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Contents becoming apparent that the ways in which protein kinases
interact with their substrates local to the active site are

1. Introducnon , 5065 relatively few. Instead, docking interactions, in pockets or
2. Architecture and Available Structural Data 5065 grooves outside the active site of the kinase, are used to
2.1. Architecture of Protein Kinases 5065 recognize substrates and other interacting proteins. Docking
2.2. Available Structural Data 5067 motifs in substrates bind in docking grooves within the kinase
3. Recognition in the P + 1 Specificity Pocket 5067 domain or adaptor protein. Docking interactions have been
3.1. AGC, CAMK, and STE Kinases 5070 defined for CDKs (cyclin-dependent kinases), MAPKs
3.2. CMGC Kinases 5072 (mitogen-activated protein kinases), and members of the
3.3. CK1 Kinases 5073 AGC group (cAMP-dependent (PKA), cGMP-dependent
3.4. The Active Site Residue Thr201 and 5073 (PKQ)), as well as several other kinases. Further, structural
Remodeling of the P + 1 Pocket data is revealing that docking interactions regulate kinase
4. Docking Interactions 5074 activity by unanticipated_ all_osteric mechanisms that probably
4.1. Docking Interactions in MAP Kinases 5074 promot'e pathyvay specn‘lcfcy.
4.2. HM Motifs in AGC Kinases and AGC Kinase 5074 In this review, we outline the current structural data
Substrates available on distinct Ser/Thr protein kinases. How kinases
4.3. CDK2/Cyclin A Recruitment Peptide 5075 bind substrates at the active site is described, focusing on
Interactions the P+ 1 pocket, which is remodeled in inactive forms of
4.4. SRPK Docking Interactions 5076 sevgral protei_n kinases. Subs@rate doc_:king interactions,
4.5. Similarities and Differences in Docking 5076 outside the active site, observed in MAP kinases, CDKs, and
" Interactions A_GC klnases'wnl be 'descr|b.ed. How specificity among thgse
4.6. Allosteric Properties of Docking Interactions 5077 different fam_llles qf kinases is achieved from the organization
46.1 Alostery in MAP Kinase Docking 5077 of the bmdmg site and other _factors will pe (_Jllscuss_ed.
" Interactions Further, .avallable. Qata suggesting that dockmg interactions
462, Alosteric Properties of HM Mot 5078 control k|nase_act|V|ty allqstencally will be rewewed_. Recent
7 \nteractions in AGC Kinases reviews of topics under discussir and related topicg
4.6.3. Conformational Change Energy 5078 are available.
2 ,fﬁﬂf;‘f;‘;’;ﬁs gg;g 2. Architecture and Available Structural Data
7. Acknowledgments 5079 Among eukaryotic protein kinaséshe Ser/Thr kinases
8. References 5079 have been classified into six large groups. These are named

the AGC group, the CaMK group (for calciurcalmodulin-
dependent), the CMGC group (for CDK, MAP kinase,
1. Introduction glycogen synthase kinase, and CDK-like), the STE group
L _ (homologues of STE11 and STE20), the CK1 group (for
_Protein kinases have emerged as the largest family of caqein kinase-1), and TKL (tyrosine kinase like). Structural
signaling proteins in eukaryoyc cells and are involved N data is now available for representatives of each of the well-
every aspect of cellular regulation. There are over 500 protein populated groups, as well as smaller groups, such as WNKs

kinases in the human genorh&The vast majority are Ser/ (it no lysine)!® revealing that the protein kinases have a
Thr protein kinases. The Ser/Thr protein kinases interact with 5 mmon architecture.

diverse substrates ranging from enzymes, including other

kinases, to transcription factors, receptors, and other regula- : L

tory proteins. Thus, mechanisms to ensure specificity mustz'l' Architecture of Protein Kinases

be present. However, from emerging structural data it is  Protein kinases possess a two-lobe architecture that has
been reviewed several times (Figure 14} 2! Briefly, the

* Corresponding author: e-mail Elizabeth.Goldsmith@UTSouthwestern.edu; N-terminal lobe is composed of a five-strangg@dheet and

gf%%ne U(2_14) 6t45-ffi3T76: faé (Z%ﬁ) 645_63&76' | Center at Dall a single well-conserved helix, labeled helix C based on the
fAmgen Ine. e Sodiwestern Hedical enier af batas. structure of PKA!® The C-terminal lobe possesses six large
8 Ariad Pharmaceuticals, Inc. helices (D, E, F, G, H, and I) and twe-ribbons,57—(8
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andp6—p39. Thef7—48 ribbon is present in both active and

inactive protein kinases. Further, an additiogfhktrand
interacts with37—/8 forming a three-strandefl-sheet in
most protein kinases, but not in PKA. Thestrand is labeled
B5D for its placement in the structure betwegstrand 5
and helix D (Figure 1a). Th86—/39 ribbon is present only
in active kinases (Figure 1&);59 is part of the activation
segment. Two smaller helices, labeled-FL and APE (also
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protein kinases. The activation segment and the catalytic loop
are also in the C-terminal lobe. The catalytic loop refers to
a seven-residue segment (Aspi@&nl72 in PKA) that
houses the catalytic aspartate (Asp166) and lysine residues
(Lys168). The activation segment refers to the sequence
flanked by the conserved motifs DFG (following8;
subdomain VII in the nomenclature of Hanks and Huffjer
and APE (subdomain VIII) (also referred to as “activation
loop” or Lip). This segment is variable in size and in many
kinases possesses one or more phosphorylation sites that tend
to be activating! The primary substrate recognition pocket,
the P+ 1 binding site, is adjacent to and contiguous in
sequence with the activation segment (Figure 1b). Further,
relatively short {50 residue) N- and C-terminal extensions
from the kinase core may pack on the core and are present
for all of the Ser/Thr kinases studied crystallographically,
including the smallest, CDKZ Longer N- and C-terminal
extensions are known to fold into a variety of separate
domains (as reviewed in ref 1). Structural data for Ser/Thr
kinases possessing separately folded domains (either a
separate subunit or folding unit) is available for twitcFtn,
p21-activated protein kinase (PAKP)CK2 (casein kinase-
2),26 G-protein-coupled receptor kinase-2 (GRK2)and
PKA.28

Protein kinases have grooves on the surface of the kinase
core (Figure 1b). The grooves are a consequence of the
architecture, and tend to be conserved. For example, in the
structure of PKA, a groove is present between helix C and

called helixaEFy! in Figure la, are conserved in active the N-terminal domairs-sheet, which is conserved in AGC
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Figure 1. (a) Secondary structure of protein kinases based on PKA. Helices arefegaands magenta, and loops deep salmon. (b) The
MAP kinase docking groove, the AGC hydrophobic motif (HM) pocket, and CDK2 recruitment peptide docking groove and SR docking
groove are in violet. The cyclin-A binding site on CDK2 is in gray. Figures generated using PyMOL (Delano Scientific, San Carlos, CA).

kinases. The grooves serve different functions in homologousproteins (Table 2). Peptides encompassing the site of

kinases, as discussed below.

2.2. Available Structural Data

Structural information is available for both active and
inactive forms of at least one member of each of the major
subgroups of Ser/Thr kinase@able 1). Active conforma-

tions are closely similar among all groups, such that structural

signatures for active kinases have been defittéd® The
categorization of “active” versus “inactive” in Table 1 is

based upon the position of a conserved threonine, discusse

below, as well as other signatures. In the AGC group, PKA,
PDK1 (phosphoinositide-dependent protein kinds8KB,32

and GRKZ2® have known structures. Most AGC structures
are in their active conformations; however, an inactive form
of PKB has been determinéél.in the CaMK group, the
structures of twitchir##35titin,3¢ CaMK-1,%” and PHK (phos-
phorylase kinaséj are available. Most of these structures
are inactive conformations (Table 1), although the structure

of PHK has been solved in an active, substrate-bound

conformatior?® In the CMGC group, the structures of
CDK2% and many other CDKs (Table 1) in both inactive
and active forms have also been determiffett The MAP
kinases ERKZ?43 p38u,4445 JNK3,%¢ and others have been
solved. Both inactive and active conformations are available
for rat ERK22%43 |n addition, glycogen synthase kinase
GSK3 and CK226:47:48and moré®-5! of the CMGC group

have been studied. In the casein kinase 1 group (CK1), CK1

from Schizosaccharomyces porfoand rat CK®,5 both

in the active conformations, are available. Further, data are

at hand for the CMGC group SR protein kinases (SRPKSs)
Skylp@® and SRPK1 (Table 1). In the STE family, structures
are available for inactive p2l-activated protein kinase
(PAK1)?® and active conformations of the MAP3K TA&2
and PAK1% The data available in the STE group has
recently doubled through the efforts of the Structural
Genomics Consortium, Oxford (SGC, Table 1). In the
tyrosine kinase like group (TKL), structures are available
for the kinase domains of B-RAF (inactivéand the TGP
receptor?’*8 Also, structures are available for small groups,
including WNK1 and PknB? A current comprehensive
listing of protein kinase Protein Data Bank entries can be
found at http://cellsignaling.lanl.gov/structure/kinase and
http://www.kinasenet.org, and sequence information is avail-
able at http://www.kinase.com/.

phosphorylation in substrate, which bind to the active site,
have been defined structurally in relatively few kinases.
These are PK®-61.62and PKB? in the AGC group, phos-
phorylase kinasg (PHK)3*® and Pim-12in the CaMK group,
and CDK2364in the CMGC group. The paucity of structural
data may be due to podt,’s (~0.5 mM range) of active-
site directed peptide8:55-67 On the other hand, at this point

it is usually apparent when a structure is that of an active
kinase. For example, the structures of two CK1s and the

TE20s TAO2 and PAK1 (Table 1) have been defined in

ncomplexed but active conformations, thus providing some
information about their substrate binding modes. Below we
discuss interactions in the P 1 specificity pocket.

Rather than binding substrates tightly at the active site,
many kinases utilize docking interactions in grooves outside
the active site to engage “docking motifs” in substrates and
other molecules. Docking interactions have been defined
structurally in the CMGC group and in the AGC group
(Table 2, Figure 1b). The first to be published was CDK2/
cyclin A in complex with a peptide derived from p974?
but several other cyclin A/peptide interactions have been
studied®®8” In MAP kinases, part of the CMGC group, a
docking groove is present in the C-terminal lobe, and
structural data are available for p88 and JNK18° as well
as ERK27%" and theSaccharomyces cerisiae MAP kinase
Fus3 in complexes with substratesind other interacting
proteins’? Further, SR protein kinases (SRPKs) are CMGC
family members that phosphorylate serine/arginine-rich (SR)
protein splicing factors, and a complex of SRPK1 in complex
with a substrate-derived peptide has been stutfidal.the
AGC kinases, a pocket is present in the N-terminal lobe (the
hydrophobic motif (HM) pocket) that is utilized by phos-
phoinositide-dependent protein kinase (PDK1) to bind sub-
strates and by other AGC-group kinases for diverse purposes.
Structural data are available for PDK1 lacking HM pep-
tide®7*and for PKB both witf? and without® HM peptide.
Some of these structures have been revietwéth addition,
data are available for Aurora kind$é® and G-protein-
coupled receptor kinase GRK27°8%which also utilize the
HM pocket for subunit interactions. A docking interaction
has also been defined recently for the STE group kinase
TAK1, in complex with its activator TAB£!

3. Recognition in the P+ 1 Specificity Pocket

Ser/Thr kinases have been studied structurally in complex With data available on all of the major groups of Ser/Thr
with peptides derived from substrates and other interacting protein kinases, much of the spectrum of active site substrate
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Table 1. Crystal Structures of Ser/Thr Protein Kinases

Goldsmith et al.

phos activation origin of
group kinase PDB organism ligation state state state inactivity? ref
AGC PKA 1ATP mouse MnATP and peptide P active bl
1BKX mouse adenosine P active b2
1CDK pig PKI peptide P inhibited 62
1CTP pig inhibitor peptide P inhibited 29
1FMO mouse PKIl inhibitor and adenosine P inhibited b3
1U7E mouse AMPPNP, R-subunit (bovine) P inhibited 27
1J3H mouse apo P open b4
1JLU mouse substrate peptide P active 133
1L3R mouse transition state P active b5
PKB 1IMRV human apo U inactive no helix C 33
1IMRY human apo U inactive no helix C 33
106K human GSK3 peptide, AMPPNP P active 31
106L human AMP-PNP, GSK3 peptide P active 31
1GzZK human apo U inactive DFG out, Thr 75
1GZN human apo U inactive DFG out, Thr 75
1GZ0 human apo U inactive DFG out, Thr b6
PKC-+ 1ZRZ human BIN-1 inhibitor P active b7
PDK1 1HIW human ATP P active 28
GRK2 1YmM7 bovine apo U active 29
2BCJ bovine @ ,Gf subunits, GDP, Al U active 80
GRK6 2ACX human AMPPNP, Mg U active 79
Aurora 2C6D human ADPNP U active b8
1MUO human apo U inactive DFG out b9
10L5 human TPX-2 peptide P active 77
2BFX frog Incenp peptide P active 78
ROCK 2F2U bovine apo U active b10
CAMK CamK1 1A06 rat apo U autoinhibited DFG out, Thr 37
CamK16 2JC6 human inhibitor U inactive Act loop, [«
autoinhibited
CamK1y 2JAM human inhibitor U inactive dimer c
ChK1 11A8 human apo U active b1l
1ZYS human inhibitor U active c
DAPK 1IG1 human AMPPNP, Mn U active b12
1JKS human Apo U active b12
DAPK2 1WMK human Apo U inactive dimerized c
DAPK3 1YRP human Apo U inactive dimerized c
2J90 human JAK-Inhibitor P active c
Twitchin 1KOA C.elegans apo U autoinhibited 35
1KOB aplysia apo U autoinhibited b13
MAPKAP-K2 1KWP human apo U autoinhibited b14
INY3 human ADP U active b15
PHK 1PHK rabbit MnATP U active 38
2PHK rabbit phosphorylase peptide, MNATP U active 39
Titin 1TKI human apo U autoinhibited 36
MSK1 1vz0 human apo U autoinhibited b16
Pim-1 1XR1 human AMP-PNP U active b17
1IXWS human inhibitor U active c
1YWV human apo U active b18
1YXT human AMPPNP U active b18
2BIL human pimtide peptide U active c
2BIK human BIM-1 inhibitor P active c
MARK 1zmMU rat apo U inactive DFG out, Thr b19
MNK1 2HW6 human apo U inactive DFG out, Thr b20
MNK2 2AC3 human apo U inactive DFG out, Thr 137
CamKII 2BDW C.elegans apo U autoinhibited b21
SNF1 2FH9 yeast apo U inactive Thr b22
Amp-activated 2H6D human apo ] inactive DFG out, Thrc
CMGC CDK2 1B38 human ATP U inactive Thr 40
1B39 human ATP U inactive Thr 40
1BUH human CKSHS1 ] inactive no helix C b23
1CKP human inhibitor ] inactive Thr b24
1FIN human ATP U inactive Act loop b25
1FQ1 human KAP, ATP P inactive Thr, KAP b26
1HCK human Mg ATP U inactive Thr b27
1HCL human Apo U inactive Thr b28
1JST human cyclin-A and ATP P active 42
1PW2 human apo U inactive Thr b29
1H27 human P27 peptide P active 63
1H28 human P107 peptide P active 63
2CClI human CDCE6 peptide P active 67
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phos activation origin of
group kinase PDB organism ligation state state state inactivity? refe
CMGC CDK5 1H4L human fragment of p35 activator U active b30
CDK6 1BI7 human P16INK4A U inactive no helix C b31
1BI8 human P19INK4D U inactive no helix C b31
1JOW human viral cyclin U active b32
CDK7 1UA2 human ATP U inactive Thr b33
p38 1CM8 human AMPPNP P active 45
1P38 mouse apo U inactive Thr 44
1LEW mouse MEF2 peptide U inactive Thr 68
1LEZ mouse MKK3B peptide U inactive Thr 68
1WFC human apo U inactive Thr b34
1R39 human apo U inactive Thr b35
ERK2 1ERK rat apo U inactive Act loop 43
2ERK rat apo P active 28
2GPH rat HePTP peptide U inactive Thr 70
2FYS rat MKP3 peptide U inactive Thr 71
ERK3 2l6L human apo U inactive Thr c
JNK1 1UKH human JIP peptide U inactive Thr 69
JNK3 1INK human ANP U inactive Thr 46
GSK3 1H8F human Inhibitor U active 13
109U human axin peptide, inhibitor P active 114
1GNG human FRATtide P active 19
CK2 1JWH human apo U active 23
1LP4 maize Mg AMPPNP U active b36
1INA7 human apo U active b37
1PJK human AMPPNP U active b38
1DAW maize MgAMPPNP U inactive Thr a7
1DAY maize MgGMPPNP U inctive Thr 47
1DS5 maize AMP U inactive dimerized b39
SkylP 1HOW yeast Apo U active 49
1Q8Y yeast ADP U active b40
1Q97 yeast ATP U active b40
PKR 2A1A yeast EIFa, P inactive Thr 50
2A19 yeast EIF2, AMPMPNP P inactive Thr 50
FUS3 2B9F yeast MgADP U inactive Thr 51
2B9J yeast FAR1 peptide,MgADP U inactive Thr 51
2F49 yeast Steb peptide U inactive Thr 72
CLK1 1757 human Hymenialdsine U active c
CLK3 2EU9 human apo U active c
2EXE human apo U fragment c
SRPK1 1WBP human ASF/SF2 peptide, ADP ] active 73
STE PAK1 1F3M human apo U autoinhibited 24
1YHW human apo K299R U active 55
PAK4 2BVA human apo P active c
2J01 human apo P active c
PAK5 2F57 human apo P active c
PAK6 2C30 human apo P active c
MEK1 1S9J human MgATP, inhibitor U inactive Act loop, Thr b41
MEK2 1S9l human MgATP, inhibitor U inactive Act loop Thr b41
MEKK5 2CLQ human inhibitor U active c
TAO2 1U5Q rat apo P active 54
1U5R rat Mg ATP P active 54
GCN2 1zvyc yeast apo U inactive Thr b42
1ZYD yeast ATP U inactive Thr b42
TAK1 2EVA human TAB1 U inactive Thr, DFG out 81
SLK 2J51 human inhibitor ] inactive Thr, dimer c
SLK 2JFL human K0056 inhibitor P inactive dimer c
STK10 2J7T human SU11274 inhibitor U inactive dimer c
CK1 CK1 2CSN yeast CKI7 inhibitor U ? Thr? b43
CK1 1CSN yeast MgATP U ? Thr? 52
CK1yl 2CMW human purine class inhibitor U ? ? c
CK1y2 2C47 human inhibitor U inactive Act loop, dimer ¢
CK1y3 2CHL human inhibitor U ? Thr? c
CK1y3 21ZR human inhibitor U active ? Thr? C
CK16 1CKI rat apo U active b44
TKL TGFB TGRS 1B6C human FKBP12 U inactive Act loop 57
1PY5 human inhibitor U inactive Act loop b45
B-Raf 1UWH human inhibitor U inactive Act loop 56
IRAK-4 2NRY human staurosporine P active b46
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Table 1 (Concluded)

phos activation origin of
group kinase PDB organism ligation state state state inactivity? ref
other PKnB 1MRU bacteria ATRs U inactive Thr 60
106Y bacteria MgAMPPCP U inactive Thr ba7
PknE 2H34 bacteria apo U inactive Thr, DFG-out b48
WNK1 1T4H rat apo ] inactive Thr, Act loop 59
WEE1A 1X8B human inhibitor U active b49
STK16 2BUJ human staurosporine U ? ? c
NEK2 2CL1 human pyrrole indolinone U inactive Thr, DFG-out ¢

2 The designations for origin of inactivity are DFG-out if the concerved DFG is displaced from the active conformation, Thr refers to displacement
of Thr201 or homologous residue, and Act loop refers to other displacements of the activation loop but not Thr201. Dimer is used when dimerization
has contributed to inactivity, and “?” is used where some ambiguity is present. The table is available at http://www.hhmi.swmed.edu/Labs/bg/
Kinase.? (1) Zheng, J.; Trafny, E. A.; Knighton, D. R.; Xuong, N.-H.; Taylor, S. S.; Ten Eyck, L. F.; Sowadski, Actd.Crystallogr.1993 D49,

362. (2) Narayana, N.; Cox, S.; Nguyen-huu, X.; Ten Eyck, L. F.; Taylor, St®icture1997, 5, 921. (3) Narayana, N.; Cox, S.; Shaltiel, S.;
Taylor, S. S.; Xuong, NBiochemistryl997, 36, 4438. (4) Akamine, P.; Madhusudan; Wu, J.; Xuong, N. H.; Ten Eyck, L. F.; Taylor, 5.Nol.

Biol. 2003 327, 159. (5) Madhusudan; Akamine, P.; Xuong, N. H.; Taylor, SN&t. Struct. Biol2002 9, 273. (6) Yang, J.; Cron, P.; Thompson,

V.; Good, V. M.; Hess, D.; Hemmings, B. A.; Barford, Dol. Cell 2002 9, 1227. (7) Messerschmidt, A.; Macieira, S.; Velarde, M.; Badeker, M.;
Benda, C.; Jestel, A.; Brandstetter, H.; Neuefeind, T.; Blaessd, Mol. Biol. 2005 352 918. (8) Heron, N. M.; Anderson, M.; Blowers, D. P.;
Breed, J.; Eden, J. M.; Green, S.; Hill, G. B.; Johnson, T.; Jung, F. H.; McMiken, H. H.; Mortlock, A. A.; Pannifer, A. D.; Pauptit, R. A.; Pink,
J.; Roberts, N. J.; Rowsell, 8ioorg. Med. Chem. Let200§ 16, 1320. (9) Cheetham, G. M.; Knegtel, R. M.; Coll, J. T.; Renwick, S. B.; Swenson,
L.; Weber, P.; Lippke, J. A.; Austen, D. A. Biol. Chem2002, 277, 42419. (10) Yamaguchi, H.; Kasa, M.; Amano, M.; Kaibuchi, K.; Hakoshima,

T. Structure2006 14, 589. (11) Chen, P.; Luo, C.; Deng, Y.; Ryan, K.; Register, J.; Margosiak, S.; Tempczyk-Russell, A.; Nguyen, B.; Myers, P.;
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recognition modes can be defined. This is especially tractablesalient features are a helical turn (from Thr201 to Leu205)
for the P + 1 specificity pocket. It is the only pocket that forms one wall of the pocket, the residues preceding
constructed to accept a single amino acid from substrate andhe helix, which form the upper rim of the pocket, and a
is a frequent specificity determinati®?83 Further, the hydrophobic residue, Leu205 at the bottom. Thr201, a
P + 1 pocket is a regulatory site and is often refolded in catalytic residue, faces the active site (discussed below).
inactive forms of protein kinasé@sHere we review the three  Residues on the outside of the helix, Glu203 and Tyr204,
major P+ 1 pocket recognition modes in Ser/Thr protein face the interior of the protein. Following this structure is
kinases. This site is the locus of specificity determination in the APE helix (Table 3, Figures la and-2&).
tyrosine kinases as wéllt* and binds the PO tyrosine. .

The P+ 1 binding pocket of all Ser/Thr protein kinases 3-1- AGC, CAMK, and STE Kinases
adopts a similar architecture with respect to the backbone The P+ 1 sites of AGC kinase substrates are known to
of the polypeptide, as typified by PKA (Figure 2&¥ In be hydrophobié? The structure of PKA! revealed hydro-
PKA, Leul98-Leu205 residues directly following the phobic residues (Pro202, Leul98, and Leu205) lining the
activation segment phosphorylation site form the pocket. The P + 1 pocket in the sequend@L.CGTPEYL?% (Table 3).
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Table 2. Crystal Structures of Protein Kinases in Complex with

Substrate and Other Peptides
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The substrate is recognized also by Gly200, which adopts a
left-hand configuration = 147, v = 157°; Figure 2a)

group  kinase  PDB complex refs such that the carbonyl of Gly200 points up and can accept
AGC PKA 1ATP  PKI peptide 27,61 a hydrogen bond from the substrate (Figure 2b). Tyr247 at
1CDK  PKI peptide 62 the beginning of helix G also contributes to the pocket.
PKB 106K GSK3 peptide 31 Similar interactions are observed in PRBAs can be seen
2‘”0“" 10L5  TPX-2peptide 77 in Figure 2b, the P+ 1 pocket is situated adjacent to active
urora  2BFX  Incenp peptide 78 . . . .
CAMK  PHK 2PHK  phospohorylase 39 site residues, such as Asp166 and Lys168, and is contiguous
_ _peptide _ with the activation segment and phosphothreonine, pTHieL97.
MG 'Z'gKlz iJBé'-T p'Cm“f.’e peptide 1o be published Two other major groups of protein kinases are hydrophobic-
yclin-A 42 . . .
1H28  P107 peptide 63 directed in the P+ 1 site, the CaMK group and the STE
1H27 P27 peptide 63 group. Two structures are available of members of the CaMK
2CClI  CDC6 peptide 67 group, phosphorylase kinage(PHK),”*° and Pim-1!?> The
P38 ﬁ-@’v h’;"flfszlf‘ppeep%d: 6%8 structure of PHK, in complex with a heptapeptide possessing
ERK2  2FYS  MKP-3peptide 71 a p_henylalamne at the B 1 site (I_:lgure 20), reveqls
2GPH  HePTP peptide 70 similarities to PKA. PHK has the glycine (Gly185), proline
INK1  1UKH  JIP peptide 69 (Pro187), and other hydrophobic residues that are hallmarks
GSK3  1GNG  FRATtde 17 of hydrophobic-directed kinases including Leu190 at the
FUS3 %7_%%3 agK'Rplegggﬁd . 15114 bottom of the pocket (Table 3). Pim-1 offers a slight
2F49  Steb peptide 72 variation, with a specificity for alanine atP 1. The structure
other PKR 2A1A  elF2 50 of Pim-1 kinase in complex with a substrate-derived peptide
reveals the glycine (Gly203 in Pim-1) accepting a hydrogen
bond from substrate, as in PKA. However, the proline is
(a) Kieg D0 R165,  pT197
P207
(b) © (d)
e L T e |
N\ : { / - "-\,.* c \_/":‘-\, IlL
L AG200 - y / ";1. SNY {S ’
w2y Tl SATEYC . ey
5 L;n ; *17\/\ _-“"‘\H,; . : ;\}FB w;&w:a § .'-wsi'."_: W% 1&60..
Y247 O ' Llbprar L190 1 “riee N
) 6" C
PKA PHK . CDK2
(e) .
K1;19 D‘14‘_r v
o N >
p 'r-f'«.) L Y '
R1BS.I:"R19;.: Pv:as . /
\
ERK2 CK1

Figure 2. The P+ 1 specificity pocket of Ser/Thr protein kinases: (a) all atom stereoview of thelPspecificity pocket of PKA (PDB

file 1ATP), carbon in green, oxygen in red, nitrogen in blue, phosphorus in orange, and sulfur in yelow;specificity pockets of (b)

PKA (PDB file 1ATP), (c) PHK (2PHK), (d) CDK2 (1QM2), (e) ERK2 (2ERK), and (f) CK1 (1CSN). In panetd,lzarbon atoms of the
bound peptide are light blue, the-P 1 pocket and APE helix are yellow, the activation segment is green, the catalytic loop is magenta,
and helix G is cyan. In panelsHj, only the P+ 1 pocket, close by catalytic residues, and the activation segment phosphorylation site are
shown rendered in ball-and-stick representation. Hydrogen bonds are shown as red dashed lines.
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Table 3. Activation Loop and P + 1 Sites of Ser/Thr Protein Kinase3

Goldsmith et al.

PKA TWTLCGTPEYLAPETIL
AGC PKB (KTFCGTPEYLAPEVLE

pdkl ANSFVGTAQYVSPELLT
STE TAO2 165y . GDFESASIMAPA - - -~~~ - - - - NSFVGTPYWMAPEVILAMD - - - EG

PAK1 - - -KRSTMVGTPYWMAPEVVTRK - - - - - - &

PHK 164 KLREVCGTPSYLAPEIIECSMNDNHPGYGKEVDMW
CAMK CAMK VLSTACGTPGYVAPEVLA 0

Twitchin VTTGTAEFAAPEV. —_—

MNK2 SPISTPELLTPCGSAEYMAPEVVEAFSEEA- &

ERK2 WYRAPEIMLNS - - - - -KGYTKSIDIW-*°
cMGC p38 TRWYRAPETMLNW

JINK YYRAPEVILG- - - - - -MGYK

CDK2 A WYRAPEILLGC- - - - - K}

CK1 45y YT IDFGLAKKYRDARTHQHI PYRENKNLTGTARYASINTHL- - - - - - GIEQSRRDDLE™
CKI CKI 150 1YV VDFGMVKFYRDPVTKQHI PYREKKNLSGTARYMSINTHL - - - - - -GREQSRRDDLE?"?
Other Wnkl 475K IGDLGLATL-K R ASFAKAVIGTPEFMAPEMY] EK-YDESVDYY"Y’

aSequences between the underlined residues are remodeled in inactive structures. Residues-il fhecRet and APE helix are green, the
conserved threonine is red, the conserved glycine is cyan and its replacement in CMGC kinases dark blue, and the conserved hydrophobic residue
at the bottom of the P+ 1 pocket is lavender and its replacement in CMGC kinases magenta.

replaced by alanine, and thetP1 pocket is filled with the

gous counterparts in PKA. On the other hand, the MAP2Ks

side chain of Phe201 in the activation segment, reducing the(and STE7s), which are members of the STE group, exhibit
space for substrate (not shown). CaMK and AGC kinases dual specificity® toward Ser/Thr and tyrosif®-1land thus
have been shown to be especially poor enzymes towardmust have unique interactions in the+P 1 pocket. The

substrates that have proline in thetPl site86

STE group kinases are also directed toward substrates with

a hydrophobic residue in the ¥ 1 site. This is apparent

mechanism for this dual specificity has yet to be elucidated.

In addition to the similarities in P+ 1 site recognition
discussed above, AGC, CaMK, and STE kinases have been

from the sequences of known substrates and from screeningshown recently to have common recognition modes for

for kinase activity with peptide librari€.The STE group

is named for several of the proteins that produce sterile

phenotypes in yeadt,STE11, STE7, and STE2F8STE11

and STE7 are STE kinases involved in three-tiered kinase
signaling modules, the MAP kinase cascades (reviewed in

residues N-terminal to the PO site of substrafés.

3.2. CMGC Kinases
Either the specificity of CMGC kinases in thetP1 site

refs 89-93). Each MAP kinase cascade activates a specific is for proline, or the P+ 1 site is not a strong specificity

MAP kinase (which are CMGC kinases, discussed below).

STE11s are MAP3Ks (or MEKK (for MAP/ERK kinase

determinant. CDKs and the MAP kinases are proline directed
at the P+ 1 site of substrate’.In the CMGC kinases GSK3,

kinase), phosphorylating MAP2Ks), and STE7s are MAP2Ks CK2, and SR kinases, the-P1 site is not a strong specificity

(or MEKSs (for MAP/ERK kinase) that phoshorylate MAPKS).

determinant. The structure of CDK2/cyclin A in complex

STE20 phosphorylates and activates STE11 and is thuswith substrate peptide reveals how the+P1 pocket is

referred to as a MAP4R? Close STE20 homologs such as
PAK1 are putative MAP4K&90.95.96MAP3Ks (including
STE11) phosphorylate MAP2Ks on two residues in their
activation segment§. The MAP2K MEK2 has the sequence
DS*MANS*F,°” and both of the phosphorylation sites are
followed by a hydrophobic residue. Similarly, the MAP2Ks
MEK 3 and 6, which are phosphorylated, for example, by
the MAP3K TAO2% have the phosphorylation motif
DS*VAKT*l. MAP4Ks phosphorylate MAP3Ks on a Ser/
Thr followed by a hydrophobic residue (in TAO2, the

arranged to bind proline in CDKZ.The P+ 1 pocket is
formed by the sequencé3VTLWYR 1% (Table 3). The
backbone of the polypeptide forms a helical turn, as in PKA
(Figure 2d). However, the B 1 pocket is filled by the side
chain of Arg171 (Leu205 in PKA), so there is no room for
a side chain from substrate. Further, Gly200 of PKA is
replaced by Vall163. Vall163 also adopts a left-hand config-
uration, and the carbonyl accepts a hydrogen bond from
Arg171, creating a flat surface with no potential for hydrogen
bonding with substrate. Since the proline in substrate has

sequence is PANS*F). Other MAP3Ks have related se- no hydrogen-bonding potential, this feature probably con-
quences. Although structures of STE group kinase substratetributes to the proline specificity of CDKZ29103
complexes are not available, the structures of the STE kinases MAPKs are CMGC kinases that phosphorylate micro-

TAO2% and PAKZ®5 have been solved in active conforma-

tions. The P+ 1 pockets of these proteins resemble that of
PKA. In TAO2, for example, the pocket is lined by Phe182,
Gly184, Prol186, Met189, and Leu234, all having homolo-

tubule-associated protein-2 (MAP-2) kinase in response to
insulin'®* and were clone@® based on its activity as an S6-
kinase, and the regulation of these proteins by MAP kinase
has been extensively studi&P*1®*MAP kinases are also
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proline-directed®1°7108The phosphotyrosine of active ERK2
is in the P+ 1 site (Figure 2e}° From the structure of
active ERKZ2° and by homology with CDK?2, it appears that
the proline residue of substrate may interact directly with
pTyrl85, although no structural data is available for a MAP

Chemical Reviews, 2007, Vol. 107, No. 11 5073

Arg191 of ERK2, (Figure 2e) may explain the specificity
for acidic residues.

3.3. CK1 Kinases

kinase with substrate bound in the active site. pTyr185 binds, 'N€ CK1s (casein kinase 1) are Ser/Thr protein kinases

to Arg192, which extends out from the bottom of the-RL
pocket, and with Arg189, which is on the edge of the pocket
(Figure 2e). Phosphotyrosine 185 is required for ERK2
activity and cannot be replaced by other amino ati#$his
may be partly explained by the remodeling of the activation
segment induced by pTyrl85.The structure of doubly
phosphorylated p38* another MAP kinase, is similar. (The
active site of ERK2 is reviewed in ref 10.)

Glycogen synthase kinase-3 (GSK3) is another CMGC
group membet® GSK3 has recently become the object of
intense study due to its involvement in pattern formation
(reviewed in ref 111), neurodegeneratidh,and insulin
signaling and is a drug target for diabetes, Alzheimer's
disease, and cancEf Structures of GSK3 are avail-
ablg? 17114116 and have been reviewéd® Its substrate
specificity*10-115117and its pathway involvemeht have also

involved in DNA repair, vesicle trafficking, cell cycle
progression, and WNT signalit§ and are common in
Caenorhabditis elegari$® The P+ 1 site is not a strong
specificity determinant. Instead, as with GSK3, substrate
priming at sites C-terminal to PG%32as well as an acidic
patch N-terminal to the phosphorylation sitejominates
interactions. Sequences of CK1s are similar to each other
but diverge from other protein kinases both at the beginning
and at the end of the # 1 pocket (Table 3). Although no
substrate complex is available for CK1 family members,
active conformations of two CK1s have been determined.
The structure of CK1 fromS. pomb# is in an active
conformation in the P+ 1 site (discussed below). The
P + 1 site looks quite similar to PKA, except that a
methionine corresponding to Leu205 of PKA completely fills
the pocket, leaving a shallow depression (Figure 2f). In CK1
of S. pombg? Thri81 in the activation segment and Tyr230

been reviewed. Many substrates of GSK3 require substratein helix G occlude the pocket (Figure 2f). In both of these

“priming” (prior phosphorylation) at the P+ 4 site of
substraté!® and the importance of theP 1 site appears to
be diminished. The structures of GSK3 were surprising

CK1s, the unusual sequence SINTH following thetP1
binding pocket mediates different interactions with helix I.

though, because GSK3 is phosphorylated on Tyr216 in the3 4. The Active Site Residue Thr201 and

activation segment and resembles ERK2, which is proline-

Remodeling of the P + 1 Pocket

directed. Quite recent studies show that GSK3 phosphorylates

a bone fidesubstrate, LDL-related protein-6, at positions
containing proline in the P+ 1 site and does not require
priming**8 This result is consistent with the similarity of
GSK3 and ERK2.

SR protein kinases (SRPKs) are CMGC family members
that phosphorylate serine/arginine-rich (SR) protein splicing
factors?® processivel\(}?° The SRPKs 1 and 2 are specific
for sequences in substrates containing arginine in thelP
position but can accept prolidélt?>whereas the SR kinase
Sky1p?3124is proline directed. The structures of SRPK1
and Sky1p® have been determined. Although no active site
complex is available, the structures are very similar to ERK2,
with two arginines in positions homologous to Arg189 and
Arg192 of ERK2 (Figure 2e). The phosphotyrosine of ERK2
is replaced by an aspartic acid in SRPK1, which may
contribute to the specificity for arginine. The homologous

residue in the proline-directed Sky1lp is serine. Thus the SR
proteins are similar to GSK3, discussed above, and can accepf_.,

both proline and other residues in thetP1 site. The SR
kinases are interesting also because they build-alRocket
very similar to other kinases but do not rely on activation
segment phosphorlatic*°

Casein kinase 2s (CK2s or CKIlIs) are a subgroup of
CMGC kinases for which the P 1 site of substrates is not

Thr201 (PKA numbering) is on the upper rim of the
P + 1 pocket. It is highly conserved, although replaced by
Ser in CK2s. Thr201 forms hydrogen bonding interactions
with the catalytic aspartate in Ser/Thr protein kinases
(Asp166) and a catalytic lysine (Lys168) (Figures 2825133
Mutation of this residue abolishes catalytic activity toward
peptide substrates and autophosphorylattdPhosphoryla-
tion of this residue inhibits the kinase MARK/PARL¥.,

The placement of this conserved threonine residue is
affected by activation segment phosphorylation. Activation
segment phosphorylation induces conformational chaAtjgs
that can extend from the DFG at the N-termiht#&16
through the P+ 1 specificity pocket at the C-terminus of
the loop (the extent of remodeling is indicated in Table 3).
In many kinases, the remodeling includes Thr201 (or the
homologous residue). Thus the placement of Thr201 is one
hallmark of the active conformation.

Several protein kinases are massively remodeled in the
+ 1 site (Table 3) in inactive versus active structures. The
STE20 kinase PAK1, the kinase WNK1, and the CaMK
group kinase MNK-1 exhibit the greatest extent of remodel-
ing (Table 3). In the STE20 PAK1, remodeling involves most
of the P+ 1 site helix, extending to Trp430 into the motif
29YWMAPE*342554 Tyr429 and Trp430 are involved in an
elaborate conformational switch between inactive and active

a strong specificity determinant but sometimes has specificity pAK 1255455 This motif is conserved in most STE20 ho-

for negatively charged residues. CK2s have hundreds of mologs®* and thus similar activation mechanisms may be
putative substrate$® The physiological substrates and the present in other STE group kinases. A similar degree of
pathways in which CK2s function are currently being remodeling is present in the low activity form of WNK.
defined!?® Studies based on peptide libraries show that the The CaMK group kinase MAP kinase interacting kinase
P+ 1 site of substrate may be proline, aspartic acid, glutamic (MNK-1) is remodeled from the DFG motif at the beginning
acid, or seriné?”128Although no structural data is available of the activation segment through the beginning of heliX’F.
for CK2 in complex with substrates, based on the uncom- In several cases, inactive forms involve conformational
plexed structure of CK2 CKd.,2647 it has been propos&t changes in Thr201 (or the homologous residue). Thus,
that a lysine residue (Lys198 in CKl), which replaces the  remodeling in this region affects both substrate binding and
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catalytic activity. It is interesting that remodeling of the with a peptide derived from hematopoetic protein tyrosine
P + 1 pocket has been observed in at least one member ofphosphatase (HePTP), the structure of which we determined
each of the major groups of kinases (Table 3). recently, which revealed the most extensive interactions seen
To summarize the discussion of the P 1 pocket to date. The structural data show that D-motif docking
recognition and remodeling, first, it is becoming clear that interactions contribute to specificity not only through unique
there are only a few binding modes for thetPL residue in interactions in the docking groove but through allosteric
substrates of Ser/Thr protein kinases. Second, the recognitioréffects that remodel the activation segment and active site
modes tend to be maintained within each group. The AGC, of the MAP kinase.
CaMK, and STE groups recognize hydrophobic residues in  D-motifs directed toward MAP kinases encompads3—
the P+ 1 site. Many members of the CMGC group are 16 residues, X@XX(R/K):—Xz-4—@aXDp, featuring a
proline-directed. Otherwise, the P 1 site is not a strong  separation of charged (R/K) and hydrophobic elements (9).
determinant, and the B 1 pocket has been reduced to a The docking groove for D-motifs in MAP kinases was
surface depression. Third, it is interesting that the- AL defined by mutational analys&$:14¢ 150 The docking groove
specificity can be overridden. Examples include CK2 and was found to be in the C-terminal lobe of the kinase, near
CK1, each of which recognizes “primed” substrates. Nev- the 5;—fs reverse turn (Figure 3a) and an acidic patch in
ertheless, the defaultP 1 specificity is also used for some L16 (the linker at the C-terminus of the kinase Ité&abeled
substrates. Fourth, structural data on uncomplexed kinaseshe “CD” for common docking domait? In the ERK2/
support observed P+ 1 site preferences, even when pepHePTP complex, the 16-mer peptide from HePTP phos-
structures of complexes are not available. Fifth, the B phatase forms an-helix over the first six residues and then
pocket is remodeled in inactive forms of at least one memberis extended® The helix binds in a shallow depression formed
of each group of protein kinases. Finally, the fact that the where the CD domain in L16 binds atop helix F. The
catalytic residue Thr201 is remodeled, along with other complex reveals the importance of thg:@t gives the helix
residues in the B- 1 pocket, implies that inactive forms are a hydrophobic face. The helix orients the basic residues

deficient in both substrate recognition and catalysis. (R20and R21) in the peptide toward the CD domain forming
an elaborate network of ionic hydrogen bonds. The extended
4. Docking Interactions segment of pepHePTP, including theX@s motif, is laced

perpendicularly over two helices, D and E, and under the

One solution to conferring specificity in the very large [S7—£8 reverse turn. The backbone of the peptide is
protein kinase family is the evolution of new binding sites recognized through hydrogen bonds to GIn117 and His123
for substrates and other interacting proteins. Binding sites (in the loop between helices D and E of ERK2). TheX@g
outside the active site are referred to as docking groovesmotif contacts residues in the two helices @ helix E and
and occur on the surface of the kinase domain or in adaptor@g to helix D. There is considerable heterogeneity among
proteins. These grooves interact with contiguous peptide the MAP kinases in their interactions with D-motifs, both
sequences in substrates referred to as docking motifs orwith the CD domain and the hydrophobic docking groehvé,
docking sites. Here we will focus on five of these interac- which doubtless contributes to specificity among MAP
tions, those of the MAP kinase ERK2, PKA, PKB, CDK2/ kinases. The binding site that forms the MAP kinase docking
cyclinA/p107, and SR protein kinases. Mechanisms of groove is present in many protein kinases and is often utilized
specificity determination will be compared. The effect of to bind the kinase C-terminal t&iP*
docking interactions on substrate affinity and the data
suggestive that allosteric conformational changes contribute4.2. HM Motifs in AGC Kinases and AGC Kinase
to pathway specificity will be discussed. Substrates

: ; ; ; In the AGC group, a group-specific pocket called the HM
4.1. Docking Interactions in MAP Kinases pocket for (hydrophobic motif binding pocket) in the
Twelve years ago, it was discovered that the MAP kinase N-terminal lobe is formed by helix B, which prevents helix
c-Jun kinase (JNK) binds its substrates outside the activeC from packing tightly on the corg-sheet (Figures 1b and
site, engaging substrate sequences distal from the site of3b). This pocket serves different purposes in different AGC
phosphorylatiort?8139Since then, a large body of data has kinases** In PKA, the C-terminal sequence FTEF-COOH
accumulated showing that all MAP kinases studied use binds in the pocket (Figure 3b). In other AGC kinases, such
docking interactions to bind substrates. Further, the MAP as PKB, the kinase C-terminal tail possesses a hydrophobic
kinases engage their activating kinases, phosphatases, anahotif (HM) FXXF-S/T-F/Y, and must be phosphorylated (or
scaffolding proteins using similar docking interactions replaced with a phosphorylation site mimetic) to bind to the
(reviewed in refs 4 and 140147). The “D-motif’ docking pocket!®® The AGC kinase phosphoinositide-dependent
site, present in MAP kinase interacting proteins, is best protein kinase (PDK1) lacks the hydrophobic motif alto-
studied. D-motif peptide complexes with target MAP kinases gether. Instead, the HM is present in PDK1 substrates. The
have been the object of six recent crystallographic studiesbinding of substrates both activat&s'>3and stabilize& >
(Table 2). The structures span the spectrum of MAP kinase PDK1. This mechanism is potentially very powerful at
binding partners. Structures were determined ofop38 conferring specificity, since PDK1 is not active in the absence
complex with substrate and activating enzyme-derived pep- of its substrate.
tides® of INK1 in complex with a scaffold-derived peptiéfe, Structural data illuminating how HM peptides may interact
of S. cereisiae MAPK Fus3 in complex with substraté, with AGC kinases came first from the structure of PKA
MAP2K %! and scaffold-derived peptides, and of ERK2 in  (Figure 3b)!*®> The four residues Phe34Phe350 form a
complex with MAP2K-derive®® and two different phos-  hairpin turn that brings the two phenylalanine residues in
phatase-derived peptidé&s’t Each peptide binds to homolo- close proximity. Phe347 packs against a valine in helix B,
gous loci. In this review, we focus on ERK2 in complex and Phe350 contacts the aliphatic part of the side chains of
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SRPK1+ASFISF2

Figure 3. Docking interactions between kinase and corresponding peptides with the kinase surface rendered in gray; otherwise the coloring
scheme is the same as in Figure 1: (a) ERK2 and docking peptide HePTP (2GPH). Carbon atoms of the peptide are blue. Note how the
peptide helix orients the Arg2@nd Arg21 toward the ERK2 acidic patch. (b) PKA (1ATP). The C-terminus of PKA in blue binds in the
kinase HM pocket. Note how the reverse turn (at Thr3&3u349) brings Phe347 and Phe350 close together. The side chain of Thr348,
which caps the helical turn, has been eliminated for clarity. (c) CDK2 with recruitment peptide p107 (1H28). Peptide, shown in blue, is
bound in the hydrophobic crevice formed by kinase helices 1 and 3. (d) Surface representation of pCDK2/cyclin-A with CDC6 bis-
substrate inhibitor spanning active site and recruitment site. Visible residues shown in stick representation; disordered residues indicated by
white balls. () SRPK1 with docking peptide ASF/SF2 in blue (1WBP) showing arginine-mediated interactions.

two lysine residues, one in helix C (Lys92) and one extending G-protein-coupled receptor kinase GRK2 uses this site
B4 (Lys111). The terminal carboxylate of PKA is also bound intramolecularly to bind the RGS-homology domairi}&°

by the same two lysine residues. The backbone of the hairpinwhereas Aurora kinase uses the same groove to bind
turn is contacted by Lys111. Thus, there is an exquisite interacting proteing’’® Finally, the TKL family enzyme
interaction, requiring two phenylalanine residues separatedTGFj3 receptor (transforming growth factor recepfr-
by two intervening residues, accompanied by a negative also uses this groove to bind the interacting protein
charge adjacent to the second phenylalanine. Structural dat&FKBP1258

on PKB HM interactions were obtained by mutating the . . .

C-terminal phosphorylation site to aspartic acid (S474D) and 4.3. CD.KZ/CyCl'n A Recruitment Peptide

by making a chimera with another HK1.The interactions  Interactions

are similar but more extensive (not shown). Other AGC CDKs bind substrates and inhibitors through cyclin-
kinase-HM interactions have been studied structurally. The mediated interactions (reviewed in refs 155 and 156). The
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Table 4. Docking Peptide Motifs authors also show that improvement in catalytic efficiency
L. . is primarily a K, effect, which goes down 18-fold for
a) Docking site peptides for MAPK substrate with RXL-containing substrates (see also ref 163).
No conformational changes are induced in CDK2/cyclin A
HePTP RLOERRGSNVALMLDV by the interaction with recruitment peptfder bisubstrate
ELK1 PQKGRKPRDLELPLSP peptides’
MEK2 MKARRKPVLPALTINP

4.4. SRPK Docking Interactions

SRPKs phosphorylate subsets of available serine phos-

b) Recruitment Peptide Motifs for CDKs

p27 KPSACRNLFGP phorylation sites within the target “RS” domains of sub-
p53 STSRHKKLMFK strates, and the exact position of phosphorylation is thought
plo7 AGSAKRRLFGE to direct the outcome of alternative splicing mediated by the
PRB PPKPLKKLRFD SR proteing31?2Ngo et al’® have determined the structure
of a truncation of SRPK1 in the presence of substrate-derived
¢) Hydrophobic Motifs for AGC Kinases peptide (RERSPTR) and found that the peptide binds in a
docking groove, rather than at the active site. They further
PKA EKCGKE- FTEF demonstrate the presence of this docking site in one of its

substrates, the splicing factor ASF. The docking interaction
appears to sequester phosphorylation sites as well as limit
the phosphorylation at other sit€sThe docking groove is
formed where an insert in the connection between helices F
and G unique to the SR kinases causes helix G and a two
cyclin inhibitor p21 binds cyclin A via a recruitment peptide turn helix in the MAP kinase insertion (labeleal3, 14*°
sequence, ACRRLFGP, and similar sequences are presenfFigures 1b and 3e)) to be farther separated than in MAP
in related inhibitors™® Substrates of CDK2 such as the tumor kinases. Argl of the peptide (Figure 3e) is recognized by
suppressors Rb and p107 and the transcription factor E2Ftwo residues, Asp564 and Glu571 in helix G, separated by
also possess related recruitment sequetiéénly a short two turns of helix. Arg3 contacts two carbonyls in the helix
motif, RXL®, where the hydrophobic amino acldis either F/helix G connection, and Arg7 contacts the backbone of
adjacent to RXL or displaced by one residue and is conservedTyr181 at the terminus of helix D and Thr546 in the helix
(Table 4). Several complexes of CDK2/cyclin A with F/G connection. The peptide backbone makes only a single
inhibitor or substrate-derived recruitment peptides have beencontact, Lys615 at the end of helix G. The only hydrophobic
studied structurally (Table 2) and are also well-illustrefed. interactions are with the aliphatic portion of Arg3, represent-
We focus on the structure the of CDK2/cyclin A/p107 ing a major departure from the themes observed in other
peptide (Figure 3c) as an exampfelhis has two domains,  kinases. Peptide interactions do not induce any conforma-
the first of which binds recruitment peptides. The recruitment tional changes in SRPK1 (see 1WAK.pdb). The recent
peptide binding domain is comprised of five helices, the first structure of STE group kinase TAK1, in complex with its
three of which resemble the first three helices of an activator TAB1, reveals a similar locus of interactions to
antiparallel four-helix bundIé® ASF/SF2, but the binding site is more extensive.

Two short helices pack orthogonally on one of the major
helices, helix 3, such that the loop connecting them falls near4.5. Similarities and Differences in Docking
the intersection of helices 1 and 3. The peptide binding |nteractions
groove is a shallow V-shaped hydrophobic crevice between

PKB DSERRPHFPQFSYSASTA
PRK2 EEEQEM-FRDFDYIADWC

helices 1 and 3 and the helix-elix 5 loop. The recruitment ~ The docking interactions described above have some
peptide adopts a primarily extended conformation. The interesting parallels. First, each peptide primarily adopts an
conserved leucine in the motif RXR is defined as pPby extended conformation but may have some internal hydrogen

Lowe et al®® The leucine, as well as th® residue in the P bonding. This hydrogen bonding can be significant, such as
position, binds in the crevice between helices 1 and 3. Thethe small helix in HePTP bound to ERK2, or just a few
conserved arginine (B) lies across the top of helix 1 and hydrogen bonds, as in p107 bound to CDK2/cyclin A.
forms an ion pair with Glu220 in helix 1. Interactions with Second, the backbone of the peptide is recognized in each
the peptide backbone are made by a glutamine in helix 3 case. In ERK2 and other MAP kinases, a glutamine or a
(GIn254) and the backbone of a residue in the loop betweenglutamine and histidine make hydrogen bonds with the
helix 4 and helix 5 (lle281). This simple binding groove, peptide backbone. In cyclin/p107, a histidine residue as well
then, confers recognition of a positive charge separated byas the backbone of the helix-elix 5 loop contact the
one residue from two hydrophobic amino acids. peptide. In PKA, a lysine residue (Lys111) contacts the
The recruitment site in cyclin A is about 35 A away from peptide backbone. Similarly, in SRPK1, a lysine contacts
the catalytic site, and the mechanism for enhancing substratethe peptide backbone. A third similarity, among ERK2, PKA,
phosphorylation was originally proposed to raise the local and CDK2/cylcin A, is the presence of binding sites for two
concentration of the protein substratéA recent elegant ~ Or more hydrophobic residues. Finally, the binding grooves
study” utilizing an ATP-mimetic bisubstrate inhibit§has ~ invariably involve two or more helices, as well as a loop or
allowed a 30-residue peptide spanning from the active site additional secondary structure.
to the recruitment site to be visualized. Indeed, several There are also interesting differences, which surely confer
residues between the recruitment site and active site arespecificity among these groups of kinases. Among the groups
disordered, validating the concept that recruitment interac- that bind hydrophobic residues, the docking grooves are
tions increase the local concentration of substrate. Theorganized to bind residues separated by a different spacing:
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(a) C\ (b)

No ordered Helix B
or Helix C in PKB

——., Activation segment
ERK2/HePTP

ctivation segment
Inactive ERK2

\—/_Jé Activation segment
PKBIGSK3

Figure 4. Peptide-induced allostery in MAP kinases and AGC kinases: (a) ERK2/pepHePTP (2GPH) superimposed with unphosphorylated
unliganded ERK2 (1ERK). Note the very large changes in the activation segment and changes in the N-terminus. (b) PKB/GSKS3 peptide
(106K) superimposed with unphosphorylated PKB (1LMRY). Helices B and C, as well as the activation segment, become ordered in peptide-
bound PKB. Unliganded conformations are rendered in cyan and activation segment in green. Peptide-bound structures are pink, activation
segment red, and peptide yellow.

Cyclins bind adjacent hydrophobic residues or residues teolysis (unpublished results). Conformational changes in
separated by one amino acid in a depression formed by twoERK2 occur in solution als&* What is the function of these
parallel helices in contact that form the docking groove. MAP conformational changes? Structural studies are available
kinases recognize hydrophobic residues separated by onexclusively for unphosphorylated enzymes, and thus the most
amino acid, through well-separated pockets on two different physiologically relevant structures involve MAP2K-derived
helices. A glutamine residue contacts the peptide backbonepeptides. Consider the action of MEKs, which phosphorylate
between the two hydrophobic residues. AGC kinases bind MAP kinases. The phosphorylation sites of MAP kinases
HM peptides that possess hydrophobes separated by twaare sequestered or well-tethered in the low activity conform-
amino acids. The binding pockets are deep and close togetherers. In unphosphorylated ERK2,Tyr185, the residue
and an intricate network of hydrogen bonds recognizes aphosphorylated first by MEK1/2! is buried under the
hairpin turn in the HM peptide. A second obvious difference backbone of the activation segment. In p384° although
among the binding grooves in MAP kinases, AGC kinases, the Tyr182 phosphorylation site is on the surface, it forms
and cyclins is the relative orientation of the hydrophobic numerous intramolecular contacts. These contacts probably
versus charged and hydrogen-bonding functionalities, which prevent other kinases from accessing MAP kinase phospho-
is necessary to bind the distinctive docking motifs (Table rylation sites. Thus, this allosteric mechanism may contribute
4). to pathway specificity. A prediction is that docking peptides

As more kinasesubstrate complexes are studied, it is added in trans to docking-motif truncated kinases (or
becoming clear that larger surfaces of substrates can bephosphatases) might facilitate activity, but this has not been
involved in recognition. For example, the complex of PKR, reported so far. It may be that such studies must be conducted
a CMGC kinase, with its native substrate eukaryotic transla- at a very high protein concentrations to account for the local
tion initiation factor 2x (elF20)® involves helix G of the  concentration effect of the docking interaction, as observed
kinase and an entire surface of the alFg-barrel (not for CDK2/cyclin AS7

shown). Interestingly, the interaction of PKR with elb2 The docking study in p38showed that substrate-derived
works aIIos_te_ncaIIy on the elfe mo!ucmg_ dlsord_er in the peptides also induce conformational changes. But the func-
!OOD containing _the _phosphoryllanon site. This may beé {ion of the conformational change induced by substrate is
important for active site recognition. presumably different. The study of peptide-bound ERK2
. . . . provides the best insight, since structural data are available

4.6. Allosteric Properties of Docking Interactions for both inactive and active ERK2. The peptide-induced

The recent structures of MAP kinase docking peptide structure is closer to the active form than the inactive form
complexes and the AGC kinase PKB have revealed allosteric(rmsd 1.8 A versus 2.4 A). Thus, it may be that substrate
conformational changes that serve functions other than peptides are complimentary to a structure closer to the active
enhancing substrate recognition. In PKB, the allostery servesform.
to activate the kinase. In MAP kinases, the allostery affects The conformational changes induced by docking motif
active site binding of substrates but also influences binding peptides are shown for ERK2 in Figure 4a. The changes
of processing kinases and phosphatases that act on theccur in the activation segment, and along L16, a linker that
activation loop. These conformational changes appear to becontacts both the peptide HePTP and the activation segment.
potent methods for enhancing pathway specificity. In p38y, peptides also induce changes, but the changes are
. . . ) different in detail. In p38, the largest change is in the
4.6.1 Allostery in MAP Kinase Docking Interactions activation segment, but near the peptide binding site, the

In both ERKZ° and p38&,%® D-motif docking peptides  changes are in helix D and the loop between helix D and
induce conformational changes in the activation segmenthelix E (not shown). The linkage between peptide binding
(Figure 4a). In ERK2, a new conformation of the activation and activation segment disorder is unclear but may involve
segment is adopted (Figure 4a). In p3&he activation a relaxation process within the C-terminal lobe of p38
segment becomes disordered and more susceptible to proApparently, functionally similar conformational changes are
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induced by different mechanisms. This difference in allosteric 5, Conclusions
mechanism may contribute further to specificity determina-

tion among MAP kinase®. With structural data now available on active and inactive

forms of each of the major groups of Ser/Thr kinases defined
. : : : : by Hunter and colleagues, several conclusions can now be
f\gg ,égggg’c Properties of HM Motif Interactions in d_rawn. First, the P+ 1 specificity pocket distinguishes the
kinase groups from one another. The AGC, CaMK, and Ste
As discussed above, AGC kinases use the HM pocket for groups are hydrophobic-directed fortP1 sites, the CMGC
different purposes in different kinases: part of the active group is proline-directed (or F-1 is not a strong determi-
structure as in PKA, as a binding site for a regulatory Nant), and in the CK1 group, the-P 1 site is not a strong
Segment Of the same protein as in PKB or GRK2 or Other determinant. The 1 pOCket is also |mp0rtant because it
subunit as in Aurora kinase, or as a substrate binding site ag10uses a catalytic threonine, Thr201 of PKA. ThefPL
in PDK1. PDK1 is the most intriguing, because it has been Pocket and the threonine are remodeled in inactive forms of
shown that the substrate HM both binds and activates @t least one member of every group of protein kinases.
PDK174152154 The mechanism for how this might be Second, biochemical and structural data have revealed that

accomplished comes from the structure of a truncated form &t 1€ast two groups of protein kinases utilize docking in
of PKB, lacking the HM (as well as a PH domain at the 9r00Ves outside the active site to bind substrates and other

N-terminus of the kinase) (Figure 4b). This structure reveals Molecules. Docking strategies are group specific. Third,
massive disorder in helices B and C. Thus, apparently thedocklng interactions often |n\_/olve.alIosterlc_conformatlonal
HM is required to build the active structure of the PKB. The changes that affect the active site or activation segment.

structure of PDK1 has also been solved in the absence of & 10SteTy appears to be a powerful mechanism to confer
HM.151 No similar disorder was observed, but a lattice pathway specificity by preventing reactions hetween in-

" . , appropriate partners. In MAP kinases, one function may be
gg?;a(crter\zzzvggvﬁ S::fbllll)z esdh(t)k\]/\?sl_![wa?olj ﬁﬁl{ggg&?gﬁsl are to make the MAP kinase phosphorylation sites available for
required for PDK1 to have any activity. Thus, there very processing, while inappropriate kinases and phosphatases

. ) 4 I cannot access these sites. The docking interactions also
probably is an allosteric mechanism activating PDK1 through g

docking interactions, if not as dramatic as those observed inpromote the active structure. In PKB, the HM interaction is
> e e : ; make the PKB activi ndent on phosphorylation
PKB. The allosteric activation in AGC kinases is very used to make the activity dependent on phosphorylation,

- . . o while in PDK1, the substrate provides the HM peptide.
reminiscent of the allosterically induced activation loop Further, conformational changes absorb intrinsic binding
changes in MAPKSs.

energy, reducing the affinity of substrates but perhaps not
No similar peptide-induced conformational changes have affecting the substrate specificity. For these reasons, allosteric

been observed in the CDK2/cyclin A/peptide complekes. effects may prove to be prevalent in signal-transducing

On the other hand, the docking interaction greatly improves machinery, as mechanisms for conferring specificity among

the Ky, as discussed above. The activation segment phos-similar proteins. We look forward to further biochemical

phorylated CDK2 (on Thrl160), in the absence of a cyclin, studies to better understand how kinases are regulated and

adopts an inactive structuféand cyclin binding appearsto  to the elucidation of larger proteirprotein interactions that

be required to form the active enzyrfie. serve to define the specificity of protein kinases in the cellular

context.
4.6.3. Conformational Change Energy

: . 6. Abbreviations
Conformational changes require energy. The conforma- o o
tional change energies (CGcannot be measured for these AGC CAMP-dependent protein kinase/protein kinase G/pro-
docking interactions. However, CCEs have been measured, .- o, S;e'gu'ﬂ]”;sipﬁc?ﬁ;e{‘aﬁgrfam"y
for several proteins, including _hzrggglobm, asfngate trans-~ovk  calciumcalmodulin dependent kinase
carbamylase, phosphofructokind8e.and serpind®’ The CCE coformational change energies

observed CCEs range from 3 to 6 kcal (or@orders of CDKs cyclin-dependent kinases

magnitude of affinity), with 11 kcal as an upper limit cK1 casein kinase-1

(serpins). Affinities of docking peptides have been measured CK2 casein kinase-2

for the MAP kinase ERKZ? and for the AGC kinase @~ CMGC  CDK, MAP kinase, glycogen synthase kinase, and
PDK1152168 The affinities were found to be in the micro- CDK:-like o

molar range for both. If similar CCEs apply to MAP kinase ERK extracellular responsive kinase

and AGC kinase docking interactions, the intrinsic binding gg:éz ;;‘égeew'g;rﬂﬁaeserﬁicrg?gr kinase-2

energy69 should be better by at least 3 kcal or 3 orders of |oprp hematopoietic protein tyrosine phosphatase
magnitude in affinity. This effect could reduce a nanomolar hydrophobic motif

intrinsic affinity into the observed micromolar range. Thus, JNK ¢-Jun N-terminal kinase

it seems probable that allostery may serve to gain high MAPKs mitogen-activated protein kinases

specificity at modest affinities. We think that allostery will MAP2K  mitogen-activated protein kinase kinase

prove to be very prevalent in signal-transducing protein MAP3K  mitogen-activated protein kinase kinase kinase
protein interactions for this reason, perhaps as important asMARK m'CrOtliJ_b”'e""_‘ﬁ'“'ty r_egu:?tmg kinase
compartmentalizatioi® and scaffolding’? in specificity l’\\l/ll\lngl '\ggﬁiké”gf\legngﬁ]r;z“ngro'tgﬁfe

determination. A further prediction can be drawn that the PKKE p21-activated protei?] pkinase

docking groove should bind yet-to-be-identified compounds ppk1 phosphoinositide-dependent protein kinase

or peptides more tightly than the native substrates and thuspepHePTReptide from hematopoietic protein tyrosine phosphatase
could be a target for drug discovery. PHK phosphorylase kinase
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Pim-1 phosphatidylinositol mannoside-1

PKA protein kinase A

PKB protein kinase B

PKC protein kinase C

SRPK1  serine/arginine-rich protein kinases

STE homologs of STE11 and STE20

TAB1 TAK1 binding protein 1

TAK1 transforming growth factof activated kinase 1

TAO2 thousand and one kinase 2

TGRS transforming growth factor receptgr-
receptor

TKL tyrosine kinase like

WNKs with no lysine
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