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ABSTRACT. The contributions to catalysis of the conserved catalytic aspartate (Asp149) in the phosphorylase
kinase catalytic subunit (PhK; residues298) have been studied by kinetic and crystallographic methods.
Kinetic studies in solvents of different viscosity show that PhK, like cyclic AMP dependent protein kinase,
exhibits a mechanism in which the chemical step of phosphoryl transfer is fast and the rate-limiting step
is release of the products, ADP and phosphoprotein, and possibly viscosity-dependent conformational
changes. Site-directed mutagenesis of Asp149 to Ala and Asn resulted in enzymes with a small increase
in Kn, for glycogen phosphorylase b (GPb) and ATP substrates and dramatic decrdaggd & x 10*

for Asp149Ala and 4.% 10° for Asp149Asn mutants, respectively). Viscosometric kinetic measurements
with the Asp149Asn mutant showed a reduction in the rate-limiting step for release of products>by 4.5

10° and a significant decrease (possibly as great as<2X¥) in the rate constant characterizing the
chemical step. The date combined with the crystallographic evidence for the ternary PhK-AMPPNP-
peptide complex [Lowe et al. (199BMBO J. § 6646-6658] provide powerful support for the role of

the carboxyl of Asp149 in binding and orientation of the substrate and in catalysis of phosphoryl transfer.
The constitutively active subunit PhK has a glutamate (Glu182) residue in the activation segment, in
place of a phosphorylatable serine, threonine, or tyrosine residue in other protein kinases that are activated
by phosphorylation. Site-directed mutagenesis of Glu182 and other residues involved in a hydrogen bond
network resulted in mutant proteins (Glu182Ser, Argl48Ala, and Tyr206Phe) with decreased catalytic
efficiency (approximate average decreasekifiK, by 20-fold). The crystal structure of the mutant
Glul82Ser at 2.6 A resolution showed a phosphate dianion about 2.6 A from the position previously
occupied by the carboxylate of Glu182. There was no change in tertiary structure from the native protein,
but the activation segment in the region C-terminal to residue 182 showed increased disorder, indicating
that correct localization of the activation segment is necessary in order to recognize and present the protein
substrate for catalysis.

Eukaryotic protein kinases catalyze the transfer of the ATP are 410 eukaryotic protein kinase domain gerigscorre-
y phosphate group to serine, threonine, or tyrosine residuessponding to about 2% of the total predicted protein coding
on target proteins. In most protein kinases, the reaction isgenes. The estimate by Hunté) that there may be more
tightly controlled by additional subunits and by phospho- than 1000 protein kinases in the mammalian genome still
rylation. Once activated, protein kinases catalyze phospho-appears valid. Similarities in sequence indicated that all
rylation of their specific targets resulting in enhancement or protein kinases share a common core of about 270 amino
inhibition of biological activity in proteins involved in  acids @), and the notion of a common fold has been
intracellular signaling pathways. The eukaryotic protein substantiated by crystal structures of at least 19 protein
kinases represent one of the largest protein superfamilies kinases4). The structures of active kinases display a similar
In the recently sequenced nemat@ielegangienome, there  conformation in key regions involved in ATP and protein
substrate recognition. The structures of inactive kinases show
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extracellular signals that arise from hormone receptor
interactions and from neuronal impulses mediated through
calcium, with those that arise from changes in concentrations
of intracellular metabolites to provide a tightly controlled
kinase activity (reviewed in re). Phosphorylase kinase is
one of the largest of the protein kinases and is composed of
four types of subunit, with stoichiometrgfyd), and a total
molecular mass of 1.% 10 Da. Thea andf subunits are
regulatory and are the targets for control by phosphorylation
by cyclic AMP dependent protein kinase (CAPK). The K Y
subunit is essentially identical to calmodulin and confers

calcium sensitivity. The 386 residgesubunit is the catalytic
subunit that comprises an N-terminal catalytic region and a
C-terminal calmodulin-binding region. The kinase domain

of the y subunit (here abbreviated as PhKjomprising g '

Activation
segment

residues 298 has been expressed and crystallized and the
crystal structure solved/( 8). The kinase domain is a fully
active protein kinase that is constitutively active without the
requirement for activation by phosphorylation or other
effectors and provides a model system for the study of kinase ~_ |
catalysis and substrate recognition without the complications \ -/’
of posttranslational modification or control mechanisms. ~ _
N

In vivo, phosphorylase is the only recognized substrate

of phosphorylase kinase, but in vitro, the enzyme will E 1 sch fic di ¢ bhosphorvi i (PHK) i
: : IGURE 1: Schematic diagram of phosphorylase kinase in
catalyze phasphorylation of a number of other proteins and ternary complex with AMPPNP/MtT and MC-peptide substrate

peptide substrates with decreased efficiency compared with(10) The catalytic aspartate, Asp149, and Glu182 and contact resi-
the natural substrat@). Analysis of sequences surrounding dues from the activation segment are shown. The peptide substrate
the sites of phosphorylation indicate a consensus sequencés indicated in black and the activation segment by dark gray.
of (RIK)XXS*(V/I)Z using the single letter amino acid code Diagram by OGLOBJECTS (M.E.M.N., unpublished material).
where S* is the serine phosphorylated and X and Z may be
any amino acid, but activity is increased if Z is an arginine protein substrate, thereby promoting nucleophilic attack on
as in phosphorylase. Peptide substrates exkigitvalues they phosphate of ATP; (i) that it functions as a hydrogen
(about 1 mM) that are higher than ti&, values observed  bond acceptor to facilitate phosphoryl transfer by promoting
for phosphorylase (values range—4270 uM for the holo- the correct orientation of the hydroxyl for attack on the
enzyme; and 927 uM for the truncatedy subunit), phosphate of ATP and that the proton is delivered to solvent
suggesting that the phosphorylase molecule may makeafter phosphoryl transferd); (iii) that, in addition to its
additional contributions to recognition and affinity in regions role in orientation, the aspartate enhances the reactivity of
distinct from the immediate surroundings of the serine they phosphate of ATP toward electrophilic attadi).
phosphorylated9). Indeed only one of the 29 serines in In cAPK, the kinase reaction proceeds with a fast chemical
phosphorylase is phosphorylated, although some other serinestep in which they phosphate of ATP is transferred to the
are surrounded by a consensus sequence motif. We have usdeeptide substrate. This is followed by rate-limiting release
a modified high-affinity peptide (sequence RQMS*FRL of products 19). In cAPK the affinity of the phosphopeptide
termed MC-peptide) to study the structure of the ternary PhK- is less than that of ADP20) and it is inferred that release
AMPPNP-peptide complexL(). of ADP represents the slowest step. Kinetic studies in which
With the exception of a plant putative protein kinage)( the burst phase in cAPK activity was monitored with rapid
all eukaryotic protein kinases contain a conserved asparticduench flow techniques have shown that the rate constant
acid (Asp149 in PhK) located in subdomain Vib as defined for this phase is independent of pH between pH 6 and 9
by Hanks and Huntesj. Structural studies on three protein (17). Moreover, with a cAPK substrate peptide that lacked
kinases in ternary complexes with ATP analogues and @n arginine in the P-2 position, n&pof the acid limb of
substrate peptides (CAPK, the insulin receptor tyrosine kinase,th® PH profile ofkea/Km was observed, indicating that the
IRK, and PhK) (0, 12—15) have shown that the aspartate 9roup(s) of K. 6.2—6.4 observed in earlier kinetic studies
is located in a position in which it is likely to participate in  (16) may be involved in binding the arginine in P-2 rather
catalysis (Figure 1). At least three possibilities have been than catalysis21). These data indicated either that, if there
suggested for the role of the aspartate: (i) that it could IS & base catalystin the kinase reaction, Ksis lower than
function as a general base [as proposed in a mechanisnp OF that the burst phase is limited by a metal-dependent
described in 16)] to abstract a proton from the hydroxyl conformational change. The weak ba_3|(_:|ty of the aspartate
group of the serine, threonine, or tyrosine residue of the (PKaless than 5) compared to the basicity of the seriKg p
14 led to the suggestion that it may not be an effective
general base. Moreover, the tyrosine kinase, Csk, has been

1 Abbreviations: cAPK, cyclic AMP dependent protein kinase; GP, i ; A ; ;
rabbit muscle glycogen phosphorylase: PhK, residue9B of the shown to have a similar catalytic efficiency with a peptide

catalyticy subunit of rabbit muscle phosphorylase kinase; PK, pyruvate Substrate containing the unnatural amino acid trifluorotyro-
kinase. sine (that exhibits a four-unit change iKpof the phenolic
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group) as that observed with a natural tyrosine containing ing residues. The results show a decrease in catalytic
substrate, indicating that base catalysis was not obligatoryefficiency even though the sites that are modified are 12 A

(18). To characterize the role of the aspartate in phospho- from the site of catalysis. The mutant Glul182Ser has been
rylase kinase catalysis, we have carried out kinetic studiescrystallized, and the crystal structure shows negligible change
on mutant forms of the enzyme in which the catalytic in structure from the wild-type enzyme. A phosphate ion is

aspartate, Aspl49, has been replaced with alanine andnterposed between the mutated serine and the arginine
asparagine. Both mutant enzymes show significant decreaseesulting in a similar conformation for the activation segment.

in catalysis in support for a crucial catalytic role of the

aspartate residue. MATERIALS AND METHODS
Phosphorylation on a residue (or residues) located in the

activation segment at the center of the kinase domain plays  gjte_girected mutagenesis of the PhK cDNA was carried

a key role in regulation in many signaling protein kinases ¢ by megaprimer polymerase chain reactions and the gene
(22). Many of the protein kinases are inactive in the dephos- g psequently cloned into the vector pMW128)(usingNde

pho form but can be activated, often in cascade processeggy and Hindlll (3') restriction sites. The native PhK and
or in auto catalytic events, by phosphorylation on threonine, {he mytant enzymes were expressed in BL21DE3 plysS cells
serine, or tyrosine residues in the activation segment. The 55 jnclusion bodies followed by renaturation and purification
activation segment (residues 16¥93 in PhK) is defined by DEAE ion exchange (Q Sepharose, Pharmacia) and

as the region spanning the conserved sequences DF(tipacron blue affinity chromatography (Sigma) as described
(residues 16#169 from subdomain VII) and APE (residues previously ().

191193 from subdomain VIII) [using the single letter amino AMP, ATP, glucose 1-phosphate (dipotassium salt),

acid code and the subdomain nomenclature3jff (Figure .

1). Between these conserved motifs, the central part of thei’ gtlztceerzzﬂozrr’gaéi’agéycoggg’ hNoér?oT, Pg\:;;/:tearlféinajt?{er
activation segment shows considerable sequence VariatiOAchemicaIs w)(/ere gbtainea fFrJom gigma (gzster glglcogen was
in the different kinases, and yet the segment plays a cru0|alfreed of AMP by the method of Helmreich and Coz9).

role in kinase activation. Structural studies on phospho forms ; .
of several kinases have shown that the phospho group iSGchogen phosphorylase b (GPb) was isolated from rabbit

involved in ionic interactions with a cluster of basic residues skeletal mus_cle as previously describB(lts concentration
(12, 15, 23—26). The ionic and hydrogen bond interactions was determined from absorbance measurements at 280 nm

; P i bsorbance ind&t” = 1.32 B1). PhK concen-
between the phosphate and protein groups serve primarilyYs/n9 an a _ om.
to localize the activation segment in the region that forms tration was determined according to Bradiogd)( The MC-

part of the peptide substrate binding site; in addition, they D?Ptide Ac-RQMSFRL was synthe.sized on an Applie_d
may stabilize interactions between the N-terminal and BioSystems 430A Automated Peptide Synthesizer, using

C-terminal lobes, bringing the ATP binding catalytic residues FMo¢ methodology.
into their correct positions, and, by promoting a defined Relative Viscosity Measurement$he relative ViSCOSity
conformation of the activation segment, they may relieve () Of the reaction mixtures containing sucrose as a
steric blocking of the catalytic site. There is no change in Viscosogen was measured relative to the reaction buffer (50
position of the catalytic aspartate between the active andMM Tris, 50 mM Hepes, 0.5 mM calcium chloride, 2 mM
inactive forms of these kinases. In each of these structures DTT, and 10 mM magnesium acetate, pH 8.2), at°8)
one of the important ionic interactions made (either directly Using a Cannon-Fenske Routine viscometer. Sucrose con-
or indirectly through water) by the phospho residue involves centrations 10, 20, 25, and 30% resulted in relative viscosities
an arginine that precedes the catalytic aspartate. Titin kinaseof 1.23, 1.67, 1.91, and 2.31, respectively. All measurements
is an exception to this rule and the first known nonarginine- were performed in triplicate.
aspartate kinase to be activated by phosphoryla@dh ( Enzyme AssayslThe enzymic activity of PhK and its
The critical role for the correct conformation of the acti- mutants was measured by monitoring the conversion of GPb
vation segment is illustrated by the IRK and PhK peptide to GPa by assaying phosphorylase activity in the presence
complexes where a short stretch of antipargliedheet is of 10uM AMP and 0.5 mM caffeine33, 34) in the direction
formed between the activation segment andRh¢ 1 and of glycogen synthesis. All reactions were performed at 30
P + 3 position of the peptide substrate)( 15). This part of °C. The total volume of the enzymic reaction mixtures was
the activation segment has also been implicated in substratéd.2 mL and contained buffer (50 mM Tris, 50 mM Hepes,
recognition for the prolind? + 1 specific kinases CDK2 and 0.5 mM calcium chloride, 2 mM DTT, 10 mM magnesium
MAPK (24, 25). PhK is active without the requirement for acetate, and 0.5 mg/mL BSA, pH 8.2), various GPb
phosphorylation of residues in the activation segment. The concentrations (0:510 mg/mL), and saturating concentration
spatially equivalent residue to that which is phosphorylated of ATP (1.5 mM for the native, Asp149Asn and Glu182Ser,
in other kinases is a glutamate in PhK, Glul8® [The acti- 3 mM for Tyr206Phe and Argl48Ala, and 5 mM for the
vation segment is stabilized by the interaction of the glutam- Asp149Ala mutants) or various ATP concentrations (6-86
ate with the arginine that precedes the catalytic aspartate.mM) in saturating concentration of GPb%0 mg/mL). The
The cluster is further linked by hydrogen bonds to a tyrosine, mixtures were incubated for 1 min at 3G, and the reaction
Tyr206 (Figure 1). These interactions mimic those made by was initiated by the addition of-510 ng/mL PhK (55ug/
phospho residues in other protein kinases. To explore themL for Asp149Ala and 2xg/mL for Asp148Asn). At times
contributions of the activation segment to substrate recogni-4, 8, 12, and 14 min, samples were withdrawn, and the
tion and catalysis, we have carried out site-directed mu- reaction was stopped by 50 times dilution in buffer containing
tagenesis studies on the glutamate and surrounding interact100 mM triethanolamine/HCI (pH 6.8), 1 mM EDTA, and
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2 mM DTT at 0°C. In the phosphorylase assay, initial of PK, 1 mM phosphoenolpyruvate, and 0.3 mM NADH.
reaction rates were measured at pH 6.8 and@My the The reaction was started by adding kinase/ATP mixture.
release of orthophosphate from glucose-1-P. The GPa wasSamples (0.3 mL) were withdrawn at 4, 10, and 30 min and
assayed in 50 mM triethanolamine/HCI, 0.5 mM EDTA, 1 transferred to 0.3 mL sodium dodecyl sulfate 0.2% (w/v) to
mM DTT, 1% glycogen, 76 mM Glc-1-P, 10M AMP, and stop the reaction. Absorbance was measured at 340 nm.
0.5 mM caffeine. Samples were withdrawn after 14 minand  Glu182Ser CrystallographyCrystals of Glu182Ser PhK
transferred into 0.2% sodium dodecyl sulfate to stop the were grown under conditions similar to those published for
reaction. Inorganic phosphate released in the phosphorylaseahe wild-type PhK 8), in the presence of AMPPNP (3 mM)
reaction was determined, and initial rates were calculatedand MnC} (10 mM). Only small crystals could be grown,
as described3pb). Kinetic data were analyzed by the use of necessitating data collection at a synchrotron radiation source
the nonlinear regression program GRAF3®). for which there was some delay before time was available.
The enzymic activity of PhK in several relative viscosity Data were collected to 2.3 A resolution on beam line ID3 at
buffers was measured by monitoring the conversion of GPb the ESRF, Grenoble. The structure of Glu182Ser PhK was
to GPa as previously described. The assay was performedrefined using the programs (%) and REFMAC 40),
in the presence and the absence of sucrose as the viscosogestarting from the coordinates of PhK in ternary complex with
with respect to GPb concentrations—10 mg/mL) and peptide and AMPPNP1(Q). This structure, solved at a
saturating concentration of ATP (1.5 mM) and various ATP resolution of 2.6 A, was chosen as the starting model over
concentrations (0.061.5 mM) in nonsaturating and saturat- the slightly higher resolution (2.1 A) PhK binary complex
ing concentrations of GPb 0.5 and 5 mg/mL, respectively. structure, which was also available because certain loops are
Some variation in kinetic parameteigy and K, was better ordered in the peptide-bound structure. Initially, rigid
observed for different enzyme preparations. However, within body refinement was carried out using a single rigid body
each preparation, the means of the standard errors for thewith subsequent cycles with increasing number of fragments
calculatedk.s: and K, values averaged less than 10% for a to a limit of fragments of 20 residues. As the number of
period of 2 months. rigid bodies was increased, so the resolution of the data
The phosphorylation of the MC-peptide by the PhK in included was increased from initially 3.5 to finally 2.3 A.
several relative viscosity buffers was measured spectropho-Subsequent refinement was performed using anisotropic
tometrically according to an assa$7( 38) in which ADP scaling with bulk solvent correction and the maximum
production is coupled through the reaction of the kinase to likelihood target function. Waters were included by adoption
the NADH oxidation by pyruvate kinase (PK) and lactate from the refined 2.1 A native PhK structure.
dehydrogenase (LDH), with minor modifications. The NADH RESULTS
consumption during the reaction results in a decrease in
absorbance at 340 nm. All enzymic reactions were performed Effects of Viscosity on Steady-State Kinetic Parameters
at 30°C. The assay mixture contained, in a 0.3 mL total Detailed analysis of cAPK kinetics has shown that the
volume, buffer (50 mM Tris, 50 mM Hepes, 0.5 mM calcium reaction proceeds with a fast chemical step followed by
chloride, 2 mM DTT, and 10 mM magnesium acetate, pH release of product in which release of ADP is the rate-
8.2), in the presence or absence of sucrose, 0.1 mg/mL BSAimiting step (L9, 41). Adams and colleagues have used
3.6 units of LDH, 1.2 units of PK, 1 mM phosphoenolpyru- Variation in solvent viscosity to probe the diffusion-controlled
vate, and 0.2 mM NADH. The concentration of the MC- limits for cAPK catalyzed reaction. We have used a similar
peptide varied from 0.1 to 1.5 mM. The reaction was initiated Strategy to analyze the effects of viscosity on the steady-
by the simultaneous addition of the PhK and ATP (final state kinetic parameters for wild-type PhK-catalyzed phos-
concentration in the reaction mixture Qu§/mL and 1 mM,  phorylation of GPb and the MC-peptide. The dependence
respectively). Samples were withdrawn at 0.5 min intervals Of Keat and kealkm 0N viscosity is shown in Figure 2 and
over the period from 5 to 15 min and transferred into 0.1% Summarized in Table 1. In each experiment, a linear
sodium dodecyl sulfate (final concentration) to terminate the dependence of kinetic parameters on relative viscogity
reaction. Absorbance was measured at 340 nm. A molarwas observedk{)” and k.a/Km)" are the slopes of the plots
extinction coefficient of 6220 Mt cm~* for NADH at 340 KoafKeat VS 7' and KealKm)%/(KealKm) Vs 17"®!, where k2, {keat
nm was used in the calculations. The PhK activity with and &.a/Km)%(kealKm) are the relative values &faandkea/
respect to ATP varying from 0.04 to 1 mM and 0.4 mM of Ky, in the absence and presence of the viscosogen, respec-
MC-peptide was also assayed in the presence or absence dively. At saturating ATP (1.5 mM) and with variable GPb,
sucrose. A control sample was used for each ATP concentra-(Kea)” and .a/Km)” were close to 1.0 (1.14 0.17 and 0.93
tion containing the reaction mixture without PhK, to record =+ 0.04, respectively). Likewise, at saturating GPb (5 mg/
any background ATP hydrolysis, mainly due to the ATPase mL; 50 M) and variable ATP, the slopes d{:.{)” and &ca/
activity of PK. The reaction rates were independent of the Km)” were 1.084+ 0.15 and 1.05t 0.13, respectively. At
PK and LDH concentrations and varied linearly with the low GPb concentration (0.5 mg/mL; M) and variable
concentration of the PhK. ATP, the slopes were 0.82 0.08 and 0.96+ 0.10 while
ATPase activity was measured by using the enzyme- for low ATP concentration (0.06 mM), and at variable GPb,
coupled assay (described above). All enzymic reactions werethe slopes were 1.0& 0.06 and 1.02: 0.04, respectively.
performed at 30C. The assay mixture (1.0 mL) contained With the MC-peptide substrate, which is a poor substrate,
PhK or Asp149Ala or Asp149Asn mutant PhKs (8@mL), there was no change in the relative values of the kinetic
1.5 mM ATP, the reaction’s buffer (50 mM Tris, 50 mM  parametersC, /Kear and KealKm)® (KeafKin) With viscosity.
Hepes, 0.5 mM Cagl2 mM DTT, and 10 mM magnesium The steady-state kinetic analysis suggests a randem bi
acetate, pH 8.2), 0.2 mg/mL BSA, 30 units of LDH, 10 units bi kinetic mechanism similar to that proposed by Tabatabai
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Ficure 2: Dependence of the steady-state kinetic parameters for GPb on the relative viscosity of the solution (50 mM Tris, 50 mM Hepes,

0.5 mM CaC}, 2 mM DTT, 10 mM magnesium acetate, pH 8.2, 30). k(c’a{kcat (0) and KealKm)%(keafKm) (@) are the ratios of the
observedk.s and k.ofKn, values in the absence and presence of sucrose, respectively. (a) Variable GPb (where [5h]0 mg/mL)

and saturating ATP ([ATP¥ 1.5 mM). The slope of th&),/keris 1.104 0.17 and that ofkza/Km)%(kealKm) is 0.93= 0.04. (b) Saturating
GPb (where [GPbE 5 mg/mL) and variable ATP ([ATP¥ 0.06-1.5 mM). The slope of thkga{kcat is 1.084+ 0.15 and that of K./

Kim)% (KeafKm) is 1.05+ 0.13. (c) Low GPb (where [GPB} 0.5 mg/mL) and variable ATP ([ATPF 0.06-1.5 mM). The slope okga{kcal
is 0.89+ 0.080 and that ofkgalKm)%(KeafKm) is 0.96+ 0.10. (d) Low ATP (where [ATP} 0.06 mM) and variable GPb ([GPb} 0.5

mg/mL = 10 mg/mL). The slope of thk@a{kcat is 1.00+ 0.06 and that ofk:a/Km)%(KealKm) is 1.024 0.04.

Table 1: Steady-State Kinetic Parameters and Viscosity Effects for Phosphorylase Kinase Stibstrates

substrate (varied ligand) Keat (S71) Km («M) KealKm (UM ~1s71) (Kead)” (Kead Km)”
GPo (GPby 28.6+2.3 53+0.1 5.39+ 0.43 1.10+ 0.17 0.93+ 0.04
GPo (ATP)® 28.0+ 2.0 70.9+ 6.5 0.39+ 0.03 1.08+ 0.15 1.05+0.13
GPo (ATP) 12.3+ 0.2 65.0+ 6.0 0.19+ 0.02 0.89+ 0.08 0.96+ 0.10
GPb (GPby 13.3+ 0.4 4.9+ 0.8 2.70+£ 0.20 1.00+ 0.06 1.02+ 0.04
MC-peptide (MC-peptidé) 7.5+0.16 257.5+ 121 0.029 0 0
MC-peptide (ATPY 8.0+ 0.36 87.3t 14.3 0.092 0 0

2 (kea)” and KeafKm)” are the slopes of the plots of the /kear and KealKm)®/ (keafKm) Versus the relative viscosity. The steady-state kinetic data
were determined from plots of initial velocity versus substrate concentration according to MietMefigen equation. The assay conditions are
described in the Materials and Metho8$GPb] varied (0.5-10 mg/mL) and [ATP] was 1.5 mM:.[ATP] varied (0.06-1.5 mM) and [GPb] was
5 mg/mL.9[ATP] varied (0.06-1.5 mM) and [GPb] was 0.5 mg/mEE[GPb] varied (0.5-10 mg/mL) and [ATP] was 0.06 mM.[MC-peptide]
varied (0.1-1.5 mM) and [ATP] was 1 mM¢ [ATP] varied (0.04-0.1 mM) and [MC-peptide] was 0.4 mM.

and Graves 42), which is shown in Table 2. ATP at constantk; and dissociation rate constakt;. Studies on
saturating concentrations combines with the enzyme to form protein kinases have indicated that although the reaction
the EATP complex with second-order association rate proceeds in random sequential mechanism, there is a
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Table 2: Estimates of the Microscopic Rate Constants for the Kinetic Scheme from Viscosity Measurements

T Keat =
I kcat/ Km 1

Diffusive

Diffusive

I
ki[ATP] ka(S] ks Ky
E+ATP == EATP+S=——=— EATP.S—3» EADP.P—*» E+P+ADP

K., K.,
k8]

E+S ‘_*—k‘— E.S + ATP
-1

k;= 0.2+ 0.08uM~* s calcd from egs 5 and 6 for nonsaturating conditions
ko= 5.79+ 0.5uM~tstcalcd from egs 2 and 4 when [ATP] is saturating
ks> 360 stestimated from eq 1 using error limits on slopes
ky=28.6+23s*

k-1 < 16.8 s'tcalcd from eq 6 for nonsaturating [GPb]

k-, = 27 s'* from eq 4 when [ATP] is saturating

koi/ks = 84,MM

k_olko = 4.7/,£M

*k=2.7+0.2uM ts 1from eqgs 5 and 6 when [ATP] is low
*k,=0.394 0.03uM~!s *from egs 2 and 4 when GPb is saturated

*k_; = 15.8 s from eqs 5 and 6 when [ATP] is low

*k_, < 32.8 s'as estimated from eq 4 when GPb is saturated

*kfl /*k1= 58IMM

*Kool *ko < 84#M

preference for ATP binding first at high ATP concentrations (k.o/Km) versus relative viscosity™ are given by
(20). The protein or peptide substrate (S) combines with the

E-ATP complex to form the ternary enzymsubstrate (Kea)” = Kol (kg + K9) 3)
complex EATP-S with association and dissociation rate n_ 0
constantsk, and k—,. When the substrate is at saturating (keafKim)" = kel (k=2 + ko) (4)

concentrations (especially for GPb since it has a higher
affinity for the enzyme than ATP), the enzyme may combine
first with the protein or peptide substrate to form theSE
complex with association rate constait and dissociation
rate constant K_;. ATP in turn, combines with the -5
complex, and the ATP-S complex is formed with associa-
tion and dissociation rate constanks &nd *k_,, respectively.
Once the ternary complex-&TP-S is formed, the chemical
phosphoryl transfer step (assumed to be irreversible) follows
in which they-phosphate of ATP is transferred to the serine
hydroxyl group with a unimolecular rate constdat The
enzyme-ADP-phosphoryl-substrate complex then dissociates
In cAPK, the phosphoryl-peptid€) dissociation is assumed

to occur first R0, 37). The rate-limiting step in the reaction
pathway is then the dissociation of theADP complex. A
similar analysis is not available for PhK, and we assimne

includes the overall rate of product release and possibly slopes of the viscosity plots. Likewisé/Kn)" is also close

viscosity dependent conformational changes. _ 10 1, hence Ks > k_,), indicating that GPb is a “sticky”
The steady-state parameters are related to the microscopic -
Substrate and that the second-order association rate constant

rate constants by

ko = kealKm = 5.79+ 0.5uM™t s71. At saturating GPb (5

where k’, and k} are the dissociation rate constants for
substrate and products, respectively, wiggh= 1. When

the chemical step is much faster than the release of products
(i.e., ks > ky), (kea)” approaches the limiting value of 1 and
keat = K. If the dissociation of products is fast compared to
the chemical step (i.ek; > k3) then there are no viscosity
effects and K..)” = 0. Likewise, when the substrate binds
tightly to the enzyme (i.eks > k°.), (keafKim)” approaches
"the limit of 1 andk.a/Km = ko.

A summary of the kinetic constants calculated for PhK is
given in Table 2. For saturating ATP (1.5 mM) and variable
‘GPb, the value ofl¢,)” is close to 1, indicating that the
chemical step is much faster than the dissociation of products
and that the latter step is representedkhy = k, = 28.6
s L. Only a lower limit can be assigned kg (i.e., ks = 360
s 1) as estimated from the eq 1 given the error limits of the

Koot = Kaky/ (ks + Ky) (1) mg/mL) and variable ATP, the value df.()" is close to 1,
and hencek = ks= 28 s%, in agreement with the value
Kead K = koks/ (k5 + k3) (2) found for saturating ATP and variable GPb concentrations.
The value of ke.afKm)” = 1.05, and henceks = 0.39uM !
The rate constants 1, k-1, *ki, *k-1, ko, k-2, *ko, and %, sL In addition *_, < ks, suggesting a nonrapid equilibrium

as well ask, represent diffusion controlled processes and binding of ATP. Thek_o/k; (=4.7 uM) and *k_,/*k, (<84
these rate constants will be sensitive to the viscosity of the 4M) values as calculated from the kinetic estimates (Table
solvent, whileks, the unimolecular step, is assumed to be 2) are consistent witiK,, when ATP and GPb are at
independent of viscosity. Using these equations and following saturating concentrations [ and 70.9uM, respectively
Adams and Taylor X9) assuming the diffusion controlled (Table 1)].

rate constants are inversely related to the viscosity of the For nonsaturating conditions, the steady-state param-
solution, the slopes of the plots ckfa{kcat and Kea/Km)% eters are related to the microscopic rate constants by the
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Table 3: Kinetic Parameters of PhK and Mutant Enzymes

[GPb] variable substrate [ATP] variable substrate
kcal Km kcale kcat Km kcale
enzyme (s (uMm) (uM~1ts™h (s (M) uM~1ts™h
WT 66.7+ 2 8.9+ 0.6 7.5 56.4 2 105+ 10 0.54
D149A .005 34.9+ 4.6 14x 104 .0043 930+ 31 46x 1076
D149N 0.013+ 0.001 10.3: 0.5 1.26x 1072 0.013+ 0.001 123+ 12.6 1.1x 10
E182S 3.3t 0.3 17.8+ 0.3 0.18 3.0£ 0.3 135+ 14 0.02
R148A 15+ 2 18.6+ 3.4 0.80 10.0t 2 316+ 10 0.03
Y206F 6.7+ 0.2 12.6+1.2 0.53 6.2+ 0.2 221.0+ 13 0.03

following equations:
Keaf Kin = [(Kiks[SI)/(K_/k )V [K3[SV(k_ok;) + k4] (5) :

while the sensitivity of the K.a/Km)” to the viscosity is
expressed by

(KeafKin)" = [(Ka[SD/(K_o/k)[Ke[SH(K_olk;) + k] (6)

The association and dissociation rate const&n@ndk_,

of the EATP transient complex as well as the rate constants
*k, and *k_, of the ES complex can be estimated by solving
the above eqs 5 and 6 for nonsaturating GPb and ATP
concentrations, respectively. For low GPb concentration 0.5 ! 8 oz 25 3
mg/mL and variable ATP k./Km)" is close to 1, hence the relatve viscosity

second-order association constnt kea/Km = 0.2 uM ™1

s k_; has an upper limit of 16.873. Similarly, (Kea/Km)”

is 1 when ATP concentration is low (0.06 mM) and variable
GPb, thus the equivalent association const&nt= k./Kn

= 2.7uM"1 s and the k_; estimated 15.878.

For the MC-peptide, bothk{,)” and k../Km)" are zero,
indicating that there are no viscosity effects. The lack of a
viscosity effect with this substrate formed an important
control, for it showed that the viscosogens are not general
inhibitors of the enzyme reaction. With the poor MC-peptide
substrate, the rate constant for the dissociation is greater than
the rate constant for the chemical st&p¥ ks). Solving the
egs 1 and 2, assuming that the rate constant for dissociation 1
of products is the same as in the case of the saturating ATP
example (i.e.k, = 28.6 s1),thenks=7.5 s'1. There is also relative viscosity
rapid equilibrium binding of the substrate so th&; > K. Ficure 3: Dependence of the steady-state kinetic parameters of

Steady-State Kinetics Parameters for Asp149 Mutant the Aspl49Asn mutant PhK for GPb on the relative viscosity of
PhKs The kinetic parameters for the Aspl49Asn and e solution (50 mM Tris, 50 mM Hepes, 0.5 mM Ca2 mM

_ _ DTT, 10 mM magnesium acetate, pi#8.2, 30°C). kXy/Keat (O)
Aspl49Ala mutant PhKs are summarized in Table 3 and _ 4 Keal Km)Y(Keaf Kmy) (@) are the ratios of the obser?/%it and

compared with those for wild-type PhK. There was some g_ k., values in the absence and presence of sucrose, respectively.
variation in kinetic parameters for wild-type PhK compared (a) Variable GPb (where [GPI} 0.5-5 mg/mL), and saturating
with Table 1 due to a different enzyme preparation, as [ATP] = 1.5 mM). The slope of th&, /keais 1.09+ 0.01 and that
discussed in the Methods section. Of (KeafKm)%(kcalKm) is 1.15+ 0.01. (b) Saturating GPb (where
The mutant Asp149Ala showed negligible activity with a [GPP1=5ma/mL) a“do"a”aple [ATP] (where [ATP} 0'06_1'05
reduction inke by 1.3 1@, a 4-fold increase i, for GPb mM). The slope of thd‘sca{kca"s 1.01 0.15 and that ofkealKm)®/

and a 9-fold increase iy, for ATP. The Asp149Ala mutant (keafKm) is 0.82 0.15.

25

keat®/keat or (kcat/Km)°/kcat/Km

TTT T T T T I T T[T T 1T 1]

25

15

keat*/keat or (kcat/Km)“/kcat/Km o
N
LI I I O

expressed well irEscherichia colicells, and in general, it To assess if there had been a change in the kinetic
was found that the less active the mutant PhK, the better themechanism with the Asp149Asn mutant, we examined the
expression. Active PhK appears toxic to celld). (As kinetic parameters as a function of viscosity as shown in

discussed below, Asp149 is involved in a hydrogen-bonding Figure 3. The analysis of these data (summarized in Table
network. To investigate whether removal of the charge but 4) is less precise than for the native PhK, because the activity
retention of the hydrogen-bonding network affected kinetic is low. From Figure 3a with variable GPb concentrations,
parameters, the mutant Aspl49Asn was prepared. Thisthe value of k.5)7 = 1.09+ 0.01, indicating that the chemical
mutant showed a reduction i, by 4.5 x 10° and only step is still faster than the dissociation of products and that
small changes Ky, (0.7- and 1.1-fold for GPb and ATP, the latter is represented iy, = ks = 0.013 s. Using the
respectively). error limits for (kea)”, We estimate that; > 0.08 s*. From
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Table 4: Comparison of Kinetic Parameters for Wild-Type and
Aspl149 Mutant PhKs

wild-type Aspl49Asn
ko (uM~1s™h) 5.79+ 0.5 1.26x 103+6.4x 10°°
ks (s79) >360 >0.08
ks (sh) 28.6+ 2.3 0.013
*ko(uM~tsY) 0.39+ 0.03 1.28x 104+2.7x 10°°
*K_5(s7Y) <328 >0.02
*Kof* ko (uM) <84 >160
ATPase activity Keat (573

wild-type 0.23

Aspl49Asn 0.052

Aspl49Ala 0.005

Figure 3a, k.afKm)” = 1.15+ 0.01, suggesting thdt >
k_, and the second-order association constant for IRb
KealKm = 1.26x 1072 £+ 6.4 10°uM~* 5L, Since the value
of (keafKn)” is greater than 1k, cannot be calculated. For
variable ATP and saturating GPb (Figure 3b), agin){

is close to 1, givingky = 0.013 st (KealKm)” = 0.82 + F 4 Details of th act de by Gluig? f "
. ) . .+ FIGURE 4: Details of the contacts made by Glu rom the
0.15, and solving egs 4 and 2, the second-order dissociatio activation segment. The peptide substrate is shown in black with

rate constant for ATPR, = 1.28x 1074+ 2.7 x 10°uM™* residues numbered P(0), ), and P¢-2). The diagram is depth
s L. These values fok, and *; are very much smaller than  cued so that atoms further from the viewer are in lighter color.

the corresponding values for the wild-type PhK. Using the Diagram by OGLOBJECTS (M.E.M.N., unpublished material).
estimateks > 0.08 s, *k_, = 0.02 s and *k_»/*k, = 160
uM, indicating slightly weaker binding of ATP to the Table 5: Data Collection and Refinement Statistics for the
Asp149Asn mutant than the native PhK. Glu182Ser Mutant PhK

We measured the ATPase activities of the aspartic acid data collection
mutants in order to compare the relative efficiencies of the ~ resolution 20-2.4A
mutants to promote the attack of water on ATP (Table 4). (highest resolution shell 2.52.4 A)

. - no. of observations 40 795

The ATPase activity of the wild-type PhK haka;= 0.23 no. of reflections 12 745
s1, approximately 0.4% of the kinase activity with phos- completeness 86.6% (78.5%)
phorylase. The ATPase activity of the Asp149Asn mutant ~ meanl/meano(l) 10.1(2.9)
is 0.052 s?, a 4.4-fold reduction compared to wild-type Reym _ 4.8% (22.1%)
ATPase activity, and for the Asp149Ala mutant, it is 0.005 0. of atoms (meaB) refinement
s, correspondln_g toa 46-fold red_uctlon compar(-_zd to wild- protein 2279 (55.8 A
type ATPase activity. The reductions observed in ATPase ATP/Mn/phosphate 38 (44.22
activities of the Asp149 mutants, where the transfer is to waters 104 (57.2A
water, are much less than the reduction in kinase activities. R-factor 25.1%

Steady-State _Kinetic Parameters fo_r Aetion Segment E*,r\jfs deviation from ideal bond lengths 33&3’13/_\
Mutant PhKs Figure 4 presents a view of some of the RMS deviation from ideal angles 27

interactions of the activation segment with key residues at
the catalytic site of PhK. In the activation segment, the inthe charge-charge interaction through its interaction with
glutamate that mimics the phospho residue in other protein Arg148. The small change of tyrosine to phenylalanine, that
kinases, Glul82, interacts with Arg148, the arginine that removes the hydrogen bond to the arginine, had almost as
precedes the catalytic aspartate, Asp149. The distance fronprofound effects on the catalytic parameters as those observed
Glu182 OE1 to Asp149 OD2 is 12 A. Arg148 also interacts for either the glutamate or arginine mutations. The Tyr206Phe
with Tyr206, a residue that is present in many but not all mutant has a 9-fold reduction kg,, a 2-fold increase iy,
protein kinases. for ATP, a 1.4-fold increase iy, for GPb, and a 1418-
Three mutants were prepared to assess the contributiongold decrease ifk../Km, indicating that the disruption of the
of the glutamate (Glu182) to the stabilization of the activation tyrosine hydrogen bond is as deleterious as the other inter-
segment. Kinetic parameters are summarized in Table 3. Theactions that play a role in stabilizing the activation segment.
Glul82Ser mutant results in a decrease in catalytic efficiency. Crystal Structure of Glu182Ser Mutant PhKKo check if
There is an approximate 20-fold decreasédn a 1.3-fold mutations in residues of the activation segment resulted in
increase inK,, for ATP, a 2-fold increase iy, for GPb significant changes in structure, the mutant Glu182Ser PhK
and a 40-fold decrease k./Km for GPb. Disruption of the  was crystallized, and the crystal structure determined. Data
arginine part of the Arg148/Glu182 ion pair in the Arg148Ala collection and refinement statistics are summarized in Table
mutant resulted in changes in kinetic parameters that showedb. The limited completeness of the available data prevented
a similar trend to those observed for the Glu182Ser mutant. a thorough refinement. Only 83 waters were included, and
There is an approximate 5-fold decreasekin, a 3-fold cycles of REFMAC were halted after thiefactor reached
increase inKp, for ATP, a 2-fold increase iy, for GPb, 24%. At this stage, the freR-factor was 33%, and ceased
and an 18-fold decrease ka./Kn. Tyr206 also plays arole  to decrease. These high values reflect a large amount of
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flexibility observed in the protein, as seen for the peptide-
free wild-type PhK structure8). Overall, the structure of
the mutant was identical to that of the native PhK. Both
proteins are in binary complex with AMPPNP and ¥n
The rms deviation in @ coordinates for the whole molecule
(274 atoms) was 0.41 A, with the greatest differences
occurring in flexible exposed loops such as the region of
residues 5265 (betweer3 andaC).

Immediately after rigid body refinement, SigmaA3j
weightedF, — F. maps identified a large electron density
feature disjoint from the protein in the neighborhood of the
mutation. This density was about 2.8 A from the position
that would be occupied by the carboxyl group of Glu182
from the wild-type protein. It abided up to a contour level
of 8 times the RMS deviation of the map (Figure 5a). At
this contour level, no other feature can be seen in the map.
The extra density was interpreted as a phosphate or sulfate
molecule in subsequent refinement. There was also subsidiary
density that was modeled with water molecules. No ad-
ditional phosphate was added during crystallization and nor
is any sulfate-dependent step used in purification or crystal-
lization. The most likely possibility is that the enzyme has
scavenged either phosphateoeglycerophosphate from the
50 mM j-glycerophosphate buffer, 10% glycerol solution
used in considerable molar excess during the refolding step
of PhK from solubilized inclusion bodie§). Measurements
showed that the buffer contains about 0.1% free phosphate
and about 1%-glycerophosphate. The dianion is held by
interactions with Arg148, Lys72, and contacts to two water
molecules, one of which links to the main chain NH groups
of Serl82 and Arg181. The contact to Serl82 OG is just
too long (3.5 A) for a hydrogen bond. The positions of
Aspl149 and the AMPPNP are identical in the native and
mutant structures.

In addition to the flexible regions identified in the wild-
type structure, the Glu182Ser PhK structure showed small
breaks in the electron density of residues toward the end of *
the activation segment (Figure 5b). Notably, residue 186 is
flanked by broken electron density in Glul82Ser PhK,
whereas this residue is well defined in wild-type protein.
These discontinuities in the electron density are consistent

with a relative increase in the disorder of the activation E 5 Structural its for the Glu182Ser PhK struct @
) . . . .. FIGURE 5: Structural results for the Glu er structure. (a
segment C-terminal from the site of mutation, although it Difference electron densitfg — Fo) contoured at @ and & after

cannot be ruled out that they may also be an artifact of the refinement of the protein structure showing evidence for binding

incompleteness of the data. of dianion. (b) Final £, — F. electron density map contoured at
1o showing poor electron density in the region of Cys184, Gly185,
DISCUSSION and Thrl86, C-terminal to the site of mutation at Glul82Ser.

The kinetic scheme shown in Table 2 is the minimal Diagram by OGLOBJECTS (M.E.M.N., unpublished material).
mechanistic pathway for the protein kinase reaction. It is, nucleotide-binding site is more buried both by the additional
however, almost certainly an oversimplification. Neverthe- C-terminal residues of CAPK and the more closed conforma-
less, the analysis of the viscosity dependence of the kinetiction of the glycine rich loop. In cAPK, prior dissociation of
parameters supports the notion that PhK, like cAPK, follows the weakly bound phosphopeptide may well occur before
a reaction in which the chemical step is fast and the rate- ADP can be released. In PhK, the nucleotide site is more
limiting step is the dissociation of products from theABP- open and we note that thg for ADP inhibition of PhK is
P complex and/or a viscosity-dependent conformational higher (50 uM) (44) than the corresponding inhibition
change. In cAPK, the tighter binding of ADP compared with constant for cAPK (M) (20). We also note that, although
phosphopeptide suggested that the release of ADP is the ratethe inhibition constant of GPa for PhK has not been
limiting step @1). There is no direct evidence that this is measured, once phosphorylated, the conformation of the
the case for PhK. Although cAPK and PhK catalytic cores N-terminal residues of GPa is not compatible with the
have 33% identity in amino acid sequence and exhibit catalytic site of PhK 10), indicating that conformational
identical modes of nucleotide and metal binding, suggesting strain could provide an incentive for rapid dissociation of
that their mechanisms may also be similar, in cAPK, the the phosphoprotein. For these reasons we can only infer that
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k4 represents the dissociation rate constant for overall release
of products. The estimate of product release= kot = 28

s ™1 is similar to the value reported for cAPK measured under
similar conditions (20 ') (19).

With PhK, we are able only to place a lower limit on the
rate of the chemical step representedkbiks > 360 s, as
determined from the estimate of errors in the slopes of the
viscosity plots). The more detailed analysis of the burst phase
kinetics in cAPK gaveks = 500 s* for this kinase 41).
Under conditions of saturating substrates, the estimates of
the dissociation constant&{ (GPb)= k_,/k, > 4.7 uM and
Ka (ATP) = k_o/k; < 84 uM] are comparable witk, values
estimated [i.e.Kn(GPb)= 5.3 uM and K(ATP) = 70.9
uM). Likewise the dissociation constants estimated for the
binary complexes (PMGPb, *k_1/*k; = 5.8uM; PhK-ATP,

k_1/k; < 84 uM) are similar to the dissociation constants
for formation of the respective ternary complexes, indicating,
within the limits of error of the analysis, the binding of one
substrate does not cause large changes in the binding of the
other substrate. The MC-peptide substrate is a poor substrate
with K, value for the peptide 254M compared withKm  Fgyre 6: Details of the contacts between the catalytic aspartate,
for GPb of 5.3uM. There was no change in the relative Asp149, and the substrates AMPPNPAVImand MC-peptide and
kinetic parameters as a function of viscosity (Table 1). This surrounding residues in the ternary PhK substrate complex. One

could indicate a mechanism in whighis now greater than OXY?efl OLf Alsé)lldf?hh)"{aoge” bondsff Tﬂéﬁ?xdWhiCh ti)” tél”][
; ; P ; ; contacts Lys151. The other oxygen of Asp ydrogen bonds to

ks a_nd_ that the chemical step IS now S|gn|f|cantly |mp_a|re_d. a water molecule, that in turn contacts the metal Mn2. Asp149 also

A similar reduced effect of viscosity on the relative kinetic hygrogen bonds to the OG atom of the serine from the peptide

parameters was observed with cAPK with a poor substrate substrate in its alternative conformation (see text). The serine also
(21). The results highlight, as expected, that substrate bindingcontacts Thr186 and thephosphate of AMPPNP. One metal site

and catalysis are inextricably linked. (Mn1) is coordinated by the terminal oxygens from theand y
y y phosphates of AMPPNP, the bridging nitrogen betweergtaad

Role of the Catalytic AspartateThe analysis of the  y phosphates, the amide oxygen of the side chain of the conserved
Asp149Ala PhK mutant showed that this mutant exhibited asparagine, Asn154, from the catalytic loop, a carboxyl oxygen
negligible activity. There was a major reductionkig (1.3 from the ;O_HSGWGS_ASP%GZ) anr? a water TOleCUle- Thfe /;]ecténd metal

; : site, Mn2, is coordinated by the terminal oxygens of fhan
x 107) and 4-fold and.g'fOId increase in values 16, for .phosphates, two carboxyl oxygens of Aspl67 and two ywater
GPb and ATP, respectlve_ly. These changes are more dramati¢glecules. Diagram by OGLOBJECTS (M.E.M.N., unpublished
than those reported by Gibbs et dl5)for yeast CAPK where  material).

the mutant Asp210Ala (corresponding to Asp166 in mam- . .
malian cAPK) had a 300-fold reduction kay and 3- and the kinase activity. As shown by Paudel and Carlsé®),(

1.5-fold increase inKn for peptide substrate and ATP, in the holoenzyme of PhK, the activation of the ATPase

respectively. Our results show the critical importance of the aCt'\t/.'ty Tr']mt'cfhthe acft|vat|otn ofltheh Kinase t?]Ctt'V'gy.’ Su?r_n
aspartate for catalysis. gesting that the conformational changes that bring the

o i , holoenzyme into its active conformation also promote the
The Asp149Asn mutant kinetics proved informative. The ATpase’ activity. In the constitutively active PhK used in

replacement of the charged residue by a correspondinginege experiments, we observe only a 4.4-fold reduction in
neutral residue also results in considerably reduced activity kearfOr ATPase activity of the Asp149Asn mutant compared
(reduction inkea by 5 x 10°) compared with wild-type PhK. 4" ative but with a 5x 10° fold reduction in the kinase
TOO our surprise, we found that the slopes of the plots of vty compared to native. This suggests that the role of
(KeafKea) and &eal Kim)/(KealKim) are approximately equal to  the aspartate is more critical in the kinase reaction.
1, indicating that the rate-limiting step was still the diffusive-  a close-up view of the residues at the catalytic site in the
dgpendent dissociation of the products. This step proceedsternary PhK-AMPPNP-peptide substrate complég) (is
with a reduced rate constant (0.013)sfor the Asp149Asn jjiystrated in Figure 6. The conserved aspartate, Asp149, is
mutant compared with that for the native PhK (28:8)s  ¢ontained in the catalytic loop (in PhK residues 3454);
There is also a significant decreasekifi, the on-rate for  the |oop also contains a conserved asparagine, Asn154, a
ATP to the enzyme-GPb complex, and overall there is a residue that chelates one of the two ATP-binding metals.
decrease in affinity for ATP by the Aspl49Asn mutant The aspartate, Asp149, is in a buried environment and is
compared with wild-type PhK (Table 4). We are only able gyrrounded by the side chain of Phel70, a residue that is
to place a lower limit on the rate constant for the chgmical conserved in many but not all protein kinases. In addition,
step ks = 0.08 s), and we are not able to detect if the it js shielded by the peptide substrate, by residues Cys184
chemical step has been altered. However, we note thatang Gly185 from the activation segment, and Lys151 and
compared with the native PhK{(> 360 s), it is quite  Asn154 from the catalytic loop. One carboxylate oxygen of
possible that the chemical step is also significantly impaired. Asp149 is hydrogen bonded to a water and to Thr186 which
The effects on the ATPase activity of PhK of the mutations in turn is hydrogen bonded to Lys151, and the other carboxyl
Aspl49Ala and Asp149Asn were much less than those for oxygen is hydrogen bonded to a water that in turn is chelated
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to the metal Mn2. The buried nonpolar environment in a atom, as depicted in Figure 6. The transition state for
medium of low dielectric constant might argue for an increase phosphoryl transfer by the in-line mechanism involves a
in pK, of the carboxyl. On the other hand, the hydrogen- pentacoordinate phosphorane in which the apical bonds are
bonding arrangements create a polar environment thatlong and weak. Consequently, bond breaking ofithghos-
suggests that thelp might be close to that observed for a phoryl group from thesy-bridging oxygen of ATP should
carboxyl in solution, namely 4:04.5. Similar arguments  be well advanced, and the bond making to the incoming
were used to assign the likelyKpto Asp52 in lysozyme, nucleophile should only just be beginning at the transition
and the [, of this group was subsequently confirmed by state. A significant solvent isotope effect would not therefore
experiment 47). Attempts to crystallize the Aspl49AIn  be expected. This has been verified with cAPK using pre-
mutant are in progress. We note that the hydrogen-bondingsteady state kinetics that allows the chemically fast phos-
arrangements for the carboxylate oxygens of Asp149 could phoryl transfer step to be investigateti7). Let us accept
be accommodated by the amide group of asparagine withoutthat the carboxylate ion of Asp 149 is hydrogen bonded to
change in structure. the serine hydroxy group in the PhK-MgATP-peptide
The location of the triphosphate moiety of the ATP sub- complex. As progress along the reaction coordinate occurs,
strate is crucial for protein kinase catalysis, and in PhK, its the acidity of the serine hydroxyl group will increase (i.e.,
position is defined by interactions that involve residues from it will gradually attain a lower K). At the stage before
both lobes of the protein kinase involving the two metal ions, phosphoryl transfer is complete, thi& will be below that
the glycine loop, and two lysine residues. The contacts to of the carboxyl group of Asp149, and proton transfer will
the metals and Lys151 are shown in Figure 6. Contacts fromthus occur. Concerted proton transfer to the carboxylate ion
the 8 phosphate oxygen to Ser31 and thand/3 phosphate  concomitant with phosphoryl transfer is of course general
oxygens to Lys48 are out of the field of view. In the con- pase catalysis. Thus, the orientational effect and general base
formation of the peptide substrate seen in the ternary com-catalysis by the carboxyl group of Asp149 both contribute
plex, the serine hydroxyl is 4.2 A from the nearest carboxy! 1o the catalytic mechanism. This, however, leaves the car-
oxygen of Aspl149, but within hydrogen-bonding distance hoxyl group of Asp 149 in its protonated form and so if the
to one of they phosphate oxygens. The position of the Ser phosphorylated substrate were to depart, proton transfer to
OG atom differs from the in line position by about®43t  solvent would be the only option available. What seems more
has been arguedi(10) that the position of the serine may jikely is that the proton is transferred to the phosphate dianion
not be that taken in an active ternary complex where ATP of product, simultaneously restoring the active-site carboxy-
is present rather than AMPPNP. Accordingly, the serine may |ate jon and allowing the now monanionic product to depart.
be rotated from the gaucheposition to the gauchieposition  Thys, phosphoryl transfer can be envisaged as involving both
where it is directly in line for nucleophilic attack of the  general base and general acid catalysis. In addition, there is
phosphorus. In this new position (shown in Figure 6), the | ys151 in close proximity to the phosphate of ATP, whose
OG atom is within hydrogen-bonding distance of the OD2  principal function is likely to be to stabilize the transition
atom of Aspl49 and a nonbridging oxygen of the  giate and thus facilitate catalysis. It could also be responsible,

phosphate. _ L _ _ in part, for binding the product ADP. These proposals are
The electrostatic stabilizing interactions for the triphos- depicted schematically in Figure 7.

phate moiety of ATP involve the peripheral oxygens of the
y phosphate and not the bridging oxygen betwgemnd y
phosphates. The nearest potential acid catalyst is Asp167 tha
has one of its carboxylate oxygens within 3.5 A of the
bridging oxygen. However, the angle is wrong for an
approach to the lone pair electrons of thebridging oxygen
of ATP, and both its oxygens are involved in chelating Mn
and Mn2, making its role as a general acid catalyst unlikely.
Chemical Mechanism of Phosphoryl Transf€he ster-

The proposed mechanism provides an explanation for the
bserved changes in the rate constdatsand k, for the
sp149Asn and Ala mutants. Thus, although one might
envisage Asn fulfilling the orientation function played by
Asp149, it could not function as a general bageneral acid

1 catalyst due to its inability to ionize. In the Aspl49Ala
mutant, the Ala could not function either as an orientational
group nor as a general-acid base. It can be seen from the

eochemical course of phosphoryl transfer catalyzed by CAPK data in Table 4 that the mutation of Asp149 to Asn leads to

proceeds with inversion at the phosphord8)( This rules a fall in the rgte of substrate bind'ingz(andkz*) and in its
out the possibility of a two step chemical mechanism Phosphorylation K;), as well as in the departure of the

involving, for example, the phosphorylation of an enzymic products k). This provides powerfgl SF'F’PO” for the_ role c_’f
functional group such as the carboxyl group of the aspartic th€ carboxylate group of Asp149, in binding and orientation
acid followed by phosphory! transfer to the substrate, but is ©f the substrate, in catalysis of phosphoryl transfer, and for
consistent with direct in-line phosphoryl transfer to the the role of the negatively charged group in promoting the
substrate hydroxyl group. The crystallographic data on Phk departure of products.

(7, 8, 10) and related protein kinases are consistent with the  The carboxyl group of an aspartic acid residue thus appears
in-line mechanism of phosphoryl transfer (step 3 in the an ideal catalytic functional group with an appropriat&, p
kinetic scheme in Table 2). If we accept that rotation of the between a serine, threonine, or tyrosine hydroxyl group and
serine hydroxyl group can occur from the rotamer position that of the phosphorylated hydroxyl group if proton transfer
found in the PhK-AMPPNP-peptide complex to that which did not take place. The lower flexibility of the side chain of
allows a strong hydrogen bond to the carboxylate ion of aspartic acid compared with glutamic acid makes it a more
Aspl49 when the ATP is bound, then a lone pair of electrons suitable choice for its orientational role. The mechanism we
from the serine hydroxyl group is directed in-line to e propose is probably common to most if not all the protein
bridging oxygen of the bound ATP through theghosphorus kinases although stabilization of the transition state by the
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Ficure 7: Proposals for the catalytic mechanism of PhK. Although the phosphoprotein product is shown departing before release of ADP,
this order has not been established for PhK. (For further details see text.)

conjugate acid of a lysine residue may not necessarily be The kinetic parameters for PhK activation segment mutants
universal. may be compared with those for other kinases. In cAPK,
Role of the Actiation SegmentPhK recognition of the  the activation segment Thr197 has been mutated to Asp and
substrate peptide is achieved through complementarity ofto Ala (38). The mutant cAPK enzymes showed a modest
shape, hydropathy, and electrostatic potentiEd).( The decease ik by 2—14-fold and an increase &, for peptide
arginine residue in the peptide substrate that occupies theand ATP. Steady-state kinetic parameters were less sensitive
(P + 2) site has some conformational mobility in the crystal to viscosity than in the wild-type enzyme, and it was deduced
and in its best-defined position makes contact with Glu182 that the chemical stefkd) had been decreased by a factor
from the activation segment (Figure 4). The most striking of 10 with little change irk, or affinity for substrate. Similar
aspect of the polar interactions between the peptide substrateonclusions have recently been made for the tyrosine kinase
and PhK is a short stretch of antiparaljgisheet that is  v-Fps @9). In both cAPK and v-Fps, phosphorylation on
formed by main chain atoms of the peptide substrate the residue in the activation segment is sufficient to activate.
phenylalanine in theR + 1) site and the leucine in thé( In contrast, in CDK2, both phosphorylation on Thr160 and
+ 3) site and residues Gly185 and Val183 from PhK. This association with cyclin are required for full activity. Phospho-
interaction is dependent upon a defined conformation of the CDK2 in the absence of cyclin exhibits only 0.3% of the
activation segment and implicates this region in a critical activity observed for the fully activated complex, and X-ray
role in substrate recognition. The present kinetic results showcrystallographic analysis of the phospho-CDK2 structure
that any perturbation of the hydrogen-bonding arrangementshows that the phospho-threonine by itself is insufficient to
that locates the activation segment through contacts oflocalize the activation segmeri@). Phosphorylation results
Glul82, Arg148, and Tyr206 results in a decease in catalytic in increased disorder of the segment compared with the
efficiency between 10 and 40-fold. These changes are overunphosphorylated CDK2 that may partially relieve the
12 A from the site of catalysis. Thus, parts of the protein blocking of the ATP site observed in nonphosphorylated
structure that contribute to substrate-binding site but are CDK2. Myosin | heavy-chain kinase (MIHK) is activated
remote from the site of catalysis have significant contribu- by phosphorylation on Ser627 in the activation segment.
tions for turnover. Szczepanowska et al51) have shown that mutation of
The structural result for the Glu182Ser mutant shows that Ser627 to Ala, Asp, and Glu resulted in mutants that were
change of the glutamate to a serine causes no change in théss active than wild type with reduction k. by 7, 9, and
overall structure of PhK. The activation segment is held in 2-fold, respectively, and increases{p for peptide and ATP
place by a dianion that has been scavenged, most likely fromof the order of 58- and 3-5-fold. Interestingly, the
the refolding-glycerophosphate buffer, and replaces the Ser627Glu mutant was the most active of the mutants,
contacts made by the glutamate to Arg148. The Glul82Serindicating that the charged group was able to partially
mutant has in fact changed from being a constitutively active compensate for the phospho-serine but was unable to produce
kinase to one that is dependent on a pseudo-phosphorylatiorfull activity. Mutation of Thr631 in MIHK (the residue that
event. The structure of the Glu182Ser mutant indicates thatcorresponds to Thrl86 in PhK) to Ala resulted in a 3-fold
there is an increase in disorder of some residues of thereduction ink., and a 10- and 7-fold increase Ky, for
activation segment, notably Thr186. In the peptide complex, peptide and ATP, indicating a role for this conserved
Thr186 hydrogen bonds to Aspl49, the catalytic aspartate,threonine in catalysis, as suggested from the structural and
and to Lys151, which in turn contacts thephosphate of  present kinetic studies on PhK. In v-src, mutation of Arg385
AMPPNP. This change in a crucial residue could account (equivalent to Arg148 in PhK) to Ala had significant effects
for the decrease in turnover seen in the kinetic studies.  on kinase activity §2). Rates were reduced by 10-fold with
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respect to wild-type Src and by 190-fold with respect to the 18.
mutant Tyr527Phe Src in ability to phosphorylate exogenous

substrates. When introduced into an activatestc gene,
Arg385Ala totally blocked cell transformation.

Taken together, these results indicate the importance of

the

changes in turnover rates on mutation of residues in the
activation segment are considerably less than the reduction
in rates observed on mutation of the catalytic aspartate. o3
Comparison of active and inactive kinase structures solved

activation segment localization in catalysis. However,

to date show that there is little change in the position of the

catalytic aspartate on activation. The activation process
results in changes in the protein components that recognize ,g
the ATP and protein substrates. The structural changes allow
the correct presentation and orientation of the substrates with 26.
respect to each other and to the aspartate. In view of the

: : : ot 27.
fact that mutation of residues in the activation segment may

result in small but not totally deleterious changes in kinetic

parameters, it is surprising that phosphorylation of residues
in the activation segment is used so ubiquitously as a control
mechanism for protein kinases. In many kinases where it is

crucial for the kinase to remain inactive until activated by

signaling, there are other control mechanisms that involve

phosphorylation at other sites or association with other
subunits.
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