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ABSTRACT. The kinetics of nucleotide binding and phosphoryl group transfer were measured in the catalytic
subunit of cCAMP-dependent protein kinase using stopped-flow fluorescence spectroscopy and an acrylodan-
labeled derivative of this enzyme, which we have previously shown to have kinetic properties similar to
those for the wild-type enzyme (Lew et al., 1996). The fluorescence emission spectrum of this enzyme
is quenched differentially by ATP and ADP so that both the binding of ligands and phosphoryl group
transfer at the active site can be monitored selectively. The association and dissociation rate constants
for both nucleotides were measured using two methods: relaxation and competition binding. The ratio
of the observed dissociation and association rate constants by both methods are consist&gt with
measurements (28M) determined by equilibrium fluorescence quenching. The dissociation rate constant
for ADP (100 s) is approximately 2.5-fold larger thdg.: (39 s1). A full viscosity effect was measured

for keay, SUggesting that a diffusive step or steps limit maximum turnover. Pre-steady-state kinetic transients
are biphasic and were fitted to observed rate constants of 50@rsl 60 s at 500uM Kemptide
(LRRASLG). Metal substitution studies (Mg vs Mr") indicate that this first phase represents the
phosphoryl group transfer step. Phosphopeptide release is faster than this second phase since the substrate
is in rapid exchange with the enzyme and phosphorylation reduces the affinity of the peptide. The inability
to assign this second phase to the chemical event or to product release implies that it reflects a viscosity-
sensitive, protein conformational change that occurs after phosphoryl group transfer and prior to product
release. Two conformational steps were detected in the binding of both ATP and ADP by relaxation
methods that may be related to this second pre-steady-state kinetic phase. We suggest that this additional
step in the kinetic mechanism may also occur in the wild-type enzyme and represents a large structural
change in the enzyme during normal catalytic cycling.

Protein phosphorylation is a key regulatory theme in the structural, and mechanistic levels (Taylor et al., 1990). The
control of nearly all pathways of mammalian signal trans- early discovery of PKA was based on its central role in
duction. The protein kinases, which catalyze these reactions linking glycogen metabolism tqgs-adrenergic hormone
constitute the largest enzyme family known, with over 200 signaling (Walsh et al., 1968). More recently, it has been
members presently identified (Hanks & Hunter, 1995). The recognized that this enzyme, in addition, is involved in the
considerable attention focused on this family of catalysts hastranscriptional regulation of gene expression (Montminy et
stemmed from our knowledge of their essential role in al., 1990) as well as in cell cycle control (Frank & Greenberg,
cellular homeostasis, evidenced by an established link 1994; Grieco et al., 1996), emphasizing the diversity of

between aberrant forms of several kinases and oncogenesi§ellular roles that this enzyme fulfills. In vivo, PKA exists
and human disease. While the biological role of protein &S aninactive heterotetrameric holoenzyme, which undergoes

kinases has, in general, been extensively probed ouractivation in response to elevated cellular levels of cAMP,

understanding of the relationship between their physiological genleratling a]\c regulatory:j subunit _dimerZIFIbo_und go four
function and catalytic mechanism at even a rudimentary level molecules o CA_‘MP and two active catalytic subunits (C-
is poor. The one exception to this fact is the example of subunit) according to the following mechanism (Taylor et
cAMP-dependent protein kinase (PKAYy far the best al., 1990):

understood member of this family at the physiological, 4CAMP + R,C, — R, CAMP, + 2C
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general structure of which is conserved among all protein To circumvent this problem, we have constructed several
kinases whose three-dimensional structures are knownfluorescently tagged derivatives of PKA whose fluorescence
(Taylor & Radzio-Andzelm, 1994). The interface of the two emissions are sensitive to the binding of various ligands. One
lobes define an active-site cleft in which the adenosine such derivative, labeled with acrylodan at position 326 in
moiety of ATP is deeply buried, the triphosphate group being the C-terminal tall, is sensitive to the binding of nucleotides
directed toward the active-site cavity. At the mouth of the (Lew etal., 1996). This has permitted, for the first time, an
cleft is the binding site for peptide and protein substrates, investigation into the kinetics of nucleotide binding to the
and this is where phosphoryl group transfer occurs (Zheng catalytic subunit of PKA using stopped-flow fluorescence
et al., 1993a). The role of select key residues in catalysis spectroscopy. In this study, we report the identification of
can be inferred from the solved structure. Among several a novel conformational change which is partially rate-
residues that are invariant among protein kinases, most aredetermining ork.s. The role of conformational changes in
clustered around the active site. Lys-72, Lys-168, Gly-50, catalysis has previously not been described for any protein
and Gly-52 stabilize the triphosphates of ATP, Asp-184 and kinase.

Asn-171 are critical for metal binding, and Asp-166 has been

proposed to function as a potential catalytic base (MadhusudarMATERIALS AND METHODS

et al., 1994). In addition, the structures of several active vs

inactive protein kinases has unveiled the role of conforma- . . .
tional changes that are critical for enzyme function. In generated and characterized as described in Lew et al. (1996).

particular, an “activation loop” located at the mouth of the Pep'ti.des were synthesized at the Peptide and Oligonucleotide
active site must be properly oriented in order to permit access Facility at UCSD and were greater than 95% pure based on
of substrates to the active site (DeBont et al., 1993; Jeffrey 2nalysis by reverse-phase HPLC. Phosphokemptide was
etal., 1995). In many cases, this requires the activation loopSynthesized by complete turnover of Kemptide with C-

to be phosphorylated on a conserved Ser or Thr residue (Thr-SUPunit and purified by HPLC using a preparative C18
197 in PKA). column according to previously published procedures (Qamar

The kinetic mechanism for the phosphorylation of a etal., 1992) . Nucleotides were purchased from Sigma. All
synthetic peptide substrate, Kemptide, by PKA is viewed other reagents, unless otherwise noted, were purchased from

currently as a simple three-step process comprising substratd Sher Scientific.
binding, phosphotransfer, and product release (Adams & Steady-State Kinetic Assayinetic analyses were ob-
Taylor, 1992; Grant & Adams, 1996). The steady-state tained using a continuous spectrophotometric assay that
kinetic mechanism is formally random but the preferred couples ADP production with NADH oxidation catalyzed
pathway is the initial binding of ATP followed by the Dy pyruvate kinase and lactate dehydrogenase (Cook et al.,
addition of Kemptide, with the subsequent release of 1982). The specific conditions of assay are given in Lew et
phosphokemptide and ADP at high Rtgconcentrations  al- (1996). Viscosometric measurements using sucrose as
(Cook et al., 1982; Kong & Cook, 1988; Whitehouse et al., the viscosogenic agent were carried out and the data were
1983). The higher affinity of the enzyme for nucleotides, interpreted according to Adams and Taylor (1992) The
compared to that for substrate and product peptides, isdissociation constant for phosphokemptide was determined
consistent with this scheme (Whitehouse et al., 1983; by a product inhibition assay. Initial velocity vs Kemptide
Whitehouse & Walsh, 1983). Viscosity studies show that concentration in the absence or presence of varied, fixed
maximum turnoverK..) is controlled by a diffusive event, concentrations of phosphokemptide was plotted and analyzed
implying that the rate of phosphoryl group transfer is, at least, by assuming a functionally ordered bi-bi mechanism.  Inhibi-
10 times greater than that of product release (Adams & tion of the C-subunit by phosphokemptide was monitored
Taylor, 1992). The dissociation rate constant for Kemptide by preequilibrating the enzyme with phosphokemptide and
is large, which has led to the widely held assumption that ATP (1 mM) before starting the reaction with Kemptide.
the release of phosphokemptide does not ligitand that All assays were conducted in buffer containing 20 mM
the release of ADP is cleanly rate-limiting (Adams & Taylor, MOPS, pH 7.0, 50 mM NacCl, and 10 mM MgGCit 25°C.
1992). While viscosometric methods enable the partitioning The concentration of Acr-PKA was determined by titration
of chemical and physical events, this technique could place of the enzyme activity with known amounts of the physi-
only a lower limit on the rate of phosphoryl group transfer ological inhibitor, PKI.
when applied to PKA (Adams & Taylor, 1992). Recently, Transient Kinetic AssaysAll transient kinetic measure-
however, rapid quenched-flow studies provided, for the first ments were made using an Applied Photophysics stopped-
time, a rate value (5007%) to be assigned to the phospho- flow spectrometer fitted with a 420 nm cutoff filter between
transfer step (Grant & Adams, 1996). The rapid phosphory! the cell and photomultiplier tube. The excitation wavelength
group transfer followed by the slow release of ADP accounts was 380 nm and the bandpass was 4 nm. For data analysis,
for the approximate 100-fold highd¢s for Kemptide than the average of 315 individual traces was used. All
Km. experiments were conducted under pseudo-first-order condi-
Although pre-steady-state kinetic techniques have suc-tions defined by a ligand to enzyme concentration ratio at
cessfully identified the phosphoryl transfer step in PKA least 8:1. Rate constants and amplitudes were obtained by
(Grant & Adams, 1996), the role of conformational changes fitting of the data to equations describing a single- or double-
and product release on maximum turnover is unclear. The exponential growth/decay using the Applied Photophysics
inability to probe the internal enzyme mechanism in greater software. Alternatively, the raw data was imported into the
detail is attributed, in part, to the lack of appropriate computer program KaleidaGraph (Synergy Software) and fit
biophysical probes. In particular, the intrinsic fluorescence using similar equations. Fluorescence amplitude changes for
emission signal from the enzyme is poor and has proven toexponential transients obtained from the stopped-flow instru-
be unsuitable as a monitor of substrate or product binding. ment were corrected for an instrument dead time of 1.5 ms

Materials. Fluorescently labeled PKA (Acr-PKA) was
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Table 1: Steady-State Kinetic and Viscosity Parameters for

Acr-PKA2
parameter Acr-PKA WT-PKA

KeaP (579 39+2.1 26
Kate? 42+ 4.7 17
Kkemptiad (uM) 41+ 3.4 25
Keal Kiemptiad (UM~ s7%) 0.94+ 0.093 1.0
KealKatp® (uM~1s71) 0.93+0.16 1.5
(keay® 1.24+0.11
(kcalKKemptidQ’7 ¢ 0.13+ 0.04

Fluorescence (volts)

0.3

.1
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k, (sec™)

w© s
[ATF] (uM)

aMeasured under conditions described in Materials and Methods.
bfrom Lew et al. (1996)° (Kea)” and {alKkempiad” are the slopes of
KeaTKea@Nd Kead Kkemptidd °/(Keal Kkempiiad VS 7', respectively, in Figure
1.

() or

cat°/kcat
(kcn(IKKemptide)OI(kcat/KKemptide) (O)

k
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Ficure 1: Effects of solvent viscosity on the steady-state kinetic

parameters,Kea and KealKkempiidze fOr the phosphorylation of
Kemptide by Acr-PKA. kcat)olkcat (.) and kca{KKemption/(kca{
Kkempidd (O) are the ratios of the observed steady-state kinetic
parametersca: and KealKkemptide in the absence and presence of
viscosogen.

when stated in the text, using the following equation:

AF — AFUFIC
¢ exp[-0.001%,,J

)

where AF; and AF,,c are the corrected and uncorrected
amplitudes obtained from the fitted data. Alternatively, the
raw fluorescence data were imported in KaleidaGraph and
a 1.5 ms dead time was added toxadixis data points before
fitting to obtain the corrected fluorescence amplitude. All

fluorescence measurements were made in buffer containing

20 mM MOPS, pH 7.0, and 50 mM NacCl, at 2&. The
free concentration of Mg in the syringe containing the
enzyme and in the cuvette of the stopped-flow instrument
was always between 9.5 and 10 mM.

RESULTS

Steady-State Kinetics, Viscosometric, and Inhibition Stud-
ies The steady-state kinetic parameters for phosphorylation
of a synthetic peptide substrate, LRRASLG (Kemptide), by
Acr-PKA have been previously measured (Lew et al., 1996)
and are reported in Table 1. The steady-state kinetic
parameterstca; andKkempide fOr ACr-PKA are less than 2-fold
higher than those for wt-PKA, artflxrp was 2.5-fold higher.
The effects of increasing solvent viscosity on the steady-

Time (seconds)

Ficure 2: Time-dependent fluorescence change associated with
the binding of ATP to Acr-PKA. Final concentrations of ATP and
Acr-PKA are 25 and 0.1&M, respectively. Data were corrected
for a 1.5 ms instrument dead time and were fit to a single-
exponential function to obtain an observed rate constap) Of
110+ 5 st for the reaction. The inset shows the dependence of
kobs ON the concentration of ATP (30100 uM).

viscosity were observed. The major effect of added vis-
cosogen was oke, With only a minor effect orkea/Kkemptide

The steady-state kinetic parameters and the slopes of their
dependencies on solution viscosity are listed in Table 1 along
with those previously measured for wt-PKA (Adams &
Taylor, 1992; Lew et al., 1996). The inhibition constant for
phosphokemptide was found to be 6.7 mM from initial
velocity vs Kemptide double-reciprocal plots at varied, fixed
concentrations of phosphokemptide-® mM) and 1 mM
ATP.

Transient Kinetics The rapid binding of nucleotides to
the C-subunit of PKA was monitored by stopped-flow
fluorescence spectroscopy. The binding of ATP and ADP
were measured under pseudo-first-order reaction conditions
(JATP] or [ADP] > [E]). The binding of both nucleotides
causes a fluorescence quenching of the emission spectrum
of the acrylodan label. A plot of fluorescence emission
intensity (=420 nm) as a function of time is shown in Figure
2 for the binding of ATP (25(M). A 1.5 ms dead time was
added to the time data set. The time-dependent fluorescence
change could be fit to a single-exponential function with a
rate constant of 11& 5 s*. The data were interpreted
according to a simple, one-step binding mechanism as shown
in Scheme 1. The association and dissociation rate constants,
Kon andky, were determined from plots &f,sversus [ATP]
or [ADP] according to

Kobs = Kon[L] =+ Kot (2

The observed rate constants for the binding of ATP are
shown in the inset in Figure 2 under several nucleotide
concentrations. A series of binding transients were also
collected for ADP and plotted in similar fashion (data not
shown). The values for the association and dissociation rate
constants for ATP and ADP are summarized in Table 2.

To investigate whether nucleotide binding could be
represented adequately by a simple one-step model (Scheme
1), we investigated the dependencykgf;on ATP or ADP
at high nucleotide concentrations. Fluorescence decay as a

state kinetic parameters of Acr-PKA were measured and arefunction of time required fitting with two exponentials at
expressed as the ratio of the observed parameter in thenucleotide concentrations greater thand0. The biphasic
absence and the presence of added sucrose in Figure 1. Linedime course for nucleotide binding was observed for both

dependencies of bo#a andkealKkempideON relative solution

ATP and ADP. A typical recording at 208M ATP is
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Table 2: Kinetic and Equilibrium Constants for Nucleotide 038
Binding? . o030 [ A
parameters ATP ADP % ;
0.25 [
Kor? (UM~ 571) 1.8+ 0.16 3.4+ 0.17 2
Kott® (S7) 68+ 9.7 95+ 4 8 o2 F
kot trapt (s7Y) 61+ 1.0 102+ 1.0 S
KofilKor® (M) 38+6.4 28+ 1.8 9 o1s |
Kd' (uM) 25+13 24+1.3 g L
kma (s1) 540+ 20 580+ 35 3 o
kv (s71) 4846 68+ 17 ok ,
aExperimental conditions as defined in Materials and Methods. Iaaen 2o oo ittt
b¢Determined by rapid binding/relaxatiofDetermined by nucleotide °r ‘
competition as described in the legend to Figuré@alculated from * ' .
the ratio ofc/b. f Determined by equilibrium titration. 0 0.02 0.04 0.06 0.08 0.1
Time (seconds)
Scheme 1
KonlL]
koff
shown in Figure 3A. A 1.5 ms dead time was added to the
time axis for data fitting. Fitting of the time-dependent <
fluorescence changes in Figure 3A to a double-exponential &

equation gave rate constants of 42010 s* and 40+ 10
s1 for the first ) and the secondk{ phases. For both x
nucleotides, ki increased hyperbolically with nucleotide
concentration, whilé was concentration-independent (Fig-
ure 3B). Corrected amplitudes from eq 1 corresponding to
the fast phase/\F;) increased hyperbolically with nucleotide
concentration up to 100M ATP but displayed a striking 0 0.2 0.4 0.6 0.8
decrease in value at higher ATP concentrations, approaching [ATP] (mM)
a lower limit of ~50% maximum amplitude. The amplitudes
corresponding to the slower phas&R;) were nucleotide-
independent (Figure 3C). To ensure that the observed
plateaus in both rate and amplitude reflect true ligand-
independent phases, the binding experiment was repeated at
10 mM ATP. Under these conditions the transient was still
biphasic and gave similar ratle @ndks) and amplitude AF;
andAF) fits as observed at 0.8 mM ATP (data not shown).
Both the biphasic nature of the fluorescence quenching and
amplitude dependence are similar for ADP binding (data not
shown). The maximal values fd¢ (ki"®) and the average _
values forks (k&) are presented in Table 2 for ATP and L, o o o
ADP. 0 ' —
The biphasic fluorescence decay at high nucleotide 0 0-2 0.4 0.6 0.8
concentration was also observed under several buffer condi- [ATP] (mM)
tions of varying pH (pH 6.6:8.0) and ionic strength (50 Ficure 3: Time-dependent fluorescence change associated with
500 mM NacCl) for both nucleotides (data not shown). the binding of ATP to Acr-PKA at various nucleotide concentra-
Replacement of Mg with Mn?* gave similar biphasic  tions. (A) Typical trace of fluorescence decay for the binding of

it ; : 4o ATP (200uM). The data were fit to a double-exponential function
kinetics at high ATP concentrations (data not shovyr_1). Fitting to obfain rate constants of 428 10 s and 40+ 10 SL.
of the fluorescence quenching data under conditions of 10 pependence of the observed rate constants (B) and amplitudes (C)

mM MnCl; and 300uM ATP gave values of 56& 55 s* of the fast ®) and slow () phases, respectively, on ATP
and 12+ 2 s* for ks andks. Halving the concentration of ~ concentration. The upper limit fég is 540+ 20 s* and the average
ATP in the presence of the same amount of Mn@ive  Value forksis 48+ 6 s™* (see Table 2).

similar rate fits to the fluoresc_enc_e quenching data, indicating g.heme 2

that this represents nucleotide-independent data (data not

obs

0.8 [ [ ]

0.6 [

0.4 [

Corrected Amplitude (volts)

O

Koff

shown). Furthermore, similar biphasic kinetics were obtained Eel =g E*L
with the binding of adenosine (data not shown). Fitting of m
the fluorescence quenching data under conditions of 10 mM

MgCl, and 1000uM adenosine gave values of 410 33 E.T

s tand 27+ 3 st for ks andks. Increasing the concentration

of adenosine to 2.5 mM gave similar rates (data not shown). and rapidly mixed with large amounts of a trapping ligand
Competition ExperimentsThe dissociation rate constants in the other syringe. Since the fluorescence intensities of

for ADP and ATP were also measured by a competition the respective ligand and trap-enzyme complexes are

method. In this experiment, the enzyme and ligand are different, the interconversion of these species can be

preequilibrated in one syringe in the stopped-flow instrument monitored easily. The observed rate constant for the
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Ficure 4: Dissociation rate constant for ADP determined by
nucleotide trapping. Enzyme was preequilibrated with saturating 0.02
concentrations (302M) of ADP and then rapidly mixed with an 0.01 k.
excess of ATP. An instrument dead time of 1.5 ms was added to 0 o e T PO gttt gt et
the x-axis data set. Final concentrations of enzyme and ATP were oot | ST
2.5uM and 18 mM after mixing. The data were fit to a single- -0.02 L ! L 1 ! 1
exponential function to obtain a rate constant of #2.0 s'%.
0.02
approach to equilibriumks,,s was measured by monitoring T it s v o bttt st
the time-dependent fluorescence change upon the displace- .o - = =~ =~ ’
ment of one nucleotide for the other. This technique is -0.02 ! ' ' : : :

demonstrated in the mechanism in Scheme 2, in which T is Ficure 5: Pre-steady-state kinetic transient for Kemptide phos-
the trapping ligand and L is ATP or ADP. At high phorylation. Enzyme was preequilibrated with ATP and then rapidly

; ; T mixed with Kemptide. Final concentrations were 2/ enzyme,
qoncentratlons OT T, the _rate of conversion of o E T IS 1 mM ATP, and 50«M Kemptide. The data were fit to a double-
limited by the dissociation rate constambs. A typical  exponential function to obtain rate constants of 35@5 s* and
competition experiment for the release of ADP is shown in 60 + 30 s for the fast k) and slow k) phases. The residuals

Figure 4. The acrylodan fluorescence of the protein de- for single and double exponential fits are displayed in the middle

creases as ATP displaces ADP since the former ligand bettergggeﬁggggne %?“}Z'esrhpmi ié‘;ﬁéetnczr;zgn lff@%()ﬁﬁﬂ”?'()i“g;’? the
issi ime- u
guenches the emission spectrum than the latter. The time bserved rate constants for the fast phase. Hyperbolic fitting of

dependent fluorescence change was fit to a single-exponentiajhe data provides maximum and minimum values of 65000
function with a rate constant of 162 1.0 s. The observed  and 120+ 20 st for the fast phase, and the half-maximal rate
rates of these transients were constant at all concentrationccurs at a Kemptide concentration of 55025 uM.

of the trapping agent between 6 and 24 mM, indicating that o , .

the rate of trapping is sufficiently large so that free enzyme T AF2) varied linearly with the total enzyme concentration,
and ligand cannot associate, and the observed rate constarfionfirming that the observed burst phenomenon is not due
for trap binding greatly exceedtss. Under these conditions, {0 rapid product inhibition (data not shown).

kobs= kot. The dissociation rate constants for ADP and ATP ~ Since it has been demonstrated previously using a rapid
measured using this technique are listed in Table 2. guench-flow technique that the burst phase is substrate-

Pre-Steady-State KineticsSince the fluorescence emis- dependent, botk andk, were monitored as a function of
sion properties of the TP and EADP binary complexes Kemptide concentration to obtain the upper limit for_the burst
are sufficiently different, the phosphorylation of the substrate 'ateé constant. Although no substrate dependence is observed
peptide, Kemptide, could be monitored at the active site of O k2 (data not shown)ki varied hyperbolically with the
the C-subunit. In this experiment, enzyme and ATP were concentration of Kemptide (Figure 5, inset). The data were
preequilibrated in one syringe and then rapidly mixed with fit to @ hyperbolic function to obtain the concentration-
high concentrations of Kemptide in the other. The phos- independent value fdg (650+ 100 s). Extrapolation of
phorylation of the peptide was monitored as a time-dependentth€ burst rate to zero Kemptide concentration gave a value
fluorescence increase. As shown in Figure 5, the observed®f 120 + 20 s, and a half-maximal value for the upper
transient is distinctly biphasic. The entire fluorescence @nd lower limits fork, occurred at a Kemptide concentration
change was complete in approximately 100 ms and no further®f 550+ 25uM. The pre-steady-state burst kinetics were
changes in intensity were observed up to 10 s (data not@lS0 monitored in the presence of Mn A time-dependent
shown). Under this enzyme concentration, a minimum of 5 fl_uorescence increase was observed that could be fit to a
s is required to phosphorylate 508 Kemptide, indicating single exponentlalz whose rate constant was attenua_ted from
that the transient monitors only the first turnover. The 900 S™to30 s (Figure 6). Doubling the concentration of
residuals for a single- and double-exponential fit to the data Kémptide from 500 to 100«M had no effect on the
are also presented in Figure 5 and confirm that the transientoPserved burst rate constant in the presence ofMdata
is, indeed, biphasic. Fitting of the pre-steady-state transient0t Shown).
to a double-exponential function gave rate constants of 550
+ 25 st and 60+ 30 s for the fast k;) and the slowKy) DISCUSSION
phases. The observed amplitude for the fast phasg)( An important prerequisite for structuréunction studies
was corrected for instrument dead time using eq 1. The totalin protein kinases is a complete kinetic mechanism for
amplitudes for the pre-steady-state kinetic transients; ( substrate phosphorylation. While great strides have been
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0.16 upon the presumption that any unimolecular reactions
e S : associated with catalysis excluding the chemical step (i.e.,
phosphoryl transfer) are not sensitive to solvent viscosity.
We demonstrate in this paper that a conformational change
in a fluorescently labeled mutant of PKA partially controls
maximum turnover. The viscosity dependence of this added
step implies that it involves significant structural movement
within the protein.

Steady-State Kinetics and Viscosometric Studigg goal
of this kinetic study was to gather insight into the kinetic
mechanism of protein phosphorylation catalyzed by the wild-
type C-subunit of PKA. The objective of these studies
° o1 0.2 0.3 0.4 0.5 presented in this paper is to use a mutant C-subunit for
Time (seconds) understanding the wild-type protein. The effects of mutation
FiGURE 6: Pre-steady-state kinetic transient for Kemptide phos- ON both the steady-state kinetic parameters and the viscosity
phorylation in the presence of MnCIConditions were identical to ~ sensitivity of these parameters suggest that our assumption

Fluorescence (volts)

those described in the legend to Figure 5, except that Mg@s is, indeed, valid. The effects of mutation and fluorescent
ﬁgggiﬁigvghs?ﬁgleg‘é‘)\(’g(')en'gnig}%ﬁﬂgﬁggr‘télgbfgm) :fra'\’g?:%tnas o '20eling on the steady-state kinetic parameters for Kemptide
of 30+ 15 st phosphorylation have been reported and compared to the

wild-type enzyme previously (Lew et al., 1996). As sum-
made to understand the three-dimensional structure of proteinmarized in Table 1, no significant changes in the steady-
kinases, a thorough comprehension of the individual stepsstate kinetic parameters are found compared to the wild-
associated with protein phosphorylation is pending. The type enzyme. In fact, the largest difference is in the 2.5-
paucity of detailed kinetic data for this group of catalysts fold increase irKarp, while ke andKkemptige fOr the enzyme
stems from few biophysical probes for the enzymes. The gre perturbed less than or equal to 1.5-fold (Table 1). We
kinetics of substrate and product binding has presented anow report a full viscosity effect oRcy [(kea)” ~1] that is
problem owing to poor fluorescence properties. We have fylly consistent with the wild-type enzyme (Table 1) and
overcome this dilemma by constructing fluorescently labeled supports the validity of our comparison. A small viscosity
mutants of the C-subunit of PKA that are exquisitely sensitive effect is measured ORafKicempride (Table 1) and is consistent
to the binding of both ATP and ADP. In particular, one with a faster release of Kemptide compared to phosphoryl
C-subunit mutant, acrylodan-labeled N326C, phosphorylatestransfer. The observed value fded/Krempiad” can be used
Kemptide with steady-state kinetic parameters that are similarto determine an association rate constant of 23 M1
to those for wild-type. The fluorescence emission spectrum s-1 for Kemptide? These data are consistent with a kinetic
of this mutant is quenched by the binding of either ATP or mechanism in which the substrate is in rapid equilibrium
ADP. While the structural cause of this quenching is not with the active site and maximum turnover is controlled by
precisely known, the presumption is that the binding of a diffusion event, namely, ADP release, as previously
nucleotides induces conformational changes in the proteindemonstrated for the wild-type C-subunit (Adams & Taylor,
molecule that alter the local environment of the fluorophore, 1992). Although this information is valuable, it does not
which is chemically attached to the C-terminal tail of PKA. tell us whether ADP or phosphopeptide release controls
However, this chemical attachment of the acrylodan label turnover or whether viscosity-dependent conformational
does not appear to perturb ATP or ADP binding. The changes are important for this parameter.
thermodynamic dissociatic_m constants of these two ligands Nucleotide Binding Studies\Ve used stopped-flow kinetic
have b_ee_n measured previously (Lew et a_I., 1936) and four_]dtechniques to characterize the transient association and
to be similar to those measured for the wild-type C-subunit dissociation of both ATP and ADP. The observed rate

by dn‘.ferent techniques (Bhatnaga_r etal,, 1983; COO'_‘ etal., ;onstants are shown in Table 2 and are corroborated by two
1.982.' Hoppe et aI:, 1.978)' I'n t.h|s paper we d.esc“be the independent techniques. The dissociation rate constants were
kinetic nature of this ligand binding and offer evidence for determined by (1) relaxation (Figure 3) and (2) competition
partial rate limitation oke:by a nonchemical, unimolecular (Figure 4) methods, both of which resulted in similar values.
step. . o Furthermore, the ratio of the observed dissociation and
The most (_jetalled k|net|p methods have shoyvn that the association rate constantgg(ko) of both nucleotides were
phosphorylation of Kemptide by the C-subunit of PKA similar to theirKq values determined by equilibrium fluo-

occurs by a S|mple_three-step _klnetlc mechanism at high ATP escence quenching (Table 2). These data are consistent with
concentrations. Viscosometric methods have demonstrate simple, one-step binding pathway as shown in Scheme 1
that keat '3 I'm't%d by a dgfusmn—lcontrolled step Whl'Ch ":DPfor both nucleotides and support an alternative interpretation
gresume_ to Ade a p(;o _IEJCtI re e]_agsg;az steg, namedy, of the viscosity results. The kinetic nucleotide binding data
!ssqmatlon (Adams aylor, ). Pre-steady-state demonstrate that the observed ADP dissociation rate constant
Kinetic analyses have shown that phosphoryl group transfer;g approximately 2.5-fold higher than the steady-state rate

occurs in the active site at a rate constant that is more than . - ;

. constant for maximum turnovi , providing evidence that
20-fold larger thark. (Grant & Adams, 1996). The rapid ek, p g
rate of phosphoryl transfer (500% and slow release of
products (20 st) then explain why the&, for Kemptide is 2The associationk§) and dissociation k;) rate constants for

more than 10-fold lower than ity value despite it being in SKr‘fig‘SP“ﬁf Earllcbﬁ(fva":(?(tkidlsfcor‘::)gg afr?dﬂl‘(ezt"lo I‘Z”E’l""iﬂg ([fj'?tio”'
. T . . - - - - . - al empti al empti —2 — al
rapid equilibrium with the active site. The simple kinetic Kkempiicd”]/(KealKkempiiad”, Where ks is the phosphoryl transfer rate

mechanism for PKA involving slow release of ADP hinges constant (Adams & Taylor, 1992).
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another step in the internal catalytic mechanism must be Scheme 3

partially rate-determining. If this is so, the maximum rate KIS] 650 51 ke
constant for catalysis must be limited partially by this other ~ E*ATP BATPS 7 BAPPT E-ADP
step and this step, by definition, must be sensitive to solvent ,;,
viscosity. We will demonstrate in the next section that
phosphokemptide release cannot account for the observed E

turnover number. _

The association rate constant for ATP measured by Km for Kemptide compared t&q. We took advantage of
relaxation binding is similar in value t&e{Kn for ATP the qllfferentlal fluorescence quenchmg of ATP and ADP to
(Tables 1 and 2), suggesting that the rate-determining stepMonitor the phosphoryl transfer step in the labeled mutant.
for the enzyme reaction under limiting ATP concentrations Surprisingly, we found that the pre-steady-state kinetic burst
is nucleotide association. This assertion is validated by two Phase for the labeled enzyme is composed of two distinct,
independent studies. First, Kong and Cook (1988) demon- €xponential phases rather than one (Figure 5). The rate
strated that 100% of/f32P] ATP is trapped as radioactive ~constant for the first phaséqf varied hyperbolically with
phosphokemptide at all concentrations of free?MgThis the Kemptide concentration _(Flgure 5, inset). Thl_s has be_en
indicates that ATP dissociates from the ternary substrate 0bserved previously in rapid quench-flow studies and is
lower than that for the catalytic steps. Second, Adams andPhosphoryl transfer (Grant & Adams, 1996). For a simple
Taylor (1992) have shown through viscosometric techniques three-step mechanism (substrate blndlng,_ phosphoryl transfer,
that kea/Km for ATP is diffusion-controlled, indicating that and net product release), the extrapolation of the burst rate

the rate constant for phosphoryl group transfer greatly to infinite substrate concentration gives 'ghe true phosphoryl
exceeds that for ATP release. transfer rate constant and the extrapolation to zero substrate

The binding of a small ligand to a protein molecule is, in concentration gives the net rate constant for product release.

most cases, inadequately represented by a simple one-stebrhe poncentration at Whi_ch_an intermediate rate is pbserved
model. Rather, the initial encounter of a ligand with its Provides the true dissociation constant for Kemptide. Al-
receptor is commonly accompanied by one or more confor- though the values obtained from the fittinglafin Figure 5
mational changes (Gutfreund, 1995). Indeed, the detection(iNSet) is consistent with previous reports on the kinetic
of two nucleotide-independent phases in the relaxation Mechanism, we are cautious not to overinterpret these results
experiment (Figure 3B) shows that conformational events Since an additional step is now present in the mechanism.
are associated with ligand binding in PKA. We interpret Given this caveat, we use only t_he extrapolated rate at infinite
the hyperbolic dependence kfwith respect to nucleotide substrate concentration to provide the true burst rate constant
concentration and the nucleotide independende tofdepict (650 s'Y). The reduction in _thg observed burst rate constant
a mechanism whereby ATP and ADP binding must comprise Of 20-fold upon Mr#* substitution (Figure 6) suggests that
at least three steps: a ligand-dependent, bimolecular stepth's initial phase represents the true phosphoryl transfer step
and two conformational steps which are ligand-independent"ather than a conformational change. However, the pos-
at high ATP/ADP concentrations-@00uM). The nonhy- sibility that t_hls initial phase represents a cation-dependent
perbolic dependence of the amplitude of the fast phaseSte€P preceding a faster phosphoryl transfer step cannot be
(Figure 3C) indicates that formation of the initial encounter formally ruled out.
is not faster than the other two steps at low nucleotide Since the rate constant for phosphoryl group transfer is
concentrations. We propose that at low concentrations theapproximately 12-fold larger than maximum turnover, the
binding of nucleotide is sufficiently slow that the observed chemical step has little influence on the value of this
rate () represents a mixture of this step and associated parameter. We propose that the second phase observed in
conformational changes. At high nucleotide concentrations the pre-steady-state kinetics (60)sis the source of the lower
(>100uM), this step is progressively lost in the dead time Vvalue fork.. We presume that the release rate of phos-
of the instrument. The corresponding decrease in amplitudephokemptide does not influence either the maximum turnover
with increasing nucleotide levels (Figure 3C) suggests that rate or this second phase. This assumption is based on two
a significant fluorescence amplitude is associated with this results. First, the measuréd value for phosphokemptide
initial ligand-binding step. The observation of two ligand- toward Acr-PKA is 6.7 mM, a value that is approximately
independent phases of similar magnitude for the binding of 10-fold greater than thé&y for Kemptide based orK;
adenosine and MATP indicates that these conformational measurements for the Ala-Kemptide analog inhibitor (Lew
changes are not linked to the triphosphate binding region of et al., 1996). Second, a minimal viscosity effect kg
the active site. Likewise, these similarities in rate imply that Kkempidcefor PKA (Table 1) implies that the rate constant for
the fast phase in the pre-steady-state transient (Figure 5) ig<emptide dissociation is significantly larger than the rate of
not associated with a conformational change forced by the phosphoryl transfer. These two observations imply that the
nucleotide. dissociation rate constant for phosphokemptide must be
Pre-Steady-State Kinetic StudieBre-steady-state kinetic ~ €xceedingly large relative to that for ADP release and
techniques are perhaps the most informative for analyzingmaximum turnover. AK; value of 6.7 mM places a
individual steps in an enzymatic reaction. For example, rapid dissociation rate constant for phosphokemptide of 47 080 s
quench-flow techniques have been used to demonstrate tha@ssuming an association rate constant similar to that of
the C-subunit of PKA phosphorylates Kemptide with a rate Kemptide , 7uM~ s™%, determined from viscosometric
constant that is 25-fold larger tha@. (Grant & Adams,  studies (Table 1 and footnote 2).
1996). This rapid rate of phosphoryl group transfer (500 A simple catalytic mechanism which is consistent with
s1) in the active site then explains the high catalytic the nucleotide binding, trapping, and pre-steady-state kinetic
efficiency of this enzyme (i.ek../Krmn) and the 100-fold lower  data is shown in Scheme 3, where S represents Kemptide,

100 st
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k. andk_, are the association and dissociation rate constants The observation of a second phase in the pre-steady-state,
for Kemptide, andk is the rate constant for the conforma- stopped-flow kinetic studies implies that a structural change
tional change. In this mechanism, phosphoryl transfer and occurs under normal catalytic cycling for this mutant.
phosphokemptide release are fast and the final release ofFurthermore, the dependence lqf: on solvent viscosity
ADP occurs in two distinct steps. We presume that this is suggests that this conformational change must be large
not a unique solution for all the data for several reasons. enough so that the intramolecular movement of the protein
First, we are unclear whether the free enzyme exists in oneis impeded by the solvent. Given the substantial evidence
or more conformers. Second, we do not know whether the that the C-subunit can adopt open and closed forms that
binary nucleotide-enzyme complex, fADP*, can dissociate ~ would be expected to reorganize the solvent layer on the
the nucleotide followed by free enzyme isomerization (E* protein surface, subdomain movements may influence ca-
— E), creating a bifurcated pathway for product release. talysis in this mutant by lowering the value kfy. Alter-
Third, we assume in this mechanism that the second phasenatively, the conformational event may represent a distinct
in the pre-steady-state represents a favorable ktepK-), movement(s) that is required for substrate turnover. Since
a simplification that permits us to assign an individual rate this labeled mutant is kinetically similar to the wild-type
constant to this step. If there were a significant reverse enzyme, we propose that this conformational change may
component to this step that was comparable in rate to thehave kinetic significance for normal substrate turnover.
dissociation rate constant for ADP or other conformational Given this proposal, the data presented in this paper are the
change steps, then the observed rate of 60(Bigure 5) first linkage between a structural change and catalysis in a
would represent a composite value of several individual rate protein kinase.

constants. Also, we cannot conclude definitively that there
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