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ABSTRACT:. Many protein kinases are activated strongly by the phosphorylation of a polypeptide region
(activation loop) that lies outside the active-site cleft. Analysis of the X-ray crystallographic structures of
the insulin receptor with the activation loop in the phosphorylated and dephosphorylated forms offers a
testable model for the mechanism of activity regulation by the loop. In this model, the dephosphorylated
activation loop can act as an autoinhibitor by blocking substrate access to the active site. Phosphorylation
of the loop could then release the autoinhibitor from the active site, allowing substrate binding and catalysis.
While this model has been widely invoked, it was not clear if solution studies would support an
autoinhibitory model for kinase regulation, in general. We review the results of solution studies on six
protein kinases that test the role of the activation loop in controlling active-site access. While loop
phosphorylation enhances substrate binding in two cases, four protein kinases display little or no effect
on substrate dissociation constants. By comparison, phosphorylation increases catalysisoogte?s of
magnitude in all cases. These findings can be used to place the phosphorylatable activation loops into
two broad, functional subcategories. (i) Gated activation loops exhibit bifunctional properties restricting
substrate access and controlling catalysis. (ii) Nongated activation loops allow free movement of the
substrate in and out of the active site irrespective of phosphorylation state but potently modulate the
phosphoryl transfer step. Thus, while activation loop phosphorylation greatly modulates catalytic potential,
it does not necessarily affect substrate binding, as once widely believed.

Protein phosphorylation is, by far, the most significant these processes. While sequence alignment data were orig-
posttranslational modification affecting cellular and organ- inally used to predict that all protein kinases contain a
ismal function. For example, intermediary metabolism, cell conserved catalytic domait)( the pioneering X-ray studies
cycle control, DNA transcription, RNA splicing, growth, of Knighton, Sowadski, and Taylor in 1992, (3) defined,
muscle contraction, and development are just some of thefor the first time, the three-dimensional structure of this
many biological processes that are controlled by protein domain. In general, the kinase core possesses elemental
phosphorylation at the level of the individual cell. The components for substrate binding and phosphate delivery and
enzymes that catalyze protein phosphorylation, the proteinalso serves as an essential, minimum frame upon which more
kinases, are avidly studied for their ability to control all of complex protein kinases are attachet). (While protein
kinases regulate the function of target proteins in the cell
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Ficure 2: X-ray structures of the InRK in the unphosphorylated
(red) and phosphorylated (mageneta) forms. The trisphosphorylated

Ficure 1: Ribbon diagram of PKA cocrystallized with ATP and ~ and nonphosphorylated activation loops are shown in yellow and
an inhibitor peptide. The activation loop and its phosphorylated 9reen, respectively. These structures are taken frordkef
residue, phosphoThr-197, are colored green and light blue, respec-
tively. ATP is sh(_)wn i.n dark blue .and a portion of the inhibitor Phosphorylation of the analogous residues in cdk2, ERK2,
Rgﬁ?c(i:gl)n the active site is shown in red. This structure was taken INRK, PKC, c-Src, and v-Fps enhance catalytic activity by

' 2—5 orders of magnituded-14). While most kinases that
we will discuss how phosphorylation of a critical polypeptide e up-regulated through loop modification are monophos-
segment known as the activation loop in the kinase core Phorylated, there are examples where 2 or 3 phosphates are
influences catalytic function. While the structural features incorporated13, 15-17). While phosphorylation can occur
of these loops revealed through X-ray crystallographic autocatalytically in many cases, specific roles for heterolo-

modeling have been extensively reviewed elsewh&ré)( gous protein kinases have been defined and may be the
our emphasis in this review will lie in how the expectations Principal activating enzymes in vivo. For example, in cdk2,
of these models compare with kinetic findings. the cyclln.a.ctwatlng kinase, CAK, phosphorylatgs Thr-160,
a prerequisite for cell cycle contral, 19). Activation loop
PHOSPHORYLATION OF THE ACTIVATION phosphorylation in PKC is conducted by PDK-A0Y.
LOOP—A MODEL DERIVED FROM X-RAY Given the extraordinary catalytic effects of activation loop
STUDIES phosphorylation, special attention has been given to solving

the X-ray structures of protein kinases in both inactive
(dephosphorylated) and active (phosphorylated) states. While
it has been difficult to crystallize both species in many cases,
one protein kinase whose structure has been elucidated in
both states is shown in Figure 2. In the phosphorylated state
of the tyrosine kinase domain of the insulin receptor [InRK],
the activation loop is well-ordered and makes several

The structure of the first protein kinase to be solved by
X-ray diffraction, methods, cAMP-dependent protein kinase
[PKA],tis shown in Figure 1. This structure typifies the basic
fold within the enzyme family and is worth noting here. The
PKA core is composed of two domaitfta small ATP
binding domain and a larger substrate binding domain. The

Sptl(;/e-_sice clgft lies bel;m;elgn ;hes_teh tP\WNOd lObﬁSb_Wh"e_ dATP important electrostatic contacts with positively charged side
Inds 1nto a deep pocket fin€d With NydropnobIC TESIAUES, - ains | this configuration, the active site is open and

the substrate peptide (an inhibitor peptide is shown in the accessible to substrate. In the dephosphorylated state,

PKA structure) binds toward the lip of the pocket and is however, the loop moves considerable distances and occupies

heth L.” plosmpnP:?;\gelz byh elelc;[rcc)js'ta'ftﬁ )c(ontactts. ;I'he the active site. It has been suggested that this loop movement
activation loop In » pnosphorylated in the A-ray SUCIUre o 4465 catalytic activity in the InRK through an autoin-

at Thr-197, makes several key contacts with charged reSidue%ibitor mechanism Z1). Upon phosphorylation, the loop
from the large and small Iobgs. Wh|le not all protein kinases departs from the active site allowing ready access of ligands
havg a phosphorylatgble res!due |r_1.th|s loop segment, manyy, ‘e pocket. Thus, the activation loop functions as a
require pho;phprylaﬂon at this posmqn for catalytic aCt'V'ty_' “phosphorylation-sensitive switch” for controlling substrate
In PKA, activation loop phosphorylation enhances catalytic binding. Similar loop movements have also been detected

activity by approximately 3 orders of magnitude, ). for cdk2, but here disengagement of the activation loop is
mediated primarily by cyclin binding and secondarily by
! Abbreviations: c-Src, cellular form of the Rous Sarcoma virus phosphorylationZ2, 23). The X-ray structure of the dephos-

nonreceptor PTK; CAK, cyclin activating kinase; cdk2, cyclin- . .
dependent kinase 2; ERK2, extracellular regulated kinase-2; FGFR, phorylated form of the FGFR kinase domain also reveals an

fibroblast growth factor receptor; InRK, tyrosine kinase domain of the activation loop embedded in the substrate pocke).(
insulin receptor; Kemptide, peptide sequence LRRASLG; PDK-1, Overall, these structures offer a very compelling model for

phosphoinositide- dependent protein kinase-1; PKA, cAMP-dependent i N ;
protein kinase; PKC, protein kinase C; PTK, protein tyrosine kinase; describing the enormous activity changes seen across a wide

SPK, protein serine kinase; v-Fps, viral form of the Fujinami Sarcoma fange of protein kinases. Indeed, the simplicity of the
virus nonreceptor PTK. autoinhibitor model conveys well to general audiences and,
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not surprisingly, is often cited as a general regulatory
mechanism for this enzyme family.

mmXIm

KINETIC REDUCTIONISM AND INDIVIDUAL
RATE CONSTANTS

Since the discovery of the first protein kinase some four
decades agdb, 26), kinetic investigations have been used
to understand catalysis in this enzyme family. However, the
vast majority of these studies have been limited to the
determination of simple steady-state kinetic parameters (e.g.,
Km, Vmay. While valuable, these parameters do not provide
direct information on the molecular steps associated with -
protein phosphorylation. However, to correlate the structural BB, B, g
features of these enzymes with their regulatory properties, ) ’

e . . FIGURE 3: Free energy reaction profiles for the protein kinase
itis essential to dissect these parameters to understand the'Feaction.Km is expressed relative to individual rate constants in

true meaning. To illustrate this point, we will consider the ' scheme 1 using four limiting conditions (% 4). The arrows on
simple kinase mechanism in Scheme 1 at high ATP the free energy profiles designate transitions through steps important
concentrations where S is the substrate and P is thefor evaluatingKy, at each limiting condition. For simplicity, the

phosphoproduct. For this mechanism, Kagfor the substrate ~ ground state of the ternary complexHP-S, is commonly fixed
is given by the relationship in eq 1: in each case through adjustments in the substrate concentration.

<OIMmMmZmMm

@ Strong (k; <k) Release (k> k)  ky/k,

Klk -+ K in protein kinases exposing the simple uni- and bimolecular
K =23 (1) processes comprising the pathways.
mk\ kgt kK,

METHODOLOGIES FOR ESTABLISHING
This equation underscores the dilemma of relying on initial KINETIC PATHWAYS IN PROTEIN KINASES

velocity measurements to interpret enzymatic function. For  inetic methods have been applied to the study of protein
steady-state kinetic measurements sikgecontains added  methods have been used successfully to address key issues
kinetic terms not present iy ~ regarding substrate and nucleotide selectivity, binding order

To understand the complex interplay between activity and metal ion preference [e.g., ré&—33]. These and many
measurements and the microscopic steps in Scheme 1, it isther kinetic investigations have nicely contributed to our
useful to consider various conditions where only subsets of general understanding of kinase catalysis, but all have been
the individual rate constants in eq 1 control the steady-state|imited in their ability to establish the individual rate con-
kinetic parameters. F|gure 3 outlines the free energy react|0nstants in the genera' mechanism in Scheme 1. Two experi_
profiles for substrate phosphorylation under four limiting mental methodologies, applied in the past decade, have
conditions (1~ 4) in Scheme 1. These conditions are defined effectively bridged this gap in our understanding of protein
using two relationships: the substrate commitment factor kinases:
and the rate-limiting step for turnovésing these condi- (1) Viscosity MethodsThe viscosity method relies on the
tions, theK, for the substrate is equivalent to thg in only ability of viscosogenic agents such as sucrose and glycerol
one example (case 1; weak substrate commitment and rateto influence the bimolecular steps in a kinetic sequence. This
limiting transfer). In all other cases, tf&, may be greater  approach has a rich history with applications to a highly
or less tharKy, depending on the magnitude of the other gjverse group of enzyme84—39). In principle, if any of
steps in the kinetic pathway. Thus, to understand how ligandsthe steady-state kinetic parameters are limited by the diffu-
bind in the active site of a protein kinase, it is necessary to sjon of the substratéq, k_,) or product k) (i.e., bimolecular
kinetic mechanism. We term this process “kinetic reduc- measured on that parameter. Conversely, if a steady-state
tionism” since it deconstructs complex catalytic pathways inetic parameter is limited by a unimolecular step such as
the phosphoryl transfer steky), the viscosity of the medium

2 The substrate “commitment” factor refers to the ratio of the rate is not expected to influence this parameter. The magnitude
constant for phosphoryl transfer and the substrate dissociation rategf these effects is readily assessed using the Smulchowski
constant ks/k-2). A substrate with a high commitment factor is more . e .
likely to be modified by the enzyme rather than to dissociate from the equat'on so that the rat(_':'s of individual steps in the enzyme
active site (i.e.ks/k 2 > 1). A substrate with a low commitment factor ~mechanism may be estimate8¥( 37, 40).
Eissocila)ltes faster from the active site than is phosphorylatedigle., For determining the role of phosphoryl transfer in control-
5 < i . . . .

3 Substrate turnovekd,) is a function of two rate constants as defined !Ing substrate turnovekea is typically eXpresse.d as a ratio
in the following equation:ke = keki/(ks+ks). The rate-limiting step-  IN the absence and presence of a solvent viscosogen and
(s) for turnover may bé or ks or a combination oks andk;. plotted as a function of relative solvent viscosity (Figure 4).
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Ficure 4: Use of viscosity methods to place limits on the
phosphoryl transfer rate in a protein kinase. The turnover number,
keas IS €xpressed as a ratio in the absence and presence of an add

viscosogenic agent. Slope values greater than 0.8 implykghat rate of the exponential ‘burst’ phases) can be used to evaluate

ks, whereas slope values less than 0.2 imply that< ks . : . h i
Intermediate slope values between 0.2 and 0.8 imply that the Is(?f1|?)t E;gh E:bSt_raE concentrations using the following relation
. - urst

phosphoryl transfer rate partially limits,: (ks ~ k). The exact

value forks can be evaluated when the slope is less than 0.8 using . . . 1

the following relationship:ks = keaf(1 — slope). Above this slope  Phosphorylated in the active sitég(= 500 s*) but
value, only a lower limit can be placed d¢g. subsequent phosphorylation events must await slow, net

product releasekg = 20 s%). While the viscosity studies
indicate that the phosphoryl transfer step is fast, the rapid
mixing methods directly evaluate the rate of this step. The
fast mixing methods have recently been applied to two other
protein kinases, Her-2 and Csk, revealing that phosphoryl
transfer in these enzymes is not rate-limitirig,(43).

The amplitude of the burst phase in a pre-steady-state
netic experiment provides information regarding the active
concentration of the protein kinasd4j. For PKA, the
enzyme-normalized burst amplitude, obtained from an ex-
trapolation of the linear phase to zero time, is 1 (Figure 4),
implying that all the available active sites are competent to
bind and phosphorylate substrate. In Csk and Her-2 this

Ficure 5: Evaluation of the phosphoryl transfer rate using pre-
eady-state kinetic methods. The phosphorylation of Kemptide by
KA is conducted in a rapid quench flow instrumeB¥) The

Slope values close to 1>(0.8) imply that the phosphoryl
transfer step is fast and not rate-limitinkg & ki), whereas
slope values close to 0<Q.2) imply that the phosphoryl
transfer step is slow and limits substrate turnover< k).
For intermediate slope values (6-2.8), phosphoryl transfer
is partially rate-limiting ks ~ ks). The steady-state kinetic
parameterk.,/K, can also be analyzed using viscosity Ki
methods, but here information on the substrate commitment
factor rather than the phosphoryl transfer step is typically
derived? We first applied the viscosity method to PKA in
1991 and found thakt., for the phosphorylation of a short
substrate peptide (Kemptide, LRRASLG) is maximally

affected by added viscosogens (slepé), a result consistent ampli : :
. ) plitude term is much lower accounting for only 20% of
with fast phosphoryl transfeik{ > ki) (37). These studies  ,o"tr1a enzyme in both cased2( 43). These findings

established for the first time that the chemical transfer Step g qqest that all the active sites are not available for catalysis.

is not rate-limiting in this protein kinase. Owi i . s . ’
> M wing to the difficulty in synthesizing active forms of protein
(2) Pre-Steady-State Kinetic Methodsie second advance kinases in host cells, there is concern about whether

to impact mechanistic studies on protein kinases came with recombinant kinases are produced in native forms. The

the application of pre-steady-state kinetic experiments. Theseamplitude of the burst phase provides a unique tool for
studies, originally applied to PKA in our group,

. were Used jotermining the percent of actively expressed enzyme.
to isolate the phosphoryl transfer step and place a discrete 1o by steady-state kinetic studies not only provide useful

rate to this event4l). In these studies, PKA, preequilbrated mechanistic information on protein phosphorylation in the

}/lwth . P-ATP, Is m:jxerc]i with P'(;mpulde dm ahrap|d querr:_ch active site but also can be used to establish the real affinity
ow instrument and then rapidly mixed with a quenching ¢ the gypstrate. Since it is known from viscosity studies

agent to stop the reaction (acetic acid or EDTA). The that Kemptide exchanges rapidly in the active s&& @5),
instrument permits the quantitation of radiolabeled phosphateeq 2 can be used to establish #efor this substrate from

Into dthe substrate In thﬁ efgrly millisecond time framhe, @ the ratio of the rate constants of phosphoryl transfer and the
window encor:npaﬁsmgqut el Irst enfzyme turnover. As shown e issociation of productkdks). Equation 2 is essentially
in Figure 5, the phosphorylation of Kemptide occurs in two a limiting case for eq 1 when

distinct phases: a rapid, exponential phase (“burst” phase,

kours), followed by a slow, linear phase. The latter phase is K

identical in value toke indicating that this portion of the Ky= Km(? + 1) (2)
phosphorylation curve corresponds to steady-state turnover. 4

The burst phase corresponds to the phosphorylation of the , o )

substrate in the active site. The true rate of the phosphorylks = k-2 (i.€., case 2 in Figure 3). For PKR/ks is 25 based
transfer step is then evaluated by extrapolating the observec®n rapid quench flow experiments, making th&, for

burst rate constankgus) to high substrate concentrations Kemptide 26-fold lower than thkq. Prior to the application
(41). For PKA, it was shown that Kemptide is rapidly ©f these kinetic methods, a measurement of the true affinity

of Kemptide in an active ternary complex with ATP was
4 A plot of relativek:./Km as a function of relative viscosity yields unattainable owing to the mabl!lty to eSt§b|I§h an exact
a slope term which can be related to the commitment factor by the NUMber forks/ks. In the next section, we will discuss how
following equation: ks/k_, = slope/(1— slope). this term can be used to evaluate the autoinhibitor model.
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Table 1: Effects of Removing the Activation Loop Phosphorylation E ' ) - s ;} p— -
i i B ubpsiraie
Site in PKA? @ 10000 F W ATP ]
parameter wild-type T197D T197A 3 i B Phosphotransfer
Keat (S€C'Y) 20 18 1.4 = 1000 1
Km («M) 30 660 1100 P i
ks (5°2) 500° 27 3.6 2 1oF ]
ks (s71) 20 53 18 ® 1
ka/ks 25 0.51 0.20 R L
Kg (uM) 800 1000 1300 x N
aThese data are taken from r&f° This value was determined using
rapid quench flow methodsty). 04 L L L L L L
PKA ERK2 cdk2 v-Fps InRK Tie2
APPLYING KINETIC REDUCTIONISM TO PKA Serine-Specific Tyrosine-Specific

The notion that phosphorylation induces large motions in _ Protein Kinase .
the activation |Oop of the INRK provides avery Simp|e model Ficure 6: Effects of activation loop phosphorylation on substrate

i : ; i (blue) and ATP (green) binding and the phosphoryl transfer rate
for activity regulation. If this autoinhibitor model accounts (red) for several protein kinases. Values greater than one imply

for the large activity increases in the protein kinases, then it that joop phosphorylation enhances substrate or ATP binding or
follows that substrate binding will be significantly impaired enhances the rate of phosphoryl transfer. The magnitude of the

when the activation loop is dephosphorylated. We first tested effects is expressed in relative values. The data for this plot were
this model on PKA in 1995 using site-directed mutagenesis taken from ¢) for PKA, (13) for ERK2, (12) for cdk2, (L0) for

(7). Upon replacement of Thr-197 with aspartate and alanine, V-Fps, (4) for the InRK, and 48) for Tie2.

several of the steady-state kinetic parameters were signifi-
cantly altered (Table 1). Most notably, tKg, for Kemptide
increases by approximately 2@0-fold. These findings
appear to verify the autoinhibitor model derived from the
X-ray data on the InRK. However, these data alone cannot
be used to ascertain the true affinity of the substrate owing
to the inherent inability of steady-state kinetics to provide a
value forks/k, in eq 2. Without measurements of the substrate
Kg's in the phosphorylated and dephosphorylated enzymes

form:;,. fung}ional evidence for the autoinhibitor model is cdk2 enhance substrate binding by approximately 2 orders
unachievaple. of magnitude {2, 47) (Figure 6). In stark contrast, though,

_ Tointerpret the effects of Thr-197 mutation on the regula- ., iray and co-workers showed that activation loop phos-
tion of PKA, direct information on the rates of the phosphoryl horylation in the receptor PTK, Tie-2, has no influence on

transfer and product release steps are required. As mentioned ,pcirate binding4®). Finally, Kohanski and co-workers
previously, ky/k; for wild-type PKA is 25, a value which g6 that phosphorylation of the InRK has only a small
accounts for the large viscosity effect &g (37) and the a0t on substrate binding (8-fold14). Therefore, of the

large burst in product formation in the first 10 ms of the six protein kinases studied, to date, only display clear
reaction (Figure 5). When the phosphorylation mutants are o ijance for the autoinhibitor model.

interpreted using the viscosity approach, large decreases in

ks/ks are observed relative to wild-type owing to substantial MODULATION THROUGH THE NUCLEOTIDE
decreases in the phosphoryl transfer rate (Table 1). SincePOCKET

the increases K, for the mutants are compensated by pro-
portional decreases k/ks, no significant changes iy are
observed. Thus, the observed increasdsirdo not reflect
changes in real binding affinity. These results not only indi-
cate that PKA does not conform to the autoinhibitor model
but also provide a strong case for the general application of
reductionist methods for understanding kinase regulation.

of phosphoryl transfer, we detected no significant changes
in substrate binding affinity (Figure 6). Indeed, phosphory-
lation appears to have a small but real negative impact on
substrate binding. Since these initial investigations into PKA
and v-Fps T, 10), several other protein kinases from both
the serine and tyrosine families have been studied using
detailed kinetic methods. Unlike PKA and v-Fps, Lew and
co-workers, focusing on the proline-directed SPKs, showed
that phosphorylation of the activation loops in ERK2 and

It has been proposed that the unphosphorylated activation
loops from some protein kinases may also interfere with ATP
binding 21). In accordance with this idea, loop phospho-
rylation improves ATP affinity to PKA by approximately 2
orders of magnitude (Figure 6). For ERK2, modification also
enhances ATP binding but to a lesser degree. While this
appears encouraging, activity control through ATP binding
EXPLORING OTHER EAMILY MEMBERS modulation presents a more difficult pr(_)blem tha_n the

substrate autoinhibitor paradigm. Present in low millimolar

Our kinetic investigation on the PKA activation loop offers concentrations in the cell, ATP is expected to be a potent
a useful paradigm for the analysis of protein kinase function. competitor for the activation loop and may easily displace
However, we were concerned that the results derived fromit from the nucleotide pocket. An autoinhibitor model
the PKA mutants might represent an anomaly and that otheroperating through the nucleotide pocket would necessarily
kinases might conform to the autoinhibitor model. Accord- require large phosphorylation-driven changes in ligand
ingly, we investigated activation loop phosphorylation in the affinity to compensate for the high intracellular ATP levels.
nonreceptor PTK, v-Fps, an enzyme distinct from PKA in For example, the large reduction in ATP affinity for PKA
its substrate specificity, overall size, and tissue expression(Figure 6) would not be expected to lower enzyme activity
(46). While removal of the phosphorylatable residue, Tyr- by more than 2-fold since the available ATP in the cell is
1073, in the v-Fps loop leads to large decreases in the ratestill at or above theK,, for the nonphosphorylated form
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(Table 1). Irrespective of these considerations, modulation Functional Classification of
through the nucleotide pocket is a moot point in other cases. Activation Loops

In v-Fps, cdk2, and Tie-2, loop phosphorylation leads to no

improvements in ATP binding. Given these observations, any

changes in ATP affinity upon activation loop phosphorylation Gated Non-Gated
do not appear to possess the power to greatly regulate proteir _
kinase function. Steric Factor: 100 10 0
EFFECTS ON PHOSPHORYL TRANSFER RATES cdk2 InRK PKA v-Fps
. S ERK2 .
While the present survey of protein kinases reveals that Tie-2

activation loop phosphorylation does not consistently lead FIGURE 7: Functional classification of activation loops regulated
to improved substrate and/or ATP binding affinities, in every Py phosphorylation. The steric factor (SF) is defined using the

. . S . following equation, SFEK4(nonP)K4(P) — 1, whereKy(nonP) and
case studied, thus far, phosphorylation significantly INCreasesy (py are the dissociation constants for substrate in the nonphos-

the rate of the phosphoryl transfer step (Figure 6). On the phorylated and phosphorylated forms of the activation loop. Gated
basis of the expectations of competitive inhibitors, the rate activation loops (red) enhance substrate binding using steric factors

of phosphoryl transfer should be unaffected by the phos- in excess of 10, whereas nongated activation loops (blue) have no
phorylation state of the activation loop since excess substrateLr?fluence on binding and have steric factors near zero. The protein
. " ” inases, ranked based on their steric factors, are placed appropriately
would effectively “compete away” the dephosphorylated along this scale.
loop. The inability to accomplish this, however, should not
be used to refute the validity of the autoinhibitor model. As loop that does not block substrate binding in the dephos-
evidenced in the X-ray studies, activation loop phosphory- phorylated state. In comparison, a steric factor in large excess
Iatlon. alters other. str_uctural components in the kinase 4 10 (gated) represents an activation loop that impedes the
domain. As shown in Figure 2, phosphorylation of the INRK  inging of the substrate. Many protein kinases are regulated
causes large movements in heteC. The latter structure  hrough activation loop phosphorylation but we are only now
contains a conserved glutamate that contacts a conserve@yeginning to understand the molecular causes underlying
lysine important for interacting with the phosphate of ATP. thege activity changes. The kinetic methods and nomenclature

Dephosphorylatiqn causes a disruption in this electrostatic presented here provide a means for quickly evaluating the
dyad that may misalign ATP and lead to the observed Iow [gje of these loops in solution.

rates of phosphoryl transfer. Similar motions are also elicited
in helix oC in cdk2 upon cyclin binding and phosphorylation REFERENCES
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