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ABSTRACT. The glycine-rich loop, one of the most important motifs in the conserved protein kinase catalytic
core, embraces the entire nucleotide, is very mobile, and is exquisitely sensitive to what occupies the
active site cleft. Of the three conserved glycine$9&>?SFG® in cAMP-dependent protein kinase
(cAPK)], Gly>?is the most important for catalysis because it allows the backbone amide®%fS#dre

tip of the loop to hydrogen bond to thephosphate of ATP [Grant, B. D. et al. (199Bijochemistry 37

7708]. The structural model of the catalytic subunit:ATP:RKk) (heat-stable protein kinase inhibitor)
ternary complex in the closed conformation suggests thag Siso might be essential for stabilization of

the peptide substrateenzyme complex via a hydrogen bond between the P-site carbonyl in PKI and the
SeP? side-chain hydroxyl [Bossemeyer, D. et al. (19€3)BO J. 12 849]. To address the importance of

the Se?® side chain in catalysis, inhibition, and P-site specificity,S@ras replaced with threonine,
glycine, and proline. Removal of the side chain (i.e., mutation to glycine) had no effect on the steady-
state phosphorylation of a peptide substrate (LRRASLG) or on the interaction with physiological inhibitors,
including the type-l and -Il regulatory subunits and PKI. However, this mutation did affect the P-site
specificity; the glycine mutant can more readily phosphorylate a P-site threonine in a peptide substrate
(5—6-fold better than wild-type). The proline mutant is compromised catalytically with altesednd

Km for both peptide and ATP and with altered sensitivity to both regulatory subunits and PKI. Steric

constraints as well as restricted flexibility could

account for these effects. These combined results

demonstrate that while the backbone amide of3Swmay be required for efficient catalysis, the side chain

is not.

Protein kinases play a central role in a wide variety of
normal and pathological processes. All members of this
enzyme family have a structurally conserved catalytic core
(3). The overall architecture of this core is bilobal with the

and the triphosphate moietg-8), with the tip of the loop
being specifically responsible for positioning the phosphates.
The a- andS-phosphates of ATP are stabilized via interac-
tions with the backbone amides of residues 54 and 55 while

larger carboxyl-terminal lobe possessing the determinants forthe y-phosphate interacts with the amide of residue 53.

substrate binding and the primary residues involved in
catalysis. The smaller, amino-terminal lobe is critical for the
binding of the nucleotide triphosphate, usually ATP. The
glycine-rich nucleotide positioning motif [residues-456
in the cAMP-dependent protein kinase (CAPK) catalytic (C)
subunit} in the small lobe is one of the most prominent
features of the protein kinase co®.(This motif is highly
conserved, with the mobile tip of the loop (the phosphate
binding motif) having a characteristic sequence 6f-%-
G-X-X-G%., Residues in this motif make contaetith all

three parts of the ATP: the adenosine ring, the ribose ring,
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cAPK, one of the first protein kinases to be discovered
and purified @), also is one of the simplest in terms of its
regulation and, therefore, serves as a paradigm for the entire
kinase family 8). The catalytic subunit (C) of cAPK has
been characterized extensively by various biochemical and
biophysical methods; it provided the first crystallographic
model of a protein kinas&( 10, 11). The glycine-rich loop
of the cAPK C-subunit has been studied in detail by
mutagenesis and kinetic analysis. The sequence in cAPK
(GTG*?SFG®) is indicative of most protein kinases de-
scribed to datel2). The conserved glycines appear to be
critical for the optimal positioning of the phosphates of ATP
for efficient phosphoryl transfer (Figure 1). Although &y
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Ficure 1: Structure of tip of the glycine-rich nucleotide-positioning
loop of cAPK catalytic subunit bound to ATP and PKI. Close-up
view of the cAPK C-subunit:ATP:PKI ternary complex near%er
They-phosphate of ATP, the P-site (& of the inhibitor peptide,
SeFs, and Lyd%8 are indicated with the balls (atoms) and the sticks
(covalent bonds). Potential hydrogen bonds observed in the
crystallographic structure model are indicated by the dashed lines.
Distances are indicated in A.

does not contact either ATP or the peptide substrate directly,
mutation of this residue had more severe kinetic conse-
quences than the replacement of either&Gor Gly>® (1).
Substitution of GIy? by either alanine or serine led to
dramatic changes in tHe,(s and theK,,'s for both peptide
substrate and ATFLR). The importance of the residues found
in the nucleotide-positioning loop were examined previously
by Lee et al. {4) and showed that mutation of residues other
than the first two conserved glycines or ¥lequivalent to
Val®® in cAPK C) in phosphorylase kinase had little effect
on the phosphorylation of phosphorylase by this enzyme.

Crystallographic models of the cAPK C-subunit com-
plexed with a variety of nucleotides and substrate inhibitor
peptides indicate that the tip of this loop, specificallyer
and Phe#, is the most mobile part of the enzymis). The
only stable conformation of the tip of the loop was observed
in ternary complexes with a 20-residue fragment of the heat-
stable protein kinase inhibitor (PKI), PKb,, and either ATP
(10, 11) or an ATP analogue, adenylyl imidodiphosphate
(AMPPNP) @). These structures suggested that the specific
interactions of SéF with both the y-phosphate of the
nucleotide and the substrate peptide at the tip of the loop
(Figure 1) may play an important role in phosphoryl transfer.
In these models, the backbone amide ofS&ydrogen bonds
to an axial oxygen of the ATP/-phosphate. A second
potential hydrogen bond between thehydroxyl of Sef®

Aimes et al.

To test this hypothesis, Séof the mouse cAPK C-subunit
was mutated to assess which of the functional groups, if any,
at this site are important for catalysis. Tfiehydroxyl of
SeP® was removed by changing this residue to a glycine,
both thes-hydroxyl and the backbone amide were blocked
by mutating the serine to a proline, and the serine was
replaced with a threonine to examine the effects of potential
steric hindrance at the tip of the loop. These mutants were
examined for effects on steady-state kinetic parameters for
ATP and a synthetic peptide substrate, Kemptide. Inhibition
of these mutant cAPK C-subunits by both the type-1 and -II
regulatory subunits and PKI also was examined. In addition,
a synthetic peptide substrate with a threonine as the phos-
phoacceptor residue was used to evaluate the effect & Ser
on P-site specificity. These experiments provide new infor-
mation as to the role of S&ron the catalytic ability of cAPK
as well as the binding of substrates and inhibitors.

EXPERIMENTAL PROCEDURES

Materials. ProBind Ni" resin and pRSETB expression
vector were from Invitrogen (Carlsbad, CA$2P]-y-ATP
was from New England NucleaDuPonte (Boston, MA).

E. colistrains BL21(DE3) and BL21(DE3)pLysS were from
Novagen (Madison, WI). P81 filter paper was from What-
man, Inc. (Clifton, NJ). EcoLume scintillation fluid was from
ICN (Costa Mesa, CA). ATP, DTT, phosphoenolpyruvate,
pyruvate kinase, lactate dehydrogenase, reduced NADH, and
cAMP were from Sigma (St. Louis, MO). Sodium dodecyl
sulfate (SDS) and 3N-morpholino)-propanesulfonic acid
(MOPS) were from AmershamUnited States Biochemical
(Arlington Heights, IL). Mono S HR10/10 was from Phar-
macia (Piscataway, NJ). The Muta-Gene site-directed mu-
tagenesis kit was purchased from BioRad (Hercules, CA).
The heptapeptides LRRASLG (Kemptide), LRRATLG (Thr-
Kemptide), and LRRAALG were synthesized at the Peptide
and Oligonucleotide Facility at the University of Califorria
San Diego on a Milligen 9050 PepSyn peptide synthesizer
using standard Fmoc methodology activator and purified by
high-performance liquid chromatography.

Site-Directed Mutagenesis of the cAPK Catalytic Subunit.
The cDNA for the murine cAPK C-subunit in the bacterial
expression vector pRSETB was used as a template for
Kunkel-based site-directed mutagene4is) (All mutations
were made using the Muta-Gene kit as per the manufacturer's
recommendations. The presence of the correct mutation was
confirmed by DNA sequence analysis as described previously
(17). All mutant cDNAs were subjected to complete sequence
analysis to ensure no other mutations were present.

Expression of Murine cAPK Catalytic Subuniild-type
and mutant C-subunits were expressedEincoli strains
BL21(DE3) or BL21(DE3)pLysSX8). Cells were grown in
YT medium containing 10@g/mL ampicillin at 37°C to

and the backbone carbonyl of the P-site residue also wasan optical density at 600 nm of 0-®.8, induced with 0.5

observed. Another axial oxygen of tlrephosphate of ATP
hydrogen bonds to Ly in the large lobe and also may
form a hydrogen bond with the backbone amide of the P-site.
The third axial oxygen is bound to the activating magnesium
ion. These observations have led to the prediction that the
transition-state intermediate for phosphoryl transfer requires
both the backbone amide of Seand the side-chain hydroxyl

(2, 4, 6. Both also could contribute to the synergistic high-
affinity binding of ATP and PKI.

mM isopropyl{>- p-thiogalactopyranoside, incubated for an
additional 6-8 h at 24°C, collected by centrifugation, and
stored frozen. Cells were lysed with a French pressure cell
(American Instruments) at pressures between 16 000 and
24 000 psi using 1820 mL of lysis buffer/L of culture.
Insoluble material was removed by centrifugation at 250§0
at 4°C for 45 min.

Purification of Catalytic Subuniwild-type C-subunit was
purified using phosphocellulose chromatography and Mono
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S FPLC as described previousfig). Mutant proteins were  determinations, peptide substrate concentrations were held
purified by formation of holoenzyme with a poly-histidine- constant, and the total ATP concentration was varied from
tagged type-Il regulatory-subunit mutant gfRlI(R213K)] 1.0uM to 2.0 mM. ForKy's of peptide substrates, the ATP
(20). Cells were suspended in 20 mL/L of culture in 50 mM concentration was fixed, and peptide substrate was varied
potassium phosphate, 150 mM KCI, 2 mM Mg@.2 mM [LRRASLG, 1—400 uM for wild-type C, C(S53G), and
ATP, and 2 mM 2-mercaptoethang-ME) (pH 8.0). Cells C(S53T); 2uM—4.0 mM for C(S53P); and 16M—10 mM
expressing C-subunit mutants angRH(R213K) were mixed for LRRATLG]. Reactions were initiated with the addition
in varying ratios, depending on expression levels (typically of peptide substrate and incubated af@0n a final volume
3/2, wiw). The cell suspension was lysed as indicated above,of 50 uL. Reactions were terminated with 20 of 50%
and the soluble fraction was adjusted to pH 8.0 and allowed acetic acid. Aliquots were spotted onto P81 filter disks and
to incubate with ProBind resin [1 mL bed volume/L of-H  washed together in 0.5%3H0, (4 times; 500 mL for 10
RII(R213K)] for 2 h at 4°C. The resin was collected by min, each wash). Filter disks were rinsed once with 2-propyl
centrifugation at low speeds, washed 3 times with 20 bed alcohol, air-dried, and counted in 5 mL of EcoLume.
volumes of buffer, and the catalytic subunit was eluted with Background reactions containing no peptide substrate were
3 x 1 bed volumes of buffer, including 1 mM cAMP. subtracted from all data. All reactions were performed in
Fractions were pooled and dialyzed into 20 mM potassium triplicate.
phosphate, 50 mM KClI, and 2 mg+ME (pH 6.5), applied Kinetic data were fitted to the equation= Vimac[S]/([S]
to a Mono S HR10/10 column attached to a BioLogic HR + K, ) wherev is the reaction rateYmax is the maximum
system (BioRad), and developed with a linear gradient of rate, [S] is the concentration of the variable substrate, and
0—-250 mM KCI over 50 mL. Phosphoisoforms of the K is the Michaelis constant. Inhibition constants were
C-subunits eluted as described previoudl9, 21). determined by assaying activity at varying concentrations
Purification of RI(R209K), RII(R213K)and PKI. The  of the inhibitor (regulatory subunits, 0.1 nM.0 uM; PKI,
type-I regulatory subunit mutant was purified as described 0.1—250 nM; LRRAALG, 10uM—10 mM) at several fixed
previously @2). RII(R213K) was purified by Ni-NTA  substrate concentrations. Data were fitted to a single-site
affinity. Briefly, cells were suspended in 20 mM Tris (pH  binding model using GraphPad Prizm Software, Knealues
8.0), 0.3 M NaCl, and 5 mMB-ME and lysed as described were extrapolated from Kgvalues using the relationship of
above. Insoluble material was removed by centrifugation, Cheng and PrusoffK; = ICsy/(1 + [S)/Km) (27).
and the soluble proteins were incubatedd at 4°C with Solution Viscosity MeasurementEhe relative viscosity

1 mL of ProBind resin/L of culture. Unbound proteins were (,y of huffers containing sucrose was measured relative to
removed, the resin was washed extensively with buffer 55 M MoPS (pH 7.0) at 30°C using an Ostwald

containing 15 mM imadazole, and thefil(R213K) was iscometer. Sucrose concentrations of 15% and 25% (w/v)
eluted with buffer containing 0.25 M imadazole. Protein- gaye relative viscosities of 1.6 and 2.3, respectively. All
containing fractions were pooled, dialyzed into 20 MM measyrements were performed in triplicate using the direct
MOPS (pH 7.0), 0.15 M KCI, 10% glycerol, and 1 mM  yhosphorylation assay described above and as described

pB-ME, concentrated by ultrafiltration; and stored-&20 °C previously @8, 29). Presence of the viscosogen did not affect
until used. The heat-stable protein kinase inhibitor PKI was he pinding of the peptide to P81.

purified as described previousl2J).

Mass SpectrometrfElectrospray/mass spectrometry was RESULTS
performed using a Hewlett-Packard 59887A electrospray
mass spectrometer. Protein was desalted prior to analysis by Expression and Purification of SéMutants.To examine
narrow bore chromatography. the role of SE¥ in catalysis, substrate specificity, and the

Catalytic Actbity AssaysKinetic activity was measured  ability of cAPK C-subunit to interact with pseudosubstrate
using a coupled-enzyme spectrophotometric assay using thenhibitors, this residue was subjected to site-directed mu-
peptide LRRASLG (Kemptide)2) or a threonine-contain-  tagenesis. S&t was replaced with a glycine [C(S53G)],
ing derivative, LRRATLG, as described previousig5). threonine [C(S53T)], or proline [C(S53P)] and expressed in
C-subunit was used (25 nM) in a final volume of 0.5 mL of E. coli, either BL21(DES3) or the pLysS variant for C(S53G),
50 mM MOPS (pH 7.0), 1 mM DTT, 0.2 mM NADH, 1  because leaky expression from the T7 promoter appeared to
mM phosphoenolpyruvate, 12 units of lactate dehydrogenasepe toxic. Unlike wild-type C-subunit, these mutants failed
4 units of pyruvate kinase, and varying amounts of ATP and t0 bind to phosphocellulose and, therefore, were purified via
Kemptide. The concentration of MgGhas 10 mM in excess ~ formation of holoenzyme with a polyhistidine-tagged type-
of ATP. Reactions were initiated by the addition of Kemptide !l regulatory-subunit mutant [HiRII(R213K)] (20). C-
after the catalytic subunit had equilibrated with ATP for at subunit mutants were eluted from the immobilized holoen-
least 1 min at 25°C. All measurements were taken on a zyme complex with cAMP and analyzed by SBBAGE
Hewlett-Packard 8453 UWvisible spectrophotometer (data not shown). While C(S53G) and C(S53T) purified
equipped with UV-visible ChemStation Software (Rev. A  similar to other mutants, C(S53P) did not bind well to dlis

02.04). RII(R213K), and a large percentage of the protein was in
Alternatively, C-subunit activity was followed by a direct the unbound fraction.

phosphorylation filter-binding assay usirigH]-y-ATP (26). Eluted fractions containing C-subunit were pooled, applied

The C-subunit (0.£2.0 nM) was incubated in 50 MM MOPS to a Mono S cation-exchange column, and eluted with a

(pH 7.0), 0.1 M KCI, 10 mM MgCJ, 1 mM DTT, 100ug/ linear gradient of KCl in order to further purify and resolve

mL bovine serum albumin, 210 uCi of [*2P]-y-ATP, the various phosphoisoforms. Figure 2 shows the Mono S

unlabeled ATP, and peptide substrate. FGof of ATP FPLC elution profiles of the wild-type and the three Ber
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FiGUrRE 2: Purification profiles of wild-type C-subunit and the Semutants from Mono S FPLC. Chromatograms from Mono S ion-

exchange chromatography. Absorbance at 280 nm (solid lines) is

shown on the left axis; peicBhKE&! elution buffer (dashed lines)

is indicated on the right axis. Characteristic elution profiles for (A) wild-type C-subunit, (B) C(S53T), (C) C(S53G), and (D) C(S53P).

Phosphoisoforms of peaks are indicated by roman numerals with peaks I, I, and Ill corresponding to the C-subunit with 4, 3, and 2

phosphates, respectively.

Table 1: Mass Determination of Mutant cAPK Catalytic Subunit
Mutants

mutant expected experimental
(isoformy no of PQP mass (Da) mass (D&)d
wild-type (1) 4 40760 40763
wild-type (I1) 3 40680 40684.2 6.9
wild-type (111) 2 40600 40601
SefSGly (1) 4 40730 40725.5: 6.1
Sef3Gly (II) 3 40650 40644.14- 6.4
SefSGly (I1) 2 40570 40575.2: 7.0
SePSThr (1) 4 40774 40779.4 6.4
Sef3Thr (1) 3 40694 40693.8 7.2
Sef3Thr (111) 2 40614 40618.5+: 6.4
Sef3Pro (Il 2 40610 40594.% 14.9

a|soforms of wild-type and mutant cAPK catalytic subunits are
numbered based on the Mono S elution profile for wild-type cAPK as
described previouslyl@). ® The number of phosphates was based on
elution from Mono S and native isoelectric focusing gel electrophoresis

C-subunit, as well as glycine-rich loop mutants of cAPK C,
is phosphorylated exclusively on T197 and S338, (19,

30, 31). Therefore, all subsequent studies utilized phospho-
isoform Ill (two phosphates) of wild-type and mutant
C-subunit.

Determination of the Steady-State Kinetic Parameters for
the Peptide Substrate LRRASLEAPK preferentially phos-
phorylates serine residues which lie in the consensus
sequence RRX(S/T)Hydg, 33). To assess whether Sér
is important in phosphorylation of a canonical peptide
substrate, the steady-state kinetic parameters of th® Ser
mutants with the heptapeptide, LRRASLG (Kemptide), were
examined. Both C(S53G) and C(S53T) behaved similarly
to wild-type, with K, (for both peptide and ATP) ankl.a
values within 2-fold of the wild-type C values (Table 2).
These results demonstrate unambiguously that-fmgdroxyl

and confirmed by mass spectrometiialues shown are the mean of
at least two independent measuremedisthe average standard
deviation.? Values for wild-type isoforms | and Ill are taken from
Herberg et al. 19). For C(S53P), insufficient material was purified for
isoforms | and Il and, therefore, no mass was determined.

of SeP?is not required for the phosphorylation of a peptide
substrate. The proline mutant, however, showed dramatic
elevation in itsK, for both Kemptide {20-fold) and ATP
(~10-fold) and a modest decreaseki (2.5—5-fold). The
mutations did not have substantial effects onkhef ADP,
mutants. The threonine and glycine mutants purified similar suggesting that affinity for ADP was not altered. In addition,
to wild-type C-subunit; however, the proline mutant yielded theKr values for peptide substrate were independent of ATP
markedly less protein, the majority of which eluted with concentration (and vice versa), suggesting that thé3Ser
higher salt. Analysis of the peak fractions by electrospray mutants maintain an ordered kinetic mechaniS# 85).

mass spectrometry (Table 1) and isoelectric focusing gel Sef?Influences the P-Site Specificity of cAPK C-Subunit.
electrophoresis (data not shown) indicated that these peaksTo further characterize the role of S&in the ability of the
correspond to distinct phosphorylation states of the C-subunitC-subunit to phosphorylate peptide substrates, the steady-
as described earliel ). Similar to the wild-type C-subunit  state kinetic parameters of wild-type C-subunit and th&3Ser
(30), the specific activities of the different phosphoisoforms mutants with a threonine-containing peptide substrate were
of a given C mutant (with at least two phosphates) were the determined. Wild-type C phosphorylates the threonine resi-
same (data not shown). Previous studies have demonstratedue in the heptapeptide LRRATLG approximately 100-fold
that phosphoisoform 11l of native and recombinant wild-type less efficiently k.a/Km) than the serine residue of Kemptide
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Table 2: Steady-State Kinetic Parameters of Wild-Type and Mutant cAPK Catalytic S@bunits

parameter ligand wild-type C(S53T) C(S53G) C(S53P)
Keat (571 LRRASLG 21.7+£0.7 20.8+:0.3 31.9+15 10.44+0.2
Km (uM) LRRASLG 21.94+2.4 145+ 0.9 22.2+ 3.5 489.5+ 20.7
KealKm UM ~1s71) LRRASLG 1.0 1.4 1.4 0.021
Keat (573 LRRATLG 7.94+0.5 9.1+ 05 245+ 1.0 nd
Km («M) LRRATLG 654.04 108.3 745.6= 102.0 365.74-48.4 nd
KealKm (M1 s71) LRRATLG 0.012 0.012 0.067 nd
Km (uM) ATP 12.7+£ 0.5 125+ 0.4 25.1+:0.9 108+ 18.1
Ki (uM) ADP 14.6+ 0.3 125+ 0.4 30.7+0.9 435+ 1.1

2 All values were determined using th®R] incorporation assay as described in Experimental Procedures, with the exceptipfooATP. All
values represent the mean of three independent experirtestandard error of the mean.

Table 3: Estimates of the Microscopic Rate Constants Derived from Solution Viscosity Analysis and Mechanistic Scheme 1

LRRASLG LRRATLG
wild-type C(S53G) C(S53P) wild-type C(S53G)
(Kea” 0.994 0.06 1.00+ 0.03 0.09+ 0.01 0.19+ 0.03 0.39+ 0.05
(Keal Kim)” 0.05+ 0.02 0.09+ 0.03 0.00+ 0.06 0.11+ 0.03 0.03+ 0.05
ks (s°9) 500+ 60P fast 11.4 9.8 40.2
ke (579 21.7 31.9 111.6 416 62.8

aValues were derived as followks = Keaf(1—Keaf’); ks = kealkea’. Values for kea)” and k.o/Km)” are the slopes of the lines of the ratio of these
parameters in the absence and presence of viscosogen plotted against relative viscosity as described @2&vidhslyn{croscopic rate constants
were determined using the valueskgfi and K, reported in Table 2. Due to the near-zero valueskgf/Km)”, determination of microscopic rate
constants, andk_, according to Scheme 1 was not possil86)(® Parameters determined by pre-steady-state kinetic quench-flow an&gksis (
¢Value for ks cannot be accurately determined due to the low valuk.gf ¢ Values ofks andk, are italicized to indicate that they cannot be
accurately determined due to the low value kg’

Scheme 1 alanine, was examined with wild-type C-subunit and the
Ky ks ke C(S53G). While this is not a direct measure of tiefor
E:ATP+S — E:ATP:S — E:ADP+P — E+ ADP the substrate peptide, it does measure the affinity of a
ko pseudosubstrate peptide with similar sequence. The experi-

mental values for wild-type C-subunit (2@0 20 uM) and
(Table 2). However, C(S53G) is actually a better threonine the serine-to-glycine mutant (269 39.1 M) are in close
kinase than the wild-type C-subunit. Tkeg:is 3-fold greater, agreement with the publishé¢] [190 uM (38)], suggesting
and theK, is one-half of that for the wild-type C-subunit.  that mutation of Sé# to glycine does not alter the affinity
Viscosity Effects on Steady-State Kinetic Parameléts.  of the peptide substrate. Therefore, the majority of the effect
mutations at Sé&f could influence the Steady-state kinetic on the mechanism produced by the Serine-to-pro“ne Change

parameters in several ways: the blndlng of peptlde SUbStrateappears to result from a decreasédrthe rate of phosphory|
could be affected, the chemical transfer step could be alteredygnsfer.

and/or the release of ADP following catalysis could be
changed. Changes Ky, for the peptide do not necessarily
reflect changes in substrate affinity. To examine which step-
(s) is(are) altered by these mutations, the effect of solvent
viscosity was examined as described previous|y2g, 36,

37). Wild-type, C(S53G), and C(S53P) were examined using ... . :
Kemptide as a substrate, and the microscopic rate constant hﬁm't%/ IS nhot r?spons':flfég';_rl‘_ﬁ éSO-foId drop kgaKr, for
were determined (Scheme 1). € phosphorylation o '

The ratios Ofkcat and kcale in both the absence and the Role of SER in the Inhibition of cAPK by PKIAnaIysis
presence of viscosogen were plotted versus the relativeof the crystallographic model of the cAPK catalytic subunit
viscosity ). The slopes of the lines are designatkg)’ in a ternary complex with ATP and PKk4 suggested that
and ./Km)", respectively, and are reported in Table 3. The the high-affinity binding of PKI K; = 1071° M) might be
wild-type C-subunit and C(S53G) appear to have similar due, in part, to a potential hydrogen bond between the
kinetic mechanisms, witk., largely dependent ok, (ADP- B-hydroxyl of Sef® and the P-site carbonyl of PKK(5).
release), thus confirming that the side chain ofSisrnot This hypothesis was tested using this series of mutants and
an important feature that contributes to phosphoryl transfer. full-length PKI. The results are summarized in Table 4. In
In contrast, thé..: for C(S53P) appears to be limited by the contrast to what was predicted, phosphorylation of Kemptide
chemical transfer of the phosphate to the peptide The by C(S53G) was inhibited by PKI as effectively as the wild-
observed changes in the rate constants could be due tdype C-subunit was inhibited. The C(S53T) mutant also was
changes in affinity of the peptide substrate. However, the just as sensitive to PKI inhibition as the wild-type C-subunit.
low values of k.o/Km)” prevent an accurate determination In contrast, however, C(S53P) is nearly 3 orders of magnitude
of K, the peptide binding constant. To circumvent this less sensitive to PKI. These data indicate that a hydrogen
problem, theK; for an inhibitory version of Kemptide, bond between the side chain of $end PKIl is not required
LRRAALG, where the P-site serine is replaced with an for the tight and synergistic binding of PKI to C:ATP and

When phosphorylation of LRRATLG was examined, the
changes in the kinetic parameté&gg andK, when compared
to phosphorylation of Kemptide, again appear to be due
mainly to effects orks. The Ky for this substrate peptide
was not affected compared to Kemptide, suggesting that
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Table 4: Inhibition Constants for RI(R209K), RII(R213K), and In this report, Séf of the cAPK C-subunit was subjected
Wild-Type PKI with Wild-Type and Mutant cAPK Catalytic to site-directed mutagenesis in an attempt to test the above
Subunits hypotheses. While there is a risk of altering the structure

inhibitor C-subunit ~ wild-type ~ C(S53T)  C(S53G)  C(S53P) and the overall kinetic mechanism of the enzyme, thereby
producing effects that distort the importance of the specific

RI(R209K) 0.154 0.03 0.20+0.05 0.1240.04 5.98+ 1.09 _ ;

(109 M) residue targeted, this approach, nonetheless, can be a useful
RII((lRé%%) 0.234+0.04 0.19£0.08 0.30+0.05 1.19+0.27 tool to answer basic functional questions. Removal of the
PKI (10-° M) 0404 0.06 0274006 0.12+0.07 103t 16.0 SeP3side chain [i.e., C(S53G)] resulted in a functional kinase

; - — _ with steady-state enzymatic properties similar to the wild-
a All values were determined using varying inhibitor concentrations ¢ C-subunit. Ph horvlati i ical tid
and at least three fixed Kemptide concentrations above and below their ype L-subunit. osphorylation ot a canonical peptiae

respectiveky, values.K; values were calculated from gvalues and ~ Substrate, LRRASLG (Kemptide), and sensitivity to the
substrate concentrations using the relationskip= 1Cs¢/(1 + [S]/Km) physiological inhibitors, PKI and type-lI and -II regulatory

(27). Constants are given as the meathe standard error of the mean.  sybunits, were unaffected. These results clearly negate the
importance of the potential hydrogen bond observed in the
suggest the hydrogen bonds between#tphiosphate of ATP ¢rystallographic models. Similarly, C(S53T) was identical
and both Séf and Lys® (5, 10, 1) in the catalytic loop  inetically to C(S53G) and wild-type C-subunit, further
are the more important interactions for efficient phosphoryl sypporting the conclusion that the serine side chain per se
transfer. _ . ~ does not play a critical role in catalysis or interactions with
Effect of Mutations on the Interaction of the C-Subunit physiological inhibitors. Because Stwas not replaced with
with the Regulatory SubunitSo determine if Séf has a 3 pulkier amino acid (e.g., leucine) the potential importance
role in the interaction of the C-subunit with either the type-l of steric factors cannot be evaluated but should not be
or -l regulatory subunits, the effect of the three mutations ignored. Previously, the glycine loop of phosphorylase kinase
on the sensitivity of C to these physiological inhibitors was \as subjected to site-directed mutagenesis and the effects
examined. Two regulatory subunit mutants, RI(R209K) and g, catalysis were examined4). When Val, which is
RII(R213K), which are defective in cAMP bindin@Q, 22 equivalent to Sé&f of CAPK C, was changed to a serine,
were exploited in order to avoid having to urea-strip the only small effects on catalysis were observed. These data
bound cAMP from the inhibitors. The results in Table 4 show support the conclusions drawn from this study. One caveat
that C(S53G) and C(S53T) have no change in sensitivity 10 tg these conclusions is that the precise details of the kinetic
these inhibitors. Indeed, the inhibitor potency of PKI for mechanisms for the cAPK €Sef® mutants were not
C(S53G) may be marginally enhanced compared to that of examined rigorously. While these studies are important to
the wild-type C-subunit. Thus, even though ATP is required fy|ly understand the role of the glycine-rich loop in catalysis,
for high-affinity binding of PKI and the type-I regulatory they are beyond the scope of this report.
subunit, hydrogen bonding of tiehydroxyl of Sef® to the Results obtained with the C(S53P) mutant were rather
inhibitor protein is not. The proline mutant, however, is much jifferent. This mutant has compromised ability to phospho-
less sensitive to both inhibitors. Of the two regulatory subunit rylate Kemptide Ke/Km nearly 100-fold lower than that of
types, type-I regulatory subunit binding, with an increased wild-type C-subunit). These effects were manifested as a
ICs0 of 40-fold, is affected most dramatically. The effect on |ower k.., and reduced,,’s for both ATP and Kemptide.
PKl inhibition is even greater, with th increased by 250-  Thek; for ADP suggests that the binding of the nucleotide
fold. Therefore, while the potential hydrogen bond between s reduced, but that at least part of the change in affinity for
the S-hydroxyl of Sef® and the P-site is not important, the  ATP may be due to lost interactions with tephosphate.
affinity for ATP, PKI, and Rl for the C-subunit would appear  Thjs mutant also has a reduced sensitivity to PKI and the
to depend critically on the hydrogen bond between the tip type-I regulatory subunit, but binding to the type-Il regulatory
of the loop and the-phosphate of ATP. subunit is largely unaffected (Table 4). This is consistent
with the requirement of ATP for the high-affinity binding
DISCUSSION of both PKI and the type-I regulatory subunit and further
The glycine-rich nucleotide-positioning motif plays a supports our model that these two inhibitors bind to the
critical role in protein kinase function. Not only do residues closed conformation of the kinase. The type-Il regulatory
in this sequence position and secure the ATP in the active subunit, which actually is a substrate for cAPK, binds in an
site cleft, several residues potentially interact with the ATP-independent manner. Therefore, that the binding of the
phosphoacceptetpeptide sequence. Mutations of the con- type-ll regulatory subunit is not affected is consistent with
served glycines of this motif in phosphorylase kinasd) (  the role of the backbone amide of Sein ATP binding.
and the cAPK C-subunitlj indicate that these residues play This finding also suggests that the C(S53P) mutant does not
a critical role in catalysis. In the cAPK C-subunit, Sdies alter the binding site for this macromolecular physiological
at the distal tip of the loop very near the site of phospho- inhibitor of the C-subunit.
transfer. Structural models indicated that this residue can On the basis of protein-footprinting experiments and in
form hydrogen bonds to both thephosphate of ATP and  correlation with different structural models, it appears that
the P-site carbonyl of the substrate peptide (Figure 1). This binding of ATP is sufficient for the C-subunit to adopt the
led to the hypothesis that these interactions might influence “closed” catalytically poised conformatiod@). Binding of
the binding of substrate peptides and thereby effect catalysis.the type-1 regulatory subunit and PKI is synergistically
In addition, these potential hydrogen bonds were thought to dependent on high-affinity ATP binding to the active site
be important for the synergism observed with ATP and PKI and, therefore, probably requires a closed conformation of
when binding to the C-subuniBg, 39. the C-subunit. The glycine loop is the most mobile motif in
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the cAPK C-subunit because it displays the highest crystal- -hydroxyl of Sef® and the carbonyl of the P-site backbone

lographic temperature factor§, (L0. Indeed, the glycine loop

is critical for the synergistic binding of ATP and PKI to the

moves a considerable distance during the transition from theC-subunit. However, with the caveat that changing this

open to the closed conformatioB,(41). This mobility is
thought to be critical for the function of the kinase.
Introduction of a proline at the tip of the glycine loop could
alter the inherent flexibility of this structure. This, in turn,
could slow conformational changes required for catalysis and
thereby affect the catalytic efficiency. Changes in the

residue at the tip of the flexible glycine-rich loop to a proline
may reduce its inherent mobility, eliminating the interaction
of this residue with they-phosphate of ATP reduces the
efficiency of the kinase. Therefore, the role of Sexeems
to be to interact with the/-phosphate of ATP, possibly
positioning it for chemical transfer and potentially keeping

phosphotransfer rate and/or the release of products wouldthe C-subunit in a “closed” and catalytically poised confor-

not be unexpected.
Alternatively, reduced flexibility of the glycine loop may
destabilize the closed conformation or make it less favorable

mation.
The side chain of S&rmay influence the phosphoacceptor
preference of the cAPK C-subunit. It remains unclear whether

energetically. Because this loop must move for the releasethe Set® side chain interferes when there is a threonine at

of ADP and the binding of ATP to complete the catalytic
cycle, changes in the loop’s flexibility could alter enzyme
function. While changing Seétto a proline did result in a
5-fold increase ik, (i.e., the ADP release rate) and a 3-fold
decrease in ability of ADP to inhibit the C-subunit, the
importance of the interaction of the-phosphate with the
backbone amide of S&rcannot be ruled out. Additionally,

the P-site in the substrate peptide. Interestingly, C(S53G) is
more efficient than wild-type C-subunit at phosphorylating
DARPP-32, a good threonine-containing substrate for cAPK
(W. Hemmer and S. Taylor, unpublished observation). These
results imply that, while S&tmay influence P-site specific-
ity, additional interactions between the C-subunit and the
target substrate peptigi@rotein are important for influencing

this mutation leads to a measurable decrease in the chemicalP-site specificity.

transfer of phosphate from ATP to peptide.

Finally, this mutation could adversely affect the overall
fold of the C-subunit, leading to an enzyme with an altered
structure, potentially affecting binding and/or changing the
exact catalytic mechanism of the enzyme.

SeP® also lies very close to the P-site of the peptide
substrate in the cAPK C:ATP:PKI and C:AMPPNP:PKS
ternary complexes2( 11). Therefore, it is not unlikely that
this residue may influence the P-site specificity of cAPK.
Interestingly, while cAPK appears to prefer to phosphorylate
serine residues, two of the best protein substrates for cAPK,
protein phosphatase inhibitor-1 (PPI-1) and dopamine and
cAMP-regulate phosphoprotein (DARPP-32), are both phos-
phorylated on threonined2—44). Therefore, it is enigmatic
why threonine is phosphorylated much less efficiently when

presented in the context of a short peptide substrate. One

possible reason is that the side chain of*Seray conflict
with the side chain of a threonine at the P-site. When
C(S53G) was tested for its ability to phosphorylate a
threonine-containing derivative of Kemptide (LRRATLG),
this mutant was found to be 5 times more efficient at
phosphorylating threonine than the wild-type C-subunit. The
use of viscosogens to determine the individual microscopic

rate constants revealed that the actual chemical transfer of

they-phosphate from ATP to the threonine is 4 times higher
with C(S53G) than with the wild-type. This accounts almost
entirely for the observed elevation kg, of C(S53G) toward
LRRATLG. Estimation ofk, and k-, from the solution
viscosity experiments suggests that Kgfor this reaction
with both the wild-type and C(S53G) is closer to tkg of

the peptide, although thKy for LRRATLG is not much
different from that of Kemptide38). These findings indicate
the importance of using more physiological substrates to
examine the role on catalysis of these C-subunit point
mutations. These studies currently are in progress.

In summary, the Sét side chain does not appear to play
an essential role either in phosphorylation of Kemptide or
in the interaction with physiological inhibitors such as PKI
or either type of regulatory subunit. This study negates the
hypothesis that the potential hydrogen bond between the
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