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ABSTRACT: A synergistic combination of cationic styrylpyridinium dyes and water-soluble deep cavitand hosts can recognize phosphorylated
peptides with both site- and state-selectivity. Two mechanisms of interaction are dominant: either the cationic dye interacts with Trp residues in the
peptide or the host:dye pair forms a heteroternary complex with the peptide, driven by both strong dye-peptide and cavitand-peptide binding (Ka values
up to 4 pM). The presence of multiple recognition mechanisms results in varying fluorescence responses dependent on phosphorylation state and
position, eliminating the need for covalent modification of the peptide target. Differential sensing aided by machine learning algorithms permits full
discrimination between differently positioned serine phosphorylations with a minimal 3-component array. The array is fully functional in the presence
of Protein Kinase A (PKA) and its required cofactors, and capable of site-selective monitoring of serine phosphorylation at the privileged PKA motif,
in the presence of serine residues that do not undergo reaction, illustrating the potential of the system in kinase-based drug screening.

Introduction are not functional on native peptides, and it is challenging to achieve

site-selectivity. A solution lies in differential “chemical nose” sensors,

Phosphorylation is one of the most common and important post- which are powerful tools for the selective and sensitive detection of

translational modifications (PTMs), regulating protein functions small changes in target structure.'' These systems have been used to

and modulating signaling cascades.' Protein phosphorylation in cells detect phosphorylation and kinase function with covalently modi-

is dynamic, responds promptly to diverse physiological stimuli, and fied peptides.”” An extension of this concept is to exploit multiple

. . 2 . .
tightly controlled by kinases and phosphatases. Precise regulation synthetic hosts and indicator dyes that show variable non-covalent

of phosphorylation is delivered by phosphate writers and erasers, de- recognition of different targets, often by cavity-based molecular

termined by both the type of amino acid and the localized sequence recognition of peptide modifications. The most popular targets are

3 . . i
motif.* Dysregulation of these enzymes can cause pathological con soft cations such as trimethyllysine (Kmes) or methylated arginines,

ditions, including inflammatory diseases, neurodegenerative dis- and excellent selectivity is possible.” The targets are also well-suited

eases, cardiovascular diseases, and cancers.* Methods for phosphor- N
for supramolecular tandem assays of enzyme activity.

ylation site detection include mass-spectrometry-based prote-
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omics,® the positional scanning peptide array (PSPA) method,® or We'**®and others''* have exploited host:guest indicator arrays

nanopore sensors.” These methods, while powerful, require complex for the selective differentiation of peptide PTMs, and their applica-

tion in monitoring chromatin writer and eraser activity, in some

and expensive machinery, biosynthesis, and intricate sample prepa- .

cases with site-selectivity.'* These systems are relatively simple in

ration. High-throughput screening of kinase activity for revealing

new drug candidates and improving therapeutic efficacy is com- concept, in that the hosts can easily recognize soft cations such as the

monly performed by detecting radio-isotopically labeled ATP.® R-NMes" group and so the detection occurs via indicator displace-

While effective at revealing the state of phosphorylation, ATP-based ment. However, other modifications (notably phosphate groups)

detectors do not have site selectivity, a critical feature of kinases in are difficult targets for cavity-based recognition, so are challenging

precisely regulating signal transduction for indicator displacement systems.'” As such, sensing peptide phos-

phorylation and kinase activity requires a different strategy.
A multifaceted optical detection system that can selectively dis- ) o ] )
tinguish phosphorylated peptides while also monitoring kinase ac- We have P reviously shown tbat an “indirect s.ens1lr61§ mechanism
tivity with site- and state-selectivity would be a valuable tool for de- can be exploited to detect peptide phosphorylation.*"In that case,
. . . . the affinity between cationic peptide and an anionic receptor was the
convoluting signaling mechanisms and discovering novel therapeu- : o L ) ]
tic strategies. Fluorescence-based methods for phosphorylation de- defining recognition characteristic: upon peptide phosphorylation,
) . . . . the overall charge of the target was changed, eliminating any affinity
tection are operationally simple, often using peptides covalently
) . 9 . between host and peptide. In addition, a metal-assisted supramolec-
modified with a fluorophore.” Phosphorylation can modulate dye ) e
fluorescence via changing tyrosine-dye interaction, enhancing metal ular tandem assay was applied to monitoring kinase/phosphatase ac-
o . . . o . tivity. The challenge was that the sensor was only functional with
coordination, or inducing peptide-protein interaction. These sen- . o i L . o
sors have also been applied to kinase and phosphatase sensing, but highly cationic peptide strands, limiting scope, and no site-selectivity



was shown. More recently, we have discovered a new indirect sens-
ing mechanism that is responsive to peptides containing a single
tryptophan residue, and exploited this to selectively detect single iso-
mers in peptide strands.' Here, we combine these two indirect
sensing concepts and show site- and state-selective recognition of
peptide phosphorylation, as well as site-selective monitoring of ki-
nase activity.

Results and Discussion

Detecting native peptide phosphorylation requires a judicious
choice of target, one that shows sensitivity to the recognition system,
but is also capable of reaction with a protein kinase. To this end, we
focused on substrates for Protein Kinase A (PKA), as it is well-stud-
ied and robust. PKA is a central element in many of the regulatory
processes in living cells, ubiquitously distributes in eukaryotic organ-
isms and phosphorylates Ser or Thr at the specific phosphorylation
site motif (R/K)-(R/K)-X-(Sp/Tp)."® Our prior recognition sys-
tem'® was selective for W-containing peptides, so a PKA substrate
sequence (DDSRRWSDQLSLD) from the WD repeat and FYVE
domain-containing protein 3 (Wdfy3) was selected. Wdfy3 is a key
mediator for clearance of protein aggregates by autophagy, and its
phosphorylation state is critical for its function.' This sequence con-
tains multiple possible phosphorylation sites: serine 7 (S7) corre-
sponds to the PKA phosphorylation motif. Wdfy3 variants with
phosphorylation at either S3, S7 or both $3 and S7 were synthesized
for testing, as well as the unmodified peptide (Figure 1).
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Figure 1. The structures of a) cavitands and b) dyes, c) the sequence of
Wdfy3 peptides used in this study.

The recognition system consists of an arrayed combination of wa-
ter-soluble deep cavitands and styrylpyridinium indicator dyes (Fig-
ure 1). These arrays can exploit an indirect recognition mechanism
whereby the cationic, hydrophobic dye binds W-containing pep-
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tides via Tr—stacking interactions.'* Competitive recognition of the

dye by different deep cavitands confers multiple equilibria on the

system, causing variable dye emission in each array element, which
is vital for differential sensing. Because the wild-type (WT) sequence
of Wdfy3 has a theoretical pI of 3.87 and shows a net charge of -2.0
at neutral pH, along with the presence of Trp at position 6, it is a vi-
able candidate for selective recognition by the dye:host system, and
variable serine phosphorylations should affect the affinity and re-
sponse. To test this hypothesis, a series of dyes and host cavitands
were combined, and their emission response with the Wdfy3 pep-
tides was analyzed. The host cavitands TCC, CHI and AMI, and
styrylpyridinium dyes DSMI, PSMI, DTMI and DQMI have all
shown efficacy as differential sensors," so were chosen as the initial
sensing elements. As the hypothesis was that the dyes would show
response to the W-containing peptide, these were tested first.

Three Wdfy3 variants (WT, Sp3 and Sp7, 010 uM) were titrated
into a solution of dye (either DSMI, PSMIL, DTMI or DQM]I, 0.5
pM in 20 mM Tris buffer, pH 7.4) and the fluorescence response
measured. Two of the plots are shown in Figure 2a-b (for the full
data set, see Figures S-5 and S-6). In each case, the fluorescence in-
tensity of the dyes is enhanced in the presence of peptide, but the
enhancement varies between the wild-type and phosphorylated var-
iants. Most notably, the Sp7 peptide shows a much lower emission
enhancement for each of the dyes than the unphosphorylated parent.
In contrast, the response for Sp3 is quite similar (but not identical)
to that for the wild-type strand, in particular for low [peptide]. This
variable emission enhancement suggests that the dyes are indeed
binding the peptide as hypothesized. Further evidence for the
dye:peptide interaction was obtained by monitoring the intrinsic
tryptophan fluorescence of the Wdfy3 peptide upon addition of dye.
Trp residues exhibit emission at 350 nm when excited at 280 nm:*
the quantum yield is sensitive to the local electrostatic environment,
and the fluorescence can be easily quenched upon addition ofligand.
Titration of the 4 dyes into a 4 M solution of WT Wdfy3 caused
variable Trp quenching (Figure 2c), corroborating the prior results.

Molecular Dynamics (MD) simulations were performed for the
association of DTMI and three Wdfy3 variants (WT, Sp3, Sp7) ina
water box using the AMBER20 simulation package with ff14sb force
field.” The trajectories of 500ns MD runs were analyzed, and the in-
teraction energies between the dye and various conformations of
Wdfy3 were calculated using the molecular mechanics/Poisson-
Boltzmann surface area (MM/PBSA) method. This allowed deter-
mination of the relative interaction energies between the dye and dif-
ferent conformations of Wdfy3. The MD analysis revealed a spec-
trum of complex conformations, highlighting that DTMI can bind
to multiple sites with different affinities. The structures of the most
favorable interactions are shown in Figure 2. These optimized struc-
tures provide a hint as to why the dyes are differentially selective for
the Wdfy3 peptide. The DTMI.-WT Wdfy3 complex (Figure 2d)
shows that the most favorable conformation obtained positions the
dye in proximity with Trp-6, showing n-stacking interactions with
the sidechain, as well as cation- @ interactions with a nearby Arg res-
idue. All 3 serines (at positions 3, 7 and 11) are close enough to the
bound dye for phosphorylation to affect the recognition. Indeed, the
results of modeling DTMI with the two variants show different pep-
tide conformations that retain the DTMI-Trp 6 interaction. The
most notable differences are that the phosphate group in Sp3 is ori-
ented away from the bound dye, whereas the phosphate in Sp7 is in
close proximity to it: the binding can still occur, but the presence of
the phosphates has differential effects based on position. Notably,



the dye fluorescence responses for WT and Sp3 (which shows a re-
motely oriented phosphate) are quite similar, and Sp7 (with a phos-
phate closer to the dye upon binding) shows far lower response (see

Figure 2a).
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Figure 2. Dye:Peptide Complex Formation. Plots of dye fluorescence
emission changes at optimal Ex/Em wavelengths Wdfy3-dye titration
curves upon titration of 0 —10 yM Wdfy3 to a) 0.5 uM DTMI; b) 0.5 uM
PSMI, c) Tryptophan emission changes upon titration of 0-10 uM dye
to 4uM WT Wdfy3 (20 mM Tris, pH = 7.4). Optimized structures de-
termined by molecular dynamics simulation of DTMI and Wdfy3 pep-
tides: d) wild-type (WT), e) Sp3, and f) Sp7.

While the dyes show differential affinity for the Wdfy3 variants,
they are not capable of fully distinguishing the variants by them-
selves (see Figures S-21 and S-22 for discriminant analysis plots).
The selectivity can be enhanced by adding a second element, water-
soluble deep cavitands. As the TCC/CHI/AMI cavitands have
been shown to be competitive receptors for the styrylpyridinium
dyes," the effect of cavitand on the dye:peptide response was tested.
The fluorescence response of various Wdfy3 peptides (4 uM in 20
mM Tris buffer, pH 7.4) to a combination of 0.5 uM dye and cavi-
tand (TCC, AMI, or CHI) at varying concentrations up to 16 uM)
was measured, as can be seen in Figures 3c—e and Figures S7 — S14.
The initial concept was that the hosts would simply compete with
the peptide for dye binding: as the different dyes have variable affin-
ity for both different peptides and different cavitands, they can con-
stitute the arrays for differential sensing. However, while the emis-
sion of the dye-cavitand complex is much higher than that of the dye-
peptide complex, the emission profiles of the different cavitand:dye
combinations in the presence of Wdfy3 peptides were highly varia-
ble, and in some cases the fluorescence of the cavitand:dye:peptide

mixture was higher than that of the cavitand:dye complex. These re-
sults indicate that the cavitand hosts were not simply competitive re-
ceptors for the dyes, but also interacted with the Wdfy3 peptide.
This effect has been seen for the anionic TCC host with cationic
Histone H3 peptides,'* but was unexpected for these anionic Wdfy3
strands. As such, we analyzed the affinity of Wdfy3 for the three cavi-
tands by monitoring the change in Trp fluorescence upon titration
of cavitand (Figure 3b). The affinity of the cavitand hosts to the WT
Wdfy3 was generally similar to that of the dye:peptide affinity, with
Kq (cavitand:Wdfy3) =6 - 21 uM and Ky (dye:Wdfy3) =4 — 47 yuM.
In addition, the cavitand:dye affinities are in a similar range, varying
from Kq=2 - 135 uM (see Supporting Table S-2 for full data).

The variable affinity profiles allow a better understanding of the
emission profiles of the different cavitand:dye combinations in the
presence of Wdfy3 peptides. The emission curves represent the sum
of all the interactions occurring between peptide, cavitand and dye
in each mixture, so deconvoluting them to identify all major contrib-
utors is challenging. There are however, certain trends that can be
gleaned from the responses, and these trends can be separated into
three broadly defined groups (illustrated in Figure 3a). Group 1) is
a simple competitive binding mechanism, which is dominant for the
DSMI dye (with all cavitands), and the TCC cavitand (with all 4
dyes, see Figures S-7, $-9a, S-11a, and S-13a). In this case, the emis-
sion increase upon formation of a cavitand:dye complex vastly out-
weighs the emission increase from peptide:dye complexation — the
relative affinities of cavitand:dye and peptide:dye are the dominant
factors that control the emission profile. Group 2) is seen with the
cationic AMI cavitand, which has the lowest affinity for the dyes and
the highest affinity for peptide. Upon titration of AMI into a solution
of Wdfy3 variants and dye (4 uM peptide, 0.5 uM dye in 20 mM Tris
buffer, pH 7.4), there is a sharp spike in emission at low [AMI] (<2
pM), followed by a plateau at higher [AMI] (see Figures 3¢, d and
Figures S-9¢, S-11c, S-13c). This is indicative of the formation of a
cavitand:dye:peptide ternary complex, and the emission is highly de-
pendent on the phosphorylation state of the peptide. The AMI host
gives rise to the most variable emission curves, especially at low
[AMI]. Evidently multiple complexes are possible, including differ-
ent peptide:dye conformations, as well as cavitand:dye and ternary
complexes. The lower AMI affinity for the dyes allows these multiple
different complexes to be present in noticeable concentrations,
which elevates the complexity of the emission profiles. Importantly,
the major takeaway is that the initial sharp emission increase fol-
lowed by a plateau is most reasonably explained by ternary complex
formation. Group 3) lies in-between the two prior states, and in-
volves the cationic cavitand CHL As can be seen most notably when
combined with PSMI (Figure 3e), dye emission is enhanced with
increasing [CHI], but the increase is not linear, suggesting that both
the ternary complex formation and competitive recognition pro-
cesses are occurring, and neither one is dominant.

The main takeaway from this data is that the sensing elements are
dependent on multiple binding equilibria, as well as the nature of the
dye and cavitand used. The relative affinities of cavitand:dye and
peptide:dye determine the emission, and can take advantage of ter-
nary complexes between peptide, cavitand and dye, rather than just
competitive recognition. The affinity titrations (vide supra) were
used to select the most favorable dye:cavitand ratios, focusing on
those that gave the greatest difference between the three tested
Wdfy3 peptides (WT, Sp3 and Sp7), i.e. dye:cavitand ratios of 0.5:2



or 0.5:4, with the exception being TCC, which favored a 0.5:0.5 ratio.
This initial 25-element array was applied to sense the various Wdfy3
peptides (see Figures S19 — S20 for the full dataset). The data was
subjected to support vector machine (SVM)-recursive feature elim-
ination with cross-validation (RFECV) to narrow the scope and de-
termine the array constituents that were most effective in peptide
discrimination. SVM-RFECYV is a classic machine learning algorithm
for optimal feature selection,”” which we have previously used for
choosing sensor elements for biomarker classification.”
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contrast to PCA which is a linear dimensionality reduction algo-
rithm that concentrates on placing data points far apart,'’* t-SNE is a
nonlinear unsupervised dimensionality reduction technique that not
only retains maximum variance but also preserves the relationship
between data points in a lower dimensional space.* Even so, there is
a small overlap between WT and Sp3 in the t-SNE plot. Sp7 and
Sp3Sp7 can be well separated from WT and Sp3, however: this mir-
rors the results from dye:peptide modeling, where the Sp3 phos-
phorylation was remote from the dye, and the difference with WT
was small, whereas the phosphorylation in Sp7 was closer to the
bound dye.

The advantage of array sensing is that while certain sensor ele-
ments could be optimal for different tasks (i.e. differentiating the
phosphorylation state or site), when combined they can provide full
discrimination of all targets. Therefore, to reveal the contribution of
each sensor in state- and site-selectivity, starting from a full array, we
applied the SVM-RFECYV algorithm to multiple tasks, focusing on:
1) determining state-selectivity, i.e. differentiating between 0 (WT),
1 (Sp3 or Sp7) or 2 (Sp3Sp7) serine phosphorylations on the Wdfy3
sequence; 2) determining site-selectivity, i.e. discriminating be-
tween Sp3 and Sp7; and 3) discriminating the full suite of peptides
WT, Sp3, Sp7 and Sp3Sp7. Only 2 elements are needed to allow full
state-selectivity: in this case, the peptides are treated as 3 targets,
with zero (WT), one (Sp3 and Sp7) or two (Sp3Sp7) phosphoryla-
tions, and using only DTMI«4AMI and PSMI.2CHI confers full
separation (see Figure $-29). On the other hand, if only two peptides
are analyzed for site-selectivity (Sp3 and Sp7), full discrimination is
possible with a single element DSMI«0.5TCC in 1D t-distribution
curve (see Figure S-30).
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Figure 3. Recognition Mechanisms. a) Illustration of the various com-
plexes formed by the host, dye and peptide combinations. b) Trypto-
phan emission upon titration of 0 — 10 uM cavitand to 4uM WT Wdfy3
(20 mM Tris, pH = 7.4). Plots of dye fluorescence emission changes at
optimal Ex/Em wavelengths upon titration of cavitand into a dye:pep-
tide mixture: c) AMI into PSMI + peptide; d) AMI into DQMI + pep-
tide; ) CHI into PSMI + peptide ([dye] = 0.5 uM, [peptide] = 4 uM,
20 mM Tris buffer, pH at 7.4).

To ensure that the array was fully functional in all cases, including
kinase sensing, we selected a medium-sized array using the top 8 el-
ements found by SVM-RFECV: DSMI«0.5TCC, DSMI.4AM],
DTMI.4AMI, DTMI.2CHI, DQMI.2AMI, DQM],
PSMI.2CHI, and PSMI.2AMI, where “2AMI”, etc. refers to the
concentration of cavitand used (2 pM in that case). The fluores-
cence responses to these 8 elements are shown in Figure 4a, which
illustrates the wide range of responses for the different elements.
While it is challenging for PCA (Figure S-28) to distinguish all 4 tar-
gets, a 2D t-SNE plot (Figure 4b) shows that the medium-sized 8-
element sensing array was able to differentiate all four peptides. In
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Figure 4. a) The bar plot and b) t-SNE plot of the fluorescence re-
sponses of the initial 8-element array to the four Wdfy3 variants. c) 3D
scatter plot using scaled F/Fo and d) the t-SNE plot of the fluorescence
responses of the top 3 array elements for discriminating WT vs Sp7 vs
Sp3 vs Sp3Sp7. [peptide] = 4 uM, [dye] = 0.5 uM, [cavitand] = 0.5/2/4
M, depending on array element, 20 mM Tris buffer, pH at 7.4).

For discriminating the full suite of peptides, SVM-RFECV sug-
gested three elements were sufficient: DTMI«4AMI, DQMI.2AMI



and DSMI.0.5TCC. Figures 4c and 4d show two processing out-
puts for the data, a 3D scatter plot and a 2D t-SNE plot, respectively.
The 3D scatter plot clearly shows the contribution of the three top
elements to the discrimination tasks. DSMI+0.5TCC is effective at
separating the Sp7-containing peptide from WT and Sp3,
DQMI«2AMI can separate WT and Sp3, and DTMI«4AMI is key
for differentiating Sp7 and Sp3Sp7. Full separation is observed with
t-SNE, illustrating the effectiveness of SVM-RFECYV in selecting the
optimal elements for discrimination. Notably, while the dyes them-
selves are effective at distinguishing the unmodified peptide from
Sp7, the more challenging discriminations requires the cavitand:dye
combination, illustrating the importance of the cavitand:dye:pep-
tide ternary complexes for site-selectivity.
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Figure 5. Site-Selective Kinase Sensing. a) t-SNE plot from F/F, data
of the PKA reaction with various Wdfy3 peptides using the optimal 3-
element array; b) t-SNE plot from F/F data of the reaction of peptides
with inactivated PKA using the initial 8 element array. 0.002 mg/mL
PKA, 20 mM Tris, 40 yM ATP, 0.2mM MgCl, 0.4 uM cAMP, [peptide]
=4 uM, [dye] = 0.5 M, [cavitand] = 0.5/2/4 pM, depending on array
element.

As the minimal array is highly effective in discriminating the vari-
ous phosphopeptides, it should be well-suited for site-selective ki-
nase monitoring, but this introduces a second challenge: tolerance
to the PKA reaction mixture. The sensor elements must be tolerant
to the enzyme, cofactors and media, as well as retaining selectivity
and sensitivity for the target phosphopeptides. To that end, the
Wdfy3 peptides WT, Sp3, Sp7 and Sp3Sp7 were subjected to the in-
itial 8-element sensing array in the presence of PKA enzyme in the
reaction buffer (0.002 mg/mL PKA, 20 mM Tris, 40 uM ATP, 0.2
mM MgCl, 0.4 uM cAMP, the necessary components for the PKA
reaction).” The measurements were taken immediately (0 h), to en-
sure no reaction had taken place. As can be seen in Figure S-32a and
S-33, this array was fully capable of discriminating the 4 peptides in

the reaction conditions. The top 3 elements selected by SVM-
RFECV (DSMI.0.5TCC, DTMI-4AMI, DQMI-4AMI, Figure S-
34) are identical to those obtained as optimal for sensing the 4 pep-
tides in Tris buffer, illustrating the tolerance of the array to the com-
plex enzyme reaction mixture.

Finally, we focused on applying the array for site- and state-selec-
tive sensing of the PKA-catalyzed phosphorylation of Wdfy3. Each
of the 4 peptides Wdfy3 (WT, pS7, pS3, Sp3Sp7) were subjected to
the same PKA reaction conditions (vide supra), and the reaction
monitored over time. Aliquots were taken, and subjected to matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry
to determine reaction progress (obviously without site-selectivity,
but this method could verify whether the peptide was converted into
the corresponding phosphate or not). The MALDI analysis showed
that the reaction of WT Wdfy3 was >70% complete after 48 h,
whereas Sp7 and Sp3Sp7 were unreacted (as expected). The Sp3
peptide, which contains a free serine at position 7 (the reactive PKA
motif) did undergo some phosphorylation, albeit substantially less
than WT, with only ~22% conversion after 48 h.

The reaction aliquots were also added to the 8-element array, and
the fluorescence responses analyzed, comparing the fluorescence re-
sponses after 0 h and 48 h (see Figure S-32 for full data). The re-
sponses of the top 3 elements (as described above) were subjected
to t-SNE, and the resulting plot is shown in Figure Sa. This plot
clearly shows the movement of the signals for WT Wdfy3 upon re-
action — before the PKA process, the signals for WT-Oh (red) are
clustered far away from the other initial peptides Sp7 (blue) and
Sp3Sp7 (green). Upon reaction, the product signals for WT-48h
(purple) are closely located by those of the Sp7 product, remote
from the Sp3Sp7 signals, indicating that the array was capable of not
only detecting phosphorylation, but that the phosphorylation oc-
curred at Ser 7 (rather than Ser 3). The Sp7 signals moved only
slightly after 48 h reaction, indicating no reaction (as expected) with
PKA. The sensor output was also compared to that of the unreacted
Wdfy3 Sp3 and Sp3Sp7, whereby the Sp3 peptide was spiked into
the non-peptide reaction mixture and heated in the same manner as
the real enzyme reaction. The t-SNE plot (see Figure S-37) shows
that the product is located near the position of Sp7, but far from Sp3
and Sp3Sp7, reinforcing both the site- and state-selectivity of the sys-
tem.

Further evidence for the performance of the sensor is shown in
Figure 5b, whereby the process was repeated with a heat-inactivated
enzyme. The PKA enzyme was heated in boiling water for 30
minutes, then sonicated for 30 minutes and vortexed to allow redis-
solution. Both WT and Sp7 Wdfy3 were subjected to “reaction” with
this inactivated enzyme, using identical conditions to the prior pro-
cess with active PKA. Figure Sb shows the t-SNE plot of the fluores-
cence responses for WT and Sp7 both before and after exposure to
the inactivated reaction conditions, and clearly show minimal move-
ment in the t-SNE plot in each case: the array can accurately report
the outcomes of both successful and failed reaction, and the sensing
components are tolerant to the enzymatic reaction conditions.

The performance of the sensor array is impressive: in the presence
of multiple different phosphate-containing species (ATP, cAMP),
enzyme and salt, a 3-component sensor is able to monitor the site-
selective phosphorylation of a native peptide solely via non-covalent
molecular recognition. Perhaps most impressively, the sensor was



able to function in mixtures of peptides, as the enzyme reaction was
not complete under the conditions after 48h, only converting 70%
WT peptide to Sp7, and yet this imperfect reaction could still be
monitored. However, there were some limitations — while the array
performed well for high-yielding enzymatic transformations (of
WT), it was challenging to accurately analyze low-yielding reactions.
The low-yielding conversion of Sp3 to Sp3Sp7 required the 8-ele-
ment array to detect, and this showed the product mixture moving
towards (but obviously not overlapping) the Sp3Sp7 product in the
t-SNE plot (see Figure $-35). This is understandable, but an area we
will focus on improving in the future. In addition, the best perfor-
mance in kinase sensing required aliquots to be taken from the reac-
tion mixture: when the reaction was performed in the presence of
the array components (notably the TCC cavitand), some interfer-
ence with the kinase reaction was seen. However, the sensor was able
to accurately track a reaction progress mimic, monitoring manually
varied concentrations of Wdfy3 WT vs Sp7 in the absence of enzyme
but in the presence of all the other reaction components (Figures
$23 - 25). This illustrates the future potential of the system as an in-
situ site-selective kinase assay.

Conclusions

Here, we have shown that a combination of cationic dyes and wa-
ter-soluble deep cavitands can be applied for indirect sensing of na-
tive, unmodified peptides and their phosphorylation state. By ex-
ploiting multiple recognition mechanisms, site-selectivity in phos-
phorylation detection can be achieved: the dyes can interact with
Trp residues in the peptide, and the host:dye conjugates can form
ternary complexes with the target. Molecular modeling suggests that
the peptide folds around the dye target, and this interaction is de-
pendent on phosphorylation state and site, conferring selectivity on
the process. By adding a second element, deep cavitands, competi-
tive equilibria are introduced, either simple competitive recognition
of the dye or formation of host:dye:peptide ternary complexes. Dif-
ferential sensing allows full discrimination between peptide targets,
and machine learning can be exploited to reveal the key sensors for
site- or state-selectivity, and create a minimal array of only 3 compo-
nents. This array is fully functional in the presence of PKA and its
cofactors, allowing site-selective monitoring of serine phosphoryla-
tion — mostly notably, the indirect nature of the recognition allows
the sensor to be selective in the presence of other phosphorylated
species, notably ATP and cAMP. This selectivity is reminiscent of
that of antibodies, but uses a simple synthetic host:guest system with
native peptide substrates for highly complex molecular recognition.
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