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ABSTRACT: Molecular transport in dense, crowded media is often affected by binding and
collisions with obstacles, leading to complex spatial distributions and anomalous diffusion on
multiple length scales. Here, neutron spin echo (NSE) spectroscopy and forced Rayleigh scattering
(FRS) were used in tandem to study the interplay between segmental and center-of-mass chain
dynamics in the presence of strong binding interactions in a model protein hydrogel. The results
provide evidence for several dynamic scaling regimes of gel relaxation behavior with varying
length scale, including a caging regime bridging submolecular relaxation and center-of-mass
diffusion due to transient binding. On mesoscopic length scales larger than the size of the cage,
chains undergo two distinct regimes of apparent superdiffusive scaling, with different power-law
exponents, before the onset of terminal Fickian diffusion. The combined NSE and FRS results are
interpreted in the context of prior Brownian dynamics simulations of associating star polymers,
revealing insight into structural length scales and binding kinetics governing the transition from
segmental relaxation to self-diffusion in the protein hydrogel. Finally, single-sticker tracer
diffusion measurements were performed to directly probe sticker association/dissociation
dynamics within the gel, the results suggesting that cooperative cluster motion may play a role in

network relaxation on larger length scales.

INTRODUCTION

Understanding molecular transport in dense, crowded media is a central problem in soft
matter and biological physics [1,2]. Such systems often contain structural features spanning several
length scales, from segmental correlations within individual macromolecules to large
supramolecular assemblies formed by physical binding interactions [3-8]. For example, the cell
cytoplasm is a dense fluid containing sugars, proteins, and organelles of various characteristic

lengths [1,9]. Similar hierarchical structure is also found in materials such as polymer networks



[10], microporous materials [11], and colloidal gels [12]. Solute diffusion, especially of
macromolecules, in these systems can be affected by binding and collisions with obstacles across
a range of length scales, resulting in a complex, non-Gaussian spatial distribution and time-
dependent diffusivity [1,6,13-15].

Transient binding between dissolved macromolecules can often introduce long-range
connectivity to form reversible networks with remarkable transport properties [3,16-18]. For
example, the nuclear pore complex combines high- and low-affinity interactions to form a space-
spanning matrix that facilitates selective protein diffusion into the nucleus [16,19]. Associating
bonds have also been incorporated into artificial protein hydrogels to achieve molecular
separations in purely synthetic environments [17,20,21]. In reversible polymer networks, junction
exchange enables chain self-diffusion, imparting stimuli-responsiveness and self-healing abilities
[22-26]. In all such systems, understanding how binding interactions affect molecular relaxation
and diffusion across time scales is essential to their design and remains an open problem [27-30].

Prior work has shown dynamics in associative systems to be largely controlled by the
kinetics of the binding groups, or stickers [30-32]. On time scales smaller than the bond lifetime,
molecular relaxation occurs through submolecular fluctuations, whereas on larger time scales,
multi-sticker macromolecules undergo various modes of diffusion including walking, hopping,
and cooperative cluster motion [20,28,33-35]. While an average of these modes results in long-
time Fickian self-diffusion, recent studies have shown that transitions between the different modes
can cause apparent superdiffusive scaling on length scales 100-1000 times the molecular size
[36,37]. However, these experiments have been limited to diffusion length scales greater than 30
times the molecular radius of gyration, limiting their ability to verify theoretical predictions [34]

of smaller length-scale regimes. In addition, few experimental studies have explored the



relationship between submolecular relaxation and mesoscale diffusion in associative
macromolecular systems, processes relevant to a range of phenomena in biophysical [16,35,38-
40] and soft matter [30,41-43] systems.

In this work, neutron spin echo spectroscopy and forced Rayleigh scattering are used in
tandem to study the interplay between segmental and center-of-mass dynamics on length scales
spanning 5 nm to 50 um in a model associative protein hydrogel. The results reveal several scaling
regimes between the characteristic relaxation time and the length scale probed, including a caging
regime bridging submolecular relaxation and center-of-mass diffusion and two distinct regimes of
apparent superdiffusion on mesoscopic length scales before terminal Fickian diffusion. Comparing
the results to recent Brownian dynamics simulations of associating star polymers [34] reveals the
role of structural length scales and sticker binding kinetics in governing caging in the associative
gel. Finally, single-sticker tracer diffusion measurements are performed to directly probe sticker
association dynamics within the network, the results suggesting the importance of cooperative
diffusion of multi-chain clusters in gel relaxation on longer length scales.

RESULTS AND DISCUSSION

The model associative gel is formed by the artificial protein “Ps,” which consists of four
rod-like associating coiled-coil domains (“P”) linked by flexible strands (““Ci0”) for a total molar
mass of 62.8 kDa (Fig. 1a). In aqueous buffer, electrostatic and hydrophobic interactions between
the P domains result in their aggregation into pentameric bundles with orientational selectivity
[18,44]. Above the overlap concentration of ~5% (w/v), the protein forms an unentangled physical
gel held by coiled-coil association [18,36,44] (Fig. 1b). Previous studies using wide- and small-
angle X-ray scattering have shown that such coiled-coil bundles adopt a rigid cylindrical shape ~1

nm in radius and several nanometers in length [44,45]. The specificity of coiled-coil association
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Figure 1. (a) Amino acid sequences and structures of the coiled-coil (P) and flexible linker (Ci9) domains
composing proteins P4 and P;. The molar masses of P4 and P, are 62.8 kDa and 16.6 kDa, respectively. (b) Structure
of the P4 network consisting of pentavalent junctions formed by coiled-coil association in parallel orientation.
Characteristic length scales dy = 18 +2 nm and £ = 2.6 + 0.1 nm are obtained from small-angle neutron
scattering (SANS) measurements.

and the monodispersity of the connecting Cio strands make the P4 network ideal for studying
relaxation and diffusion in a crowded gel environment formed by transient binding. Rheological
characterization performed here (Fig. S5) and previously [7,36] shows that P4 hydrogels exhibit
plateau moduli, relaxation, and terminal behavior typical of physically cross-linked networks [30].

Static structure. The static structure of a P4 gel at 6.5% w/v and 25 °C was probed with
small-angle neutron scattering (SANS), revealing correlations spanning a range of length scales
(Fig. 2). Quantitative estimates for characteristic structural features were obtained by fitting the
intensity profile to a semi-empirical broad-peak correlation length model [46]. Semi-empirical
correlation length models are commonly used to study polymer networks [47-50], as first-
principles analytical expressions for network structure factors are available only for a very small
number of specific chemically cross-linked systems. The broad-peak model used here has been

shown to be applicable for gel networks containing clustered domains [47,48,51]:
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where q, is the peak component, € is a local correlation length, n and m are Porod and Lorentzian

exponents, respectively, A and C are empirical parameters, and B is the incoherent background.
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Figure 2. Small-angle neutron scattering intensity curve for a 6.5% P4 gel in deuterated buffer at 25 °C, fit to a
broad-peak correlation length model (shown bottom left). Here, g, is the peak component wavevector, § is a

correlation length, n and m are Porod and Lorentzian exponents, respectively, and A and C are empirical
parameters. The experimental scattering curve (“Expt”) is the solvent background-subtracted scattering intensity.
Thus, the background term shown here (“Bkg”) arises only from incoherent scattering of the P4 chains.

The first term in Equation 1 describes low-q clustering behavior, while the second term describes
mid- to high-q strand conformational behavior governed by polymer-solvent thermodynamics
[51]. For the purposes of the fit, I(q) was fit to the solvent background-subtracted scattering
intensity, and B was fixed prior to fitting, as detailed in the Supplemental Material. The fit reveals

a peak component g, = 0.36 + 0.04 nm™?

, which can be used to identify a domain spacing of
dy = 18 + 2nm (via dy = 2m/q,) corresponding to the average distance between coiled-coil
bundles in the gel. This domain spacing is qualitatively consistent with, but slightly higher than,
an estimate of d;4tice = 12.6 nm obtained by placing coiled-coil bundles on the vertices of a
simple cubic lattice (Supplemental Material). Given a free Cio strand’s equilibrium root-mean-
square end-to-end distance of 6.6 + 0.7 nm in aqueous buffer [52], there may be mild stretching
of bridging chains and/or clustering of multiple pentameric bundles, resulting in the larger junction

spacing measured by SANS. The local correlation length is found to be & = 2.6 £ 0.2 nm,

providing a measure of the blob size of the Cio strands, beyond which excluded volume interactions



are screened and chains exhibit Gaussian conformational statistics [49,53-55]. The Lorentzian
exponent m = 1.95 + 0.1 indicates that local strand conformations are between those in 8- and
good-solvent conditions [49], consistent with prior dynamic light scattering measurements of the
Ci0 domain in aqueous buffer [52]. In the low-g region, the SANS intensity exhibits an upturn for

~239101 'indicating partial higher-order clustering on

g < 0.11 nm~! with a Porod scaling of gq
length scales > 57 nm [46]. While the characteristic cluster size cannot be determined within the
q-range of the SANS instrument, all gels are optically clear, indicating the absence of macroscopic
clusters, inhomogeneities, or phase separation. Finally, the high-q scattered intensity follows a
scaling of I(q)~q~*61%5, consistent with Porod’s law of I(q)~q~* expected for smooth fractal
objects [46,56], which here may arise from the smooth surface of the coiled-coil bundles.
Segmental motion. Segmental relaxation of P4 chains within the gel was measured using
neutron spin echo (NSE) spectroscopy, which accesses dynamics on submolecular to molecular
length scales. The measurement range of ¢ = 0.36 — 1.34 nm™' was chosen such that the NSE
signal resulted predominantly from coherent scattering of the P4 chains (see Figs. 2 and S7), thus
providing a description of the dynamic pair correlation function of the various chain segments,
including both the coiled-coil bundles and flexible linker strands. The real-space length scale range
accessed by NSE of d =5 — 18 nm (via d = 21 /q) overlapped with the P4 radius of gyration
(Ry =~ 17 nm [36]) and network junction spacing (dy, = 18 £ 2 nm) estimated from SANS.
Figures 3a and 3b show normalized dynamic coherent scattering curves at various wavevectors
measured by NSE for P4 gels at concentrations of 6.5% and 15% (w/v) at 25 °C. Due to the complex
molecular structure of the P4 chains, the dynamic scattering curves were fit to a phenomenological

Kohlrausch-Williams-Watts (KWW) stretched exponential [57,58] of the form
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Figure 3. Normalized coherent intermediate scattering function measured by neutron spin echo spectroscopy for
P4 gels at 25 °C at concentrations of (a) 6.5% and (b) 15% w/v. Solid lines are fits to a phenomenological
Kohlrausch-Williams-Watts (KWW) streteched exponential function (Eq. 2). (c) Relaxation time 7 as a function
of wavevector q for each gel. Error bars represent 1 standard deviation from 100 bootstrapped replicates of the
intermediate scattering function, which were each fit to the KWW function. Lines are power-law fits for each
scaling regime. The black solid labels show the expected scaling for Zimm dynamics (7~q~3) and Fickian
diffusion (t~q~2). The blue shaded region shows the peak component wavevector and its 95% confidence region,
qo t 8q, obtained from SANS.

yielding the relaxation time 7 and line-shape parameter £ corresponding to the wavevector q [59].
As seen in Figs. 3a and 3b, for all cases the intermediate scattering function is well-captured by
Eq. 2. The line-shape parameter f§ ranges from 0.7 to 1 for all curves (Fig. S8 in the Supplemental
Material), suggesting mild heterogeneity in the relaxation spectrum [57]. While complete decay of
1(q, t) is not observed within the Fourier time range of the NSE instrument, the curves do not show
signs of a plateau that would be expected for “frozen” fluctuations within the gel, suggesting
mobility of both the coiled-coil bundles and the linker strands within the investigated g-range.
Two power-law scaling regimes are observed for both gel concentrations, with a transition

1

around q. = 0.75nm™", as shown in Fig. 3c. For q > q., the 6.5% gel shows a scaling of

7~q~29%%4 while the 15% gel shows a scaling of t~q 32106

, Where uncertainties indicate 95%
confidence intervals. These scaling exponents are consistent with Zimm dynamics (t~q~3),
suggesting that despite the complex molecular structure of the P4 chain, local dynamics resemble
the segmental modes of a free chain in solution. Here, this behavior is likely dominated by

fluctuations of the flexible Cio linker strands on length scales smaller than the spacing between

8



coiled-coil junctions. For q < g, the 6.5% gel transitions to a scaling of T~q~2%%5 signifying
Fickian diffusion (t~qg~2). This diffusive regime may arise from collective segmental diffusion
[58,60] and/or overdamped gel modes involving concentration fluctuations on length scales greater
than the network mesh size, governed by the balance between network elasticity and polymer-
solvent friction [61,62]. In contrast, the 15% gel transitions to a surprisingly shallow scaling of
1~q 11304 which may arise from an enhancement of multi-chain correlations at this higher
concentration [55]; however, its origin remains uncertain. The onset of Fickian diffusion occurs at
a real-space length scale of d. = 2w /q,. = 8.4 nm, which is likely related to the network junction
spacing [62], providing another estimate of the distance between coiled-coil bundles comparable
to that from SANS. In addition, the transition time scale 7, can be interpreted as the approximate
Zimm time of the Cio domain in each gel, which is 7, = 60 ns (6.5%) and 120 ns (15%). Within
both regimes, the 15% gel’s relaxation times are only 1—3 times those of the 6.5% gel, despite
their long-time chain diffusivities being orders of magnitude apart. Thus, while sticker
association/dissociation dynamics control macroscopic network dynamics, junctions can be
considered permanently bound and chain conformational relaxation largely decoupled from sticker
dynamics on the short time scales accessed by NSE [62].

To further probe the Zimm-like behavior of the P4 gels at high q, the normalized
intermediate scattering functions for each gel were examined as a function of the reduced Zimm
time, (q3t)?/3, which is the natural scaling variable of the coherent intermediate scattering
function in the Zimm model [59]. In the Zimm model, the coherent intermediate scattering function

in the limit of an infinitely long chain in 8 conditions is given by [59]
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where 7, is the solvent viscosity (9 X 10™* Pa s for the 0.1 M sodium phosphate buffer used here),
kg is Boltzmann’s constant, and T is temperature (25 °C). In this work, I, is treated as a fitting
parameter to account for deviations from 6 conditions and the high chain concentration (above
overlap) in the gels. For each gel concentration, the Zimm decay rate I, was determined by
simultaneously fitting the Zimm-scaled dynamic scattering curves for ¢ > 0.75nm
(corresponding to the Zimm-like regime shown in Fig. 3c) to Eq. 3 using nonlinear least-squares
regression. As shown in Fig. 4, for each concentration, the dynamic scattering curves at g > 0.75
nm™! largely collapse onto a master curve when plotted against the reduced Zimm time, in
reasonable, but not perfect, agreement with the Zimm model (solid black curves). However, the
curves at ¢ < 0.75 nm’!' appear to decay more steeply than the Zimm model due to the transition
to Fickian diffusion, consistent with the scaling regimes shown in Fig. 3c. The decay rates
(normalized by g3) obtained from the fits are I, /g3 = 0.055 + 0.003 nm3 ns™~?! for the 6.5% gel
and 0.033 £ 0.002 nm3 ns™? for the 15% gel, where uncertainties are 95% confidence intervals.
The characteristic times given by I;'! are within a factor of 1.4 of the time constants T obtained
from the KWW fits (Eq. 2) of the NSE data in the high-q regime, as shown in Fig. S11,
demonstrating qualitative agreement. It is notable that the values of I, for the 6.5% and 15% gels

are 4.4 and 7.3 times smaller, respectively, than the predicted decay rate of Eq. 3c for an ideal
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Figure 4. Zimm scaling of the normalized intermediate scattering functions for the (a) 6.5% and (b) 15% gels.
Closed symbols are used for curves in the Zimm-like regime (g > 0.75 nm") and open symbols are used for curves

in the Fickian diffusion regime (q < 0.75 nm'), with the transition wavevector of g, = 0.75 nm™' determined
from the 7 vs. q scaling regimes shown in Fig. 3¢. The solid black curves are least-squares fits to the Zimm model
(Eq. 3) of the curves for ¢ > 0.75 nm™!, treating I, as a fitting parameter. The decay rates resulting from the fits

are [, = 0.055 + 0.003 nm® ns™! and 0.033 £ 0.002 nm> ns™! for the 6.5% and 15% gels, respectively. The
dashed curves are the predicted intermediate scattering function for an ideal single chain using the decay rate I’; o
given by Eq. 3c.

single chain (dashed curves in Fig. 4). In addition, even at high g, the collapsed dynamic scattering
curves for both concentrations show qualitative deviations from the prediction of Eq. 3 (which is
rigorous in the limit of an infinitely long chain in dilute 8 conditions [59]). The slower decay rates
in the P4 gels and the deviations from the ideal Zimm limit, even on local length scales, may be
attributed to contributions from the slower dynamics of the rigid coiled-coil bundles, the relatively
short length of the Cio linkers (< 100 Kuhn segments), strand tethering due to binding, and an
increase in the effective local viscosity due to crowding of the overlapping strands (an effect
expected to be more pronounced in the 15% gel due to its higher concentration) [59,63]. However,
for both concentrations, the dynamic scattering curves at ¢ > 0.75 nm™' appear well-parametrized
by the scaling of (g3t)?/3, supporting the Zimm-like segmental behavior suggested by the T~q 3
scaling in Fig. 3c.

Self-diffusion. Center-of-mass self-diffusion of the P4 chains on length scales greater than

their radius of gyration was next probed by forced Rayleigh scattering (FRS), which accesses
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diffusion on supramolecular length scales up to the terminal Fickian regime. FRS measurements
were performed as previously described [36], with ~2% of chains labeled with a photochromic
dye. The use of two laser wavelengths (355 nm and 488 nm) enabled a wide experimental range

of 150 nm < d < 50 um, corresponding to ~10R, up to ~3000R,. Briefly, two laser beams of

wavelength 1 were crossed in the sample at an angle 6, selectively photoisomerizing the dye-

. . . . . . 2
labeled chains to create a sinusoidal concentration profile with period d = Tneine/D’ where n =

1.35 is the gel refractive index. The evolution of this concentration profile was monitored by Bragg
diffraction of one of the beams to determine the diffusion time scale 7 corresponding to the length
scale d. Because the photoisomerized, native, and unlabeled chains are all approximately identical,
there is minimal perturbation of the system away from equilibrium, and the relaxation rate may be
assumed equal to the equilibrium self-diffusion rate within the gel [64].

Figure 5a shows mean self-diffusion times (t) for various values of the sinusoidal period
d for P4 gels of various concentrations at 25 °C. For all cases, the diffracted intensity decayed as
a single stretched exponential with mean time constant () (details of the fitting procedure are in
the Experimental Section). P4 diffusion shows three distinct scaling regimes with increasing d?,
described by the power-law relationship {(t)~d?* where u = 1 for Fickian diffusion. Chains first
undergo two distinct regimes of apparent superdiffusion (4 < 1) on intermediate length scales,
with a transition around d? ~ 0.25 um?, followed by terminal Fickian diffusion on large length
scales. While previous experiments [36,37] have observed the upper, more extreme superdiffusive
regime (d? > 0.25 um?), this is the first observation of a distinct lower superdiffusive regime,
suggesting a transition to a different set of diffusive modes on these smaller length scales (~10 —
30 times the chain radius of gyration). Unlike in the upper superdiffusive regime, the power-law

exponents in the lower superdiffusive regime exhibit a strong concentration dependence, with y =
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Figure 5. (a) Forced Rayleigh scattering measurements of mean self-diffusion time (7) as a function of length
scale squared d? in P4 gels of various concentrations at 25 °C, showing two sequential regimes of apparent
superdiffusive scaling (slope less than 1) followed by terminal Fickian diffusion (slope of 1). Lines are power-law
fits to {t)~d?* for each regime. (b) Effective self-diffusion coefficient Desr = d?/4m%(t) as a function of the
wavevector ¢ = 21/d, showing the transitions in D.sf in each regime. Lines are power-law fits to each regime.
In both panels, open symbols are data collected at 355 nm, and closed symbols are data collected at 488 nm.

0.31 £ 0.05, 0.44 £ 0.04, 0.67 £ 0.1, and 0.75 £ 0.1 for the 6.5, 9, 12.5, and 15% (w/v) gels,
respectively. This increase in the power-law exponent of the lower superdiffusive regime (i.e.,
closer to Fickian dynamics) correlates with a decrease in the width of the upper superdiffusive
regime, indicating a reduction in the overall extent of superdiffusive scaling at higher
concentration.

The effective self-diffusion coefficient D.sr at each d-spacing (or inverse wavevector q)

can be determined from the FRS decay time via

oo 2 1
1 4m2(7) T q3(z)

(4)

where for Fickian diffusion D, is independent of q. The FRS data demonstrate that D, ¢ for the
P4 chains is highly gq-dependent and decreases with concentration (Fig. 5b). At low g, Desf is

constant for all concentrations, corresponding to the terminal Fickian regime at large d?. The
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terminal diffusivity shows a strong inverse dependence on concentration (¢) with a scaling of
Desr~¢p 61292 (Fig. S13), which can be attributed to an increased density of binding sites within
the network that hinders chain mobility. This concentration dependence is qualitatively consistent,
but slightly stronger, with the scaling prediction of the sticky Rouse model of Deff~¢_5'19 for
good solvent conditions in this concentration regime [31]. The deviation from the scaling
prediction has been observed in prior measurements of coiled-coil protein diffusion [36] and may
arise from the pentameric nature of coiled-coil aggregation, compared to the pairwise association
assumed in the sticky Rouse model. At higher g, D.ss decreases with g for all concentrations,
displaying two power-law scaling regimes that correspond to the two superdiffusive regimes seen
at low d? in Fig. 5a. Notably, the high-q scaling of D.fr suggests a convergence to a common

effective diffusivity with further increases in g, beyond the range of FRS, suggestive of a limiting
intrinsic relaxation time scale independent of concentration on small length scales (vide infra).
The regimes of apparent superdiffusion seen in Fig. 5 may be attributed to transitions
between the relative contributions of different diffusive modes within the network (e.g., hopping,
walking, or multi-chain cluster motion), each over a finite length scale range. While previous
analyses [36,37] have attempted to describe associative polymer diffusion using two-state models,
where superdiffusive scaling arises due to an interconversion from an bound (“slow”) state to a
hopping (“fast”) state upon unbinding from the network, restricting bound-state diffusion to one
dynamic mode fails to capture the multiple superdiffusive regimes observed here, instead
predicting purely Fickian diffusion on small d-spacings [36]. A transition to a hopping mode has
also been invoked in a recent Brownian dynamics simulation study of associating star polymers
[34] to explain apparent superdiffusive behavior, corresponding approximately to the upper

superdiffusive regime observed here. The presence of two distinct sup‘erdiffusive regimes in Fig.
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5a, however, suggests that the transitions between diffusive states other than hopping may also
result in apparent superdiffusion on smaller length scales (though still > 10-fold the chain radius
of gyration). The FRS results thus provide evidence for a complex ensemble of more than two
molecular states within the gel, where transitions between different sets of states can result in
multiple regimes of apparent superdiffusion on different length scales. This ensemble of molecular
configurations is also expected in view of the four stickers per chain on the P4 molecule, which
allow for substantially more than two states compared to architecturally simpler networks
containing only one or two stickers per chain [33,65]. While some aspects of the self-diffusive
behavior here resemble a Lévy flight process (where molecules undergo a heavy-tailed distribution
of jump lengths, resulting in an increase in the effective diffusivity over time [66,67]), it is
important to note that each diffusive state (walking, hopping, etc.) is expected to be an equilibrium
random walk that results in a Gaussian spatial distribution of its respective population [34]. The
difference in each population’s diffusivity and changes in the relative contribution of each state
toward the overall chain diffusivity are the proposed origin of the regimes of apparent
superdiffusive scaling observed here.

At higher concentrations, the reduced prominence of both superdiffusive regimes suggests
a decrease in the average hopping displacement and frequency and an overall convergence in the
contributions of the various diffusive modes in the gel. The suppression of hopping may originate
from an increase in binding site density, changes in network topology (e.g., fewer loops), and an
increase in the effective bond lifetime due to repeated sticker dissociation and reassociation events
before partner exchange [31,36,68]. However, from the FRS data alone it is difficult to estimate
the characteristic displacement of a walking or hopping step in the P4 network due to the inability

to decouple the relative contributions of the various diffusive mechanisms to network relaxation.
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Previous studies on proteins containing two stickers per chain have estimated a root-mean-squared
hopping displacement of ~1.1 um, where hopping was assumed to be the only diffusive mode due
to the small number of stickers per chain [33]. The P4 characteristic hopping displacement may be
similar to this value, although it is expected to be lower due to its increased number of stickers per
chain and greater contribution from other modes. As shown in Fig. 5, P4 chains ultimately
transition from the upper superdiffusive regime to terminal Fickian scaling at length scales 103 —
10* times the chain radius of gyration, depending on the concentration, where the effective
diffusivity is expected to contain contributions from hopping, walking, and cluster diffusion to
varying degrees [34,36].

The combination of the NSE and FRS data provides insight into the relationship between
submolecular relaxation and sticker-exchange-mediated diffusion in the associative network. In
Fig. 6a the NSE and FRS relaxation times are plotted together against the real-space length scale
squared, where length and time are normalized by the lattice-model estimate of the coiled-coil
junction spacing (d;4¢tice = 12.6 nm) and Cio Zimm time approximated from NSE measurements,
respectively. (The same data in non-normalized units are presented in Fig. S14.) Extrapolating the
relaxation times from NSE up to the larger length-scale times from FRS reveals the presence of
one or more caging regimes in the intermediate region between 0.06 < d?/4m2d?;;ice < 3.6
(equivalently, 20 nm < d < 150 nm). These caging regimes likely correspond to structural
features within the gel, as is widely seen in diffusion in heterogeneous systems, particularly
biological media [1,6,9,13-15].

'Comparing the experimental data to recent Brownian dynamics simulations on associating
star polymers [34] allows estimation of the time and length scales governing the caging regime in

the P4 gel. As seen in Figs. 6a and 6b, several aspects of the experimental results show qualitative
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Figure 6. (a) Combined NSE and FRS results for P4 hydrogels of different concentrations at 25 °C. Length and
time are normalized by the coiled-coil junction spacing and the Cio Zimm time, respectively. Dashed lines are an
extrapolation to a hypothesized intrinsic, concentration-independent sticker dissociation time. The vertical shaded
region indicates the length scale corresponding to the coiled-coil junction spacing 95% confidence region obtained
from SANS (g, = 0.36 + 0.04 nm™1). The horizontal shaded region indicates the range of network relaxation
times measured by rheology for the gel concentrations probed here (2.4 s < T, < 10.1 s, obtained from Ref
[36]). (b) Characteristic time as a function of domain length squared from Brownian dynamics simulations of
associating 4-arm star polymers, based on data from Ref [34]. Concentration is normalized by the overlap
concentration, ¢*. Length and time are normalized by the mean-square arm length, (R?) 4, and arm relaxation
time, Ty, respectively. The characteristic length and time governing the subdiffusive cage are indicated as
(R?)arm/N4 (Where Ny = 4 is the number of arms per molecule) and the sticker dissociation time 7, respectively.

agreement with simulation, including fast submolecular relaxation, caging, multiple apparent
superdiffusive regimes that are more pronounced at lower concentration, and terminal Fickian
diffusion. Although in the simulations the extent of superdiffusive scaling decreases with
concentration until it is no longer present around ¢* /¢ = 10, the maximum concentration probed
experimentally is ¢ /¢* ~ 3 due to limitations in the time scales accessible by FRS. It is expected
that further increasing the concentration would decrease the width of the regime over which
superdiffusive scaling is observed, though complete disappearance may be experimentally
inaccessible due to the onset of chain entanglement at higher concentrations.

Simulations (Fig. 6b) predict a caging regime on length scales similar to the root-mean-
square extension of the strands [34]. Diffusion over larger distances requires one or more stickers
to unbind, decreasing chain mobility by a degree determined by the sticker dissociation kinetics.
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The normalized FRS curves can be extrapolated down to shorter length scales where they appear
to intersect around d?/4m?d?,spice = 0.1 — 0.4 and 7/Tzimm ~ 108, or in real units, d* ~ 25 —
50 nm and t* = 6 —12s. These are predicted to be characteristic length and time scales
corresponding to a molecule’s exit from the cage, independent of concentration, signifying its
transition from submolecular relaxation to larger-scale diffusion mediated by sticker exchange. In
particular, the time scale 7" is proposed to originate from an intrinsic, concentration-invariant
sticker dissociation time [34]. On greater time scales, multiple association/dissociation events can
occur, leading to different diffusive modes and concentration-dependent dynamics. As seen in Fig.
6a, the dissociation time 7" estimated from FRS is qualitatively consistent with the coiled-coil
exchange time measured by rheology (2.4 s < T,peo < 10.1 s, horizontal shaded region; Fig. S5
and Ref [36]). The dimensionless cage size d* is also similar to the spacing between coiled-coil
bundles measured by SANS (d, = 18 + 2 nm, vertical shaded region), in qualitative agreement
with simulation. However, caging is not directly observed in the NSE data (Fig. 3). Cooperative
junction motion may increase the effective cage size to outside the NSE g-range; this diffusive
mode was neglected in the simulations [34] and may be a source of error in the estimates of 7* and
d*. Overall, the experimental results qualitatively support many predictions from simulation and
allow estimation of molecular parameters (e.g., junction spacing and binding kinetics) governing
the caging regime in the P4 gel. However, since the simulations in Ref [34] only track center-of-
mass motion, they do not capture the segmental relaxation behavior measured by NSE, instead
predicting purely Fickian diffusion on submolecular length scales.

Single-sticker tracer diffusion. To more directly probe individual sticker binding
dynamics within the P4 gel, tracer diffusion of a single-sticker protein analog (“P:1”) through the

P4 gels was measured using FRS. P; contains a single P domain flanked by two Cs strands (the
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same repeating sequence as Cio except half the length), giving it the structure CsPCs with a molar
mass of 16.6 kDa (see Fig. 1a). This structure was chosen to resemble the local chemical structure
of a single coiled-coil domain in the P4 network, including steric effects from the flanking linker
chains. For tracer diffusion measurements, a low concentration of P1 (~1% of all coiled-coil
domains) was dispersed into the P4 gel such that interaction between P tracers could be assumed
negligible. Diffusion of Pi through the P4 matrix was expected to be controlled by its rates of
binding and unbinding from the network, enabling direct measurement of the kinetics of
association of the coiled-coil domains in the network. In particular, the strictly two molecular
configurations of the P1 molecule (i.e., free and bound) enable rigorous analysis using a two-state
model, as in prior analysis of small-molecule sticker diffusion through metal-coordinating gels
[65].

Figure 7 shows tracer diffusion measurements of P:1 through P4 gels, along with a
comparison to P4 self-diffusion measurements at the same concentrations. Both the tracer and self-
diffusive behavior are qualitatively similar, exhibiting superdiffusive scaling on intermediate
length scales followed by Fickian scaling on long length scales. Although P tracer diffusion is
faster than P4 self-diffusion for each gel concentration, the tracer and self-diffusion times are
within a factor of 3 for the 6.5% gel and within a factor of 2 for the 15% gel, a surprising degree
of similarity considering the difference in the number of stickers per chain (4 vs. 1).

To estimate the coiled-coil dissociation time within the gel, the tracer diffusion data were
fit to a previously developed two-state reaction-diffusion model that captures the effect of transient
association on diffusion through the gel [36,65]. Briefly, the model postulates that Pi tracers
diffuse through the network via two states, either free (denoted P{) or bound to the network

(denoted PE). Each state has its own characteristic diffusivity (Dr and Dg), where the bound-state
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Figure 7. Forced Rayleigh scattering measurements of tracer diffusion of single-sticker P; chains in a matrix of
P4, compared to P4 self-diffusion. Dashed lines are fits of the P; diffusion data to the two-state model, as described
in the text. The horizontal dotted lines show the characteristic P dissociation time in each gel, given by 74 = k1.

diffusivity can be nonzero due to collective rearrangement of the network structure as a whole.

Interconversion between the states occurs by first-order chemical kinetics:

Kq
pf =P} (5)
ka
where k, and k; are the association and dissociation rate constants, respectively. A material

balance yields the following system of equations governing the diffusion of each species and

interconversion between the two states:

a[Pf a*[pPf v 5

[at]: F%_ka[ﬂ]‘*‘kd[ﬂ] (6a)
o[PE o%[PE

[Eitl]: B%‘Fka[[’f]_kd[ljf] (6b)

where brackets denote concentration.
Equation 6 can be solved in Fourier space to predict characteristic frequencies of the

system as a function of the wavevector g, equivalent to the relaxation time (z) for each d-spacing
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measured by FRS [36]. Fitting the tracer diffusion data to the two-state model enables
quantification of the characteristic association and dissociation rate constants (k, and kg,
respectively) of the Pi tracer, which are expected to reflect the kinetics of all such coiled-coil
domains in the network. As shown in Fig. 7, the P: diffusion data are well-captured by the two-
state model for both gel concentrations, including both the apparent superdiffusive and terminal
Fickian regimes. The fits reveal P1 dissociation times (given by 74 = kz') of 746504, = 17 £ 3's
in the 6.5% gel and 744509, = 1000 £+ 200 s in the 15% gel, where uncertainties are 95%
confidence intervals. While the 6.5% gel’s dissociation time is similar to both the limiting time
scale governing exit from the caging regime from self-diffusion measurements (t* =~ 6 — 12 s;
Fig. 6a) and the coiled-coil exchange time measured by rheology (7,4, = 2.4 s; Fig. S5 and Ref.
[36]), the large dissociation time of the 15% gel reveals an unexpectedly strong concentration
dependence of the coiled-coil dissociation kinetics. In addition, the diffusion length scales

corresponding to P1 dissociation (i.e., the inflection point of the curves) are diznflec,G.S% = 1.4 um?
and diznflec,ls% = 2.7 um? for the 6.5% and 15% gels, respectively. These length scales are

roughly two orders of magnitude greater than the P1 radius of gyration (~7.8 nm), revealing
surprisingly high mobility of P tracers in their bound state before unbinding.

The unexpected concentration dependence of 74 and similarity between P1 and P4 diffusion
times may be explained by the presence of multi-chain clusters within the gel that exhibit
cooperative diffusion on longer length scales. P1 tracers may be trapped within larger P4 clusters
that constrain their motion to resemble Ps self-diffusion, especially at higher gel concentration.
These clusters may behave similarly to other self-interacting systems with long-range correlations
such as living polymers and wormlike micelles [66], imparting P1 chains with walking-like modes

and other forms of bound mobility not captured in the single-chain formulation of the two-state
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model. The calculated P: dissociation times would thus reflect the time for complete
disengagement of these clusters from the network, which would require dissociation of multiple P
domains. The presence of loops in the network may also enhance the similarity between P1 and P4
dynamics by decreasing the number of sticker dissociation events required for P4 chains (or
clusters) to hop. However, further study is required to explain the mechanisms behind the
similarity between P1 and P4 diffusion times observed here, as well as the relationship between the
P1 dissociation times obtained from tracer diffusion (Fig. 7) and the hypothesized intrinsic coiled-
coil dissociation time inferred from P4 self-diffusion (Fig. 6).
CONCLUSION

Using neutron spin echo spectroscopy and forced Rayleigh scattering, chain dynamics in
highly associating systems are found to be governed by a complex interplay between segmental
relaxation and transient binding, resulting in several dynamic regimes spanning molecular to
mesoscopic length scales. The transition from segmental relaxation to center-of-mass diffusion is
bridged by a caging regime on a length scale comparable to the junction spacing and a time scale
governed by a hypothesized concentration-invariant sticker dissociation time. Multiple regimes of
apparent superdiffusion are observed on mesoscopic length scales, attributed to transitions
between various diffusive modes, including hopping of chains or clusters. Finally, single-sticker
diffusion measurements suggest the importance of correlated cluster motion on large length scales,
which has often been neglected in previous analyses [28,33,34,69]. The findings of this work
provide insight into the relationship between submolecular relaxation and center-of-mass diffusion
in associating systems across a range of length scales and may be generalized to other crowded
systems with supramolecular interactions, enabling the design of novel soft materials with tailored

transport properties.
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EXPERIMENTAL SECTION

Protein synthesis and purification. P4 and Ps-cys are proteins containing four coiled-coil
domains (P) connected by flexible polyelectrolyte linkers (Cio) (see Fig. 1). Ps-cys differs from P4
by the inclusion of a single cysteine (cys) residue near the C-terminus that enables site-specific
labeling with a photochromic dye via thiol-ene chemistry for forced Rayleigh scattering
measurements. The encoding genes, amino acid sequences, and synthetic protocols for P4 and Ps-
cys have been previously reported [7]. The genes were cloned into the pQE9 plasmid (Qiagen)
with ampicillin resistance and transformed into the Escherichia coli (E. coli) SG13009 cell line,
which has the pREP4 repressor plasmid with kanamycin resistance. The transformed cells were
grown on LB-agar plates with kanamycin and ampicillin at 37 °C for 8 — 16 hours. Single colonies
were then used to seed starter cultures, which were grown in 50 mL of LB media with 50 ug/mL
kanamycin and 100 pg/mL ampicillin in baffled shake-flasks at 37 °C for 8 — 16 hours. The starter
culture (50 mL) was used to inoculate 5 L of TB expression media supplemented with 50 pg/mL
kanamycin and 100 pg/mL ampicillin. Cells were grown at 37 °C and induced with 1 mM
isopropyl-B-D-thiogalactoside (IPTG) once the expression media reached an ODeoo of 0.8 — 1.0.
After induction, cells were allowed to express protein at 37 °C for an additional 6 — 8 hours. Cells
were harvested by centrifugation, resuspended in 250 mL lysis buffer (10 mM Tris, | mM
ethylenediaminetetraacetic acid, 100 mM NaCl, 5 mM MgCla, pH 7.5), and stored at -80 °C until
lysis. To lyse the cells, the cell suspension was thawed, after which 100 mg lysozyme/L expression
was dissolved in the cell suspension and rocked for 30 — 60 min at 4 °C. The cell suspension was
then sonicated on ice in 2 — 3 cycles of 10 min. The sonicated mixture was then clarified by
centrifugation at 26,775 x g at 4 °C for 60 min, after which the supernatant containing the crude

protein was denatured by adding 8 M urea and 100 mM monosodium phosphate. The crude protein

23



in the clarified lysate was then purified using two rounds of ammonium sulfate precipitation. In
the first round, 20% (w/v) ammonium sulfate was added, and the mixture was incubated at 37 °C
with shaking (200 — 225 rpm) for 2 hours. The protein suspension was then centrifuged at 37 °C
for 1 hour at 26,775 x g, and the pellet containing the impurities was discarded. For the second
round, an additional 15% (w/v) ammonium sulfate was added to the supernatant, incubated at 37
°C with shaking for 1.5 hours, and centrifuged at 37 °C for 1 hour at 26,775 x g. After the second
precipitation step, the pellet containing the protein was dissolved overnight at 4 °C in a buffer
containing 20 mM Tris and 6 M urea (pH 8) and then dialyzed 5 times against ultrapure water
(Milli-Q) with at least 3 hours between each water change. P4 and Ps-cys were further purified by
anion exchange chromatography on a fast protein liquid chromatography (FPLC) system (GE
AKTA), using two 5-mL HiTrap Q Sepharose HP columns (GE Healthcare) in series. Proteins
were first dissolved in a denaturing buffer containing 6 M urea and 20 mM Tris (pH 8), loaded
onto the column, and eluted by increasing the concentration of NaCl in the buffer in sequential
linear gradients of 0 — 0.2 M (32 column volumes; CV =5 mL) followed by 0.2 — 0.5 M (10 CV).
Pure fractions were dialyzed 7 — 10 times against ultrapure water and lyophilized for 2 — 3 days
until dry. The final yields of pure P4 and P4-cys were 306 mg and 36 mg per L of expression,
respectively. Protein purity and molecular weight were confirmed with sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. S1) and time-of-flight matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry (Fig. S3).

For use in neutron spin echo experiments, a deuterated analog of the protein P4 (denoted
dP4) was synthesized by expression in E. coli SG13009 in M9 minimal media containing a
deuterated source of amino acids (97% D Celtone base powder, Cambridge Isotope Laboratories)

and 99.8% D microbiologically tested deuterium oxide (Cambridge Isotope Laboratories). Cells
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were grown at 37 °C before being induced at ODesoo= 0.5 — 0.6 after 15 hours of growth in 1 L of
M9 supplemented with ampicillin and kanamycin. Expression was performed at 25 °C until the
death phase was reached around 57 hours after induction. dP4 was harvested by centrifugation and
purified by ammonium sulfate precipitation and anion exchange chromatography following similar
protocols to P4 and Ps-cys. However, for dP4, the two cycles of ammonium sulfate precipitation
were performed with 13% w/v and 15% w/v ammonium sulfate in each respective step. Anion
exchange chromatography was performed in the same denaturing buffer (6 M urea, 20 mM Tris,
pH 8) but with a 1-mL HiTrap Q Sepharose HP column (GE Healthcare), and the protein was
eluted from the column by increasing the concentration of NaCl in the buffer in sequential linear
gradients of 0 — 0.2 M (19 CV), 0.2 - 0.4 M (10 CV), and 0.4 — 1 M (6 CV). The final yield of
pure dPs+ was 4—7 mg per L expression (purity confirmed by SDS-PAGE, Fig. S2) with 78.6%
deuteration and 12.4% exchangeable protons as measured by MALDI (Fig. S3).

For tracer diffusion measurements, a single-sticker analog Pi1-cys was synthesized. Pi-cys
is a protein consisting of one coiled-coil P domain flanked on both sides by Cs domains (the same
repeating sequence as Cio but half the length) (Fig. 1). A single cysteine residue near the N-
terminus enables dye labeling by thiol-ene chemistry. The full amino acid sequence is provided in
the Supplemental Material. The gene for Pi-cys was obtained from Genscript in the pQE60 vector
(Qiagen) and cloned into the pQE9 vector between the BamHI and HindIII restriction sites using
standard molecular cloning protocols. Pi-cys was expressed by an identical protocol to P4 and P4-
cys and purified by Ni**-affinity chromatography in denaturing conditions following the protocol
reported by Glassman et al. [7]. The final yield of pure Pi-cys was 11 mg/L of expression media,

and purity was confirmed by SDS-PAGE (Fig. S4) and MALDI.
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Labeling of Ps-cys and Pi-cys with photochromic dyes. Two photochromic dyes, o-
nitrostilbene (ONS) and dithienylethene (DTE), were used to site-specifically label Pi1-cys and Pa-
cys for forced Rayleigh scattering measurements. ONS was used for measurements performed at
488 nm, and DTE was used for measurements performed at 355 nm.

Maleimide-functionalized o-nitrostilbene (ONS-M) was synthesized as described
previously [70] and conjugated to P4-cys using thiol-maleimide coupling as described previously
[36] and shown in Scheme S1 (Supplemental Material). Briefly, Ps-cys was dissolved in 3:1
dimethylsulfoxide (DMSO): (10 mM sodium phosphate, pH 7.5) at a concentration of 1 mg/mL.
Next, 20 equiv tris(2-carboxyethyl)phosphine hydrochloride (TCEP) relative to the cysteine
residue was added to reduce preformed disulfide bonds, and the mixture was stirred at room
temperature for 30 min. Finally, 20 equiv of ONS-M in DMSO was added dropwise, and the
mixture was stirred overnight at room temperature in the dark. The mixture was purified by anion
exchange chromatography using a Hi-Trap Q Sepharose HP SmL column (GE Healthcare) to
remove free dye, dialyzed against ultrapure water, and lyophilized to yield pure Ps-ONS.
Conjugation of ONS-M to Pi-cys was performed identically to Ps-cys except that the reaction
buffer also included 6 M urea to increase protein solubility.

Vinyl-functionalized 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-
cyclopentene (vinyl-DTE) was synthesized as described previously [71]. Conjugation to Pi-cys
and Ps-cys was performed using a radical-initiated thiol-ene reaction as shown in Scheme S2
(Supplemental Material). In a typical reaction, proteins were dissolved in a 2:1 (vol) mixture of
N,N-dimethylformamide (DMF): (6 M urea, 10 mM sodium phosphate, pH 7.5) at a concentration
of 5 mg/mL. Next, 0.5 equiv of the radical initiator 2,2’-azobis(2-(2-imidazolin-2-

yl)propane)dihydrochloride (VA-044) and 10 equiv of vinyl-DTE relative to the cysteine residue
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were added. The reaction mixture was deoxygenated by purging with nitrogen for 30 min and then
heated to 50 °C for 24 hours under nitrogen. The mixture was purified by dialyzing against
ultrapure water and filtering off precipitated free vinyl-DTE. To fully remove free dye, the filtrate
was then purified by anion exchange chromatography using a Hi-Trap Q Sepharose HP 5 mL
column (GE Healthcare), dialyzed against ultrapure water, and lyophilized. To convert the DTE
to its UV-active form for FRS measurements, P1-DTE and P4-DTE were irradiated for 1 hour at
normal incidence with broadband visible light from an iPhone® 7 flashlight.

Rheology. P4 gels at 6.5 and 15% (w/v) were prepared in 100 mM phosphate buffer in
D20. Rheology was performed on an Anton Paar MCR 301 rheometer using a cone and plate
geometry (25 mm, 1°). Silicone oil was used to coat the sides of the geometry to prevent drying
during measurement. Gels were heated from 25 to 90 °C with a ramp rate of 5 °C/min, held at 90
°C for 13.5 min, and ramped back down at 5 °C/min to 25 °C to remove thermal history prior to
taking frequency sweeps from 100 to 0.001 rad/s. The resulting loss and storage moduli (Fig. S5)
were compared to those taken for P4 gels dissolved in hydrogenated buffer in Ref. [36]. For both
concentrations, the crossover frequency is slightly lower for the gels in D20 compared to the gels
in H20, and the plateau moduli were similar for both buffers (Table S2, Supplemental Material).

Small-angle neutron scattering (SANS). Small-angle neutron scattering (SANS) was
performed on the EQ-SANS instrument at the Oak Ridge National Lab (ORNL) Spallation
Neutron Source (SNS). Two instrument configurations were used to cover a g-range of 0.0389 to
8.10 nm'. The low-g configuration had a sample-to-detector distance of 4 m, with a wavelength
of 12 A; the high-¢ configuration had sample-to-detector distance of 2.5 m, with a wavelength of
2.5 A. The EQ-SANS instrument uses a 1 x 1 m *He-tube detector with a resolution of 5.5 x 4.3

mm to detect scattered neutrons. All data were collected using a 10 mm beam aperture size.
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P4 hydrogels were prepared at a concentration of 6.5% (w/v) protein by mixing P4 protein
with 100 mM sodium phosphate buffer in D20 (99.9% D, Cambridge Isotopes Laboratories) at pD
7.6. The blends were allowed to equilibrate overnight at 5 °C before stirring and centrifuging for
15 min at 13,100g and 10 °C. This process was repeated until a homogeneous gel was formed. The
hydrogel was spread onto a quartz window and sandwiched between another quartz window with
a 1 mm Ti spacer. The gel sandwich was held in place using a sealed Ti demountable cell. The
hydrogel was then annealed at 80 °C for 10 min to remove thermal history, sterilize the material,
and allow bubbles to float to the top of the cell outside of the 10 mm beam aperture. After
annealing, the gel was stored at 5 °C until experimentation. The gel was allowed to equilibrate at
25 °C for 15 min before running SANS at the same temperature. SANS intensities were corrected
for empty cell scattering and blocked beam background and calibrated to an absolute scale using
a Porasil silica standard. The data from the two configurations were stitched together after 1D data
reduction in MantidPlot by matching overlapping ¢ ranges from the two configurations (0.6 — 0.7
nm'); data reduction was done using the EQSANSTableReduce function in MantidPlot [72,73].
Solvent background subtraction was also performed after 1D data reduction, with a volume
fraction of 0.05 (v/v). Data outside g-values of 0.05 — 6 nm™' were trimmed due to instrument-
related distortions at lower and higher g.

Neutron spin echo (NSE) spectroscopy. Neutron spin echo (NSE) spectroscopy was
performed at the NSE spectrometer at the Oak Ridge National Lab (ORNL) Spallation Neutron
Source (SNS). Samples were prepared by dissolving P4 protein in 100 mM phosphate buffer in
D20 at pD 7.6 in the same way as described above for SANS. For the 6.5% w/v gel, a small amount
(6.3% w/w) of deuterated P4 was blended with hydrogenated P4 because of a low projected flip

ratio of coherent to incoherent signal. However, the experimental flip ratio of the 6.5% gel was
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found to be sufficiently high due to strong coherent scattering from the P4 network, and thus the
15% gel was prepared with only hydrogenated P4. The inclusion of this small amount of deuterated
P4 in the 6.5% gel is unlikely to significantly alter its internal chain dynamics or relative
contribution of intramolecular vs. intermolecular correlations to the NSE signal, allowing
comparison of the NSE results for the 6.5% and 15% gels. After gels were formed, they were
spread onto aluminum front-loading cells with a path length of 2 mm and sealed with indium wire.
The gels were then annealed at 80 °C for 10 min and stored at 5 °C until experimentation. Gels
were equilibrated at 25 °C for 15 min prior to running NSE. Samples were aligned using a neutron
camera, avoiding air bubbles and any other heterogeneities, and the scattering window was reduced
to 3 cm x 3 cm. Two instrument wavelengths (8 and 11 A) were used to capture a g-range of 0.36
—1.34 nm™ and a #-range (i.e. Fourier time) of 0.1 — 100 ns. Instrument resolution was measured
using Grafoil® stacked graphite sheets (mid- and high-¢) and aluminum oxide (low-g). Data at
each position of the detector were reduced to get the normalized intermediate scattering function
with solvent background correction by Equation 7. Here, A4; is the amplitude of the spin echo of
species i, T'is the ratio of transmissions of the sample to the background, U is the number of counts
with no spin flip (“spin up,” n/2 and = flippers off), and D is the number of counts with a spin flip
(“spin down,” m/2 flippers off, m flipper on). In Equation 7, there are three types of scatterers
(species i): P4 (sample), solvent background (b), and resolution (res). Once I(g, 7) is obtained at
each detector position, the data were binned and combined based on a set of 11 g-arcs

corresponding to different zones on the detector.

S (= D)MZEA;gl_—T;fj)(U - D)b]/ (UZ—A D) ™
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The intermediate scattering function I(q,t) was fit to the Kohlrausch—Williams—Watts
(KWW) stretched exponential function (Eq. 2). Fitting was done with weighted nonlinear least

squares algorithm in MATLAB using the objective function

I , expt_I , KWW\ 2
((T>' :8) = arg minZ( (q t)dl(q t)e(y?ptt) ) (8)

The intermediate scattering function curves were also fit to the Zimm model (Eq. 3) using
nonlinear least-squares regression in MATLAB, where integrals were computed numerically using
global adaptive quadrature [74].

Forced Rayleigh scattering (FRS). FRS measurements were performed as previously
described [36], using two different laser wavelengths (4 = 355 and 488 nm) to access diffusion
length scales ranging from 150 nm to 50 um. Each light source was a single-longitudinal mode
laser at 100 mW (Coherent and Spectra-Physics for the 355 nm and 488 nm lasers, respectively).
For self-diffusion measurements, P4 hydrogels of various concentrations were prepared by
hydrating proteins in 100 mM sodium phosphate buffer at pH 7.6 for 2 days, with 2% dye-labeled
chains included in the gel. For tracer diffusion measurements, P1-ONS or P1-DTE was hydrated in
a matrix of P4 chains of the specified concentrations, with the tracer making up ~1% of'total coiled-
coil stickers. This low P1 concentration ensured that interaction between tracers was minimal. Gels
were mixed periodically with a spatula or needle to ensure a homogeneous distribution of dye-
labeled chains. ONS was used as the photochromic dye for measurements at 488 nm, while DTE
was used as the photochromic dye for measurements at 355 nm. For measurements at 355 nm, 1
mM 2-mercaptoethanol and 50 uM ascorbic acid were also included in the gel as antioxidants to
minimize spurious photoreactions. The presence of small-molecule antioxidants has been shown

to minimally affect polymer diffusion in similar systems [71].
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Samples for FRS were prepared by pressing the gels between two glass microscope slides
separated by a 0.5-mm Teflon spacer in an aluminum sample holder. Samples were annealed at 37
°C for 2 h to allow the gels to fully relax, followed by equilibration at 25 °C for 2 h before
measurement. In the FRS measurements, two coherent laser beams of wavelength A were crossed

onto the sample to selectively photoisomerize the dye-labeled chains, creating a holographic

grating with period d = where 0 is the angle at which the beams cross inside the gel

2nsin(6/2)’
and n = 1.35 is the refractive index of the gel. The evolution of the resulting sinusoidal
concentration profile was monitored by Bragg diffraction of one of the beams attenuated by 10*-
10° to prevent further photoreactions in the sample. As in prior FRS experiments [36], the

diffracted intensity was fit with a stretched exponential function

I(t) = [A exp (— (93)]2 +B 9

and the average diffusion time was computed as the first moment of the stretched exponential

(t) = %r (%) (10)

where I is the Gamma function. The first 5 — 10 seconds of the decay curves were omitted from
the fitting due to the presence of an additional fast time constant (< 3 s) contributing to the initial
decay. This fast time constant has been seen in prior experiments and is non-diffusive in nature
[36]. A representative decay curve for self-diffusion of P4+-ONS at 6.5% w/v is shown in Fig. S12.
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