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In living cells, enzyme activity and function are tightly
regulated at multiple levels through information-transfer
processes programmed by evolution to respond appropriately
to patterns of extracellular stimuli.’! By contrast, methods for
controlling enzyme activity in vitro are typically non-informa-
tional®? and hence not readily amenable to programming.”!
We report a general chemical encoding strategy for fashioning
natural enzymes into informational and thus programmable
complexes that, along with a range of programming options,
can be used to modulate enzyme activity in vitro according to
user-defined parameters and inputs. The approach converts
an enzyme and its inhibitor into an intrasterically inactivated
enzyme complex subject to DNA-directed allosteric activa-
tion.” An enzyme programmed in this fashion can utilize
DNA inputs to turn catalytic activity on or off selectively and
reversibly to generate what constitutes temporally dependent
output signals, read as the amounts or rates of product
formed. Moreover, DNA-encoded intrasterically regulated
enzymes can be readily programmed to execute specific tasks
as highlighted by systems capable of performing AND, OR,
and NOR logic operations and operating as sensitive PCR-
independent gene-diagnostic probes. Programmable enzymes
are expected to impact a range of applications, including
molecular computation, construction of in vitro biosynthetic
networks, and in biomedical settings such as diagnostics and
enzyme therapeutics.

The design rationale for DNA encoding of enzyme
activity is governed by the principles of intramolecularity.”!
The approach utilizes two basic components—an enzyme and
its inhibitor, each encoded with single-strand (ss) DNA tags
(herein referred to as DNA-enzyme (DE) and DNA-
inhibitor (DI) modules)—to direct the formation of non-
covalent DE-DI complexes with desired architectural and
functional features (Figure 1). After DNA-directed binding
of DI to DE, the enzyme falls rapidly into an intrasterically
deactivated state as a result of the high effective concen-
tration of the inhibitor in the DE-DI complex (Figure 2a).
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Figure 1. Formation of an intrasterically inactivated DE-DI enzyme
complex through directed noncovalent assembly of DNA-tagged
enzyme (DE) and inhibitor (DI) modules. The architectural and func-
tional features of DE-DI can be preprogrammed by appropriate
encoding of various DNA segments (indicated o—¢).

The y and € segments on DE are used to specify the position,
the architectural features, and, in part, the strength of DE-DI
duplex formation. To reactivate the enzyme, it is necessary to
displace the inhibitor from the enzyme active site. Two
distinct isothermal methods of enzyme reactivation can be
employed: a mechanical process triggered by the conforma-
tional changes that result from rigid DNA duplex formation
upon binding of an input DNA strand to the designated
allosteric site (o loop) on DE-DI complexes (Figure 2b) or
competitive displacement of DI from the DE-DI complexes
with an invading ss-DNA input programmed to bind to the
vy site to regenerate the active DE module (aided by toeholds
at the P-insert or d-overhang segments; Figure 2¢). Either
method enables the extent and rates of enzyme reactivation to
be modulated by the nature of the applied DNA inputs (see
below).

We demonstrate the utility of the enzyme-encoding
approach in the context of a cereus neutral protease mutant
(CNPg;510). The zinc metalloprotease was tagged site-specif-
ically through a disulfide bond, at its engineered surface-
exposed cysteine residue, with a 3'-thiol-modified DNA
sequence to give the DE module. The DI modules (DI',
D>, and DI) were synthesized as ss-DNA sequences
modified at the 5'-termini with a phosphoramidate-based
enzyme inhibitor.[*"! The enzymatic cleavage of a fluorogenic
peptide substrate was used as the temporally dependent
output signal. In the following discussions, DI'* and unmodi-
fied ss-DNA (D'®) are considered system inputs whereby DI
inputs are designed to turn off the enzyme and D inputs
restore enzymatic activity (see the Supporting Information
for details of the synthesis, purification, and characterization
of the molecular components employed in this study).

The OFF switch was demonstrated by mixing DE with DI
or DI? to generate the complexes DE-DI' (0. =26, 3 =2, y=
18, 86=0, e =0) and DE-DF* (a=5,p=0,y=13,8=13,e=
26), respectively (Figure 2a). In both cases, addition of DE to
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Figure 2. Programmed enzyme inactivation and reactivation (OFF and
ON switches). Conditions: DE (2 nm), DI (50 nm), D (50 nm), in Tris/
HCI (Tris =tris(hydroxymethyl)aminomethane, 20 mm, pH 7.4), MgCl,
(50 mm), room temperature. Reaction components were mixed at t=0
in the presence of enzyme substrate (80 pum) unless indicated with an
asterisk in which the components were incubated for 1 h prior to
substrate addition. Product formation (catalytic endolytic cleavage of
the peptide substrate) was monitored by a fluorescence plate reader
(Aex=1365 nm, 4,,,=460 nm). DE: CGTTTCATAGCAGCGCCA-
GATGCTGCGCCCATAGTGCTTCCTGC—Enzyme, DE*: CGTTTCATAG-
CAGCGCCATGCGCCCATAGTGCTTCCTG-Enzyme, DI': Inhibitor—
GGTGGCGCTGCTATGAAACG, DI?: Inhibitor.-AAGCACTATGGG-
CATCTGTGACTAGC, DP: Inhibitor—-GTATCTTATCTGTATTCTTA, D":
GCAGGAAGCACTATGGGCGCAGCATC, D*: GCAGGAAGCAC-
TATGGGCGCAG, D*: GCAGGAAGCACTATGGGCGC, D*: GTATCT-
TATCTGTATTCTTAGTATCT, D*: CGTTTCATAGCAGCGCCACC, D®:
GCTAGTCACAGATGCCCATAGTGCTT, D”: CAGGAAGCAC, D?:
TATGGGCGCA, Substrate: DABCYL-PAla-Ala-Gly-Leu-Ala-pAla-EDANS
(DABCYL =4-(4'-dimethylaminophenylazo)benzoic acid; EDANS =5-
[(2-aminoethyl)amino]naphthalenesulfonic acid).

solutions of DI' or DI? resulted in rapid (< 10 min) shutdown
of product formation. Similarly, incubation of DE with DI
prior to the addition of the enzyme substrate also resulted in
essentially inactive enzyme complexes (Figure 2a). Further-
more, treatment of DE with DI® (a DI sequence that is not
complementary to DE) under similar reaction conditions did
not result in any appreciable diminution of enzyme activity,
underscoring the requirement for sequence-specific DNA
hybridization and intramolecularity in affording intrasteri-
cally inhibited enzyme complexes.

We have employed two orthogonal DNA-directed pro-
cesses to effect programmed enzyme reactivation (ON
switch). The first is based on the built-in allosteric activation
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feature of the DE-DI complex that can be triggered by
sequence-specific binding of a ss-DNA input (D) to a
designated target site on the a-loop segment to furnish the
enzymatically active DE-DI-D ternary complex (Figure 2b).
The allosteric trigger was designed to operate on the basis of
the following thermodynamic and structural considerations.
Upon formation of a thermodynamically favorable DNA
duplex structure, the oa-loop conformation is drastically
altered to create a mechanical tension that drives the
displacement of the inhibitor from the enzyme active site.
The effectiveness of the allosteric activation process is
evidenced by the rapid onset of enzyme activity upon addition
of D', a 26-mer ss-DNA sequence complementary to the
a loop, to a solution of the inactive DE-DI' enzyme complex
(Figure 2b). In contrast, addition of D% a 26-mer ss-DNA
sequence that is not complementary to the a loop, to a similar
solution failed to activate the enzyme, illustrating the
sequence-specificity of the ON-switch mechanism. Thermo-
dynamic considerations indicate that the ratio of active DE-
DI-D enzyme to inactive DE-DI present at equilibrium can
be influenced by several factors, including the free energy of
input binding (hybridization) to its a-loop target site.
Accordingly, since the input and its a-loop binding site
sequences are defined by the user, the enzyme-encoding
method enables rational modulation of the enzyme reactiva-
tion efficiency to a desired level simply by the appropriate
programming of ON-switch thermodynamics. The effect of
input hybridization free energy on DE-DI" activation can be
readily surmised by comparing the observed rates of product
formation in response to D* (26-mer), D* (22-mer), or D? (20-
mer) (Figure 2b). The decreasing order of enzyme activation
parallels the predicted decrease in the hybridization free
energies of the progressively shorter input strands (D' > D? >
D?) for binding to the allosteric a-loop segment of DE-DI"
(data not shown). The ability to program desired system
thermodynamics is an important feature in enabling rational
design of multi-input enzyme complexes capable of reversible
OFF-ON switching and logic operations (see below).

The second method of programmed enzyme reactivation
is based on competitive binding of input DNA to, and
displacement of, the DI module from DE-DL® The effec-
tiveness of this method is supported by the rapid onset of
enzymatic activity upon addition of D® (a 20-base-long
ss-DNA input complementary to DI') to DE-DI*, or D¢ (a
26-base-long ss-DNA input complementary to DI?) to DE-
DI (Figure 2c¢). Programming a shorter y region on DE-DI?
(13 base pairs) versus DE-DI" (18 base pairs) and the longer
encoded ss-DNA portion on DI? (8 = 13) versus DI' (B =2) in
their respective DE-DI complexes makes duplex formation
between D® and DI* (26 base pairs) energetically more
favorable than binding of D* to DI' (20 base pairs) and
consequently results in a faster observed rate of product
formation when D® is mixed with DE-DF>, than when D® is
added to a solution of DE-DI' complex. This method of
enzyme reactivation can also be used to cycle the enzyme
between ON and OFF states, as exemplified in a study in
which the inputs DI* and D® were added successively to a
solution of DE (Figure 3 and Figures2S and 3S in the
Supporting Information).
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Figure 3. ON-OFF switch cycles by successive additions of DI* and D¢
(50 nm each) to DE (2 nm) in Tris/HCl (20 mwm, pH 7.4), MgCl,
(50 mm), in the presence of substrate (80 um) at room temperature.

The DNA-encoding method affords a number of options
for programming enzymes to perform complex tasks. This is
illustrated by enzyme constructs capable of performing AND,
OR, and NOR logic operations.?™”'% The logic gates, each
defined by its corresponding truth table, were derived from
DE by using different encoded enzyme architectures
(Figure 4). We used threshold analysis to assign outputs (0,
1), but implicit in the use of enzymes in molecular compu-
tation is the temporal dependence of signal evolution
(product formation), which can be indispensable in fuzzy-
logic operations and complex circuit designs."") The OR gate
was designed on the basis of the binary DE-DI" architecture
to give a true output when either one or both inputs are true
(Figure 4a and Figure 4S in the Supporting Information). By
utilizing both ON-switch mechanisms, the OR gate was
programmed for allosteric activation by D? and competitive
displacement of DI' by D®. Furthermore, since D* and D*
have noncomplementary sequences, addition of either or both
inputs activates the enzyme complex. The NOR gate was
programmed on the basis of the same DE but with DI' and
DI as inputs (Figure 4b and Figure 5S in the Supporting
Information). Addition of either input rapidly turns off the
enzyme by producing the corresponding intrasterically inac-
tivated DE-DI complexes. Moreover, because DI' and DI?
each bind to a unique and nonoverlapping v site on DE,
addition of both inputs also inactivates the enzyme through
the formation of the DE-DI>-DI' ternary complex. AND
logic calls for a true output only when both inputs are true. We
have established the AND gate by exploiting the dual
inhibitor architecture of the DE-DI*-DI' ternary complex
using D® and D¢ as inputs (Figure 4c and Figure 6S in the
Supporting Information). The crucial feature of the DE-DI*-
DI ternary complex is that displacement of either DI' or DI?
inhibitor strands, by the sequence-specific competitive bind-
ing of D® or D®, respectively, results in binary DE-DI* or DE—~
DI' complexes that remain in the OFF state as the result of
intrasteric inhibition. Enzyme reactivation takes place only
when both DI' and DF strands are displaced from the DE—
DI-DI' complex by the combined action of D* and D®
(Figure 6S). The AND logic could also be executed by using
a gate architecture that utilizes cooperative binding of two
nonoverlapping input strands (D’ and D®) to the 20-mer
allosteric a loop of the DE*~DI' enzyme complex defined by
the parameters a =20, =2, y=18, 6=0, and ¢=0 (Fig-
ure 4d and Figure 7S in the Supporting Information). As a
result of the built-in signal amplification (enzyme turnover),
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Figure 4. Programming enzymes to perform OR, NOR, and AND logic
operations. Logic-gate architectures: a) OR gate (DE-DI'); b) NOR
gate (DE); c) AND gate (DE-DI*>-DI'); and d) AND gate (DE>--DI').
General conditions: DE and DE? (2 nwm), DI' and DI* (50 nwm), D? D?,
and D® (50 nm), D’, and D® (10 nm), substrate (80 um) in Tris/HCI

(20 mm, pH 7.4), MgCl, (50 mm), room temperature. Logic gates were
prepared by incubating the appropriate DE and DI strands for 30 min
prior to input addition. Substrate was added simultaneously with input
strands, except for the NOR gate, which was incubated with inputs for
30 min prior to substrate addition. See Figures 45-7S in the Support-
ing Information for full time-course data and control studies.

the DNA-encoded intrasterically regulated enzymes have
considerable potential in gene-diagnostic applications, espe-
cially where highly sensitive, rapid, and PCR-independent
detection of label-free nucleic acid sequences are desired (see
Figure 8S in the Supporting Information for the detection of
5 fmol or 100 amol of a HIV target sequence in less than 20
and 100 minutes, respectively). In this regard, the logic gates
offer an expanded capacity in which one or more genetic
markers, in combination (AND logic) or separately (OR
logic), are required to identify a given disorder or disease
state.

The studies reported herein establish a basic design
concept for fashioning natural enzymes into informational
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and thus programmable complexes that, along with a range of
programming options, can be used to modulate enzyme
activity according to user-defined parameters and inputs.
Although DNA seems to be an ideal choice for enzyme
encoding, it is reasonable to expect that other types of
informational polymers such as RNA and nonnatural nucleic
acid constructs could also be effectively employed. We
suggest that similar design tactics might be useful in devising
ligand-dependent intrasterically regulated enzymes by
exploiting selective and thermodynamically suitable molec-
ular recognition events. Consequently, a large variety of
cellular receptor-ligand interactions could potentially be used
to devise novel enzyme therapeutics in which enzyme
activation can be programmed to take place in response to
a particular, or a set of, intra- or extracellular markers.
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