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Abstract

We have developed a novel method for quantitating protein phosphorylation by a variety of protein kinases. It can be used

with purified kinases and their substrates in vitro or in combination with cell extracts. The method is based on the knowledge that

protein kinase C (PKC) adds three phosphates to each molecule of its preferred substrate, myelin basic protein (MBP). A time

course is performed in which a kinase is allowed to phosphorylate its preferred substrate or the protein under investigation in the

presence of [c-32P]ATP. At the same time PKC is allowed to fully phosphorylate MBP. After resolving the products by SDS–

PAGE, electrophoretic transfer, and determining the degree of incorporation of 32P by phosphorImager analysis, the data are

converted to moles phosphate/mole protein by normalization with phosphorylated MBP. The method is both sensitive and

relatively rapid and all the steps are commonly available in the biochemistry laboratory. We have used this method to confirm

and extend information on the relationship of MEK1 and MAPK/Erk2 in rat lung fibroblasts exposed to V2O5. A 4-h exposure

to V2O5 results in partial phosphorylation of MAPK/Erk2 such that 25% of the potential phosphorylation sites are occupied. We

also demonstrate that despite multiple potential phosphorylation sites, recombinant human AP endonuclease is weakly phos-

phorylated in vitro (4% at best) by PKC, cGMP-dependent protein kinase, casein kinase II, and casein kinase I and not at all

phosphorylated by MAPK. Furthermore we are unable to demonstrate phosphorylation in cell extracts from HeLa cells, mouse

fibroblasts after oxidative damage with H2O2 or alkylation damage with methylmethane sulfonate, or rat lung fibroblasts after

oxidative damage with V2O5.

� 2003 Elsevier Science (USA). All rights reserved.

Protein phosphorylation is the term employed to

describe the reversible transfer of a phosphate group by

a group of enzymes, collectively known as protein kin-
ases, to target proteins in order to regulate their activity.

Phosphate groups are usually added to serine, threonine,

or tyrosine residues, although phosphorylation of histi-

dine residues has been reported in some prokaryotic

systems [1,2]. The removal of phosphate groups, or de-

phosphorylation, is carried out by protein phosphatases.

Phosphorylation/dephosphorylation provides a fast, re-

versible, and efficient means of regulating complex
pathways for such important biological activities as cell

cycle regulation, cell differentiation, DNA replication

and repair, cell division and signaling, membrane

transport, and metabolism [3].
Most protein kinases and phosphatases have multiple

substrates in vivo, allowing them to influence and reg-

ulate multiple pathways. Furthermore, many kinases

possess the ability to phosphorylate nonphysiological,

i.e., casein or peptide substrates, as well as physiological

substrates. The relevance of phosphorylation of non-

physiological substrates remains unclear, as the ability

to target a substrate in vitro does not necessarily indi-
cate that such an interaction occurs in vivo. A good

example involves some substrates for the casein kinases

[4,5]. However, the degree to which a kinase phospho-

rylates its target protein, whether in vivo or in vitro, the

number of phosphates that a kinase places on a single

target molecule, and phosphate turnover have remained

vexing problems. Without this information it is often

difficult to quantitate individual steps in a kinase cas-
cade. In one case, Ramwani et al. [6] and Ramwani and
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Moscarello [7] demonstrated that protein kinase (PKC)1

adds three phosphates to myelin basic protein (MBP). In

another case, Wilsbacher et al. [8] demonstrated in vitro

that MEK1 and MEK2 add 1.3 or 2.4 phosphates to

Erk2, respectively. Each group sequenced the protein

after it had been phosphorylated by [c-32P]ATP to

quantitate the number of phosphates and identify the

amino acid residues to which they added. However, the

method is laborious and requires large amounts of both
protein and kinase. In this study we present a method

that may be used with ease and confidence to measure

the degree of phosphorylation of individual proteins by

purified kinases or cell extracts.

Materials and methods

Materials. Kinases were obtained from the commer-

cial sources listed below. MBP was obtained from

StressGen Biotechnologies (Victoria, BC), and histone

H2B was purchased from Worthington Biochemicals

(Lakewood, NJ). Human recombinant AP endo, ex-

pressed in Escherichia coli from the pXC53 expression

vector, was purified as described [9]. Rabbit anti-human

AP endo antibody was prepared at the Sealy Center for
Molecular Science, University of Texas Medical Center,

Galveston, Texas. Rabbit anti-mouse MAP kinase/Erk2

was obtained from Upstate Biotechnology (Lake Placid,

NY). Protease and phosphatase inhibitor cocktails were

purchased from Sigma–Aldrich (St. Louis, MO) or from

Roche Diagnostics, GmbH (Mannheim, Germany).

Phosphatase inhibitor cocktail 1, which inhibits LL-iso-

zymes of alkaline phosphatase as well as serine/threo-
nine protein phosphatases such as PP1 and PP2A,

contained microsystin LR, cantharidin, and (-)-p-

bromotetraamisole in DMSO. Phosphatase inhibitor

cocktail 2, which inhibits acid and alkaline phosphatase

activities as well as tyrosine protein phosphatases, con-

tained sodium orthovanadate, sodium molybdate, so-

dium tartarate, and imidazole in a pH 10.0 aqueous

solution. HeLa cells were provided by Dr. Mark Perella
(Harvard Medical School, Boston, MA); mouse fibro-

blasts were provided by Dr. Julie Horton (NIEHS,

Research Triangle Park, NC), while primary passage rat

lung fibroblasts were provided by Dr. James Bonner

(NIEHS).

In vitro phosphorylation assays. In vitro phosphory-
lation assays were performed for 0–180min in a 25- or

50-ll volume under the conditions recommended by the

commercial supplier of each kinase (see below). The

specific activity of [c-32P]ATP was either 400 or

260mCi/mmol. Each reaction was stopped by addition

of EDTA (final concentration, 50mM) and SDS (final

concentration 0.1%) followed by vortexing. Eight mi-

croliters of 6� SDS protein loading buffer (0.35M Tris–
Cl, pH 6.8, 36% v/v glycerol, 10% w/v SDS, 0.6M DTT,

and 0.012% w/v bromphenol blue) was added for a final

concentration of 1� loading buffer [9]. After boiling for

3min, proteins were resolved by SDS–PAGE using a

10% SDS–PAGE gel electrophoresed at 200V for ap-

proximately 2 h. The gel was stained with Coomassie

blue, destained with 45% methanol/10% acetic acid, and

dried on 3MM Whatman paper before being exposed to
a phosphorImager screen for 2–15 h. The screen was

then scanned with a Storm 840 phosphorImager (Mo-

lecular Dynamics, Sunnyvale, CA). Data analysis,

quantitation, and graphing were performed using the

programs Image Quant and KaleidaGraph, respectively.

In early experiments we used the same amount of

standard protein (MBP) as unknown substrate. In later

experiments we observed that a difference of two orders
of magnitude between MBP and the unknown still gave

satisfactory results.

Phosphorylation with casein kinase II. Recombinant

CK II (both a and b subunits derived from a human

glioblastoma cDNA library) was obtained from New

England Biolabs (Beverly, MA). Assay mix contained

0.1mM ATP, 0.04 lCi/ll [c-32P]ATP, 20mM Tris–HCl

(pH 7.5), 50mM KCl, and 10mMMgCl2. After 40 pmol
of casein or 40 pmol of AP endo was added, the mixture

was incubated at 37 �C with 10 units of CK II (1 unit is

the amount of CK II required to catalyze the transfer of

1 pmol of phosphate to peptide substrate RRREEE-

TEEE per minute at 30 �C in CK II buffer).

Phosphorylation with protein kinase C. PKC, purified

from rat brain and containing a mixture of both a and b
isozymes, was obtained from Promega (Madison, WI).
Assay mix contained 0.15mM ATP, 0.04 lCi/ll [c-
32P]ATP, 50mM Hepes–NaOH (pH 7.4), 10mM

MgCl2, 2mM CaCl2, 1mM DTT, and 0.6mg/ml phos-

phatidylserine (PS). After the addition of 40 pmol of

MBP or 40 pmol of AP endo, the reaction mix was in-

cubated at 37 �C with 0.5 unit of PKC (1 unit is the

amount of kinase needed to transfer 1 nmol of phos-

phate per minute using Type III-S histone as the sub-
strate and phosphatidylserine at 0.6mg/ml as activator).

Phosphorylation with cGMP-dependent protein kinase.

The a isozyme of PKG-1, originally purified from rat

liver, was obtained from Promega. Assay mix contained

0.2mM ATP, 0.08 lCi/ll [c-32P]ATP, 20mM MgOAC,

2 lM cGMP, and 50mM Hepes–NaOH (pH 7.4). After

the addition of 40 pmol of histone H2B or 40 pmol of

1 Abbreviations used: AP endo, apurinic/apyrimidinic endonucle-

ase; CK I, casein kinase I; CK II, casein kinase II; DMSO, dimethyl

sulfoxide; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic

acid; MAPK/Erk, mitogen-activated protein kinase; MBP, myelin

basic protein; MEK, MAP kinase/Erk kinase; MOPS, 3-(N-morpho-

lino)propanesulfonic acid; NP-40, Nonidet P-40; PKC, protein kinase

C; PKG, cGMP-dependent protein kinase; PS, phosphatidylserine;

PVDF, polyvinyl difluoride; SDS–PAGE, sodium dodecyl sulfate–

polyacrylamide gel electrophoresis.
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AP endo, the mixture was incubated, for different peri-
ods of time at 30 �C with 100 unit of PKG (1 unit is

defined as the amount of kinase required to incorporate

1 pmol of phosphate into the test heptapeptide RKRS-

RAE per minute at 30 �C).
Phosphorylation with casein kinase I. CK I, obtained

from Promega, was originally purified from rat liver

tissue. Assay mix consisted of 0.1mM ATP, 0.04 lCi/ll
[c-32P]ATP, 10mM MgCl2, 40 lM EDTA, and 50mM
Hepes–NaOH (pH 7.4). After 40 pmol of casein or

40 pmol of AP endo was added, the mixture was incu-

bated at 37 �C with 10 units of CK I (1 unit is defined as

the amount of kinase needed to transfer 1 pmol of

phosphate per min per mg at 37 �C using casein protein

as the substrate).

Phosphorylation with MAPK. Recombinant MAP-

K(Erk2/p42) was obtained from New England BioLabs
or Upstate Biotechnology. Assay mix contained 0.1mM

ATP, 0.04 lCi/ll [c-32P]ATP, 50mM Tris–HCl (pH 7.5),

10mM MgCl2, 1mM EGTA, 2mM DTT, and 0.01%

Brij 35. After 40 pmol of MBP or AP endo was added,

the reaction mixture was incubated at 30 �C with

100 units of MAPK (1 unit is defined as the amount of

MAP kinase required to catalyze the transfer of 1 pmol

of phosphate to MBP in 1min at 30 �C).
Phosphorylation with MEK1. Recombinant active

MEK1 from Upstate Biotechnology used recombinant

MAPK/Erk2 as substrate obtained from the same

source. Assay mix contained 4mM MOPS buffer, pH

7.5, 5mM b-glycerol phosphate, 1.25mM EGTA,

0.2mM Na orthovanadate, 0.2mM DTT, 10mM

MgCl2, 0.15mM ATP, and 0.04 lCi/ll [c-32P]ATP. The

concentration of MAPK/Erk2 (0.5 ng/ll) was chosen to
approximate the concentration of MAPK/Erk2 that

would be assayed in rat fibroblast cell lysates.

Phosphorylation assays using cell extracts. Growth of

cell lines is described elsewhere [10,11]. In some cases

HeLa cells were treated with phosphatase inhibitor

cocktails for 1 h prior to cell lysis. Mouse fibroblasts were

treated with no drug, 1mM methylmethanesulfonate, or

15 lM H2O2 for 1 h and harvested 5 h later. Primary rat
lung fibroblasts were grown to confluence, incubatedwith

serum-free medium for 24 h and then exposed to medium

with or without 400 lM V2O5. These conditions are

known to stimulate a variety of signaling pathways in-

cluding MAP kinases, EGF receptors, transcription fac-

tors NFjB, AP-1, and STAT-1 [10,12,13].

Cell extracts of mouse and rat fibroblasts, prepared

by high salt lysis in the presence of protease and phos-
phatase inhibitor cocktails [14], were dialyzed to remove

excess salt. Cell extract of HeLa cells was prepared by

sonication in either triple-detergent lysis buffer (50mM

Tris–Cl, pH 7.4, 150mM NaCl, 0.02% sodium azide,

0.1% SDS, 1% Nonidet P-40 (NP-40), 0.5% sodium

deoxycholate, 0.1mM EDTA, 1% protease and phos-

phatase inhibitor cocktails 1 and/or 2, or no salt lysis

buffer (50mM Hepes, 1% NP-40, 1% protease and
phosphatase inhibitor cocktails 1 and/or 2). Lysates

were stored at �80 �C until assayed. Endogenous kinase

activity was examined by incubating approximately

50 lg of cell extract in the appropriate buffer containing

[c-32P]ATP and phosphatase inhibitor cocktail at 37 �C.
Activity of exogenously added kinases was examined as

described in other methods sections. Reactions were

stopped by adding 6� protein loading buffer followed
by boiling for 5min before loading onto a 10% SDS–

PAGE gel. Between 16 and 20lg of total extract protein

was loaded onto the gel. Alternately, reactions were

stopped by adding EDTA (final concentration, 50mM)

plus SDS (final concentration, 0.1%) and stored at

�20 �C until SDS–PAGE analysis.

Western blotting. Proteins were transferred onto

polyvinyl difluoride (PVDF) (Gelman Sciences, Dublin,
Ireland) or nitrocellulose (Invitrogen Life Technologies,

Rockville MD) membranes via electroblotting [15].

Rabbit anti-AP endo antibody (1:10,000 dilution) or

rabbit anti-mouse MAPK/Erk2 (1:1000) was used as

the primary antibody. The secondary antibody, goat

anti-rabbit IgG HRP-conjugate diluted 1:3000 or goat

anti-mouse IgG (H+L)-HRP conjugate (BioRad Labo-

ratories,Hercules, CA) diluted 1:2000was developedwith
Chemiluminesce reagent (NEN Life Science Products,

Boston, MA) or with Supersignal Chemiluminescent

substrate (Pierce, Rockford, IL). The amount of AP endo

or MAPK/Erk2 in the cell extract was calculated on the

basis of a standard curve obtained by loading known

amounts of the purified protein on the same SDS–PAGE

gel with cell extract samples and analyzing the results as

described above. Note that recombinant AP endo was
quantitated during purification by the Bradford assay

[16], which overestimates the amount of this protein 2.5-

fold, as shown by end-group analysis [9]. Consequently,

the protein concentration used here is the value deter-

mined by the Bradford assay and multiplied by 0.4. The

concentration of MAPK/Erk2 was supplied by the man-

ufacturer. To observe endogenous kinase activity, cell

extract was incubated under the same conditions as the
kinase of interest. In order to ensure that stretching or

shrinkage of the gel did not introduce artifacts, proteins in

the gel were first transferred to membranes. After the

membranes were exposed to the phosphorImager screen

to determine the migration of 32P-phosphorylated pro-

teins, they were treated with 10 and 20 antibodies to de-

termine the precise location of MAPK/Erk2 or AP endo.

Results

Phosphorylation of preferred substrates can be used to

quantitate moles phosphate incorporated into a substrate

protein. In order to quantitate phosphorylation activity,

we chose to examine the rate and degree of phosphor-
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ylation by six different commercially available kinases.
Casein was the known substrate for phosphorylation

reactions with CK I and CK II; myelin basin protein

served the same purpose for reactions with PKC and

MAPK/Erk2; histone H2B was the known substrate for

PKG; MAPK/Erk2 itself was used to assay MEK1.

Assay conditions recommended by the supplier were

employed in each case and the reaction was allowed to

proceed for different periods of time up to 180min in
order to ensure that maximal phosphorylation was

achieved. Time dependence of phosphorylation was

readily observed (Figs. 1 and 2); the six kinases phos-

phorylated their preferred substrates in a time-depen-

dent fashion and reached a plateau between 15 and

120min after which time no further phosphorylation

occurred. Figs. 1A and B (lanes 1–6) illustrate the time

dependence of phosphorylation of PKC for its known
substrate MBP and of CK II for its known substrate

casein. PKC adds 3mol of phosphate per mole of MBP

[6,7]. Therefore, by using a known amount of MBP and

test protein and a known specific activity of [c-32P]ATP,

one can calculate PIU per picomole of phosphate in-

corporated into MBP (PIU/pmol) and use this value to

normalize the number of moles of phosphate incorpo-

rated into the unknown on a molar basis. Fig. 2 depicts
the time dependence of phosphorylation by each kinase

in the study, while Table 1 presents the data for all

kinases at or near saturation. All of the substrates were

phosphorylated with 0.25–2.3mol phosphate per mole

preferred substrate. MEK1 added 2.3 molecules phos-

Fig. 1. Phosphorylation of preferred substrates and AP endo by PKC

and CK II. (A) Time dependence of phosphorylation of MBP (lanes 1–

6) and AP endo (lanes 7–12) by PKC. Forty picomoles of MBP (lanes

1–6) or AP endo (lanes 7–12) was incubated with [c-32P]ATP and

0.5 units of PKC for 0, 15, 30, 60, 120, and 150min, followed by SDS–

PAGE electrophoresis. Lanes 1 and 7 contain MBP and AP endo,

respectively, in the absence of kinase. (B) Time dependence of phos-

phorylation of casein (lanes 1–6) and AP endo (lanes 7–12) by PKC.

Forty picomoles of casein (lanes 2–6) or AP endo (lanes 8–12) was

incubated with [c-32P]ATP and 10 units of CK II for 0, 15, 30, 60, 120,

and 150min, followed by SDS–PAGE electrophoresis. Lanes 1 and 7

contain casein and AP endo, respectively, in the absence of kinase.

Fig. 2. (A) Quantitation of the phosphorylation of preferred substrates. Preferred substrate was mixed with the indicated kinase under conditions

described under Materials and methods for the specified length of time. After resolution of protein by SDS–PAGE as shown in Fig. 1 and phos-

phorImager analysis, phosphorImager units (PIU) corresponding to phosphorylation of preferred substrate were divided by the molar amount of

preferred substrate and converted to pmol phosphate/pmol substrate using the PKC standard included in each experiment. These curves represent the

average of two or more experiments for each kinase. (B) Phosphorylation of AP endo by different kinases. AP endo (40 pmol) was mixed with the

indicated kinase under conditions described under Materials and methods section for the specified length of time. After SDS–PAGE and phos-

phorImager analysis, phosphorImager units (PIU) corresponding to phosphorylation of preferred substrate were divided by the molar amount of

preferred substrate and converted to pmol phosphate/pmol substrate using the PKC standard included in each experiment. These curves represent the

average of two or more experiments for each kinase. The time dependence of phosphorylation of AP endo by each kinase was examined in the same

experiment as time dependence of preferred protein substrate.
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phate per mole MAPK/Erk2. Note that MEK1 fully

phosphorylated MAPK/Erk2 by 2 h. PKG and MAPK

placed approximately one molecule phosphate onto

each molecule of preferred substrate, CK II was some-

what less efficient, incorporating approximately one

molecule phosphate/2 molecules casein, while CK I was

the least efficient, placing one molecule of phosphate per

5 molecules of substrate. Thus, we have developed a
method for quantitating the degree of phosphorylation

of any protein, provided that a time course of phos-

phorylation is performed to ensure maximal modifica-

tion of substrate and a standard protein with known

degree of phosphorylation is included.

AP endo is weakly phosphorylated by CK II, PKC,

PKG, and CK I and not at all by MAPK/Erk2. Phos-

phorylation alters the activity of a number of proteins
involved in DNA repair [17–25]. Human AP endonu-

clease (AP endo), a critical enzyme in repair of oxida-

tively damaged DNA [26–29], has multiple potential

phosphorylation sites for a variety of kinases. Since

three groups including ourselves reported phosphoryla-

tion of AP endo [23–26] and partially conflicting data on

the effects of phosphorylation on enzymatic activity [23–

25], we chose to quantitate phosphorylation of this
protein. Phosphorylation of purified AP endo by five of

the six kinases described above was examined. CK II,

PKC, PKG, and CK I all phosphorylated AP endo;

however, the degree of phosphorylation was weak at

best (Figs. 1A and B, lanes 7–12; Table 1). CK II

achieved the greatest degree of phosphorylation at 4%,

followed in descending order by PKG, PKC, and CK I.

MAPK/Erk2 did not phosphorylate AP endo at all un-
der these conditions. Time dependence and saturation

were observed both for the known substrate in each case

(shown above) and for AP endo. Because the substrate

range for MEK is extremely narrow, we did not examine

whether MEK1 phosphorylates AP endo. Note that

phosphorylated AP endo migrated with the same mo-
bility as the bulk AP endo detected either by Coomassie

blue or by Western blot analysis.

Phosphorylation by exogenously added kinases of

proteins in cell extracts is readily quantifiable. To deter-

mine whether phosphorylation in cell extracts could be

quantitated, we examined the abililty of MEK1 to

phosphorylate endogenous MAPK/Erk2 in cell extracts

from primary rat lung fibroblasts. We also investigated
whether prior treatment of the cells with 400 lM V2O5,

which activates the MAP kinase cascade [10,13], would

alter the results. Under these conditions, the cellular

concentration of MAPK/Erk2 remains constant at

0.2 pmol/20 lg cell extract protein, as determined by

Western blot analysis using recombinant MAPK/Erk2

as standard (data not shown). Fig. 3 represents the

phosphorImager image of incorporation of [32P]phos-
phate into proteins from cells that were sham treated

(lanes 1–4) or treated with 400 lM V2O5 (lanes 5–9) for

4 h prior to harvest. The sample in lane 5, treated with

EDTA+SDS prior to adding 32P, demonstrates that

there is no background incorporation. Lanes 3, 4, 8, and

9 contained exogenous MEK1, while lanes 1, 2, 5, 6, and

7 contained no exogenously added MEK 1. Thus, lanes

1, 2, 6, and 7 provide information on phosphorylation
by endogenous kinases, which may or may not be re-

lated to the ones under study here. In order to obtain the

results presented in Fig. 4, PIU in the MAPK/Erk2 band

Table 1

Quantitation of degree of phosphorylation of preferred substrate and

AP endo by five different protein kinases

Kinase Preferred protein

(moles phosphate/

mole protein)

AP endo (moles

phosphate/mole

protein)

PKC 3.0 0.02

MEK1 2.3 ND

MAPK/Erk2 0.9 0.00

PKG 0.8 0.03

CK II 0.7 0.04

CK I 0.2 0.01

Purified kinases were incubated with [c-32P]ATP and either pre-

ferred substrate or AP endo as described under Materials and meth-

ods. A control consisting of MBP incubated with PKC was included in

each experiment as a means of calculating phosphorImager units per

mole phosphate. The preferred protein for PKC and MAPK was

MBP. The preferred protein for PKG was histone H2B, while casein

was the preferred protein for CK I and CK II. The protein used to

assay MEK1 was MAPK/Erk2. ND, not done.

Fig. 3. Phosphorylation by exogenous MEK1 of MAPK/Erk2 in cell

extracts. Stationary phase primary rat lung fibroblasts were treated

with buffer (sham) or 400lM V2O5 for 4 h before lysis. After prepa-

ration of extracts, the ability of 0.5U activated MEK1 to phosphor-

ylate endogenous MAPK/Erk2 was examined. Lanes 1–4, extract from

sham-treated cells; lanes 5–9, extract from V2O5 treated cells. MEK1

was added to cell extracts resolved in lanes 3, 4, 8, and 9. Extracts

in lane 5 were treated with EDTA and SDS prior to addition of

[c-32P]ATP. A similar control for unstimulated cells is not shown.
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from cell extracts from sham-treated cells was sub-

tracted from PIU obtained from the MAPK/Erk2 band

of cell extracts from cells treated with V2O5. Since en-

dogenous MEK1 has been activated prior to cell lysis in

cells treated with V2O5, we expect that some of the en-

dogenous MAPK/Erk2 is already phosphorylated.

Further, as the cell extract is prepared in a battery of

phosphatase inhibitors, we expect that the phosphate
will remain bound and that those sites will be unavail-

able to exogenous MEK1. Hence, the level of MAPK/

Erk2 phosphorylation occurring during incubation with

[32P]ATP will be less with cell extract from V2O5-treated

cells than that in extract from sham-treated cells. The

decrease allows one to estimate ongoing phosphoryla-

tion; that is, what percentage of phosphorylation sites

are already occupied in MAPK/Erk2 in V2O5 cells.
MEK1 clearly phosphorylates MAPK/Erk2 from both

treated and untreated cell extracts, as shown in Fig. 3.

As predicted, MEK1 adds 2.6 phosphates/mol endoge-

nous MAPK/Erk2 in cell extracts from sham-treated

cells in a time-dependent fashion, while the kinase adds

1.9 phosphates/mol MAPK/Erk2 in cell lysates from

cells exposed to V2O5 during the same time interval.

Since the level of phosphorylation of MAPK/Erk2 by
exogenous MEK1 in extracts from V2O5-treated cells is

75% that in extracts from sham-treated cells, 75% of

phosphorylation sites are still available to MEK1.

Therefore, a 4-h exposure to V2O5 results in phos-

phorylation of 25% available MAPK/Erk2 sites.

The 71-kDa band which is phosphorylated in the

presence of MEK1 is likely to be the GST-fusion MEK1

itself, which is capable of autophosphorylation [30].
Quantitation of phosphates incorporated per mole

MEK1 indicates that approximately 1 phosphate is ad-

ded after 60min incubation and close to 2 phosphates

are added after an additional 60min. MEK1 also
phosphorylates MAPK/Erk1. Although we did not

quantitate the amount of MAPK/Erk1 in primary rat

lung fibroblasts for this study, the phosphorylation

pattern of MAPK/Erk1 followed the same pattern as

phosphorylation of MAPK/Erk2.

Cell extracts from cells subjected to oxidative or

methylation conditions are unable to phosphorylate or

enhance phosphorylation of AP endo. Having demon-
strated that recombinant AP endo is phosphorylated in

vitro weakly at best, we turned our attention to exam-

ining phosphorylation of AP endo in a variety of cell

extracts. Multiple attempts to identify phosphorylation

of endogenous AP endo in cell extracts from mouse fi-

broblasts treated with 15 lM H2O2 or 1mM meth-

ylmethanesulfonate were unsuccessful. The conditions

were chosen because they decrease cell growth by 50%
when cells are harvested after 24 h [11]. 32P-AP endo,

previously prepared as the standard by phosphorylation

with CK II, appeared as a band with MWapp of ap-

proximately 34 kDa. At least 13 phosphorylated pro-

teins appeared as specific bands in the cell extract after

incubation under CK II or MEK1 conditions with [c-
32P]ATP and phosphatase inhibitors (data not shown).

None of these corresponded to AP endo by Western blot
analysis and none corresponded to the 32P-phosphory-

lated AP endo prepared by phosphorylation with CK II.

Concentration by immunoprecipitation of endogenous

or exogenous AP endo previously exposed to kinase

conditions with anti-AP endo antibodies and protein A–

Sepharose beads followed by Western blot analysis also

failed to detect phosphorylation. Furthermore, addition

of HeLa cell extract to recombinant AP endo failed to
stimulate phosphorylation by CK II (data not shown).

Discussion

The preceding data demonstrate that the degree of

phosphorylation of a known or an unknown protein by a

variety of kinases can be quantitated on a molar basis by
including a phosphorylated standard with each experi-

ment. The standard employed here uses PKC to phos-

phorylate myelin basic protein. Since the number of

phosphates placed on eachMBP by PKC is known, it is a

simple matter to convert the phosphorImager data to

moles phosphate, provided that the standard substrate

and the unknown are present at known protein concen-

trations. An initial time course of PKC acting on MBP is
required to determine the time interval to achieve maxi-

mal phosphorylation. Furthermore, in cases where

phosphorylation is weak it is desirable to include time

courses of phosphorylation of a standard protein as a

positive control for kinase activity. Since there is no need

to excise bands from polyacrylamide gels for quantitation

by scintillation spectrometry, the method is relatively ef-

Fig. 4. Quantitation of phosphorylation of endogenous MAPK/Erk2

by exogenously added activated MEK1. The data are the average of

two experiments.
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ficient, and it can be performed with equipment in the
standard biochemistry laboratory.

The method we present here is more reliable than

conventional protocols for two reasons. First, it employs

a standard protein and kinase where a known number of

residues on a molar basis are phosphorylated on the

standard protein. Second, the time course ensures that

maximal phosphorylation has occurred for both the

standard and the unknown protein with the kinase in
question. Therefore, it is possible to quantify even low

levels of phosphorylation on a novel substrate.

Quantitation of phosphorylation of proteins in cell

extracts can also be performed. However, if the protein is

already phosphorylated in the cell and phosphatase in-

hibitors are present during preparation, the protein will

fail to be acted uponby exogenous or endogenouskinases.

On the other hand, these data demonstrate that it is a
simple matter to measure incorporation of additional

phosphates to partially phosphorylated endogenous

proteins.

APendo, akey enzyme in theDNAbase excision repair

pathway [28,29,31], has a variety of potential phosphor-

ylation sites that make it a candidate for regulation by

phosphorylation.Yacoub et al. [23],Hsieh et al. [24], Fritz

and Kaina [25] and we ourselves [26] have reported in
vitro phosphorylation ofAP endo. The casein kinases and

PKC employed were the same type and source as those

used here. The ability of AP endo to promote binding of

transcription factors Fos and Jun is enhanced [32,33],

while there are conflicting reports of inhibition of endo-

nuclease activity. Our quantitative studies presented here

indicate that in vitro recombinant AP endo was a poor

substrate for phosphorylation. We also could not detect
phosphorylation in cell extracts of several cell lines ex-

posed to oxidative stress conditions. We note that under

these conditions we would not have been able to detect

prior phosphorylation especially if the percentage were

small.

In conclusion, we have developed a novel method for

quantitating protein phosphorylation. The method is

sensitive and rapid and the instrumentation is readily
available.

Acknowledgments

The authors are grateful to Drs. Mark Perrella, Julie

Horton, and James Bonner for providing HeLa cells,

mouse fibroblasts, and primary passage rat lung fibro-

blasts.

References

[1] A.M. Stock, V.L. Robinson, P.N. Goudreau, Two-component

signal transduction, Annu. Rev. Biochem. 69 (2000) 183–215.

[2] A.R. Shenoy, His kinase or mine? Histidine kinases through

evolution, J. Biosci. 25 (2000) 317–322.

[3] E.G. Krebs, The growth of research on protein phosphorylation,

Trends Biochem. Sci. 19 (1994) 439.

[4] D.R. Marshak, D. Carroll, Synthetic peptide substrates for casein

kinase II, Methods Enzymol. 200 (1991) 134–156.

[5] P.R. Graves, D.W. Haas, C.H. Hagedorn, A.A. DePaoli-Roach,

P.J. Roach, Molecular cloning, expression and characterization of

a 49-kiloDalton casein kinase I isoform from rat testis, J. Biol.

Chem. 268 (1993) 6394–6401.

[6] J.J. Ramwani, R.M. Epand, M.A. Moscarello, Secondary struc-

ture of charge isomers of myelin basic protein before and after

phosphorylation, Biochemistry 28 (1989) 6538–6543.

[7] J. Ramwani, M.A. Moscarello, Phosphorylation of charge isomers

(components) of human myelin basic protein: identification of

phosphorylated sites, J. Neurochem. 55 (1990) 1703–1710.

[8] J.L. Wilsbacher, E.J. Goldsmith, M.H. Cobb, Phosphorylation of

MAP kinases by MAP/Erk involves multiple regions of MAP

kinases, J. Biol. Chem. 274 (1999) 16988–16994.

[9] P.R. Strauss, W.A. Beard, T.A. Patterson, S.H. Wilson, Substrate

binding by human apurinic/apryrimidinic endonuclease indicates

a Briggs–Haldane mechanism, J. Biol. Chem. 272 (1997) 1302–

1307.

[10] Y.-Z. Wang, J.C. Bonner, Mechanism of extra cellular signal-

regulated kinase (ERK)-1 and ERK-2 activation by vanadium

pentoxide in rat pulmonary myofibroblasts, Am. J. Respir. Cell

Mol. Biol. 22 (2000) 590–596.

[11] J.K. Horton, A. Baker, B.J. Vande Berg, R.W. Sobol, S.H.

Wilson, Involvement of DNA polymerase b in protection against

the cytotoxicity of oxidative DNA damage, DNA Repair 1 (2002)

317–333.

[12] C.R. Weston, D.G. Lambright, R.J. Davis, Signal transduction

MAP kinase signaling specificity, Science 296 (2002) 2345–2347.

[13] Y.-Z. Wang, J.L. Ingram, J. Santos, B. van Houten, C. Afshari,

K. Martin, P. Bushel, L. Bennett, A.B. Rice, J.C. Bonner, 2002.

Differential mechanism of STAT-1 activation by vanadium

pentoxide and hydrogen peroxide, Submitted.

[14] R.W. Sobol, R. Prasad, A. Evenski, A. Baker, X.-P. Yang, J.K.

Horton, S.H. Wilson, The lyase activity of the DNA repair protein

b-polymerase protects from DNA-damage-induced cytotoxicity,

Nature 405 (2000) 807–810.

[15] F. Ausubel, R. Brent, R.E. Kingston, D.D. Moore, J.G. Seidman,

J.A. Smith, K. Struhl, (Eds.), Current Protocols in Molecular

Biology, Wiley–Interscience, New York.

[16] M.M. Bradford, A rapid and sensitive method for the quantita-

tion of microgram quantities of protein utilizing the principle of

protein-dye binding, Anal. Biochem. 72 (1976) 248–254.

[17] R.-G. Shao, C.-X. Cao, H. Zhang, K. Kohn, M.S. Wold, Y.

Pommier, Replication-mediated DNA damage by camptothecin

induces phosphorylation of RPA by DNA-dependent protein

kinase and dissociates RPA:DNA-PK complexes, EMBO J. 18

(1999) 1397–1406.

[18] K.S. Srivenugopal, S.R. Mullapudi, J. Shou, T.K. Hazra, F. Ali-

Osman, Protein phosphorylation is a regulatory mechanism for

O6-alkylguanine-DNA alkyltransferase in human brain tumor

cells, Cancer Res. 60 (2000) 282–287.

[19] E.W. Englander, S.G. Widen, S.H. Wilson, Mammalian b-
polymerase promoter: phosphorylation of ATF/CRE-binding

protein and regulation of DNA binding, Nucleic Acids Res. 19

(1991) 3369–3375.

[20] C. Prigent, D.D. Lasko, K. Kodama, J.R. Woodgett, T. Lindahl,

Activation of mammalian DNA ligase I through phosphorylation

by casein kinase II, EMBO J. 11 (1992) 2925–2933.

[21] T. Tokui, M. Inagaki, K. Nishizawa, R. Yatani, M. Kusagawa, K.

Ajiro, Y. Nishimoto, T. Date, A. Matsukage, Inactivation of

DNA polymerase b by in vitro phosphorylation with protein

kinase C, J. Biol. Chem. 266 (1991) 10820–10824.

J. Andres Mckenzie, P.R. Strauss / Analytical Biochemistry 313 (2003) 9–16 15



[22] G. Rodrigo, S. Roumagnac, M.S. Wold, B. Salles, P. Calsou,

DNA replication but not nucleotide excision repair is required for

UVC-induced replication protein A phosphorylation in mamma-

lian cells, Mol. Cell. Biol. 20 (2000) 2696–2705.

[23] A. Yacoub, M.R. Kelley, W.A. Deutsch, The DNA repair activity

of human redox/repair protein APE/Ref-1 is inactivated by

phosphorylation, Cancer Res. 57 (1997) 5457–5459.

[24] M.M. Hsieh, V. Hegde, M.R. Kelley, W.A. Deutsch, Activation

of APE/Ref-1 redox activity is mediated by reactive oxygen species

and PKC phosphorylation, Nucleic Acids Res. 29 (2001) 3116–

3122.

[25] G. Fritz, B. Kaina, Phosphorylation of the DNA repair protein

APE/REF-1 by CK II affects redox regulation of AP-1, Onoco-

gene 18 (1999) 1033–1040.

[26] P.R. Strauss, N.E. O�Regan, Abasic site repair in higher eukary-

otes, in: J. Nickolof, M. Hoekstra (Eds.), DNA Damage and

Repair, vol. III, Humana Press, Totowa, NJ, 2001, pp. 43–86.

[27] C.M. Kane, S. Linn, Purification and characterization of an

apurinic/apyrimidinic endonuclease from HeLa cells, J. Biol.

Chem. 256 (1981) 3405–3414.

[28] C.N. Robson, I.D. Hickson, Isolation of cDNA clones encoding a

human apurinic/apyrimidinic endonuclease that corrects DNA

repair and mutagenesis defect in E. coli xth (exonuclease III)

mutants, Nucleic Acids Res. 19 (1991) 5519–5523.

[29] B. Demple, L. Harrison, Repair of oxidative damage to DNA:

enzymology and biology, Annu. Rev. Biochem. 63 (1994) 915–

948.

[30] C.F. Zheng, K.L. Guan, Properties of MEKs, the kinases that

phosphorylate and activate the extracellular signal-related kinases,

J. Biol. Chem. 268 (1993) 23933–23939.

[31] A. Klungland, T. Lindahl, Second pathway for completion of

human DNA base excision-repair: reconstitution with purified

proteins and requirement for Dnase IV (FEN I), EMBO J. 16

(1997) 3341–3348.

[32] S. Xanthoudakis, T. Curran, Identification and characterization

of Ref-1, a nuclear protein that facilitates AP-1 DNA-binding

activity, EMBO J. 11 (1992) 653–665.

[33] S. Xanthoudakis, G. Miao, F. Wang, Y.E. Pan, T. Curran, Redox

activation of Fos-Jun DNA binding activity is mediated by a

DNA repair enzyme, EMBO J. 11 (1992) 3323–3335.

16 J. Andres Mckenzie, P.R. Strauss / Analytical Biochemistry 313 (2003) 9–16


	A quantitative method for measuring protein phosphorylation
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References


