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Design of Bioelectronic
Interfaces by Exploiting
Hinge-Bending Motions in
Proteins

David E. Benson,* David W. Conrad,? Robert M. de Lorimier,’
Scott A. Trammell,2 Homme W. Hellinga'}

We report a flexible strategy for transducing ligand-binding events into
electrochemical responses for a wide variety of proteins. The method ex-
ploits ligand-mediated hinge-bending motions, intrinsic to the bacterial
periplasmic binding protein superfamily, to establish allosterically con-
trolled interactions between electrode surfaces and redox-active, Ru(ll)-
labeled proteins. This approach allows the development of protein-based
bioelectronic interfaces that respond to a diverse set of analytes. Families
of these interfaces can be generated either by exploiting natural binding
diversity within the superfamily or by reengineering the specificity of in-
dividual proteins. These proteins may have numerous medical, environmen-

tal, and defense applications.

Hybrid devices consisting of biological and
abiotic components combine the exquisite
molecular recognition properties and com-
plex activities of biomolecules with the
power of existing electrochemical (/-6),
optical (7-12), magnetic (I3, 14), or me-
chanical (/5) technologies. Central to the
development of such devices is the con-

struction of interfaces that transduce bio-
molecular events such as ligand binding
into abiotic signals (6, /6) or actions (17,
18). Ideally, it should be possible to build
families of biomolecular interfaces that re-
spond to a wide variety of chemical stimuli
(19). A biomolecular interface comprises
three different functions: molecular recog-
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nition and signal transduction within the
biomolecules, and detection of the signal
by the abiotic component. The major obsta-
cle to developing families of interfaces is
the difficulty in identifying biomolecules in
which these three functions are sufficiently
independent to attain a high diversity in
molecular recognition while keeping signal
transduction and detection mechanisms
constant. Ligand-mediated macromolecular
structural changes have been used to link
molecular recognition and signal transduc-
tion while keeping the sites for these two
functions sterically separated (/9). Exam-
ples include reversible assembly reactions
of proteins (I, 4, 5, 12, 13, 18) or nucleic
acids (2, 14, 15), gating of transmembrane
pores (3), and macromolecular conforma-
tional changes (10, 11). However, allosteric
interactions in proteins, one of the main
structural mechanisms by which biological
systems establish linkage between dispar-
ate activities (20), has not yet been widely
explored (7-9). Here, we demonstrate how
protein allosteric interactions can be de-
signed to transduce ligand binding into
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Fig. 1. (A) Ligand-induced A
protein  conformational
changes in ruthenium-la-

beled maltose binding pro-

tein (MBP). The attach-

ment site of the synthetic

Ru(ll) redox cofactor is in-

dicated by the large gray

sphere; the COOH-termi-

nus by the labeled white

sphere.  All  molecular
graphics were generated

with Molscript (37). (B)
Schematic illustration of

the protein-mediated, li- ‘
gand-dependent changes B
in the interaction between

the Ru(ll) redox reporter

group and the surface-
modified gold electrode.
Proteins were attached to

the electrode by modifying e
the gold surface with a
self-assembled monolayer

of hydroxyl- and Ni(ll)-
nitrilotriacetate-terminat-

ed headgroups (24) to
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electrochemical signals, and show that this
leads to a strategy for building families of
chemoresponsive bioelectronic interfaces.

In many proteins, two sites are thermo-
dynamically coupled (allosterically linked)
when each site adopts multiple local con-
formations that correspond to distinct glob-
al protein conformations (20). Global con-
formational changes that establish alloste-
ric linkage often correspond to different
quarternary states in multimeric assemblies
(21), but may also involve motions such as
ligand-induced hinge-bending motions (21)
within monomers. Such motions are found
in many proteins (21), and are common to
all structurally characterized members of
the bacterial periplasmic binding protein
(bPBP) superfamily. Here, we show that it
is possible to couple ligand binding in
bPBPs to modulation of the interactions
between a redox reporter group and a mod-
ified electrode surface.

Maltose-binding protein (MBP) is a
structurally well-characterized member of
the bPBP family (22). This protein adopts
two conformations: a ligand-free open form
and a liganded closed form, which inter-
convert by a hinge-bending motion (Fig. 1).
To couple ligand binding to an electro-
chemical response, we designed a confor-
mational coupling mechanism to modulate
the behavior of a redox reporter group. The
COOH-terminus (near the hinge-region) of
MBP was tethered to the electrode, and a
Ru(II) redox reporter group was conjugated

Maltose

Ligand

which the protein was site-specifically coordinated through a COOH-terminal oligohistidine (rectangle).
The thiol-reactive ruthenium complex (ball) was covalently linked to a mutant cysteine on the protein
surface, thereby positioning the metal complex at the interface between the protein and self-assembled
monolayer. Upon ligand binding (square), the changes in the protein conformation [open (left) — closed
(right)] alter the interaction between the cofactor and electrode surface, and hence the observed current

flowing between these two components.

site-specifically to a mutant cysteine de-
signed to be placed on the surface of MBP
that faces the electrode (Fig. 1). This ar-
rangement is designed to orient the ligand-
binding site toward the bulk solution, and
link the ligand-mediated conformational
changes within the MBP-electrode inter-
face to alterations in electronic coupling
between the Ru(Il) reporter group and the
electrode, thereby allowing ligand binding
to be measured electrochemically.

The presence of an electroactive protein
layer consisting of MBP labeled with the
Ru(II) cofactor at position Gly174Cys on a
surface-modified electrode (23) was con-
firmed by measuring cyclic voltammo-
grams (24). At fast scan rates (4 V/s),
robust, cyclic voltammograms with small
peak separations (~30 mV) were observed,
indicative of a surface immobilized redox
cofactor (25) (Fig. 2). This signal was not
observed in electrodes modified with unla-
beled MBP. The midpoint potential of the
MBP-Ru(Il) conjugate (+220 mV) is con-
sistent with immobilization, because it is
similar to the measured potential of the
Ru(II) reporter directly tethered to a mod-
ified gold electrode (+240 mV) (24), and
not to that observed in the MBP-Ru(Il)
conjugate in solution (+330 mV) (26). The
current observed in the cyclic voltammo-
gram is consistent with 10 to 30% coverage
of the electrode surface by redox-active
immobilized MBP-Ru(II) conjugates (24),
indicating that the formation of protein
multilayers is unlikely. The electrochemi-
cal signal due to the Ru(Il) reporter group
vanished when any one of the three tether-
ing components [His-tag, Ni(Il), nitrilotri-
acetate groups, see caption of Fig. 1] was
omitted. Addition of a competing ligand,
imidazole, also resulted in complete loss of

Current (nA)

0 +200
Potential (mV) vs. Ag/AgCl

+400 +600

Fig. 2. Cyclic voltammogram of a Ru(ll)-labeled
G174C MBP mutant immobilized on a surface-
modified gold electrode (24). The measure-
ments were taken at a scan rate of 4 V/s. The
observed 30 mV peak separation is indicative of
surface immobilized redox-active species (25).
Integration of the peak currents revealed that
10 to 30% of the electrode surface is covered
with electroactive protein.
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signal. Addition of 3 M guanidinium HCI
followed by dilution of this protein dena-
turant reversibly eliminated and restored
the signal. These observations are consis-
tent with formation of an electroactive lay-
er consisting of a folded, electrochemically
active protein conjugate, tethered to the
modified electrode.

The ligand dependence of the electro-
chemical response was probed using ac
voltammetry (25, 27). The optimal ac cur-
rent response (28) due to the Ru(II) reporter
group was observed at 1 kHz (24), and
decreased from 12 to 4 pA upon addition of
maltose (Fig. 3A). The ligand concentra-
tion dependence of the ac current fit to a
single-site binding isotherm (Fig. 3A), and
only the addition of maltose (and not glu-
cose, glutamine, or zinc) elicited an elec-
trochemical response. Additional modified
electrodes were prepared using MBP point

REPORTS

mutants with decreased affinities for mal-
tose (7). The observed maltose affinities of
the resulting modified electrodes varied ac-
cording to the solution binding constants of
the mutant proteins (Fig. 4). All the elec-
trochemically determined affinities corre-
late within a factor of four to those mea-
sured for the proteins free in solution (29).
These observations are all consistent with a
specific, ligand-mediated electrochemical
response of the protein-modified electrode.

To demonstrate the generality of the use
of the hinge-bending mechanism, we con-
structed additional chemoresponsive elec-
trodes using two other members of the
bPBP superfamily: glucose-binding protein
(GBP) (30) and glutamine-binding protein
(QBP) (371). MBP, QBP, and GBP have
similar overall structures but little sequence
homology (32). Even so, the GBP- and
QBP-modified electrodes exhibited similar

Fig. 3. Ligand-mediated re- 1.0 T 1120
sponses of allosterically con- A MsP ]
trolled electrochemical as-  08f ; de0 <
semblies derived from a fam- 3 ! S
ily of engineered periplasmic < 067 i 2
binding proteins. (A) Maltose £ ; 160 §
sensor usinga G174C mutant & 04f | n
of MBP [1 kHz EKd(mal- : 1s0 §
tose) = 4 pM; K (mal- 02 1 -
tose) = 1 uM]. (B) Glucose i
sensor using a Leu255Cys 0.0 S o
mutant of GBP [0.1 kHz; °K - o » [Maltol;g] (g2l\(/()) 2 Pé?gnum (mv) vssoAg/Agm 3%
(glucose) = 2.0 uM; Kd(glu' 10 050
cose) = 0.4 pM]. (C) Zinc B GBP
sensor using a redesigned o8k
variant of G174C-MBP [1 o 038‘_%
kHz; ®K, (zinc) = 10 uM; 3 osf °
fKd(zmc) = 3 uM]. (D) Glu- g 025 3
tamine sensor using an  F 04f -
Glu163Cys mutant of QBP 2 3
[0.16 kHz; °K,(glutamine) = 0.2 017 &
1.0 pM; K (glutamine) = 0.2
pwM]. Two binding constants 008ttt o L 10,000
are reported: EKF is dissocia- [Glucose] (uM) Potential (mV) \75 Ag/AgCT
ton oot of the s i
ically; 'K, is the dissociation o8l i _
constant of the protein free ’ i <
in solution, determined by E .| | =
measuring changes in the in- 3 : s
trinsic tryptophan fluores-  § ,L i 2
cence of the conjugates (29).  § ' %
Fractional saturation curves % ., i &
(left graphs) were construct- !
ed by fitting the baseline- 0.0 e Y /R 00
corrected ac currents (right 0 20 40 60 80 +150 +250 ’
graphs) measured at different (20 (b Potential (mV) vs. Ag/AGCI
ligand concentrations to a 1.0
standard binding isotherm D agp
(7). The binding curves repre- 08 <
sent the average of at least =
three determinations, with 8 06 g
error bars smaller than the § §
plot symbols. s -
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ac currents (0.5 to 10 pA), midpoint poten-
tials (+220 to 230 mV), optimal frequen-
cies (0.1 to 1 kHz), and ligand-mediated ac
current changes (Fig. 3, B and D) as the
MBP-modified electrodes. The currents de-
creased in response to addition of cognate
ligand only (33), with affinities similar to
those observed for protein free in solution
(29).

Finally, we constructed a protein-modi-
fied electrode using an MBP redesigned to
bind Zn(I) (eZBP) (9) to demonstrate that
new sensors can be developed in a modular
fashion by re-engineering the ligand-bind-
ing site without destroying the linkage to
the reporter group (/9). The electrochemi-
cal response of the eZBP-modified elec-
trode (Fig. 3C) was identical to wild-type
MBP, but changed in response to zinc,
rather than maltose (29, 33).

To demonstrate that the engineered sen-
sors measure analyte concentrations in
complex, “real” samples, we constructed a
titration curve of glucose with GBP in rat
serum, and of maltose with MBP in beer.
The glucose measurements were taken us-
ing glucose-depleted rat serum, and adding
back known concentrations of glucose-for-
tified serum. The resulting glucose-binding
curve (K; = 4.1 uM) was nearly identical
to the one obtained in a simple buffer (K, =
4.0 pM). The concentration of maltose in
beer is relatively high (~0.1 to 0.2 M), and
we therefore used the MBP W340A mutant,
which has a K that is appropriate for mea-
suring these concentrations. The electro-
chemically determined maltose concentra-
tion in the brand of beer we used was found
to be 102 mM (3.69 g/100 ml). This mea-
surement correlates to within 5% error with
concentrations determined independently

o
(=}
-

Fraction Bound
o
n

o
n

0 . f L . )
10° 10" 102 10 10* 10° 108
[Maltose] (uM)

Fig. 4. Effect of mutations in the binding pocket
of MBP on maltose-dependent electrochemical
responses. Ligand-dependent peak currents (av-
erage of at least three determinations; error
bars are smaller than the symbol) were fitted to
a binding isotherm (7). Filled circles: L174C-
MBP (5K, = 4 uM; Ky = 1 wM); filled tnangles
Trp62Ala L174C-MBP (K, = 62 pM; K, = 15
wM); open squares, Trp340Ala L174C-MBP (°K
18 mM; K, = 3 mM).
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by enzymatic assay (Fig. 5). These experi-
ments show that the behavior of the modi-
fied electrodes is not adversely affected by
different sample matrices that contain a
multitude of potential interferents such as
proteins (serum) and small molecules
(beer), demonstrating their potential to
function as sensors in complex mixtures.
The majority of protein-based electro-
chemical biosensors developed to date are
based on detecting enzymatic activity (34),
whereas the allosterically controlled elec-
trochemical (ACE) assemblies presented
here are nonenzymatic. In enzyme-based
systems, each signal transduction mecha-
nism has to be tailor-made to the analyte,
whereas the signal transduction mechanism
is the same in each ACE assembly. In a
nonenzymatic biosensor, no additional re-
agents have to be supplied, nor does detec-
tion depend on diffusible products. Nonen-
zymatic detection potentially simplifies the
development of new sensors by the engi-
neering of binding specificity, because no
catalytic mechanisms have to be main-
tained, as we have clearly demonstrated by
the radical change of a maltose sensor into
a zinc sensor that retains signal transduc-
tion. The detection range of nonenzymatic
sensors is dictated by the ligand-binding
constants, and allows detectors for different
dynamic ranges to be built by manipulating
the affinity (Fig. 4), the advantage of which
we have demonstrated by measuring an
analyte present at high concentrations. The
lower limit of detection is determined in
large part by the tightest binding constant
that can be obtained, which is ~1 nM for
this class of protein (32), and appropriate

60(

o
o
T

N
o
T

Electrochemical assay
[Maitose] (mM)
S 8
T L

-
o
T

0 L L L . . .
0 10 20 30 40 50 60
[Maltose] (mM)
Colorimetric assay

Fig. 5. Correlation of enzymatic (40) and elec-
trochemical maltose assays in beer using
W340A L174C-MBP. The electrochemical assay
was performed by first constructing a standard
binding curve with maltose titrated into buffer.
Second, beer was titrated into buffer (0 to 70%
v/v), and the relationship between added vol-
ume and fractional electrochemical response
was obtained. The fractional electrochemical
response was then used to determine the cor-
responding maltose concentration from the
standard curve.
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for many clinical applications (35).

The only other nonenzymatic electro-
chemical protein sensors developed so far
are based on detecting the flow of ions
across a membrane through transmembrane
pores that are gated by ligand binding (/,
3). In one such system, binding of antigen
to antibodies is coupled to the assembly of
an open gramicidin channel (/). In another,
flow of ions through a-hemolysin is con-
trolled either by making ligand-binding
mutations in the channel, or by inserting
clathrands into the channel (3). These sys-
tems require the construction of complex,
multicomponent macromolecular assem-
blies, whereas the ACE assemblies are rel-
atively simple.

The success obtained with the different
proteins presented in this work demonstrates
that construction of allosterically controlled
electroactive assemblies is a generalizable
strategy for developing families of chemore-
sponsive biomolecular interfaces. Sensors for
different analytes can be developed either by
exploiting the natural diversity provided by
the wide variety of proteins that undergo
ligand-mediated hinge-bending motions (21),
or by engineering ligand-binding specificities
using a combination of computational and
directed evolution approaches (36). Even
within the limited exploration of receptors
presented here, we have developed sensors
that have application in fermentation technol-
ogy (maltose, glutamine), and clinical chem-
istry (glucose, zinc). This approach therefore
represents a first step toward the development
of large families of bioelectronic sensors ca-
pable of precisely and accurately sensing a
diverse set of analytes that may have numer-
ous medical, environmental, and defense ap-
plications (4, 16, 17, 19).

References and Notes

. B. A. Cornell et al., Nature 387, 580 (1997).

2. E. M. Boon, D. M. Ceres, T. G. Drummond, M. G. Hill,
J. K. Barton, Nature Biotechnol. 18, 1096 (2000).

3. L-Q. Gu, S. Cheley, H. Bayley, Science 291, 636
(2001).

4. . Willner, E. Katz, Angew. Chem. Int. Ed. 39, 1180
(2000).

5. S. Schutz et al., Sens. Actuators B 65, 291 (2000).

6. W. Gopel, Sens. Actuators B 52, 125 (1998).

7. ). S. Marvin et al., Proc. Natl. Acad. Sci. U.S.A. 94,
4366 (1997).

8. J. S. Marvin, H. W. Hellinga, J. Am. Chem. Soc. 120, 7
(1998).

-

, Proc. Natl. Acad. Sci. U.S.A. 98, 4955

(2001).

10. Q. Cheng, R. C. Stevens, Adv. Mater. 9, 481 (1997).

11. Y. Shen, C. R. Safinya, K. S. Liang, A. F. Ruppert, K. J.
Rothschild, Nature 366, 48 (1993).

12. Y. Tang, B. C. Dave, Adv. Mater. 10, 1536 (1998).

13. Y. R. Chemla et al., Proc. Natl. Acad. Sci. U.S.A. 97,
14268 (2000).

14. R. L. Edlestein et al., Biosens. Bioelectron. 14, 805
(2000).

15. J. Fritz et al., Science 288, 316 (2000).

16. J. M. Laval, P. E. Mazeran, D. Thomas, Analyst 125, 29
(2000).

17. C. R. Lowe, Curr. Opin. Chem. Biol. 10, 428 (2000).

18. R. K. Soong et al., Science 290, 1555 (2000).

19. H. W. Hellinga, J. S. Marvin, Trends Biotechnol. 16,
183 (1998).

20. M. Perutz, Mechanisms of Cooperativity and Allosteric
Regulation in Proteins (Cambridge Univ. Press, Cam-
bridge, 1990).

21. M. Gerstein, A. M. Lesk, C. Chothia, Biochemistry 33,
6739 (1994).

22. F. A. Quiocho, ). C. Spurlino, L. E. Rodseth, Structure 5,
997 (1997).

23. N. H. Thomson et al., Biophys. . 76, 1024 (1999).

24. Mutant proteins were constructed, purified, and de-
rivatized as described in (7, 8). The Ru(ll) reporter
group, [Ru(1)(NH,),(1,10-phenanthroline-5-maleim-
ide)](PF,), was synthesized as described (26). An 11-
thioundecanoic acid-derivatized gold electrode was
activated with 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide HCl, reacted with lysine-nitrilotriac-
etate (NTA) and 5-aminopentanol (1:20 ratio), and
charged with Ni(ll), forming a Ni(ll)-NTA and OH-
terminated monolayer (23). See supplementary in-
formation  (www.sciencemag.org/cgi/content/full/
293/5535/1641/DC1) for detailed descriptions of
preparation of the modified electrode, protein immo-
bilization, electrochemical methods, determination of
electroactive protein surface coverage, and reduction
potential of Ru(ll) reporter group directly tethered to
the surface-modified gold electrode.

25. A. J. Bard, L. R. Faulkner, Electrochemical Methods
(Wiley, New York, 1980).

26. S. A. Trammell, L. M. Tender, D. W. Conrad, D. E.
Benson, H. W. Hellinga, Bioconjug. Chem. 12, 643
(2001).

27. S. E. Creager, T. T. Wooster, Anal. Chem. 70, 4257
(1998).

28. The optimal frequency for ac voltammograms was
determined using a ratio of ac peak current to base-
line current (27). This method is used to partially
correct for capacitive contributions to the total ob-
served current, thereby providing a relatively specific
probe for the Faradaic contributions by the Ru(ll)
reporter group. The baseline current was linearly
interpolated between the extrema of the potentio-
metric peak (24). In the single frequency potential
scans currents are reported as a difference between
the ac peak and baseline currents, since there is no
need for frequency correction of current response.

29. For every protein presented in this study, the ligand-
binding affinities determined electrochemically using
a gold disk electrode are two to five times weaker
than those in solution. However, if a gold microelec-
trode prepared by flame annealing a gold wire (27) is
used instead of a gold disk electrode, the electro-
chemically determined affinities are similar to the
solution affinities. This indicates that the atomic
structure of the gold electrode surface is an impor-
tant contributor to the interactions between the
electrode and the protein.

30. N. K. Vyas, M. N. Vyas, F. A. Quiocho, Science 242,
1290 (1988).

31. C.D. Hsiao, Y. J. Sun, ). Rose, B. C. Wang, /. Mol. Biol.
262, 225 (1996).

32. R. Tam, M. H. Saier, Microbiol. Rev. 57, 320 (1993).

33. All proteins were tested with the following ligands:
maltose, glucose, glutamine, glutamate, and zinc. In
all cases, only addition of the cognate ligand elicited
an electrochemical response.

34. A. E. G. Cass, Ed., Biosensors: A Practical Approach
(Oxford Univ. Press, Oxford, 1990).

35. C. A. Burtis, E. R. Ashwood, Eds., Clinical Chemistry
(Saunders, Philadelphia, PA, 1994).

36. F. H. Arnold, Nature 409, 253 (2001).

37. P. ). Kraulis, J. Appl. Crystallogr. 24, 946 (1991).

38. Maltose/Sucrose/D-glucose colorimetric assay kit (R-
Biopharm).

39. We thank A. E. G. Cass for initial help, C. D. Paavola
for providing the plasmid for glutamine binding pro-
tein, and M. S. Wisz for help in reviewing the manu-
script. This work was supported by an NIH grant
(H.W.H.), an Office of Naval Research grant (HW.H.,
D.W.C., and RM.L), an NIH postdoctoral fellowship
(D.E.B.), and a National Research Council postdoc-
toral fellowship (S.AT).

11 May 2001; accepted 24 July 2001

VOL 293 SCIENCE www.sciencemag.org



