














Fig. S3. Radii of gyration, Rg, for Csp (red), IN (yellow), and ProT� (blue) obtained assuming the distance distribution of a Gaussian chain. Very similar results
are obtained with other distance distributions (5). The data for IN and ProT� C were fit as described previously (5). The expansion of IN and ProT� at low GdmCl
concentration is due to charge repulsion at low ionic strength (5). For interpolation, the Csp data were fit with Rg ¼ Rg0ð1þ ρKba� ð1þ KbaÞÞ, where Rg0 is the
dimension in the absence of denaturant, ρ is a scaling constant, Kb is an effective binding constant of denaturant to the chain, and a is the activity of the
denaturant (5, 14). The residual difference in chain dimensions at high denaturant concentrations may be due to excluded volume effects from the long
unlabeled polypeptide tail in ProT� or GdmCl binding to acidic side chains (5). The gray data point is from the microfluidic mixing experiment (see Fig. 4,
main text).

Fig. S4. Justification for using a simple harmonic potential to mimic chain collapse within the extended RIF. In the extended RIF, chain compaction is induced
by applying a parabolic trapping potential to every chain monomer. Here we show that such a model realistically reproduces the properties of a chain under-
going a coil-to-globule transition. To simulate the coil-globule transition, we used a chain of N ¼ 41 beads connected by harmonic springs. In addition, non-
bonded beads interacted via a Lennard-Jones potential. Chain collapse was induced by lowering the temperature and quantified by the compactness
parameter c equal to the ratio of the chain’s root mean square distance to the root mean square distance corresponding to the high temperature limit (such
that c ¼ 1 at high temperature, in the absence of collapse). The reconfiguration time, τij , and the rms distance, rij , plotted as a function of the length of the
chain segment between the monomers i and j, agree well with those computed for a Rouse chain, in which collapse was introduced by applying a potential
kcr 2� 2 to each monomer. Again, the degree of collapse for the Rouse chain was quantified by the compactness parameter c, taken, in this case, to be the ratio
of the rms end-to-end distance to that for kc ¼ 0. Given the same values of the compactness parameter, the results for the Rouse model agree quite well with
those for the bead-and-spring model, especially considering that the Rouse model does not take into account excluded volume effects. Here we only show the
data for extreme cases of no compaction and very strong compaction (where c is smaller than the typical experimental values); similar agreement was observed
for intermediate values of c (data not shown).

Fig. S5. (A) Viscosity dependence of the reconfiguration time of ProT� in native buffer (filled circles) and upon addition of 1 M KCl (empty circles). Data were
fit globally as for the Csp viscosity dependence (Fig. 2), which resulted in values of the internal friction time of ð6� 5Þ ns and ð16� 3Þ ns without and with salt,
respectively. (B) Viscosity dependence of the reconfiguration time of IN in 6 M GdmCl. The linear fit yields a value for the internal friction time of ðŠ2� 6Þ ns,
indicating that internal friction is negligible at high GdmCl concentrations.
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Fig. S6. Root mean squared interdye distances and persistence lengths as a function of GdmCl concentration for the different Csp variants (CspC2C68, red
circles; CspC10C67 brown diamonds; CspC21C67, dark red triangles up; CspC22C67, pink triangles down; CspC36C69 violet hexagons). The good agreement of
the persistence lengths indicates a uniform collapse of the chain (4) and thus the dominance of nonspecific interactions in driving collapse and causing internal
friction.

Fig. S7. Specific intrachain interactions result in spatio-temporal correlations within the polymer chain that are quite different from those observed experi-
mentally and in simulations of nonspecific collapse. Here, we illustrate this using a generalized Rouse-type model (16, 17), in which a pair of monomers within a
bead-and-spring chain model interact via an attractive potential. We use a chain with N ¼ 41 beads, where the 4th and the 36th beads attract one another. We
have also considered other choices of the two monomers (data not shown), leading to similar conclusions. As the strength of the attractive potential increases,
more compact configurations are favored. Again, we characterize this compaction in terms of the compactness parameter c, equal to the ratio of the end-to-
end distance and the end-to-end distance in the limit of no attractive interaction. The effect of chain compaction on the reconfiguration times τij is very
different from that observed in the experiments and in our simulations of chains without specific interactions (cf. Fig. S4). Specifically, more compact chains
exhibit a τij that decreases more precipitously with decreasing length of the chain segment ji-jj between the monomers, in contrast to the weakening of this
dependence observed experimentally at lower denaturant concentrations (Fig. 3) as well as predicted by the models that do not include monomer-specific
interactions.

Soranno et al. www.pnas.org/cgi/doi/10.1073/pnas.1117368109 7 of 8

http://www.pnas.org/cgi/doi/10.1073/pnas.1117368109


Fig. S8. Reconfiguration dynamics and internal friction of the bisected variant of CspC36C69 (see Tab. S1). Viscosity dependences of reconfiguration times, τr ,
at 1.0M (A), 2.0M (B), and 6.0MGdmCl (C), respectively. The data were fit globally as in Fig. 2 (solid lines). (D) Denaturant dependence of the radius of gyration,
Rg. (E) Reconfiguration times τr of the bisected variant (red filled squares) compared with the values of internal friction times obtained from the viscosity
dependences (A–C) (empty squares, colors as in A–C), and with internal friction times of full length CspC2C68 (black line, from Fig. 4A). The good agreement of
friction times in the two variants indicates the importance of local interactions for internal friction.

Table S1. Amino acid sequences of the variants of Csp from Thermotoga maritima used in this work (mutations relative to wt in bold,
fluorophore labeling positions in bold underline)

1 10 20 30 40 50 60

Csp(wild type) MRGKVKWFDS KKGYGFITKD EGGDVFVHWS AIEMEGFKTL KEGQVVEFEI QEGKKGPQAA HVKVVE
CspC67 MAHHHHHHSWAALEVLFQ GPG MRGKVKFFDS KKGYGFITKD EGGDVFVHFS AIEMEGFKTL KEGQVVEFEI QEGKKGGQAA HVKVVEC
CspC2C68 MAHHHHHHSWAALEVLFQ GPG MCRGKVKFFD SKKGYGFITK DEGGDVFVHF SAIEMEGFKT LKEGQVVEFE IQEGKKGGQA AHVKVVEC
CspC10C67 MAHHHHHHSWAALEVLFQ GPG MRGKVKFFDC KKGYGFITKD EGGDVFVHFS AIEMEGFKTL KEGQVVEFEI QEGKKGGQAA HVKVVEC
CspC21C67 MAHHHHHHSWAALEVLFQ GPG MRGKVKFFDS KKGYGFITKD CGGDVFVHFS AIEMEGFKTL KEGQVVEFEI QEGKKGGQAA HVKVVEC
CspC22C67 MAHHHHHHSWAALEVLFQ GPG MRGKVKFFDS KKGYGFITKD ECGDVFVHFS AIEMEGFKTL KEGQVVEFEI QEGKKGGQAA HVKVVEC
CspC36C69 MAHHHHHHSWAALEVLFQ GPG MRGKVKFFDS KKGYGFITKD EGGDVFVHFS AIEGRCEGFK TLKEGQVVEF EIQEGKKGGQ AAHVKVVEC
CspC36C69

bisected
CEGFK TLKEGQVVEF EIQEGKKGGQ AAHVKVVEC

Proline was removed to eliminate a kinetic component due to cis/trans isomerization (2, 3, 16); Trp residues were replaced by Phe to eliminate static
quenching of the internally labeled variants. The hexahistidine tag (blue) was removed by digest with HRV 3C protease. For CspC36C69 a Factor Xa protease
site was introduced (underline) to allow preparation of a bisected variant lacking the N-terminal tail
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