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Quantitative biology requires quantitative data. No high-through-
put technologies exist capable of obtaining several hundred inde-
pendent kinetic binding measurements in a single experiment.
We present an integrated microfluidic device (k-MITOMI) for the
simultaneous kinetic characterization of 768 biomolecular inter-
actions. We applied k-MITOMI to the kinetic analysis of transcrip-
tion factor (TF)—DNA interactions, measuring the detailed kinetic
landscapes of the mouse TF Zif268, and the yeast TFs Tye7p, Yox1p,
and Tbf1p. We demonstrated the integrated nature of k-MITOMI
by expressing, purifying, and characterizing 27 additional yeast
transcription factors in parallel on a single device. Overall, we
obtained 2,388 association and dissociation curves of 223 unique
molecular interactions with equilibrium dissociation constants
ranging from 2 × 10−6 M to 2 × 10−9 M, and dissociation rate
constants of approximately 6 s−1 to 8.5 × 10−3 s−1. Association rate
constants were uniform across 3 TF families, ranging from 3.7 ×
106 M−1 s−1 to 9.6 × 107 M−1 s−1, and are well below the diffusion
limit. We expect that k-MITOMI will contribute to our quantitative
understanding of biological systems and accelerate the develop-
ment and characterization of engineered systems.

biochemistry ∣ biophysics ∣ systems biology

Systems and synthetic biology, as well as the computational
models and engineering-based approaches they employ, rely

heavily on quantitative data (1, 2). Thus far, efforts in systems
biology have mainly focused on cataloging and mapping genomes
and proteomes. Genome sequencing and gene expression analy-
sis have provided insight into genome architecture (3–6), and
functional genomics approaches, including high-throughput pro-
tein-based methods (7–15), mapped network topologies.

Although the number of known protein–protein and protein–
DNA interactions is already substantial, the information describ-
ing such networks is predominantly qualitative and binary in
nature. It is also becoming clear that network topologies alone
are not sufficient to model complex biological processes. Precise
quantitative information describing every interaction in a network
would be tremendously valuable (2), yet binding affinities are
known for only a small fraction of interactions (16, 17) and kinetic
information hardly exists at all. This dearth of quantitative inter-
action data is due to a lack of high-throughput technologies
capable of measuring kinetic rates of biomolecular interactions.
Current methods used for kinetic rate measurements are generally
based on surface plasmon resonance (SPR) (18) such as BioRad’s
ProteOn XPR36 6 × 6 array system, which measures 36 interac-
tions in a single run. SPR-based measurements have been inte-
grated with microfluidic devices (19, 20) to achieve higher degrees
of parallelization (21). Yet proof of concept demonstrations have
made use of only a small fraction of the proposed throughput and
often restrict their measurements to protein-antibody interactions
with high affinities and long half-lives (21–23). On the other hand,
low affinity or transient interactions, which are more relevant to
biological systems, have not been measured in a high-throughput
format. More recent alternatives to SPR, such as nanowire arrays
(24), mechanical (25), or optical (26) resonators, are promising

methods for generating quantitative kinetic data, but the through-
put of these platforms remains severely limited.

Here we present an integrated microfluidic device (19) based
on mechanically induced trapping of molecular interactions
(MITOMI) (17), capable of characterizing 768 independent
biomolecular association and dissociation reactions in parallel
(Fig. 1). MITOMI is a versatile platform capable of measuring
a broad range of biomolecular interactions, including protein-
protein (27), protein-DNA (17, 28), protein-RNA (29), and pro-
tein-small molecule (29). The integrated nature of the approach
allows for the large-scale on-chip synthesis, purification, and
characterization of proteins (30, 31). A recent study by Bates and
Quake showed that MITOMI could be adapted to enable the
measurement of binding kinetics of a single antibody-antigen
interaction (22). However, it has not yet been demonstrated
that several hundred independent biomolecular association and
dissociation rates could be characterized in parallel on a single
integrated platform.

We applied our k-MITOMI platform to the characterization
of transcription factor (TF)-DNA interaction kinetics (32). TFs
bind to DNA sequences with a wide range of affinities, covering
pico- to micromolar dissociation constants (Kd) (17, 33). TF-
DNA interactions thus cover the entire range of physiologically
relevant affinities (34). Furthermore, TF-DNA interactions are
thought to be governed by high (near diffusion limited) associa-
tion rates and dissociation rate constants with half-lives in the
range of seconds to minutes, compared to antibody-antigen
half-lives of several hours (35, 36), making TF-DNA interactions
technically challenging kinetic reactions to measure. Use of the
MITOMI button for “freezing” interactions enables the parallel
measurement of many reactions. This approach to “freezing” in-
teractions decouples the number of reactions being investigated
from the sampling frequency of the readout method used, and
thus is, in this regard, readily scalable.

TF-DNA interactions are biologically relevant as they define
transcriptional regulatory networks, which play important roles in
essentially all cellular processes. The topologies of these networks
have been mapped with a variety of in vivo and in vitro methods,
including ChIP-chip (7), ChIP-seq (5), Y1H (37), PBMs (38),
SELEX (39, 40), and MITOMI (17, 28). The principal goals of
these methods are to establish the genomic binding locations of
TFs and to determine their consensus binding sequences, position
weight matrixes, and binding energy landscapes (32, 41). Abso-
lute affinities can be acquired with only a few high-throughput
methods (17, 42–44), and kinetic information on protein-DNA
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interactions has so far only come from low-throughput, complex,
and tedious methods such as electrophoretic mobility shift assays
(EMSA) (45, 46), SPR (18), isothermal titration calorimetry
(ITC) (47), and single molecule experiments (48). Completely
defining the kinetic parameters of TF-DNA interactions would
provide a better understanding of how TF binding to promoters
is integrated and translated into transcriptional output. In fact,
the off-rate of TF-DNA interactions may be one of the more im-
portant parameters in developing accurate computational models
of transcriptional regulation (49, 50).

Using k-MITOMI, we measured the association and dissocia-
tion kinetics of the mouse zinc finger Zif268 (Egr1) to its 9 bp
long consensus motif, covering all 27 single base substitutions.
Zif268 is one of the best studied TFs, and represents the largest
TF family (Zn Fingers) (51). We also measured on- and off-rates
for the yeast transcription factors Tye7p, Yox1p, and Tbf1p, each
against 29 target DNA sequences. To demonstrate the integrated
nature of our platform, we expressed, purified, and measured the
kinetics of 27 additional yeast TF DBDs, each against 4 DNA
sequences in parallel on a single device. In this study we analyzed
a total of 684 association and 1,704 dissociation curves from 223
unique molecular interactions (SI Appendix, Table S1).

Results
k-MITOMI. To measure kinetic rate parameters, our k-MITOMI
platform uses rapid and repeated actuation of the MITOMI but-
tons to follow the association and dissociation of fluorescently
labeled oligonucleotides to a surface-bound TF (Fig. 1). After
preparing the surface of the device and localizing protein under
the MITOMI detection area, a measurement begins with the
buttons in the closed state, protecting the surface-bound protein.
Fluorescently labeled oligonucleotides are then allowed to dif-
fuse into the detection area from an adjacent microfluidic cham-
ber. Upon equilibration of the unit cell, the button is opened for a
brief duration, during which molecules may interact and associate
or dissociate to and from the surface-bound proteins. Button
closure terminates each pulse, and in effect “freezes” all 768 re-
actions. We thus define “pulse duration” as the amount of time

that the button is in the open state during which association and
dissociation can take place. The entire device is then imaged to
determine the quantity of DNA molecules bound to the surface
immobilized protein in each of the 768 unit cells. This process
is repeated multiple times to give an association curve (Fig. 1 C
and D). Likewise, with molecules bound to the surface-immobi-
lized proteins, dissociation curves can be generated using the
same process (Fig. 1 C and D).

Device Design and Characterization.Our k-MITOMI device consists
of 768 unit cells and 3,081 micromechanical elements. Device
programming, surface derivatization, and detection steps are
performed essentially as previously described (17, 52). We incor-
porated a number of improvements into the standard MITOMI
design. The two main novel design features are a control channel
layout that allows for maximal flow rates supplying each button,
and fluidic capacitors that buffer pressure build-up from button
closure. Button actuation is now performed by gas-filled control
channels and computer controlled to ascertain reproducible pulse
durations. These changes maximized button actuation speeds
and thus optimized the MITOMI platform for kinetic rate mea-
surements.

Button actuation speed determines the temporal resolution of
our measurements, which in turn defines the maximum associa-
tion and dissociation rates that can be accurately measured. To
characterize our button actuation speed, we recorded movies
of button rise and fall times at 2,000 frames per second (fps)
(Fig. 2A). The buttons required 10.8� 1.0 ms to rise and 7.2�
0.4 ms to fall (SI Appendix, Fig. S1). This response was uniform
across the entire chip in both the lateral and longitudinal direc-
tions (SI Appendix, Fig. S1). Linear regressions of pulse input sig-
nal versus measured pulse duration [the time the button is
detached from the surface (Fig. 2A)] returned a slope of 1.00 and
an x-intercept of 5.00� 0.15 ms (Fig. 2B). Applying pulse input
signals of 50 ms, 100 ms, and 200 ms produced uniform pulse
durations of 45.5� 0.4 ms, 96.2� 0.4 ms, and 196.4� 0.5 ms
across the entire device (Fig. 2C). The button thus responds ra-
pidly and uniformly over a single device as well as across devices
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Fig. 1. Schematic overview of the k-MITOMI platform. (A) Design drawing of the microfluidic device. Blue and grey lines represent flow and control channels,
respectively. The four separately addressable “button” control channels (BF1 to BF4) are highlighted in red, cyan, green, and yellow. (B) Schematic of a unit cell.
The capacitor is shown in grey. A “neck” valve, shown in red, separates the chamber from the detection area. Individual unit cells are separated from each other
by a pair of “sandwich” valves (orange). “Button” membranes (green) are aligned to the center of the detection chamber. (C) K-MITOMI process. Controlled
opening of the “button” allows for association or dissociation of fluorescently labeled DNA molecules to/from surface immobilized TF. (D) Actual association
and dissociation traces of DNA molecules to/from the immobilized TF are shown with exponential fits.
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(Fig. 2 and SI Appendix, Fig. S2). Our minimal pulse duration is
approximately 5 ms; pulse duration can be controlled with milli-
second precision (Fig. 2B). A temporal resolution of 10 ms
theoretically allows us to measure dissociation rate constants on
the order of 10 s−1, assuming a minimum of 10 data points are
obtained before depletion occurs.

Kinetic Measurements of Transcription Factor–DNA Interactions. We
evaluated our platform by measuring the binding kinetics of the
well-characterized mouse C2H2 zinc finger TF Zif268 (48, 53,
54). K-MITOMI devices were aligned to arrays of fluorescently
labeled target DNA sequences covering the known consensus
sequence of Zif268 and all 27 single-base substitutions. Each se-
quence was spotted at three different concentrations. A wheat
germ lysate spiked with a linear template coding for a His-tagged
Zif268 DNA binding domain (Zif268-DBD) was loaded on-chip
and incubated for 2 h. In these 2 h Zif268-DBD was expressed,
surface immobilized via an anti-His antibody, and finally purified
by exchanging the wheat germ lysate with PBS buffer. Kinetic
association and dissociation curves were measured as described
above (Fig. 1).

We measured the dissociation rates of the 28 target DNA se-
quences at 11 different pulse durations ranging from 200 ms to
10 s (Fig. 3 A and B, SI Appendix, Fig. S3 and Table S3). In total,
we collected 924 dissociation curves consisting of 18,228 data
points. We found that the measured dissociation rates systema-
tically varied as a function of the pulse duration, indicating that
repeated button opening or closing lead to an increased loss of
bound material. Likely sources of this additional loss of bound
molecules could be due to dissociation of molecules while the
“button” membrane is depressed (17), or during the process of
button opening due to hydrodynamic shear forces. Because we
gathered dissociation data over a large range of pulse durations
and target DNA sequences, we were able to determine that the
observed dissociation rates are linearly dependent on the pulse
duration (SI Appendix, Fig. S4). To calculate dissociation rate
constants at infinite pulse duration, we extrapolated our data
by linear regression and retrieved koff values from the y-intercepts
in a “koff” vs. “1/pulse duration” plot (Fig. 3 A and B and SI
Appendix, Fig. S4). We found that the slopes of the linear regres-
sions were not sequence dependent, whereas the extrapolated
y-intercepts scaled with target DNA affinity (Fig. 3B). Fitting
a global slope gave an average goodness of fit of r2 ¼ 0.87 (SI
Appendix, Fig. S4). To determine whether our extrapolated koff
values are equivalent to actual off-rates, we measured the disso-
ciation of surface-bound DNA in real-time without the use of the
button, synonymous with an infinite pulse duration (SI Appendix,
Fig. S5). Real-time and k-MITOMI measurements are in good

agreement with 1.31� 0.1 × 10−2 s−1 compared to 1.64� 0.6 ×
10−2 s−1 for the consensus sequence, and 4.94� 0.5 × 10−2 s−1
compared to 5.21� 0.8 × 10−2 s−1 for a sequence variant at zinc
finger 3 (F3-GTG; instead of GCG), respectively (SI Appendix,
Fig. S5). For the 28 target DNA sequences that cover a range
of 2.62 × 10−9 M to 1.82 × 10−6 M Kd, we observed a corre-
sponding range of dissociation rates of 1.64 × 10−2 s−1 to
4.98 s−1 (Fig. 3 A and B).

Association rate measurements are more challenging to mea-
sure as they also depend on the concentration of target sequence
present in each chamber. We therefore measured the association
of all 28 target sequences over 3 different concentrations, each at
4 pulse durations, generating a total of 336 association curves and
4,032 data points (Fig. 3 C and D and SI Appendix, Fig. S6). The
pulse duration had only a negligible effect on the measured
association rate constants (Fig. 3D). Unlike for the dissociation
rates, we observed that the association rate constants varied
considerably less as a function of Kd, ranging from 2.74 ×
106 M−1 s−1 to 7.01 × 106 M−1 s−1. We calculated Kd values
from our dissociation and association rate measurements and
compared these with independently measured Kd values for each
of the 28 sequences on a MITOMI device. Dissociation constants
derived from both platforms correlated linearly with a Pearson
and Spearmen correlation coefficient of 0.87 and 0.98, respec-
tively (Fig. 3E). The association and dissociation rate constants
measured on our k-MITOMI device thus agree well with inde-
pendent MITOMI measurements (Fig. 3E), real-time measure-
ments (SI Appendix, Fig. S5), and previously published values
(SI Appendix, Table S2). Sequence logos derived from k-MITOMI
koff measurements and calculated Kd values (koff∕kon) compare
well to sequence logos obtained with PBM, HT-SELEX, and B1H
(SI Appendix, Fig. S7).

We found that the binding affinity of Zif268 to DNA over a
broad sequence space with nM to μMaffinity is almost exclusively
determined by its dissociation rate (Fig. 3F and SI Appendix,
Table S3). Eighty-nine percent of Zif268’s affinity is determined
by the dissociation rate, as shown by a positive regression slope
of 0.89. Sequence-specific affinity is only marginally determined
by the association rate (slope of −0.11; Fig. 3F). This confirms
theoretical expectations that koff should be the sole determinant
of binding specificity (55, 56). We tested the generality of this
finding by measuring the binding kinetics of three yeast TFs
from different DBD families: Tye7p (bHLH), Yox1p (homeobox),
and Tbf1p (SANT). Measured dissociation rates across the DNA
sequence spectrum ranged between 8.1 × 10−3 s−1 to 2.58 ×
10−1 s−1, 5.06 × 10−1 s−1 to 1.42 s−1, and 7.65 × 10−1 s−1 to
2.58 s−1 for Tye7p, Yox1p, and Tbf1p, respectively (Fig. 3F).
Association rate constants did not vary significantly across these
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three TFs, with measured values of 2.56 × 106 M−1 s−1 to
4.22 × 106 M−1 s−1, 6.47 × 106 M−1 s−1 to 1.38 × 107 M−1 s−1,
and 5.88 × 106 M−1 s−1 to 1.14 × 107 M−1 s−1 for Tye7p, Yox1p,
and Tbf1p, respectively. In all cases dissociation rates dominate
binding specificities as shown by regression slopes of 1.00, 0.61,
and 0.91 for Tye7p, Yox1p, and Tbf1p, respectively.

Characterization of a Broad Spectrum of TFs. Each k-MITOMI unit
cell can be loaded independently by cospotting linear expression
templates and dsDNAmolecules, followed by on-chip protein ex-
pression, purification, and characterization (30). To demonstrate
the integrated nature of our k-MITOMI platform, we loaded our
device with linear expression templates coding for 47 TFs across
diverse DBD families (57, 58) and cospotted 1 corresponding
cognate and 3 noncognate sequences for a total of 188 TF-DNA
combinations. Thirty-three TFs (70%) expressed on-chip and
bound DNA; we were able to measure dissociation rates for
27 (57%) of these 33 TFs. Eight TFs (17%) expressed on chip
but bound DNA only marginally, and 6 TFs (13%) failed to ex-
press (Fig. 4A).

We monitored the dissociation of bound DNA at pulse dura-
tions between 200 and 2,000 ms and observed dissociation rate
constants in the range of 8.11 × 10−3 s−1 to 6.52 × 10−1 s−1
(Fig. 4B). The slowest dissociation rates of 8.11 × 10−3 s−1 and
1.07 × 10−2 s−1 were observed for Tye7p and Cin5p, bHLH,
and bZIP TFs, respectively. Zinc-finger TFs such as Met32p
showed intermediate to fast dissociation rates ranging from
1.89 × 10−2 s−1 to 3.04 × 10−1 s−1, while Gal4 TFs were uni-
formly fast, with rates of 2.77 × 10−1 s−1 or higher. The dissocia-
tion rates for the Gal4 family of TFs are fast because we

measured the dissociation of a monomer rather than the dimer
(59).

Another important parameter in understanding TF-DNA
binding specificity is the binding kinetics to noncognate DNA
(60). Nonspecific binding energies determine target search times
(61). To measure these kinetic rates, we permuted TF-DNA
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dyads and measured noncognate pairs. In total, we successfully
measured 8 such noncognate TF-DNA interactions and obtained
dissociation rate constants between 2.09 s−1 to 6.49 s−1 (Fig. 4B).
We also observed DNA binding for the remaining noncognate
TF-DNA interactions, but the dissociation rates of these interac-
tions exceeded our temporal resolution obtained with a 200 ms
pulse duration. The difference in cognate and noncognate disso-
ciation rates, and by extension affinity, of these 8 TFs is at least 1
order of magnitude (Gln3p), and can be as high as approximately
3 orders of magnitude (Tye7p). This indicates that a functional
TF requires an affinity difference between its consensus site
and nonspecific background of at least one order of magnitude
or higher, with a minimal dissociation rate from nonspecific DNA
of at least 2 s−1. Finally, plotting koff values against indepen-
dently derived relative Kd values confirmed the dominance of
dissociation rate constants in establishing affinity across different
TF families (Fig. 4C) as observed for Zif268, Tye7p, Yox1p, and
Tbf1p (Fig. 3F).

Discussion
We developed an integrated and versatile microfluidic platform
for the high-throughout kinetic characterization of biomolecular
interactions. Our k-MITOMI platform measures 768 unique
kinetic interactions in parallel on a single device. In this report,
we collected a total of 684 association and 1,704 dissociation
curves for 223 unique molecular interactions. We measured mo-
lecular interactions covering an affinity range of 3 orders of mag-
nitude (2 × 10−6 M to 2 × 10−9 M) and an equally broad range
of dissociation rates (approximately 6 s−1 to 8.5 × 10−3 s−1).
Based on the study of Bates and Quake and rates measured in
this study, k-MITOMI can capture association rates in the range
of 4.4 × 104 M−1 s−1 to 1.39 × 107 M−1 s−1 (22). Our platform
drastically increases the throughput for kinetic rate measurements
by parallelizing the process, but also simplifies and streamlines the
entire experimental approach by integrating protein expression,
purification, and characterization on a single platform.

We applied our k-MITOMI platform to a relevant system by
characterizing the binding kinetics of a large number of TF-DNA
interactions. We validated our platform by comprehensively mea-
suring the binding kinetics of the well-characterized transcription
factor Zif268 and the transcription factors Tye7p, Yox1p, and
Tbf1p. We demonstrated the integrated nature of our platform
by characterizing an additional 27 TFs in parallel. These mea-
surements provide a broad overview of the kinetics governing
TF-DNA interactions.

It should be noted that the equilibrium dissociation constants
and kinetic rates for Zif268 binding to its consensus sequence
have been measured using a number of approaches, but the re-
ported on- and off-rates vary over 5 and 3 orders of magnitude,
respectively (SI Appendix, Table S2). It is thus difficult to deter-
mine generally established values for these constants, as measure-
ments strongly depend on the techniques and reaction conditions
used. Nonetheless, our kinetic measurements agree with thermo-
dynamic measurements (Fig. 3E) and more importantly the mea-
sured kinetic rates return the same binding specificity of Zif268 as
determined by other methods, including PBMs, HT-SELEX, and
B1H (SI Appendix, Fig. S7), providing a measure of confidence
that the rates determined by k-MITOMI reflect the biophysics of
Zif268. Furthermore, the 10- to 100-fold differences between
consensus sequence and noncognate sequences determined here
are in agreement with order of magnitude differences in binding
modes determined in vivo (62).

We experimentally validated that the affinity of these tran-
scription factors for DNA is determined predominantly by the
dissociation rate. Surprisingly, the affinity of TFs from different
families also seems to be mainly determined by the dissociation
rate, while the observed association rates varied only slightly
across families. Kinetic rates can thus be obtained for TF-DNA

interactions on a k-MITOMI device with relative ease, requiring
only off-rate measurements. Measurements of affinity constants
and association rates generally require multiple measurements at
different ligand concentrations, whereas off-rate measurements
are concentration independent. This is significant, as it increases
MITOMI throughput by about an order of magnitude and each
unit cell returns a full kinetic binding profile. More generally, the
fact that association rate constants appear to be uniform and
diffusion limited across TF families will make it considerably
easier to derive kinetic rates for any TF, as only a thermodynamic
measurement or an off-rate measurement is required. Nonethe-
less, it will also be important to assess the effect of molecular size,
solvent viscosity, and ionic strength on association and dissocia-
tion rates. Some limitations of the current assay geometry, with
TFs immobilized to the surface and solution phase DNA oligos,
include the fact that the diffusion coefficient of the TF does
not contribute to the observed association rate. Possible surface
effects arising from our short DNA oligos binding bivalently to
two TFs may also skew the observed off-rates, giving rise to
slightly slower dissociation rates, than would be otherwise ob-
served. However, steric considerations of the surface chemistry,
the length of oligos used, and their sequence all make it unlikely
that bivalent binding is occurring. These issues could be resolved
by inverting the current assay geometry by immobilizing the DNA
targets on the surface and observing the association and dissocia-
tion of labeled TFs.

We determined the dissociation rate of 8 TFs to nonspecific
DNA and determined that the slowest dissociation rate was
approximately 2 s−1 and that the smallest difference between
nonspecific and specific binding was at least one order of mag-
nitude. A minimum dissociation rate of 2 s−1 may be required to
allow search times to remain low by avoiding being trapped for
considerable lengths of time on nonspecific DNA (61). A slower
dissociation rate is necessary for the consensus site to increase TF
dwell-time at the target location. These parameters can be con-
sidered guidelines for engineering novel transcription factors (63,
64). Our data may also help guide and implement computational
models of transcriptional regulation.

MITOMI has been shown to be a versatile platform for char-
acterizing a plethora of molecular interactions. The prototype
k-MITOMI platform presented here significantly extends the
informational content of MITOMI measurements by measuring
association and dissociation rates of 768 interactions on a single
device. Our k-MITOMI platform will aid systems biology in the
quantitative characterization of biological networks. Synthetic
biology also heavily relies on our ability to rapidly generate and
quantitatively characterize engineered components and systems.
New technologies such as k-MITOMI will be critically important
in developing a quantitative understanding of biological systems
and in our ability to engineer them.

Methods
The k-MITOMI devices were fabricated as previously described (19). Linear
templates for cell-free expression of transcription factors were also gener-
ated as previously described (17), and all primer sequences are provided in
SI Appendix, Table S4. Fluorescently labeled dsDNA targets were generated
by a Klenow extension reaction (17), and the target sequences are given in
SI Appendix, Table S3. DNA targets and linear expression templates were
arrayed onto epoxy coated glass substrates using a QArray2 DNA microar-
rayer (GenetiX). Printed glass substrates were aligned to a microfluidic device
and bonded overnight at 40 °C. Generation of surface chemistry was per-
formed as previously described (17). Proteins were expressed either on-chip
or in bulk reactions using a wheat germ-based ITT kit (TNT T7 Quick Coupled
Transcription/Translation System, Promega) supplemented with FluoroTect
GreenLys BODIPY-FL charged lysine tRNA (Promega). All microfluidic control
lines were regulated by manual three-way valves, except for the button con-
trol line, which was actuated by a solenoid valve controlled by a LabView
(National Instruments) program for accurate timing. Association and dissocia-
tion of fluorescently labeled dsDNA targets to surface immobilized transcrip-
tion factors were imaged with an ArrayWorX (Applied Precision) microarray
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scanner. Each device scan, representing a single time-point, was subsequently
quantitated using GenePix software (Molecular Devices). More detailed
descriptions of methods and materials can be found in the SI Appendix.
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