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ABSTRACT: We demonstrate a polyion complex (PIC) nanoparticle
that contains both a responsive fluorophore and an “internal standard”
fluorophore for quantitative measurement of protein kinase (PK) activity.
The PK-responsive fluorophore becomes more fluorescent with PK- \/{/
catalyzed phosphorylation of substrate peptides incorporated in the PIC, & % 2%
while fluorescence from the internal standard remains unchanged during
phosphorylation. This new concept will be useful for quantitative PK

assays and the discovery of PK inhibitors.

B INTRODUCTION

Protein kinase (PK)-mediated phosphorylation plays a pivotal
role in the regulation of cellular processes, and its dysfunction
results in various human diseases, notably cancer.! Thus, PKs
are primary molecular targets for anticancer drugs,2 and
tracking PK activity would be valuable for understanding
molecular mechanisms of complex cellular events and
subsequent drug development.” Measurement of PK activity
via fluorescent readout is an attractive alternative to radioactive
isotopes.*”” Several measurement kits for fluorescence-based
PK activity such as LanthaScreen and Z'-LYTE are now
commercially available and they are basically end-point assay.
To realize real-time kinetic analysis and monitoring of activity
in living cells, the fluorescent probes which “turn on” during
phosphorylation of substrate peptides by the PKs have been
proposed. The turn-on-type probes provide relatively sharp
contrast in simple optical readout systems.*” Mechanisms for
these fluorescence responses to phosphorylation include metal
complex formation,'®™" protein recognition,'®™"* and concen-
tration quenching.*’

However, quantitative evaluation of PK activity is difficult for
probes that turn on, especially for intracellular PKs, because the
fluorescence signals depend not only on the PK activity, but
also on the probe concentration. This is why fluorescence
resonance energy transfer (FRET) is powerful, because it
enables quantitative analysis via ratiometric fluorimetry.>>*??
However, FRET probes require strict molecular design, and
repeated trial and error, to realize dynamic and appropriate
distance changes upon phosphorylation.****
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Here, we demonstrate a novel method to quantitatively
measure PK activity that is based on a polymeric nanoparticle
embedded with both a PK-responsive fluorophore and another
fluorophore that is used as an internal standard for quantitative
analysis of the PK activity. As shown in Figure 1a, the particle is
a polyion complex (PIC) of cationic and anionic polymers. The
cationic polymer is a neutral dextran main chain modified with
both a cationic peptide substrate for PK and a CyS fluorophore
(Figure 1b), while the anionic polymer is an anionic poly(L-
aspartic acid) main chain modified with tetramethylrhodamine
(TAMRA) (Figure 1c). In the PIC, the TAMRA fluorescence is
selectively quenched, while the constant CyS fluorescence acts
as the internal standard. This behavior is achieved by having a
high enough concentration of TAMRA in the PIC to induce
concentration quenching, and a low enough concentration of
CyS to avoid it. When the cationic peptides in the cationic
polymer are phosphorylated by a target PK, the negatively
charged phosphate groups weaken or dissociate the PICs,
which in turn reduces the TAMRA concentration quenching
and allows more fluorescence. By remaining constant, the Cy5
fluorescence essentially normalizes the TAMRA signal. We
demonstrate how the PIC can be used to detect protein kinase
Ca (PKCa) activity, which is regarded as an important target
for anticancer drugs because it is involved in cancer
proliferation signaling.zs’27 Thus, a PKCa-specific substrate
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Figure 1. Schematic of a turn-on fluorescent probe, with an internal
standard, for quantitative measurement of PK activity (a). Structures
of cationic (b) and anionic (c) polymers.

peptide was used here (-FKKQGSFAKKK-NH,), which
changes its net cationic charge from +5 to +3 upon
phosphorylation.

B RESULTS AND DISCUSSION

The cationic and anionic polymers were synthesized to achieve
uneven quenching behavior of the two fluorophores as depicted
in Figure la. According to our previous report, a high
fluorophore content in the polymers does not work for
quench-to-recovery-type measurements because the fluores-
cence can be quenched by hydrophobic intramolecular
association among the fluorophores prior to PIC formation.*®
Previously, we found that a few mol % of TAMRA had the best
performance;28 thus, the TAMRA content in the anionic
polymer was adjusted to 2.1 mol %. In contrast, the content of
CyS had to be small enough to avoid concentration quenching
in the PIC, but large enough to provide a strong internal
standard. In the previous research, we also found that a lower
content of a fluorophore (<1.1 mol %) effectively avoids the
quenching,*® Thus, the content of Cy5 in the cationic polymer
was lowered to be 0.4 mol %. Meanwhile, the content of the
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cationic peptide was adjusted to be relatively high (7.8 mol %)
to achieve tight PIC formation. The cationic peptide and Cy5
were quantitatively introduced onto the dextran main chain by
using “click chemistry”.

We compared the reactivity of the substrate peptide that was
grafted onto the cationic golymer with a free peptide by using a
coupled enzyme assay,””° in which phosphorylation by PK is
estimated by absorbance at 340 nm. As shown in Figure 2, the
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Figure 2. Comparison of the reactivity toward PKCa of free peptides
(open circles) and peptides grafted onto the cationic polymer (closed
circles). Peptide concentration in both cases is 30 uM; PKCa
concentration is 1 U/mL.

substrate peptides on the cationic polymer exhibited almost
identical reactivity toward PKCa as that for free peptides,
indicating that the effect of substrate immobilization is
negligible.

First, we evaluated concentration quenching of TAMRA in
the anionic polymer by PIC formation, and avoided CyS5
quenching in the cationic polymer. Figure 3a shows
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Figure 3. (a) Fluorescence spectra of CyS in the cationic polymer and
in the PIC (red solid and broken lines, respectively, Ex. at 635 nm),
and TAMRA in the anionic polymer and in the PIC (blue solid and
broken lines, respectively, Ex. at 530 nm). The C/A ratio was 2. (b)
Uneven quenching behavior of TAMRA (closed circles) and CyS
fluorescence (closed triangles) in PIC prepared with varying C/A
ratios. RFI is the relative fluorescence intensity of TAMRA and CyS.
Ex/Em of TAMRA and Cy$S was 530/590 and 635/665, respectively.

fluorescence spectra of the cationic and anionic polymers and
the PIC prepared at a cation/anion (C/A) ratio of 2. TAMRA
fluorescence in the anionic polymer was quenched to 20% of its
original level by PIC formation, while the Cy5 fluorescence
intensity was maintained at a high level (>70%). Thus,
quenching of each fluorophore can be independently controlled
by adjusting its density.

Figure 3b plots the fluorescence of TAMRA and CyS as a
function of C/A ratios. TAMRA quenching leveled off at 20%
at C/A = 1, while CyS fluorescence remained at about 70—80%,
above C/A = 2. Both TAMRA and CyS fluorescence are
minimized at C/A = 1, and both slightly increase with C/A > 1.
This can be explained by the relaxation of the PIC from the

dx.doi.org/10.1021/bc500142j | Bioconjugate Chem. 2014, 25, 869—872



Bioconjugate Chemistry

Communication

electrostatic repulsion caused by overcharging at higher C/A.*!
Hereafter we used PIC prepared at the C/A ratio of 2 for
monitoring of PK activity. The size of the PIC at this C/A ratio
was determined by dynamic light scattering to be 140 + 2.3 nm
(polydispersity index: 0.32).

Figure 4a,b plots the time dependences of TAMRA and Cy5
fluorescence, respectively, following the addition of various
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Figure 4. Time dependence of TAMRA (a) and CyS (b) fluorescence
from PICs triggered by phosphorylation of the substrate peptide
grafted onto the cationic polymers at various PKCa concentrations (Il
0, 002, A 04, A 06, ® 08, O 1.0 U/mL). (c) TAMRA/CyS
emission ratio calculated from (a) and (b). (d) PKCa concentration
dependence of the emission ratio after 30 min of phosphorylation.

concentrations of PKCa (0—1.0 U/mL) to the PIC dispersion.
The TAMRA fluorescence increased rapidly with increasing
PKCa concentration because of the weakened PICs. Mean-
while, the CyS fluorescence was almost constant over the same
time span irrespective of PKCa concentration. These results
clearly show that CyS fluorescence can be used as the internal
standard to monitor the PKCa activity using the turning-on
fluorescence of TAMRA. Thus, TAMRA fluorescence was
normalized by CyS fluorescence and the normalized values
(TAMRA/CyS emission ratio) are plotted in Figure 4c. At the
highest PKCa concentration (1.0 U/mL), the ratio levels off at
2.5 after 15 min. Figure 4d plots the PKCa concentration
dependence of the ratio at 30 min from the start of the
phosphorylation. From this curve, the ECg, (50% effective
concentration) of PKCa was calculated and found to be 0.34
U/mL, and the detection limit of PKCa was determined to be
029 U/mL (=182 ng/mL), which is comparable or more
sensitive than that for other PK assays.”*¥*?

Finally, we demonstrated determination of the ICs, (half
maximal inhibitory concentration) of PKCa inhibitors using
the PIC probe. Here we used two kinds of PKCa inhibitors,
G066983 and Ro-31-8425, which have similar IC, values; 7 nM
for G66983** and 8 nM for Ro-31-8425.>* Phosphorylation of
PICs by 0.6 U/mL PKCa was performed for 30 min in the
presence of the inhibitors at various concentrations. After the
reactions, the TAMRA and CyS fluorescence intensities were
measured to calculate the emission ratio, with CyS$ fluorescence
being the internal standard. As shown in Figure Sa and b, the
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Figure S. Inhibition of PKCa activity by specific inhibitors, G66983
(a) and Ro-31-8425 (b) as monitored by the TAMRA/CyS emission
ratio of the PIC.

ratios decreased with increasing concentrations of the
inhibitors. Thus, the inhibitors suppressed the PKCa
phosphorylation and the subsequent weakening of the PIC.
From these curves, the ICy, values of G66983 and Ro-31-8425
were determined to be 16 and 24 nM, respectively, which are
consistent with the reported values.**>**

H CONCLUSION

We have demonstrated the detection of PKCa activity using a
PIC fluorescence probe. This probe was designed to include
two fluorescent signals, ie, an increasing TAMRA signal
corresponding to PKCa activity, and a constant CyS signal
acting as an internal standard. The difference in fluorescence
intensities was achieved by adjusting the modification ratio of
each fluorophore on the cationic and anionic polymers,
respectively. The PIC probe enables quantitative detection of
PKCa activity and was successfully applied to the evaluation of
PKCa-specific inhibitors. The concept of “internal-signal-
embedded probes” will be especially useful for designing
probes for intracellular PK activity measurements, where the
fluorescence depends on the number of probes transferred into
the cell. The fluorescent probe proposed here has difficulty to
apply to intracellular activity measurement of PK in vitro due to
the weakness of the PIC in culture medium and intracellular
condition and low cellular uptake. These issues would be
overcome by strengthening of the PIC and enhancing the
endocytotic uptake by a ligand modification.

B ASSOCIATED CONTENT
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Experimental details on the preparation and use of cationic and
anionic polymers in coupled enzyme assays, measurements of
fluorescence intensity, PKCa assays, and inhibitor screening
assays.This material is available free of charge via the Internet at
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B ABBREVIATIONS

PK, protein kinase; PIC, polyion complex; PKCa, protein
kinase C a

B REFERENCES

(1) Cohen, P. (2001) The role of protein phosphorylation in human
health and disease. Eur. J. Biochem. 268, 5001—-5010.

(2) Knight, Z. A, Lin, H,, and Shokat, K. M. (2010) Targeting the
cancer kinome through polypharmacology. Nat. Rev. Cancer 10, 130—
137.

(3) von Ahsen, O., and Bmer, U. (2005) High-throughput screening
for kinase inhibitors. ChemBioChem 6, 481—490.

(4) Park, Y. W., Cummings, R. T., Wu, L., Zheng, S., Cameron, P. M.,
Woods, A, Zaller, D. M,, Marcy, A. L, and Hermes, J. D. (1999)
Homogeneous proximity tyrosine kinase assays: scintillation proximity
assay versus homogeneous time-resolved fluorescence. Anal. Biochem.
269, 94—104.

(5) Shiosaki, S., Nobori, T., Mori, T., Toita, R., Nakamura, Y., Kim,
C. W, Yamamoto, T., Niidome, T., and Katayama, Y. (2013) A protein
kinase assay based on FRET between quantum dots and fluorescently-
labeled peptides. ChemComm 49, 5592—5594.

(6) Bai, J.,, Zhao, Y., Wang, Z,, Liu, C.,, Wang, Y., and Li, Z. (2013)
Dual-readout fluorescent assay of protein kinase activity by use of
TiO,-coated magnetic microspheres. Anal. Chem. 85, 4813—4821.

(7) Honda, K., Yanai, H., Negishi, H., Asagiri, M., Sato, M., Mizutani,
T., Shimada, N., Ohba, Y., Takaoka, A., Yoshida, N., and Taniguchi, T.
(200S) IRF-7 is the master regulator of type-I interferon-dependent
immune responses. Nature 434, 772—777.

(8) Sun, H,, Low, K. E, Woo, S., Noble, R. L., Graham, R. J,,
Connaughton, S. S, Gee, M. A, and Lee, L. G. (2005) Real-time
protein kinase assay. Anal. Chem. 77, 2043—2049.

(9) Toita, R, Mori, T. Naritomi, Y., Kang, J.-H. Shiosaki, S,
Niidome, T., and Katayama, Y. (2012) Fluorometric detection of
protein kinase Ca activity based on phosphorylation-induced
dissociation of a polyion complex. Anal. Biochem. 424, 130—136.

(10) Shults, M. D., and Imperiali, B. (2003) Versatile fluorescence
probes of protein kinase activity. J. Am. Chem. Soc. 125, 14248—14249.

(11) Shults, M. D., Janes, K. A., Lauffenburger, D. A., and Imperiali,
B. (2005) A multiplexed homogeneous fluorescence-based assay for
protein kinase activity in cell lysates. Nat. Methods 2, 277—284.

(12) Shults, M. D., Carrico-Moniz, D., and Imperiali, B. (2006)
Optimal Sox-based fluorescent chemosensor design for serine/
threonine protein kinases. Anal. Biochem. 352, 198—207.

(13) Lukovi¢, E., Gonzalez-Vera, J. A, and Imperiali B. (2008)
Recognition-domain focused chemosensors: versatile and efficient
reporters of protein kinase activity. J. Am. Chem. Soc. 130, 12821—
12827.

(14) Lukovi¢, E., Taylor, E. V., and Imperiali, B. (2009) Monitoring
protein kinases in cellular media with highly selective chimeric
reporters. Angew. Chem., Int. Ed. 48, 6828—6831.

(15) Stains, C. I, Tedford, N. C., Walkup, T. C., Lukovi¢, E., Goguen,
B. N,, Griffith, L. G., Lauffenburger, D. A., and Imperiali, B. (2012)
Interrogating signaling nodes involved in cellular transformations using
kinase activity probes. Chem. Biol. 19, 210—217.

(16) Wang, Q., and Lawrence, D. S. (2005) Phosphorylation-driven
protein-protein interactions: a protein kinase sensing system. J. Am.
Chem. Soc. 127, 7684—768S.

(17) Sharma, V., Agnes, R. S., and Lawrence, D. S. (2007) Deep
quench: an expanded dynamic range for protein kinase sensors. J. Am.
Chem. Soc. 129, 2742—2743.

(18) Agnes, R. S,, Jernigan, F,, Shell, J. R, Sharma, V., and Lawrence,
D. S. (2010) Suborganelle sensing of mitochondrial cAMP-dependent
protein kinase activity. J. Am. Chem. Soc. 132, 6075—6080.

(19) Shell, J. R, and Lawrence, D. S. (2013) Probes of the
mitochondrial cAMP-dependent protein kinase. Biochim. Biophys. Acta
1834, 1359—-1363.

872

(20) Kim, J.-H,, Lee, S., Kim, K, Jeon, H., Park, R-W., Kim, L-S.,
Choj, K., and Kwon, L. C. (2007) Polymeric nanoparticles for protein
kinase activity. Chem. Commun. 13, 1346—1348.

(21) Kim, J.-H,, Lee, S., Park, K, Nam, H. Y,, Jang, S. Y, Youn, L,
Kim, K., Jeon, H., Park, R-W., Kim, L-S., Choi, K., and Kwon, L. C.
(2007) Protein-phosphorylation-responsive polymeric nanoparticles
for imaging protein kinase activities in single living cells. Angew. Chem,,
Int. Ed. 46, 5779—5782.

(22) Freeman, R, Finder, T, Gill, R, and Willner, I. (2010) Probing
protein kinase (CK2) and alkaline phosphatase with CdSe/ZnS
quantum dots. Nano Lett. 10, 2192—2196.

(23) Ghadiali, J. E., Cohen, B. E., and Stevens, M. M. (2010) Protein
kinase-actuated resonance energy transfer in quantum dot-peptide
conjugates. ACS Nano 4, 4915—4919.

(24) Yuan, L., Lin, W,, Zheng, K,, and Zhu, S. (2013) FRET-based
small-molecule fluorescent probes: rational design and bioimaging
applications. Acc. Chem. Res. 46, 1462—1473.

(25) Kikuchi, K. (2010) Design, synthesis and biological application
of chemical probes for bio-imaging. Chem. Soc. Rev. 39, 2048—2053.

(26) Mandil, R., Ashkenazi, E., Blass, M., Kronfeld, L, Kazimirsky, G.,
Rosenthal, G., Umansky, F.,, Lorenzo, P. S., Blumberg, P. M., and
Brodie, C. (2001) Protein kinase Ca and protein kinase C§ play
opposite roles in the proliferation and apoptosis of glioma cells. Cancer
Res. 61, 4612—4619.

(27) Mackay, H. J., and Twelves, C. J. (2007) Targeting the protein
kinase C family: are we there yet? Nat. Rev. Cancer 7, S54—562.

(28) Koga, H., Toita, R, Mori, T,, Tomiyama, T., Kang, ].-H,
Niidome, T. and Katayama, Y. (2011) Fluorescent nanoparticles
consisting of lipopeptides and fluorescein-modified polyanions for
monitoring of protein kinase activity. Bioconjugate Chem. 22, 1526—
1534.

(29) Cook, P. F.,, Neville, M. E., Jr., Vrana, K. E., Hartl, F. T., and
Roskoski, R., Jr. (1982) Adenosine cyclic 3’,5’-monophosphate
dependent protein kinase: kinetic mechanism for the bovine skeletal
muscle catalytic subunit. Biochemistry 21, 5794—5799.

(30) Toita, R, Kang, J.-H, Kim, J.-H,, Tomiyama, T., Mori, T,
Niidome, T., Jun, B., and Katayama, Y. (2009) Protein kinase Ca-
specific peptide substrate graft-type copolymer for cancer cell-specific
gene regulation systems. J. Controlled Release 139, 133—139.

(31) Popa, 1, Gillies, G., Papastavrou, G., and Borkovec, M. (2010)
Attractive and repulsive electrostatic forces between positively charged
Latex particles in the presence of anionic linear polyelectrolytes. J.
Phys. Chem. B 114, 3170—3177.

(32) Kang, J.-H., Asami, Y., Murata, M., Kitazaki, H., Sadanaga, N.,
Tokunaga, E., Shiotani, S, Okada, S, Maehara, Y., Niidome, T,
Hashizume, M., Mori, T., and Katayama, Y. (2010) Gold nanoparticle-
based colorimetric assay for cancer diagnosis. Biosens. Bioelectron. 25,
1869—1874.

(33) Gschwendt, M., Dieterich, S., Rennecke, J., Kittstein, W.,
Mueller, H.-J., and Johannes, F.-]. (1996) Inhibition of protein kinase
C p by various inhibitors. Differentiation from protein kinase c
isoenzymes. FEBS Lett. 392, 77—80.

(34) Wilkinson, S. E., Parker, P. J., and Nixon, J. S. (1993) Isoenzyme
specificity of bisindolylmaleimides, selective inhibitors of protein
kinase C. Biochem. J. 294, 335—337.

dx.doi.org/10.1021/bc500142j | Bioconjugate Chem. 2014, 25, 869—872



