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Smart hydrogels@ susceptible to volume changes induced by external stimuli such as pH,1P
antigen—antibody recognition,1¢d and temperaturel®f have been extensively evaluated as
materials for applications including bioactive surfaces, bioreactors, microfluidics,
diagnostics, and drug delivery systems.

Recently, conformational changes accompanying protein-ligand recognition were used to
trigger the volume change of smart hybrid hydrogels.2 Calmodulin (CaM) mutants were
used as cross-linkers, and hydrogel volume changes were mediated by a conformational shift
of CaM upon binding of ligands (phenothiazine?? or trifluoperazine2”.c).

Here we report a new design of enzyme-based hybrid hydrogels that employs substrate—
enzyme (adenylate kinase®-ATP) interaction to induce a conformational change with
concomitant decrease of the hydrogel volume. The uniqueness in our design is the
combination of biorecognition with a catalyzed chemical reaction—the transfer of a
phosphate group. There are numerous enzymes that undergo conformational changes
following the binding of a substrate in the active site.* Thus, this is a new paradigm for
hybrid hydrogel design, where a variety of chemical reactions can be combined with
biorecognition and transform nanoscale conformational changes into macroscopic maotion.

Escherichia coli adenylate kinase (AKe; EC 2.7.4.3) is a 214 residue, three domain bacterial
enzyme (transferase), which catalyzes the phosphoryl transfer reaction Mg2+ - ATP + AMP
< Mg2+ - ADP + ADP. Upon the binding of a substrate (or inhibitor), AKe undergoes a
large conformational change. The bulky lid domain closes over the active site to shield it
from water to avoid substrate hydrolysis and to facilitate the transfer of a phosphate group?
(Figure 1).

AKe was incorporated into defined hydrogel structures through thiol-maleimide reaction.
Synthetic N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers with pendant
maleimide groups® were chosen as the backbone. To create two attachment points, a triple
mutant of adenylate kinase, AKtm (C77S, A55C, V169C), was designed, engineered, and
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purified. The wild-type enzyme has one cysteine at position 77. The distance between C€-
atoms of the residues 55 and 169 decreases from 29.5 A in the apoenzyme to 12.4 A when
forming the enzyme—substrate complex.32P The SH groups at positions 55 and 169 are
easily accessible as shown by reactivity studies involving 26 AK double mutants.39 The
enzymatic activity of AKtm was found to be similar to AKe (Supporting Information).

Hybrid HPMA-based hydrogels were made in a mold by cross-linking of HPMA copolymer
P with AKtm (Gels 1 and 5) or AKtm and an additional cross-linking agent, dithiothreitol
(DTT) (Gels 2 and 3). Gel 4 (control) was prepared by cross-linking P with DTT only
(Figure 2; Supporting Information).

Importantly, when the hydrogels were exposed to ATP (substrate), a volume change
occurred. Gels 1-4 were incubated in 50 mM MgCly, 50 mM Tris-HCI, pH 7.5 (ATP-free
buffer) until equilibrium was reached. Exposure to buffer containing 4 mM ATP induced the
conformational transition from an “open” to “closed” conformation, resulting in hydrogel
volume change. The shrinkage of ~5-17% was proportional to the AKtm content in the
hydrogels. Gel 4, cross-linked with DTT only, did not deswell (Figure 3).

The degree of deswelling of Gel 5 (100% AKtm) increased with increasing concentration of
the substrate (Figure 4A). When the concentration of substrate was =8 mM ATP, the volume
changes were not significant (data not shown) reflecting the access to the Viax area.®

Repeated exposure of Gel 5to 4 mM ATP buffer followed by a washing step in ATP-free
buffer demonstrated the reproducibility of hydrogel swelling alterations and of the AKtm
conformational changes (Figure 4B). It is worth noting that, unlike in protein-ligand binding
systems, the reversible reswelling occurred during a quite short washing period (~30 min;
see Supporting Information). This demonstrates another unique potential of smart materials
that are based on enzyme-substrate recognition: to provide a fast response after being
exposed to substrate and ultimately endow hydrogels with self-oscillating characteristics.
This bodes well for the application of these gels in drug delivery, microfluidic valves, and
mechanical actuators.

To verify the covalent attachment of AKtm to the 3-D network structure, Gel 6 (100%
AKtm) was prepared using AKtm labeled with Alexa Fluor 488 (Invitrogen, Carlsbad, CA).
The images of Gels 5 and 6 obtained under both UV light and visible light clearly
demonstrate homogeneous incorporation of AKtm into the hydrogel structure (Figure 5). No
fluoro-labeled protein in the medium was detectable by spectrofluorometry. Measurement of
SH content in the incubation buffer (50 mM Tris-HCI pH 7.5) using Ellman’s assay also
suggested full incorporation of AKtm into hydrogels.

Finally, experiments were performed to prove that translating substrate recognition into
mechanical motion is a generally applicable approach. To this end, four-arm poly(ethylene
glycol) (PEG; 10 kDa) based hybrid hydrogels were designed. Maleimide terminated 4-arm
PEG was cross-linked with 50% AKtm + 50% DTT (Supporting Information). The volume
change of Gel 7 observed after addition of 4 mM of ATP was ~12% (Figure 6).
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We are aware that the structure and corresponding volume change are far from the best
possible. However, with the exception of hydrogels prepared by copolymerization,% the
observed volume changes (<20%) were similar to those for hydrogels containing calmodulin
mutants, 2P or those where volume change was mediated by antigen—antibody
recognition.1¢ Optimization of the cross-linking process will undoubtedly result in hydrogels
with larger volume changes.

In conclusion, hydrogels based on HPMA copolymer and 4-arm PEG have been synthesized
via a thiol-maleimide coupling reaction, by conjugation of reactive polymers with an AKe
mutant. The triple mutant, AKtm, contained two thiol groups at positions with a large spatial
displacement following substrate-recognition-mediated conformational change. Upon
substrate binding, the nanoscale conformational change translated into macroscale
mechanical motion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ribbon diagram of the structures of AKe in two conformational states: open state (a) and

closed state (b). Adapted from ref 3h.
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Figure 2.
HPMA-based hydrogels cross-linked with AKtm/DTT and the macroscopic motion of the

hydrogels triggered by substrate recognition.
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Deswelling ratios of Gels 1, 2, 3, 4 prepared with 100%, 50%, 25% of AKtm, and 100%
DTT in molar percentage of cross-linking agents, respectively. Assuming isotropic swelling,
the V/Vy (%) was calculated as (L/Lg),® where L is the one-dimensional size of the hydrogel

in buffer containing substrate, and L is the size of the original hydrogel equilibrated in

ATP-free buffer.

J Am Chem Soc. Author manuscript; available in PMC 2015 October 09.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuan et al.

Page 7

A
100
2mM 4 mM 8 mM
— 95
g
= 90
g s 5
> 85
80 A v . ¥l
0 5 10 1520 25 30 3560 65 70 75
Incubation time of Gel 5§ in ATP buffer {min)
B
00
1 1= 2m 100 3
X o5 95
~ 95
Eo 90 90
£ 90
85 85 85
80 + 80 + 80 4 .
0 6 12 18 0 6 12 18 0 6 12 18

Incubation time of Gel 5 in ATP buffer (min})
Figure4.

(A) Deswelling of Gel 5 incubated in 2 mM, 4 mM, and 8 mM ATP sequentially. (B) Three
cycles of deswelling of Gel 5in 4 mM ATP buffer.
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Figure5.
Images of hybrid hydrogels cross-linked with fluorescently labeled AKtm (Gel 6) and with

AKtm (Gel 5). (A) Gel 6 under visible light; (B) Gel 6 under UV light; (C) Gel 5 under
visible light; (D) Gel 5 under UV light.
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Deswelling ratios of PEG-based hydrogels. Gel 7 was prepared with 50% AKtm and 50%

DTT as cross-linkers, Gel 8 with 100% DTT.
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