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Introduction

The study of protein kinases and the elucidation of the path-
ways involved in cell regulation is key to our understanding of
both healthy and diseased states. Small molecule inhibitors
have become widely used to infer the requirement of a partic-
ular kinase in a specific phosphorylation event or pathway.
Most kinase inhibitors bind to the ATP binding site of their tar-
gets. However, given that there are over 500 different protein
kinases in the human genome that all share the same con-
served ATP binding site,[1] it is often difficult to precisely state
that a particular phenotype is due to one particular kinase.
Knockout/knockdown technologies are useful to circumvent
this problem, but can cause secondary problems such as the
upregulation of related proteins to compensate for the missing
activity (such as cdk1 compensating in cdk2 knockouts[2, 3]).

In 1997 the Shokat lab pioneered a chemical genetic ap-
proach to analyse protein kinase function.[4] In this study a mu-
tation was used to enlarge the ATP binding site of v-Src; this
enabled the kinase to accept a [g-32P]ATP analogue with a
bulky addition to the N6 position. This approach provided
almost complete selectivity for the mutant v-Src over cellular
kinases (Figure 1 A). The same group then went on to show
that selective inhibitors of the enlarged ATP binding site can
be used to the same effect (Figure 1 A) with the advantage
that many are cell permeable and hence can be used with
living cells and organisms.[5] The specific residue mutated in
order to enlarge the ATP binding site was termed the “gate-
keeper” residue[6] and is conserved in many protein kinases
and makes the approach widely applicable.[7, 8] These tech-
niques have subsequently been used to study a wide variety
of kinases[9–11] and have led directly to the identification of
some novel kinase substrates.[12, 13]

Whilst the chemical genetic approach outlined above is at-
tractive (and is indeed being utilised with increasing frequen-
cy), there is little quantitative data available for the serine/
threonine protein kinases. Studies on mutant c-Src tyrosine
kinases show that binding of an N6-modified ATP analogue
does not alter the phospho-acceptor binding site, nor did it
affect the site specificity of a range of peptide targets.[14] Muta-
tion of c-Src to the analogue sensitive kinase not only allowed
the N6-modified ATP to be utilised, but the N6-modified ATP
was a much more efficient phosphate donor than native
ATP.[15] With respect to serine/threonine kinases, there is limited
kinetic data already published with N6-modified ATP ana-
logues.[16] In addition, recent work has demonstrated that sub-
stitution at the gatekeeper residue can have profound effects
on kinase catalytic efficiency.[17] In order to clarify these issues
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with respect to serine/threonine kinases, we have performed
experiments to quantitatively compare the kinetic parameters
of wild-type cdk2 with the analogue sensitive mutant F80G
cdk2[16, 18, 19] and have assessed a range of ATP analogues and a
variety of known substrates. Although some kinetic evaluation
has been performed with wild-type and analogue-sensitive v-
Src and Cdk2/cyclin E previously[16] our work here substantially
expands on this by examining
multiple protein substrates and
ATP analogues and quantitative-
ly comparing the kinetics of two
cdk2 holoenzymes with distinct
cyclin subunits.

Results

Generation of mutant Cdk2
and ATP analogue pairs

Gatekeeper mutations can be
used to enlarge the active site
of protein kinases to enable
them to use analogues of ATP
(see Figure 1). Analysis of the
crystal structure of cdk2 bound
to ATP[20] identified three amino
acids which, when mutated,
might allow bulky groups on
the N6 position of ATP to access
the hydrophobic pocket behind
the gatekeeper residue. These
three amino acids were V64, F80
and L134 (Figure 2). Mutant kin-
ases were prepared containing
V64S and/or F80G and/or L134A

mutations. Analysis of the activities of these kinases with ATP
variants showed that V64 and L134 substitutions were largely
inactive whilst the F80G mutant kinase retained substantial
catalytic activity (data not shown and Figure 3). The F80 resi-
due is equivalent to the gatekeeper site identified by Shokat et
al.[7] and further studies were carried out using the F80G
mutant cdk2.

An initial screen was undertaken to find N6-modified ATP an-
alogues that could be utilised as a phosphate donor by the
F80G cdk2 but not by wild-type cdk2. Initial investigations uti-
lised two known substrates of cdk2/cyclin E1: Rb and p27Kip1

(hereafter p27). A phospho-specific antibody was used to ob-
serve p27 phosphorylation and a gel shift assay was used to
measure retinoblastoma protein (Rb) phosphorylation, as hy-
perphosphorylated Rb migrates with a retarded mobility in
SDS PAGE when compared to un/hypophosphorylated Rb
(Figure 3). Of the N6-modified ATP analogues screened, two
were effective phosphate donors and selective for the F80G
cdk2 mutant; N6-(cyclohexyl)ATP (CxATP) and N6-(cyclopentyl)-ACHTUNGTRENNUNGATP. The smallest cyclic adduct tested, N6-(cyclopropyl)ATP,
could be used by both wild-type and F80G cdk2, albeit to a
lesser extent by the wild-type kinase (Figure 3). The largest
cyclic adduct tested, N6-(cyclooctyl)ATP, was selective over
wild-type kinase/ATP in combination with the substrate p27
but, as no hyperphosphorylation was observed with Rb, it was
concluded to be a poorer phosphate donor than the cyclopen-
tyl and cyclohexyl variants. N6-(pyrrolidinyl)ATP was inactive as
a phosphate donor both with the F80G mutant and the wild-
type kinase.

Figure 1. ATP-based chemical genetic approaches to protein kinases. Wild-
type protein kinases accept ATP as a phosphate donor but not sterically en-
larged inhibitors (shown as i) or ATP molecules (shown as A*TP). By enlarg-
ing the ATP binding domain the mutant kinase is still able to utilise ATP as a
phosphate donor but is also able to bind sterically enlarged molecules that
utilise the enlarged domain such as bulkier inhibitors and ATP analogues.

Figure 2. Mutation of the ATP binding domain in cdk2. A) ATP binding site of cdk2 that highlights the residues
that interact with the N6 region of ATP. V64 is highlighted in blue, F80 in red and L134 in green. B) A close up of
the ATP binding domain showing the F80 residue in red. C) Mutation of the F80 residue to glycine is shown in
red. Enlargement of the hydrophobic pocket is shown. Images were created using PyMOL software, based on co-
ordinates from protein data bank 1HCK.[37]
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Analysis of Rb phosphorylation sites

After establishing that F80G cdk2 and some N6-modified ATP
analogues can act as bio-orthogonal pairs to phosphorylate
known substrates, we addressed whether the phosphorylation
site selection in a protein substrate was identical to that of
wild-type cdk2. Retinoblastoma protein contains multiple
phosphorylation sites targeted by cyclin E1/cdk2.[21, 22] We em-
ployed phosphopeptide mapping to generate a fingerprintACHTUNGTRENNUNGindicative of the sites of phosphorylation targeted in the sub-
strate. Rb was phosphorylated by [g-32P]ATP with both wild-
type cdk2 and F80G cdk2, and by [g-32P]N6-(cyclohexyl)ATP ([g-
32P]CxATP) with F80G cdk2. The hyperphosphorylated Rb was
then digested with trypsin, the tryptic fragments separated in
two dimensions and visualised using autoradiography
(Figure 3). Comparing maps obtained with different ATP/kinase
pairs demonstrated that identical patterns of phosphorylated
peptides were obtained from all kinase/ATP combinations
(Figure 3); this indicated that neither the mutant kinase nor
the [g-32P]CxATP altered the site specificity of Rb phosphoryla-
tion. In addition, the intensity of phosphorylation of individual
peptides was very similar irrespective of which kinase/ATP pair
was employed; this indicated comparable efficiencies of selec-
tion of individual target sites. In addition, confirmation of
Thr187 phosphorylation on p27 (the only available phosphory-
lation site within this clone) was demonstrated by mass spec-
troscopy analysis (see the Supporting Information), and
showed unambiguously wild-type phosphorylation site specif-
icity with all ATP/kinase pairs tested.

Comparison of wild-type and
mutant Cdk2 activities

The activity of cdk2 is regulated
by binding to cyclins. The two
main cyclin types that bind to
cdk2 in vivo are E-type and A-
type cyclins, which are required
for progression through the G1/
S and S phases, respectively.[23]

In order to compare the activity
with both cyclins, baculovirus
expression was used to coex-
press a GST-tagged kinase and
the appropriate cyclin. The cdk/
cyclins were purified and used
to phosphorylate Rb. Rb gel
shift was used to quantify the
fraction of hyperphosphorylated
Rb from total Rb over time
(Figure 4). We established that
the reaction was within the
linear range of phosphorylation
(that is, ATP is not limiting and
no more than 10 % of the avail-
able ATP was used, see the Sup-

porting Information), and Lineweaver–Burke plots were pro-
duced using different concentrations of ATP or CxATP and the
resulting KM and Vmax values calculated (Table 1 and Fig-ACHTUNGTRENNUNGure 4).[24]

Comparable KM values were obtained with native ATP for
both wild-type and F80G cdk2 in combination with cyclin A2
(KM(WT/ATP) = 0.03�0.007 mm, KM(F80G/ATP) = 0.03�0.02 mm) and
cyclin E1 (KM(WT/ATP) = 0.05�0.02 mm, KM(F80G/ATP) = 0.08�
0.05 mm). This indicates that enlargement of the ATP binding
site with the F80G mutation is likely to have made no signifi-
cant difference to the kinetics of ATP binding/ADP release or
product formation. When mutant F80G cdk2 was used in com-
bination with either cyclin, N6-(cyclohexyl)ATP resulted in a
slight increase in KM compared to ATP (with cyclin A2 KM(F80G/

CxATP) = 0.04�0.01 mm and cyclin E1 KM(F80G/CxATP) = 0.06�
0.03 mm), indicating that N6-(cyclohexyl)ATP has a marginally
lower efficiency as a phosphate donor that is, more N6-(cyclo-
hexyl)ATP is required to give half maximal activity. In all cases
no phosphorylation was observed when N6-(cyclohexyl)ATP
was used as a substrate for wild-type cdk2, therefore kinetic
parameters could not be established for these holoenzymes.

Maximal activity values (Vmax) between all kinase/ATP pairs
were also established. In all cases a comparable Vmax wereACHTUNGTRENNUNGobserved with ATP for wild-type and F80G cdk2 for cyclin E
(Vmax(WT/ATP) = 27.1�7.7 %, Vmax(F80G/ATP) = 24.6�1.4 %) and cyclin
A2 (Vmax(WT/ATP) = 13.1�4.3 %, Vmax(F80G/ATP) = 8.7�3.3 %). N6-(cyclo-
hexyl)ATP in combination with F80G cdk2 with cyclin A2,ACHTUNGTRENNUNGalthough increased, was not significantly different from wild-
type cdk2 and ATP (Vmax(F80G/CxATP) = 19.5�0.6 %) and similarly
F80G cdk2 with cyclin E1 gave consistent Vmax values for all
three combinations of kinase and ATP (Vmax(F80G/CxATP) = 25.6�

Figure 3. A) Testing the compatibility of N6-modified ATPs with F80G cdk2. GST purified Rb or p27 was phosphory-
lated with cyclin E1/wild-type cdk2 or cyclin E1/F80G cdk2 in the presence or absence of 1 mm ATP analogues.
Phosphorylation was identified by the presence of a gel shifted hyperphosphorylated band for Rb (open triangles)
or using a phospho-specific p27 antibody for p27. B–D) Phosphopeptide mapping of Rb. Phosphopeptide maps
of Rb fragments phosphorylated with B) wild-type cdk2 and ATP, C) F80G cdk2 and ATP or D) F80G cdk2 and N6-
(cyclohexyl)ATP. The origin is marked “start”.
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6.7 %) indicating comparable phosphorylation efficiencies with
all kinase/ATP pairs. Although the N6-(cyclohexyl)ATP and
native ATP gave similar KM values we wondered if a less hydro-
phobic substitution would result in an analogue that was pref-
erentially used by the mutant kinase by disrupting potential
hydrophobic interactions between the cyclohexyl moiety of
the ATP analogue and the hydrophobic cavity that is revealed
by the gatekeeper mutation (see Figure 1). We therefore syn-
thesised N6-[(4-amino)-piperidinyl]ATP as a less hydrophobic
N6-modified ATP variant ; reduced hydrophobicity was implied
by reduced retention times compared to N6-(cyclohexyl)ATP on
reverse phase HPLC. However, analysis of the rate of phosphor-
ylation of Rb showed that N6-[(4-amino)-piperidinyl]ATP was
less efficient than N6-(cyclohexyl)ATP (Figure 5).

Alternative substrate phosphorylation rates

After determining the kinetic values for the phosphorylation of
Rb, we next investigated whether the rates of phosphorylation
of other substrates are similarly affected. For this study, as we
did not have the option of bandshift quantification, we used
[g-32P]-labelled ATP/N6-(cyclohexyl)ATP and two other known
substrates of cdk2/cyclin E1; cdc25a[25] and histone H1.[26] Fol-
lowing 30 min exposure to the radiolabelled ATP derivative the
intensity of phosphorylation reached a maximum and the in-
termediate time points were then expressed as a percentage
of this total phosphorylation (Figure 5). Autophosphorylation
of cyclin E1 gave a comparable rate of phosphorylation in all
combinations tested. We obtained the percentage phosphory-
lation values as above (that is, assuming maximum phosphory-
lation at 30 min). In order to account for minor differences in
kinase concentration, these values were then normalized rela-
tive to the phosphorylated cyclin E1 in each sample. This rep-
resents a relative amount of the total active kinase available.
Following normalization ATP was shown to be a more efficient
phosphate donor than N6-(cyclohexyl)ATP (Figure 5) ; for exam-
ple, on comparison of histone phosphorylation, 50 % of the
total phosphorylation was observed after 1.3 min for ATP
whereas with N6-(cyclohexyl)ATP this took 2.6 minutes (Fig-ACHTUNGTRENNUNGure 5).

Figure 4. Determination of KM and Vmax for wild-type and F80G cdk2 with cyclin E1 or cyclin A2 as binding partners. Rb was phosphorylated with increasing
concentrations of ATP/N6-(cyclohexyl)ATP (CxATP) from 0.01 mm to 1 mm for 30 min. Phosphorylation of Rb was measured by immunoblotting and quantita-
tive analysis of gel shifted hyperphosphorylated Rb (open triangle) and expressed as a percentage of total Rb. From these calculations Lineweaver–Burke
plots were obtained and the KM and Vmax values determined.

Table 1. KM and Vmax values for wild-type and F80G cdk2 kinases.

ATP CxATP
KM Vmax KM Vmax

WT cdk2/E 0.05�0.02 27.1�7.7
F80G cdk2/E 0.08�0.05 24.6�1.4 0.06�0.03 25.6�6.7
WT cdk2A 0.03�0.007 13.1�4.3
F80G cdk2A 0.03�0.02 8.7�3.3 0.04�0.01 19.5�0.6
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Complementation studies

Our enzymatic analyses indicated that F80G cdk2 was compa-
rable to wild-type cdk2 in terms of its kinetic properties. In
order to assess the ability of F80G cdk2 to function in a biolog-
ical setting we employed the budding yeast Saccharomyces
cerevisiae as a model system. Human cdks have been shown to
complement defects in the yeast cdk CDC28 and this system
provides a simple test of the biological efficacy of a cdk.[27] We
performed complementation assays using a strain of the bud-
ding yeast S. cerevisiae containing a temperature-sensitive mu-
tation in CDC28. In this strain, the yeast proliferate normally at
30 8C but are unable to grow at 34.5 8C. We expressed either
wild-type or F80G cdk2 into the temperature sensitive strain
and tested for growth at the permissive and restrictive temper-
atures. As shown in Figure 6, both wild-type and F80G cdk2
were indistinguishable in their ability to complement the
growth defect at 34.5 8C, whereas yeast transformed with the
empty vector control were unable to grow. These data indicate
that the F80G cdk2 is functional in vivo and is able to compen-
sate for the loss of wild-type CDC28 in yeast.

Discussion

The utilisation of a protein kinase with a mutationally enlarged
ATP binding site in combination with an ATP analogue has
proved to be an innovative and informative chemical genetic
technique in the study of protein kinases.[9–11] Whilst the tech-
nique is becoming widely used, there are few studies rigorous-
ly analysing the kinetics and specificity of the mutant kinase/
ATP analogue pairing with serine/threonine kinases. To be fully
applicable, the kinase/ATP analogue pairing should reflect the
properties of the unaltered components as closely as possible.
In this study, we have examined this requirement for the cell
cycle regulatory protein serine/threonine kinase cdk2 and a
range of nucleotide analogues and known protein substrates.

Three different cdk2 mutants were assessed, each with
amino acid side chains positioned in close proximity to the
N6 nitrogen of the adenine base of ATP: F80G, L134A and V64S
(Figure 2). All proteins were expressed well through baculovi-
rus infection of Sf9 cells but only the F80G variant had activity
comparable to wild-type cdk2 when complexed with a cyclin

Figure 5. A) Measuring the rate of phosphorylation of cdk2 substrates. Recombinant proteins were phosphorylated with purified cyclin E1/cdk2 and
[g32P]ATP/N6-(cyclohexyl)ATP for the time indicated. Samples were separated by SDS PAGE and quantified by phosphoimaging. The initial rates of phosphory-
lation are shown for i) cyclin E1, ii) histone and iii) cdc25a each phosphorylated with wild-type cdk2+ATP (^, solid line), F80G cdk2+ATP (&, dashed line) or
F80G cdk2+CxATP (~, dotted and dashed). B) Decreasing the hydrophobicity of N6-(cyclohexyl)ATP does not improve the rate of Rb phosphorylation. Rb was
phosphorylated with F80G cdk2 and either ATP, N6-(cyclohexyl)ATP or N6-[(4-amino)-piperidinyl)]ATP (shown in (i)). Quantitative analyses of the rates of phos-
phorylation were measured by taking the density of hyperphosphorylated Rb (open triangles) from the total Rb in each sample (ii). Data is represented by a
Michaelis Menten plot (iii) of the % phosphorylation of Rb observed after 60 min with increasing ATP concentrations.
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(Figure 3 and data not shown). Recent computational analysis
has indicated that L134 of cdk2 is likely to form part of the so-
called C spine, a stack of hydrophobic residues that is predict-
ed to be important for optimisation of the catalytic process.[28]

Our observation that the L134A mutant is substantially less
active than the wild-type cdk2 is in agreement with this com-
putational analysis, as the substitution with an alanine is likely
to destabilise this hydrophobic stacking hence reducing kinase
catalytic ability.

F80 is equivalent to the gatekeeper residue in cdk2 and as
such is the most commonly targeted site in protein kinases for
enlargement of the ATP pocket. Recent studies on tyrosine kin-
ases have indicated that this residue can have a profound
effect on the activity of the kinase.[17] Many endogenous tyro-
sine kinases have threonine at this gatekeeper site; in v-Src
and some activated versions of c-ABL, this residue is changed
to a more bulky hydrophobic amino acid such as isoleucine.
These changes result in activation of the tyrosine kinase
through stabilisation of a second hydrophobic spine (the
R spine) that holds the kinase in an active conformation.[17, 28] In
contrast, many serine/threonine kinases already have a bulky
hydrophobic amino acid at this position (F80 in cdk2). Our en-
zymatic analysis, in agreement with previous studies,[16] does
not indicate any substantial decline in enzymatic activity of
cdk2 upon substitution of the gatekeeper residue with an
amino acid lacking a side chain. The interaction with a cyclin
assists in holding the cdk in an active conformation and this

may be a factor in the retention of activity with F80G cdk2.
These in vitro observations are substantiated by the demon-
stration that F80G cdk2 is able to complement the loss of
CDC28 activity in S. cerevisiae and attests its capability in a bio-
logical system (Figure 6).

Mutation of the gatekeeper residue[29] allows bulky additions
at the N6 position of ATP to sit within the ATP binding site and
hence modified ATPs to be utilised as phosphate donors. Of
the variety of ATPs with bulky N6 additions tested, we found
only N6-(cyclopentyl), N6-(cyclohexyl) and N6-[(4-amino)piperi-
dinyl] ATPs to be productive binding partners resulting in sub-
strate phosphorylation that was comparable to that observed
with ATP. None of these analogues were phosphate donors
with wild-type cdk2. Further work employed N6-(cyclohexyl)-ACHTUNGTRENNUNGATP.

Ideally, to discover novel protein kinase substrates, F80G
cdk2 would need to be expressed in cells or a cellular environ-
ment in the presence of ~1 mm ATP.[30] Current gatekeeper
mutations such as F80G cdk2 do not preclude the kinase from
using standard ATP but allow it to additionally employ to the
N6-substituted ATP analogues as phosphate donors. We there-
fore set out to compare the activity of the wild-type and
mutant kinases with ATP and the F80G mutant with the N6-(cy-
clohexyl)ATP analogue. The F80G mutation did not significantly
affect the kinetics of phosphorylation of several known cdk2
substrates with native ATP, and gave comparable KM and Vmax

values; this indicates that the kinase retains the enzymatic
properties of its wild-type counterpart. Ideally to compete suc-
cessfully with intracellular ATP, the F80G cdk2 would have
greater catalytic efficiency with N6-(cyclohexyl)ATP than with
ATP which was not observed here as shown in Table 1. Further
modifications to the ATP moiety may prove to be more effi-
cient selective substrate donors. For example, construction of
dual bump hole system[31] would allow absolute specificity and
circumvent competition from endogenous ATP; such a system
could be engineered on top of the existing model by, for ex-
ample, reducing the ribose unit whilst introducing a compen-
satory bulky amino acid sidechain in the appropriate portion
of the kinase. A previous study in chemical genetic mutants
F80G cdk2 and T338G c-Src kinases, the KM values for the ana-
logue N6-(benzyl)ATP was much lower than that of ATP indicat-
ing that in this example the analogue ATP was in fact a better
substrate than the native ATP.[16] The differences between this
study and that by Kraybill et al. are likely to be due to the spe-
cific combination of the kinase and the ATP analogue. Thus, it
is clearly important to further evaluate mutant kinases with dif-
ferent ATP analogues to identify optimal combinations, and
further detailed study is required.

Protein serine/threonine kinases generally select substrates
through interaction of the kinase with a docking site on the
substrate (at least partially through the cyclin in the case of
cdks). This sterically aligns the target residue close to the cata-
lytic site.[28, 32, 33] Given that the gatekeeper residue is deep
within the adenine-binding pocket of the kinase, far from
these surface interactions, it seemed unlikely that its mutation
would affect substrate selection. However, recent studies have
suggested that substantial interconnectivity exists between

Figure 6. Complementation of defective CDC28 by F80G cdk2. S. cerevisiae
with a temperature sensitive allele of CDC28 was transformed with either
empty vector or vectors expressing either wild-type or F80G cdk2. Cultures
were grown from two independent transformants for each plasmid at the
permissive temperature and then spotted onto duplicate plates at two con-
centrations (marked “1” and “1/10”) and incubated at either 30 8C (permis-
sive) or 34.5 8C (restrictive) for three days.
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spatially disparate portions of protein kinases;[28] this makes it
important to assess the effects of gatekeeper mutations on
substrate selection. Our observations indicate no significant
change in substrate phosphorylation, both in terms of the se-
lection of individual proteins for phosphorylation and the rela-
tive efficiency of targeting specific sites within a single sub-
strate undergoing multi-site phosphorylation (Figures 4 and 5).
These observations greatly validate the use of gatekeeper mu-
tations for studying protein serine/threonine kinase function
and suggest that this residue is not contributing substantially
to long range interactions within the protein serine/threonine
kinase scaffold.

Experimental Section

Materials : Primary antibodies p27 (C-19), p27 T187 phospho-spe-
cific (sc16 324R) and GST (B-14) were from Santa Cruz Biotech-
nology (Heidelberg, Germany) NeutrAvidin-HRP from Molecular
Probes (Eugene, OR, USA). All secondary antibodies were from
Jackson ImmunoResearch (West Grove, PA, USA). All other materi-
als were from Sigma unless stated otherwise.

Synthesis of ATP derivatives : All syntheses carried out according
to literature procedures.[4] Further details and full analytical data
can be found in the Supporting Information.

Generation of constructs : GST-tagged cdk2 constructs were creat-
ed by subcloning cdk2[34] into pAcGEX by using BamHI/EcoRI.
Mutant cdk2 clones were created by PCR mutagenesis using the
following primers (coding strands only shown): for F80G: 5’-CTC
TAC CTG GTT GGC GAA TTC CTG CAC CAA G-3’; V64S 5’-CCT AAT
ATT TCG AAG CTG CTG-3’; L134 A 5’-AAC CTC AGA ATC TCG CGA
TTA ACA CAG AG-3’. All clones were cloned into a T-tail vector and
sequenced before being subcloned into pBlueBacHisA using
BamHI/HindIII for baculovirus expression. Wild-type and F80G cdk2
were then further subcloned into pAcGEX for expression with a
GST tag and into pGBDU-C1 for yeast expression studies. Other
constructs have been described.[21, 34, 35]

Cell culture : NIH 3T3 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with newborn calf serum
(NCS, 10 % v/v). Sf9 cells were cultured in Grace’s media supple-
mented with foetal bovine serum (FBS, 10 % v/v). Recombinant ba-
culoviruses were produced using the BaculoGold system (Pharmin-
gen, Oxford, UK).

Baculovirus expression and purification of wild-type and F80G
cdk2 : Infections with recombinant viruses producing GST-tagged
proteins were performed such that the cyclin expressing virus was
present in ~ tenfold excess compared to the GST-cdk2 virus to
ensure maximal binding of cyclin to each cdk. Cells were lysed in
NETN (10 mL of: 20 mm Tris-HCl pH 8, 150 mm NaCl, 1 mm EDTA,
0.5 % NP40) by repeated passage through a 21-gauge needle.
Debris was removed by centrifugation at 5000 rpm at 4 8C for
5 min and the lysate was then incubated with glutathione-Sephar-
ose beads (500 mL) for 2 h at 4 8C. The beads were thoroughly
washed in NETN (3 � 10 mL) before use in assays as described
below. Preparations were assayed against histone H1 and con-
tained activities of phosphate transfer per mg of kinase from two
independent assays in the following ranges: cyclin E1/wild-type
cdk2: 53.24–78.21 nmol�1 mg�1 min�1; cyclin E1/F80G cdk2: 1.40–
4.96 nmol�1 mg�1 min�1; cyclin A2/wild-type cdk2: 7.74–
19.55 nmol�1 mg�1 min�1; cyclin A2/F80G cdk2: 3.48–
5.86 nmol�1 mg�1 min�1.

Kinase assays : Kinase assays were performed in 100 mL volume,
which contained GST-purified kinase (1–2 units where 1 unit = 35 %
Rb shift after 30 minutes incubation), GST-purified substrate (~1 mg
of Rb (aa 414–960), p27 (aa 105–198), cdc25a and cyclin E co-puri-
fied by using cdk2-GST as above) or histone H1 (Roche), ATP
(1 mm) and K buffer (25 mm HEPES pH 7.9, 5 mm MgCl2, 0.1 % (v/v)
2-mercaptoethanol, 0.1 mm EDTA). For KM/Vmax experiments, Rb-
GST (1 ng) was used as a substrate. The samples were incubated
for up to 1 h at 30 8C (for Lineweaver–Burke plots, samples were in-
cubated for 30 min). Reactions were terminated by adding 5 �
SDS-PAGE loading buffer. The protein samples were separated by
SDS-PAGE and visualized western blotting and ECL detection (Milli-
pore). Analysis and quantification of blots was performed using
Aida software.

His prep of NDPK : Nucleotide diphosphate kinase (NDPK) cDNA
was expressed as a His-tagged protein in E. coli strain BL21. Bacteri-
al cultures (200 mL) were centrifuged at 1000 rpm for 5 min at 4 8C
and resuspended in buffer A (10 mL of: 20 mm Tris at pH 8, 0.5 m

NaCl). Cells were lysed by sonication and the debris removed by
further centrifugation at 5000 rpm for 5 min at 4 8C. His-tagged
protein was purified by immobilised metal affinity chromatography.
Beads were washed in buffer B (3 � 20 mm Tris pH 8, 0.5 m NaCl,
40 mm imidazole) before being adjusted to 50 % glycerol and
stored at �20 8C prior to further use.

Enzymatic synthesis of [g-32P] N6-(cyclohexyl)ATP : His-tagged
NDPK beads were washed in ammonium bicarbonate (0.1 m). [g-
32P]ATP (5 nmol) was added to beads and the reaction incubated
at 30 8C for>1 h. Unreacted [g-32P]ATP was washed from the beads
with ammonium bicarbonate (0.1 m) and discarded, until washes
contained <5 cpm. N6-(cyclohexyl)ADP (CxADP, 0.1 nmol) was
added to the beads followed by incubation at 30 8C for >1 h. Fol-
lowing brief centrifugation, the supernatant was removed and the
remaining labelled CxATP washed from beads. The supernatant
was concentrated by centrifugal evaporation and subsequently the
[g-32P]CxATP was resuspended in K buffer.

Phosphopeptide mapping of Rb : For the phosphopeptide analy-
sis, in vitro kinase assays were performed as described above
except that [g-32P]ATP/CxATP (3 nmol) and GST-Rb (amino acids
378–928) (1.5 ng) were used. The phosphorylated GST-Rb products
were resolved by SDS-PAGE, transferred to a polyvinylidene difluor-
ide membrane and digested with trypsin prior to phosphopeptide
analysis as described.[36]

Complementation studies in yeast : S. cerevisiae strain Y246a
(MATa cdc28–4 trp1 ura3–52 tyr1; a gift from John Diffley) was
transformed with either empty vector (pGBDU-C1) or plasmids di-
recting expression of either wild-type or F80G cdk2 using a stan-
dard lithium acetate protocol. Transformants were grown in liquid
culture at 30 8C and then spotted onto selective agar plates andACHTUNGTRENNUNGincubated at either 30 8C or 34.5 8C for 3 days.

Acknowledgements

We thank John Diffley for the yeast strain, Douglas Lamont for
mass spectrometry and Kleoniki Gounaris for the NDPK plasmid.
We would also like to thank Rudiger Woscholski, Doreen Cantrell
and members of the Mann and Gouverneur laboratories for criti-
cal comments and discussion. This work was supported by the
Cancer Research UK and the BBSRC.

ChemBioChem 2009, 10, 1519 – 1526 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1525

Cdk2 Mutant Kinetics

www.chembiochem.org


Keywords: chemical genetics · cyclin · kinases · nucleotides ·
phosphorylation

[1] G. Manning, D. B. Whyte, R. Martinez, T. Hunter, S. Sudarsanam, Science
2002, 298, 1912–1934.

[2] C. Berthet, E. Aleem, V. Coppola, L. Tessarollo, P. Kaldis, Curr. Biol. 2003,
13, 1775–1785.

[3] D. Santamaria, C. Barriere, A. Cerqueira, S. Hunt, C. Tardy, K. Newton,
J. F. Caceres, P. Dubus, M. Malumbres, M. Barbacid, Nature 2007, 448,
811–815.

[4] K. Shah, Y. Liu, C. Deirmengian, K. M. Shokat, Proc. Natl. Acad. Sci. USA
1997, 94, 3565–3570.

[5] A. C. Bishop, K. Shah, Y. Liu, L. Witucki, C. Kung, K. M. Shokat, Curr. Biol.
1998, 8, 257–266.

[6] P. J. Alaimo, Z. A. Knight, K. M. Shokat, Bioorg. Med. Chem. 2005, 13,
2825–2836.

[7] C. Zhang, D. M. Kenski, J. L. Paulson, A. Bonshtien, G. Sessa, J. V. Cross,
D. J. Templeton, K. M. Shokat, Nat. Methods 2005, 2, 435–441.

[8] R. H. Gunby, S. Ahmed, R. Sottocornola, M. Gasser, S. Redaelli, L. Molog-
ni, C. J. Tartari, V. Belloni, C. Gambacorti-Passerini, L. Scapozza, J. Med.
Chem. 2006, 49, 5759–5768.

[9] L. M. Elphick, S. E. Lee, V. Gouverneur, D. J. Mann, ACS Chem. Biol. 2007,
2, 299–314.

[10] N. Dephoure, R. W. Howson, J. D. Blethrow, K. M. Shokat, E. K. O’Shea,
Proc. Natl. Acad. Sci. USA 2005, 102, 17940–17945.

[11] E. Beillard, O. N. Witte, Cell Cycle 2005, 4, 434–437.
[12] J. J. Allen, S. E. Lazerwith, K. M. Shokat, J. Am. Chem. Soc. 2005, 127,

5288–5289.
[13] J. D. Blethrow, J. S. Glavy, D. O. Morgan, K. M. Shokat, Proc. Natl. Acad.

Sci. USA 2008, 105, 1442–1447.
[14] L. A. Witucki, X. Huang, K. Shah, Y. Liu, S. Kyin, M. J. Eck, K. M. Shokat,

Chem. Biol. 2002, 9, 25–33.
[15] Y. Liu, K. Shah, F. Yang, L. Witucki, K. M. Shokat, Chem. Biol. 1998, 5, 91–

101.
[16] B. C. Kraybill, L. L. Elkin, J. D. Blethrow, D. O. Morgan, K. M. Shokat, J.

Am. Chem. Soc. 2002, 124, 12118–12128.
[17] M. Azam, M. A. Seeliger, N. S. Gray, J. Kuriyan, G. Q. Daley, Nat. Struct.

Mol. Biol. 2008, 15, 1109–1118.

[18] A. G. Polson, L. Huang, D. M. Lukac, J. D. Blethrow, D. O. Morgan, A. L.
Burlingame, D. Ganem, J. Virol. 2001, 75, 3175–3184.

[19] A. C. Bishop, J. A. Ubersax, D. T. Petsch, D. P. Matheos, N. S. Gray, J. Bleth-
row, E. Shimizu, J. Z. Tsien, P. G. Schultz, M. D. Rose, J. L. Wood, D. O.
Morgan, K. M. Shokat, Nature 2000, 407, 395–401.

[20] P. D. Jeffrey, A. A. Russo, K. Polyak, E. Gibbs, J. Hurwitz, J. Massague, N. P.
Pavletich, Nature 1995, 376, 313–320.

[21] E. S. Knudsen, J. Y. Wang, J. Biol. Chem. 1996, 271, 8313–8320.
[22] A. S. Lundberg, R. A. Weinberg, Mol. Cell. Biol. 1998, 18, 753–761.
[23] E. A. Musgrove, Growth Factors 2006, 24, 13–19.
[24] W. W. Cleland, Annu. Rev. Biochem. 1967, 36, 77–112.
[25] I. Hoffmann, G. Draetta, E. Karsenti, Embo J. 1994, 13, 4302–4310.
[26] R. N. Bhattacharjee, G. C. Banks, K. W. Trotter, H. L. Lee, T. K. Archer, Mol.

Cell. Biol. 2001, 21, 5417–5425.
[27] M. Meyerson, G. H. Enders, C. L. Wu, L. K. Su, C. Gorka, C. Nelson, E.

Harlow, L. H. Tsai, Embo J. 1992, 11, 2909–2917.
[28] A. P. Kornev, S. S. Taylor, L. F. Ten Eyck, Proc. Natl. Acad. Sci. USA 2008,

105, 14377–14382.
[29] A. C. Bishop, E. R. Blair, Bioorg. Med. Chem. Lett. 2006, 16, 4002–4006.
[30] G. M. Cook, J. B. Russell, A. Reichert, J. Wiegel, Appl. Environ. Microbiol.

1996, 62, 4576–4579.
[31] S. M. Ulrich, O. Buzko, K. Shah, K. Shokat, Tetrahedron 2000, 56, 9495–

9502.
[32] R. Bose, M. A. Holbert, K. A. Pickin, P. A. Cole, Curr. Opin. Struct. Biol.

2006, 16, 668–675.
[33] B. A. Schulman, D. L. Lindstrom, E. Harlow, Proc. Natl. Acad. Sci. USA

1998, 95, 10453–10458.
[34] D. J. Mann, E. S. Child, C. Swanton, H. Laman, N. Jones, Embo J. 1999,

18, 654–663.
[35] P. D. Adams, X. Li, W. R. Sellers, K. B. Baker, X. Leng, J. W. Harper, Y. Taya,

W. G. Kaelin, Jr. , Mol. Cell. Biol. 1999, 19, 1068–1080.
[36] A. Jarviluoma, E. S. Child, G. Sarek, P. Sirimongkolkasem, G. Peters, P. M.

Ojala, D. J. Mann, Mol. Cell. Biol. 2006, 26, 2430–2440.
[37] U. Schulze-Gahmen, H. L. De Bondt, S. H. Kim, J. Med. Chem. 1996, 39,

4540–4546.

Received: February 2, 2009
Published online on May 12, 2009

1526 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1519 – 1526

D. J. Mann et al.

http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1126/science.1075762
http://dx.doi.org/10.1016/j.cub.2003.09.024
http://dx.doi.org/10.1016/j.cub.2003.09.024
http://dx.doi.org/10.1073/pnas.94.8.3565
http://dx.doi.org/10.1073/pnas.94.8.3565
http://dx.doi.org/10.1016/S0960-9822(98)70198-8
http://dx.doi.org/10.1016/S0960-9822(98)70198-8
http://dx.doi.org/10.1016/j.bmc.2005.02.021
http://dx.doi.org/10.1016/j.bmc.2005.02.021
http://dx.doi.org/10.1038/nmeth764
http://dx.doi.org/10.1021/jm060380k
http://dx.doi.org/10.1021/jm060380k
http://dx.doi.org/10.1021/cb700027u
http://dx.doi.org/10.1021/cb700027u
http://dx.doi.org/10.1073/pnas.0509080102
http://dx.doi.org/10.1021/ja050727t
http://dx.doi.org/10.1021/ja050727t
http://dx.doi.org/10.1073/pnas.0708966105
http://dx.doi.org/10.1073/pnas.0708966105
http://dx.doi.org/10.1016/S1074-5521(02)00091-1
http://dx.doi.org/10.1016/S1074-5521(98)90143-0
http://dx.doi.org/10.1016/S1074-5521(98)90143-0
http://dx.doi.org/10.1021/ja0264798
http://dx.doi.org/10.1021/ja0264798
http://dx.doi.org/10.1038/nsmb.1486
http://dx.doi.org/10.1038/nsmb.1486
http://dx.doi.org/10.1128/JVI.75.7.3175-3184.2001
http://dx.doi.org/10.1038/376313a0
http://dx.doi.org/10.1080/08977190500361812
http://dx.doi.org/10.1146/annurev.bi.36.070167.000453
http://dx.doi.org/10.1128/MCB.21.16.5417-5425.2001
http://dx.doi.org/10.1128/MCB.21.16.5417-5425.2001
http://dx.doi.org/10.1073/pnas.0807988105
http://dx.doi.org/10.1073/pnas.0807988105
http://dx.doi.org/10.1016/j.bmcl.2006.05.011
http://dx.doi.org/10.1016/S0040-4020(00)00834-6
http://dx.doi.org/10.1016/S0040-4020(00)00834-6
http://dx.doi.org/10.1016/j.sbi.2006.10.012
http://dx.doi.org/10.1016/j.sbi.2006.10.012
http://dx.doi.org/10.1073/pnas.95.18.10453
http://dx.doi.org/10.1073/pnas.95.18.10453
http://dx.doi.org/10.1093/emboj/18.3.654
http://dx.doi.org/10.1093/emboj/18.3.654
http://dx.doi.org/10.1128/MCB.26.6.2430-2440.2006
http://dx.doi.org/10.1021/jm960402a
http://dx.doi.org/10.1021/jm960402a
www.chembiochem.org

