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ABSTRACT: Simple tuning of a host: guest pair allows selective sensing of different peptide modifications, exploiting orthog-
onal recognition mechanisms. Excellent selectivity for either lysine trimethylations or alcohol phosphorylations is possible by 
simply varying the fluorophore guest. The phosphorylation sensor can be modulated by the presence of small (μM) concentrations 
of metal ions, allowing array-based sensing. Phosphorylation at serine, threonine and tyrosine can be selectively sensed via discri-
minant analysis. The phosphopeptide sensing is effective in the presence of small molecule phosphates such as ATP, which in turn 
enables the sensor to be employed in continuous optical assays of both serine kinase and tyrosine phosphatase activity. The activity 
of multiple different kinases can be monitored, and the sensor is capable of detecting the phosphorylation of peptides containing 
multiple different modifications, including lysine methylations and acetylation. A single deep cavitand can be used as a “one size 
fits all” sensor that can selectively detect multiple different modifications to oligopeptides, as well as monitoring the function of 
their PTM writer and eraser enzymes in complex systems. 

Protein post-translational modifications (PTMs) are key 
components of cellular regulation.1 Histone modifications 
can include methylation, numerous different acylations, 
phosphorylation, and glycosylation, among others.2 These 
important epigenetic mechanisms can induce changes in 
genome function without changing the underlying DNA 
sequence.3 Their importance in cellular processes has led 
to a variety of investigations into their identification, func-
tion and creation/removal. There are many facets to this 
research: identification of the nature and location of new 
PTMs,4 monitoring the modification process itself, which 
involves assays of PTM writer/eraser enzymes and their co-
operativity,5 and study of their downstream effects on cel-
lular function.6 Studying these different facets requires 
multiple techniques: mass spectrometry is the predomi-
nant technique for identifying peptide PTMs,7 but becomes 
operationally challenging when applied to enzyme assays, 
in which high reproducibility and accurate quantitation 
are crucial. Antibodies have been employed to modified 
proteins or peptides with high specificity, 8 but they are ex-
pensive to obtain, must be expressed for each individual 
peptide, and require rigorous controls to ensure purity and 
reproducibility.9 In addition, different techniques are 
needed for analysis of intact modified proteins, as opposed 
to peptide fragments and neither MS or antibody assays are 
capable of continuous analysis. 

Small molecule optical sensors have recently gained 
prominence in detecting modifications on peptide chains,10 
and in supramolecular tandem assays of enzyme function.11 

They are often cheap, simple to use, and amenable to high 
throughput screening. Site-selective sensing is possible by 
employing “chemical nose” systems: arrayed small mole-
cule sensors can provide site-selective recognition of mod-
ified peptides upon statistical analysis of the multivariant 
responses.12 The limitations of sensing with synthetic re-
ceptors are that each individual molecule is tailored for a 
single modification type, and certain PTMs are more acces-
sible than others. Calixarenes (CX) are excellent hosts and 
sensors for methylated lysine13 residues, and cyclophanes 
can recognize both methylated lysines and arginines.14 Nei-
ther of these hosts binds lysine acylations or serine phos-
phorylations, however. Similarly, cucurbiturils (CB) are 
good hosts for ammonium ions and N-terminal phenylala-
nine,15 but have no affinity for phosphate. There are a num-
ber of small molecules that bind the phosphate group16 and 
phosphorylated peptides,17 most often polyammonium 
ions or metal-ligand complexes.18 These recognition motifs 
are highly effective and can be coupled with fluorescence 
outputs for phosphate sensing, and arrayed sensors allow 
good site-selectivity.19 

As well as the recognition, structural analysis and sens-
ing of peptide PTMs, synthetic receptors have been applied 
in supramolecular tandem assays of enzyme function.20 
These assays have great potential for analyzing PTM 
writer/eraser function, kinetics, dependence on structural 
modifications, and enzyme cooperativity. Cavity-based 
hosts such as CB7 or CX4 are effective in assaying certain 
types of enzymes,20 including chromatin writers and eras-
ers such as lysine methyltransferase and demethylase,20c 
but site-selective monitoring of these enzymatic processes 



 

is still rare. In addition, theses cavity-based hosts are not 
effective for monitoring phosphorylation enzymes such as 
kinases or phosphatases. Small molecule tandem assays of 
kinase/phosphatase activity requires that the sensor be tol-
erant to other small molecule phosphate cofactors, such as 
ATP and cAMP. Discrimination between phosphorylated 
peptides and small molecule phosphates is challenging for 
small molecule phosphate sensors, as their design princi-
ples focus on the recognition of the phosphate group, ra-
ther than the peptide.16 Sensors that are tailored to recog-
nize the phosphate group are more likely to be interfered 
with by the exogenous cofactors, and selectivity becomes 
paramount in their design. The most effective solution is 
to use peptides covalently modified with a phosphorylation 
recognition motif.19 This allows optical and fluorescence-
based assays of tyrosine and serine kinases and phospha-
tases,21 whereby peptide strands synthetically modified 
with fluorophores can detect the addition/removal of 
phosphate groups, often via FRET or aggregation-induced 
fluorescence. Creating a label-free sensor that detects 
phosphorylation of free peptides would enable more bio-
logically relevant applications, but is far more challeng-
ing.22 

 
Figure 1. a) Structure of host 1 and guests 2, 3; b) Minimized 
models of the 1•2 and 1•3•Cu2 host:guest complexes 
(SPARTAN); c) Illustrations of the effects on emission inten-
sity of binding fluorophores 2 and 3 in the cavity of 1; d) pep-
tide sequences used, red  = residue of phosphorylation in the 
phosphorylated variant. 

A “one size fits all” sensor system that can both detect 
different PTMs easily, with positional selectivity, and also 
be applied to supramolecular tandem assays of enzyme 
function would have multiple uses, and overcome some of 
the limitations of small molecule PTM sensors. We have 

recently shown that water-soluble deep cavitands such as 
123 (Figure 1) are capable of binding and sensing peptide 
PTMs via fluorescence displacement processes, and can be 
applied to site-selective sensing of lysine demethylases and 
methyltransferases.24 The behavior of this host is quite 
complex, and it is sensitive to multiple different external 
factors, allowing different recognition mechanisms to oc-
cur with a single host molecule.25 Here, we exploit these 
multiple recognition mechanisms, and create a sensing 
system that displays site-selective sensing of multiple dif-
ferent peptide PTMs show its applicability towards supra-
molecular tandem assays of both serine kinase and alkaline 
phosphatase function. Most interestingly, the assay is able 
to reveal the influence of nearby modifications on kinase 
activity.  

 
Figure 2. Relative fluorescence response of a) H3S10p; b) 
PKPS8p; c) H3K9Me3 to their unmodified counterparts. F = re-
sponse with modified peptide, F0 = response with unmodified 
peptide.1 = cavitand 1 with no metal additive. d) LDA scores 
plot with a 4-component array consisting of 1•3, 1•3•Cu2+, 
1•3•Co2+ and 1•3•Ni2+. [peptide] = 10 μM. 1•3•M2+: [1] = 20 μM, 
[3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, pH 7.4. 1•2: [1] = 3 μM, 
[2] = 4 μM, [M2+] = 10 μM. 

The internal cavity of host 1 is reminiscent of the acetyl-
cholinesterase active site, and as such 1 has micromolar af-
finity for choline23b and trimethyllysine (Kme3) residues.24 
This cavity-based recognition allows site-selective sensing 
of lysine methylations via a fluorescence displacement 
mechanism, using cholamine-derived fluorophores such as 
2, which are strong guests for 1 (Kd(1•2) = 1.51 μM at pH 
7.424b). Only Kme3 groups bind strongly enough to effect 
displacement of the strongly bound 2, conferring excellent 
pan-specificity for this modification. The host is also capa-
ble of binding other fluorophores such as DSMI 3, albeit 
more weakly than 2 (Kd (1•3) = 23.1 μM). Whereas 2 is 



 

quenched upon binding, 3 is a turn-on fluorophore, and its 
emission is enhanced upon binding in the cavity of 1.25 The 
initial application of the 1•3 system was to sense heavy 
metal ions: the carboxylate groups in 1 are perfectly posi-
tioned to rotate and bind heavy metal ions in a chelated 
fashion, with affinities of up to Kd = 700 nM in aqueous so-
lution.25 These investigations showed multiple different 
mechanisms of fluorescence quenching and enhancement 
were involved, depending on the nature of the fluorophore 
and the metal. The exquisite sensitivity of the host to small 
concentrations of heavy metals and other external factors 
such as anions and pH24a suggested that employing 1•3 and 
different metal additives would allow detection of peptide 
PTMs that display changes in charge/H-bonding, as op-
posed to the standard cavity-based recognition process. 

 
Figure 3. a) Comparison of individual sensor component re-
sponses to different PTM types. F = response with modified 
peptide, F0 = response with H3(1-21). [peptide] = 10 μM. 
1•3•M2+: [1] = 20 μM, [3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, 
pH 7.4. 1•2: [1] = 3 μM, [2] = 4 μM, [M2+] = 10 μM. b) Different 
peptide structures used. c) LDA scores plot of the selective 
phosphate sensing with a 4-component array consisting of 1•3, 
1•3•Cu2+, 1•3•Co2+ and 1•3•Ni2+.  

The initial tests focused on the modification that con-
veyed the largest change in charge/H-bonding to the pep-
tide, serine phosphorylations. Solutions of either 1•3•M2+ 
([1/3/M] = 20/1.5/10 μM) with various metal salts at pH 7.4, 
or 1•2 in varying pH buffers ([1/2] = 3/4 μM) were exposed 
to 10 μM peptide strands containing phosphorylated serine 
residues. Two different phosphorylated peptides were 
tested, a 21-amino acid histone H3 peptide (H3 1-21, 

ARTKQTARKSTGGKAPRKQLA) phosphorylated at serine 
10 and a nine amino acid substrate for protein kinase A 
(PKP) phosphorylated at serine 8 (GRTGRRNSI, Figure 1d). 
As can be seen in Figure 2 (raw fluorescence plots shown 
in Supporting Information), the 1•3•M2+ complexes showed 
variable enhancement in fluorescence (F) in the presence 
of 10 μM phosphorylated peptide, when compared to the 
emission (F0) in the presence of the non-phosphorylated 
counterpart. The enhancement does not require the pres-
ence of metal salts, as the fluorescence of 1•3 is enhanced 
by both H3S10p and PKPS8p. Addition of 10 μM of a series 
of transition metals had variable effects on the sensing pro-
cess: metals that strongly quench 1•3,25 such as Cu2+, Co2+, 
and Ni2+ gave differential, variable enhancements in signal 
for the two different peptides. In contrast, no differentia-
tion between H3 and H3S10p was observed for 1•3 in the 
presence of 10 μM Fe3+/Zn2+/Cd2+ or Pb2+. Most im-
portantly, the Kme3-selective fluorophore 2 was only mini-
mally affected by the presence of serine phosphate PTMs. 
The 1•2 sensor showed minimal distinction between the 
peptides, as neither the phosphorylated nor the unmodi-
fied peptide is capable of displacing the guest from the 
cavitand. Whereas the 1•2 host:guest complex shows a 
strong response to trimethylated lysine peptides (Figure 
2c), the 1•3•M2+ sensors showed no distinction between un-
modified H3 and H3Kme3. Simple variation of the guest 
fluorophore allows orthogonal selectivity in target sensing. 

The differential responses in the presence of metal ions 
allow the 1•3•M2+ host:guest sensors to be applied in array-
based format for more selective discrimination between 
phosphorylated substrates. When four sensor elements 
(1•3, 1•3•Cu2+, 1•3•Co2+ and 1•3•Ni2+) are combined into an 
array, and the fluorescence responses subjected to linear 
discriminant analysis (LDA),26 the phosphorylated pep-
tides are well separated from their unmodified counter-
parts on the scores plot (Figure 2d). All three repeats were 
included in the 95% confidence ellipses with no overlap 
among different peptides. The H3/H3S10p pair exhibited 
greater separation distance than the PKP/PKPS8p pair, due 
to the larger fluorescence change they induced in all 4 sen-
sor elements.   

The initial tests illustrate the capabilities of the 
host:guest sensor system: by simply varying the nature of 
the fluorescent guest, the system can be tailored to detect 
different types of peptide modification, while keeping the 
cavitand constant. The 1•2 sensor can selectively detect ly-
sine trimethylation,24b but is ineffective in sensing phos-
phorylation. The 1•3 sensor (either with or without the 
presence of Cu2+, Co2+ or Ni2+) does not show any difference 
in emission in the presence of Kme3, but is an effective 
phosphorylation sensor. The sensitivity of the 1•3 sensor 
can be exploited to favor detection of other types of pep-
tide PTM. Interestingly, in the presence of 10 μM 
Fe3+/Zn2+/Cd2+ or Pb2+, the 1•3 sensor responded to neither 
Kme3 nor S10p, but showed up to 15% emission enhance-
ment for lysine acetylation (KAc), with the largest fluores-
cence increase observed for 1•3•Cd2+ and 1•3•Pb2+ (Support-
ing Information). Figure 3a summarizes these observa-



 

tions: by simply varying the additives combined with cavi-
tand 1, the system can favor selective detection of either 
lysine trimethylation (H3K9me3, with 1•2) serine phos-
phorylation (H3S10p, with 1•3) or lysine acetylation 
(H3K9Ac, with 1•3•Cd2+). Each of the sensor elements was 
only minimally affected by the non-matched modifica-
tions.  

The selectivity of the 1•3 sensor for phosphorylation 
PTMs is such that it is capable of detecting phosphoryla-
tions on peptides that carry other types of PTMs as well 
(Figure 3c). The four-component phosphorylation-sensi-
tive array consisting of 1•3, 1•3•Cu2+, 1•3•Co2+ and 1•3•Ni2+ 
(hereinafter described as 1•3•M2+) was used to compare the 
fluorescence responses from H3S10p, H3K4Me3K9AcS10p 
and H3K9Me3S10p to those from H3 (1-21), H3K9Ac, 
H3K4Me3 and H3K9Me3. As expected, the 1•3•M2+ array was 
unable to distinguish between the non-phosphorylated 
peptides H3 (1-21), H3K9Ac, H3K4Me3 and H3K9Me3, as 
they all colocalized on the LDA scores plot. Excellent dis-
crimination was possible between the four non-phosphor-
ylated peptides and the H3S10p peptides, however. Each of 
H3S10p, H3K4Me3K9AcS10p and H3K9Me3S10p could be 
discriminated from the non-phosphorylated equivalents. 
Impressively, the simple four component 1•3•M2+ array was 
capable of distinguishing between H3S10p and 
H3K4Me3K9AcS10p, indicating that the sensor is not only 
selective for phosphate PTMs, but can display selectivity 
between multiply modified peptides as well. 

Figure 4. a) Peptide substrates phosphorylated at different al-
coholic residues; b) raw fluorescence response and c) LDA 
scores plot of phosphorylated peptides and their unmodified 
counterparts with a 4-component array consisting of 1•3, 
1•3•Cu2+, 1•3•Co2+ and 1•3•Ni2+. 

As the 1•3•M2+ array showed the greatest selectivity for 
the presence of phosphorylations, we tested its ability to 
detect the addition of phosphate PTMs on the other com-
monly modified residues, tyrosine (Y) and threonine (T). 
The 1•3•Cu/Co/Ni 2+ sensor array was added to 10 µM solu-
tions of peptides containing either Y or T phosphorylation 
(Figure 4a, CREBTide and MBP, respectively, for full se-
quences see Figure 1d) and their unmodified counterparts. 

The fluorescence pattern from CREBtide-Yp is quite simi-
lar to that of H3S10p, with the tyrosine-phosphorylated 
peptide showing a 2-3 fold increase in fluorescence in all 
four sensor components (Figure 4b). The fluorescence 
changes induced by T phosphorylation on MBP were 
smaller than the S or Y phosphorylated peptides, but per-
forming LDA on the fluorescence profiles results in clear 
separation of the three phosphorylated peptides (Figure 
4b). In each case, the phosphorylated and non-phosphory-
lated forms were clearly separated with minimum overlap 
of the 95% confidence ellipses. This indicates that the array 
is capable of acting as a selective, yet “pan-specific” sensor 
for phosphorylation on multiple potential amino acid sub-
strates. 

The orthogonal selectivity of the two different host:guest 
sensors, as well as their pan-specificity for the target mod-
ifications, suggests that the sensing processes occur via dif-
ferent mechanisms for each fluorophore guest. The mech-
anism of the Kme3 detection process with guest 2 is simple: 
guest 2 is quenched upon binding in 1, and only the 
strongly binding Kme3 group can cause displacement and 
fluorescence recovery.24b The fluorescence response of the 
1•2 complex is unaffected by the presence of unmethylated 
cationic peptides, as the 1•2 affinity is so high:24b any inter-
action between the negatively charged host 1 and cationic 
oligopeptides does not cause displacement of 2. However, 
we have previously observed that anionic host 1 does have 
a strong binding affinity for cationic peptides, a phenome-
non that could be detected when more weakly bound 
fluorophores were used.24a This affinity could be modu-
lated by Hofmeister effects under high salt conditions, and 
is the most likely explanation for the selective phosphory-
lation sensing with 1•3. To further elucidate this process, 
we investigated the interaction of cavitand 1 with peptide 
substrates via isothermal calorimetry (ITC, Figure 5, Table 
1 and Supporting Information).  

Figure 5. ITC measurements showing the affinity of 1 for a) 
H3(1-21) and b) H3S10p. [peptide] = 100 µM, 20 mM Tris, 



 

pH 7.4, 25 °C. Each injection: 2.43 µL of a 2 mM solution of 
1. 

Table 1. Thermodynamic data (ITC) for the interactions of 
1 with peptide targets. 

Peptide 
Ka(1),  

x 105 M-1 

ΔH,  

kcal mol-1 

ΔS, 
cal/mol/K 

H3 2.11 ± 0.3 -3.7 +12 

PKP 2.68 ± 0.5 -4.4 +10 

MBP 0.30 ± 0.04 -4.9 +4 

H3S10p <0.03  n.d. n.d. 

MBP-T97p N/A N/A N/A 

 

Five peptides were tested for their affinity to cavitand 1: 
three cationic peptides (H3(1-21), PKP and MBP), as well as 
two phosphorylated peptides (H3S10p and MBP-p). Cavi-
tand 1 showed strong affinity for each of the unmodified 
cationic peptides, ranging from 2.68 x 105 M-1 (PKP) to 0.30 
x 105 M-1 (MBP). In each case, binding event is both enthal-
pically and entropically favored, suggesting that both H-
bonding/charge interactions and a favorable desolvation of 
the cavitand exterior occurs upon binding. Interestingly, 
the n values vary from n = 1.39 (H3) to n = 0.67 (PKP), de-
pending on the peptide length, suggesting variable valency 
in the binding event. As cavitand 1 only shows affinity for 
oligopeptides, and not for free amino acids or products of 
protein digests,24a this makes sense: the 1•peptide coordi-
nation must involve multiple points of contact and H-
bonds, as well as charge matching, and multiple cavitands 
could be able to bind the peptide backbones. In contrast, 
the two phosphorylated peptides showed much lower af-
finity. In both cases, full binding was challenging to attain 
by ITC, indicating binding affinity was on the order of mil-
limolar or lower. Estimated fitting for the binding of 
H3S10p is ≤ 3,000 M-1, which is at least 70 times smaller 
than its non-phosphorylated counterpart (Figure 5b), 
whereas the affinity for the phosphorylated short peptide 
MBP-p could not be measured, as it was significantly below 
the limit of detection of the ITC experiment (Supporting 
Information).  

Figure 6. Equilibria present in the 1•3 phosphopeptide sensing 
mechanism. [1] = 20 µM, [3] = 1.5 µM, pH 7.4, 20 mM Tris. Kd

M 

determined via Hill equation.25,27 

This wide variation in binding between host 1 and cati-
onic/phosphorylated peptides sheds light on the mecha-
nism of sensing by the 1•3 sensor. Evidently, the binding 
between 1•3 and the peptide targets affects the emission of 
the 1•3 complex, unlike the more strongly bound 1•2. The 
more weakly bound guest 3 is likely expunged upon the 
charge-mediated 1•peptide interaction (see Figure 6). As 3 
protrudes from the top of the host, any interaction be-
tween peptide ammonium ions and the upper rim carbox-
ylates of 1 will sterically interfere with the 1•3 binding 
event. This expulsion removes the fluorescence enhance-
ment seen from the 1•3 complex. In contrast, when 1•3 is 
added to a phosphorylated peptide, the affinity is lower. In-
troduction of phosphate groups to the cationic peptide 
lowers the overall isoelectric point (pI), which lowers the 
affinity for 1, increasing the [1•3] in the system and concom-
itantly increasing the fluorescence signal. This mechanism 
of sensing is important - as the recognition event is be-
tween 1•3 and the cationic peptide, not the phosphate group 
itself, the sensing is not affected by the presence of small 
molecule phosphates such as 50 µM ATP or cAMP, 50 mM 
phosphate buffer. Addition of 500 µM ATP causes a 27% 
increase in signal (see Supporting Information), far less 
than the 170% increase with 10 μM PKPS8p, for example. 

There are other facets of the sensing mechanism that are 
unusual, namely the effect of metal additives and the fact 
that the 1•3•M2+ complex shows no response to Kme3 pep-
tides. The lack of response to Kme3 of the 1•3 sensors is eas-
ily explained: the optimal concentration of 1 for enhanced 
fluorescence of 3 is 20 μM (to 1.5 μM 3). The affinity of 23 
µM for 1•3 corresponds to a bound ratio ~50% for 3 at the 



 

concentrations used here. Unoccupied 1 will bind any Kme3 
peptides present, but at [peptide] = 10 μM, this has minimal 
effect on the 1•3 signal enhancement.  

The effect of Cu/Co/Ni2+ on the response of 1•3 for phos-
phorylated peptides is more complex, and possibilities are 
laid out in Figure 6b. In the presence of metal ions, there 
are three 1•3•M2+ states that contribute to the emission in-
tensity of 3: free 3, the 1•3 complex, and the ternary 1•3•M2+ 

complex. As described in detail in our previous publica-
tions,25, 28 the sensing and coordination of 1 to fluorophores 
and metal ions is complex, and depends greatly on the na-
ture of the metal and fluorophore. Fortunately, the three 
metal ions that were successful in modulating the fluores-
cence of 1•3 with phosphorylated peptides (i.e. Cu2+, Co2+, 
Ni2+, Figure 2a,b) all behave the same way when added to 
1•3. All three metals have strong affinity for 1•3, but the Kd 
values are quite variable, ranging from 8.7±1.7 µM (Cu2+) to 
200 ± 40 μM (Co2+). These values were obtained by fitting 
to the Hill equation,27 with no displacement of guest 3. No 
fit was obtained to a model that incorporated dissociation 
of the 1•3 complex for these three metals,25,29 indicating 
that the 1•3 complex remains intact after binding Cu2+, 
Co2+, Ni2+. This is in contrast to other heavy metals (e.g. 
Ce3+ or Pb2+) which showed strong affinity to 1, but caused 
significant dissociation of 1•3 in the process.25 Those metals 
were unsuccessful in modulating the fluorescence of 1•3 
with phosphorylated peptides, however, so we need not 
consider these more complex mechanistic possibilities 
here. For a fuller discussion, please see reference 25. 

When complexed, all three metals (Cu2+, Co2+, Ni2+) 
cause significant quenching of 1•3 by the heavy atom ef-
fect.28 The quenching amount is relatively consistent once 
fully bound: the major variable between each is its affinity 
of the metal for the 1•3 complex. Addition of metals will 
affect the affinity of 1•3 for the peptide/phosphopeptide 
(presumably enhancing the affinity for phosphopeptide via 
charge matching), as well as the emission of 3 when bound 
to the host. Variable affinities of M2+ for 1•3 lead to varying 
concentrations (and emission intensities) of each compo-
nent shown in Figure 6. The large number of equilibria pre-
cludes accurate quantitation of the effect on peptide bind-
ing in these cases. However, the qualitative effect is clear: 
addition of different metals is an effective method of intro-
ducing variables in the sensor array that allow simple, ro-
bust discriminant analysis between both peptides and their 
phosphorylated counterparts, as well as between peptides 
phosphorylated at different residues. 

The selectivity of 1•3 for phosphopeptides and its toler-
ance to small molecule phosphates suggested that this 
would be a good candidate for monitoring enzymatic pep-
tide phosphorylation/dephosphorylation in a supramolec-
ular tandem assay. Phosphorylation is mediated by PTM 
writers that add phosphate to peptides (i.e. kinases), and 
erasers that remove phosphates (i.e. phosphatases).30 For 
effective enzyme monitoring, the sensor must be tolerant 
to the cofactors required for enzymatic reaction. Kinases 
require the presence of two different phosphate-contain-
ing species (ATP and cAMP), plus a divalent metal cation, 

Mg2+. As the 1•3 sensor shows no affinity for small phos-
phates, and is mediated by the nature of the cationic pep-
tide, it is well-suited for this task. Notably, Mg2+ causes no 
change in the fluorescence of 1•3,25 so does not interfere in 
the sensing. We applied the 1•3 sensor to continuous mon-
itoring of the phosphorylation of serine 10 in H3 (1-21) by 
protein kinase A.31 The sensor was added to the enzyme re-
action mixture (containing 0.01 mg/mL PKA, 20 µM ATP, 
0.1 mM Mg2+, 5 µM cAMP, in 100 µL 20 mM Tris buffer at 
pH 7.4) from time zero, and the reaction was monitored in 
a plate reader every 10 mins. As the phosphorylation pro-
gressed, the fluorescence increased as expected, and faster 
reaction rates were observed at higher [peptide] within the 
range of 0 – 10 µM. The reaction with 10 µM peptide was 
also monitored by removing aliquots from the reaction, in-
activating the enzyme and subjecting the samples to 
MALDI-MS analysis. The product/total (product + sub-
strate) ratio determined by MS matches well with the ratio 
determined from the 1•3 fluorescence response (Figure 7a). 
This rate corresponds well to the known activity of the en-
zyme. At t = 100 min, 50% of the H3 peptide, i.e. 50 pmol, 
was phosphorylated, and 1 µg enzyme should transfer 0.5 
picomoles of phosphate per minute.  



 

Figure 7. a) Comparison of fluorescence response of 1•3 and 
MALDI analysis of the phosphorylation of H3 (1-21) and 
H3K9me3 by the unselective Protein Kinase A at 0.01 mg/mL. 
b) Comparison of fluorescence response of 1•3 upon the phos-
phorylation of H3 (1-21) and H3K9me2 by the methylation-se-
lective Aurora B Kinase at 0.005 mg/mL. Both enzyme reac-
tions also contained 0.1 mM Mg2+, 20 µM ATP, 0 (for Aurora 
B) or 5 (for PKA) µM cAMP, 10 µM peptide, 20 mM Tris, pH 
7.4; as well as the sensor: [1] = 20 μM, [3] = 1.5 μM. 

To further illustrate the power of the 1•3 sensor system 
we tested its efficacy in monitoring kinase activity. We first 
tested PKA-catalyzed S10 phosphorylation on H3 (1-21) 
peptides carrying K9me3 (Figure 7a) or K9Ac (Supporting 
Information). The presence of K9me3 or K9Ac groups does 
not appreciably affect the rate of S10 phosphorylation by 
PKA as shown by MALDI-MS analysis of the reaction pro-
gress. Excitingly, the 1•3 sensor was fully effective in moni-
toring the progress of phosphorylation in both of these 
cases, despite the fact that one of the peptides carries a ly-
sine trimethylation modification.  

Furthermore, we evaluated the capability of our sensor 
in monitoring a kinase that is differentially selective for 
peptides carrying different modifications. Aurora B Kinase 

is known to phosphorylate serine residues in peptides car-
rying adjacent Kme2 modifications more slowly than the 
unmodified lysine counterpart.32 This provides a stringent 
test for the sensor: not only must it be effective in sensing 
the phosphorylation process, it must be able to differenti-
ate between reactions occurring at different rates. As be-
fore, the sensor was added to the enzyme reaction mixture 
(containing 0.005 mg/mL Aurora B Kinase, 20 µM ATP, 0.1 
mM Mg2+, in 100 µL 20 mM Tris buffer at pH 7.4) from time 
zero, and the reaction progress was monitored in a plate 
reader every 10 mins for two peptides, H3 (1-21) and 
H3K9me2. The fluorescence responses (Figure 7b) clearly 
show the different rates of Aurora B Kinase to the different 
peptides: the greatest enhancement in fluorescence is ob-
served for the peptide that was phosphorylated fastest 
(H3), and the response with the less reactive peptide 
(H3K9me2) was concomitantly lower. The reaction was 
also monitored by MALDI-MS (Supporting Information), 
and similar response curves were obtained. This shows that 
the 1•3 sensor is an effective monitor of multiple different 
kinases, via a continuous optical assay process that is tol-
erant to exogenous small molecule phosphate cofactors 
and capable of function in the presence of other, non-phos-
phorylation PTMs, including multiple lysine methylations 
and acetylation. In addition, the ability to detect differen-
tial kinase activity on different peptide substrates illus-
trates the capability of our sensor in helping study how var-
ious PTM enzymes collaborate in the regulation of protein 
functions.33 The sensor is continuous and does not require 
waiting for full equilibration before each detection: we 
took measurements every 10 mins, but more data points 
can easily be collected. The major disadvantage we found 
to this method is at very low concentrations, as can be seen 
by the lag in detection in Figure 7a. Only after 10 mins did 
sufficient reaction occur to be detected, but we believe this 
is only as minor drawback, as out tested enzyme and pep-
tide concentrations are relatively low in all cases. 

Finally, we tested whether 1•3 sensor was also capable of 
monitoring phosphate removal with alkaline phosphatase 
(Figure 8). As the targets for tyrosine alkaline phosphatase 
are similar to those of the kinases, the process should be 
equally effective, with the only variation being a loss in flu-
orescence of 1•3 as the phosphorylated peptide is con-
sumed, rather than created. Alkaline phosphatase does not 
require ATP and cAMP as cofactors, so the reaction is sim-
pler than the corresponding kinase reaction. The 1•3 sensor 
was added to the reaction containing 10 µM CREBtide and 
0-5 U/mL alkaline phosphatase in 20 mM Tris (pH 7.4) and 
the reaction monitored over time as before. In this case, 
the sensor fluorescence decreased over time as the propor-
tion of phosphorylated peptide decreased, and the propor-
tions matched the results from MALDI measurement of 
the same enzyme mixture (see Supporting Information). 
The sensor was capable of detecting rate differences upon 
varying the concentration of enzyme (Figure 8), and vary-
ing the peptide concentration allowed calculation of the 
Michaelis–Menten constant Km for Crebtide-Yp 
dephosphorylation (Supporting Information).  



 

Figure 8. Assay of alkaline phosphatase activity on CREBtide-
Yp using the 1•3 sensor with varying [enzyme]. [peptide] = 10 
μM, [1] = 20 μM, [3] = 1.5 μM, 20 mM Tris, pH 7.4. 

In conclusion, we have demonstrated that simple tuning 
of a deep cavitand:fluorophore guest pair allows selective 
sensing of different peptide modifications, exploiting or-
thogonal recognition mechanisms for the selectivity. De-
spite the fact that the host is unchanged, excellent selec-
tivity for either lysine trimethylations or alcohol phosphor-
ylations is possible by varying the fluorophore. The phos-
phorylation sensor can be modulated by the presence of 
small (μM) concentrations of metal ions, allowing array-
based sensing and discrimination of phosphorylated pep-
tides that vary by the presence of other PTMs, or by the 
residue of phosphorylations. Phosphorylation at serine, 
threonine and tyrosine can be both detected and the dif-
ferent peptides discriminated by discriminant analysis. 
The mechanism of phosphorylation sensing is controlled 
by the affinity of the host for cationic peptides, and the 
lower affinity upon addition of the anionic phosphate 
group. This mechanism allows the sensing to be effective 
in the presence of small molecule phosphates such as ATP, 
which in turn enables the sensor to be employed in kinase 
and phosphatase assays that use ATP as cofactor. The ac-
tivity of multiple different kinases can be monitored, and 
the sensor is capable of function in the presence of other, 
non-phosphorylation PTMs, including multiple lysine 
methylations and acetylation. In addition, the sensor is 
compatible with monitoring phosphorylation and 
dephosphorylation at different residues, including serine 
and tyrosine. A single deep cavitand is a “one size fits all” 
sensor: the simplicity, selectivity and easy tunability of the 
continuous optical assay process is a powerful tool for 
rapid analysis of PTM peptides, as well as their writer and 
eraser enzymes in complex systems. 

General Information. Cavitand 123b and guest 224b were 
synthesized and characterized according to literature pro-
cedures. 1H and 13C NMR spectra were recorded on a Varian 
Inova 300 MHz, 400 MHz NMR spectrometer, and Bruker 

500 MHz NMR spectrometer. All NMR spectra were pro-
cessed using MestReNova by Mestrelab Research S.L. Deu-
terated NMR solvents were obtained from Cambridge Iso-
tope Laboratories, Inc., Andover, MA, and used without 
further purification. Mass spectra were recorded by elec-
trospray ionization on an LTQ-XL linear ion trap mass 
spectrometer (Thermo Scientific, San Jose, CA). Solvents 
were dried through a commercial solvent purification sys-
tem (Pure Process Technologies, Inc.). MALDI-MS spectra 
were obtained using an AB Sciex TOF/TOF 5800 MALDI 
mass spectrometer in the positive ion mode. Molecular 
modelling (semi-empirical calculations) was performed us-
ing the AM1 force field using SPARTAN. Fluorescence 
measurements were achieved in a Perkin Elmer Wallac 
1420 Victor 2 Microplate Reader (PerkinElmer) with the 
Ex/Em wavelengths at 530/605 nm or 440/605 nm. All pep-
tides except the Protein Kinase A substrate were purchased 
from Anaspec and used as received. Protein Kinase A from 
bovine heart and its peptide substrate, Alkaline Phospha-
tase, trans-4-[4-(dimethylamino)-styryl]-1-methyl-pyri-
dinium iodide (DSMI), Aurora B kinase were purchased 
from Sigma Aldrich (St. Louis, MO). All other materials, 
including metal salts, ATP and cAMP were purchased from 
Sigma Aldrich (St. Louis, MO) or Fisher Scientific (Fair-
lawn, NJ), and were used as received. Linear Discriminant 
Analysis (LDA) was performed with RStudio (Version 
1.0.136), an integrated development environment (IDE) for 
R (version 3.3.2). Confidence ellipses were drawn with the 
data obtained from PCA using Matlab (version R2016b) and 
a self-developed script.  

 Experimental Procedures 

Fluorescence measurements. In general, the fluores-
cence assay was carried out by mixing 10 µL of the fluores-
cent guest 2 (30 µM) or 3 (15 µM), 10 µL of the cavitand 1 
(40 µM for 2 and 200 µM for 3), 10 µL metal salts (100 µM 
in water), 60 µL of the incubation buffer (Tris buffer HCl, 
pH 7.4, 20 mM) in the 96-well plate, adding 10 µL of the 
peptide solution at 100 µM to bring the total volume up to 
100 μL, and incubating with mild shaking for 15 mins at 
room temperature. The fluorescence signal (F) was rec-
orded in a Perkin Elmer Wallac 1420 Victor 2 Microplate 
Reader (PerkinElmer) with the Ex/Em wavelengths at 
530/605 nm for guest 2 and 440/605 nm for guest 3.  

Preparation of phosphorylated peptide. Non-phos-
phorylated peptide substrates (a 21-amino acid histone H3 
peptide (H3 1-21) and a nine-amino acid substrate for pro-
tein kinase A (PKP, GRTGRRNSI) were first dissolved in 
water with a concentration of 1 mg/mL. In a typical phos-
phorylation reaction, a final concentration of 1 mM Mg2+, 
200 µM ATP, 50 µM cAMP, 100 µM peptides were added 
sequentially into a 2 mL centrifuge tube, and Tris buffer 
(pH 7.4, 20 mM) was added to bring the volume to 900 µL; 
then, PKA (100 µL, 1 mg/mL) was added immediately to 
bring the total volume to 1 mL. The mixture was incubated 
overnight at room temperature. The reaction was stopped 
by heating the tube at 100 oC in water bath for 5 minutes. 
Successful phosphorylation was confirmed by MALDI (Fig-
ure S12). The product was used directly without further 
modification since other components within the reaction 



 

mixture did not impact on the sensor fluorescence (Figure 
S13).    

Kinase and alkaline phosphatase activity assay. 
Continuous monitoring of PKA catalyzed phosphorylation 
of H3 or PKP was performed by mixing 10 µL of enzyme 
reaction solution (1 mM Mg2+, 200 µM ATP, 50 µM cAMP 
and 100 µM peptide), 10 µL of 15 µM guest 3, 10 µL of 200 
µM cavitand 1, 60 µL Tris buffer (pH 7.4, 20 mM) and fi-
nally 10 µL of PKA at various concentrations. Similar pro-
cess was used for monitoring the activity of Aurora B ki-
nase, except that cAMP was not needed for this enzyme. 
The alkaline phosphatase assay was carried out by mixing 
10 µL of 15 µM guest 3, 10 µL of 200 µM cavitand 1, 10 µL of 
100 µM CREBtide, 60 µL Tris buffer (pH 7.4, 20 mM) and 
10 µL of alkaline phosphatase at various concentrations. 
The fluorescence was recorded by the plate reader at every 
5 min. 

MALDI-TOF MS analysis. The enzymatic reaction was 
carried out as described above. Aliquots were taken out at 
various time points and heated to deactivate the enzyme. 
A saturated solution of α-cyano-4-hydroxycinnamic acid 
(CHCA) was prepared in a 1:1 mixture of pure acetonitrile 
and 0.1% formic acid, and used as the matrix. A mixture of 
0.5 μL of the matrix and 0.5 μL of the reaction aliquot was 
spotted on a stainless steel Opti-TOF™ 96 targets plate, 
and allowed to dry completely before being introduced 
into the mass spectrometer. Analysis was carried out on an 
AB Sciex 5800 TOF/TOF proteomics analyzer with a laser 
irradiation at a repetition frequency of 1000 Hz. A laser in-
tensity index of 2800 was used for sample ionization and 
the MS spectra were acquired in the positive reflector 
mode within the mass range from 500 to 3,000 Da. 

ITC measurements. All ITC experiments were per-
formed using a MicroCal iTC200 (GE Healthcare, Freiburg, 
Germany) with a stirring rate of 700 rpm. The baseline was 
stabilized prior to the experiment, and a pre-injection de-
lay was set to 60 s. The first injection was 0.4 µL while the 
remaining injections were 2.43 µL, performed every 180s. 
The reference power was set to 5 µcal/sec. The syringe con-
tained 2 mM negative cavitand while the cell contained 0.1 
mM peptide. All experiments were conducted at 25 °C. 
Curve fitting was performed with Origin using the stand-
ard one site model provided by MicroCal. The standard one 
site model uses the following equation:  

∆𝑄(𝑖) = 𝑄(𝑖) +  
𝑑𝑉𝑖

𝑉0
[
𝑄(𝑖)+𝑄(𝑖−1)

2
] − 𝑄(𝑖 − 1)   

Where Q(i) = total heat content at the end of the ith in-
jection, Vo = active cell volume.  

New molecule synthesis and characterization and additional 
spectral data. This material is available free of charge via the 
Internet at http://pubs.acs.org.  
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1. Supporting Figures 
I) Turn-on fluorescence of DSMI upon binding to cavitand  

 
Figure S-1. Fluorescence enhancement of guest 3 with different hosts – cavitand 1, 
tetrasulfonatocalix[4]arene (CX4), and cucurbit[7]uril (CB7) (a) and different cavitands (b)[2]. [3] = 1.5 µM, 
Phosphate buffer, 100 mM, pH =7.4. 

 
Figure S-2. a) Fluorescence enhancement of guest 3 with different surfactants. a) SDS, b) Tween-20, c) 
Triton X-100, d) CTAB. [3] = 1.5 µM, 100 mM Phosphate at pH 7.4. 



S-3 
 

 

 
Figure S-3. a) Competition of small molecules (a) and peptides (b) with 3 for binding to 1. [3] = 1.5 µM, 
[1] = 20 µM, 20 mM Tris-HCl at pH 7.4. 

 
Figure S-4. Job plot for the binding between 3 and 1 in 100 mM Phosphate or 20 mM Tris buffer, both at 
pH 7.4. Adjusted fluorescence = F – [DSMI ratio] * F[DSMI ratio = 1] 
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Figure S-5. Influence of ion strength and anion type on fluorescence enhancement of 1•3. a) different 
concentrations of NaCl, [1] = 20 μM, [3] = 1.5 μM, 20 mM Tris, pH 7.4; b) different anion types, [1] = 40 
μM, [3] = 40 μM, 20 mM Tris, pH 7.4. 

 
Figure S-6. Influence of phosphate anion on fluorescence enhancement of 1•3 in either 50 mM Phosphate 
or 50 mM Tris, both at pH 7.4. 
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II). Fluorescence responses of the cavitand-based sensors for various PTMs 

 
Figure S-7. Raw fluorescence plots for the data shown in Figures 2a and 2b. [peptide] = 10 μM. 1•3•M2+: 
[1] = 20 μM, [3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, pH 7.4. 1•2: [1] = 3 μM, [2] = 4 μM, [M2+] = 10 
μM. RhB3.3, 5, 7.4, and 9 correspond to guest 2 (RhB) in buffer at pH 3.3, 5, 7.4, or 9. 
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Figure S-8. Relative fluorescence response of H3K9Ac with different sensor array elements. F0 = 
fluorescence of H3 peptide, F = fluorescence of H3K9Ac peptide; [peptide] = 10 μM. 1•3•M2+: [1] = 20 
μM, [3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, pH 7.4. 1•2: [1] = 3 μM, [2 (RhB)] = 4 μM, [M2+] = 10 
μM. RhB3.3, 5, 7.4, and 9 correspond to guest 2 (RhB) in buffer at pH 3.3, 5, 7.4, or 9. 

 

 
Figure S-9. Fluorescence response of 1•3•M2+ with peptide phosphorylation in the presence of other PTMs. 
(a) methylation; b) methylation plus phosphorylation; c) methylation plus acetylation plus phosphorylation. 
[peptide] = 10 μM. 1•3•M2+: [1] = 20 μM, [3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, pH 7.4.  



S-7 
 

 
Figure S-10. Fluorescence response of 1•3•M2+ with phosphorylated peptide. (a) CREBtide; b) MBP. 
[peptide] = 10 μM. 1•3•M2+: [1] = 20 μM, [3] = 1.5 μM, [M2+] = 10 μM, 20 mM Tris, pH 7.4.  
  



S-8 
 

III). Isothermal Calorimetry analysis of cavitand:peptide interactions 

 

 
Figure S-11. ITC data for the addition of aliquots of 2.43 µL 2 mM of cavitand 1 to a) H3 (1-21), b) protein 
kinase A substrate PKP (GRTGRRNSI); c) MBP (Biotin-APRTPGGRR) and d) MBP-Tp (Biotin-APR-
pT-PGGRR ). [peptide] = 100 µM in 20 mM Tris buffer at pH 7.4.  
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IV). In situ monitoring of peptide phosphorylation and dephosphorylation 

 
Figure S-12. MALDI confirmation of a) H3 and b) PKP phosphorylation by PKA, as well as c) CREBtide-
p dephosphorylation by alkaline phosphatase. Reaction conditions the same as in Fig. S14 and S18. 

 

 

 
Figure S-13. Phosphorylation reaction additives’ influence on fluorescence enhancement of 1•3. a) 1 mM 
Mg2+, 5 μM cAMP, 50 μM ATP and 0.01mg/mL PKA. b) 10 mM Mg2+, 50 μM cAMP, 500 μM ATP, 0.1 
mg/mL PKA. 
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Figure S-14. Kinetic study on PKA activity and Michaelis–Menten constant Km calculation using the 
Lineweaver-Burke plot with varying concentrations of H3 peptide (a, b) and ATP(c,d). Enzyme reaction 
solution: Mg2+ = 1 mM, ATP = 20 μM (for a, b), cAMP = 5 μM, H3 peptide = 10 μM (for c, d) and PKA 
= 0.01 mg/mL, 20 mM Tris buffer at pH = 7.4. 
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Figure S-15. Kinetic study on PKA activity with H3, H3K9me3 and H3K9Ac peptide as substrates. a) H3 
peptide as substrates with various concentrations of PKA (0-0.05 mg/mL), b) MALDI verification of figure 
a; c) H3K9me3 peptide as substrates with various concentrations of PKA (0-0.05 mg/mL), d) MALDI 
verification of figure c. e) H3K9Ac peptide as substrates with various concentrations of PKA (0-0.05 
mg/mL), f) MALDI verification of figure e. PKA Enzyme reaction solution: Mg2+ = 1 mM,ATP = 20 μM, 
cAMP = 5 μM, H3 peptide = 10 μM, 20 mM Tris buffer, pH = 7.4. 
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Figure S-16. MALDI verification of fluorescence assay results shown in Fig. 7b, which compared the 
kinetics of phosphorylation on a) H3 (1-21) and b) H3K9me2 by the methylation-selective Aurora B Kinase, 
with the averaged area ratios of the phosphorylated product over the sum of phosphorylated product and 
non-phosphorylated substrate plotted against reaction duration displayed in c). Enzyme reaction conditions: 
0.005 µg/µl enzyme, 10 μM peptide substrate, 0.1 mM Mg2+, 20 μM ATP, 20 mM Tris buffer at pH = 7.4.  
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Figure S-17. Kinetic study on alkaline phosphatase activity with CREBTide-Yp substrate. a) Fluorescence 
response over time with various concentrations of alkaline phosphatase (0-5 U/mL), b) MALDI verification 
of the data in Figure S-17a; c) Matching of fluorescence data with MALDI data. Alkaline phosphatase 
enzyme reaction solution: [CREBTide-Yp] = 10 μM, Tris buffer, 20 mM, pH = 7.4. 

 

 
Figure S-18. Kinetic study on alkaline phosphatase activity and Michaelis–Menten constant Km calculation 
using the Lineweaver-Burke plot with varying concentrations of CREBTibe-Yp. Alkaline phosphatase 
enzyme reaction solution: alkaline phosphatase = 5 U/mL, 20 mM Tris, pH = 7.4. 
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