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ABSTRACT. The kinetic mechanism for the catalytic subunit of protein kinase A was evaluated using
physiological concentrations of free magnesium (0.5 mM) and a rapid quench flow technique. When the
enzyme is pre-equilibrated with ATP, the peptide substrate, LRRASLG (Kemptide), is phosphorylated in
a biphasic manner with a rapid, exponential “burst” phdsg followed by a slower, linear phasé, ]

that corresponds to the steady-state kinetic rate. Both the amplitude and the stiateatiependence of

the initial, burst phase indicate that the rate of phosphoryl transfer is fast (approximately 5@

does not limit turnover (4573). Viscosity studies indicate that, while Kemptide is in rapid equilibrium,

ATP does not exchange rapidly with the active site kafKate is limited by the rate constant for nucleotide
encounter. When the pre-steady-state kinetic experiments are initiated with ATP, a lag phase is observed
at low ATP concentrations consistent with rate-limiting association. At high ATP concentratidns (
mM), a burst phase is observed but the rate and amplitude are low on the basis of the bimolecular rate
constant for ATP association and the rate constant for phosphoryl transfer. The kinetic data indicate that
the phosphoryl transfer step is fast at physiological magnesium concentrations, but an ATP-linked
conformational change precedes this step, limiting the burst phase rate constant. Simulations of the pre-
steady-state kinetic transients indicate that turnover (4bis limited both by net product release (70

s71) and by this structural change (170" This structural change may also occur at high free magnesium
concentrations, but it must be significantly faster than 170amd, consequently, not rate-limiting for
turnover k.ar= 20 st at 10 mM free M§"). We propose that this conformational event is an obligatory
component of the kinetic pathway and includes a movement of the catalytic residues necessary for
supporting phosphoryl group donation.

Protein kinase A [PKA] catalyzes the phosphorylation of various nucleotides, divalent metal ions and inhibitor,
numerous protein targets in response to the intracellular substrate, and product peptides bouBd ).

messenger, CAMP. This latter molecule binds tlght'y to the PKA requires an essential, h|gh_aﬁ|n|ty M’gfor Cata|ysis_
inactive, tetrameric form of the enzyme, releasing two active On the basis of this X-ray data, this metal chelates/the
catalytic subunits (C) and a cAMP-bound regulatory dimer gnd y phosphates of ATP and is held in position by a
(Rz) The utilization of this enzyme in Signal transduction conserved aspartic acid residue, Asp-l@(]_m the absence
pathways is widespread and can impact many cellular of this metal, ATP binds poorly and no phosphoryl transfer
processes including lipid and carbohydrate metabolism, js observed. When the concentration of Mgxceeds that
catecholamine biosynthesis, muscle contraction, and DNA for ATP, a condition found in living cells7), a second,
transcription. PKA was the second protein kinase diSCOVGFEd|ower_afﬁnity site becomes occupied_ This metal chelates
but has become the paradigm for this family of enzymes for the o andy phosphates of ATP and is positioned by Asn-
several reasons. First, active PKA can be readily obtained171 of the catalytic loop4). This site has been termed the
in large amounts either from tissue sources or in recombinant«nhibitory” site since its occupancy reduces turnoviey
form (2). Second, the C-subunit of PKA is small (40 000 py approximately 56-fold (8). Although other protein
kDa) and contains no regulatory domains that influence kinases bind two metal ions, there is no common, functional
activity. Third, PKA was the first protein kinase structure role for the second metal. For instance, while the second
to be solved by X-ray diffraction methods and, since then, metal reduces turnover in PKA, it enhances turnover and is
many forms of active PKA have now been solved with essential for catalysis for two other tyrosine protein kinases,
Csk and Src9). Furthermore, this metal lowers tlg, for

" This work was supported by NIH grant GM 54846 and by the ATP in PKA and v-Fps, an onc;ogenic tyrosine protein kinase
California Metabolic Research Foundation. (10), but has no effect on this parameter for Csk and Src

* To whom correspondence should be addressed. Telephone: (619)(9). Finally, the affinity of the second magnesium ion can
59F 6196, Fax: (619) 5941879. E-mail: jadams@sundown.sdsu.edu. \ary significantly. For example, the dissociation constant for

reviations: C-subunit, catalytic subunit of protein kinase A; . -

Kemptide, peptide sequence LRRASLG; Mops, N8Nlorpholino] the second metal in PKA and v-Fps is 2 mM and less than
propanesulfonic acid; PKA, cAMP-dependent protein kinase. 0.3 mM, respectively§, 10).
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It is not clear why protein kinases respond differently to in 50 mM Mops (pH 7) in a final volume of 60L at 24°C.
free concentrations of magnesium, but the complex behaviorPKA (6—60 nM) was typically incubated with 0-35 mM
of the steady-state kinetic parameters warrants further ATP, varying free magnesium (G20 mM), 1 mM phos-
investigation into the role of metal ions in catalysis. In our phoenolpyruvate, 0.3 mM NADH, 12 units of lactate
laboratory, we used a rapid quench flow procedure to show dehydrogenase, and 4 units of pyruvate kinase for several
that the phosphoryl transfer step in PKA is 25-fold faster minutes before initiating the reaction with peptide. Back-
thanke (1). This demonstrates decisively that phosphoryl ground reactions were recorded in the absence of Kemptide
transfer does not limik.y, but, under conditions of low  (ATPase activity) but were never more than 3% of the
substrate concentration (i.e., V/K conditions), catalysis is Kemptide-dependent reaction over all substrate concentra-
limited by the ratio of phosphoryl transfer and the dissocia- tions. The total concentration of MgOheeded to obtain a
tion constant for the substratks(Ky). While stopped-flow desired free concentration of Migwas calculated on the
kinetic analyses of a fluorescently labeled PKA mutant basis of the dissociation constants of 0.0143 mM for Mg-
provided support for a viscosity-sensitive conformational ATP, 5 mM for Mg—PEP, and 19.5 mM for MgNADH
change which partially limits turnovef {), no evidence for  (13).
such a step was found in the wild-type enzyme at high Rapid Quench Flow Measuremenie-steady-state ki-
magnesium concentratiod?). These rapid mixing studies  netic measurements were made using a KinTek Corporation
are useful for understanding the function of PKA but were Quench Flow Apparatus Model RGF-3 and a previously
performed under nonphysiological concentrations of 10 mM published procedurel). Quench flow experiments were
free Mg when more than 80% of the second site is typically executed by loading equal volumes of enzyme,
occupied. To gain insight into the rate of phosphoryl transfer buffer, magnesium chloride, ang-f?P] ATP (600-2000
and to establish a complete kinetic mechanism for PKA under com pmot?) into one sample loop and Kemptide and
cellular magnesium levels, we performed pre-steady-statemagnesium chloride into the other in 50 mM Mops (pH 7).
kinetic studies at 0.5 mM free Mg and compared them to  Variations on this mixing scheme are stated in the text. The
those previously reported at 10 mM Kig(1). The data show  reactions were quenched using 30% acetic acid, and phos-
that the phosphoryl transfer step is fast and does not limit phorylated Kemptide was separated from unreacted ATP by
turnover at both concentrations of magnesium. However, aa filter binding assay 14). A portion of each quenched
detailed analysis of the dependence of substrate and ATPreaction (55«L) was spotted onto a phosphocellulose filter
concentrations on the pre-steady-state kinetic transientsdisk and was washed four times with 0.5% phosphoric acid.
provides evidence that an ATP-linked conformational change The filter disks were rinsed with acetone, dried, and counted
precedes phosphoryl transfer and partially limits turnover. on the3?P channel in liquid scintillant. Control experiments

were performed to determine the background phosphorylation

MATERIALS AND METHODS (i.e., phosphorylation of peptide in the presence of quench)
and phosphokemptide retention on washed filter disks using
X ) i previously published protocolsl). The time-dependent
pholino) propane sulfonic acid (Mops), lactate dehydroge- .,ncentration of phosphokemptide was then determined by
nase, pyruvate kinase, nicotinamide adenine dinucleotide,Considering the total counts per minute (CPM) on each disk,
reduced (NADH), and phosphoenolpyruvate were purchasedine gpecific activity of the $P-y] ATP label, the total
from Sigma Chemicals. Magnesium chloride, phosphoric . jiected volume, the background phosphorylation, and the
aC|_d, _a_nd liquid scintillant were obtained from Fisher phosphokemptide retention on washed filter disks.
Scientific. Phosphocellulose filter disks were purchased from ™ \/iscosometric MeasurementEhe relative solution Vis-
Whatman, and 9[-*"] ATP was obtained from NEN  qsities g of buffers containing glycerol were measured
Products. relative to a standard buffer of 50 mM Mops, pH 7.0, at 24

Peptide and Enzym@&he heptameric peptide, LRRASLG  °C, using an Ostwald viscometerlq). Each viscosity
(Kemptide), was synthesized at the USC Microchemical Core measurement was carried out using 5.0 mL of buffer
Facility using Fmoc chemistry and purified by C-18 reverse- containing varying amounts of viscosogen, glycerol. The
phase HPLC. The inhibitor peptides, LRRNALG and LR- following relative solvent viscosities were obtained for the
RAALG, were provided to us by Susan Taylor and Siv puffers (% viscosogeny™): 35% glycerol, 2.9; 30%
Garrod. Kemptide concentrations were determined by turn- glycerol, 2.4; 20% glycerol, 1.9; 15% glycerol, 1.5.
over with the C-subunit under conditions of limiting peptide  Data AnalysisData in the quench flow time courses were
in the spectrophotometric assay. Recombinant C-subunit wasit to an empirical function containing a single exponential
expressed inEscherichia coliand purified according to  and a linear component:
previously published procedures (Yonemoto et al.). The
concentration of the enzyme was measured by its absorbance y = a[E]{[1 — exp(=kyt)] + Lt 1)
at 280 nm AO.l% = 12)

Coupled Enzyme Assayhe enzymatic activity of the  wherey is the concentration of phosphopeptidejs the
C-subunit was determined as described previously (Cook et.observed burst amplitudek, is the observed burst rate
al., 1982). The oxidation of NADH, monitored spectropho- constant, and is the observed linear rate. The observed
tometrically as an absorbance decrease at 340 nm, is coupledinear rate constank,, can be determined from the ratio of
to the production of ADP by lactate dehydrogenase and L and the enzyme concentratiok & L/[E],). Plots of the
pyruvate kinase. All reactions were measured in a Beckmanobserved values fok_ were fit to the Michaelis Menten
DU640 spectrophotometer equipped with a microcuvette equation to obtaiica, Kpepide @ndKare. Plots ofa either as
holder. Typical steady-state kinetic assays were performeda function of ATP concentration (fixed Kemptide concentra-

Materials Adenosine triphosphate (ATP), BHmor-
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Table 1: Steady-State Kinetic Parameters for Kemptide LA L L L
Phosphorylation at 0.5 and 10 mM Free VMg
[Mg?*] free (mM)
parameter 05 10 'i:
Keat (579 45+ 5.0 22 2
K peptide (tM) 8.3+4.1 6.9 -
Kate (uM) 200+ 20 17 0
KeatKate (UM ~1s72) 0.22+0.033 1.3
kcat/erptide(ltM71 Sfl) 54+27 3.2
K, (LRRAALG) (uM)¢ 40+ 8 1900
Ki (LRRNALG) (uM)¢ 20+ 6 o , L . ,
aThe kinetic parameters were measured using the coupled enzyme 0 2 4 6 8 10 12

assay in 50 mM Mops (pH 7.These data were taken from ref

¢ These data were taken from réf. ¢ C-subunit (16 nM) was pre-
equilibrated with 2 mM ATP, 2.5 mM MgG] and varying inhibitor
(0.05-0.4 mM), and the reaction was initiated with Kemptide (200
uM for LRRNALG and 66uM for LRRAALG). The initial velocity

of the reaction was plotted as a function of inhibitor concentration,
and the data were fit to the MichaelidMenten equation where the
apparentKpepide (*PKpepiad IS given by the following relationship:
alpFerptide: erptide (1 + [I]/ KI)-

tion) or as a function of Kemptide concentration (fixed ATP
concentration) were fit to eq 2:

_ [omal[ELIS]
[S]+ Kapp

n

)

wherey is the normalized amplitudex([E],) at any given
Kemptide or ATP concentratiomma/[E]o is the maximal,
normalized amplitude, anid,,is the concentration at which
50% of oamay[E]o is achieved. The value af is 1 for plots

of o/[E], versus ATP concentration and the valuends 2

for plots of a/[E], versus Kemptide concentration. The data

were fit using the Macintosh computer graphics program,

[Mg2+]free (mM)

FIGURe 1: Turnover rate constankdg,) for the phosphorylation of
Kemptide as a function of free Mg. C-subunit (7.2 nM) was pre-
equilibrated with ATP (5 mM) and varying, free ¥ig(0.5-10
mM), and the reaction was initiated with 408 Kemptide in 50
mM Mops, pH 7. The total concentration of MgQlnged from
5.4 to 15 mM. The initial velocity of the reaction was monitored
using the coupled enzyme assay, &gdwas measured from the
ratio of the initial velocity and the total enzyme concentration.

to a hyperbolic function provides observed rate constants at
0 (°kca) and infinite (") free Mg?™ of 60+ 10 and 12+

4 s71, respectively. The concentration of free magnesium at
which the half-maximal rate is achieveldyg) is 2.1+ 0.50
mM. These values for the recombinant mouse PKA are
consistent with those previously reported for the bovine
enzyme 8). The observed affinity for magnesium implies
that the second metal site is approximately 80% and 20%
occupied at 10 and 0.5 mM free Nig respectively. Finally,

the inhibitory constantsK() for two competitive inhibitors,
LRRNALG and LRRAALG, were determined at 0.5 mM
free Mg@?™ using the coupled enzyme assay. Tevalues

for LRRNALG and LRRAALG are reported in Table 1 and

Kaleidagraph (Synergy Software), which utilizes an iterative 4,6 petween 2- and 5-fold larger thpepide
least-squares algorithm. Some pre-steady-state kinetic data Efects of Salent Viscosity on the Steady-State Kinetic
were similated using the numerical integration program parameters The effects of solvent viscosity on the phos-

KINSIM (16).
RESULTS

phorylation of LRRASLG were measured using the coupled
enzyme assay. The ratios lqf: andk../Kate in the absence
and presence of glycerolK)°/(Kea) Or (KealKatp)®/(Keaf

Steady-State Kinetic Parameters and Inhibition Constants Karp)] are plotted in Figure 2 as a function of relative solvent

for PKA. The steady-state kinetic parameters for the C-

subunit of PKA at fixed, free magnesium (0.5 mM) were
measured. Th&y, for peptide Kpepiad Was measured from
a plot of initial velocity versus Kemptide {8300 M) at
fixed ATP (2 mM) and Mg (2.5 mM). TheK, for ATP
(Kate) was measured from a plot of initial velocity versus
ATP (0.05-1.5 mM) at fixed Kemptide (1 mM) and free
Mg?* (0.5 mM). From these plot&ea, Kpeptide aNdKatp Were

viscosity ¢""). The data are fit to linear functions, and the
slope values Kca)” or (KealKatp)”] are included in Table 2.
An accurate determination of the effects of solvent viscosity
0N KealKpepiize Was not possible using the coupled enzyme
assay owing to the low value ¢fpepigeand the large error
associated with its measurement (Table 1). To circumvent
this problem, we measured an apparkatKpeptige (3PHKeal
Kpeptiad iN the presence of a competitive inhibitdt) ( This

measured and are listed in Table 1. These values for theinhibitor, LRRNALG, increases the observEg.yiseWithout
recombinant mouse enzyme are consistent with previously affecting kea: (17). The values oPPKafKpepiice Were deter-

reported parameters using bovine PKA at 0.5 mM freéMg

mined from linear fits of the plots of velocity versus

(8). The steady-state kinetic parameters for recombinant Kemptide concentration. At 0% glycerdPkealKpeptigeiS 50
mouse PKA at 10 mM free magnesium are included in Table mM~! s™1, a value consistent with thi€, for LRRNALG
1 for comparison. While free magnesium does not affect (Table 1). The values oK a/Kpepice In the absence and

Kpeptide the values fokeaiandKare are 2- and 12-fold higher
at low compared to high free metal. The 2-fold inhibitory
effect of high magnesium ok is offset by a loweKarp

so thatk., /Katp is actually 6-fold higher.

presence of glycerol $f&.afKpeptidd */(*PKeal Kpepiid] as a
function of relative solvent viscosityy®) are shown in
Figure 2. No changes in this parameter were measured at
the highest glycerol concentrations, indicating tHafk{./

The steady-state turnover rate constant for the C-subunitKpepigd” is close to O (Table 2). Finally, we have shown

of PKA was measured as a function of free ¥gA plot of
keat Versus free Mgt is shown in Figure 1. Fitting the data

previously that theK, for LRRAALG is similar at 0% and
30% glycerol (), indicating that the lack of a viscosity effect
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FiGure 2: Effects of solvent viscosity on the steady-state kinetic [ — : — . .
parameters at 0.5 free Mg The kinetic parameter&a; (®), Keat i q
IKatp (O), and@Pieq /Kpepiice (), are plotted as relative values in B O 11
the absence and presence of varying glycerol as a function of a0 3 3
relative solvent viscosity/f®). The parameter., andkea/Kate, S . ] 08
were measured using 2Q(M LRRASLG, varying ATP (0.+1 — [ 2
mM) and MgC} (0.6—-1.5 mM), and®keat /Kpepiice Was measured 'g 106 o
using varying Kemptide (56200 «M), 2 mM ATP, and 2.5 mM 2 Ll <
MgCl; in the presence of 1 mM LRRNALG. All reactions were o~ [ 104 =
initiated with Kemptide. The data are fit with linear functions, and r 1
the slope values are listed in Table 2. 10 5 4 0.2
Table 2: Viscosity Effects on the Steady-State Kinetic Parameters 0 o 0
for Kemptide Phosphorylation at 0.5 mM Free Mg 0 0.5 1 15 2 25
[Mg?*] free (mM) [ATP] (mM)
parameter 05 10 Ficure 3: Phosphorylation of Kemptide using varied ATP (pre-

equilibration with PKA) and fixed Kemptide at 0.5 mM free g
(kea)” 0.92+0.04 10 (A) Production of phosphopeptide as a function of time at ©P (
(KearKpeptiag” —0.04+0.04 ¢ and 0.2 mM @) ATP and 0.5 mM free Mg C-subunit (final

(kkca‘ﬁf?n,l d 8'ggi 8'828 12 concentration: 3.M) is pre-equilibrated with ATP and Mg
Ié(ﬂ*l d s 5604 290 =220 prior to starting the reaction with 200M Kemptide in 50 mM
k4((ssfl))d 49158 5 Mops (pH 7). With the use of eq 1, the valuescofindL are 1.4

+ 0.11uM and 53+ 5 uM/s at 0.2uM and 2.8+ 0.21uM and

2The kinetic parameters were measured using the coupled enzymel45 + 6 uM/s at 1 mM ATP, respectively. At both ATP
assay in 50 mM Mops (pH 7.These data were taken from réf concentrationsk, is approximately 500 3. (B) Effects of ATP
¢ This value is taken from red8. @ These rate constants were determined concentration on the amplitud®) and linear ©) terms in the pre-
from the following relationshipsk; = Keaf Kate/(KeafKatp)", ks = Keal steady-state kinetic transients. Each parameter was obtained from
[1-(Kea)], ks = keal(Kead” (28). fitting the kinetic data to eq 1 using 62 mM ATP, 0.5 mM free
Mg?*, and 200uM Kemptide. The normalized amplitude/[E],,

) ) ) and the linear rate constari,, were fit using eq 2 whem = 1
on KealKpeptideiS NOt due to a compensating effect on peptide and the Michaelis Menten equation. The parameter fits are listed
affinity. in Table 3.

Pre-Steady-State Kinetics Using Variable ATPAEP +
S—). The phosphorylation of Kemptide on the millisecond Table 3: Parameter Fits for the Pre-Steady-State Kinetic Transients
time frame was measured using a rapid quench flow Wh?n PRATs Pre-equilibrated with ATP
instrument and a radiochemical assay. Figure 3A shows pre-Variableligand  amal[Elo  Kapp(uM) ~ kear(s™)  Km (uM)
steady-state kinetic transients at fixed enzyme and Kemptide ATP 0.95+0.06 230+ 77 46+5 220480
concentrations and two concentrations of ATP. In this _ Kemptide  0.86:0.06  5.0+2.9 44+2 10+3
experiment, C-subunit and ATP are pre-equilibrated prior  2The kinetic parameters were measured using a radiochemical assay
to the addition of Kemptide. Under both concentrations of in 50 mM Mops, pH 7. The parameter fits originate from the data in
ATP, the kinetic transients are biphasic with a rapid, Figures 3A and 4A using eq 2 f@tmad[Elo andKap, (n = 1 for ATP

tial (burst) phase followed by a slower, linear phase as the varl_able Il_gand aml= 2 fo_r Kemptide as the variable ligand)
exponen - p _ y J p *and the MichaelisMenten equation fokes and K.
The data are fit to eq 1 to obtain values foandL of 1.4

+ 0.10uM and 53+ 3 uM/s at 0.2 mM ATP and 2.8t Both the normalized amplitudeu[E],) and the linear rate

0.21uM and 145+ 6 uM/s at 1.0 mM ATP, respectively.  constantk = L/[E],) vary hyperbolically with the nucleotide

At both ATP concentrations, the burst rate constéaptjs concentration at fixed Kemptide. The parameter fits are listed

approximately 500°S. in Table 3. At all ATP concentrations, the burst rate constant
Since the linear and exponential phases in Figure 3A are (k) was approximately 500°$. Given the deadtime of the

different at 0.2 and 1.0 mM ATP, the kinetics were rapid quench flow instrument (2 ms) and the fast, linear rate

performed at a series of ATP concentrations {210 mM) (46 s at high ATP concentrations), it is difficult to assign

at fixed concentrations of Kemptide (0.2 mM). Figure 3B accurately the rate of the burst phase, but on the basis of the

shows the effects of ATP concentration on the amplitude high amplitude @ma/[Elo = 1), we presume that the

and linear phases of the pre-steady-state kinetic transientscomputer-generated value kf is a lower limit?
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Ficure 4: Phosphorylation of Kemptide using fixed ATP (pre-
equilibrated with PKA) and variable Kemptide at 0.5 mM free
Mg?*. (A) Production of phosphopeptide as a function of time at
0.20 @) and 0.010 mM @) Kemptide. C-subunit (final concentra-
tion: 1 uM) is pre-equilibrated with ATP (final concentration: 1
mM) and 0.5 mM free Mg prior to starting the reaction with
varying Kemptide in 50 mM Mops, pH 7. Fitting of the two data
sets to eq 1 gave values of 410180 s, 0.80+ 0.07 M, and

43 + 4 uMIs for k,, a, andL, respectively, at 0.2 mM Kemptide.
Values of 150+ 30 s'1, 0.39+ 0.10uM, and 22+ 4 uM/s were
obtained forky, o, andL, respectively, at 0.01 mM Kemptide. (B)
Effects of Kemptide concentration on the amplitud® @nd the
linear @) terms in the pre-steady-state kinetic traces. Each
parameter was obtained from fitting the kinetic data to eq 1 using
1 mM ATP, 0.5 mM free Mg", and 16-200 uM Kemptide. The
normalized amplitudey/[E],, was fit to eq 2 whem = 2 and the
linear rate constantk, was fit using the MichaelisMenten
equation. The parameter fits are listed in Table 3.

Pre-Steady-State Kinetics Using Variable Kemptide (E
ATP+ S—). To provide more information on the association
of the peptide substrate with the enzyme, we measured th
pre-steady-state kinetic transients using variable concentra
tions of Kemptide. In this experiment, C-subunit is pre-
equilibrated with ATP and MgGland the reaction is started
with varying amounts of Kemptide at 0.5 mM free Rig
Figure 4A shows the production of phosphopeptide as a
function of time at two concentrations of Kemptide (0.01
and 0.2 mM). Fitting of the two data sets to eq 1 gave values
of 4104 180 s%, 0.80+ 0.07uM, and 424 4 uM/s for ky,

o, andL, respectively, at 0.2 mM Kemptide. Values of 150
+ 30 s, 0.39+ 0.10uM, and 23+ 4 uM/s were obtained
for ky, a, and L, respectively, at 0.01 mM Kemptide. The

2When the concentrations of ATP and Kemptide are high, the
normalized amplitude of the “burst” phasen:/[E]o) can be related
to the rate of the phosphoryl transfer stkyf) &nd the net rate for product
release Ks) by the following relationship:ama/[E]o = (Ka/(ks + Ka))?
(1). If amad[Elo is close to 1ks > Ka.

e
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values fork_ (L/[E]) of 23 and 42 s! at 0.01 and 0.2 mM
Kemptide are consistent with the steady-state kinetic pa-
rameters in Table 1.

Since the kinetic transients in Figure 4A are different, rapid
qguench flow studies were performed at several concentrations
of Kemptide. Experiments were performed as shown in
Figure 4A except that the final concentration of Kemptide
was varied from 0.01 to 0.20 mM. Under all conditions, the
production of phosphopeptide followed biphasic kinetics
(data not shown) and the data were fit using eq 1. Figure
4B shows the effects of Kemptide concentrationadfE],
andk_. The linear rate data were fit to the Michaeliglenten
equation to obtain values of 44 2 st and 10+ 3 uM for
Kear andKpepide These values are consistent with the steady-
state kinetic parameters obtained from the coupled enzyme
assay (Table 1), verifying that the linear phase in Figure 3A
measures the steady-state rate. The amplitude data were fit
to eq 2 wheran = 2 to obtain values of 0.8& 0.06 and 5.0
£ 2.9uM for amad[E]o andKap, (Table 3). We have shown
in a previous study that the burst amplitude varies as a
squared function of the Kemptide concentration (eq 2 where
n = 2) if the peptide rapidly exchanges with the active site
(1. Under these conditions, which have been verified by
the viscosity studies (Table 2Kapp is equal to Kpepide
(compareKpeptige= 8.3 uM and Kapp = 5 uM; Tables 1 and
3). Between 50 and 20@M Kemptide, k, was fit to values
of approximately 400 § (data not shown). Given the
deadtime of the rapid quench flow instrument (2 ms) and
the fast, linear ratek( = 46 s, it is difficult to assign
accurately the rate of the burst phase in this concentration
range. At 1quM Kemptide, however, the observed burst rate
was much slowerk, = 150 s'1).

Pre-Steady-State Kinetics Using Variable ATPH{RATP/S
—). To derive information on ATP binding at physiological
magnesium concentrations, we performed the pre-steady-state
kinetic experiments under conditions where PKA was not
pre-equilibrated with ATP. Figure 5A shows the production
of phosphopeptide (normalized to the enzyme concentration)
as a function of time when PKA is mixed with Kemptide
and two concentrations of ATP (0.2 and 3 mM). These
experiments were repeated under identical conditions except
Kemptide was pre-equilibrated with PKA and the reaction
was initiated with ATP. No change in the time-dependent
production of phosphopeptide was detected under these
conditions (data not shown). The lines drawn through the
data were generated from the kinetic simulation program
KINSIM and Scheme 3 (see Discussion section). These
experiments were also performed at 1, 2, and 4 mM ATP
(data not shown).

Pre-Steady-State Kinetics Using 10 mM Free Magnesium
The original pre-steady-state experiments on PKA were
performed with ATP and the enzyme pre-equilibrated before
reaction initiation with Kemptidel). Under these conditions,
no direct information on ATP binding could be obtained.
To expand our understanding of ATP association, we
measured the phosphorylation of Kemptide using 0.5 and
10 mM free Mg in the absence of ATP pre-equilibration.
In this experiment, C-subunit and Kemptide are pre-
equilibrated. The time-dependent production of phospho-
kemptide at both concentrations of free magnesium are
shown plotted in Figure 6. The line drawn though the data
at 10 mM free M@" was generated using eq 1, and the line



Kinetic Studies of Protein Kinase A Biochemistry, Vol. 38, No. 17, 199%577

T T T T T T T T T T T T T T T T T | 8 T T T T T T T
2.5 r [} 7
L - —
N A ] =
2 r - 3 6 7
L i
[ .- = °
~ 15 | E=]
w : - & 4r 1
S 3
EL 1 - [ -1 L
: > L |
F 2
05 . A o E 2 °
;: o) 1 0 L1 RSOOSR U E Y SV E VN SR B ]
0 - [ S SN AN VAN TN ST TR (SUOE SN SR TN S S S S SRS S SV T
o 0.02 0.04 0.06 0.08
0 0.01 0.02 0.03 0.04 Time (seconds)
Time (seconds) Ficure 6: Phosphorylation of Kemptide using 0.5 mKb)(and

10 mM (@) free Mg?™ without ATP pre-equilibration. C-subunit
T ' T ' T ' = (final concentration: M) is pre-equilibrated with Kemptide (final
concentration: 20@&M), and the reaction is initiated with ATP
(final concentration: 1 mM) in 50 mM Mops, pH 7. The final
concentration of MgGlis 11 mM. The line drawn through the data
7 at 10 mM free M@" was generated using eq k, = 300 + 60
] sl a=18+0.11uM, andk /[E] = 24 + 2 s'L. The line drawn
. through the data at 0.5 mM free Migwas obtained from kinetic
J simulations using Scheme 3 (see text).

1000
800
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400

k, [ATP] () or k,' [ATP] (0)

- Scheme 1
200 ]
[ ] ko ks kg
; E'ATP + S E*ATP®S ————> E'ADPP ————>
0 k.2
0 1 2 3 4
[ATP] (mM) Scheme 2
. . . ) . k k.
Ficure 5: Phosphorylation of Kemptide using fixed Kemptide and  g.g , aTP 1 EeATPS ——— = EeADPP — =
variable ATP without pre-equilibration at 0.5 mM free fig(A) K.1

Normalized production of phosphopeptide ([P]{E&s a function
of time at 0.2 mM Q) and 3 mM @) ATP. At 0.2 mM ATP, the is, therefore, important to understand the delicate interplay

final concentrations of PKA, Kemptide, and MgGire 2.4uM, between structural changes and catalytic mechanism. To
200 uM, and 0.69 mM, respectively. At 3 mM ATP, the final 44 ecc the role of low magnesium levels in controlling the

concentrations of PKA, Kemptide, and Mg@re 5.5«M, 200uM, . . -
and 3.42 mM, respectively. The lines drawn through the data were PhoSphoryl transfer step and associated ligand binding and

obtained from simulated data using Scheme 3 (see text). (B) Plotconformational steps, we measured the pre-steady-state
of ki[ATP] (@) andky'[ATP] (O) as a function of ATP concentra-  kinetics of this enzyme at 0.5 mM free Migusing a rapid
tion. k; was determined from viscosity measurements (Table 2), quench flow technique.

and k;' was determined from simulated data. The dashed line .

indicates the rate of phosphoryl transfer measured under conditions Exchange Rates for_ ATP and Kemp“d interpret _the

of ATP pre-equilibration. effects of free magnesium on Kemptide phosphorylation, we
measured the influence of viscosogens on the steady-state

drawn though the data at 0.5 mM free Mgvas generated  kinetic parameters. Changes in the relative viscosity of the

from Scheme 3 using numerical integration (see text). buffer have large effects on two parameteds; and Kea/
Katp, Without affectingkea/Kpepide (Figure 2 and Table 2).
DISCUSSION We interpret these effects using the kinetic mechanisms in

PKA requires an essential magnesium ion for catalysis but Schemes 1 and 2, wheke andk-, are the association and
will bind a second metal which prominently influences dissociation rate constants for ATR; and k-, are the
substrate phosphorylation. In recombinant mouse PKA, association and dissociation rate constants for Kempkide,
complete occupancy of the second metal site loggdby is the phosphoryl transfer rate constant, &ds the net
6-fold (Figure 1). By comparison, lowering the occupancy dissociation rate constant for the products. The rate constants
of the second site from 80% at 10 mM to 20% at 0.5 mM for the individual steps in Schemes 1 and 2 can be derived
free Mc?* decreasek.o/Karp by 6-fold (Table 1). These large 0N the basis of the sensitivity d¢a, KealKpepidze @nd keaf
and opposing effects underscore the need for detailed kineticKare to added viscosogens using the StokEsistein equa-
analyses at physiological (0.5 mM) as well as high magne- tion and the following relationships:
sium concentrations. We have shown previously that the rate
of phosphoryl transfer is fast and does not limit turnover at (kead” = — 3)

10 mM free Mg@* (1). However, the selection of high, free 2 kst Ky

concentrations of magnesium for kinetic assays does not K

adequately mimic the cellular environment which consists (Kool Koonriad” = s (4)
of approximately 0.5 mM free Mg (7). With the recent pep ko, + kK

progress in the X-ray analysis of protein kinases, it is now ks

apparent that catalysis will be linked to subtle and large Koo )l=—> 5
structure changes in and around the active 4i8-3). It (eaf Kore) Koyt kg ®)
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where kea)”, (KealKpepiiad”, and keal Kate)” are the slopes for ks[S]

the pIOtS of kcat)olkcata (kca{erptidgo/(kcalleeptidgu and kcall kb: [S] + K + k4 (6)
Katp)®/(keafKatp) VErsusy™, respectively. We can use the d

rate expressions fokea [ksKa/(kstKas)], KealKpeptide [KoKs/ . . . . - .
(k_r+k3)], and kealKare [kiks/(k_1+ks)] and egs 35 to In this equatiorK, is the dissociation constant for Kemptide
determine or put limits on the individual steps in Schemes 1 from the ternary complex, TP-S, ancks andk; are defined

and 2. These values, reported in Table 2, indicatekhit N Scheme 1. Althougfk, is large at concentrations of
fast and does not limik.. However, on the basis of the ~Kemptide exceeding 50M, kyis 150 s* at 104M Kemptide
value of k)" there is a large uncertainty in the measurement (Figure 4A), a rate constant that can be measured accurately

of ks. The absence of a viscosity effect okea{Kpeptidd” '

in the rapid quench flow instrument. We can use eq 6, the
implies that Kemptide dissociates from the ternary complex

value ofk, obtained from viscosity measurements, and the
E-ATP-S, faster than the rate of phosphory! transfer, (> " dissociation constant for the competitive inhibitor, LR-
ks) and is in rapid exchange with the active site. By

RAALG (Table 1), to estimate a value of 500sfor ks.
comparison, the large viscosity effect &g/Karp implies

Although an assumption in this treatment of the data is that
that ATP dissociates from the enzyme slowly compared to thhe K, fohr LRRAAL(;’ IS S'm(']:f"‘r to t.hﬁKd _flgr Kemptlc:je, we
the rate of phosphoryl transfét ¢ < ks). Given these resullts, P?XE’ ShOWE in gtKer studies \I’V't Wi -tlypfi 22 2mutant
keafKpepiide MUst be limited by the ratio of the phosphoryl s thatKq andK, are very close in valuel( 25-27).
transfer step and the dissociation constant for peptige (

While we cannot measure directly a rate constant of 580 s
K¢) andkeafKare must be limited solely by the rate constant in our instrument, we assume that phosphoryl transfer is not

for ATP associationky). less than this value since the amplitude of the burst phase at

L . ) . high ATP and Kemptide concentrations is close to 1 (Table
Isotope partitioning experiments have been applied previ- 3y "2 Athough the second magnesium ion in the active site

ously to determine the exchange rates of ATP and Kemptide ot pk A is considered an inhibitory metal owing to its effect

in the active site of bovine PKA at 0.5 and 10 mM freeMg o tymover (Figure 1), this inhibitory ability does not extend
(24). These studies demonstrate that ATP dissociates slowly;y the phosphory! transfer step since the rate constant for

from the enzyme compared to the catalytic step at all phosphoryl transfer appears to be equivalently large at 0.5
magnesium levels, implying thé¢./Karp is limited by the mM and 10 mM free M§'.

rate of nucleotide association. The viscosity data for recom-
binant mouse PKA agrees with these ATP studies at both
low and high free Mg". At low Mg?", however, the viscosity

- ) . : _ rate constant for ATPk,, limits k.a/Katp (Scheme 2 and
Qata |nd|cate_ that Kemptide dlssom_ates _rap|d_ly whereas Table 2). Consequently, the pre-steady-state kinetic transients
isotope trapping suggests that Kemptide dissociates slowly.

U _ Jfor ATP binding and phosphotransfer (Figure 5A) cannot
This d|scre_pancy may b_e due to the choice of_ substrate in be interpreted in the same manner as Kemptide binding
both experiments. The isotope exchange studies were per(giq re 44). Instead, we applied numerical integration using

formed with an acetylated Kemptide while our viscosity the kinetic simulation program KINSIMLE) and Scheme 3
studies were performed with a peptide substrate possessingt]0 interpret the data in Figure 5.

a free amino terminus. Th&,, for acetyl Kemptide is
approximately 10-fold lower than that for unmodified Kemp-
tide (8, 24) suggesting that both substrates may have different
exchange properties in the active site. For example, when

phosphoryl transfer is fast (i.és > ki), theK,, for Kemptide andk, to get the best fit to the data. The two data sets in

is eitherkd/ko (whenks = k-) or Kaki/ks (whenk- > k). Figure 5A were best modeled whég was set at 0.30 and
What is the Rate of Phosphoryl Transf&i@ obtain direct 0.06uM~1 st at 0.2 and 3 mM ATP, respectively, athel
information on the phosphoryl transfer step, we measuredas set at 704. By varyingks, we could not find conditions
the phosphorylation of the peptide substrate prior to the wherek,' is invariant (data not shown). Also, we did not
accumulation of the steady-state species. As shown in Figurepptain significantly different values &' andk, by increasing
3A, the production of phosphopeptide is biphasic at saturating k; above 500 st (data not shown).
Kemptide concentrations (2QiM). The slow, linear phase The data sets at 1, 2, and 4 mM ATP (not shown in Figure
is ATP-dependent (Figure 3B) and provides valuesfor 5A) were also modeled to obtain suitable valuesf(ks
andke, that are similar to those measured using the coupled 55 pest fit at 70 4). The values ok,/[ATP] that best fit
enzyme assay (Tables 1 and 3). This confirms that the lineary, o experimental data are shown plotted in Figure 5B as a
phase in the quench flow experiment corresponds to thefnction of ATP concentration. Although the valueskgt
steady-state quetlc rate. The rapid bL!I’St in product at all [ATP] are expected to respond linearly with the nucleotide
ATP concentrations corresponds to a fitted rate constant of concentration owing to the bimolecular nature of the reaction,
approximately 500 $. This value, however, must be ihere s no change in this term between 1 and 4 mM ATP.
interpreted cautiously since the effective deadtime of the |t the association of ATP and the attainment of the ternary
instrument is 2 ms and approximately 40% of the initial burst complex, EATP-S, is limited purely byk; (0.24uM 1 s79),
phase is complete at this fast rate constant (vide infra). a5 predicted by the viscosity studies, the observed rate for
Previous kinetic analyses of PKA at 10 mM free magne- ATP binding would be faster than the rate for phosphoryl
sium showed that the observed burst rate constantaries transfer above 2 mM ATP (Figure 5B). Sindg'[ATP]
hyperbolically with the concentration of Kemptid#) (and remains constant at 170%sabove 1 mM ATP, a rate value
can be fit to eq 3 whelk_, > ks, well below our estimated phosphoryl transfer rate (500,s

A Conformational Change Precedes the Phosphoryl
Transfer StepViscosity studies indicate that the association

Scheme 3 is similar to the kinetic mechanism in Scheme
2 except thak; is replaced withk," andk-; is ignored since
ATP is sticky (i.e.,k-1 < kg). For the kinetic simulations,
we fixed initially the value ofks (500 s) and variedk,’
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we presume that the overall binding of ATP must limit the '-%_ s L g |
burst phase. This implies that an ATP-related conformational @ - e
change step precedes the phosphoryl transfer step and 2 | 9 i
effectively limits its value. To illustrate this phenomenon, & QR
we simulated the pre-steady-state kinetics for Kemptide 2 o _égé-ﬁ‘ i
phosphorylation assuming that ATP binding is limited only = A
by the bimolecular association rate constdnt(i.e., k;' = ottt
ki = 0.24uM~1 s71). For this simulation, shown in Figure 0 001 002 003 004 005 006 007
5A using a dotted line, the value d& is 50 s which Time (seconds)

.mam.taln.s the a.ppr(.)p”atea‘pf 45 s The initial burst phgse FiGure 7: Phosphorylation of Kemptide using 0&)(and 0.5 O)

in this simulation is considerably faster and larger in the mm ATP pre-equilibrated with PKA. C-subunit (final concentra-
simulated data compared to the experimental data. While wetion: 3.2uM) is pre-equilibrated with varying ATP and Mg prior
have treated this conformational change as a component ofto starting the reaction with 200M Kemptide in 50 mM Mops

ki’ in Scheme 3 in our simulations, it is not clear whether (PH 7). The dotted lines drawn through the data were obtained from
this step occurs before or after ATP binding and it is possible KIN€ti¢ simulations using Scheme 4 (see text).

to satisfy the quench flow data with either scenario. We will Scheme 4

address the reaction sequence in a later section. Nonetheless, ATP] i8] ‘ v

this obligatory conformational change event precedes phos- E - EATP =——= EATPS — > EADPP —— >
phoryl transfer, is ATP-linked, and limits the burst rate ka Ka

constant. of the nucleotide. The best simulations to the two data sets
Are There Conformational Changes at High Free Mag- in Figure 7 arise whek_; is approximately 503, providing
nesium?The evidence for an ATP-linked conformational aKq4 for ATP of 200uM. In these simulations, we assume
change at physiological Mg levels led us to speculate an ordered addition of ATP and Kemptide for simplicity but
whether this step occurs at high free MgThe phospho- recognize that the substrate peptide binds the free enzyme
rylation of Kemptide was monitored under identical condi- upon mixing. In fact, isotope partitioning and detailed
tions of ATP and Kemptide at 2 concentrations of free?Mg  inhibitor studies indicate that ATP and substrate binding are
(0.5 and 10 mM) to see whether ATP binding limits the random and nonsynergistig,(24). We have shown in more
phosphoryl transfer step (Figure 6). At 0.5 mM free g complex simulations that the sarig for ATP is obtained
a shallow, slow burst phase is observed, consistent with theif the nucleotide and substrate bind independently (data not
data presented in Figure 5A. The line drawn through the datashown). In these simulations, we ignored the conformational
was generated from Scheme 3 using a kinetic simulation change step that limits ATP binding since the low concentra-
program and is consistent with a slow conformational change tions of ATP conceals this step (i.&G[ATP] <170 s9).
preceding the phosphoryl transfer step (Figure 5B). By Nonetheless, this step is included by choosing a low value
comparison, the high values far/[E] (0.9) andk, (ap- of ks (50 vs 70 s1). The kinetic mechanism in Scheme 4 is
proximately 300 s') at 10 mM free M@" indicate that  a simplification of a phosphoryl transfer mechanism that
phosphoryl transfer is fast under high metal concentrationsinvolves a conformational change associated with ATP
and is not impeded by a slower, prior conformational change binding. Accordingly, the value of 50§ for k_; may not
step. While these data cannot exclude a conformational steprepresent a single step as indicated in Scheme 4 but may
at higher magnesium levels, the rate value for this step would consist of a collection of rate constants associated with
greatly exceed 170°& Furthermore, owing to the low value  nucleotide binding and conformational changes. The simula-
of kearat 10 mM free M@" (20 s'%), such a conformational  tions in Figure 7 demonstrate thidkre is close in value to
change step would not participate in limiting turnover. the true dissociation constant for ATP. This equivalence,
Dissociation Constant for ATPSince ATP dissociates however, does not occur due to a slow phosphoryl transfer
slowly from the active site of PKA, no direct information step but rather is a result of similar values for andk,
regarding the dissociation constant of the nucleotide can be[note thatK4(ATP) = k_1/k; andKarp = ky/ki]. Finally, the
gathered from the viscosity studies. Likewise, no information similarity betweerK,y, (Table 3) andlare (Table 1) indicates
can be obtained from pre-steady-state kinetic studies whenthat the ATP dependence on the burst amplitude in Figure
ATP is the mixing ligand (Figure 5A). To determine the true 3B measures the fractional amount of enzyme-bound ATP
affinity of ATP, we modeled the pre-steady-state kinetic (i.e., [EEATP]/[E]o).
transients under conditions of varied ATP pre-equilibration.  Does the Conformational Change Precede ATP Associa-
Figure 7 displays the production of phosphopeptide as ation?While it is not uncommon for the association of ligands
function of time under conditions of 0.2 and 0.5 mM ATP and enzymes to be accompanied by a unimolecular, confor-
and 0.2 mM Kemptide. The dotted lines drawn through the mational change step, the positioning of the latter step with
experimental data were obtained from kinetic simulations respect to the bimolecular step is not easily surmised. In fact,
using Scheme 4, whetg, Ky, ks, andk, are set at 0.24M 1 a satisfactory solution to the kinetic data in Figure 5 can be
s1, 40uM, 500 s'%, and 50 s%, respectively. The simulations  obtained whether the conformational change precedes or
begin with variable amounts of E andATP based on a  occurs after the ATP association step. However, a consid-
selected, for ATP (i.e.,k-1/k;) and the initial concentration  eration of the dissociation constant for ATP, the pre-steady-
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Scheme 5 satisfies the kinetic data and more closely represents the
“Ky[ATP] ke Ks mechanism of ATP association.

E®) EATP (S) EeATP* (S) —— > ConclusionsPKA shows complex, magnesium-dependent
' * steady-state rate behavior. Our data demonstratekthat
Scheme 6 at 0.5 mM free Mg" is equivalent to thé&q for ATP. Also,

Kk [ATP ks the 20-fold increase iKae at 0.5 mM compared to 10 mM

E(S) E'(S) — EATP*(S) — free M@t is due to a proportional increase in tg value.

© ! Although occupancy of the second metal site improves ATP

L . ., binding affinity, the observed increase kg./Katp at high
state kinetics and the exchange properties of the nucleotldel:ree Mg" is due mostly to improvements in the rate-limiting

in the active site favor only one of these mechanisms. To o, -ounter of ATP with the active site. The observed
illustrate t_his.point, consider the two mechanistic extremes << ciation rate constant for ATRY(is 5-fold higher at 10
for ATP binding in Schemes 5 and 6. . versus 0.5 mM free Mij. Kemptide exchanges rapidly with

In these mechanisms the substrate is placed in parenthesege active site at both 0.5 mM and 10 mM free Mdut
to indicate that binding is rapid, does not present a large pinds 4-fold more tightly under the former conditions.
energetic barrier at high substrate concentrations, and maypyerall, the data show that occupancy of the second metal
occur with any of these complexes, but phosphory! transfer sjte has the opposing effects of increasing ATP affinity and
occurs only in the ternary complex. The bimolecular steps gecreasing Kemptide affinity.
in both mechanisms are distinguished from those in Schemes  The rate of phosphoryl transfer is fast at both magnesium

2—4 with a “starred” prefix. Under conditions of ATP pre- o\ els (approximately 5008 and does not significantly

equilibration, S can bind rapidly to-BTP or EATP*. In impact turnover. This is, indeed, a surprising result since
either meghanlsm ATP can bind to only one enzyme form, {he second metal makes a direct contact withytipaosphate
E(S) or EX(S). of ATP (4) and influences peptide affinity. The kinetic data

In Scheme 5, the following conditions can be placed on show definitive evidence for a conformational change
the kinetic pathway on the basis of pre-steady-state kinetic associated with ATP binding that precedes phosphoryl
and viscosometric experimentsk i < ke > k-c < ks. These  transfer and limits the burst phase at physiological metal.
conditions are based upon three observations: (1) TheThe rate constant of this structure change (170 and the
equilibrium constant for the conformational chan¢eq(= net rate constant for product release (79 partially control
ko/k-c) must be large to account for the large burst amplitude k., (45 s'2). We have shown previously that a conformational
when the C-subunit, pre-equilibrated with ATP, is mixed with change partially limits turnover for a fluorescently labeled
Kemptide. We place a lower limit of 10 fdfeqto account  mutant of PKA (1) but have found no evidence for such a
for the data in Table 3. (2) Sin¢&yis large and the observed  stryctural change in the wild-type enzyme at high magnesium
rate for the conformational change is slower than phosphoryl (12). While the conformational step identified in the present
transfer (Figure 5), the rate constant of the phosphoryl study may still occur under high magnesium concentrations,
transfer step must exceed the reverse rate constant for thexs rate value must be significantly greater than 170asd
conformational change stefs (> k-¢). (3) Owing to the large  would not participate in limitingkea: The data presented
viscosity effect orkca/Kare (Table 2), ATP must be sticky  herein represent the first observation of an obligatory
(kealKatp = *k1) and the rate constant of the conformational conformational change step in the phosphotransfer mecha-
Change Step must exceed the rate constant for ATP diSSOCianism of W||d-type PKA. We propose that this critical Step
tion (k. > *k-1). Given the value of 17078 for k., we place  supports a movement of several key catalytic residues
an upper limit of 20 st for *k_;. With these constraints, the essential for phosphory| group transfer.
dissociation constant for ATP in Scheme 5 is less than or
equal to 10uM [K(ATP) = *k i/*kiKed. Since this ~ ACKNOWLEDGMENT
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