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Abstract: Protein kinases are critical therapeutic targets. Pim
kinases are implicated in several leukaemias and cancers. Here,
we exploit a protein nanopore sensor for Pim kinases that bears
a pseudosubstrate peptide attached by an enhanced engineering
approach. Analyte binding to the sensor peptide is measured
through observation of the modulation of ionic current
through a single nanopore. We observed synergistic binding
of MgATP and kinase to the sensor, which was used to develop
a superior method to evaluate Pim kinase inhibitors featuring
label-free determination of inhibition constants. The procedure
circumvents many sources of bias or false-positives inherent in
current assays. For example, we identified a potent inhibitor
missed by differential scanning fluorimetry. The approach is
also amenable to implementation on high throughput chips.

There are over five hundred kinases encoded in the human
genome,!! which regulate most cellular processes by the
transfer of phosphate from ATP to protein substrates. Protein
kinases are overexpressed or dysregulated in many diseases.
Spurred on by high-profile successes such as imatinib
(Gleevec),” protein kinases are under intense investigation
as therapeutic targets in drug discovery programs. The Pim
kinases are a family of three serine/threonine kinases that
regulate several downstream processes essential for cancer
progression, and whose overexpression has been implicated in
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a number of cancers and leukemias.”! Here, we describe the
development of a single-molecule, nanopore-based assay for
the evaluation of Pim kinase inhibitors that exploits a detec-
tion method that differs radically from prevailing methods.

While radiometric assays are widely regarded as the gold
standard for protein kinases, homogeneous “mix and mea-
sure” assays utilizing fluorescence detection predominate, as
they are easy to automate and do not require radioisotopes.
Nonetheless, these assays may still require costly reagents
such as labeled antibodies, and are often susceptible to
interference from colored or fluorescent compounds, or
inhibition of coupled enzyme reactions. Differential scanning
fluorimetry (DSF) measures the stabilization of a protein fold
to thermal denaturation contributed by ligand binding, and
has found favor due to its cost-effectiveness and scalability."
This is at the expense of accuracy, as DSF measurements are
less directly correlated to ligand affinity than direct determi-
nations of inhibition constants or half-maximal inhibitory
concentrations (IC50 values)."!

We have previously developed a novel engineering
strategy for producing heptameric alpha-hemolysin (aHL)
pores containing a single subunit bearing a peptide sensor
element fused to the trans mouth loop.” Site-specific
proteolysis liberates one end of the sensor-element so that it
is attached by a single peptide bond (Figure 1a). Analyte
binding is readily observed by monitoring the modulation of
ionic current flow through a single pore in an artificial
membrane under an applied potential.

In the present work, we applied this strategy to engineer
a pseudosubstrate analogue of the Pim consensus substrate
sequence “Pimtide” as the sensor element (Figure 1a,b)."*
This allowed us to measure kinase binding to the sensor in the
presence of MgATP without subsequent phosphorylation. We
discovered synergistic binding to Pim-1 by MgATP and the
sensor peptide. Inhibition constants of ATP-competitive
inhibitors could be determined by measuring their modula-
tion of the synergistic binding. Evaluation of a small test set of
compounds identified a potent inhibitor missed by DSF,
suggesting that our approach is more robust. This establishes
a novel, label-free inhibitor-screening procedure amenable to
scaling to high-throughput when coupled with parallel
measurement technologies. Further, the determination of
hitherto unknown parameters, such as the affinity of MgATP
for Pim-1, provides new insight into the Pim kinase mecha-
nism and demonstrates the power and versatility of our
technique.

The new heteroheptameric, pseudo-substrate-functional-
ized pore, (aHL-D127N-PSLM-TEV-DS),(a¢HL-D127N),
(hereafter tHL-D127N-PSLM-TEV), exhibited similar two-
state gating behavior to the previously described oHL-
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Figure 1. Sensor design and characterization. a) Illustration of the protease-cleaved sensor aHL-D127N-PSLM-TEV indicating the location of the
pseudosubstrate sensor element (purple) flanked by serine/glycine linkers (green) and a TEV protease recognition site (“TEV RS”, red). b) Design
of the TEV protease-cleavable trans loop fusion within aHL-D127N-PSLM-TEV. c) Kinetic model for the analysis of the observed current signal
through the oHL-D127N-PSLM-TEV (cut) sensor in the presence of Pim-1. State B, corresponds to the blocked current level of the pore due to
occlusion by the attached peptide. State O, corresponds to the open pore that is not bound to a kinase, and O, corresponds to the open pore
with a kinase molecule bound to the sensor peptide. Plots are shown of the concentration-dependence of d) the pseudo-first-order Pim-

1 association rate constant k', , and e) the first-order Pim-1 dissociation rate constant k_,. Error bars represent standard deviation (s.d.) (n=4).
Representative current traces of the aHL-D127N-PSLM-TEV (cut) pore under an applied potential of —50 mV before (f) and after (g) the addition
of 81 nm Pim-1 to the trans chamber are shown together with representative dwell-time histograms for the open-pore current level. The open-pore
current level is marked “O”. Measurements were performed in 15 mm MOPS, pH 6.8, 300 mm KCl, 5 mm DTT. The filter corner frequency was

2 kHz.

D127N-PLM-TEV!! when inserted into planar lipid bilayers
(Figure 1c—g).

In the absence of kinase, the mean blockade duration was
11 £ 3 ms, and the mean inter-event interval was 1.7 + 0.3 ms
(both n=4). With the same kinetic model as used for oHL-
D127N-PLM-TEV (Figure 1c¢), we characterized the binding
of Pim-1 to aHL-D127N-PSLM-TEV. The bimolecular asso-
ciation rate constant, dissociation rate constant, and dissoci-
ation equilibrium constant were: k., = (1.54+0.1) x 10°M's 7!,
k,=12+1s", K;=804+10nm (all n=4); the same as for
oHL-D127N-PLM-TEYV, within error (Figure 1d,e).

We next measured the effect of Mg*" on the Pim-1-
pseudosubstrate interaction. Mg*" is required for ATP bind-
ing to kinases, but may also affect the kinase-pseudosubstrate
interaction by both increasing the ionic strength of the
solution and specifically binding within the active site.’! We
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measured Pim-1 binding to the sensor before and after the
addition of 10 mm MgCl, (final concentration). Upon addi-
tion of MgCl,, k., decreased from (1.34+0.2) x 10°M~'s™" to
(8.7£02)x10’mM's™!, and k_, increased from 12+3s™' to
1844 s ! (all n=12). K, increased from 90 +20 nm to 210 +
60 nm (n=12).

Addition of ATP in the presence of 10 mm MgCl, gave rise
to a new population of events in the open-pore current level
with a mean duration of several seconds, additional to shorter
duration populations corresponding to apo-Pim-1 binding and
pore blockade by the sensor peptide (Figure?2a). We
hypothesized that the additional population corresponds to
the ternary complex between Pim-1, MgATP, and the sensor
peptide, consistent with synergistic binding.

Assuming independent binding of apo-Pim-1 and Pim-1-
MgATP to the sensor, we modified our kinetic model and
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Figure 2. Effect of MgATP on Pim-1 interaction with sensor. a) Representative current traces and open-pore current level dwell-time histograms of
oHL-D127N-PSLM-TEV (cut) under an applied potential of —50 mV in the presence of 162 nm Pim-1 before and after the addition of 10 mm
MgCl, and 10 um ATP to the trans chamber. The open-pore current level is marked “O”. The additional population of events corresponding to

ternary complex formation is marked with a red asterisk. b) Kinetic model for the current signal observed in the presence of Pim-1 and MgATP.
States are as in Figure 1¢, with the addition of O, which corresponds to the open pore where kinase-MgATP binds to the sensor peptide to form
a ternary complex. Note: an additional blocked state B, connected to O, (not shown) was included to properly account for “noise” spikes'” during
long events corresponding to the ternary complex (SI). The ATP concentration-dependence of the pseudo-first-order association rate constants for

formation of the c) binary (k',,) and d) ternary (k',5) complex are plotted together with their fitted curves according to Equations (1) and (2),
respectively. The concentration of Pim-1 was 162 nm throughout. Error bars represent s.d. (n=3). Measurements were performed in 15 mm
MOPS, pH 6.8, 300 mm KCl, 5 mm DTT. The filter corner frequency was 2 kHz.

derived equations relating the measured pseudo-first-order
association rate constants for the binary (k’,,) and ternary
(k'.3) complexes to the total concentration of ATP (Fig-
ure 2b, Supporting Information):

Ko _____[ATP, (1)
[Pim], "2\ KPmMEATP | ATP)

[ATP], ) )

k/+3 — I ettt
[Pim], 7\ KImMeATP | TATP)

Titration of ATP over a range of 1-1000 pm in the
presence of 10 mm MgCl, confirmed that, in accordance with
Equations (1) and (2), the frequency of events corresponding
to ternary complex formation increased with ATP concen-
tration, while the frequency of events corresponding to binary
complex formation decreased (Figure 2c,d). Fitting of Equa-
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tions (1) and (2) yielded K:™"#™" values of 60+ 10 um from
the k', data, and 35+5 um from the k'.; data. The fitted
value of k., was (9.3+0.6)x10’m s, and k.5 was (7.5+
0.7)x107m s\,

The dissociation rate constant attributed to the binary
complex, k_,, shifted from 18+4s™' to 26+8s" in the
presence of ATP (mean calculated over 1-50 um ATP, n =15;
k_, was fixed to the latter value when fitting dwell time
histograms at higher ATP concentrations, where the binary
population was sparse). We tested whether this shift might be
due to ADP contamination. After the addition of ADP in the
presence of 10 mm MgCl, and absence of ATP, we continued
to see a single population of binding events (Supporting
Information (SI), Figure Sla). While the association rate
constant for this population was unaffected, the dissociation
rate constant increased significantly with ADP concentration
(SI, Figure S1b). Rarely, much longer events were seen,
presumably due to contaminating ATP from ADP dispro-
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portionation. Therefore, the shift in binary dissociation rate
constant in the presence of ATP most likely results from
contaminating ADP. As the association rate constant of the
Pim-1-ADP complex is the same as that for apo-Pim-1, low
levels of ADP should have a negligible effect on K} ™M#AT?
determination from the “binary” event population (SI).

We also observed an ATP-dependent decrease in the
dissociation rate constant for the ternary complex, k_;,
leveling off to a value of ca. 0.09s™' at 1 um ATP (SI,
Figure S2). The origin of this effect is unclear, but may be due
to the breakdown of some of our assumptions at low ATP
concentrations, such as the assumption of independent bind-
ing of apo-Pim-1 and Pim-1-MgATP.

K, values for MgATP with Pim-1 have not previously
been reported. K,, values for MgATP with Pim-1 have been
reported to be 10 pm™ or 400 pm.™ Our K™ YEATP values (60
and 35 um, from binary and ternary populations respectively)
appear reasonable when compared to other kinases; for
example, the K; of MgATP with cAMP-dependent protein
kinase (PKA) was previously determined to be 25 um.['?! This
similarity of affinity is despite the Pim kinases lacking a highly
conserved backbone NH hydrogen bond between a residue in
the hinge region and ATP™! Synergistic binding between
MgATP and an inhibitory peptide (PKIP5-24) to PKA has
previously been observed.>!¥ Surface plasmon resonance
(SPR) measurements found that this was largely due to k_;
being roughly four orders of magnitude lower than k_,.' The
effect for Pim-1 is similar, though smaller in magnitude. That
k_5 is so much less than k_,, and much slower than kg,
(45,1 suggests that almost all productive complexes
result in phosphorylation (see SI for further discussion).
Together with rapid, electrostatically enhanced association
rates,”! these features ensure effective signal transduction
even at very low kinase/substrate concentrations.

We reasoned that it should be possible to measure the
modulation of synergistic binding by ATP-competitive inhib-
itors, and so determine inhibition constants (ST). We first had
to confirm that Pim-1-inhibitor complexes would bind the
sensor peptide, and compare the kinetics of this interaction
with those for apo-Pim-1. We titrated the ATP-competitive
Pim kinase inhibitor 1 (Figure 3a)'"! against the Pim-1-sensor
interaction in the absence of ATP. Over the range 1-10000 nm
of 1, we observed a single population of binding events with
similar kinetics as those seen when only Pim-1 was present
(SI, Figure S3a,b). We could therefore treat events due to
Pim-1-sensor binary complex formation and those due to the
Pim-1-inhibitor-sensor complex as a single population, justi-
fying the simplifying assumption that k ,~k,, (Where k_, is
the association rate constant of the Pim-1-inhibitor complex,
SI). For simplicity, we continue to use the kinetic model in
Figure 2b, and the notation k',,, where this now refers to the
combined population of apo-Pim-1 and Pim-1-inhibitor bind-
ing events.

We next titrated 1 over the range 1-10000 nM against
100 um ATP in the presence of 10 mm MgCl, and 162 nm Pim-
1.

The frequency of ternary complex events decreased with
increasing 1, with a corresponding increase in frequency of
the combined population of apo-Pim-1 and Pim-1-inhibitor
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Figure 3. Determination of the inhibition constant for an ATP-compet-
itive inhibitor of Pim-1. a) Chemical structure of compound 1. b) Rep-
resentative open-pore current level histograms before and after the
addition of 10 um 1 to the trans chamber, in the presence of 10 mm
MgCl, and 100 um ATP. The dependences of the pseudo-first-order
association rate constants for formation of c) the combined Pim-1 and
Pim-1-inhibitor “binary” population (where k' ,~k’,,, SI) and d) the
ternary (k',3) complex on the concentration of 1 are plotted together
with their fitted curves according to Equations (3) and (4), respectively.
The concentration of Pim-1 was 162 nm throughout. Error bars
represent s.d. (n=3). Measurements were performed in 15 mm
MOPS, pH 6.8, 300 mm KCI, 5 mm DTT. The filter corner frequency
was 2 kHz.

binding events (Figure 3b). Plots of the dependence of the
pseudo-first-order association rate constants k', and k'3 on
the concentration of 1 were fitted with:

L (e .
[Pim], (1 4 AT [I]n)

K{};.m MgATP + K

and:

/
Ky o

. [ATP),
T =K
[Pim], KPimMEAT? (1 4

[ATP], [I]u) (4)

K(lllm MZATP K;

respectively (SI). Values of the inhibition constant, K;, were
determined to be 70 +30 nm from the k', curve, and 130 +
30 nMm from the k',; curve (Figure 3¢,d). These compare well
with a previously determined value (91 nm).'”! The bimolec-
ular association rate constants for formation of the binary and
ternary complexes were k., =(9.44+0.5)x10"m's™!, and
k.s=(78403)x10"m 's™!, respectively. During fitting,
K5m™MEATP was fixed to the mean of the two values determined
above (47 um).

Interestingly, >100nm of 1 reversed the previously
observed ATP-induced shift in k_, when in the presence of
MgATP and absence of inhibitor. We earlier ascribed the
ATP-induced shift to traces of ADP, and so inhibitor-induced
reversal of this shift must arise because the inhibitor out-
competes ADP.

To further validate our screening approach, we surveyed
five additional compounds in a simple assay aimed at
identifying those that bind below a defined affinity threshold.
We first measured compounds 2-6 binding to Pim-1 by DSF
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for reference. Compounds 2-3 appeared to bind Pim-
1 strongly (IC50~ 100 nM, based on previous correlations
between temperature shift and IC50 values®), with 4-6
showing weak or no binding (IC50>1 um, Figure 4a). We
then screened the compounds using our nanopore sensor at
a concentration of 1 um against 100 pm ATP in the presence of
10 mm MgCl, and 162 nm Pim-1. Compounds 24 appeared to
bind with similar affinities as 1, whereas 5 and 6 showed no
effect, as determined from the pseudo-first-order association

o
K. =91 nMf IC50 =28 + 2 nM ; 61 nM*
ATm =7.4°
o
[ “ou
Br,

3 4
IC50=3+1nM IC50=16+ 3 nM
AT, =8.0° AT, =3.0°
_ o)
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o oF
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éﬁﬂﬂmmm
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Compound

Lo,

1
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Compound

Figure 4. Screen of a panel of compounds against Pim-1. a) Structures
of evaluated compounds are shown with thermal shift values deter-
mined by DSF and other relevant aff‘nity/potency measurements.
T Literature value for inhibition constant.'”! * Literature value included
for comparison."® All other 1C50 values were determined in this work
by a coupled-enzyme kinase assay.I"! Corresponding dose-response
curves are shown in the S, Figure S4. Values of the pseudo-first-order
association rate constants in the presence of the compounds shown in
(a) are plotted for b) the combined population of apo-Pim-1 and Pim-
1-inhibitor binding events (“binary”” population, where k', ,~k',,) and
c) the ternary (k',3) complex (n=3, in all cases). Compounds that bind
at or above an affinity threshold of ca. T um are highlighted by red
numerals and bars. All compounds were used at a final concentration
of 1 um against 100 pm ATP. The concentration of Pim-1 was 162 nwm.
Measurements were performed in 15 mm MOPS, pH 6.8, 300 mm KCl,
5 mm DTT and 10 mm MgCl,. The filter corner frequency was 2 kHz.
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rate constants for the binary (combined apo-Pim-1 and Pim-1-
inhibitor) and ternary (Pim-1-MgATP) events (Figure 4b,c).

While DSF suggested that 4 should bind Pim-1 weakly,
our nanopore screen suggested affinity similar to 1 and 2,
which the literature indicates are much more potent (K;=
91 nMm for 1, IC50=61 nm for 2). To seek clarification, we
determined IC50 values for compounds 2-6 with a coupled-
enzyme kinase assay (SI, Figure S4).*! These 1C50 values
correlated well with our nanopore screen, indicating that DSF
had not accurately determined the potency of 4. Indeed, it has
been previously noted that weaker hits identified by DSF are
sometimes found to inhibit potently in enzymatic assays."!
This finding exemplifies the benefits of K; determination by
our technique.

To be truly useful for high-throughput screening, many
individual sensor pores will need to be monitored in parallel.
Fortunately, this has been extensively pursued for the goal of
nanopore DNA sequencing.”*?!! For example, Oxford Nano-
pore Technologies’ MinION device is capable of monitoring
hundreds of pores simultaneously (www.nanoporetech.com)
and should be adaptable to inhibitor screening by incorpo-
rating microfluidic channels for compound delivery. Parallel
measurement and bilayer miniaturization (for example drop-
let interface bilayers®') will ensure economical consumption
of kinase. Further, consensus peptides for many kinases have
been obtained from degenerate library arrays.’! Through its
markedly different basis of detection, our technique therefore
offers a highly complementary means of inhibitor screening,
yielding inhibition constants while avoiding biases inherent in
existing methods, and with the prospect of scaling to high
throughput.

Keywords: drug discovery - inhibitors - protein kinases -
screening - single-molecule studies
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