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ABSTRACT. The dissociation rate constants for the two products of the reaction catalyzed by protein kinase
A, ADP and phosphopeptide, were measured using a catalytic trapping technique to determine the role of
product release in enzyme turnover. The enzyme was preequilibrated with ADP, and the reaction was
initiated with a peptide substrate, LRRASLG, and ATP in a rapid quench flow instrument. At high, free
magnesium concentrations 2 mM), the large ‘burst’ in phosphopeptide production disappears, and, at
low concentrations of free magnesium (6 5mM), the kinetic transients become sigmoidal prior to the
linear turnover phase. Increasing the concentrations of ATP or ADP did not influence the shape of the
kinetic transients in the first 20 ms. ADP preequilibration protects the enzyme from inhibition by the
covalent inactivatop-fluorosulfonylbenzoyl 5adenosine at 0.5 mM free magnesium, indicating that a
competent EADP complex forms at low metal concentrations and the sigmoidal behavior in the catalytic
trapping experiment is not due to free enzyme at high ATP concentrations. Simulations of the data indicate
that ADP release is rate-limiting for turnover at high magnesium concentrations, but, at lower physiological
levels of 0.5 and 1 mM, the off rate of ADP is 3- and 2-fold higher tkapnrespectively. In contrast, the

initial portions of the kinetic transients at 0.5 mM free magnesium were unaffected by phosphopeptide
preequilibration, indicating that the release rate of this product is significantly larger than turnover. The
transient kinetic data, coupled with a previous report [Shaffer and Adams (B&@Hemistry 385572—

5581], support a phosphorylation mechanism under physiological magnesium concentrations that
incorporates two partially rate-determining conformational changes, one prior to and one after the phosphoryl
transfer step. We propose that the initial step activates the enzyme through key positioning of one or
more active-site residues and the second step relaxes this conformation, a prerequisite for a subsequent
catalytic cycle.

The catalytic subunit (C-subunitpf protein kinase A PKA will not phosphorylate proteins without the assistance
(PKA) is liberated from its regulatory subunit by the binding of an essential, high-affinity Md. Based on X-ray data,
of cAMP. The free C-subunit is active, catalyzes the this metal chelates the- andy-phosphates of ATP and is
phosphorylation of numerous protein targets on serine andheld in position by a conserved aspartic acid residue, Asp-
threonine, and has widespread influence on many cellular 184 @). While this metal ion is sufficient for catalysis, a
processes ranging from carbohydrate metabolism to neuro-second, lower affinity site becomes occupied when the
transmitter biosynthesis [see revielj]( Over the years PKA ~ concentration of M§" exceeds that for ATP, a condition
has become a paradigm for the enzyme family of protein found in living cells ). This secondary metal chelates the
kinases based on several attributes. First, active PKA canc- andy-phosphates of ATP and is positioned by Asn-171
be obtained readily in large amounts either from tissue Of the catalytic loop 4). This site has been termed the
sources or in recombinant forn2)( Second, the C-subunit “inhibitory” site since its full occupancy reduces turnover
of PKA (40 000 kDa) contains no covalently bound regula- (Kea) by 5—6-fold (8) but, under physiological concentrations
tory domains that influence activity. Third, PKA was the ©Of 0.5 mM free magnesium, the site will be occupied partially
first protein kinase structure to be solved by X-ray diffraction (approximately 20%) owing to an apparent dissociation
methods. In recent years, PKA has been cocrystallized with constant of approximately 2 mM for the metd)(Given
various nucleotides, divalent metal ions, and inhibitor, these observations, a thorough understanding of the role of
substrate, and product peptid&s-6). th|_s secondary metal is critical for understandmg the mec.h—

anism of phosphoryl transfer catalyzed by this essential

protein kinase.
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rapid phosphoryl transfer in the active site (approximately in a final volume of 6QuL at 24 °C. PKA (6—60 nM) was

500 s). The linear portion of the phosphorylation reaction typically incubated with 0.0052 mM ATP, varying free
which corresponds to the steady-state kinetic rate is con-magnesium (0.510 mM), 1 mM phosphoenolpyruvate, 0.2
trolled by slow release of the product, ADPY. While these mM NADH, 12 units of lactate dehydrogenase, and 4 units
studies were performed when most of the inhibitory site is of pyruvate kinase for several minutes before initiating the
occupied, recent experiments demonstrate that phosphorykeaction with peptide. Background reactions were recorded
transfer is also fast at 0.5 mM free magnesium, conditions in the absence of Kemptide but were never more than 3%
closely approximating the level of activating metal in the of the Kemptide-dependent reaction over all substrate
cell (12). These studies suggest that the second metal ionconcentrations. The total concentration of Mg@¢eded to
does not participate in the phosphoryl transfer step, anobtain a desired free concentration of Mgvas calculated
unusual finding given its direct interaction with thephos- based on the dissociation constants of 0.0143 mM for Mg-
phate of ATP. Nonetheless, these results do not provide anyATP, 5 mM for Mg-PEP, and 19.5 mM for Mg-NADHL4).
information on the nature of the rate-determining step in the  Rapid Quench Flow Measuremenire-steady-state ki-
reaction under low metal ion concentrations. To determine netic measurements were made using a KinTek Corp.
the rates of dissociation of the products, ADP and phospho-Quench Flow Apparatus, Model RGF-3, and a previously
peptide, under different metal occupancy levels, a catalytic published procedure9). Quench flow experiments were
trapping procedure was employed. The data show thattypically executed by loading equal volumes of enzyme,
phosphopeptide release is fast at all levels of magnesiumbuffer, and magnesium chloride into one sample loop and
and ADP release and a conformational change are partiallyKemptide, [-3?P]JATP (600-2000 cpm pmol?), and mag-
rate-limiting under physiological metal ion concentrations. nesium chloride into the other in 50 mM Mops (pH 7) at 24
The results demonstrate that conformational changes and’C. For reactions performed in the presence of ADP or
ADP dissociation play equivalent roles in limiting turnover. phosphokemptide, either product was included in the sample
In a previous study, we demonstrated that a conformationalloop containing the enzyme. For experiments with preequili-
change precedes phosphoryl transfer and partially limits brated ADP, a stability constant of 0.25 mM for Mg-ADP
enzyme turnover at 0.5 mM free Mg (12). These data  was used to obtain the correct free magnesium concentration
support a coupled mechanism in which one conformational (14). Unless otherwise designated in the text, the concentra-
change precedes the phosphoryl transfer step and a secontions of the reactants represent those in the mixing chamber.

follows this step. The reactions were quenched using 30% acetic acid, and
phosphokemptide was separated from unreacted ATP by a
MATERIALS AND METHODS filter binding assay15). A portion of each quenched reaction

(55 uL) was spotted onto a phosphocellulose filter disk,

hed 4 ti ith 0.5% phosphori id, rinsed with
fonylbenzoyl 5-adenosine (FSBA), 3N-morpholino)pro- washe mes Wi ° phospronc acld, tinssd Wi

ifoni id (M I dehvd acetone, dried, and counted on t}® channel in liquid
panesulfonic acid (Mops), lactate dehydrogenase, pyruvateginijjant. Control experiments were performed to determine
kinase, nicotinamide adenine dinucleotide, reduced (NADH),

and phosphoenolpyruvate were purchased from Sigmathe background phosphorylation (i.e., phosphorylation of
. . . o a tide in th f h) usi iously published
Chemicals. Magnesium chloride, phosphoric acid, and liquid peptide in the presence of quench) using previously publishe

rotocol . The specific activity of §-3?P]JATP wa
scintillant were obtained from Fisher Scientific. Phospho- b s 9 spec ity 1] was

cellulose filter disks were purchased from Whatman, and determined by measuring complete turnover of known,
. ' limiting amounts of Kemptide in the rapid quench flow
[y-3?P]ATP was obtained from NEN Products. g P pie d

instrument. The time-dependent concentration of phospho-
Peptide and Enzymé&he substrate peptide, LRRASLG  kemptide was then determined by considering the total counts
(Kemptide), was synthesized at the USC Microchemical Core per minute (CPM) on each disk, the specific activity of the
Facility using Fmoc chemistry and purified by C-18 reverse |abeled phosphopeptide, the total collected volume, and the
phase HPLC. The phosphorylated form of the substrate packground phosphorylation on washed filter disks as
peptide [phosphokemptide; LRRAS(P)LG)] was provided to previously describeddj.
us by Drs. Susan Taylor and John Lew. Kemptide concentra- ESBA Inactiation. ESBA (0.03-0.5 mM) was incubated
tions were determined by turnover with the C-subunit under with the C-subunit (1Q«M) either in the absence or in the
conditions of limiting peptide in the spectrophotometric presence of varying ADP (0-5 mM) in 50 mM Mops (pH
assay. The purity of phosphokemptide was also determined?) containing 0.5 mM free magnesium (when ADP is present)
by C-subunit turnover. Less than 1% of the total phospho- and 1 mg/mL BSA in a total volume of 1Q@L at 30 °C.
kemptide contains Kemptide. Recombinant C-subunit was after designated time periods {®0 min), small aliquots
expressed irE. coli and purified according to previously (5 4L) were removed and diluted 100-fold in cold Mops
published procedure4d). The concentration of the enzyme  pyffer (4°C) to stop the reaction. A portion of this quenched
was measured by its absorbance at 280 Agik = 1.2). reaction mix was then assayed immediately for kinase
Coupled Enzyme Assayhe enzymatic activity of the  activity using the®?P assay and 10 mM free Mg Typically,
C-subunit was determined as described previow®lyThe 100 uL of the quenched reaction was added to a 100
oxidation of NADH, monitored spectrophotometrically as an mixture containing 2 mM ATP (approximately 200 CPM/
absorbance decrease at 340 nm, is coupled to the productiopmol), 12 mM MgC}, and 400uM Kemptide in 100 mM
of ADP by lactate dehydrogenase and pyruvate kinase. All Mops (pH 7). After varying time intervals, small volumes
reactions were measured in a Beckman DU640 spectropho-of this reaction (3QuL) were removed and added to gQ
tometer equipped with a microcuvette holder. Typical steady- of 30% acetic acid, and the phosphopeptide was measured
state kinetic assays were performed in 50 mM Mops (pH 7) as described in the previous section. Control experiments

Materials Adenosine triphosphate (ATPp-fluorosul-
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Ficure 1: Steady-state kinetic parameters for the phosphorylation
of Kemptide by PKA as a function of free Mg concentration.
C-subunit (20 nM) was preequilibrated with varying concentrations
of ATP (5—-2000uM) at varied, fixed free Mg" concentrations
(0.5-10 mM), and the reaction was initiated with 2QMM
Kemptide. The kinetic parameteiigs; and keo/Katp, Were deter-
mined from plots of initial velocity, measured in the coupled
enzyme assay, versus ATP concentration. The turnover data were
fit to a hyperbolic function to obtaik, values extrapolated to zero
and infinite free M@" concentrations of 56- 5 and 10+ 4 st

and an apparent metal affinity constant of 240.9 mM. The data
were also fit to a hyperbolic function to obtaky.,/Karp values
extrapolated to zero and infinite free Rfgconcentrations of 0.09

+ 0.04 and 1.5+ 0.51uM~1 st and an apparent metal affinity
constant of 3.1 1.3 mM.

[phosphokemptide]/[E]

o

were performed in which no FSBA was added but no
significant decrease in enzyme activity was measured after
an incubation period of 60 min at 3@ (data not shown).
The FSBA stock (175 mM) was prepared in neat DMSO,
but the final percent concentration of the solvent additive
was less than 1% in the inactivation reaction mix.

[phosphokemptide]/[E]

RESULTS 0 0.02 0.04 0.06 0.08

Magnesium-Dependent Steady-State Kinetic Parameters Time (seconds)
for PKA The steady-state kinetic parameters for the C- Ficure2: Time-dependent production of phosphokemptide in the
subunit of PKA were measured as a function of free?Mg  absence®) and presenced) of ADP at 10 (A), 1 (B), and 0.5
concentration using the coupled enzyme assay. C-subunit wagC) MM free Mg*. C-subunit (1.9, 2.1, and 3/aV at 10, 1, and

. . . . . .5 mM free M@", respectively, in the mixing chamber) either
preequilibrated with varying ATP concentrations and varied, alone or preequilibrated with 0.4 mM ADP (concentration prior to

fixed concentrations of free Mg for approximately 3 min  mixing) was mixed with 2 mM ATP and 200M Kemptide in the
before initiating the reaction with Kemptide (20®1). Plots rapid quench flow instrument. The designated free concentrations

of initial velocity versus ATP concentration provided the true of metal were maintained in the sample loop containing the enzyme
Km for ATP (Kate) and ke since the concentration of and the mixing chamber. The production of phosphokemptide is
Kemptide in all experiments was 20-fold higher thésa normalized to the enzyme concentration, and the lines drawn

emp p g ptide through the data were obtained from kinetic simulations (see text).

theKn for peptide 8, 12). Plots ofkearandkea/Kate are shown  The data in the absence of ADP were also fit analytically to obtain
in Figure 1 as a function of free Mg concentration. The  ‘burst rates, amplitudes, and linear rates of 2580, 0.93+ 0.09,

data were fit to hyperbolic functions to determine the values and 20+ % s'at 10 mM ffei_M@*cj 250+ 60, 0.844+ 0.29, ang
o el at 2610 and nfnts free M concerira. 9355 & £ T fee Mg Land 0. 50 654 014, an
tions and the apparent affinity constant of the metal (see
legend of Figure 1). Occupancy of the second metal site 0.5 mM free Mg* and 10uM at 10 mM free Mg@* (Figure
reducesksot by 6-fold (56 versus 1078) and increasekga/ 1) were used to measure trifg values of 37+ 11 and 10
Katp by 17-fold (0.09 versus 1.6M~1 s™%). The apparent  + 3uM at 0.5 and 10 mM free MRS, respectively. Double
dissociation constant for the second metal is32mM. reciprocal plots ob versus Kemptide concentration at 0, 1,
Inhibition of PKA by ADP and Phosphokemptidehe 3, and 4 mM phosphokemptide and 2 mM ATP intersect at
inhibition constant for ADP K,) was measured at 0.5 and the 1k axis, indicating that phosphokemptide is a competitive
10 mM free Mg@" using the3?P assay. It was shown inhibitor with respect to Kemptide (data not shown). The
previously that ADP is a competitive inhibitor with respect Vpax values for these plots are 58 8, 61+ 10, 58+ 13,
to ATP (8) so that Dixon plot analysis could be used to and 64+ 20uM/min at 0, 1, 3, and 4 mM phosphokemptide,
determine the tru&, from the apparenk, value. Initial respectively. A plot of the slope of the Dixon plot versus
velocities were measured as a function of ADP using 500 1/[Kemptide] indicates that the trug for phosphokemptide
uM ATP and 200uM Kemptide.Karp values of 20Q«M at at 0.5 mM free Mg" is 360+ 60 M. By comparison, ADP
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Ficure 3: Time-dependent production of phosphokemptide in the [ADP] (mM)

absence®) and presenced, 0) of varying ADP concentrations  ggyge 4: Inactivation of the C-subunit by FSBA in the absence

at 0.5 mM free M@". C-subunit (1.2uM) either alone or and ; ;
. . - ; presence of varying concentrations of ADP at 0.5 mM free
preequilibrated with 0.4%) or 1 () mM ADP (concentration prior g2+ The rate of inactivation was measured from the time-

to mixing) was mixed with 2 mM ATP and 20@M Kemptide in dependent decrease in enzyme activity using 0.2 mM FSBA and is
the rapid quench flow instrument. The free concentration of metal expressed as a ratio of the inactivation rates in the preséape (

was maintained in the sample loop containing the enzyme and theang ghsencek) of varying ADP concentrations. The effects of
mixing chamber. The production of phosphokemptide was normal- psga concentration on the inactivation rate in the absence of ADP
ized to the enzyme concentration, and the lines drawn through theare shown in the inset. The data fitting is described in the text.
data were obtained from kinetic simulations (see text).

) ] ] residue Lys-7216, 17). Protection from inactivation can be
binds approximately 10-fold more tightly than phospho- achieved by preincubation with ATP or ADP under condi-
kemptide to the C-subunit at 0.5 mM free kg tions of 8 or 9 mM free Mg, confirming that FSBA is

Catalytic Trapping Experiments: ADP Preequilibration  directed at the ATP binding site and that both nucleotides
A catalytic trapping protocol was used to determine the can form a stable complex with the enzyme under these metal
dissociation rate constant for ADP as a function of freéMg  jon concentrations. FSBA inactivation experiments were
concentration. In this experiment, C-subunit and ADP were performed with PKA to determine whether ADP can protect
preequilibrated, and the reaction was initiated with Kemptide the enzyme under physiological concentrations of free
and ATP under conditions of varied, fixed free magnesium. magnesium (0.5 mM). The rates of FSBA inactivation were
Typical kinetic transients for these experiments are shown measured in the absende)(and presencek() of varying
in Figure 2 at 0.5, 1, and 10 mM Mg In each study, the  ADP concentrations by monitoring the initial velocity of the
C-subunit is preequilibrated with 0.4 mM ADP (concentra- enzyme reaction as a function of FSBA incubation time. As
tion prior to mixing), an amount that is, at least, 10-fold shown in Figure 4, increasing the concentration of ADP in
higher than the nucleotide’s, value over the entire  the FSBA reaction significantly reduces the rate of inactiva-
concentration range of free metal. Control experiments were tion and protects the enzyme from inactivation.
performed under identical conditions except ADP was  The inactivation data in Figure 4 were fit to eq 1 which is
omitted from the reaction. In each case, the enzyme ora nonlinearized form of a previously published kinetic

enzyme-ADP complex was mixed with 2 mM ATP and 200  treatment for irreversible inactivation in the presence of a
uM Kemptide. These kinetic studies were also performed at competing ligand 18).

2,4, and 5 mM free MY under identical concentrations of

ATP, ADP, and Kemptide (data not shown). At 0.5, 1, and k Ik, = A (1)

10 mM free Mg, increasing the concentration of ATP to 3 [L] +A

mM did not have any significant effects on the kinetic

transients, indicating that this concentration range is sufficient where

to trap the enzyme once ADP dissociates (data not shown).

To ensure that all the free enzyme at low metal concentra- A KAK; + 111}

tions is complexed with ADP, trapping studies were per- K;

formed at higher concentrations of ADP. A plot of phos-

phokemptide production versus time at 0, 0.4, and 1 mM |n eq 1,K; andKq are the dissociation constants for FSBA

ADP (concentration prior to mixing) and 0.5 mM free g and ADP and [I] and [L] are the concentrations of FSBA

is shown in Figure 3. Increasing the concentration of ADP and ADP in the inactivation reaction. Tlg for FSBA was

did not affect the first 20 ms of the transient although the measured by monitoring the time-dependent inactivation of

slope of the linear portion of the reaction was reduced. The PKA at a series of FSBA concentrations (inset of Figure 4).

lines drawn through the data in Figures 2 and 3 were The hyperbolic response is consistent with the reversible

generated from kinetic modeling using numerical integration formation of an enzymeinhibitor complex prior to covalent

(see Discussion). modification. The values df; andk; (the maximum rate of
FSBA Inactiation Experimentslt was shown previously  inactivation) are 60+ 8 uM and 0.05+ 0.003 min?,

that FSBA inactivates the C-subunit of PKA in a time- respectively. A fit of the data in Figure 4 to eq 1 using the

dependent manner by covalently modifying the active-site K; provides aKq for ADP of 70 + 16 uM, a value that is
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T T T T T T T Scheme 1
E*ATP+S*

E-LT E x 500 sec™!

ADP+P  +i,

o

E*ADP+P*

binding of the second metal. Both isotope partitioning and
viscosometric studies suggest that the former increase is due
o L o L to an enhanced encounter rate between ATP and the enzyme
0 0.02 0.04 0.06 in the presence of the second metal idt?,(19. By
comparison, it has been suggested that the decredsg in
may be due to tighter binding of one of the products, ADP,
FiGURE 5: Time-dependent production of phosphokemptide in the at high free M@" concentrations1(9). Indeed, theK; for
absence®) and presence of varying concentrations of unlabeled ApP in the bovine C-subunit decreases as the free concen-
phosphokemptided, ) at 0.5 mM free M§". C-subunit (4.2:M) tration of metal activator increase8)( Likewise, for the

either alone or preequilibrated with ©) or 6 (A) mM phospho- . .
kemptide (concentration prior to mixing) was mixed with 2 mM  fecombinant mouse C-subunit, tig for ADP decreases

ATP and 20quM Kemptide in the rapid quench flow instrument.  from 37 to 10uM and k., decreases 2.2-fold as the free
The free concentration of metal was maintained in the sample loop concentration of Mg" is increased from 0.5 to 10 mM

containing the enzyme and the mixing chamber. The production (Figure 1). These observations suggest that ADP release may

of phosphokemptide is normalized to the enzyme concentration, . .
and the lines drawn through the data were obtained from kinetic COMPIetely limit turnover over all concentrations of mag-

simulations (see text). The data in the absence of phosphokemptidel€Sium.
were also fit analytically to obtain a ‘burst’ rate, amplitude, and Influence of ADP on the Pre-Steady-State Kinetics at 10
Isl'?lgsvrnr)ate of 200t 50 s'1, 0.60+ 0.14, and 48t 6 s (fits not mM Free M@*". The phosphorylation of small peptide

' substrates by PKA has been studied using fast mixing
techniques at both physiological and nonphysiological con-
centrations of Mg". At 10 and 0.5 mM free Mg, the
reaction is biphasic with a rapid, stoichiometric ‘burst’ in
phosphokemptide production followed by a slower linear
phase when the enzyme is preequilibrated with ATP. These
data indicate that Kemptide is phosphorylated rapidly in the
active site at a rate of approximately 500 €9, 12, a rate

[phosphokemptide)/[E]

Time (seconds)

less than 2-fold larger than tig for ADP (37uM) measured
from product inhibition studies.

Catalytic Trapping Experiments: Phosphokemptide Pre-
equilibration A catalytic trapping protocol was used to
determine the dissociation rate constant for phosphokemptide
In this experiment, C-subunit and unlabeled phosphokemp-

tide were preequilibrated, and the reaction was initiated with constant that exceeds turnover by more than 10-fold. To

Kemptide and ATP under conditions of 0.5 mM free Mg determine whether alterations in the ADP dissociation rate

Control exper;]men:]s \livere pderformed L_mdg’; |dentr|]cal condi- .onstant can explain the increasen at lower magnesium
tions except phosphokemptide was omitted from the reaction. ., , .o nrations, a catalytic trapping experiment was applied.

Typical kinetic transients for these experiments are shown In this experiment, C-subunit and ADP are preequilibrated
in Figure 5. In each study, the C-subunit is preequilibrated ;4 rapidly mixe,d with Kemptide and ATP, and the
W'.th. 4 and 6 mM phosph_okemptlde (concent_ratlon prior to production of phosphokemptide is monitored. The results of
mixing), an amount that is 10- and 17-fold higher than the experiment at 10 mM free Mg are shown in Figure
product’sK, value. Phosphokemptide did not have a signifi- 55 The |arge, stoichiometric ‘burst’ in phosphokemptide
cant effect on the first 10 ms of the reaction although the production disappears and is replaced by a small lag phase

Zlope of dthe 'r‘]F‘erf‘f p?]rtionh OII the '(tjransientsz(o .ms) h upon ADP preequilibration. This has been observed previ-
ecreased at higher phosphokemptide concentrations. E‘ously for PKA under identical metal ion concentrations and

:gles _drawr:jtr}rough f[he data |n_F|g|;u_re > were generaltje_d from is consistent with a kinetic mechanism in which ADP release
inetic modeling using numerical integration (see Discus- controls turnover 11).

sion). The data in Figure 2A were fit to the kinetic mechanism
DISCUSSION shown in Scheme 1 using the numerical integration program
KINSIM (20) where L is ADP ko is the dissociation rate
Magnesium Dependence on the Steady-State Kineticconstant for L, ko, is the observed net association rate
Parameters Although PKA can bind two magnesium ions constant for both Kemptide (S) and ATP, ank, is the
in the active site, an essential, tight binding metal and a observed net dissociation rate constant for the products. Both
nonessential, low-affinity metal, the second magnesium ion *k,,and *, are composite rate constants that may include
has intermediate to low occupancy under physiological conformational changes, binding steps, and the formation of
concentrations. In addition, the second metal ion profoundly mixed complexes. In the last case, the formation of a mixed
influences the steady-state kinetic parameters for the enzymecomplex implies that free enzyme does not form so that E,
(8, 12, 19. Figure 1 shows the effects of varying free as written in Scheme 1, could represent another steady-state
magnesium concentrations on two kinetic parametikys (  species such as-§ if phosphokemptide release is fast and
andkc.{Katp) for the recombinant mouse C-subunit. While E:ADP-S can form or EATP if ADP release is fast and-E
keafKatp increases by 17-fold.,; decreases by 6-fold upon  ATP-P can form. In either scenario, the order of addition
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Table 1: Simulation Parameters for Kemptide Phosphorylation in step (k[ATP][S]) and results in a lower, observed binding

the Absence and Presence of ADP at 0.5, 1, and 10 mM Free rate (compare 170$at 0.5 mM and 3508 at 1 mM free
Mg?+2 Mg?"). This slow conformational change does not appear at
[Mg2]™e [ADP] *kofATPI[S] *ki kot o*[E]o *9[E]o 1 mM free magnesium since a larger value was used for the
(mM)  (mMM)P (s (sH (s (she (shd ATP/S binding step and the apparent ‘burst’ amplitude is
05 hone 180 70 45 44 larger at 1 versus 0.5 mM metal.
0.5 0.4 180 53 140 37 30 The kinetic transients in Figure 2B,C in the presence of
0.5 1.0 180 25 130 21 19 ADP (0.4 mM prior to mixing) were simulated using
i gﬂ‘e g’gg 375 80 S’Z g’? numerical integration, and the best fits to the data sets are
10 none 400 23 21 20 shown in Table 1. The dissociation rate constants for ADP
10 0.4 400 21 23 19 18 (kot) required to simulate the data sets were 2- and 3-fold

2 The simulated kinetic parameters were obtained by fitting the data Nigher thankea atl and 0.5 mM free MY, respectively
in Figures 2 and 3 to the kinetic mechanism in Scheme 1. For all (Table 1 and Figure 1). The values lofs and ke, are 140

simulations, the rate of phosphoryl transfer is fixed at 5005These  and 48 s' at 0.5 mM and 80 and 42 5at 1 mM free M@",
values are the concentrations of ADP preequilibrated with PKA prior respectively. The dotted lines in Figure 2B,C represent kinetic

to mixing. ¢ These linear rate constants were determined from simula- _. . . .
tions using the data in the tabl&hese linear rate constants were simulations wherk is close to the value foke, but, in

determined from steady-state kinetic analyses using?fhessay under ~ both cases, the simulations do not model accurately the
identical conditions as those in the legends of Figures 2 and 3 exceptexperimental transients. These results support a model in

the enzyme concentrations were lower. which ADP release does not solely limit turnover at low
magnesium concentrations. For simulations in the presence
and release of the nucleotides and peptides would be differentof ADP, good fitting to the linear portion of the data is
than depicted in Scheme 1 but would not affect the salient obtained when lower values ok are used compared to
features of the kinetic simulations (vide infra). Initially, the the control experiments in the absence of ADP. These
kinetic transient in the absence of ADP (i.e., no L) was adjustments in the parameter are consistent with the com-
modeled adequately using the kinetic constants shown inparative levels of ATP and ADP used in the trapping
Table 1 at 10 mM free M{J. In the presence of ADP, the experiments and represent small levels of product inhibition.
kinetic data can be interpreted according to Scheme 1 if the At all concentrations of ADP, the rate of the linear portion
kot for ADP is 23 st and limits ke (Table 1). For the of the reaction measured under steady-state kinetic assay
experiment in Figure 2A, the concentration of ADP, prior conditions ¢°*Y[E], ) is consistent with the simulated data
to mixing, is 40-fold larger thak; so that all the free enzyme  values ¢“29[E],) (Table 1). Increasing the ADP concentration
is presumably bound with this product. Increasing the from 0.2 to 0.5 mM (concentrations in the mixing chamber)
concentration of ATP from 2 to 3 mM at 20M Kemptide did not influence the first 20 ms of the reaction (Figure 3),
did not have any effect on the kinetic transients, indicating the time at which ADP is expected to dissociate.
that all free enzyme resulting from ADP release is readily = Does a Stable ADP Complex Form at 0.5 Free Mg?
trapped (data not shown). We also treated the data in FigureThe determination of a dissociation rate constant for ADP
2A assuming that ADP-S can form, but this did not affect  at low magnesium concentrations in the catalytic trapping
the simulations and the measuremenkgfsince the values  experiments depends on the ability to form a stable, binary
in Table 1 are net rate constants (data not shown). complex, EADP, prior to the addition of ATP and Kemptide.
Influence of ADP on the Pre-Steady-State Kinetics at The progressive shift in the catalytic trapping experiments
Varying Free Mg". The catalytic trapping studies presented to sigmoidal kinetics at 0.5 and 1 mM free ftg(Figure 2)
in Figure 2A were repeated under varying concentrations of could be due to the inability to form this complex and a
free, activating metal to determine the role of ADP release subsequent increase in the concentration of free enzyme prior
in turnover. Figure 2B,C presents the pre-steady-state kineticto mixing rather than to an increased off rate for ADP.
transients for Kemptide phosphorylation at 1 and 0.5 mM Indeed, there has been one report that the binding of ADP
free Mg?" in the absence and presence of ADP preequili- and phosphokemptide for the bovine enzyme is ordered in
bration. In the absence of ADP, a large, stoichiometric ‘burst’ the reverse reaction (i.e., phosphorylation of ADP) at 0.5
in phosphokemptide is observed at 1 mM free magnesium mM free Mg+ with phosphokemptide binding prior to ADP
while a smaller, substoichiometric ‘burst’ is observed at 0.5 (21). In such a mechanism, ADP would dissociate before
mM free magnesium. The latter result has been observedphosphokemptide in the forward reaction, a scenario opposite
previously for PKA under this metal concentration and has to the reaction sequence at 10 mM free¥¢L1). Although
been attributed to a slow conformational change step (180we measured a lowe, for ADP compared to phospho-
s1) that precedes phosphoryl transfet2) Since the kemptide (37 versus 360M) at 0.5 mM free M@", ADP
concentrations of ATP and peptide substrate exceed bothmay bind to and dissociate exclusively from a product ternary
their Ky, andKq values, the reduced rate and amplitude cannot complex (e.g., EADP-P) and may have little or no affinity
be attributed to low population of the central ternary complex. for the free enzyme. To determine whether ADP can bind
When the pre-steady-state kinetics were performed with PKA at low magnesium, FSBA inactivation experiments
enzyme preequilibrated with ATP at 0.5 mM free Mga were conducted (Figure 4). Not only was ADP capable of
stoichiometric ‘burst’ amplitude and rate constant were protecting PKA from inactivation but also the concentration
observed12). We simulated both kinetic transients in Figure response of the inactivation curve indicates that ADP binds
2B,C using the kinetic parameters in Table 1 and the kinetic well to the free enzymeKy = 70 uM). Using the FSBA-
mechanism in Scheme 1. The slow conformational changederivedKy for ADP, the enzyme is, at least, 85% saturated
at 0.5 mM free magnesium is included in the ATP/S binding with ADP prior to mixing. These results indicate that the
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sigmoidal behavior in the catalytic trapping experiments in Mt
Figures 2 and 3 is due to fast dissociation of ADP from either LY 1
the EADP or the EADP-S complexes. 150 1 ]
Does Phosphokemptide Release Affect Tugr®At high
free Mg?* concentration, ADP release completely controls
turnover, but at lower free Mg concentration, ADP is only
partially rate-limiting (Figure 2 and Table 1). Since phos-
phoryl transfer is fast over a wide range of magnesium
concentrations9, 12, we considered whether the release
of phosphokemptide could play a role in controlling turnover.
To address this question, the catalytic trapping experiment i
was adapted to measure the off rate of phosphokemptide. ol b e b b b 1
Preequilibration of the C-subunit with either 4 or 6 mM 0 2 4 6 8 10
phosphokemptide (concentrations 11- or 17-fold abiéye [Mg?*] '®® (mM)
hacifo S_Ignlflcant effect on _the _burst phase a_t 0.5mM free Ficure 6: Effects of free Mg" on the dissociation rate constant
Mg=" (Figure 5). The data in Figure 5 were fit adequately for ADP. The data were determined from simulations of the pre-
to the kinetic mechanism in Scheme 1 (where L is now steady-state kinetic transients in the presence of ADP (see text).
phosphokemptide) using values of 180 and 70 for The dashed line is a hyperbolic fit to the data and indicates that
*Kko[ATP][S] and *k, in the absence of phosphokemptide. the dissociation rate constant for ADP at zero and infinite freé"Mg

; ; ; is approximately 240 and 14 sand the affinity constant for the
Both transients in the presence of phosphokemptide WeTe hetal is approximately 0.5 mM. The solid line represents the data

fit using a lower limit of 600 s* for ks and values of 60 fit for the dependence d¢ on the free magnesium concentration
and 50 s® for *ks; at 2 and 3 mM phosphokemptide, (extracted from Figure 1).

respectively. Since it is difficult to distinguish between the
traces in the early reaction times, the off rate of phospho- GRTGRRNSI binds PKA about 1000-fold more tightly.
kemptide could be much higher than 600.Also, the small These observations, coupled with the data in Figure 5,
reduction in the linear phase rates in Figure 5 is consistentsuggest that phosphokemptide dissociates rapidly at both 0.5
with the expected effects from product inhibition. The and 10 mM free Mg" and does not participate in the rate
calculated valuesuf?9[E]) for the steady-state rate are 45, limitation of turnover.
42, and 36 st at 0, 2, and 3 mM phosphokemptide, Conformational Changes in PKASeveral biophysical
respectively, and compare well with the experimental values studies have provided good evidence that conformational
(v**Y[E]) of 43, 38, and 32 s at 0, 2, and 3 mM changes occur in the C-subunit of PKA upon ligand
phosphokemptide, respectively. association. Based on small-angle X-ray scattering measure-
While we have asserted that the data in Figure 5 imply ments, the radius of gyration of the enzyme decrease by 9%
that phosphokemptide release is fast, we have consideredipon binding of the protein kinase inhibitor, PKAg). This
an alternative description as well. The absence of any effectstructural change in the protein was attributed to relative
of 4 and 6 mM phosphokemptide on the early portion of the movements in the ATP and substrate binding domains and
kinetic transients could be due to large amounts of free is supported by X-ray crystallographic analyses which show
enzyme prior to reaction initiation with ATP and substrate. that the C-subunit may adopt either an “open” or a “closed”
For this scenario, we predict that tkgfor the product would conformation 26). More recently, a protein footprinting
need to be in excess of 20 mM to produce such a result.technique was used to show that several critical loop
This enforces an ordered release of phosphokemptide fol-segments exhibit altered reactivities in the presence of ATP,
lowed by ADP since thé, for the phosphopeptide is, at suggesting that they are involved in conformational changes
least, 100-fold lower than thEy (compareK, = 370 uM upon nucleotide binding2{). In a previous report, we
andKq > 20 mM). In this hypothetical mechanism, phos- demonstrated that a conformational change (180 sre-
phokemptide could bind well in the presence of ADP cedes the phosphoryl transfer step in PKA at 0.5 mM free
(E-ADP-P) and explain the loviK, versusKg, but it is still Mg?* (12). This step is nucleotide-linked since it is observed
difficult to account for partial rate limitation in the release only when the reaction is initiated with ATP and it disappears
of this product for several reasons: (1) Thke values for a when ATP is preequilibrated with the enzyme prior to
series of peptide substrates are similar although the affinitiesreaction initiation with Kemptide. Given these Kkinetic
of the inhibitor versions of these peptides (i.e., alanine observations, this conformational change may have some

100 .

Rate Constant (sec’")

substitution at serine) vary from 0.04 to 3aM (22, 23. structural ties to the equilibrium changes reported from
(2) Kemptide dissociates from PKA at a rate in great excess footprinting experiments.
of 500 s* at all concentrations of free magnesiuh2)( Since If we presume that the off rates of ADP from the

phosphokemptide has lower affinity than Kemptide at 0.5 preequilibrated EADP binary complexes are the same as
mM free Mg?* (12), this product is likely to dissociate at a those from the enzyme under catalytic cycling, the experi-
fast rate. (3) The rate-limiting step in turnover for the mental data presented herein suggest that a conformational
phosphorylation of the tight binding peptide substrate GRT- change occurs after the phosphoryl transfer step and partially
GRRNSI is ADP releasel(l) even though the inhibitor form  limits turnover at 0.5 and 1 mM free Mg. Figure 6 shows

of this substrate (GRTGRRNAI) binds withkg of 40 nM a plot of the dissociation rate constant for ADP measured
(23). (4) The turnover number for GRTGRRNSI is 18 and by the catalytic trapping experiments as a function of free
46 stat 10 and 0.5 mM free Md, respectively 24). These metal concentration. The methodology employed in deter-
values are similar to those for Kemptide (Figure 1) although mining these values is identical to that used for the data
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Scheme 2

EsATP+S* Lsec‘» E*ADPsP*

180 sec™

170 sec™

EeATP+S E<ADPsP

ADP +P
\ % sec™
E

ATP +$§

fitting in Figures 2 and 3. Figure 6 shows that ADP release

solely limits turnover at high free Mg concentrationsx2
mM) and only partially limits turnover at low, physiological

levels. Since phosphokemptide release and phosphoryl
transfer are fast at 0.5 mM free magnesium, a conformational
change step which occurs after the catalytic step must provide
the additional kinetic event that limits turnover. To account

for the observedk. value at 0.5 mM free metal, this

conformational change step must have a forward net rate

constant of approximately 170~%s Although it is not

precisely clear when this step occurs with respect to the
dissociation of ADP, we suggest that it is mechanistically
distinct from the structural change that occurs prior to
phosphoryl transfer. We base this supposition on review of
the net rates of the reaction. If the conformational change
observed prior to phosphoryl transfer is the only structural
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LRRAS(P)LG.
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