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To examine structural features of proline which are essential for the proline-directed
phosphorylation by cdc2 kinase or cdko, we prepared the peptide representing the cdc2
kinase phosphorylation site at Ser-55 in vimentin [Ser-Leu-Tyr-Ser-Ser-Ser55-Pro56-Gly-
Gly58-Ala-Tyr-NH2], the peptide containing arginine in place of Gly-58, and their deriva-
tives containing various iV-methylamino acids or proline homologs in place of Pro-56, and
tested them as substrates for the kinases. While substitution of the proline by proline
homologs (L-pipecolic acid or L-azetidine-2-carboxylic acid) increased the #„, value 2- to
4-fold at utmost, substitution by iV-methylamino acids (sarcosine, L-iV-methylalanine,
L-iV-methylvaline, or L-iV-methylleucine) increased the Km value 7- to 40-fold for cdc2
kinase. For cdk5, these substitutions led to parallel effects on the Km value to those found
for cdc2 kinase; cdk5 recognized the peptides with a proline specificity similar to that for
cdc2 kinase. These results suggest that the pyrrolidine ring of proline is important for
substrate recognition by cdc2 kinase or cdk5. Molecular dynamics and molecular mecha-
nics simulations indicated that the pyrrolidine ring of proline is optimal to stabilize a
/9-turn at the phosphorylation site and that the Km values of the peptides for the enzymes
might be related to the probability of the turn structure. The results obtained here also
suggest that the pyrrolidine ring of proline is required to maintain a high Fraax value for
cdc2 kinase or especially for cdk5. These will aid in designing specific substrates or
inhibitors for cdc2 kinase or cdk5.

Key words: cdc2 kinase, cdk 5, molecular dynamics and molecular mechanics simulations,
peptide synthesis, phosphorylation.

cdc2 kinase is a Ser/Thr protein kinase which plays a cdk-cyclin complexes drives cell cycle events; cdc2 kinase
pivotal role in controlling the cell cycle of all eukaryotic in a complex with cyclin B (p34cdc2/cyclin B) promotes
cells (1). The kinase is composed of a catalytic component entry into mitosis (3), cdk4/cyclinD, and cdk6/cyclin D are
p34cdc2 and a regulatory subunit cyclin essential for the involved in Gl/S transition (2), and cdk2/cyclin E and
kinase activity. In mammalian cells, p34cdc2-related pro- cdk2/cyclin A in DNA replication (8).
teins which are closely related in size (35-40 kDa) and Some cdks were found in tissues and cells where prolifer-
sequence (> 40% identity) have been described. They have ative activity is very low, suggesting that cdks may not all
been referred to as cyclin-dependent kinases (cdks) and are be cell cycle regulators. A cdc2-like kinase (9) and tau
designated individually as cdkl ( = p34cdc2) to cdk8 by protein kinase II (10) were purified from bovine brain. The
number (2-5). Cyclins are now denned as a family of catalytic subunit of these kinases has now been shown to be
structurally related proteins, and are categorized into identical to cdk5, based on their amino acid sequences (11-
subfamilies from A to H (6, 7). The transient activation of 13), and to be associated with a 23-25-kDa polypeptide (9,

10), which was shown to be a proteolytic fragment of the
'This research was supported in part by a Grant-in-Aid for Scientific 3 5 . ^ n o n . c y c l i n t y p e activating subunit (14-16). The
rf S'an ^ °f E d u C a t l ° n > ScienCe> SpOrtS *»* C u l t u r e cdk5 has been implicated in the regulation of neurocyto-
2To whom correspondence should be addressed. Tel: +81-952-34- skeleton dynamics and organization (17).
2192, Fax: +81-952-34-2022, E-mail: andoh-s@smsnet.saga-med. Cdks catalyze proline-directed phosphorylation. Analy-
ac.jp sis of in vivo and in vitro phosphorylation sites of various
Abbreviations: Aze, azetidine-2-carboxylic acid; Boc, <-butyloxycar- proteins for cdc2 kinase in a complex .with cyclin B has
bonyl; cdk, cyclin-dependent protein kinase; MeAla, JV-methylala- suggested that the kinase preferentially phosphorylates a
nine; MeLeu, N-methylleucine; MeVal, iV-methvlvaline; ME) and S e r / T h r s i t e w h i c h i s f o n o w e d by an adjacent proline, with
MM simulations, molecular dynamics and molecular mechanics ... , . . . . . J, „ ' . , . , /C1 ,
simulations; Pip, pipecolic acid or piperidine-2-carboxylic acid; Pt, o r without a basic amino acid at the third residue (Ser/
probability of yS-turn; Sar, sarcosine or Af-methylglycine; Vim(50- Thr-Pro-Z-Arg/Lys Or Ser/Thr-Pro) (18-22). Systematic
60), peptide fragment of vimentin consisting of positions 50-60. studies using synthetic peptides representing the phos-
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phorylation sites have shown that proline acts as the
primary substrate specificity determinant for cdc2 kinase
and that the basic residue on the carboxyl- terminal side of
the site enhances the site recognition (23-26). Similar
sequence specificity has been observed for cdk2 associated
with cyclin A (26). Cdk5 purified from brain phosphor -
ylates neurofilament M, H, and tau proteins at multiple
sites which are identical to sites phosphorylated in vitro by
cdc2 kinase (12, 27, 28). It was, however, observed that
cdk5 phosphorylates more preferentially the sequence Ser/
Thr-Pro-Z-Arg/Lys over the sequence Ser/Thr-Pro rather
than does cdc2 kinase (24, 28), suggesting that cdk5 has a
stronger dependence on basic amino acid residues on the
carboxyl-terminal side of the site.

Charged amino acids around the site are assumed to
interact as determinants with oppositely charged residues
in the catalytic site of a protein kinase, as observed in the
complex between the catalytic subunit of cAMP-dependent
protein kinase and its inhibitory peptide (29). However,
the molecular basis of the proline-directed phosphorylation
by cyclin-dependent protein kinases has remained un-
known. In this respect, we reported that a proline in a
peptide substrate for cdc2 kinase or cdk5 can be replaced
partly by sarcosine (24), a finding which suggested that the
iV-substituted structure of proline is important for sub-
strate recognition by the kinases. To obtain more informa-
tion on the structural factors of proline required for the
phosphorylation, the peptides representing the in vivo and
in vitro phosphorylation site in vimentin (19-22) and
containing various iV-methylamino acids or proline homo-
logs in place of proline were prepared in this study, and
tested as substrates for cdc2 kinase or cdk5. The kinetic
data, together with molecular dynamics (MD) and molecu-
lar mechanics (MM) simulations, substantiated the impor-
tance of the 5-membered (pyrrolidine) ring structure of
proline in the substrate specificity of cdc2 kinase or cdk5, as
well as highlighting differences in specificity between the
kinases.

EXPERIMENTAL PROCEDURES

Preparation of Protein Kinases—cdc2 kinase in a com-
plex with cyclin B was prepared from mouse FM3A
mammary tumor cells at the logarithmic growth phase by
the method of Kusubata et al. (21, 24). Cdk5 in a complex
with the 23-kDa regulatory subunit was prepared from the
microtubule fraction of porcine brain by the method of
Hisanaga et al. (28, 30). Protein concentrations were
measured according to Bradford (31) with bovine serum
albumin as standard.

Peptide Synthesis and Purification—Amino acids except
glycine and sarcosine used in this study are all in L-form.
Azetidine-2-carboxylic acid and pipecolic acid were pur-
chased from Sigma (St. Louis, MO) and derivatized into the
Boc-amino acids by the conventional method. Other Boc-
amino acid derivatives were from Kokusan Kagaku
(Tokyo). Peptides were synthesized as the carboxyl-termi-
nal amide using 4-methylbenzhydrylamine-resin on an
Applied Biosystems 431A peptide synthesizer. Coupling
reactions of the imino acids and the next serine to the
growing peptide chain were carried out at least twice. After
deprotection and cleavage from the resin with 1 M trifluo-
romethanesulfonic acid/trifluoroacetic acid, peptides were

purified by gel chromatography on Sephadex G-25 and then
by reversed-phase HPLC. Identity of the peptides was
confirmed by amino acid analysis, gas-phase sequencing
and fast atom bombardment mass spectrum measurement.
Concentration of the peptide solution was determined by
amino acid analysis.

Phosphorylation of Synthetic Peptides—Phosphotrans-
ferase assays were performed for 5 min at 25°C in a
reaction mixture with a final volume 50 jx\ containing 25
mM Tris-HCl buffer (pH 7.5), 3 mM MgCl2, 0.1 mM [y-
32P]ATP, peptide substrate, and 0.4/*g/ml of cdc2 kinase
or cdk5. For determination of kinetic constants, each
peptide was used over a 15-fold range of concentration
around the apparent Km value. All reactions were initiated
by addition of ATP, and terminated by addition of 30%
acetic acid. Phosphopeptide was separated from [y-32P]-
ATP by ion exchange chromatography on AG 1-X8 (acetate
form) and counted as described by Kemp et al. (32). To
determine kinetic constant values, Lineweaver-Burk plots
were prepared. All experiments were repeated at least
twice.

Analysis of Phosphorylation Site—Phosphopeptides
were isolated from assay mixtures using reversed-phase
HPLC. The peptides were treated with ethanethiol in an
alkaline condition to convert a phosphorylated serine into
an S-ethylcysteine, the location of which was determined
by gas-phase sequencing, as described (33, 34).

Conformational Analysis—Molecular dynamics (MD)
and molecular mechanics (MM) simulations were perform-
ed to analyze the structures of peptides. Calculations were
done using the Consistent Valence Force Field (CVFF) of
the program, Discover (MSI, San Diego, CA), on a Silicon
Graphics IRIS INDIGO/R3000 workstation. Simulated
systems comprised tetrapeptides, acetylseryl-X-glycyl-
arginylmethane (Ac-Ser-X-Gly-Arg-CH3) in which X is
proline, pipecolic acid, JV-methylleucine, or sarcosine.
Initial structures for each peptide were constructed using
the standard fragments prepared in INSIGHT-II (MSI, San
Diego, CA). To obtain various structures, high temperature
MD calculations were carried out. A dielectric constant of
80 was used to minimize long-range Coulomb interactions
that are overemphasized in vacuum simulations. The time
step used for the integration of the dynamic equation was 1
fs. Pre-run of 20 ps was performed at 300 K, followed by
simulations with a duration 20 ps at 600 K and 900 K. Total
run time at a temperature of 900 K was 120 ps. The
structures were sampled over 100 ps every 1 ps and, hence,
totally 100 structures were generated for each initial
structure. Finally, full optimization of the sampled struc-
tures was carried out from the energetic point of view.

Probability of /? -turn structures, Pt (%), was estimated
with an assumption that the Boltzmann distribution is held:

X100
2 e x p ( -

where kg is the Boltzmann constant, T is temperature, and
Ej stands for the energy of conformations leading to /?-turn
structures. Structures possessing appropriate set of back-
bone dihedral angles (<f>, i{r) ranging ( — 90° to —30°, —60°
to 0°) or (-90° to -30°, +90° to +150°) at the i+l - th
residue were adopted as /ff-turns (35).
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RESULTS

Preparation of Peptides—Structures of the peptides
synthesized in this study are shown in Fig. 1. The peptide
Vim(50-60) represents the amino acid sequence around the
in vivo and in vitro phosphorylation site, Ser-55, of
vimentin by cdc2 kinase (19-22). Glycine-58 was replaced
by arginine in [Arg5S]Vim(50-60); otherwise cdk5 [which
critically requires a basic amino acid at the third residue on
the carboxyl-terminal side of the site {24, 28)] does not
phosphorylate Ser-55 in vimentin. To evaluate the signifi-
cance of the ring structure of Pro-56, this residue was
replaced by sarcosine (Sar), iV-methylalanine (MeAla),
N-methylvaline (MeVal), or iV-methylleucine (MeLeu).

To evaluate the significance of the ring size of Pro-56, the
residue was replaced by azetidine-2-carboxylic acid (Aze)
or pipecolic acid (Pip). Peptides were synthesized and
purified as described in "EXPERIMENTAL PROCEDURES."
The yields of peptides containing MeVal were very low
(~10%), since the incorporation of MeVal and the next
serine residues into the growing peptide chain did not
proceed quantitatively. The identity of the peptides was
confirmed by mass spectrum measurements.

Phosphorylation of Peptides Representing the Ser-55
Site in Vimentin—The phosphotransferase assay condi-
tions were chosen as optimal for phosphorylation of the
peptides containing proline, as described in "EXPERIMEN-
TAL PROCEDURES." Peptide Vim(50-60) or [Arg58]Vim-
(50-60) was readily phosphorylated by cdc2 kinase with a

(A)
55

Vim(50-60): Ser-Leu-Tyr-Ser-Ser-Ser-Pro-Gly-Gly-Ala-Tyr-NH2
[Arg58]Vim(50-60): Ser-Leu-Tyr-Ser-Ser-Ser-Pro-Gly-Arg-Ala-Tyr-NH2

(B)

CH2 CH2

Aze

-CH

CO —

CH2 CH2

CH2 CH2

Pro
CO — A CH

Pip

CHa

CH3

A

CH3

"CH2

Sar
CO—

MeAla

,CH3

CO—

CH3

CH3-

CH3

MeVal
CO—

CH3

-CH

CH2

I CH
\

MeLeu
CO—

Fig. 1. Structures of synthe-
tic peptides. (A) Amino acid
sequences. (B) Structures of pro-
line homologs and N-methyl-
amino acids. Amino acids except
glycine and sarcosine are all in
L-form. Aze, azetidine-2-carbox-
ylic acid; Pip, pipecolic acid or
piperidine-2-carboxylic acid;
Sar, sarcosine or iV-methylgly-
cine; MeAla, AT-methylalanine;
MeVal, N- methyl valine; MeLeu,
iV-methylleucine.

TABLE I. Kinetic constants for phosphorylation of synthetic peptides by cdc2 kinase and cdk5. Peptide. phosphorylation was
determined as described under "EXPERIMENTAL PROCEDURES."

Peptide

Vim(50-60)
[Aze56]Vim(50-60)
[Pip56]Vim(50-60)
[Sar56]Vim(50-60)
[MeAla56]Vim(50-60)
[MeVal56]Vim(50-60)
[MeLeu56] Vim(50-60)

[Arg58]Vim(50-60)
[Aze56, Arg58]Vim(50-60)
[Pip56, Arg58]Vim(50-60)
[Sar56, Arg58]Vim(50-60)
[MeAla56, Arg58]Vim(50-60)
[MeVal56, Arg58]Vim(50-60)
[MeLeu56, Arg58]Vim(50-60)

Apparent Kn

(mM)
0.886
0.851
0.998
4.23
3.56
2.46
5.70

0.0994
0.357
0.174
4.01
2.11
0.70
0.951

cdc2 kinase
Vmni

(^mol-min-'-mg-')
0.481
0.224
0.178
0.125
0.111
0.0534
0.118

0.397
0.285
0.250
0.235
0.384
0.0730
0.0882

Vmax/ifm

(% control)
100

48.4
32.8

5.5
5.7
4.0
3.8

100
20.0
36.1

1.5
4.6
2.6
2.3

Apparent Km

(mM)

1.43
5.80
2.80

41.9
26.5

cdk5
Vmax

(n mol • min"' • mg"')
NP
NP
NP
NP
NP
NP
NP

0.524
0.161
0.212
0.218
0.150

NP
NP

Vm.x/Km
(% control)

100
7.6

20.7
1.4
1.5

NP, not phosphorylated.
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Km of 0.886 mM and a Vmax of 0.481 //mol/min/mg, or a
Km of 0.099 mM and a Vmax of 0.397//mol/min/mg,
respectively (Table I). cdk5 from porcine brains phosphor-
ylated [Arg58]Vim(50-60) w i t h a l of 1.43 mManda Vmax

of 0.524 ^mol/min/mg, but failed to phosphorylate Vim-
(50-60) (Table I). The sites phosphorylated in the peptides
were assigned to be Ser-55 by amino acid sequencing, as
described in "EXPERIMENTAL PROCEDURES" (data not
shown).

Effect of Proline-Substitution on Phosphorylation by cdc2
Kinase—The replacement of Pro-56 in the peptide Vim-
(50-60) or [Arg58]Vim(50-60) by the iV-methylamino
acids increased the Km values 3- to 6-fold or 7- to 40-fold,
respectively (Table I). The extent in increase of Km values
depended on size of the side chains of the iV-methylamino
acids introduced. Of these AT-methylamino acids, MeVal
with the side chain similar to proline was favored. Thus,
opening the ring structure of proline significantly increased
Km values. These results suggest that the ring structure of
proline is important for recognition of the peptides by cdc2
kinase.

The peptide [Aze56]Vim(50-60) or [Pip56]Vim(50-60),
containing Aze or Pip in place of Pro-56, gave a similar Km

value to that obtained with the peptide Vim(50-60) (Table
I). Thus, substitution of proline in Vim(50-60) by proline
homologs did not affect the Km value for cdc2 kinase.
However, deleterious effects of the two proline homologs on
the Km value were apparent by substitution of proline in
[Arg58] Vim(50-60) which contains the basic residue on the
carboxyl-terminal side of the site. The peptide [Pip56,
Arg58]Vim(50-60) or [Aze56, Arg58]Vim(50-60) gave a 2-
or 4-fold higher Km value compared to that obtained with
[Arg58]Vim(50-60), respectively (Table I). Thus, the ring
size of proline was significant for recognizing cdc2 kinase.

The replacement of Pro-56 in peptides Vim(50-60) and
[Arg58]Vim(50-60) by the AT-methylamino acids or the
proline homologs decreased the Vmax values severalfolds
(Table I). Significant deleterious effects were observed with
MeVal and MeLeu. Apparently, the proline homologs were
preferable to iV-methylamino acids. Thus, the pyrrolidine
ring of proline was required to maintain a high Vmax value
for cdc2 kinase.

Effect of Proline-Substitution on Phosphorylation by
cdk5—0f the peptides synthesized in this study, [Arg58] -
Vim(50-60) and its analogs containing Aze, Pip, Sar or
MeAla in place of Pro-56 were effectively phosphorylated
by cdk5 (Table I). Although the Km values for cdk5 were
one order of magnitude higher than those for cdc2 kinase,
the effect of replacement of Pro-56 by Aze, Pip, Sar, or

MeAla on the Km value parallels qualitatively that found in
phosphorylation of the same peptides by cdc2 kinase (Table
I). These results suggest that cdk5 recognized peptides with
a proline specificity similar to that of cdc2 kinase.

These replacements, however, affected the Vmax value
for cdk5 in a different manner from that found in phosphor-
ylation by cdc2 kinase. Replacement of Pro-56 in [Arg58]-
Vim(50-60) by iV-methylamino acids or proline homologs
led to more degenerative effects on the Vmax value for cdk5
than for cdc2 kinase (Table I). Replacement of proline by
Aze decreased the Vmax for cdk5 to 31%, while the same
replacement decreased the Vmax for cdc2 kinase to 72%. As
a result, the relative ratio of Vmax/Km of [Aze56, Arg58] -
Vim(50-60) over [Arg58]Vim(50-60) for cdk5 was only
7.6%, while that of the same peptide for cdc2 kinase was
20%. Thus, in terms of maintaining a high phosphorylation
rate, cdk5 showed a stronger preference for proline over
other amino acids, when compared to the preference
exhibited by cdc2 kinase.

Molecular Structures of Peptides—To evaluate signifi-
cance of proline for steric structures at the phosphorylation
site, MD and MM simulations were performed for a
tetrapeptide, acetylserylprolylglycylarginylmethane (Ac-
Ser-Pro-Gly-Arg-CH3), corresponding to the sequence of
peptide [Arg58]Vim(50-60), as described in "EXPERIMEN-
TAL PROCEDURES." Of the two hundred structures generat-
ed, the predominant structure was a fi-turn (Pt = 97%) with
a hydrogen bond between the carbonyl group of Ser at the
t-th position and the amide NH of Arg at the t+3-th
position (Fig. 2). Proline at the i+ l - th position formed a
trans peptide bond (36, 37) with the preceding Ser residue.
These results agreed with the prediction by Chou and
Fasman (36), in which proline is known as the most
frequently occurring residue in /?-turns, especially at the
t+l - th position.

MD and MM simulations were performed also for
Ac-Ser-X-Gly-Arg-CH3 in which X is Pip, MeLeu, or Sar.
The molecule containing Pip formed a /?-turn with a little
lower probability {Pt = 84%), when compared to the pro-
line-containing molecule. Strain at the ring structure of the
proline homologs might reduce the probability of a y3-turn.
On the other hand, the molecule containing Sar or MeLeu
formed a /?-turn at the Ser-X-Gly-Arg sequence with an
apparently low probability (Pi = 27% for Sar and Pt = 64%
for MeLeu). Various extended structures or turn structures
having hydrogen bonds between the acetyl group and the
amide NH of Gly were observed. Thus, although N-
methylamino acids can sometime replace a proline residue
in turn structures {38), Sar or MeLeu in this study

Fig. 2. £-turn structures of
Ac-Ser-Pro-Gly-Arg-CH3. Of
two hundred structures obtained
by MD and MM simulations for the
model peptide, 39 structures with
low energy were superposed. A
hydrogen bond is formed between
the carbonyl group of Ser at the
i-th position and the amide NH of
Arg at the i + 3-th position, carbon
(dark gray); nitrogen (black); oxy-
gen (gray).
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Sar MeLeu Pip

Fig. 3. Correlation between Km value and probability of /?-
turn (Pt) at the Ser-X-Gly-Arg sequence. Relative ratio of Km
value was obtained by dividing Km value of each peptide by that of the
proline-containing peptide for cdc2 kinase or cdk5. Pt(%) was
determined as described in "EXPERIMENTAL PROCEDURES."
Phosphorylation of [X56, Arg58]Vim(50-60) by cdc2 kinase (solid
bars); phosphorylation of [X56, Arg58]Vim(50-60) by cdk5 (stippled
bars); phosphorylation of [X56]Vim(50-60) by cdc2 kinase (hatched
bars). X; Sar, MeLeu, Pip, or Pro.

apparently decreased the probability of forming the fl-
turn. These results would be mainly due to the fact that
iV-methylamino acids lack a ring structure like that of
proline. Thus, the pyrrolidine ring of proline was optimal
for inducing and stabilizing a /?-turn at the Ser-X-Gly-Arg
sequence.

We found that, in proportion to increase in the probabil-
ity of /J-turn formation, the Km values of the peptides for
cdc2 kinase or cdk5 decreased (Fig. 3). The relative
activities of the peptides might be related to how well each
peptide could assume a /?-turn at the phosphorylation site.
It was, however, unknown whether the peptides bound to
the catalytic site of the enzymes exactly form the turn
structure. The implication of the inverse correlation ob-
served here remained to be further clarified. It might be
also necessary to take into account the effects of other
structural factors including side chain structures on phos-
phorylation to rationalize the kinetic data.

DISCUSSION

Using synthetic peptides containing various iV-methyl-
amino acids or proline homologs, we demonstrated here
that the pyrrolidine ring of proline adjacent to the phos-
phorylation site is important for cdc2 kinase or cdk5
phosphorylation. The alteration in the ring size or espe-
cially the opening the ring structure of proline caused
deleterious effects on both Km and Vmax values for the
enzymes (Table I). MD simulations indicated that the
pyrrolidine ring of proline is optimal to stabilize a y3-turn at
the phosphorylation site and that the probability of the turn
formation might be related to substrate recognition by the
enzymes (Fig. 3).

The favorable role of /J-turn conformation on protein
kinase phosphorylation has been proposed from the secon-
dary structures predicted at the phosphorylation sites in
various proteins (39). While turn structures might be
preserved in protein molecules, short peptides including
the ones used in this study, in general, have little stable

conformation in solution. The turn structures of peptides
might be stabilized as a preferable structure upon binding
to the catalytic site of the enzymes. On the other hand, the
crystal structure of cAMP- dependent protein kinase with
bound pseudosubstrate revealed that the peptide is accom-
modated in an extended conformation into the catalytic site
{29). It still remains to be determined experimentally if
the peptides in the bound state to the catalytic site of cdc2
kinase or cdk5 form the turn structure. However, it is
evident from the kinetic data and MD simulations that the
ring structure of proline, which restricts the <f> angle at
— 60°, is critical for substrate recognition by cdc2 kinase or
cdk5. The restriction of the cj> angle limits the steric
structures at least at the region from the a -carbon of
phosphorylatable serine to the carbonyl carbon of proline in
the peptide (Fig. 2), even if cis/trans isomerization (36,
37) occurs. The fixed steric structure at the Ser-Pro region
results in the high probability of the /?-turn formation as
estimated here, and might be a core structure involved in
substrate recognition by cdc2 kinase or cdk5.

The pyrrolidine ring of proline might be suitable to locate
properly side chains of amino acids which would interact
with the catalytic site of cdc2 kinase or cdk5. The hydroxyl
group of Ser neighboring with proline would be close
enough for a direct transfer of the y-phosphate from
MgATP. The basic group of Arg/Lys at the third residue on
the carboxyl-terminal side of the site would undergo ion
pairing with carboxyl groups of acidic residues in the
catalytic site. As observed here and previously (24), the
basic residue enhanced the peptide recognition by cdc2
kinase or cdk5. The maximum enhancement was observed
for the peptide containing proline, while moderate or small
enhancements were seen for peptides containing proline
homologs or iV-methylamino acids, respectively (Table I).
It might be plausible that definite interactions between the
peptides and the catalytic site occurs cooperatively by the
steric structure induced by proline and by ion pairing by the
basic residue on the carboxyl-terminal side of the site. This
view is consistent with that the sequence Ser/Thr-Pro-Z-
Arg/Lys has been found in many of protein substrates for
cdc2 kinase and cdk5 (12, 18, 27, 28). It remains to be
determined whether or not the kinases prefer equally
arginine and lysine as a basic residue.

Proline might be involved in a hydrophobic interaction
with the P + l pocket in the catalytic site of cdc2 kinase,
since the peptides containing MeVal or MeLeu rather than
Sar or MeAla gave relatively low Km values (Table I). This
view accounts for previous findings that peptides in which
proline was replaced by a hydrophobic amino acid were
more suitable substrates for cdc2 kinase than were peptides
in which proline was replaced by a hydrophilic amino acid
(24). Zhang et al. also reported that residues with properly
long hydrophobic side chains but not short or hydrophilic
ones, introduced in place of proline, gave low but detectable
phosphorylation by cdc2 kinase (25). Thus, hydrophobicity
of the pyrrolidine ring of proline might enhance the site
recognition by the enzyme.

We demonstrated here the usefulness of synthetic
peptides containing unusual amino acids and MD simula-
tions to probe the substrate specificity of cdc2 kinase or
cdk5. We speculate that the pyrrolidine ring of proline
adjacent to the site has multiple roles in the substrate-
enzyme interaction as mentioned above. An explanation,
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however, for the specific requirement of proline to maintain
a high Vmax value for cdc2 kinase or especially for cdk5
remains to be determined. The results obtained here
provide useful information for rational design and synthe-
sis of conformationally restricted substrates or inhibitors,
in order to distinguish proline-directed protein kinases and
to understand their physiological roles.

We are grateful to K. Yamaguchi of Kyushu Institute of Technology
for measurement of mass spectra, to Prof. N. Nishino of Kyushu
Institute of Technology and M. Ohara for pertinent comments and
discussions.
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