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Previously we showed that the protein unfoldase CIpX could facilitate translocation of individual proteins through the o-hemolysin nanopore. This results

in ionic current fluctuations that correlate with unfolding and passage of intact protein strands through the pore lumen. It is plausible that this technology

could be used to identify protein domains and structural modifications at the single-molecule level that arise from subtle changes in primary amino acid

sequence (e.g., point mutations). As a test, we engineered proteins bearing well-characterized domains connected in series along an ~700 amino acid

strand. Point mutations in a titin immunoglobulin domain (titin 127) and point mutations, proteolytic cleavage, and rearrangement of beta-strands in

green fluorescent protein (GFP), caused ionic current pattern changes for single strands predicted by bulk phase and force spectroscopy experiments.

Among these variants, individual proteins could be dlassified at 86—99% accuracy using standard machine learning tools. We conclude that a ClpXP-

nanopore device can discriminate among distinct protein domains, and that sequence-dependent variations within those domains are detectable.
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lucidation of protein expression, struc-

ture, and function is a cornerstone of

experimental biology. Traditional pro-
tein analysis tools (antibody recognition,
bulk phase biochemistry, chromatography,
NMR spectroscopy, X-ray crystallography)
have been supplemented recently by state-
of-the-art mass spectrometry.' Nonetheless,
comprehensive proteome analysis has not
achieved the throughput and impact of
genome sequence analysis that has grown
exponentially since the 1970s. This growth
was driven initially by Sanger sequencing?
and then by massively parallel sequencing
platforms that now can deliver accurate
human genome assemblies for ~$1000 at
centralized core facilities. This difference be-
tween proteomics and genomics is in part due
to relative complexity. But it is also a techni-
cal matter: proteins are terminal products of
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gene expression; therefore, protein se-
quencing is not amenable to template-
dependent replication and amplification
that is the core of commercial DNA and
RNA sequencing techniques.

Nanopore analysis of proteins has gained
momentum in research laboratories as the
historical focus of nanopore research (DNA
sequencing) approaches commercial imple-
mentation.*~® These nanopore experiments
fall into three main categories: (i) experiments
that detect protein transport and protein
unfolding as domains are electrophoretically
translocated through biological’~"" or solid
state’?~'® nanopores; (i) experiments that
interrogate  protein—pore,® 23 protein—
protein,?*~2® and protein—ligand® ~%° inter-
actions; and more recently (iii) experiments
that detect native proteins by covalently
attaching aptamers to the pore 3%
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A relatively new addition to the first category are
nanopore experiments that potentiate protein capture
and unfolding by attaching a polyanion to the end of
the protein strand which is captured in the electric
field.32~3° This technique has enabled the detection of
unfolding intermediates®*** and post-translational
modifications.>

Another strategy to drive proteins processively
through nanopores is to use an enzyme motor. For
example, the AAA+ enzyme ClpX is a bacterial unfol-
dase that recognizes proteins that have been tagged
by the cell for remodeling or degradation.®® It unfolds
substrate proteins by repeated ATP-fueled mechanical
pulling attempts which, when coincident with transi-
ent stochastic reductions in substrate structural stabi-
lity, result in denaturation and translocation of the
protein through the enzyme's narrow hexameric
ring.>”?® In an initial nanopore study, model proteins
bearing a polyanion tail and the ClpX-binding ssrA tag
were added to an aqueous volume bathing an alpha-
hemolysin (aHL) pore in a synthetic phospholipid
bilayer.3? Individual copies of these engineered pro-
teins were captured in the pore lumen in response to
an applied voltage. ClpX hexamers in the trans bath (on
the opposite side of the bilayer from protein substrate
addition) were able to bind to the ssrA tag once it
entered the trans compartment. ClpX-facilitated trans-
location of the captured protein ensued in an ATP-
dependent manner. During translocation, ionic current
patterns correlated with three processes: (i) rapid and
unimpeded movement of unstructured segments of
the captured protein through the pore lumen; (ii)
pauses when the nanopore/ClpX complex contacted
stable ubiquitin-like Smt3 domains engineered into
the protein substrate; and (iii) sequential unfolding of
the Smt3 domains coincident with translocation.

These results suggest that nanopore devices could
be used for sequential protein analysis and identifica-
tion. To examine this further, we designed experiments
to answer two questions. First, can the nanopore
device discriminate among distinct protein domains
in series along individual protein strands as they are
driven through the pore sensor? And second, can the
nanopore device detect variations within these protein
domains, e.g., structural modifications arising from
point mutations, truncations, and rearrangements?
Such changes are common to pathogenic protein
variants,**~*? and they should be detectable if protein
sequence, stability, and unfolding pathways do in fact
account for the ionic current patterns we observe.

We addressed these questions using ~700 amino-acid-
long engineered proteins bearing well-characterized
folded domains. The motor used in these experi-
ments was ClpXP, a proteasome-like complex of Es-
cherichia coli and other prokaryotes that is capable of
unfolding hundreds of different protein substrates
by generating mechanical pulling forces greater than
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Figure 1. Experimental setup. (a) Nanopore sensor. A single
aHL pore is embedded in a lipid bilayer separating two
polytetra-fluoroethylene wells each containing 100 uL of
0.3 M KCl solution at 30 °C. Voltage is applied between the
wells (trans side +180 mV), causing ionic current flow
through the channel. (b) Protein S2-GT capture in the
nanopore. S2-GT is a model protein bearing four folded
domains: Smt3 (light green), GFP (dark green), and titin 127
V15P (cyan), coupled to a negatively charged flexible
polyGSD region (yellow) and an ssrA tag (red) at its C-ter-
minus. As a result of the applied voltage, the negatively
charged polyGSD tag is threaded through the pore into the
trans-side solution until the first folded Smt3 domain pre-
vents further translocation of the captured protein. ClpXP
present in the trans solution binds to the C-terminal ssrA
sequence. Fueled by ATP, CIpXP translocates along the
protein tail toward the channel, and catalyzes sequential
unfolding and translocation of the entire multidomain
protein through the pore.

20 pN.36738 We found that specific point mutations,
proteolytic cleavage, and sequence rearrangements in
these domains resulted in detectable ionic current
pattern changes. Naive Bayes-derived decision bound-
aries applied to our data resulted in single protein
identification at 86.4—98.7% accuracy.

RESULTS

Experimental Setup and Optimization. The standard nano-
pore setup is illustrated in Figure 1a. Briefly, an
individual wild type aHL pore was inserted into a
horizontal lipid bilayer that separates two chambers
each containing ~100 uL of a 0.3 M KClI solution at pH
7.6. lonic current through the nanopore was measured
using a patch clamp instrument (Axopatch 200B) con-
nected to a Ag/AgCl electrode in each chamber and an
applied constant voltage of 180 mV. As individual
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polypeptide strands translocated through the pore,
monovalent ionic current was reduced depending upon
the composition of the protein fragment that occupied
the pore lumen. The data are reported as a continuous
time series of ionic current states.

In the present study, our setup included two mod-
ifications that increased the number of protein strands
that could be analyzed per experiment and doubled the
efficiency of translocation for each captured protein
relative to our original ClpX study.3? These were (1)
addition of a conventional ATP-regeneration mixture to
the trans compartment to maintain a constant ATP
concentration over time (see Materials and Methods);
and (2) supplementation of the ClpX motor with ClpP to
form the ClpXP complex. In the bacterial cell, when an
ssrA-tagged protein is unfolded by ClpX, it is threaded
into the lumen of an associated compartmentalized
peptidase, ClpP, where it is degraded.** We found that
protein translocations driven by the ClpXP protease
were less prone to long off-pathway stalls and slips than
were translocations driven by ClpX alone, and doubled
the fraction of complete translocation events (18.1 and
36.1% for ClpX and ClpXP, respectively). This observa-
tion is consistent with previous studies showing that
ClpXP is a more robust unfoldase than is ClpX.373% In
addition, trimming of the substrate protein by ClpP in
the trans compartment reduced the frequency of irre-
versible protein captures in the oHL pore.

Nanopore Analysis of Reference Protein S2-GT. The refer-
ence protein used for our experiments, “S2-GT”, was an
~700 amino acid (aa) strand composed of four folded
domains connected by short aa linkers. Based on
crystal structures, the individual protein domains
(ubiquitin-like protein (Smt3), titin fragment (titin
127), and green fluorescent protein (GFP)) were too
large to pass through the oHL pore without unfolding
of their native tertiary structures.**~*¢ Each strand was
capped at its carboxy terminus by an aa polyanion
(polyGSD), and the ClpX-recognition ssrA motif
(Figure 1b, and Supporting Information, Figure S1). At
180 mV applied potential, the polyGSD tail threaded
into the pore and the ssrA tag became accessible to
ClpXP in the trans solution (Figure 1b).

lonic current traces that arise from ClpXP/ATP-
dependent translocation of the S2-GT protein are
illustrated in Figure 2a and b (also see Supporting
Information, Figure S2). The capture frequency was
~0.24/s at 1 uM S2-GT and 180 mV applied voltage.
Each event began at ~53 pA (open channel current
Figure 2b,i), followed by a drop to ~22 pA upon S2-GT
capture in the pore (Figure 2biii). Backflow of the
protein out of the pore into the cis chamber was never
observed once state ii was observed. This ionic current
state persisted until CIpXP bound to the ssrA tag and
began pulling on the polyGSD tail. Pulling caused a
gradual current decrease (Figure 2bjiii), followed by a
sudden drop to a mean current of ~9.0 pA (Figure 2b,iv)
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characterized by high variance (RMS noise = 2 pA). This
pattern was quantitatively consistent with previous
work which correlated states iii and iv with preunfold-
ing dwell of the Smt3 atop the pore orifice, followed by
ClpXP-mediated unfolding and translocation. Voltage-
mediated unfolding and translocation of the C-term-
inal Smt3 domain of S2-GT was occasionally observed
during control experiments in the absence of ClpXP or
ATP. However, these events lacked the characteristic
ClpX/ATP-dependent ionic current state iii. Addition-
ally, these voltage-mediated events never proceeded
past ionic current state iv and would often irreversibly
clog the pore. Because a second Smt3 domain was
included near the amino terminus of S2-GT, we pre-
dicted that this ionic current pattern would be re-
peated at the end of each complete ClpXP-mediated
translocation event. This prediction was supported by
our data. Notably, the last state prior to return to open
channel current (Figure 2b,xi), shared nearly identical
characteristics with state iv (mean current: iv = 9.0 &
1.8 pA, xi = 8.7 = 1.9 pA; mean RMS noise: iv=2.0 £
0.4 pA, xi=1.9 £ 0.3 pA; median dwell time: iv = 680 ms
Q1,Q3=490,930 ms, xi=560ms Q1,Q3=310,790 ms;
also see Supporting Information, Figure S3).

Given these Smt3-dependent ionic current “book-
ends”, it was logical that intervening ionic current
states v-ix would correlate with processing of the titin
127 and GFP domains. Thus, we developed a model
in which these two domains also contributed uni-
que preunfolding and translocation current states
(Figure 2¢). If correct, the characteristics of each of
these states should be domain-dependent, and varia-
tions within those domains should cause predictable
changes in their ionic current signatures enabling their
discrimination from the reference protein.

Nanopore Analysis of the Titin 127 Domain and a Destabilized
Mutant. In our model, we assigned ionic current states v
and vi to titin 127 because it is the next domain along
the S2-GT polypeptide that would contact the nano-
pore following translocation of the C-terminal Smt3
domain (ionic current state iv). Quantitative evidence
supports this assignment. lonic current state v (puta-
tive preunfolding of titin 127) had a median dwell time
of 22 s (Q1, Q3 = 10, 36 s). This long dwell time is
consistent with single-molecule optical tweezer ex-
periments which showed that titin 127 V15P is resistant
to ClpXP-mediated unfolding (having an average
preunfolding dwell time of 17 s).*’ Further, state v
exhibited ionic current level repeats (arrows in Sup-
porting Information, Figure S2) suggestive of small
steps and slips of CIpXP as it attempted to advance
along the polypeptide strand against a significant
energy barrier. Immediately following a successful
unfolding attempt, the ionic current shifted abruptly
to state vi. Analysis of state vi dwell time (median =
1.3'5,Q1,Q3 =1.0, 1.7 s) suggests that CIpXP pulls the
unfolded titin 127 domain through aHL at an average
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Figure 2. lonic current traces during ClpXP-mediated protein S2-GT translocation. (a) Four consecutive S2-GT translocation
events. The gap between the third and fourth events corresponds to protein captures that were ejected from the nanopore by
briefly reversing voltage polarity. (b) Expanded view of ionic current states during S2-GT translocation. Open channel current
through the aHL nanopore under standard conditions (mean ~53 pA, current RMS noise 1.2 pA) (i). Initial capture of the S2-GT
substrate (mean current ~22 pA, current RMS noise 0.7 pA) (ii). ClpXP-mediated C-terminal Smt3 preunfolding (mean current
~19 pA, current RMS noise 1.7 pA) (iii). C-terminal Smt3 domain unfolding and translocation through the nanopore (mean
current ~9.6 pA, current RMS noise 2.0 pA) (iv). lonic current transition into the titin 127 V15P preunfolding state. Several
discrete current levels are typically observed (mean current ~9.5 pA, current RMS noise 2.3 pA) (v). Unfolding and
translocation of the titin 127 V15P domain through the nanopore (mean current ~14 pA, current RMS noise 4.6 pA) (vi).
The GFP preunfolding state. Several discrete current levels are typically observed (mean current ~14 pA, current RMS noise
2.0 pA) (vii). Extraction of the C-terminal beta strand 11 of GFP (mean current ~11 pA, current RMS noise 3.7 pA) (viii). Global
unfolding and translocation of GFP (mean current ~15 pA, current RMS noise 1.4 pA) (ix). N-terminal Smt3 preunfolding state
(mean current ~15 pA, current RMS noise 1.7 pA) (x). N-terminal Smt3 domain unfolding and translocation through the
nanopore (mean current ~9.3 pA, current RMS noise 2.0 pA) (xi). Return to open channel current upon completing
translocation of the entire S2-GT protein to the trans compartment (i'). (c) Working model of ClpXP-mediated S2-GT
translocation. Roman numerals assigned to each panel correspond to ionic current states in b.

rate of 64 aa/s. This rate is similar to previous studies If these assignments are valid, it follows that
that established a maximum ClpXP translocation rate changes in the stability of the titin 127 domain would
of 60—70 aa/s.38*® result in detectable changes in ionic current state v.
A Na
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Figure 3. lonic current state v is dramatically changed by two point mutations in the titin 127 V15P domain of S2-GT.
(a) Cartoon depiction of the two proteins that were compared in this experiment. S2-GT is at the top and a modified version
bearing two point mutations within the titin 127 V15P domain (S2-GTEE: C47E C63E) is at the bottom. Modifications at C47 and
€63 are known to destabilize titin 127 tertiary structure. (b) lonic current states iii-vii of representative 52-GT (top) and S2-GT
(bottom) translocation events. State v for each event is colored orange. (c) A parallel coordinates plot comparing median
dwell times for ionic current states ii—xi of S2-GT (black, n = 91 translocations) and S2-GTF (red, n = 93 translocations).
The median state v dwell time of $2-GTE¢ is ~3.5 orders of magnitude shorter than the comparable state v median dwell time
of $2-GT (7.9 ms (Q1,Q3 =4.4,16.7 ms) and 22 s (Q1, Q3 =10, 36 s), respectively). The boxes show the 1st, 2nd, and 3rd quartile
median values. The whiskers extend to the lowest and highest value within 1.5 IQR of the 1st and 3rd quartile medians,

respectively.

As a test, we constructed an S2-GT variant (52-GTFF)
where two buried cysteines (C47, C63) were mutated to
glutamic acid residues (Figure 3a). These side chain
alterations are similar to carboxymethylation of
C47/C63 and mutation of those cysteines to aspartic acid
that are known to destabilize the titin 127 domain.**=°
As anticipated, 52-GTEE state v dwell times were several
orders of magnitude shorter than were S2-GT state
v dwell times (Figure 3b, Supporting Information,
Figures S4 and S5). Additionally, the $2-GTEE state vi
median dwell time was ~2 times longer than that of
the parent structure (median = 3.4s,Q1, Q3 = 3.0, 4.4.
Supporting Information, Figure S5). One explanation
for this observation is that (partial) refolding of protein
domains in the trans compartment helps to drive
translocation of the domain through the pore. Such
an effect would be attenuated in the destabilized titin
127 variant. The other ionic current states remained
relatively unchanged between the two constructs
(Figure 3c, Supporting Information, Figure S6).
Nanopore Analysis of the GFP Domain and a “Superfolder”
Variant. After translocation of titin 127, the next domain
along the S2-GT strand is GFP. Accordingly, we pre-
dicted that states vii—ix would correlate with preunfold-
ing and translocation of GFP (Figure 2b and 2c). As was
the case for ionic current state v (titin preunfolding),
ionic current state vii often contained repeated current
levels suggestive of small steps and slips of ClpXP as it
attempted to unfold GFP. This state (mean current
13.4 pA, current RMS noise 2.0 pA) had a median dwell
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time of 3.9 s (Q1, Q3 = 2.1, 8.7 s. Also see Supporting
Information, Figure S7), similar to the median unfolding
time found in previous single-molecule studies of
ClpXP-mediated unfolding of GFP (~6 s).>' State vii
ended with an abrupt and irreversible transition to state
viii (mean current 11.0 pA, current RMS noise 3.1 pA, and
median dwell time 270 ms, Q1, Q3 = 120, 550 ms). This
state is consistent with a step along the GFP unfolding
pathway that corresponds to extraction of the 11th
beta-strand that precedes global GFP unfolding.*®*'
State viii was followed by a distinct shift to state ix
characterized by a higher mean ionic current (14.8 pA)
with relatively low noise (RMS noise = 1.4 pA). We
reasoned that state ix corresponds to translocation of
the unfolded GFP domain through aHL at 34—58 aa/s
following successful ClpXP-mediated GFP unfolding
(Supporting Information, Figure S7).

As an initial test to determine if altering the GFP
domain would change ionic current states vii—ix, we
engineered an S2-GT construct (52-G>FT) in which
the GFP domain was replaced by a “superfolding”
GFP variant (Figure 4a and Supporting Information,
Figure S1). Superfolder GFP (GFPF) contains 11 point
mutations which increase its resistance to chemical
denaturants and which help maintain GFP fluores-
cence when beta-strands that form the functional core
are permuted.>® As anticipated, the characteristics of
52-G°FT events were altered relative to S2-GT events
(Figure 4b and Supporting Information, Figures S8
and $9). Most notably, $2-G°FT events exhibited a three
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Figure 4. lonic current signatures for S2-GT GFP variants. (a) Beta-strand connectivity of the GFP domain within proteins
$2-GT (GFP), S2-G°'T (GFP*F), cleaved and uncleaved $2-G"™"T, 52-G<"°T (GFP), and 52-GP’T (GFP"’). Each colored arrow
represents a beta-strand. GFP*" (superfolder GFP) contains 11 point mutations (black markers) compared to GFP. GFP™V
contains a TEV protease cleavage site between the 6th and 7th beta-strands of GFP*F. GFP*"® and GFP*” are circular
permutations of GFP*" between the 6th/7th and 7th/8th beta-strands, respectively. (b) Representative ClpXP-mediated GFP
variant translocation events with expanded views of GFP-dependent ionic current states vii—ix. lonic current states vii and viii
are preunfolding of GFP. State ix is translocation of the unfolded GFP domain. lonic current states ix for $2-G* T and $2-G'*'T
include three unique substates (ix-a, ix-b, and ix-c) that correspond to translocation of unfolded beta-strands 11 — 7 (ix-a),

preunfolding of an intermediate (ix-b), and translocation of

the unfolded intermediate beta-strands 6 — 1 (ix-c). Cleavage of

$2-G"®VT with TEV protease terminates the event following a brief ionic current state ix-a.

level ionic current pattern within state ix (states ix-a,
ix-b, and ix-c) that was absent in S2-GT events. We argue
that this pattern reflects additional preunfolding (ix-b)
and translocation (ix-c) states arising from an addi-
tional GFP unfolding intermediate. This argument is
based on two facts: (1) Single-molecule optical tweezer

NIVALA ET AL.

experiments have revealed a short-lived GFP unfolding
intermediate in which beta-strands 6 — 1 maintain
their tertiary structure following initial ClpXP-mediated
unfolding of GFP beta-strands 11 — 7.3% (2) The
combined dwell times of states ix-a (median = 1.5 s,
Q1,Q3=1.2,2.0) and ix-c (median=3.55,Q1,Q3=2.8,4.2)
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Figure 5. Identification of ionic current states important for discriminating between S2-GT variants. Each column represents a
feature (dwell time, mean current, or current RMS noise) for each current state (ii—xi). Each row is one of the S2-GT variants
compared against S2-GT using a binary comparison, with the exception of the last row, which is a multiclass comparison of all
the S2-GT constructs together. Each row is normalized and sums to 1. The “heat” of each square (scale at right) represents the
relative importance of that feature as determined by a forest of extremely randomized trees (see Materials and Methods).
State v dwell time was the most important feature for discriminating between proteins $2-GT and $2-GT™. The current RMS
noise of states viii and ix were the most important for discriminating between $2-GT and GFP variant proteins 52-G>'T,

$2-GPT, and $2-GF7T.

is 5.0 s, which is similar to the dwell time of state ix
(median = 5.5 s, Q1, Q3 = 4.3, 6.3) for translocation of
GFP beta-strands 11 — 1 in S2-GT events (Supporting
Information, Figure $10). Thus, ionic current states ix-a
and ix-c are consistent with sequential translocation of
GFPSF beta-strands 11 — 7 and 6 — 1 separated by an
intermediate preunfolding state (ix-b) that is not ob-
servable in the S2-GT strand.

Protease Cleavage of “Superfolder” GFP. If ionic current
states ix-a and ix-b/c are dependent on GFP*" beta-
strands 11 — 7 and 6 — 1, respectively, then cleaving
the polypeptide chain between the two regions should
terminate translocation events at state ix-a. To test this,
we inserted a Tobacco Etch Virus (TEV) protease cleav-
age site between the sixth and seventh beta-strands of
GFP*F (protein S2-G™VT, Figure 4a and Supporting
Information, Figure S1). Consistent with our prediction,
the uncleaved protein retained states ix-b — xi, while
cleavage with TEV protease resulted in events termi-
nating at state ix-a (Figure 4b, Supporting Information,
Figures S11 and S12).

Surprisingly, the cleaved GFP*f beta-strands 11— 7
translocation rate (~6000 aa/s) was much faster than
expected for ClpXP-mediated translocation (~50 aa/s).
A likely explanation is that cleavage and separation of
the 275 N-terminal amino acids in the cis compartment
reduced hydrodynamic drag on the translocating
strand.>® This would allow the relatively weaker elec-
trophoretic force to drive translocation of the cleaved
strand at a high rate absent CIpXP activity.

Structural Rearrangements of “Superfolder” GFP. If ionic
current state ix is sensitive to GFP sequence as we
assert, then rearrangement of beta-strand order
should cause the state ix current pattern to change
as well. To examine this, we constructed variants of the
$2-G>FT protein in which the GFPF domain was circu-
larly permuted between the sixth and seventh beta-
strands (protein $2-GP°T) and between the seventh
and eighth beta-strands (52-G*’T) (Figure 4a and
Supporting Information, Figure $1).°° Representative
ClpXP-mediated ionic current traces for proteins

NIVALA ET AL.

$2-GPT and S2-G°*’T are shown in Figure 4b (see
also Supporting Information, Figures S13 and S14).
State ix of $2-G"°T and $2-G<*’T events differed from
the three state current pattern observed in S2-G>T
events, displaying a single nearly homogeneous cur-
rent state similar to S2-GT events in dwell time, but
differing in current mean and current variance
(Figure 4b and Supporting Information, Figures S15
and S16). These results are consistent with a model
where ionic state ix is sensitive to the sequence
topology of GFP translocation. State viii characteristics
for $2-GP°T and S2-GP’T events also differed from
$2-GT and S2-G°'T events (Figure 4b). This is not
surprising because these structural rearrangements
altered the identity of the first beta-strand extracted
during unfolding.

Discrimination among Protein Variants Using Naive Bayes
(lassifiers. One motivation for this research was to
develop a nanopore device that uses sequential ionic
current measurements to identify individual proteins.
As a test of the ClpXP-atHL prototype, we quantified the
accuracy of calls among five of the S2-GT variants
examined in this study.

Values for three parameters (dwell time, average
current amplitude, and standard deviation of the
current amplitude) were collected for states ii-to-xi
within each complete translocation event (S2-GT:
91 events, S2-GT5: 93 events, S2-G°FT: 78 events,
$2-GSPeT: 73 events, and S2-GP'T: 82 events). To
determine which of these 30 features were useful for
protein classification, we performed a random forest
analysis (see Materials and Methods). First, pairwise
comparisons were performed between the null con-
struct, S2-GT, and each of the four variants indepen-
dently (Figure 5). As expected, the most important
feature for distinguishing between $2-GT and 52-GT™
was dwell time for the titin 127 preunfolding state (v).
Also, as expected, features that were important for
distinguishing between S2-GT and its GFP variants
centered on states vii—ix (preunfolding and transloca-
tion of GFP). In these cases, average current amplitude
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TABLE 1. Confusion Matrix for Discriminating between
$2-GT Variants Using a Multiclass Naive Bayes Classifier?

predicted class

actual class S2-GT S2-GT*E $2-66T $2-6%71 S2-G5T

S2-GT 98.68 0.05 0.05 115 0.05
$2-GT 1.13 96.57 1.13 113 0.05
$2-6F°T 0.07 0.07 95.63 2.80 143
$2-6T 0.06 0.06 1.2 86.38 128
$2-651 262 0.06 0.06 3.90 93.35

“ Each cell represents the percent probability of dassifying a particular 52-GT variant
(left column labels) as any of the five variants (top row labels). The diagonal (bold
text) represents the correct classification.

and current standard deviation proved to be important
features.

We then reframed the question and asked which
features were important for classification of a given
translocation event when comparing all five protein
constructs against one another simultaneously. Pre-
dictably, this analysis yielded eight useful features (row
labeled “All” in Figure 5) that were a composite of the
features identified by pairwise comparisons.

To estimate the accuracy with which we could call
a given translocation event, we used these eight
pertinent features and a Naive Bayes classifier® to
establish a confusion matrix for S2-GT and the four
variants compared in Figure 5. Naive Bayes classifiers
are suitable for this data set because they do not
require tuning of parameters and thus avoid unneces-
sary complexity for preliminary tests. Upon building a
confusion matrix using maximum a posteriori esti-
mates, we found that there was an 86.4—98.7% chance
of making an accurate call for each protein variant
(Table 1).

DISCUSSION

This study was motivated by two questions pertain-
ing to sequential protein analysis using nanopores.
First, can we distinguish between different protein
domains in series along individual strands as they are
driven through the aHL pore by an enzyme motor?
Two lines of evidence indicate that we can. (i) Preun-
folding states differed among Smt3, GFP, and titin 127.
For example, the preunfolding dwell time for titin 127
was substantially longer than preunfolding dwell times
for GFP and Smt3 (Figure 3¢, and Supporting Informa-
tion, Figures S3, S5, and S7). This is consistent with titin
127's characteristic resistance to mechanical dena-
turation.””* Further, GFP displayed a three-state un-
folding pathway, distinct from titin 127 and Smt3 two-
state pathways (Figure 4b). (ii) Overall, individual do-
main translocation states had ionic current signatures
that were quantitatively distinguishable from one
another based on current mean and RMS noise, while
dwell times were consistent with domain size
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(Figure 2b and Supporting Information, Figures S6,
S9, $10, S15, S16, and Table S1).

Second, can we detect variants of these domains in
single proteins, e.g., structural modifications arising
from point mutations, truncations, and rearrange-
ments? A number of results demonstrate that we
can. (i) Destabilizing point mutations within titin 127
caused predictable changes to its ionic current pattern
(S2-GTEE, Figure 3). (ii) Eleven point mutations within
GFP*F (52-G°FT) modified its unfolding dynamics rela-
tive to GFP (S2-GT), and allowed us to identify a second
unfolding intermediate within GFPSF (Figure 4b, state
ix-b). (iii) Proteolytic cleavage of S2-G™'T truncated
$2-G™T translocation events at a predicted position
within the GFP-dependent ionic current state (ix,
Figure 4b). (iv) Circular permutations of GFP (52-G-P°T
and $2-G7T) resulted in ionic current signatures that
differed from the reference protein, and that did not
display unfolding intermediates found in S2-G°FT
(Figure 4b, states xiii and ix-b). (v) A Naive-Bayes
classifier demonstrated our ability to discriminate be-
tween these variants (Table 1).

Three of the protein variants we tested are repre-
sentative of variant classes commonly associated with
disease states:***° (i) The destabilizing point mutations
we analyzed in titin 127 (S2-GT) are similar to point
mutations within titin Ig domains that cause cardio-
myopathy.>>>® (ii) Mutations that stabilize protein
unfolding intermediates (similar to the intermediate
observed in superfolder GFP (GFP*M)) contribute
to diseases such as amyloidosis.>” (iii) A truncated
variant (cleaved S2-G'™'T) demonstrate that the
ClpXP-nanopore device can detect truncations derived
from early termination or proteolytic processing that
are each associated with disease.** Additionally, the
circular permutants (52-G*°T and $2-G*’T) suggest
that we could also detect chimeric oncoproteins® and
isoforms associated with cancer.*’

One limitation of the current technology is that the
polyGSD-ssrA tag needed for capture and ClpXP bind-
ing was engineered into the expressed proteins we
analyzed. Practical applications will require a method
to conjugate the tag to endogenous proteins.>>%° A
second limitation of our current approach is that we are
not able to predict a priori the ionic current pattern for
a given protein, and must instead rely upon patterns
established empirically in each case. However, as the
number of analyzed proteins increases, we expect that
ionic current patterns will emerge that are character-
istic of domain classes. This could facilitate assembly of
composite patterns for de novo protein identification.

CONCLUSIONS

In summary, an unfoldase-coupled nanopore sensor
can discriminate among distinct protein domains and
among variants of those domains. Compared to pro-
tein mass spectrometry, the ClpXP-nanopore device
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has the advantages of single-molecule resolution,®’
and analysis of unfragmented protein strands. These
could be important because an estimated 2/3rds to

MATERIALS AND METHODS

ClpX Expression and Purification. A covalently linked trimer of an
N-terminal truncated ClpX variant (ClpX-AN3) was used for all
ClpX nanopore experiments.®* ClpX protein expression was
induced at an Agoo of ~0.6 by addition of 0.5 mM isopropyl
f-p-1-thiogalactopyranoside (IPTG), and incubated at 23 °C with
shaking for 3 h. Cultures were pelleted, resuspended in lysis
buffer (50 mM NaH,PO, pH 8,300 mM NaCl, 100 mM KCl, 20 mM
imidazole, 10% glycerol, 1 mM dithiothreitol (DTT)) and lysed by
vortexing with glass beads. After centrifugation and filtration of
the lysate, the protein was purified on a Ni*"™-NTA affinity
column (Thermo) and an Uno-Q anion exchange column
(Bio-Rad). ClpX was then flash frozen in small aliquots and
stored at —80 °C.

ClpP and S2-GT Constructs Expression and Purification. DNA for the
GFP and titin 127 domains of fluorescent protein S2-GT were
extracted by PCR from a GFP-titin-127 V15P-ssrA expression
vector obtained from A. Martin (UC Berkeley), and cloned into
the $2—35 vector by Gibson assembly. GFPSF, GFP"® and
GFP"” DNA was obtained from A. Nager and K. Schmitz (MIT)
in the form of expression plasmids and subsequently PCR-
extracted and cloned into the S2-GT expression plasmid by
replacement of the S2-GT GFP domain via Gibson assembly. The
$2-GTEE and $2-G™'T mutants were constructed by Gibson
assembly using mutagenic oligos and PCR. These engineered
proteins and a his-tagged ClpP were expressed in BL21 (DE3)*.
Expression was induced at ~0.6 Agoo by addition of 0.5 mM IPTG,
and incubated at 30 °C with shaking for 3—4 h. Cultures were
pelleted, resuspended in lysis buffer and lysed via vortexing
with glass beads. After centrifugation and filtration of the lysate,
the protein was purified on a Ni**-NTA affinity column (Thermo)
and an SD200 size exclusion column (GE). Cleaved protein
S2-G™VT was digested with TurboTEV (Nacalai USA) for 24 h
at room temperature. The proteins were flash frozen in small
aliquots following purification and stored at —80 °C.

Nanopore Experiments. All experiments were performed in
protein translocation buffer (PT buffer) containing 300 mM
KCI, 10 mM MgCl,, 10% glycerol, 1 mM DTT, 1T mM EDTA,
5 mM ATP, and 10 mM HEPES-KOH pH 7.6. Setup of the
nanopore device and insertion of an otHL nanopore into a lipid
bilayer have been described.®® Briefly, a single aHL nanopore is
inserted into a lipid bilayer that separates two wells each
containing 100 uL of PT buffer. The ionic current through the
nanopore was measured between Ag/AgCl electrodes in series
with an integrating patch clamp amplifier (Axopatch 2008,
Molecular Devices) in voltage clamp mode with a constant
180 mV potential across the bilayer. Data were recorded at
100 kHz bandwidth in whole cell configuration using an analog-to-
digital converter (Molecular Devices), then filtered at 2 kHz
using an analog lowpass Bessel filter. Experimental conditions
were prepared by the daily preparation of PT buffer. ClpXs and
ClpP,4 were diluted in PT buffer for a final concentration of
100 nM and 300 nM, respectively, in addition to an ATP
regeneration mix (8 mM creatine phosphate and 0.08 mg/mL
creatine phosphokinase). The ClpXP/ATP-regeneration mix
solution was used to fill the entire system before isolation of a
single aHL nanopore. Upon insertion, the cis well was perfused
with ~6 mL PT buffer. Experiments were conducted at 30 °C
with ~1 uM substrate added to the cis well. In the presence of
ClpXP, protein substrate capture events were ejected with
reverse polarity due to pore clogs or after a predetermined
duration. Capture events that remained in state ii for a duration
of ~45 s or longer were considered to be inaccessible to ClpXP
and were ejected. Any voltage-induced translocations (events
lacking state iii) were ejected to prevent clogging and to
increase the efficiency of data collection.

NIVALA ET AL.

4/5ths of eukaryotic proteins are comprised of multiple
domains,®? with each domain having potentially many
unique modified forms.®®

Feature Selection. Dwell times for each state were determined
by manual inspection and segmentation of the ionic current
traces according to changes in the ionic current mean and RMS
noise. Example segment lines appear in the characteristic S2-GT
traces shown in Supporting Information, Figure S2.

For every event, the mean, standard deviation, and duration
of states ii through xi were taken, resulting in 30 features and
417 events. The identity of each event is also known, since data
on each protein variant were collected individually. The Gini
importance was calculated for each feature using a forest of
extremely randomized trees. Features that performed higher
than a null model assuming equal importance for each feature
were kept. The open-source scikit-learn®® (version 0.14.1) com-
mand used to build the forest of extremely randomized trees
was as follows:

ExtraTreesClassifier (n_estimators = 500, max_features = 6,
max_depth = None, min_samples_split = 1, random_state = 42).

Naive Bayes Classification. Using feature selection, eight fea-
tures were selected automatically as being useful in a five-class
classification, with each protein variant being a class. We
estimated the error rate using stratified 5-fold cross validation
with a Gaussian Naive Bayes classifier. Simply, the classifier is
trained on 80% of the data, and predicts labels for the remaining
20%. This process is repeated four more times using a unique
20% each time, predicting labels for each event. This strategy
was performed a total of 20 times to ensure the accuracy
measurement was not an outlier. A confusion matrix is generated
by comparing the predicted labels to the known identity of each
event and using Maximum A Posteriori (MAP) estimates with a
symmetric Dirichlet prior in which one is added to each of the
counts before normalization to get probabilities for each cell.
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