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ABSTRACT: Stimulus-responsive hydrogel materials that
stabilize and control protein dynamics have the potential
to enable a range of applications that take advantage of the
inherent specificity and catalytic efficiencies of proteins.
Here we describe the modular construction of a hydrogel
using an engineered calmodulin (CaM) within a poly-
(ethylene glycol) (PEG) matrix that involves the reversible
tethering of proteins through an engineered CaM-binding
sequence. For these measurements, maltose binding
protein (MBP) was isotopically labeled with 13C and
15N, permitting dynamic structural measurements using
TROSY-HSQC NMR spectroscopy. The protein dynamics
is suppressed upon initial formation of hydrogels, with a
concomitant increase in protein stability. Relaxation of the
hydrogel matrix following transient heating results in
enhanced protein dynamics and resolution of substrate-
induced large-amplitude domain rearrangements.

Proteins are widely used as sensors for analyte detection in a
range of industrial processes taking advantage of the

specificity and mild conditions associated with enzymatic
reactions.1 Further, the adaptable architecture of proteins
facilitates their redesign to create high-affinity platforms capable
of sensing and catalysis.2 Practical applications typically require
protein immobilization within material supports that stabilize
proteins, enhance product purity, and facilitate protein reuse.1

Methods used for protein immobilization involve nonspecific
adsorption or cross-linking and are typically limited to proteins
whose catalytic mechanisms do not involve large-amplitude
domain motions. However, the functional immobilization of
conformationally dynamic multidomain proteins, which typically
involve shear or hinge motions, will require improved
approaches [see the Supporting Information (SI) for protein
examples].3

A promising approach might involve an existing protein-based
hydrogel that harnesses large-amplitude protein motions.4 For
example, when a hydrogel composed of the calcium-binding
protein calmodulin (CaM) bound within a poly(ethylene glycol)
diacrylate (PEGDA) matrix is used, volume changes upon ligand
binding to CaM permit the controlled release of entrapped
peptides.5 Building upon this architecture, we have developed a
tethering approach to affinity immobilization of multidomain
proteins within self-assembled hydrogels with mesh (pore) sizes

that are controlled by the dimensions (mass) of the PEGDA
polymeric linker. Protein tethering involves engineering a
sequence encoding the CaM-binding sequence from skeletal
muscle myosin light-chain kinase (M13) onto the protein’s C-
terminus to facilitate self-assembly into functionalized hydrogels
that contain CaM as part of a poly(ethylene glycol) (PEG)
matrix (see the schematic illustration in the SI). High-affinity
binding (i.e., Kd < 1 nM) is maintained between M13 and CaM
following creation of an M13-fusion protein for tethering (see
Figure S5 in the SI). Dynamic structural measurements of
maltose binding protein (MBP) were used to identify the optimal
material properties necessary for maintenance of function. MBP
was chosen because of its well-understood rigid-body hinge-
bending domain motions, where a 35° domain reorientation of
the opposing domains upon substrate binding is necessary for
formation of the complex with the ABC membrane protein
transport complex.6 Such large conformational changes in MBP
are typical of multidomain proteins,7 which do not commonly
retain function following current immobilization methods and
long-term storage.
Transverse-relaxation-optimized heteronuclear single-quan-

tum correlation NMR spectroscopy (TROSY-HSQC)8 was
used to monitor the dynamics of 13C/15N isotopically enriched
MBP−M13 in solution and following hydrogel formation. For
solution measurements, MBP−M13 was bound to an engineered
CaM conjugated with a small PEG (575 Da) at two engineered
cysteines (i.e., Cys34 and Cys110) located on the opposing
domains of CaM (i.e., CaM*). The mass of MBP−M13
complexed to CaM* is 66 kDa.9 Data interpretation was
facilitated by prior assignments of the correlation peaks for MBP
in solution,10 which demonstrated that substrate-dependent
chemical shifts are principally restricted to interfacial regions
between the opposing domains.10

TROSY-HSQC spectra of MBP−M13 bound to CaM* (no
hydrogel formation) show a large spectral dispersion (∼3 ppm
over 1H and ∼20 ppm over 15N) with peak positions that are
consistent with a well-folded protein complex with no evidence
of aggregation (Figure 1). Similar spectral dispersion is apparent
at all temperatures between 25 and 45 °C. In comparison to
published 15N-HSQC spectra of MBP (42 kDa), there are
congruent peak distributions for MBP−M13 bound to
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CaM*.10,11 The increased size of MBP−M13 bound to CaM*
(∼66 kDa) results in reductions in spectral resolution and
significantly broader resonances that preclude the quantitative
assignment of individual peaks. Nevertheless, the positions of
some well-resolved amino acids known to be highly sensitive to
maltose-induced domain reorientations within MBP can be
identified in the spectrum.10 In all cases, there are characteristic
chemical shifts associated with maltose binding that are
consistent with those previously observed for MBP.12 For
example, large chemical shifts are observed for I104 and N349
upon maltose binding. Likewise, resonances previously shown to
undergo large chemical shifts upon maltose binding to MBP in
solution (i.e., F169 and W94) are well-resolved after maltose
binding.10 These measurements demonstrate ligand-induced
structural changes for MBP−M13 bound to CaM* (in the
absence of hydrogel formation) and provide a baseline level of
protein dynamics that can be used to guide the construction of
hydrogel structures that maintain functional protein motions.
Amines on MBP−M13 were modified with a succinimidyl

ester of Alexa Fluor 532 (Invitrogen, A10236), permitting a
determination of the ability of hydrogels composed of PEG-
conjugated CaM (PEG−CaM) to reversibly bind fluorescently
labeled MBP−M13 (MBP−M13AF) (Figure 2). MBP−M13AF

was mixed with PEG (10 kDa) diacrylate in the presence and
absence of 10 mol % PEG−CaM* prior to photoinitiated cross-
linking and hydrogel formation (Figure S6). Following hydrogel
formation, MBP−M13AF was retained within the hydrogel in a
calcium-dependent manner. In the presence of the calcium
chelator ethylene glycol tetraacetic acid (EGTA), the majority of
MBP−M13AF diffuses out of the hydrogel at a rate very similar to
that observed for hydrogels with no complexed CaM* (t1/2 = 30
± 3 min), yielding an apparent translational diffusion coefficient
of 20± 10 μm2/s (see the SI). The calcium-dependent binding of
MBP−M13AF to CaM* in hydrogels demonstrates that the
polymerized CaM retains calcium-dependent structural changes
and an ability to bind target peptides following complexation

within the hydrogel. Furthermore, the ability of MBP−M13AF to
diffuse out of the hydrogel suggests that irrespective of the
presence of CaM, the pore structure of the PEG matrix is
adequate to permit facile diffusion and that sufficient mobility is
present to permit large domain motions linked to substrate
binding.
Upon polymerization of a preformed complex betweenMBP−

M13 and CaM* into hydrogels at 25 °C, there are large
reductions in spectral resolution, with severe line broadening, in
comparison with solution measurements (Figure 3A). Such line

broadening is characteristic of a loss of motional averaging and
commonly results from protein associations (e.g., associations
between MBP−M13 and the hydrogel matrix).13 Such
interactions commonly enhance protein stability but may limit
function through the disruption of important domain motions.7

Increasing the temperature to 40 °C results in significant
increases in spectral resolution, with many well-resolved
resonances at positions characteristic of a well-folded protein
in solution (Figure 3B). No significant increase in spectral
resolution is apparent at higher temperatures (all below theMBP
unfolding temperature of 65 °C)14 (Figure S1), indicating that
the increases in spectral resolution arise as a result of increases in

Figure 1. Resolution of maltose-induced structural changes in MBP.
TROSY-HSQCNMR spectra of 13C,15N-labeled MBP−M13 (0.2 mM)
bound to CaM* in the absence (blue) and presence (pink) of maltose
(20 mM). Spectra were obtained at 600 MHz in 50 mM HEPES (pH
7.5) and 10 mM CaCl2 at 25 °C (10% v/v D2O). Boxes (expanded in
Figure S7) highlight diagnostic regions that undergo characteristic
spectral shifts upon maltose binding.10,12

Figure 2. Calcium-dependent retention of bound MBP−M13 in
hydrogel discs containing bound CaM. Fluorescent images (left panels)
and time-dependent fluorescence intensity changes (right panel) of
Alexa Fluor 532-labeled MBP−M13 (1 μM) in hydrogel discs (central
material) composed of either polymerized PEG10K alone (10 mM) (top
panels; squares) or upon inclusion of CaM* (1.2 mM) (bottom panels;
circles). The buffer was 50 mM HEPES (pH 7.5) in the presence of 10
mMCaCl2 (panels A and B; closed symbols) or 10mMEGTA (panel C;
open symbols). Images were taken (A) immediately following buffer
exchange or (B, C) following incubation for 24 h.

Figure 3. Temperature-dependent activation of protein dynamics in
hydrogels. TROSY-HSQCNMR spectra of 13C,15N-labeled MBP−M13
bound to CaM* in hydrogels (prepared essentially as described in the
Figure 2 caption) at (A) 25 °C, (B) 40 °C, and (C) following a return to
25 °C in (A, B) the absence or (C) the presence of 20 mM maltose.
Boxes (expanded in Figure S8) highlight resonances sensitive to
conformational change upon maltose binding.
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motional averaging that are largely unrelated to global protein
unfolding (although partially unfolded proteins may contribute,
especially at 25 °C prior to transient heating). While less
dramatic, similar increases in spectral resolution are apparent at
25 °C for MBP−M13 bound to CaM* in hydrogels using higher-
molecular-mass (i.e., longer) PEG linkers (Figure S2). Most
significantly, the observed increases in protein mobility upon
sample heating are retained following reduction of the sample
temperature to 25 °C (Figure 3C), consistent with a model
involving temperature-dependent alterations in the matrix
structure that act to reduce molecular crowding between
MBP−M13* and the PEG matrix following transient heating.
Upon addition of maltose, there are characteristic chemical shifts
in resonances that are similar to those apparent forMBP−M13 in
solution (see Figure 1). These results indicate that large-
amplitude domain rearrangements associated with maltose
binding are retained for MPB−M13 immobilized in these PEG
hydrogels.
To better understand how transient heating alters the hydrogel

matrix, we measured the translational diffusion of MBP−M13AF

bound to CaM (not polymerized into the hydrogel matrix)
within the hydrogel matrix using fluorescence photobleaching
recovery (FPR). Following photobleaching, the rate of
fluorescence recovery is directly related to the rate of
translational diffusion (Figure 4). Upon transient heating

(activation) there is an increase in the recovery time from 3.5
to 8 s, indicating a reduction in the rate of translational diffusion
(Dt) from about 20 to about 8 μm2/s (see the SI). The observed
reductions in Dt upon transient heating are consistent with
reductions in average pore size dimensions within the hydrogel,
which are likely to arise from reductions in intermolecular
contacts between tethered MBP in the hydrogel (Figure S6).
Consistent with this interpretation, there are concomitant
increases in protein mobility for the tethered MBP following
hydrogel activation (Figure 3C).
To understand whether hydrogels modify protein stability, we

compared the sensitivity of MBP−M13 bound to CaM* in
solution with that in hydrogels following addition of the protein
denaturant guanidine hydrochloride (GdnHCl). Following
incubation of MBP−M13 in solution with GdnHCl (1.0 M),
there are reductions in spectral dispersion (Figure S3). Such peak
broadening and spectral simplification is indicative of protein
aggregation (which may arise following partial protein
unfolding)15 and is consistent with prior measurements
indicating that MBP is destabilized and partially unfolded
under these solution conditions.14,16 The majority of peak

positions within the NMR spectrum are insensitive to the
addition of maltose. Consistent with the interpretation that the
majority of the protein has formed aggregates, there is increased
light scattering and some protein precipitation (data not shown).
In contrast, there are minimal alterations in the TROSY-HSQC
spectrum for MBP−M13 bound to CaM* within the hydrogel
upon addition of 1 M GdnHCl (Figure S4). In these
measurements, the small size of GdnHCl (mass = 95 Da)
ensures facile access to the tethered MBP within the hydrogel.
The decreased sensitivity of the protein fold to denaturation in
the hydrogel indicates an increase in protein stabilization.
As already described, reductions in spectral resolution and

associated peak broadening within the hydrogel (prior to heat
activation) are indicative of macromolecular interactions
between MBP−M13 and the hydrogel matrix. Such intermo-
lecular interactions are consistent with our observations that
MBP−M13 remains stable following drying and rehydration
(permitting long-term storage under adverse conditions). Only
upon heat activation is the hydrogel reconfigured to permit
resolution of chemical shifts associated with maltose-induced
domain reorientations. This is evident from the large increases in
spectral resolution as well as the presence of substrate-induced
chemical shifts that are similar to those observed for MBP−M13
in solution (Figure 3). The retention of substrate-induced
domain movements for MBP−M13 in hydrogels following heat
activation is consistent with prior measurements demonstrating
the stabilization of many proteins in the presence of PEG and
raffinose (or other nonreducing sugars).17 These results
demonstrate the utility of self-assembled hydrogels that undergo
stimulus-responsive conformational changes to stabilize and
control protein activation.
In conclusion, using a modular hydrogel construction that

involves the self-assembly of preformed molecular complexes
through an engineered peptide tether, we have identified a smart
material suitable for protein immobilization and functional
stabilization. Critical for the utility of hydrogel materials is the
demonstration of enhanced protein stability. Our results further
demonstrate an ability to take advantage of the conformational
sensitivities of hydrogel materials to activate protein dynamics
upon transient temperature increases. Such an approach permits
storage of proteins in an immobilized state prior to their
activation and will contribute to important applications that can
take advantage of the specificity of proteins for a range of sensing
and chemical transformation applications.18 These smart
materials possess optimized mass transfer properties (due to
their high water content) (see Figure 4) and provide important
avenues for ligand detection involving, for example, coassembly
of multiple proteins that first bind and then catalytically act on
bound ligands to amplify a signal associated with ligand binding.
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Figure 4. Stimulus-responsive hydrogel structural reorganization. (A)
FPR curves and (B) translational diffusion coefficients (Dt) calculated
from measured recovery times for Alexa Fluor 555-labeled MBP−M13
bound to CaM* freely diffusing in hydrogel sheets before (●) and after
(○) transient heating (ΔH = 37 °C, 14 h).
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