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A photoactivatable phosphorylation sensor used in conjunction with isoform specific inhibitors of
protein kinase C enables the enzyme’s activity to be monitored inside cells at specific time points
during mitosis. PKCb was found to be active before, but not after, nuclear envelope breakdown [1].
Light is a powerful tool for monitoring

biological processes in real time and

in living cells. Many fluorescent dyes

and proteins have been developed to

report on a variety of activities within

a cell, tissue, or whole organism [2–

4]. Despite this fact, conducting exper-

iments to correlate enzyme activity

and cellular behavior remains difficult.

One of the challenges has been to con-

trol the start of the observation period

in the cell. Loading a sensor into a

cell can take time, and without a well-

defined start of the observation period,

one cannot accurately measure the

kinetics of an intracellular process.

Sometimes enzymes cycle between

active and inactive states, which ob-

scures the interpretation of the signals

from the fluorescent sensor. The en-

zyme might have been active at an ear-

lier stage, so during the observation

period, the sensor would indicate en-

zymatic activity. The observed signal

might not correlate with the current ac-

tivity of the enzyme. Delivering a fluo-

rescent sensor of enzymatic activity

through microinjection or permeabliz-

ing reagents is stressful for cells and

can create false responses. The cells

require an incubation time to recover

from the delivery of the probe.

One solution to these problems is to

create a light-activatable sensor that

would enable the experimentalist to

turn on the sensor at precisely the

desired time. Several light-activatable

sensors of signaling mechanisms that

involve phosphorylation have been

developed. Vázquez et al. developed

sensor 1 (Figure 1) to study phosphor-

ylation-dependent protein-protein in-

teractions in cell cycle regulation [5].

A peptide recognition element has a

phosphorylated serine that is pro-

tected by a 2-nitrophenethyl (NPE)
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protecting group. After irradiation, the

phosphoserine in the peptide medi-

ates binding to the enzyme target,

and the fluorescent reporter’s emis-

sion blue shifts and increases in in-

tensity. Sensor 1 could conceivably

be used in vivo, but no experiments

have been reported. In another ex-

ample, Yudushkin et al. conducted

in vivo Michaelis-Menten kinetics ex-

periments on protein-tyrosine phos-

phatase 1B (PTP1B), which removes

the phosphate from phosphotyrosines

on receptor tyrosine kinases (RTK) [6].

The probe, compound 2, contains

a peptide recognition element and a

4,5-dimethoxy-2-nitrobenzyl-protected

(DMNB) phosphotyrosine, which pre-

vents dephosphorylation prior to a brief

flash of 365 nm light. A FRET acceptor

indicates when the sensor is bound

to PTB1B, which is engineered with

a GFP FRET donor tag. The FRET sig-
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nal disappears once the tyrosine is de-

phosphorylated and the probe diffuses

out of the PTP1B catalytic site. Good

kinetic data on the activity of PTB1

can be obtained because the start

and end points of the experiment are

well defined. While this is a powerful

method, one drawback is that the

system requires engineering a protein

fluorophore to the enzyme in order to

observe the activity. Interference with

the enzyme’s activity due to the at-

tachment of the large GFP and over-

expression of the enzyme might pres-

ent problems when applied to other

systems.

In this issue of Chemistry & Biology,

Dai et al. [1] describe the use of a sen-

sor for PKC phosphorylation (3, Fig-

ure 1; [7]) to explore the role of phos-

phorylation by PKC in mitosis, the

complex pathway by which a cell di-

vides itself into two identical daughter
Figure 1. Light Activatable Sensors of Enzyme Activity
Pink = peptide recognition element, blue = photoremovable protecting group, green = fluorescent
reporter, and red = FRET acceptor.
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cells. The transition between prophase

and metaphase involves breakdown of

the nuclear envelope (NEB), a group of

membranes that provide the boundary

for the nucleus. This step is necessary

to enable the microtubules of the mi-

totic spindles access to the chromo-

somes in order to mediate chromo-

some segregation to the poles of the

cell. Protein kinases are critical to the

process [8, 9] especially PKC [10–14],

but it is not known when (before, dur-

ing, or after NEB) PKC is active or

what isoform of PKC is responsible

for triggering NEB.

To determine the timing of PKC-

mediated phosphorylation at the pro-

phase/metaphase junction, the re-

searchers employed sensor 3, which

is comprised of a 6 amino acid peptide

that is recognized by PKC, a DMNB-

protected serine residue, and a nitro-

benzofurazan fluorophore that is sensi-

tive to phosphorylation of the adjacent

serine. Prior to exposure to light, the

serine on the sensor cannot be phos-

phorylated by PKC, but after a 1 s irra-

diation at 355 nm, the sensor can be

phosphorylated, which is detected by

a change in fluorescence intensity at

560 nm. When the probe is activated

in PtK2 cells 5–12 min prior to NEB,

large increases in fluorescence inten-

sity result, indicatingPKCactivity;how-

ever, activating the probe after NEB

shows no change in fluorescence ac-

tivity. PKC is active before, but not

after, NEB.

In a second set of experiments us-

ing isoform-specific inhibitors of PKC

[15, 16] in conjunction with 3, the re-

searchers found that after injection of

a PKCa inhibitor at concentrations

that also inhibit PKCb, the indicator

Figure 2. Timeline of PKC Activity
around Nuclear Envelope Breakdown
C

did not show any PKC activity and

the cells failed to undergo NEB. At

low concentrations of the PKCa inhib-

itor [15, 16], which do not inhibit PKCb,

the indicator shows PKC activity and

NEB. The indicator can be phosphory-

lated by other isoforms of PKC and

Nek-2 protein kinase present in PtK2

cells, but using a highly specific

PKCb inhibitor [15, 16] that has no

activity against the other isoforms or

Nek-2, the cells did not proceed

through NEB. Taken together, these

results demonstrate that PKCb is

responsible for phosphorylation just

prior to NEB (Figure 2). PKCb is pre-

sumably phosphorylating lamins on

the nuclear envelope [12–14], but be-

cause the probe is not the endogenous

target of PKCb, it does not indicate the

target of the kinase.

The use of photoactivated sensors

for kinase activity is a powerful tool

for correlating cellular behavior and

enzymatic activity. One drawback to

the technique is that it is introduced

into the cells through microinjection.

This is stressful to the cells and some

do not survive the ordeal, which can

negatively impact an experiment.

Finding less invasive methods for de-

livering the sensor- and peptide-based

inhibitors would be a welcome im-

provement. The nitrobenzofurazan is

probably not the optimal fluorophore;

it is relatively dim and the fluorescence

intensity change upon phosphoryla-

tion of the adjacent serine is small.

Brighter fluorophores with larger

changes in fluorescence intensity upon

sensor activation would improve the

sensitivity. Nevertheless, the probe

will prove useful for conducting other

in vivo experiments. The combination

of the isoform-specific inhibitors and

a light-activated sensor of PKC activity

should enable researchers to look at

other time-dependent PKC activities.

One could envision engineering a fluo-

rescent protein to PKC and observing

steady state phosphorylation kinetics
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intracellularly, similar to the method of

Yudushkin et al. [6]. Because the spec-

ificity of the PKC recognition element

on the caged sensor is a peptide, one

could imagine replacing it with a pep-

tide sequence that is specific to other

kinases of interest and observing their

time-dependent activity.

REFERENCES

1. Dai, Z., Dulyaninova, N.G., Kumar, S.,
Bresnick, A.R., and Lawrence, D.S.
(2007). Chem. Biol. 14, this issue, 1254–
1260.

2. Tsien, R.Y. (2005). FEBS Lett. 579, 927–
932.

3. Griesbeck, O. (2004). Curr. Opin. Neuro-
biol. 14, 636–641.

4. Johnsson, N., and Johnsson, K. (2007).
ACS Chem. Biol. 2, 31–38.

5. Vázquez, M.E., Nitz, M., Stehn, J., Yaffe,
M.B., and Imperiali, B. (2003). J. Am.
Chem. Soc. 125, 10150–10151.

6. Yudushkin, I.A., Schleifenbaum, A., Kink-
habwala, A., Neel, B.G., Schultz, C., and
Bastiaens, P.I.H. (2007). Science 315,
115–119.

7. Veldhuyzen, W.F., Nguyen, Q., McMaster,
G., and Lawrence, D.S. (2003). J. Am.
Chem. Soc. 125, 13358–13359.

8. Boulikas, T. (1995). Crit. Rev. Eukaryot.
Gene Expr. 5, 1–77.

9. Ferrari, S. (2006). Cell. Mol. Life Sci. 63,
781–795.

10. Yang, D., Hinton, S.D., and Eckberg, W.R.
(2004). Mol. Reprod. Dev. 69, 308–315.

11. Collas, P. (1999). J. Cell Sci. 112, 977–987.

12. Murray, N.R., Burns, D.J., and Fields, A.P.
(1994). J. Biol. Chem. 269, 21385–21390.

13. Goss, V.L., Hocevar, B.A., Thompson, L.J.,
Stratton, C.A., Burns, D.J., and Fields, A.P.
(1994). J. Biol. Chem. 269, 19074–19080.

14. Hocevar, B.A., Burns, D.J., and Fields,
A.P. (1993). J. Biol. Chem. 268, 7545–
7552.

15. Lee, J.H., Nandy, S.K., and Lawrence, D.S.
(2004). J. Am. Chem. Soc. 126, 3394–
3395.

16. Tanaka, M., Sagawa, S., Hoshi, J.-i.,
Shimoma, F., Matsuda, I., Sakoda, K., Sa-
sase, T., Shindo, M., and Inaba, T. (2004).
Bioorg. Med. Chem. Lett. 14, 5171–5174.
007 Elsevier Ltd All rights reserved 1203


	Correlating Enzyme Activity and Cellular Behavior
	References




