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Analysis and control of chain mobility in protein hydrogels
Peter B. Rapp, Ahmad K. Omar, Jeff J. Shen, Maren E. Buck’, Zhen-Gang Wang, David A. Tirrell

Division of Chemistry and Chemical Engineering, California Institute of Technology, 1200 E. California Blvd., MC 210-41,

Pasadena, CA, 91125

FRAP, strand exchange, reversible hydrogel, chain mobility

ABSTRACT: Coiled-coil domains can direct the assembly of protein block copolymers into physically crosslinked, viscoelastic
hydrogels. Here we describe the use of fluorescence recovery after photobleaching (FRAP) to probe chain mobility in reversible
hydrogels assembled from engineered proteins bearing terminal coiled-coil domains. We show that chain mobility can be related to
the underlying dynamics of the coiled-coil domains by application of a 3-state “hopping” model of chain migration. We further show
that genetic programming allows the effective mobility of network chains to be varied 500-fold through modest changes in protein
sequence. Destabilization of the coiled-coil domains by site-directed mutagenesis increases the effective diffusivity of probe chains.
Conversely, probe mobility is reduced by expanding the hydrophobic surface area of the coiled-coil domains through introduction of
the bulky leucine surrogate homoisoleucine. Predictions from the 3-state model imply asymmetric sequential binding of the terminal
domains. Brownian Dynamics simulations suggest that binding asymmetry is a general feature of reversible gels, arising from a loss
in entropy as chains transition to a conformationally restricted bridged state.

INTRODUCTION

Protein engineering enables the design and synthesis of mon-
odisperse polymers with functional domains drawn from nature
or created de novo.! Because protein polymers are made by ex-
pression of artificial genes, they can be modified easily and sys-
tematically by editing of their DNA coding sequences. In this
manner, proteins have been engineered with binding domains
that drive them to self-assemble into physically crosslinked net-
works.2 The non-covalent nature of domain association in these
networks permits the constituent proteins to exchange binding
partners. Such processes are common in polymeric systems; for
example, block copolymer micelles in solution exchange chains
at rates that are highly dependent on the architectures of the in-
dividual blocks,®>* and telechelic polymers with hydrophobic
endgroups form micellar networks that relax via chain disen-
gagement from interconnected micelles.® Exchange of poly-
meric strands also plays essential roles in biological processes,
including repair of double-stranded DNA breaks by homolo-
gous recombination.®”

Strand exchange dynamics are particularly important in gov-
erning the viscoelastic properties of hydrogels assembled from
proteins that carry amphipathic o-helical domains.? ° Amphi-
pathic helices are ubiquitous in nature, and often function by
driving protein aggregation through the formation of coiled-coil
bundles.'**? Hydrogels assembled from coiled-coil proteins are
reversible: they can disassemble and reassemble rapidly in re-
sponse to external stimuli such as temperature changes or me-
chanical shear.? These hydrogels are also shear thinning, inject-
able and potentially useful for delivery of cellular or molecular
therapeutics.'® Because strand exchange underlies the physical
behavior of the network, tuning the strand exchange rate is es-
sential for optimizing hydrogel performance.

Characterization of strand exchange in coiled-coil systems
has largely been limited to chromatographic analyses of equi-

librium solutions,'® *+15 stopped-flow spectroscopy,® and fluo-
rescence dequenching experiments.® ¥ These techniques are
most useful for analysis of dilute solutions, and cannot be ap-
plied directly to hydrogels. In contrast, fluorescence recovery
after photobleaching (FRAP) is routinely used to assess macro-
molecular diffusion and binding in crowded environments such
as the cellular milieu.® For example, FRAP has been used to
measure rates of binding of leucine-zipper transcription factors
to chromatin in live cells.® The method requires only minor
perturbation of the system of interest through sparse labeling
with fluorescent dyes, and is amenable to analysis by models
that permit simultaneous determination of diffusion coefficients
and binding constants.'® 20 Although FRAP has been used to
probe chain mobility in polymer networks, strand exchange has
either not been important in these systems (e.g. in covalently
crosslinked networks),?22 or has not been quantified.??® The
technique is commonly used only to estimate effective chain
diffusivity, and when interchain binding is present, it is typi-
cally assessed qualitatively.

This report describes the use of FRAP to characterize the in-
terplay between strand exchange and chain mobility in associa-
tive protein hydrogels. The gels were formed from an engi-
neered triblock protein (designated “PEP”) composed of two
identical coiled-coil domains (“P”) at the N- and C-termini,
flanking a water-soluble midblock (“E”) consisting of elastin-
like polypeptide repeats (Supporting Information Table S1).
The P domain is derived from the N-terminal fragment of rat
cartilage oligomeric matrix protein (COMP), and has been re-
ported to form homopentameric coiled-coil bundles.®?” Associ-
ation of the P domains drives the reversible assembly of PEP
into optically transparent, physically crosslinked networks. The
viscoelastic behavior of PEP networks is analogous to that of
other networks assembled by association of coiled-coil do-
mains.*?
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Here we use FRAP to determine diffusion coefficients and
equilibrium binding constants of fluorescently labeled PEP
chains in PEP hydrogels. We find that the mobility of PEP
chains is significantly reduced by reversible network associa-
tion. To gain insight into the mechanism of chain mobility, we
elaborate a previously developed 2-state reaction-diffusion
model for FRAP into a 3-state “hopping” model of chain migra-
tion.® 20 We find experimentally and in coarse-grained Brown-
ian Dynamics simulations of gel-forming telechelic polymers
that binding of one of the P domains in PEP reduces binding of
the second. Finally, we show that tracer chain mobility is highly
sensitive to structural changes in the coiled-coil endblocks.
Taken together, our results furnish a new framework for under-
standing and controlling chain mobility in reversible polymer
networks.

RESULTS AND DISCUSSION

Reversible PEP hydrogels show fluorescence recovery after
photobleaching. To probe chain mobility in PEP hydrogels, we
generated a series of fluorophore-labeled probes that would as-
sociate with network junctions in a defined manner, without af-
fecting the rheological behavior of the network. We first per-
formed site-directed mutagenesis on PEP to introduce a single
cysteine residue into the elastin-like midblock, resulting in
PEcP (Table S1). The absence of other cysteines in the protein
enabled site-specific conjugation of fluorescein-5-maleimide
(f5m) to the central thiol via Michael-type addition (Figure 1A
and Figure S1). The PEcP-f5m conjugate yielded homogeneous,
fluorescent gels when added at low concentrations into PEP net-
works (typically PEcP to PEP ratios of 1:50-100 were used).
Using oscillatory shear rheometry, we verified that the rheolog-
ical behavior of PEP gels was minimally perturbed by this la-
beling strategy (Figure S2).

We next prepared fluorescent PEP hydrogels of defined
thickness (~120 um), and photobleached cylindrical volumes in
each gel using a standard confocal microscope. In 10% weight-
to-volume (w/v) gels, we observed steady recovery of fluores-
cence intensity within the photobleached spot (Figure 1B). Flu-
orescence recovery results from diffusion of unbleached fluor-
ophore into the photobleached region, and confirms that PEcP
chains are mobile within PEP networks. Consistent with our hy-
pothesis that PEcP is associated with the network, we observed
accelerated rates of fluorescence recovery in networks solubil-
ized with 8 M urea, a common protein denaturant. We discuss
each of these results in more detail below.

Quantitative analysis of chain mobility. Gels were prepared
at protein concentrations ranging from 2% to 10% wi/v (gelation
in PEP solutions occurs near 3%). As expected, the rate of flu-
orescence recovery after photobleaching decreased with in-
creasing protein concentration (Figure 2A). To quantify chain
mobility, we fit the experimental FRAP curves to a model that
attributes fluorescence recovery to diffusion only (see Support-
ing Information, Equations 23, 25 and 30). Such an analysis is
similar to standard FRAP analyses of diffusion in polymer net-
works?223 2526, 28 ‘and results in a single parameter termed Des,
the effective diffusion coefficient.’® In the case of PEP net-
works, fluorescence recovery represents diffusion slowed by
binding; Dex provides a measure of the mobility of polymer
chains for which Brownian motion is constrained by reversible
network association. The effective diffusion model yielded
good fits to the fluorescence recovery curves (Figure 2), ena-
bling us to estimate Dest for each gel. Des decreases steeply with
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Figure 1. Fluorescence recovery after photobleaching in labeled
PEP hydrogels. (A) Labeling of PEP hydrogels was achieved by
addition of a fluorescent PEP analogue (PEcP-f5m) at low concen-
trations. (B) FRAP in 10% w/v PEP hydrogels as monitored by con-
focal microscopy. A circular bleach spot with a radius (a) of 12.5
um recovers slowly over a period of 30 min (blue curve). The same
network solubilized in 8 M urea shows accelerated fluorescence re-
covery (red curve). Scale bar 100 um

increasing protein concentration, dropping from 1.3 x 10 cm?
s in viscous 2% solutions to 2.3 x 107° cm? s in 10% gels
(Figure 2B).

We attribute the slower recovery at higher protein concentra-
tions primarily to the increased concentration of binding sites,
although changes in network topology such as loop suppression
and chain entanglement may also suppress chain release from
junctions.> 8 2° To test whether the effective diffusivity is pri-
marily controlled by reversible endblock binding, we measured
chain mobility as a function of the concentration of the protein
denaturant urea. At a fixed protein concentration of 10%, the
rate of fluorescence recovery increased abruptly with increasing
concentration of urea (Figure 2C); addition of 2 M urea in-
creases Derr 9-fold (Figure 2D). The abruptness of the change
suggests that modest concentrations of urea are sufficient to in-
hibit association of the N- and C-terminal domains of PEP.
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Figure 2. The rate of fluorescence recovery after photobleaching in PEP hydrogels depends on gel density and concentration of denaturant.
(A) FRAP curves generated from gels prepared at protein concentrations ranging from 2% to 10%, showing that the recovery rate decreases
with increasing gel density. (B) Quantification of effective chain mobility as a function of gel density. Dest varies inversely with gel density.
(C) FRAP curves generated from 10% protein solutions prepared in increasing concentrations of urea. Fluorescence recovery rates increase
with increasing amounts of urea, indicating disruption of interchain binding. (D) Quantification of the urea recovery curves. Des rises with
increasing concentrations of urea, eventually reaching a plateau above 3 M. Error bars represent mean + standard deviation (n = 3 recovery
curves from at least two gels). Dashed curves in A and B represent fits generated from the effective diffusion model.

Disruption of interchain binding destroys network integrity;
samples prepared in high concentrations of urea (greater than 2
M) were viscous liquids.

A 3-state “hopping” model of chain migration in reversible
hydrogels. Although the preceding analysis provides a useful
description of chain mobility in PEP networks, it does not sep-
arate the effects of diffusion and interchain association. We
sought to distinguish the roles of diffusion and binding in PEP
networks. To this end, we formulated a model that captures both
the diffusive and reactive elements of strand exchange in a
physical molecular network. Our model is an extension of a 2-
state reaction-diffusion model originally developed by Sprague
et al., which relates the rate of fluorescence recovery to an equi-
librium between two states: one free and one bound.® Because
each PEP chain has two terminal P domains, we chose to model
network association as an equilibrium involving three sequen-
tial states (represented schematically in Figure 3A):

K, K

fed—"t (ea. 1)

In the free state (f) neither P domain is bound to another and
the chain can diffuse throughout the network with a self-diffu-
sivity Dy. If both P domains on the chain join coiled-coil bun-
dles, the chain enters the bound state (b) and becomes fully net-
work-associated. We also consider an intermediate dangle state
(d) in which only one of the P domains is tethered to the net-
work. We distinguish the diffusion coefficient of free chains Ds
from the effective diffusion coefficient Des, Which represents
diffusion slowed by binding. Because Ds represents free diffu-
sion in the absence of binding, Der will be smaller than Dr when-
ever binding interactions are significant.

We make several simplifying assumptions that will be con-
sidered further below. First, we assume that both binding pro-
cesses (f = d and d = b) achieve equilibrium, and that both
are governed by the same equilibrium constant (K; = K; =
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Figure 3. A reaction-diffusion analysis of chain migration in reversible hydrogels. (A) lllustration of the 3-state model. Chains transition
between free (f), dangle (d) and bound (b) states, and can diffuse only in the free state. (B) After a chain dissociates from an initial binding
site (at a rate determined by ko), it reassociates with a new junction at a rate determined by kon". The average distance a free chain diffuses
(“hops”) before rebinding is R*. (C) AEcA, a non-binding probe without terminal coiled-coils shows rapid fluorescence recovery compared
to the associative probe PEcP (vertical text shows fold-change + standard deviation, n = 3 recovery curves measured in one gel preparation
for each probe). (D) The 3-state model yields excellent fits to the normalized recovery curves for a bleach spot radius (a) of 12.5 pm. (E)
Contour map showing normalized residuals of a representative 3-state model fit to a recovery curve from a 10% gel (a= 12.5 um) for a wide
range of kon" and kofr values. Points on the map represent (kon", koff) pairs obtained from independent photobleaching experiments performed
in multiple gels (a = 12.5 um, n = 12). Shaded symbols are experiments performed with a larger spot size (a =25 um, n = 6). The values of
kon" obtained from 5% gels were multiplied by 2 in order to compare them with values from 10% gels on the same map.

A material balance on eq. 1 results in a system of three cou-
pled reaction-diffusion equations that can be used to model ex-
perimental FRAP curves and to estimate the three parameters in
the model (kon", kot and Dy). We sought an analytical solution to
the 3-state reaction-diffusion model. Following Sprague et al.
for the 2-state model,*® Laplace transformation of eq. 1 yielded
an analytical solution involving modified Bessel functions in
Laplace space (see Figures S3, S4 and Supporting Information
for details). When binding is neglected (Kon” — 0 and Koft — o),
the new solution reduces to the previously reported closed form
solution for free diffusion in a circular bleach spot.*® 3 Numer-

KonTKofr). NoOte that kon™ = KonSeq is @ pseudo-first-order rate con-
stant calculated from the true association rate constant kon (a sec-
ond-order rate constant) by assuming a constant concentration
of binding sites Seq.'® We also assume that each P domain has a
single binding mode, and that chain mobility in either of the two
associated states (d or b) is negligible (Dg = Dy = 0). The phys-
ical picture is therefore one in which chains are constrained to
migrate by “hopping” from site to site, but are otherwise fixed
in space (Figure 3B). The distance a chain travels during such a
transition (the “hopping radius”) is:

Page 4 of 17

6D ical inversion of the Laplace-domain solution using the
R" = I MATLAB routine invlap.m produces the time-domain re-
Ko sponse,® providing estimates of model parameters by compari-

(eq. 2)

son with experimental curves.
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FRAP curves simulated using the 3-state model were fit to
experimental curves using the MATLAB routine nlinfit.m, as
well as a custom curve fitting algorithm that gave comparable
results (Figure S5). With this approach, we found it difficult to
obtain reliable estimates of all three model parameters from a
single curve. Therefore, we simplified our curve-fitting proce-
dure by first estimating Dy in a separate FRAP experiment using
a non-binding elastin-like probe where the P domain endblocks
were replaced by an irrelevant “A” peptide that does not form
coiled-coils (see Table S1 for sequence).323

Recovery rates observed with the non-binding “AEcA” probe
were 20- to 50-fold faster than those observed with the PEcCP
probe (Figure 3C and Figure S6). This provides further evi-
dence that chain mobility is substantially reduced by reversible
association of the coiled-coil domains. By attributing the recov-
ery of AECA to diffusion alone, we estimated that Ds for an un-
bound PEP chain is approximately 1.59 x 10® cm? s in a 10%
gel (assuming D¢ ~ M*® for a polymer chain in good solvent).?®
This value is similar to D¢ in dilute solutions of PEP (Figure
2C), and is within range of the diffusivities reported for macro-
molecules in other hydrogels. For example, dextran probes of
similar molecular weight diffuse through dextran solutions and
gels at approximately 107 cm? s%, and unbound globular pro-
teins diffuse through poly(ethylene glycol) gels at rates of 107
—10°cm? s, depending on the hydrodynamic radius of the pro-
tein and the mesh size of the network, 22 28 3438

Next we sought to estimate ko," and ke for PEcP, using a
value of 1.59 x 108 cm? s’ for Dy in the 3-state model. Follow-
ing Sprague et al., a grid of all possible (Kon", Kotr) pairs was sam-
pled in log space (typically in increments of 10%! between 10
and 10° s) in order to find the pair that minimized the residuals
between the simulated and experimental curves. This pair was
then supplied as the initial guess in the MATLAB algorithm
nlinfit.m, which finally produced a unique (Kon", Kofr) pair corre-
sponding to the best fit.’® Excellent fits to experimental FRAP
curves were obtained with this procedure (Figure 3D). Within
the range of bleach spot radii that we explored (a =1 — 25 pum),
the quality of the fit was relatively insensitive to the individual
values of the rate constants, but strongly dependent on their ra-
tio (Figure 3E). For a 10% gel and spot radius of 12.5 um, the
data lie along a line with slope kon /Kot = 7.4 + 0.9, whereas Kon~
itself ranges from 0.2 s t0 3.6 x 10°s%.

To obtain estimates of the individual values of the rate con-
stants, we made the assumption that ke corresponds to the net-
work relaxation rate measured by oscillatory shear rheometry
(Figure S2, kot = we), and used the ratio of kon™ to Kot to Obtain
Kon. This provides ko = 0.51 + 0.02 s and kon," = 3.8 + 0.5 57,
suggesting a relatively weak binding equilibrium for the P do-
main. Strand exchange rates (ko) reported for coiled-coils vary
widely, e.g., 3 x 103 s (GCN4),37 3 x 10* s - 0.7 st (model
leucine zippers),*® 0.2 s* (Fos/Jun),® 1 x 10 s* (a-tropomyo-
sin),® 6 x 107 s* - 5 x 107 s (4-helix bundle proteins).® 44
Refolding and association rates (kon') are typically much faster
(e.g., for Fos/Jun and GCN4, roughly 1 s even at low pM con-
centrations, resulting in dissociation-limited exchange kinetics
with Kq on the order of 0.01 — 1 uM for these zippers).1 38 42
By comparison, all fits in Figure 3E give an average dissocia-
tion constant of Kyg = 173 + 29 uM. This leads to a free energy
of network association AG, = -5.1 + 0.1 kcal mol™. This number
is within range of the Gibbs free energy of pentamer formation
for native P (AG® = -4.3 kcal mol?) estimated from thermal de-
naturation curves using circular dichroism spectroscopy, and is

Journal of the American Chemical Society

similar in magnitude to folding energies for other weakly asso-
ciating coiled-coil structures.**4

Sprague et al. showed that, for the 2-state reaction-diffusion
model, the full model may be simplified to the single-parameter
effective diffusion model (i.e., Der alone gives good fits) when-
ever the dimensionless constant ko,"a%/Dy is significantly greater
than unity.!® This constraint ensures that binding is rapid rela-
tive to the characteristic diffusion time of the experiment. An
important characteristic of this regime is that the rate of fluores-
cence recovery is insensitive to the individual values of ke, and
Ko, and depends only on their ratio. Using the above estimates
for kon™ and Dy, we find that kon'a?/Ds ~ 10? when a = 12.5 um.
This suggests that all of the FRAP experiments reported here lie
in the effective diffusion regime. This explains the imprecision
in the estimates of ko," and ko derived from our FRAP experi-
ments (Figure 3E), and our ability to generate good fits of our
FRAP curves using D¢ alone (Figure 2A).

Predicting the hopping mobility with the 3-state model.
Given that kon"a?/Ds >> 1 (see the above discussion), we can as-
sume local equilibrium during the fluorescence recovery pro-
cess. Under this assumption, it can be shown that for a chain
with N associative domains (i.e., for an “N+17-state hopping
model, see Supporting Information, Equations 31-37), the ratio
Di/Des is given by

D, N

— =1+ K + KK, ++] ] K,

Der = (eq. 3)

This allows us to predict the hopping mobility Des for a chain
with any number of associative domains, provided Dy and the
equilibrium constants are known. In the case of the 3-state
model (eqg. 3, N = 2) if only one of the equilibrium constants is
known, it is possible to make inferences about the relative mag-
nitudes of K; and K, by comparing predictions from eq. 3 to
experimental mobilities. We therefore designed a “PEc” probe
that could associate with the network only once. The recovery
curve of PEc should reflect the equilibrium between free and
dangling chains, thus providing an independent measurement of
K1. We also refined our estimates of Ds by measuring the recov-
ery rate of a non-binding “Ec” probe comprising only the elas-
tin-like midblock. As before, we assume Dt ~ M in order to
estimate Dy for the larger, associative probes.

The fluorescence recovery curves for these probes are shown
in Figure 4A. From the Ec probe we estimated Dr for PEcP as
2.94 + 0.35 x 10 cm? s’. This is roughly 2-fold larger than the
value estimated from the recovery rate of AEcA, and suggests
a slight tendency for the A domain to self-associate. Fitting the
PEc recovery with a 2-state model (eq. 3, N = 1) provides K; =
26.5 + 4.5. Under the assumption that K; = K, this estimate can
be applied directly to the 3-state model (eg. 3, N = 2) in order
to predict De for PEcP. This approach substantially under-pre-
dicts the observed mobility (Figure 4B, Dgps = 5.1 X Dpreq).
Moreover, fitting the PEcP recovery with a 3-state model with-
out prior knowledge of K; (again assuming equivalence of K;
and Ky) provides K; = K, = 11.7 + 1.8. These data are summa-
rized in Table 1.

We hypothesized that the disparity in the values of K; ob-
tained from the PEc and PEcP probes might reflect a difference
in the values of the equilibrium constants for sequential binding
of the two P domains of PEcP (Figure 3A), with K; greater than
Ka. To test this hypothesis, we performed coarse-grained
Brownian Dynamics simulations of gel-forming telechelic
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Figure 4. Predictions from the 3-state model imply binding asymmetry in PEP hydrogels. (A) FRAP experiments on Ec and PEc probes
provide independent estimates of Dr and Ki that, together with eq. (3), predict Det and the recovery rate of PEcP (blue dashed line). The
experimentally observed recovery rate is higher than predicted, suggesting asymmetric sequential binding where K1 > Ka. Fits to the Ec and
PEc curves were generated with 1-state (eg. 3, N = 0) and 2-state (eq. 3, N = 1) effective diffusion models, respectively (black dashed lines).
(B) Assuming Ki = Kz under-predicts the observed Dest for PEcP by roughly 5-fold (mean + SD, n = 2 gel preparations per probe). (C)
Snapshot of a simulated gel with stickers (blue) connected by non-sticker beads (grey). The non-sticker beads of only 10 chains are shown
for clarity. (D) Origin of the binding asymmetry. The radial distribution function of network junctions g(R) is shown together with the chain

end-to-end distributions P(R) for the three states (bins of AR = 0.67 were

used in computing the distributions). Free and dangling chains can

adopt a substantial set of conformations at distances R < Rmesh, the location of maximum junction density. These conformations are lost upon

entry into the bridge state.

polymers (see Supporting Information for details). We used a
Kremer-Grest bead-spring model with “sticky” beads at the
chain ends interacting through an attractive Lennard-Jones po-
tential.*® Figure 4C shows a representation of a gel comprised
of chains with a length of 100 beads. The stickers cluster to form
distinct network junctions, which we define as groups of neigh-
boring stickers. By analogy to the 3-state model, we define the
state of a simulated chain by specifying whether its stickers are
both free from junctions (f) or both attached to junctions (b), or
if only one sticker is bound (d). K; and K are then obtained by
computing the fraction of chains in each state.

We find that a majority of the chains in our simulation are
fully bound ([b]eq = 0.86, see also Figure S7), in good agreement
with the fraction of bound PEP chains estimated by FRAP (Ta-
ble 1, [bleg = 0.91). Importantly, asymmetry in the two binding
constants is apparent in the simulation, with K; =21.2, K, =6.3,
and Ki/K; = 3.4. We can also isolate K; and K, from our FRAP
data by assigning the kon"/K ratio obtained from PEc to K, and
then resolving the discrepancy between Dpreg and Dops for PEcP
by treating K as an adjustable parameter (Supplementary Equa-
tion 37). Interpreting the FRAP data in this way provides K; =
26.5+ 4.5, K, =6.0 2.1, and Ki/K; = 4.4 + 1.7, in good agree-
ment with the simulation. These observations are consistent
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44 with the hypothesis that reversible binding of a telechelic poly-
45 mer to a macromolecular network is inherently asymmetric: the
46 second binding event is disfavored relative to the first.
47 We propose that the inequality of K; and K arises from a dif-
48 ference in the entropic penalties associated with successive
49 binding events. In transitioning from the free to the dangle state,
50 a chain becomes restricted to a fraction of the system volume,
51 and loses entropy in proportion to the change in accessible vol-
ume. The subsequent transition from dangle to bridge causes a

52 similar entropic loss, but with the additional constraint that the
53 volume accessible to the remaining chain end also depends on
54 the junction spacing. Gelation promotes a depletion of neigh-
55 boring junctions below the characteristic mesh size of the gel.
56 Dangling chains must discard the rich set of conformations ac-
57 cessible below this length scale when they bridge neighboring
58 junctions.
59
60
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The effects of network structure on chain conformation are
apparent in our simulation. Figure 4D compares the distribu-
tions of chain end-to-end distances P(R) for the three major
states to g(R), the junction radial distribution function. Free and
dangling chains can access a substantial set of conformations at
distances R < Rmesh, the location of maximum junction density.
In contrast, bridged chains are restricted to a narrower set of
end-to-end distances that correspond closely t0 Rmesh. Mild
chain stretching in the bridged state is also apparent, which may
enhance the degree of binding asymmetry we observe (the av-
erage end-to-end distance of bridged chains Ry, exceeds that of
dangling chains Ry by a factor of 1.2). However, substantial
conformational freedom may still be lost in transition from dan-
gle to bridge, even in the absence of chain stretching.

An intriguing possibility is that, in addition to hopping, the
diffusivity of a PEcP probe may be enhanced by “walking”; i.e.,
by cycling between the dangle and bound states d and b. In this
process, the chain migrates through the network in discrete
steps that correspond to the average distance between binding
sites. A simple scaling analysis argues that this diffusive mode
is not significant in PEP gels. Consider a chain with both ends
bound to the network. The characteristic diffusivity of this chain
can be estimated as Dy ~ Rp?/tn, Where 1, = Kot is the average
lifetime of the bound state. The expected contribution of this
state to De iS [b]eqDo. As before, we obtain kon' and ko for each
state by setting ko equal to the relaxation rate obtained from
rheometry (Figure S2), then using the kon /Kot ratios calculated
from FRAP (Table 1). Independent estimates of R, from Flory
theory (R ~ bN®%),28 light-scattering measurements on unstruc-
tured amino acid midblocks,* and a geometric argument based
on binding site density suggest R, = 7.8 — 13.7 nm for an ideal
PEP network. These estimates provide [b]egDs = 0.0023Des for
bound chains and [d]e,Da ~ 0.0029Des for dangling chains,
whereas [flegDr = 1.00Der. Other modes of bound mobility, in-
cluding diffusion of chains in large-scale clusters, are excluded
by a similar analysis.

We can appreciate why hopping dominates the mobility of
PEP chains by considering the hopping radius R" in relation to
Rb = Rmesh. From eq. (2) we estimate that the average distance of
ahop is R"=1100 + 240 nm, roughly 100-fold larger than Rmesh.
Hence an escaped chain can diffuse many times its own length
(past multiple potential binding sites) before rebinding. This re-
sult is consistent with a conceptual picture of a network linked
together through well-formed coiled-coil junctions, in which
most potential binding sites are fully occupied. Recently, Tang
et al. invoked a non-zero bound state mobility in order to ex-
plain anomalous self-diffusion behavior observed by forced
Rayleigh scattering (FRS) in a reversible protein hydrogel as-
sembled from chains with four coiled-coil P blocks per chain.*’
Bound mobility (possibly in the form of large clusters) is likely
to be more significant in these gels, due to the much smaller
fraction of free chains.

Tuning chain mobility with protein engineering. Reversible
network association of the P domain reduces the effective dif-
fusivity of PEP chains by two orders of magnitude. Given the
programmability of coiled-coil assembly,*® we imagined that it
should be possible to control the effective diffusivity of a PEP
chain by tuning the binding affinity of the P domain. In solution,
coiled-coil assembly is driven by hydrophobic interactions be-
tween P domains.*® In the pentameric bundle, 48% of the total
solvent-accessible area arising from the five individual helices
is buried, demonstrating the critical role played by hydrophobic
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interactions in stabilizing the pentamer.?” We hypothesized that
the hydrophobic leucine (Leu) contacts known to direct oli-
gomerization of the P domain are also critical for reversible net-
work association of a PEP chain.

Site-directed mutagenesis was performed on both ends of the
original PEcP probe to examine whether replacement of critical
Leu residues would increase chain mobility. Guided by previ-
ous mutagenesis studies on the P domain,** we made a single
Leu — Ala mutation (L37A) within each terminal coil, which
we predicted would reduce the thermodynamic driving force for
oligomerization of the probe. L37 occupies the a-position of
one of the heptad repeats of P (Figure 5A). Residues at the a-
positions line the hydrophobic interior of the pentameric helical
bundle, and their mutation to Ala destabilizes the assembly.*
We observed more rapid fluorescence recovery in PEP net-
works labeled with PEcP-L37A as compared to unmodified
PECP (Figure 5A). We attribute the faster fluorescence recovery
to a reduction in the strength of association of the mutant probe
with network junctions, consistent with the previously reported
low helicity and monomeric oligomerization state of P domains
carrying the L37A mutation.®

The enhanced mobility of the PEcP-L37A probe illustrates
the importance of hydrophobic interactions in network assem-
bly, and suggests that increasing the hydrophobic character of
the P domain should reduce chain mobility by increasing the
strength of network association. We previously reported that re-
placement of Leu by (2S,4S)-2-amino-4-methylhexanoic acid
(homoisoleucine, Hil), a leucine surrogate with expanded hy-
drophobic surface area, significantly increases the thermostabil-
ity of dimeric coiled-coil assemblies.*® We hypothesized that
replacement of the Leu residues in PEcP by Hil (Figure 5A)
might reduce probe mobility.

To test this hypothesis, we prepared PEcP-Hil probes in
which ca. 92% of all Leu residues were replaced by Hil (see
Supporting Information, Figures S8, S9 and Table S2 for de-
tails). In contrast to the accelerated recovery behavior of the
PEcP-L37A mutant probe, recovery of the PEcP-Hil probe was

slower than that of PEcP (Figure 5B). Moreover, probes con-
taining both Hil and Leu exhibited intermediate rates of recov-
ery (ca. 53% replacement, Figure S10). This confirms that the
reduced rate of fluorescence recovery derives from a differen-
tial association of the PEcP-Hil probes with the PEP network
junctions.

CONCLUSION

We have reported a FRAP-based method for characterizing
strand exchange and polymer self-diffusivity in associative pro-
tein hydrogels. The application of this method relies on a novel
3-state reaction-diffusion model of the strand exchange process.
In this model, polymer chains move by a process called “hop-
ping”: the chains are free to diffuse spatially throughout the pol-
ymer network, unless trapped by reversible association with
network junctions. This model fits our experimental FRAP
curves well, and permits extraction of diffusion coefficients and
equilibrium constants. We find that reversible network associa-
tion exerts significant control over the effective mobility of in-
dividual chains. This allows the effective mobility “Des” to be
tuned over a 500-fold range for probes that are all nominally the
same size (Table 1), via simple changes in chain sequence. The
formalism of the 3-state model also enables explicit prediction
of Der from an underlying knowledge of the binding strength
Kon /Kot and the free diffusivity Dr. The hopping mobility pre-
dicted by this formalism significantly underestimates the ob-
served mobility. We interpret this discrepancy as indicating in-
equality of the equilibrium constants that control sequential
binding to the network. Brownian Dynamics simulations sup-
port this interpretation, and suggest that the asymmetry in bind-
ing arises from an entropic constraint on the association of dan-
gling chains due to local network structure. Importantly, such
binding asymmetry is likely to be a general feature of reversible
gels. Taken together, our results demonstrate that FRAP is well-
suited to probing diffusion and binding in protein hydrogels,
and that facile protein engineering techniques afford a remark-
able level of control over chain mobility in these systems.

Table 1. Summary of FRAP results calculated and predicted from recovery curves of engineered probes in 10% PEP hydrogels. Values
represent mean + standard deviation (a = 10— 12.5 um, n > 4 recovery curves from at least 2 gel preparations per probe). Results for the PEc
probe are determined from the 2-state model (eq. 3, N = 1); kon"/koft for this probe reflects Ki. Results for PEcP-type probes are calculated
from the 3-state model (eq. 3, N = 2) with Dr = 2.9 + 0.4 x 108 cm? s, and assuming K1 = Kz = Kon /koft.

Probe Mw (kDa) Dt, Detf (1022 cm?st)  Kon™/Koft [fleq [b]eq Kd (UM) AGa (kcal molh)
AECA 20.9 270 + 190 - 1.000 - - -

Ec 17.7 420 £ 50 - 1.000 - - -

PEc 25.4 123 +14 265+4.5  0.036 - 47 x5 5.9+ 0.1

PECP pred  32.2 0.4 +o01 265+45 - - - -

PEcP obs 32.2 21z+o05 11.7 +1.8 0.007 0.914 108 £ 13 5.4 +0a
PEcP-L37A 321 51 £17 19+o0.7 0.174 0.531 720 + 190 -4.3+0.2
PEcP-Hil 32.4 0.68 + 0.09 203 +1.4 0.002 0.951 62 + 4 -5.7 £ 0.04

EXPERIMENTAL

Hydrogel Preparation. All protein concentrations are re-
ported in % (w/v). To prepare a 10% (w/v) gel, 100 «L of phos-
phate buffer (100 mM, pH 7.2 — 7.4) was added directly to 10
mg of lyophilized PEP and the suspension was placed on ice to
promote gelation. After 2 — 4 h on ice, hydration was usually
complete as evidenced by the formation of an optically clear

gel. In order to ensure network homogeneity, gels were typi-
cally heated above the gel-sol transition temperature (~75 °C
for a 10% gel) by submerging them in boiling water for 30 — 60
s. Upon heating, even concentrated solutions of PEP (up to
30%) became viscous liquids. After heating, samples were im-
mediately placed back on ice to allow gels to reform. Alterna-
tively, samples could be left on ice for 24 — 48 h without heating
in order to obtain completely homogenous gels. Fluorescent hy-
drogels were prepared by adding low concentrations (typically
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mass ratios of 1:50 or 1:100 were used) of fluorescein-labeled
probe chains to PEP networks.

Fluorescence Recovery after Photobleaching. Fluorescent
hydrogels were placed between two glass slides separated by
120 um spacers (Secure-Seal spacer, 9 mm x 0.12 mm, Life
Technologies). Photobleaching experiments were performed on
a Zeiss LSM 5 Exciter inverted confocal microscope equipped
with the following laser lines: 458, 488, 514, 543 and 633 nm.
All lasers were typically applied during the bleaching period.
Cylindrical bleach volumes of defined radius were created us-
ing the bleach applet in the Zen 2009 confocal microscopy soft-
ware suite (Zeiss). A 20X objective was used for the large spot
size experiments (a = 12.5 — 25 pum). 2000 iterations at a scan
rate of 1.61 us per pixel resulted in a well resolved cylindrical
bleach volume that penetrated the entire gel. Fluorescence re-
covery in the photobleached spot was monitored between 500
and 530 nm with a wide pinhole on a single z-slice in the center
of the hydrogel. Images were typically collected at a rate of 1 s
1 and at a resolution of 256 x 256 pixels. Fluorescence intensi-
ties within the photobleached spot were quantified using the
Zen region-of-interest “mean ROI” applet. To account for non-
specific photobleaching caused by image acquisition during
spot recovery, all curves were normalized to the fluorescence
intensity of a region far from the photobleached spot. Quantita-
tive analysis of the fluorescence recovery curves was performed
in MATLAB.
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