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In this study, we describe a highly sensitive and reusable silicon
nanowire field-effect transistor for the detection of protein-protein
interactions. This reusable device was made possible by the revers-
ible association of glutathione S-transferase-tagged calmodulin
with a glutathione modified transistor. The calmodulin-modified
transistor exhibited selective electrical responses to Ca** (>1 uM)
and purified cardiac troponin | (~7 nM); the change in conductivity
displayed a linear dependence on the concentration of troponin | in
a range from 10 nM to 1 pM. These results are consistent with the
previously reported concentration range in which the dissociation
constant for the troponin I-calmodulin complex was determined.
The minimum concentration of Ca?* required to activate calmodu-
lin was determined to be 1 pM. We have also successfully demon-
strated that the N-type Ca?* channels, expressed by cultured 293T
cells, can be recognized specifically by the calmodulin-modified
nanowire transistor. This sensitive nanowire transistor can serve
as a high-throughput biosensor and can also substitute for immu-
noprecipitation methods used in the identification of interacting
proteins.

calcium ion | glutathione S-transfrease | N-type calcium channel |
silicon nanowire field-effect transistor

In the postgenomic era, the understanding of protein functions
and interactions is the key to unraveling the many puzzles
that exist in the life sciences. Techniques such as fluorescence
resonance energy transfer (1, 2), coimmunoprecipitation, and sur-
face plasmon resonance (SPR) have been developed to analyze
protein-protein interactions (3). With the exception of SPR, these
techniques have the disadvantages of requiring fluorescence
labeling and/or protein-specific antibodies, necessitating large
amounts of sample, and/or being very time-consuming. Comparing
SPR with silicon nanowire field-effect transistor (SINW-FET)-
based methods, Bunimovich et al. suggested that the sensitivity
of the latter for DNA detection is 100 times higher (4).

In recent years, SINW-FET has attracted great attention
because it is an ideal biosensor with high selectivity and sensitiv-
ity, real-time response, and allows for label-free detection (5).
SiNW-FET has been demonstrated to be capable of detecting
a variety of analytes, such as metal ions (6, 7), DNA (4, 8), viruses
(9), and neuronal propagation signals (10). Previous applications
of SINW-FET as a biosensor have mainly been based on antigen-
antibody interactions. Lieber’s group has shown that SINW-FET
modified with a specific antibody against a prostate cancer
marker can detect the antigen in donkey serum at a concentration
of 0.9 pg/mL (11). In similar experiments, we have used a carbon
nanotube-configured FET to detect chromogranin A, a cancer
marker for neuroendocrine neoplasia, at the subnanomolar level
(12). However, monitoring various types of protein-protein inter-
actions can be challenging for such FET-based sensors because
these interactions have association constants of K, ~ 10°—
10° M~! that are weaker than antibody-antigen interactions with
association constants of K, > 10° M~! (13).

www.pnas.org/cgi/doi/10.1073/pnas.0910243107

Calmodulin (CaM) is an acidic protein consisting of approxi-
mately 148 amino acids and four EF-hand motifs that are respon-
sible for Ca?* binding when intracellular Ca?* concentrations are
elevated from a resting submicromolar level to a concentration
one or two orders of magnitude higher (14). Ca*"-bound CaM
activates various proteins that modulate physiological activities,
including gene transcription, muscle contraction, and neurotrans-
mitter release (15). In the current study, we show that CaM-
modified SINW-FET (referred to as CaM/SiNW-FET) can be
used to detect Ca’>* and CaM-interacting proteins. Becuase the
SiNW is boron-doped, the binding of cardiac troponin I (TnlI) to
CaM/SINW-FET decreased the conductance of the p-type FET
sensor in a dose-dependent manner. The threshold [Ca>*] needed
for the interaction between Tnl and CaM was determined to be at
the micromolar level. Furthermore, the N-type voltage-gated
Ca?* channel (VGCC) present in the membrane fraction pre-
pared from transfected cells was recognized by CaM/SiNW-
FET. These results suggest that there is great potential for the
application of SINW-FET as a high-throughput detector to iden-
tify interacting proteins in physiologically relevant environments.

Results and Discussion

The reversible association of CaM onto the SINW-FET surface
was based on a method that we previously developed (16). We
took advantage of the reversible association-dissociation between
glutathione (GSH) and glutathione S-transferase (GST)-tagged
CaM (referred to as CaM-GST) to develop a CaM-modified
nanowire transistor. Fig. 1 schematically illustrates the implanta-
tion of reactive GSH onto a SINW-FETsurface (referred toas GSH/
SiNW-FET). As illustrated, the association of CaM-GST with the
GSH/SINW-FET results in the formation of CaM/SiNW-FET,
which can then detect various target proteins via CaM-protein
interactions. Upon dissociation of the CaM/SINW-FET complex,
the device returns to its original status (GSH/SiNW-FET). This
unique strategy allows the sensitive nanowire transistor to serve
asareusable and high-throughput biosensor for the rapid screening
of potential CaM-binding proteins.

As shown in Fig. 24, a microscopic fluorescence imaging tech-
nique was used to confirm the successful association of GST with
GSH-modified micropatterns. Using a fluorescein isothiocyanate
(FITC)-labeled antibody against GST, we observed green fluor-
escence radiating from the square micropatterns anchored to
GST, indicating the successful association of GST with a GSH-
modified substrate (experimental details are provided in the

Author contributions: T.-W.L.,, C-Y.P, and Y.-T.C. designed research; T.-W.L., P-J.H,
C.-L.L, Y.-Y.F, and J.-X.Y. performed research; T.-W.L., P.-J.H., C.-Y.P, and Y.-T.C. analyzed
data; T.-W.L., C.-Y.P, and Y.-T.C. wrote the paper; and C-L.L, Y.-Y.F, C-C.T,, and P-L.C.
contributed new reagents/analytic tools.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

"To whom correspondence may be addressed. E-mail: ytcchem@ntu.edu.tw or cypan@
ntu.edu.tw

This article contains supporting information online at www.pnas.org/cgi/content/full/
0910243107/DCSupplemental.

PNAS | January 19, 2010 | vol. 107 | no. 3 | 1047-1052

—
<
o
[C
[=]
-
=]
=
[=]
w
=
=
a
<

SCIENCES



http://www.pnas.org/cgi/content/full/0910243107/DCSupplemental
http://www.pnas.org/cgi/content/full/0910243107/DCSupplemental
http://www.pnas.org/cgi/content/full/0910243107/DCSupplemental
http://www.pnas.org/cgi/content/full/0910243107/DCSupplemental

SIS

yd

(GSH/SINW-FET)

Retrieval of reusable
GSH/SINW-FET

e

B

F

CaM-GST/GSH
dissociation

(CaM/SINW-FET)

Protein-protein
interaction

Target protein

CaM with Ca2*

Fig. 1. Schematic of the experimental approach. The strategy used in this study included the association of CaM-GST with a GSH/SINW-FET to form the CaM/
SiINW-FET complex, the subsequent detection of interacting proteins, and the removal of bound proteins via the dissociation of GSH-GST with 1 mM GSH

washing solution.

Supporting Information). To further prove the reversible associa-
tion between GSH-GST on the SINW-FET sensor fabricated with
a bottom-up technique, we performed real-time electrical mea-
surements of GST binding using a GSH/SiNW-FET. Given the
effects of electrolytes on the electrical measurements taken by
a SINW-FET, we generally used phosphate solution (0.1 x PS,
consisting of 0.76 mM Na,HPO, and 0.24 mM NaH,PO, at
pH 7.4) as a buffer in all of the sensing experiments, of which
the corresponding Debye screening length (1p) is 6.1 nm. The
electrical measurements under such a solution environment
should effectively reflect the binding of interacting proteins to
CaM-GST that was estimated to be ~5.6 nm distant from the sur-
face of the SINW-FET (17, 18). As shown in Fig. 2B, the electrical
conductance was approximately 398 nS when the GSH/SiNW-
FET was incubated with GSH solution (1 mM in 0.1 X PS,
pH 4.5) and increased to approximately 403 nS after washing
off the GSH with 0.1 x PS at pH 7.4. This increase in conductance
was mainly attributed to the deprotonation of the silanol groups
on the SINW surface due to the pH variation (5), as demonstrated
in the S Text. The introduction of GST (5 pPM in 0.1 x PS, pH 7.4)
caused an appreciable increase in conductance to approximately
406 nS that was the result of a gating effect generated by the neg-
atively charged GST (pI ~ 6.72) at pH 7.4. After the removal of
GST by washing with 1 mM GSH and reintroducing 0.1 x PS, the
conductance returned to 402 nS, similar to the conductance level
of 0.1 x PS at the beginning of the experiment. Repeating the as-
sociation of GST with the GSH/SiNW-FET changed the conduc-
tance to the same level, suggesting the reusability of this sensor in
detecting bound molecules.

Fig. 2C shows the increase in conductance of the p-type GSH/
SiNW-FET after the addition of CaM-GST in a Ca’>*-free buffer.
The increase in conductance was caused by binding of the nega-
tively charged CaM (pI ~4) to the GSH/SINW-FET at pH 7.4
(19). By comparison, a bare SINW-FET (without any surface

1048 | www.pnas.org/cgi/doi/10.1073/pnas.0910243107

modification) showed no response to CaM-GST (Fig. S2B), which
indicates that the change in conductance (AG) of the GSH/
SiNW-FET in Fig. 2C was induced by the specific binding of
CaM-GST.

It was noted that a trace amount of metal ions present in the
buffer might interfere with the sensing of ions by the CaM/SiNW-
FET (Fig. S3). To examine how binding of various metal ions
affects the conductance of CaM/SiNW-FET, a free 10~ M metal
ion solution was prepared in 1XxPS and supplemented with
0.5 mM ethylenediaminetetraacetic acid (EDTA) (4p ~ 1.9 nm,
pH 7.1) (20). Fig. 2D demonstrates that the conductance of the
CaM/SiNW-FET was not affected by K* but decreased by 0.3%
and 1% with AI** and Ca?*, respectively. The observed decreases
in conductance result from the binding of cations to the p-type
CaM/SiNW-FET (5). The device showed no electrical response
to K*, likely due to the much greater mean dissociation constant
of CaM for K* than for Ca’* (approximately two orders of
magnitude greater) (21). Although the binding affinities of CaM
to APt and Ca®* are comparable (22), AI** caused only a small
decrease in conductance in the CaM/SiNW-FET. This small con-
ductance change might stem from the fact that the conformation
of GST-CaM is slightly altered from the wild-type CaM, leading
the former to have a weaker binding affinity for AI**. In a control
experiment, if the GSH/SiNW-FET was associated with GST only
(referred to as GST/SiNW-FET) without tagged CaM, the GST/
SiNW-FET showed no electrical response to the Ca?*-containing
solution (Fig. S4). This indicated that CaM is essential for Ca?*
sensing. Collectively, these results demonstrated that the CaM/
SiNW-FET exhibits high specificity for Ca>*.

Tnl is known to bind CaM in a Ca’*-dependent manner and
has been used as a diagnostic marker of myocardial infarction
(23-25). Fig. 34 shows the detection of Tnl by the CaM/
SiNW-FET in the presence of Ca?*. The decrease in conductance
in the CaM/SiNW-FET after addition of TnlI originated from the
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Fig. 2. Reversible association of CaM on a SiNW-FET. (A) Fluorescence image of FITC-labeled anti-GST antibody bound to anchored GST on GSH-modified
micropatterns. The scale bar represents 50 pm. (B) Real-time electrical responses for the association and dissociation of GST with a GSH/SINW-FET. The con-
centrations and pH values for the sample solutions were GSH (1 mM in 0.1 x PS, pH 4.5), 0.1 x PS at pH 7.4, and GST (5 pM in 0.1 x PS, pH 7.4). (C) Real-time
electrical measurements for the association of 400 nM CaM-GST with the GSH/SiNW-FET in 0.1 x PS solution supplemented with 0.5 mM EDTA (i, = 4.2 nm).
The arrow indicates the arrival of the CaM-GST solution. (D) Real-time detection of the binding of K* (red), AI** (green), and Ca®* (blue) to the CaM/SiNW-FET.

The arrow indicates the arrival of the appropriate ion solution.

positively charged Tnl (pI ~9.3) at pH 7.4 (26). To ensure the
specificity of this interaction, we conducted several control tests.
The top graph in Fig. 3B demonstrates that the CaM/SINW-FET
had no electrical response to avidin, a positively charged protein
with a pI of ~9.5 (27). Furthermore, boiled Tnl did not generate a
measurable AG in the CaM/SINW-FET (Fig. 3B, middle graph),
whereas the same device was able to detect Tnl at a concentration
as low as 7 nM (Fig. 3B, yellow region). Keller et al. (24) reported
that the binding affinity of Tnl to CaM is enhanced ~4, 500-fold
in the presence of Ca>*. Here, we show that no measurable AG in
the CaM/SiNW-FET was observed upon the addition of 231 nM
Tnl dissolved in a Ca>*-free buffer (Fig. 3B, bottom graph). In
contrast, we found that 231 nM Tnl readily bound to CaM in
the presence of Ca?* (Fig. 34). Moreover, bound Tnl could
be washed off with Ca?t-free buffer; as a result, the reversible
binding of Tnl to CaM allowed us to use a single SINW-FET
device to monitor the AG as a function of Tnl concentration.
Figure 3C shows that the AG of the CaM/SiNW-FET increased
with the log of Tnl concentration, and this concentration
dependence was linear in the range of 1078-107% M. This linear
dependence range closely overlapped with a previously reported
concentration range where the dissociation constant for the
Tnl-CaM complex was estimated (25). The same device also
showed no response to Tnl dissolved in EDTA due to the weak af-
finity of Tnl for CaM in the absence of Ca®*. This concentration
range is consistent with the physiological concentration change,
again, demonstrating the potential of applying the SINW-FET as
a biosensor to detect physiological interactions.

The [Ca?*] needed to activate the Tnl-CaM interaction is very
important in understanding the interaction under physiological
conditions. However, to the best of our knowledge, there are
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no reports that have investigated the quantitative dependence
of this interaction on Ca?*. Fig. 3D shows that, whereas no mea-
surable AG was observed in the CaM/SiNW-FET when Tnl was
dissolved in buffers containing 1078- and 10~7 M-free Ca?* (blue
and red curves, resp.), the AG became significant as the [Ca?*]
increased. The minimal measurable AG was detected at [Ca?*] =
10~ M (Fig. 3D, green curve, signal-to-noise ratio > 3). When we
replaced Ca®* (1076 M) with Ba?* (10~ M), no measurable elec-
trical response was observed (Fig. 3D, black curve), indicating that
Ba®* could not substitute for Ca?* in the activation of protein-
protein interactions. This outcome can be attributed to the fact
that Ba>* has significantly lower affinity towards CaM that weak-
ens the tendency of CaM to undergo conformational changes
(28). Although the [Ba?*] used in the sensing experiment was
100 times higher than that of [Ca*], it was still not sufficient
to trigger the association of Tnl with CaM. These results are
in agreement with previous studies showing that the [Ba?*] re-
quired for CaM activation is approximately 200-fold higher than
that for [Ca?*] (29, 30). Overall, these electrical measurements
suggested that the SINW-FET can be applied for the investigation
of the detailed mechanisms of protein-protein interactions.
The central focus of this study is the practical use of the SINW-
FET for probing target proteins present in a biochemical system.
N-type VGCCs located at the plasma membrane mediate the
entry of Ca’" into cells in response to membrane depolarization.
The Ca*-dependent inactivation (CDI) of several Ca>* channel
subtypes has been suggested to be mediated by the binding of
CaM to the C-termini of these channels (31). To characterize
the effect of CaM on N-type VGCC CDI, rat CaM was cloned
and co-expressed with the N-type VGCC in 293T cells. Trans-
fected cells were voltage-clamped in a whole-cell configuration
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Fig. 3. Detection of cardiac Tnl by the CaM/SiNW-FET. (A) Real-time detection of the binding of 231 nM Tnl to a CaM/SiNW-FET in 0.1 x PS supplemented with
104 M Ca2*. (B) Three control experiments were conducted separately with the same CaM/SiNW-FET. Top, middle, and bottom graphs correspond to the
detection of 231 nM avidin in 0.1 x PS supplemented with 10~* M Ca?*, 231 nM boiled Tnl in 0.1 x PS supplemented with 10~* M Ca?*, and 231 nM Tnl
in 0.1 x PS supplemented with 0.5 mM EDTA, resp. (C) Plot of AG vs. the log of [Tnl]. Different concentrations of Tnl were added to 0.1 x PS supplemented
with 1074 M CaZ* (m) or 0.5 mM EDTA (e). Electrical measurements were conducted with the same CaM/SiNW-FET device, and each data point represents the
mean +SEM of at least three measurements. The red line represents a linear fit to the five concentration data points (correlation coefficient = 0.987). (D)
Real-time electrical measurements for the [Ca?*] required to activate CaM where the binding of 231 nM Tnl to CaM/SiNW-FET was detected in free Ba®* at
10~ M (black), free Ca?* at 10-8 M (blue), free Ca®* at 107 M (red), and free Ca?* at 10-® M (green). The dotted line indicates the arrival of the ion solutions.
To prepare free Ca?* solutions at 10~8, 107, and 10-% M, total Ca?* levels were calculated using Maxchelator software (http://maxchelator.stanford.edu/) and
added to 0.1 x PS supplemented with 0.5 mM EDTA. These sensing experiments were performed using three different CaM/SiNW-FET devices with similar

electric transport properties.

at —70 mV and depolarized to +20 mV to evoke Ca’" currents.
Fig. 44 shows that the representative current in cells expressing
CaM decreased to ~15% of the maximal current at the end of
depolarization. On the contrary, this decline was ~66% in cells
expressing CaM,,34, a mutant of CaM that lacks the ability to
bind Ca?* (Fig. 4B). As shown in Fig. 4C, the mean level of
inactivation was 13.3 + 2.3% (n = 7) in cells expressing wild-type
CaM and 40.7 £ 8.1% (n = 5) in cells expressing CaM,34. These
results suggested that CaM is essential for the CDI of N-type
VGCCs. However, it is not clear whether N-type VGCCs directly
interact with CaM.

Fig. 4D schematically illustrates how N-type VGCCs can be
detected under physiological conditions with the CaM/SiNW-
FET. Briefly, transfected 293T cells resuspended in the phosphate
buffered saline (1 x PBS, consisting of 137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, and 2 mM KH,PO, at pH 7.4) were
sonicated and then centrifuged to isolate the membrane fractions.
After being resuspended and diluted in 0.1 X PS, the membrane
fractions (1.7 pg/pL) were delivered through a polydimethylsi-
loxane (PDMS) microfluidic channel onto the CaM/SiNW-FET
surface, where N-type VGCCs bound to the immobilized CaM.
The exact concentration of VGCCs was difficult to estimate; how-
ever, Fig. 4F shows that the CaM/SiNW-FET was able to detect
N-type VGCCs in the presence of Ca’*. The decrease in conduc-
tance after the addition of cell lysate containing N-type VGCCs
was caused by the presence of positively charged Ca?* channels at

1050 | www.pnas.org/cgi/doi/10.1073/pnas.0910243107

pH 7.4 (pI ~8.79, University of California, San Diego-Nature
Signaling Gateway Molecules Pages, Molecular pages ID:
A000444). The binding of N-type VGCCs to the CaM-modified
Si substrate was also verified by immunostaining (Fig. S5). Com-
paratively, in the absence of Ca®* (Fig. 4F), the Ca®* channel
lysate also caused an appreciable decrease in the conductance
of the CaM/SiNW-FET. It has been reported that the association
of CaM with a peptide covering the IQ domain at the C-terminal
of the N-type VGCC occurs in the presence or absence of Ca?*
(32) that is consistent with our electrical measurements. Further-
more, the addition of membrane lysate without the alb subunit of
the Ca”* channel (Fig. 4G, top graph) did not cause any signifi-
cant AG, indicating that the conductance of CaM/SiNW-FET is
Ca%* channel-specific. Moreover, a GST/SINW-FET (without
tagged CaM) had no electrical response to lysate containing
N-type VGCCs (Fig. 4G, bottom graph), clearly indicating that
CaM was essential for the detection of N-type VGCCs. These
results once more supported the application of the SINW-FET
as a biosensor for the detection of protein-protein interactions
under physiological conditions.

Conclusions

In summary, we have demonstrated that the reversible associa-
tion of CaM onto a SiNW-FET surface through the associa-
tion-dissociation of GSH-GST allowed us to utilize a reusable
sensor to detect various protein-protein interactions from either
purified protein or crude cell extracts. In the presence of Ca?*,

Lin et al.
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Fig. 4. Detection of N-type Ca?* channels using the CaM/SiNW-FET. (A-C) Ca?* currents in transfected 293T cells were recorded using a whole-cell patch
configuration. The cells were voltage-clamped at —70 mV and depolarized to +20 mV for 250 ms to activate N-type VGCCs. Representative current traces
from cells co-expressing N-type VGCCs with (A) CaM and (B) CaM,3, (a Ca?* binding deficient mutant) are shown. Inactivation was obtained by normalizing
the average currents between the 225 and 250 ms to the peak current during depolarization. (C) The bar graph depicts the average normalized inactivation
values for cells expressing the different CaM constructs. The data represent the mean +SEM. The sample numbers for N-type + CaM and N-type + CaM;,34 are
seven and five, resp. The * indicates a p-value of <0.05, as obtained by the student’s t-test. (D) Scheme for the detection of membrane fractions containing
N-type VGCCs by CaM/SiNW-FET. (E-F) The electrical measurements represent the real-time detection of the binding of an N-type Ca?* channel to the CaM/
SINW-FET in 0.1 x PS supplemented with (E) 10-* M Ca?* or (F) 0.5 mM EDTA. (G) Two control experiments were conducted separately. (Top graph) Sensing of
the membrane fraction without the a1b subunit by the CaM/SiNW-FET in 0.1 x PS supplemented with 10~* M Ca2*. (Bottom graph) Sensing of a Ca®* channel

with a GST/SINW-FET in 0.1 x PS supplemented with 10~ M Ca?*. The protein concentration for the sensing experiments was 1.7 ug/pL.

the interaction between Tnl with CaM could be detected by CaM/
SiNW-FETs, and the detection limit of Tnl was as low as 7 nM.
Furthermore, the AG of CaM/SiNW-FETs increased linearly with
the log of [TnI] over a range of 1078-10~% M. Moreover, CaM/
SiNW-FETs were also used to examine the detailed mechanisms
of protein-protein interactions. A series of electrical measure-
ments revealed that Ca>* was pivotal to activate the interaction
between CaM and Tnl; the minimum [Ca?*] required for this
activation was approximately 107¢ M, which is within the physio-
logical concentration. Finally, we have shown that CaM/SiNW-
FETs can specifically recognize N-type VGCCs present in cell
extracts with or without Ca®*. Our results demonstrated that
SiNW-FETs can serve as a substitute for immunoprecipitation
methods and can function as high-throughput biosensors for the
rapid screening of protein-protein interactions under physiologi-
cal conditions.

Materials and Methods

Solution Preparation. Phosphate buffered saline (1 x PBS, pH 7.4) consisted of
137 mM Nacl, 2.7 mM KCl, 10 mM Na,HPO,, and 2 mM KH,PO,. Phosphate
solution (1 x PS, pH 7.4) consisted of 7.6 mM Na,HPO,4 and 2.4 mM NaH,PO;,.
The pH of all solutions was adjusted using NaOH. Hank’s Balanced Salt
Solution (HBSS), Dulbecco’s modified Eagle’s medium, and all other reagents
for cell culture were purchased from Invitrogen.

To record Ca?t currents, cells were incubated in N-methyl-D-glucamine
(NMG) solution (130 mM NMG, 2 mM KCl, 5 mM CaCl,, 1T mM MgCl,,
5.6 mM glucose, and 10 mM HEPES at pH 7.3) and whole-cell patched with
a Cs*-containing pipette solution (130 mM Cs-aspartate, 20 mM KCl, 1 mM
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MgCl,, 0.1 mM EGTA, 3 mM Na,ATP, 0.1 mM Na,GTP, and 20 mM HEPES at
pH 7.3).

Reversible Surface Association. Before surface modification, the SiINW-FET
chip (Fig. S6) was cleaned with oxygen plasma (30 W and 50 sccm O, for
60 s). Self-assembled silane monolayers were formed by immersing the chip
in an ethanol solution supplemented with 3% 3-(aminopropyl)trimethoxysi-
lane (APTMS, Acros) for 30 min. The chip was then washed with ethanol,
blow-dried in a stream of nitrogen gas (N,), and heated at 120°C for
10 min. Subsequently, the silanized chip was immersed for 30 min in a 1:9
(v/v) solution of dimethyl sulfoxide (DMSO) and 1 x PBS containing 1 mM
3-maleimidobenzoic acid N-hydroxysuccinimide ester (MBS, Sigma). After
MBS reacted with APTMS via the formation of an amide bond, the chip
was rinsed with ethanol three times, blow-dried with N,, and then immersed
in 1 mM GSH solution (Sigma) for 30 min. GSH was dissolved in 1 x PBS
containing 1 mM EDTA to promote the chelation of divalent metal ions
and prevent the formation of disulfide bonds between sulfhydryl-containing
reactants. After the sulfhydryl group of GSH bound to the maleimide group
of MBS, the chip was washed with 1 x PBS and blow-dried with N,. For the
association of CaM to the GSH/SINW-FET device, a 0.1 x PS solution contain-
ing 200 nM CaM-GST (Abnova) was pumped into a PDMS microfluidic channel
(6.25 x 0.5 x 0.05 mm?3) that was designed to couple with the SINW-FET de-
vice arrays through a syringe pump (KD Scientific, KD-101) at a flow rate of
0.3 mL/hr for 30 min.

Electrical Measurements. For protein sensing experiments, such as the detec-
tion of cardiac Tnl (Abcam), the conductance of the CaM/SiINW-FET was
measured at a source-drain voltage (V) of 30 mV, a modulation frequency
of 79 Hz, and a time constant of 100 ms using a detection system that com-
bined a current preamplifier (DL Instrument, 1211) and a lock-in amplifier
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(Stanford Research System, SR830). Furthermore, an Ag/AgCl electrode (BAS,
MF2052) coupled to the PDMS microchannel was used as a solution gate and
was kept at ground potential throughout the real-time electrical measure-
ments to minimize noise in the system (4).

Electrophysiological Measurements. Cells were transferred into a recording
chamber mounted on the stage of an inverted microscope and bathed in
NMG solution at room temperature. Patch pipettes were pulled from
thin-wall capillaries containing a filament (A-M Systems, Catalog 617000),
using a two-stage microelectrode puller (Sutter, P-97), and were fire-polished
with a microforge (Narishige, MF-830). lonic currents were measured from
patched cells using an EPC10 patch-clamp amplifier (HEKA GmbH) controlled
by Pulse software (HEKA GmbH).

To measure Ca2t currents, cells were incubated in NMG solution supple-
mented with 10 mM CaCl, and whole-cell voltage-clamped at —70 mV. The
cells were depolarized to +20 mV for 250 ms. The average current values
obtained during the 225 and 250 ms depolarizations were normalized to
the peak inward current to represent inactivation.

Constructs and Molecular Biology. Plasmids for the bovine N-type Ca%* chan-
nel (x1b) and its accessory subunits (31 and «28) were generous gifts from
Aaron P. Fox (University of Chicago) (33). Primers specific for CaM were
designed according to the published CaM sequence and were used to amplify
CaM from cDNA synthesized from purified rat total RNA by PCR. The ampli-
fied CaM product was subcloned into a pcDNA3.1 expression vector. To
inactivate the Ca?* binding ability of CaM, glutamate residues at positions
32, 68, 105, and 148 were mutated to glutamine.
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Transfection of Human Embryonic Kidney 293T Cells. HEK 293T cells were main-
tained in Dulbecco’s modified Eagle medium (Gibco), supplemented with
10% of fetal bovine serum, in a humidified incubator under 5% CO,. For
the transient expression of N-type Ca?* channels and CaM in 293T cells,
we used the Lipofectamine™ reagent (Invitrogen), according to the manu-
facture’s instructions. A total of 2 ug of each plasmid (carrying the genes for
CaM, a1b, 1, or a28) at a molar ratio of 1:1 was used to transfect 293T cells
grown in a 35 mm dish. To verify transfection, 0.2 pg of pEGFP (Clontech) was
added to the plasmid mixture. The transfected cells were incubated in a hu-
midified CO, incubator for 2 d. Transfected cells with the lowest fluorescent
GFP signal were selected for recording.

To isolate the membrane fraction, ~107 cells transfected with the a1b, 1,
and a2 plasmids for 2 d were resuspended in 1 x PBS. As a control, a1b was
omitted from the transfection mixture for a subset of cells. The sonicated cell
suspension was first centrifuged at 1, 000 x g for 30 min, followed by collec-
tion of the supernatant. The supernatant was then centrifuged at 100, 000 x
g for 2 hr, and the pellet was resuspended in 0.2 mL of 0.1 x PS. The extract
was diluted with 0.1 x PS containing either no free Ca?* or 0.1 mM free Ca?*.
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