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Materials and Methods

Protein expression and purification. A pseudo wild-type T4 lysozyme mutant (C54T/C97A/S90C)
was synthesized via site-directed mutagenesis and expressed from Escherichia coli cells as
previously described.!® The purity of the expressed mutant was confirmed with gel-
electrophoresis. The secondary structure of the mutant was confirmed with Circular Dichroism.
The mutant was also confirmed to be functionally active with the commercial activity kit
(Micrococcus lysodeikticus, ATCC No. 4698, Sigma-Aldrich), showing similar catalytic
efficiency as compared to the wild-type protein.

Lysozyme substrate. Peptidoglycan from Micrococcus luteus, chitin from Pandalus borealis, and
indole-3-propinoic acid was purchased from Sigma-Aldrich (St. Louis, MO) and used without
further purification as a substrate to assay lysozyme activity. Each substrate was suspended in PBS
(pH 7.5) to a final concentration of 25 ug/ml. Typical experiments flushed the apparatus with 2
mL of substrate supernatant solution to insure the presence of excess substrate in the vicinity of
the lysozyme-SWNT device.

Single-molecule nanocircuit fabrication. SWNTs were grown by chemical vapor deposition
(CVD), followed by optical lithography for patterning electrodes and electron beam lithography
for the electrodes passivation described previously.* ° Devices were functionalized using a
bifunctional linker, pyrene-maleimide. The pyrene functionality adheres to the surface of graphene
strongly via n — =t stacking. The maleimide group can form stable thioether bonds with the free
thiol of a cysteine sidechain in the protein. A solution of N-(1-pyrenyl)maleimide (Sigma Aldrich)
in ethanol (1 mM) was prepared. Devices were soaked in the solution for 30 min without agitation,
and then washed with 0.1% Tween-20 (Acros Organics) in ethanol and de-ionized water for 5 min
to remove excess pyrene-maleimide. Next, a solution of lysozyme (5.4 uM in PBS) prepared as
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described above was used for bioconjugation. At room temperature, pyrene-maleimide-
functionalized devices were soaked in the lysozyme solution for 60 min. Following
bioconjugation, devices were rinsed with wash buffer (5 mM KCI, 10 mM Na2HPOa, 0.05%
Tween-20, pH 7) to remove nonspecifically adsorbed lysozyme, stored in the buffer, and neither
dried nor imaged until the completion of measurements.

Device measurements and data analysis. To perform high-bandwidth electrical measurements,
lysozyme SWNT devices were inserted into a home-built microfluidic flow cell. A patterned
PDMS gasket was aligned over the SWNT chip, placing a 100-um wide microfluidic channel
directly over the exposed region of the SWNT FET. Clamping the gasket in place confined liquid
to the desired channel and isolated from source and drain contact pads. The drain electrode was
biased at 100 mV and the back gate electrode was grounded. Source-drain current I(t) was
measured using a FEMTO DLPCA-200 low noise preamplifier operating at 108 \V/A gain and with
a 1.8 ps rise time. This signal was digitized at 600 kHz and stored for later analysis. After
confirming electrical connectivity of the SWNT FET device, PBS was flushed into the
microfluidic channel. Fluid inlets and outlets contained a combination of Pt counter electrodes and
Pt pseudo-references, both of which were controlled and monitored using National Instruments
data acquisition hardware (PCI-6281) and LabVIEW. Once the PBS or other fluid was in direct
contact with the exposed SWNT channel, the device could be electrostatically gated by varying
the Pt counter electrode. During measurements, the potential between the SWNT source electrode
and the Pt pseudo-reference electrode was typically held at -0.1 to -0.4 V, a modest potential that
left the p-type SWNT channel in the same doping state it would normally have in air. In every
experiment, I(t) data were collected in PBS to confirm that the FET had a steady and featureless
baseline current. Satisfactory devices exhibited DC resistances of 0.5 to 5.0 MQ with no I(t)
features outside the 1/f noise spectrum that is normal for SWNTs. Data was collected for 600 s in
PBS immediately before the introduction of substrates, and then for at least 600 s after flushing 2
mL of substrate solution through the fluid cell. At the conclusion of experiments, I(t) was
rechecked after flushing the substrate with 2 mL of PBS. No data was collected during fluid
exchanges or flushing of the cell. In this operating limit of small, DC potentials, we assume that
the SWNT FET is a passive transducer of lysozyme’s activity. A previous study® showed that the
I(t) signals studied here are generated by these two sidechains, K83 and R119, located close to the
SWNT attachment but far from lysozyme’s catalytically active site. In the presence of thermal
fluctuations and ionic screening, we do not believe any consequential back-action propagates from
a DC-biased SWNT, through these sidechains, and back to the active site. The analysis has been
performed using a 10-Hz, digital highpass filter. After filtering, multi-peak fitting was performed
on histograms of 1-second data sets to estimate the second-by-second average position of I(t) for
open, intermediate, and closed conformations. Combining the highpass filtering with this peak-
finding routine enhanced the accurate identification of events in I(t) without requiring adaptive or
more aggressive filters that introduce artifacts.

AFM imaging. The devices were imaged using a commercial atomic force microscope (NT-MDT
NTEGRA). Prior to the imaging, the devices were dried by flowing nitrogen gas for 5 min. The
semi-contact mode AFM measurements were performed under ambient conditions with AFM
probes of resonant frequency 150 — 300 kHz (Budget sensors). The images were flattened to
eliminate the background noise and tilt from the surface using all unmasked portion of scan lines
to calculate individual least-square fit polynomials for each line.
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Catalytic Process
Intermediate

State Open X ) X ) X X Closed
closing_fail closing opening opening_fail
mean (ms) 11.89 0.88 0.91 0.92 0.83 3.73
c (ms) 14.12 0.74 0.81 1.01 0.92 4.18

Nonproductive process
Intermediate

State Open X ) X ) X X Closed
closing_fail closing opening opening_fail

mean (ms) 1.60 0.30 0.38 0.41 0.25 0.13

6 (ms) 2.10 0.73 0.76 1.21 0.39 0.18

Table S1. Timing of lysozyme activity with the peptidoglycan substrate.
chitin IPA
Parameter . . .
Open (0) 1st excited (1) | 2nd excited (2) Open excited

mean (ms) 1.73 0.16 0.09 1.22 0.12

o (ms) 2.06 0.14 0.06 1.82 0.09

Table S2. Timing of lysozyme’s conformational activity with chitin and IPA.

Figure S1. Example Al(t) signal for the interrupt pause events during the fast, nonproductive
motions.
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