G5
the rate-limiting step for folding of the E domain. Thus, again, we found that the
interface is key to cooperative folding.

Mutations reveal an alternative folding pathway fofSB%. We found five

destabilizing mutations within the &Bomain that alter the folding pathway inG-.
Three of these (G576A, Y625W and G626A) are located in the C-terfinal
sheet/loop region of GXFig. 5A) where, as shown above, folding is nucleated in

both G5 and EG5. These mutations destabilize the proteins by >1 kcal mol

relative toWT G5 and EG5 (Fig. 3,C, Supplementary Tables 2,3). In Gfione

these three variantdl have & -value of ~1 that is, they unfold exactly\&8 and all

the change in stability is reflected in a change in the rate of folding @&i&RR2

panel). Importantly, the dependence of the rate constant for folding on denaturant
concentrationry) is exactly the same as fofT G5°. In E-G5*, however, although
these mutants again unfold exactlyWd$ now thefolding kinetics are clearly



different (Fig. D). All still fold more slowly thatWT but now thany values are
significantly increased comparedWéT suggesting that these variants are folding via
a different, significantly more compact TS, withge= 0.53 (compared to 0.33 for

WT E-G5) .

Two otherGly-to-Ala mutations within the triple-helical region of &5
(G584A and G587A; Fig.A destabilized the domain so significantly that the
mutants are largely disordered at 0 M urea (Fgyabd Supplementary Table 2). In
E-G5%, these mutations are also destabilizing, but now both E ahdré&%olded (Fig.
5C and Supplementary Table 3). Interestingly, the chevron plots of bG#&f-E-

G584A and BES5*-G587A demonstrate the same, value as the mutants that
destabilize the extreme C-terminal region oBE>(Fig. ), suggesting that these
variants also fold via a new, more compact, TS (with af 0.53). Note that folding
is still cooperative; in a control experiment the kinetics @#-G584A recorded
using the E500W-E532¢5PANS FRET pair (reporting specifically on folding of E)
were characterized by an identital, to the one measured by intrinsic tyrosine
fluorescence (Fig.B).

Thus, if we make mutations that significantly destabilize the folding nucleus at
the extreme C-terminal end of the G®main, or mutations that are essential for
formation of the triple helix connecting the nucleus to the rest of the protein, we
apparently alter the folding pathway P but only when the E-domain is present.
Formation of the interface is key to driving folding along the alternative pathway.
Crucially, for some of these mutations in tB& domain (e.g. Y625W and G576A)
the folding pathway of isolated GHoes not change; the new pathway is only
accessible when the E-domain is present and yet we know that E does not fold in
isolation. Given the importance of the interface between the two domains in imparting
stability and cooperativity, we hypothesized that the alternative TS (characterized by
% of 0.53) involves formation of a structured® interface as an early step in this

alternative pathway.
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The Tanford' -value, / T 2% /is ameasure of the position of the transition statedims
u

of SASA, or compactness) between D anlLll). An alternative explanation for a switchrig is that
a mutation results in destabilisation of a TS that fall latethe same single pathy. Several lines of
evidence suggest that this is a less reasonable explanation thkel pathways. Only mutations that
destabilise the WT pathway (with ~ 1) are affected; the same mutations irf &Bne do not result in
a change imny.; a residue with ~1 in WT had ~0 in Y625W (see below).



If this hypothesis is correct, then residues close to tB&Hnterface, in the E
and G5 domains which all originally have!a-value ~0 should have increaded
values in this new pathway and residues in the region with! igalues inWT
would have low -values in this alternative pathway. We would also predict that a
mutation that destabilized the interface could switch the new pathway back to the
original polarized TS in E55”. Thus we performed a mutational analysis based-on
values, in which E55>-Y625W was treated as a pseldfF (Fig. BAE,
Supplementary Table 6). (A crystal structure of the protein at 1.6 ¢ resolution reveals
that this substitution does not disrupt the structure 6f(S8e Supplementafig. 4
and Supplementary Table 7.) In that background we introduced a numbertof Pro-
Ala mutations, most of which originally hadvalues of 0 in the background T
E-G5°. P531A and P540A in E and P618 in°Gall ! ~0) were designed to probe the
folding of the individual domains, and P512A and P599A (kls0) were designed
to weaken the interface. P571A, which originally ha€l is found in the C-terminal
loop at the centre of the nucleation site for\Wi€ pathway. Whilst half of the
mutants (P512A, P531A and P618A) warsufficiently destabilizing to determine
| -values in the background of G5*Y625W, three of the mutants gave us
information.

(i) The E domain is partly structured in the transition state of alternative pathway:
The P540A mutation resulted in a fractioha{0.7) in the context of E5%-Y625W
(compared toé -values of 0 for Glyto-Ala mutations in the same region of W& E
domain). Folding is more affected than unfolding, implying that the triple-helix of the
E domain is now significantly structured in the TS (Fig).5

(i) The C-terminal loop of G5is not formed in the transition state of the alternative
pathway the P571A mutation now has no effect on the folding rate! Faalueis

low in the background of B5%-Y625W (Fig. &) (* = 0.1, compared tb = 1 in

WT).

(iii) If the interface is destabilized then@" reverts to the original folding pathway:
the chevron plot of E55%Y625W-P599A shows the sarhe, as EG5-P599A and

WT E-G5, indicative of theNT-like folding pathway (Fig. B). We infer that the
mutation P599A at the B5 interface destabilizes the new TS and causes folding to
revert to the originaWT pathway. These results confirm that the new TS involves



formation of structure at the interface between the two domains in the alternative

folding pathway.

Discussion
SasGis a protein that challenges some of our preconceptions of protein structure and
folding. First, it has an unusual sequence composition typical of an intrinsically
disordered protein (~60% of the residues are charged, Pro or Gly), yet it demonstrably
folds cooperatively D albeit to an unusual single-sheet extended structure. Despite this
unusual structure, the biophysical parameters for foldimgalue, stability) are quite
unremarkable for a protein of this size (E-G5 and G5 have 132 and 82 residues,
respectively). Whais remarkable is thas5 domains fold far more rapidly than might
be predicted from their relative contact order (15) (Supplementary Fig 5). The
interface between the E and Gfbmains provides most of the stability for the protein.
This is exemplified when we consider the mutation of two highly conserved Gly
residues in the triple helical region of the’@dmain (G584A and G587A) which
both cause G5o be unfolded; when we mutate these same residueSHhi, Ere
protein folds (Fig. B,C). Thus we can take an unfolded“@®main, add an
intrinsically unfolded E domain and produce a folded protein. We have estimated that
the interface imparts at least 6 kcal thtd the stability of B55* (compared with
&Gp.n for WT G5 and E of 2.8 antl -2.5 kcal mof, respectively) (9). This interface
is also key to maintaining cooperative folding and for the long-range cooftgrativ
that imparts stiffness to the SasG structure. Here we have demonstrated that the
interface is essential to ensure that the entire E-G5 maotif folds and unfolds in a single
cooperative step B mutations at the interface disrupt cooperative folding. And yet, to
our surprise, our data suggest that the interface between E aisdcGfpletely
unformed at the transition state for folding (the E-domain and the N-terminal region
of the G5 domain are both unstructured).

Our data show that folding of SasG is initiated at the far C-terminal end of the
G5 domain. At this point there is a turn between the two dutgrands and the
terminal, OdockingO strand is inserted between these, into the loop (Fig. 3). Assembly
of this small structural element in one domain is sufficient to drive folding of the
entire E-G5 molecule over a distance of more than 10 nm. However, folding at the
interface is clearly an option, since destabilization of the C-terminal nucleation site



allows folding via a higher energy transition state where formation of the interface is
key. EG5can thus fold via parallel pathways but the lowest energy pathway

involves formation of the C-terminal nucleus. It is unclear whyWilspathway

should be lower in energy than a pathway involving formation of the interface, the
most stable region of the structure and essentially the only region where there is any
significant burial of hydrophobic residues. It may be because the entropic cost of
forming the interface is larger; it involves bringing together loops from the E and the
G5 domain that are distant in sequence (~85 residues apart), although the interactions
in the C-terminal nucleus are by no means short range (~ 50 residues between the C-
terminal residues of the final strand and the turn). Alternatively, the intrinsic disorder
of the E domain may again be key. The formation of the interface invbledslting,

at least in part, of the E domain, a process that is inherently costly in terms of free
energy. Importantly, however, cooperative folding is a feature of both pathways,
because the E domain cannot fold in the absence of G5.

In wild-type protein (except under very destabilising conditions, as described)
the protein folds and unfolds as a single unit; no intermediates are populated in
folding or in unfolding, or at equilibrium. This is, by definition, cooperative folding.
Such tight and robust cooperativity in folding behaviour has not been seen previously
in multi-domain proteins. Even where there are significant interfaces between
domains, kinetics reveal that the domains fold in a non-two state manner, with each
domain behaving as an independent folding unit (16, 17). The obligate cooperativity
of SasG arises because E can only fold in the presence of folded G5, but once folded
the entire domain is very significantly more stable than the sum of the stability of the
two domains individually.

The kind of cooperativity we are observing in the SasG protein (Oobligate®
folding cooperativity) is reminiscent of the folding of repeat proteins. These comprise
tandem arrays of small repeats (20-40 residues) that are unstable on their own, and
which fold, apparently cooperatively, through formation of interfaces between the
repeats (18-25). But tandem repeats are very different to SasG, where contacts within
the domains themselves and between domains are very long-range, whereas contacts
in repeat proteins are very local (Supplementary Fig\Mb)jle there is a dominant
folding pathway in SasG, parallel pathways are a key feature of repeat proteins, in
particular as the number of repeats increases. However, despite each subunit being
intrinsically unstable alone, kinetic cooperativity is not generally maintained beyond



3-4 subunits in repeat proteins, but SasG is able to maintain cooperative folding
across a distance of ~12 nm.

Conclusion

The importance of intrinsic disorder in Biology is becoming increasingly apparent,
but why would Nature choose disordered domains to form a multi-domain protein?
We had previously shown that disorder-mediated thermodynamic cooperativity
allows SasG to adopt long, mechanically strong, rod-like structures (9). Now we have
shown how this disorder, coupled with the remarkable stability of the inter-domain
interface, can result in cooperative folding kinetics, with no populated intermediates,
across long distances. The folding of classic multi-domain proteins is highly
cooperative, but only within the relatively local confines of a single domain. In repeat
proteins short-range cooperativity is apparent between 3-4 indilidustable

repeats. SasG provides a paradigm for much longer-range cooperative folding B by
the obligatory folding of alternate intrinsically disordered domains with their folded
neighbors.

Materials and Methods

All experimental procedures are described in detail in the Supplementary Information.
Analysis of kinetic dataFor some mutants kinetic data were fitted to a model

allowing for parallel pathways (see Supplementagy 6 for details).
Simulations:Simulations were performed using a coarse-grained model where only
C. atoms are represented and interactions depetite native reference structure and
on the residue type (26). Details are given in the Supplementary Information.
Determination of the structure of G5-Y625W:Details of the crystallization and
structure determination of 65° Y625W can be found in the Supplementary
Information. The coordinates and structure factors have been deposited in the prote
data bank with accession code 5DBL.
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Figure Legends

Fig. 1. Structure and biophysical data forwild-type (WT) SasG G5 and E-G5%

(A) Schematic representation of SasG fr8maureusNCTC 8325. The A domain
promoesadhesion to host cells. The core region comprises tandemly arrayed G5 (red)
and E (blue) domains (10). The@® fragment of SasG is indicated with a ba) (
Structure of ES5® (PDB accession: 3TIP) illustrating the topology of E and G5
domains: two single-layer triple-strandeesheets connected by a central collagen-
like triple-helical region. The tyrosines and positions of engetekERET pairs are
shown. FRET pair E500W-E532EPANS (cyan) results in FRET only when E is
folded; 1555W-E613¢P*NS (green) results in FRET when &% folded. C)
Equilibrium denaturation curves. Data MT G5 and EG5, and EG5*-E500W-
E532C EPANS taken from (9). D) Urea dependence of the natural logarithm of the
observed rate constants (i) $or proteins shown iiC. Circles and squares represent
major and minor unfolding rate constants, respectively.

Fig. 2. Mapping the structure of transition states ofVT folding pathway for G5°

and E-G5% (A) Chevron plots foiG5% WT (black) and mutantsBj Chevron plots
for E-G5% WT (black) and mutantsA(B) Left panels: mutants that unfold faster than
WT while the folding rate is largely unaffected. Right panels: mutant$aldaglower
than WT while the unfolding rate is unaffecte@,) 1# values of C) G5, and D)
E-G5° mapped onto the crystal structures. Blue, Higtalues (> 0.8); Red, low -
values (< 0.2); Grey: whe&&G wasnot high enough to obtain reliablevalues.

Fig. 3. Probing the folding pathways of SasG using simulationSimulations of
(A) G5 and B) E-G5* by coarse-grained native-centric model simulations at 320 K.
Top panel shows the root mean square deviation (RMSD) as a function of mmulat
time for a typical refolding event. For &), RMSD values were calculated for all
atoms (black), the C-termin&®esheet/loop region (cyan) and the N-termifal
sheet/loop region (red). For &* (B), RMSD values were calculated for all atoms
(black), the C-termina¥ssheet/loop region of G§cyan), the N-terminaesheet/loop
region of G5 together with the C-termin&ksheet/loop region of E (red) and the N-
terminal%sheet/loop region of E (orange). The bottom panel illustrates corresponding
sequential snapshots from the refolding trajectory and the related sahtpatogy
representation. The G5domain is shown in red, except for the C-termifal



sheet/loop region (cyan) and its central C-terminal OdockingO strand (green). The E
domain is shown in blue. Further details from the same trajectory as&atied in
Supplementary Fig. 3.

Fig. 4. Mutations at the interface break the cooperative unfolding of E55% (A)
Structure of BES5* showing the location of mutated residues within the E domain
(light blue) and G5 domain (Pro599; orange). Phe510 and Tyr547 (grey) contact
Pro599. B,C) Mutations in the E domainBJ Equilibrium denaturation curves and

(C) urea dependence of the natural logarithm of the observed rate constants for WT
and mutants.[{,E) Mutations in the G5domain: B) Equilibrium denaturation curves

and C) urea dependence of the natural logarithm of the observed rate constants for
WT G5 and mutants. Circles and square€iandE represent major and minor rate
constants, respectively. Mutations at the interface result in the breakofotine
cooperative unfolding of the E and &8omains, manifested in the presence of a
second unfolding rate constant at all denaturant concentrations, and a dectease
dependence of ky on [urea].

Fig. 5. EG5° can fold by an alternative folding pathway. Mutations in the G5
domain that destabilize the folding nucleus cause a switch in patmwayGE’,
manifested by a change in the dependencekpfolm [urea]. A) Structure of BES5
showing the location of residues mutated or used to engineer the FREBp&)r. (
Equilibrium denaturation curves for &and EG5” respectively D) Chevron plots

for WT E-G5° and mutants. Note the change in slope of the folding limb of the
chevron plot for all of these mutant&) (Mutations using Y625W as a pseudbr.
Chevron plots foWWT E-G5* (black), EG5*-Y625W (green) and Prm-Ala mutants

of E-G5° in the background of Y625W. Note that the interface mutant (P599A) causes
the slope to revert to WT. The other mutants Hawealues that differ from those in

the WT background (see text).
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