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ABSTRACT: The SRPK family is distinguished from typical eukaryotic protein kinases by several unique
structural features recently elucidated by X-ray diffraction methods [Nolen et al. (R@1¥truct. Biol.

8, 176-183]. To determine whether these features impart unique catalytic function, the phosphorylation
of the physiological Skylp substrate, Npl3p, was monitored using steady-state and pre-steady-state kinetic
techniques. While Skylp has a low apparent affinity for ATP compared to other protein kinases, it binds
Npl3p with very high affinity. The latter is achieved through a combination of local and distal factors in
the protein substrate. The phosphoryl donor ATP has access to the nucleotide pocket in the absence or
presence of Npl3p, indicating that a large protein substrate does not enforce an ordered addition of ligands.
Skylp binds two Mg —the first is essential whereas the second further enhances catalysis. While the
turnover number is low (0.573), Npl3p is rapidly phosphorylated in the active site (40)sased on

single turnover experiments. These results indicate that Skylp employs a catalytic pathway involving fast
phosphoryl transfer followed by slow net release of products. These studies represent the first kinetic
investigation of a member of the SRPK family and the first pre-steady-state kinetic study of a protein
kinase using a natural protein substrate.

An essential step in the maturation of eukaryotic pre- vitro, a cycle of phosphorylation and dephosphorylation is
mRNA is the removal of intervening sequences (introns) imperative for splicing to occur. The phosphorylation of SR
from the coding sequences (exons). This pre-mRNA splicing proteins is required for spliceosome assembly, and a de-
takes place in a dynamic assembly of five small nuclear phosphorylation step is necessary for the splicing event to
RNAs (snRNAs) and other proteins known as the spliceo- occur @—11). SRPKs are highly homologous across species
some (—4). As well as snRNPs, many non-snRNps such (~50% identity between human and yeast), and are charac-
as SR proteins play critical roles in splicing. SR proteins terized by a large spacer insert of about 2300 residues
have been shown to function in vitro as essential factors (referred to as spacer region) within the kinase core. It has
required for spliceosome assembly and alternative splice sitebeen shown that this spacer is important for subcellular
selection. SR proteins are characterized by one or more RNAlocalization as well as cell viability in yeastl?). In
recognition motifs (RRMs), as well as an RS domain rich Saccharomyces cerisiae Skylp has been identified as the
in serine and arginine dipeptide repeats. SR proteins use theiionly kinase highly homologous to human SRPKs. Although
RNA recognition motifs to bind and commit pre-mRNA multiple proteins inSaccharomyces cerisiae have the
molecules to the splicing pathway, whereas the RS domainsability to become phosphorylated by Skylp, the SR protein
mediate specific proteinprotein interactions during the Npl3p is the only one that is well characterized. Npl3p is a
spliceosome assembly step. shuttling protein involved with mRNA transport, and is

The maturation of mMRNA is regulated by a class of phosphorylated at a single serine within the C-termiri2. (
enzymes known as SR protein kinases (SRPEs)8]. In Npl3p contains two RRM domains and a C-terminal RGG/

RS domain. The latter domain contains eight RS dipeptide
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MRNA processing. Also, while pre-steady-state kinetic data
have been previously published for three protein kinases, to
date, those studies were performed using short peptide

[ —
250 substrates rather than real physiological substra@sZ1).
SkylpANS T_he _data presented herein reflec'g the first pre-steady-state
kinetic report on the phosphorylation of a natural substrate
for a protein kinase.
Peptide YRTRDAPRERSPTR MATERIALS AND METHODS
Materials. Adenosine triphosphate (ATP), adenosine diphos-
Npl3p N |111111111111111] &6 phate (ADP), 34-morpholino)propanesulfonic acid (Mops),

magnesium chloride, potassium chloride, acetic acid, DE 52
resin, and liquid scintillant were obtained from Fisher
Scientific. Poly-prep chromatography columns were obtained
from Bio-Rad, synthetic peptide was obtained from the
Peptide and Oligonucleotide facility at the University of
Southern California, 'sadenylylimidodiphosphate (AMP-
Ctermminal PNP) was obtained from Sigma Chemicals, andP]ATP
extension was obtained from NEN Products.

Expression and Purification of Skylp and Npl&xpres-
sion and purification of SkyANS were described previously
(15). The yeast vector pPS811 (obtained from C. Yun and
X.-D. Fu, University of California, San Diego) was used as
a template to clon&PL3Pinto pET15b (Novagen) at the
Ndd and BanHl restriction sites. pET15DPL3P was
FiGURe 1. Structures of Sky1lp and Npl3. (A) Domain organization. transformed into BL21(DE3)RFE. coli (Stratagene), and

The full-length enzyme possesses a large spacer insert (250 amingjtures were grown at 37C in 2 L of LB broth supple-
acids) that bifurcates the kinase domain. The two separate portions . L
of the complete kinase domain are labeled N-kinase and C-kinase,memed with 20Qug/mL ampicillin and 34ug/mL chloram-

reflecting the N- and C-terminal sequences, The truncated enzyme,phenicol for 4 h. Then 0.5 mM IPTG was added to induce
Sky1pANS, lacks this spacer region and a large portion of the protein expression. Cells were grown at 3C for 5 h,
N-terminus. The peptide represents the phosphorylation site (Ser-pelleted, and stored at80 °C. Cells were lysed in 150 mL
411) and local residues in the C-terminus of Npl3p. The phospho- of lysis buffer [20 mM Tris-HCI, pH 7.5, 5 mM imidazole

rylated residue in the peptide is underlined. The striped region in
NpI3 contains the two RRM domains whereas the dotted region 500 mM NaCl, 10% glycerol, and 0.5 mL of protease

Helix aC
c’insert -;— ; = Activation Loop

Spacer Insert

represents the RGG/RS domain. (B) X-ray structure of SIySp. inhibitor cocktail (Sigma)]. Supernatant was loaded onto a
The spacer insert, not present in this structure, lies bet@etrands His-bind column (Novagen) and washed with lysis buffer
7 and 8. containing 60 mM imidazole. Protein was eluted with 30

strands 7 and 8, Sky1p differs from other protein kinases in mL of lysis buffer containing 250 mM imidazole and
two respects. First, Skylp contains a short helical addition dialyzed twice again? L of 20 mM Tris-HCI, pH 7.5, 50
directly after helixaC. Since it has been demonstrated by mM NaCl, 1 mM EDTA, 1 mM DTT, and 10% glycerol.
crystallographic and solution methods that motions in this Dialyzed protein was then loaded on a HiTrap Q Sepharose
helix are directly linked to catalytic activatiod§—18), the column (Amersham Pharmacia) and washed with 20 mM
presence of this helical addition suggests a unique role for Tris-HCI, pH 7.5, 1 mM EDTA, 10% glycerol, 1 mM DTT,
helix aC in the SRPKs. Second, while Skylp is not up- and 50 mM NacCl. Protein was eluted with the same buffer
regulated by activation loop phosphorylation, the C-terminus in a 10 column-volume gradient from 50 to 400 mM NacCl.
directly interacts with this critical loop segment. This Peak fractions were pooled and dialyzed twice against 2 L
interaction could lock the activation loop into a productive of 20 mM Tris-HCI, pH 7.5, 100 mM NacCl, and 1 mM DTT.
form in the absence of other stabilizing interactions. Dialyzed sample was then concentrated in a Centriprep 30
To investigate the catalytic properties of Skylp, we (Millipore) to 9.0 mg/mL and flash-frozen. Concentration
measured the steady-state and pre-steady-state kinetic pameasurements for the purified proteins were made using the
rameters of SkylANS using two substrates: the physi- Gill and von Hippel method22).
ological yeast protein Npl3p, and a short peptide based on Column Separation Assayhe steady-state kinetic pa-
the single phosphorylation site in Npl3p (Figure 1). The rameters in the presence of protein substrate Npl3p or
results indicate that SkyINS requires both local and distal  substrate peptide were performed at°Z3for 2 min in the
sequence elements for substrate recognition. The enzymeresence of 50 mM Mops (pH 7), 4 mM free Kig and
binds Npl3p and ATP randomly although the affinity of the [y-32P]ATP (600-1000 cpm pmol') unless otherwise stated.
latter is poor relative to other protein kinases. Based on singleFor time course experiments, substrate concentrations were
turnover experiments, the binding and phosphorylation of kept constant, and only the quench times were varied. Assays
NplI3p are fast while the net release of products is rate- were typically executed by preequilibrating the enzyme,
limiting. This study represents the first detailed kinetic MgCl,, and ATP for 2 min, and then initiating the reaction
investigation into the substrate selectivity and catalytic with the addition of substrate. Total reaction volumes were
properties of an SRPK and, thus, will provide a critical base 20uL, and were quenched with 18Q of 30% acetic acid.
for evaluating the function of related enzymes involved in A portion of each reaction (180L) was applied to 3 mL
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DE 52 columns, and washed with 5 mL of 30% acetic acid.
The collected flow-through containing phosphorylated sub-
strate was then counted on tH#éP channel in liquid
scintillant. Control experiments were performed to determine
the background phosphorylation (i.e., phosphorylation of
Npl3p or substrate peptide in the presence of quench). The
specific activity of [-3P]JATP was determined by measuring
the total counts of the reaction mixture. The time-dependent
concentration of phosphorylated Npl3p and substrate peptide
was then determined by considering the total counts per
minute (CPM) of the flow-through, the specific activity of
the reaction mixture, and the background phosphorylation
of the flow-through as previously described. Fiure 2: Phosphorylation of the substrate peptide as a function
Rapid Quench Flow Studiehe phosphorylation of NpI3p of the Mg?* concentration. SkyIANS was preequilibrated with

; . . varying concentrations of Mgegl(0.1-6.5 mM) at a fixed
was monitored using a KinTek Corp. Quench Flow Ap- concentration of ATP (0.4 mM), and the reaction was initiated with

paratus model RGF-3 and a previously published procedure1 mm peptide. The initial reaction rate constarks,{= v/[E]),
(19). Quench flow experiments were typically executed by measured at each Mg concentration, were fit to a hyperbolic

loading equal volumes of enzyme, buffer (50 mM Mops, function. The maximum rate constant is 2.4 minThe inset shows
pH 7), Np13p, and magnesium chloride into one sample loop the curve fit at M§" levels beneath the ATP concentration.
and [y-*?P]JATP (600-1000 cpm pmoal!) and magnesium
chloride into the other in 50 mM Mops (pH 7). Unless
otherwise designated in the text, the concentrations of the . : .
reactants represent those in the mixing chamber. Thef.Or the equnentlall_ Is the Imeqr rate constant, ands
reactions were quenched using 30% acetic acid, and phospholime: Equation 3 was used to fit the time dependence of
Npl3p was separated from unreacted ATP using the column phospho-Npl3p yvhen [Npi3pt [E]. U.n.der cqndltlons when
separation assay. Control experiments were performed tolNPI3P] = [E] (single tumover conditions]. is set to zero.
determine the background phosphorylation (i.e., phOSpho'RESULTS
rylation of Npl3p in the presence of quench) using previously
published protocolsl@). The time-dependent concentration Magnesium Dependence of Catalytic Aityi. It has been
of phospho-Npl3p was then determined by considering the shown previously that the activities of protein kinases are
total counts per minute (CPM), the specific activity of ATP, dependent on the total concentration of¥ifsee reference
and the background phosphorylation. (23)]. To determine how Mg affects the catalytic activity
Data Analysis.The steady-state kinetic parameters were of Skylp, the initial reaction rate constakyj,s was measured
obtained by plotting the initial reaction velocity versus the as a function of total M§f. Figure 2 displays the reaction
total substrate concentration at fixed ATP concentration or rate for SkylANS as a function of total Mg at fixed
the total ATP concentration at fixed peptide concentration concentrations of ATP (40@M) and substrate peptide (1

[Mg %] (mM)

where [P] is the concentration of phospho-Npl8pis the
amplitude of the exponential phadeg,is the rate constant

using eq 1: mM). The reaction rate constant increases hyperbolically with
total Mg?*. Owing to the high affinity of Mg" for ATP in
_ Vinal S] 1 solution K4 = 10 uM), the initial increase in catalytic rate
v= Karp aKarp (1) up to the fixed concentration of ATP (dashed line in Figure
Kll+t—=—=]+[SI|1+ == indi i ion i i
m [ATP] [S] [ATP] 2) represents the binding of a single metal ion in the active

site of the enzyme. Above this level, additional activation

wherev is the initial velocity,Vimaxis the maximum velocity, ~ eflects the binding of a second Mg The amount of Mg
andKre andoK are are thek,,'s for ATP at low and infinite ~ aPove the total concentration of ATP is called the fre¢Mg
substrate concentrations, respectively. The maximum reactiorconcentration. For Sky1lp, since maximum catalytic activity
velocity was converted th. by dividing by the total enzyme 1S achieved at approximately 4 mM free Ffg all kinetic
concentrationK, reflects the apparent affinity of substrate Studies were performed at this amount of divalent activator.
peptide or NpI3p. Th&, for AMPPNP was measured using Effects of Salt on Actity. To examine the impact of ionic

fixed ATP and Npl3p concentrations using eq 2: strength on the phosphorylation of the substrate peptide and
Npl3p, the effects of increasing salt concentration were
VEPPIATP] determined. Initial velocities were measured as a function
v= = (2)  of total KCl at 1 mM ATP, 4 mM free Mg, and fixed
KATp(l + [AMPPNP]) + [ATP] concentrations of substrate (Z¥ Npl3p or 1 mM peptide).
K| As shown in Figure 3, there is a profound rate loss with

increasing KCI concentration. Approximately 60% of the
where Vit is Vimax at a fixed substrate or ATP concentra- catalytic activity is lost at 100 mM KCI. A similar effect of
tion, Katp represents the apparent affinity of ATP, adds ionic strength has been observed for Csk, a nonreceptor
the inhibitory constant for AMPPNP. The production of protein tyrosine kinase important for regulating Src family
phospho-Npl3p in the rapid quench flow experiments was enzymes 24).
fitted to eq 3: Available Phosphorylation Sites in Npl3pt has been
shown previously that a physiological substrate for Sky1p,
[Pl=oa x[1—expkt] +Lxt (3) Npl3p, is phosphorylated on a single serine (Ser-413).(
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Ficure 3: Effects of [KCI] on the percent activity of SkyZANS.
Initial velocities were measured in the presence of varying
concentrations of KCI (6400 mM) at 4 mM free Mg" and 1 mM
ATP using 1 mM peptide®) or 74 uM Npl3p @).
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0 0 — 1|ol — ZIO' — 3|0' ' Ficure 5: Double reciprocal plots dk.ns VS ATP concentration
using substrate peptide and Npl3p. (A) Substrate peptide. The initial
Time (min) rate constants are measured as a function of varied ATP concentra-

) tions (10-2000uM) at varied, fixed concentrations of substrate
FiGURe 4: Progress curve for the phosphorylation of NpI3p. peptide [200©), 400 (0), 700 @), 1000 (x), 1500 &), and 2000
Sky1pANS (70 nM) was preincubated with ATP (4@0) and 4 )\ (A)]. (B) Npl3p. The initial rate constants are measured as a
mM free Mg*, and the reactions were initiated with the addition fynction of varied ATP concentrations (+@000xM) at varied,
of NpI3p (20u4M). The concentration of NpI3 on thgaxis was  fixed concentrations of Npl3p [18), 5 (a), 7.5 ©), 20 (), and
determined from a Bradford assay. The progress curve was fitted 40 ;M (a)].
to an exponential function with an endpoint of 201 uM and a

-
rate constar\t of 0.16- O.-10 mim= ) ) Table 1: Steady-State Kinetic Parameters for SKWNB Using
To determine the available number of phosphorylation sites Npi3p and the Substrate Peptide

in our recombinantly expressed Npl3p, we monitored the substrate parameter value
time-dependent phosphorylation of Npl3p. Figure 4 shows - -

the incorporation of?P from [y-32P]ATP into a fixed amount peptide Ea;(fdealM) 310'81 g.ol

of NpI3p (201M). The incorporation of phosphate into the aKoepe(ieM) 1000+ 500
substrate protein obeys a typical exponential progress curve Karp (uM) 520+ 200
with an endpoint of 2«M (dashed line). Thus, a stoichi- oKare (M) 1200+ 500
ometry of 1 phosphate per Npl3 molecule is obtained, NpI3p Keat(s™) 0.5+0.03
consistent with the previous reports of a single phosphory- Kispiap (M) 3.5£0.7

lation (13). Kare (M) 200+ 40

Steady-State Kinetic Parametefée steady-state kinetic 2 The steady-state kinetic parameters were measured in 50 mM Mops
Y Y (pH 7) buffer using 4 mM free Mg at 23 °C. The parameters are

par_ameters for Sky_]m\lS were determined from dOUb_le derived from fitting eq 1 to the data in Figure 5.
reciprocal plots of initial velocity versus ATP concentration
at varied, fixed concentrations of substrate. Figure 5 showsstate kinetic parameters for Npl3p phosphorylation were
plots of 1k.s ([EJ/v) versus 1/[ATP] at varied, fixed measured at 100 mM KCI. Using saturating Npl3p (M),
concentrations of either substrate peptide or NplI3p. When keos and Karp are 0.144 0.04 st and 240+ 50 uM for
NplI3p is used as a substrate, the lines intersect at-thaés SkylpANS. Thus, the effects of added salt result largely from
(Figure 5B), consistent with a lack of binding synergism decreases ik, With little effect onKare.

between the nucleotide and the protein substrate. In com- Temperature Effects on CatalysiBhe apparent binding
parison, the lines intersect below theaxis using the affinity of ATP for Skylp using either the natural or the
substrate peptide (Figure 5A), a phenomenon consistent withpeptide substrate is poor compared to other well-studied
negative binding synergism between ATP and peptide. The protein kinases. For example, the AKR,'s for PKA and

data were analyzed using eq 1, and the resulting steady-stat®KC, two classic serine-specific protein kinases, are about
kinetic parameters are listed in Table 1. Although the 10-fold lower than that for Skylp26, 26. To better
apparent affinity of Npl3p is about 100-fold higher than that understand the ATPSky1p interaction, the affinities of ATP

for the substrate peptide, both substrates are turned over atvere monitored at a series of temperatures. Figure 6 shows
similar rate constantd{,y). To explain the lower activity of  a plot of initial velocity versus ATP concentration for
Skylp at increased salt concentration (Figure 3), the steady-Sky1pANS at several different temperatures. The data were
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FiIGURe 6: Temperature-dependent production of phosphopeptide
in the presence of varying concentrations of ATP (6:2ImM) at

4 mM free Mg*. SkylpANS (1uM) was preequilibrated with Mg

and varying ATP concentrations, and the reaction was initiated with
1 mM substrate peptide at varied temperatures: @3 82 @),

and 37°C (O).
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recorded at 4 mM free Mg and 1 mM peptide. The apparent
Karp values at 22, 32, and 3T are 900, 700, and 95M,
respectively. Thus, while there is a distinct increas&in
as a function of temperature, the appar&atr remains
unaffected.

Utilization of Nonphysiological Metal lon&Vhile Mg?*
serves as the physiological metal, many protein kinases
utilize alternative divalent ions for catalysis. For example,
PKA utilizes Mr?™ as an alternative metal althoudgy is
reduced by about 30-fold with no change in apparent ATP
binding affinity (27). In comparison, Csk (Src tyrosine
kinase) exhibits a heightened affinity for ATP in the presence
of Mn2?* (28). To gain a better understanding of the ATP
Sky1p interactionKatp was determined at 4 mM free Mh
and 2 mM peptide concentration. TKarer for Sky1pANS
in the presence of 4 mM free Mhis 1300uM (data not
shown), a value that is very similar to thrp using Mg*
(Table 1). In comparison, the addition of Knreducedksa
by 9-fold compared to Mg (data not shown).

Inhibition Using AMPPNP. To determine whether
SkylpANS employs a random or ordered kinetic mechanism,
inhibition studies were performed using the nonhydrolyzable
ATP mimic AMPPNP. Figure 7A shows a plot ofkls ([E]/

v) versus 1/[ATP] for SkylANS using varied, fixed
concentrations of AMPPNP. These results are consistent with
simple competitive inhibition between ATP and AMPPNP.
Equation 2 was used to determin&afor AMPPNP of 180

+ 50 uM using Npl3p as a substrate, an affinity which is
close in value to th&,, for ATP (Table 1). While AMPPNP

is competitive with respect to ATP, as expected, it is
noncompetitive with respect to Npl3p. As shown in Figure
7B, a plot of 1k ([E])/v) versus 1/[Npl3p] at varied, fixed
concentrations of AMPPNP intersects on thaxis. These
results imply that AMPPNP can bind to the enzyme in the
absence or presence of Npl3p. This can only occur if
Sky1pANS utilizes a random kinetic mechanism.

Rapid Quench Flow Experiment3o define the rate-
determining step for SkyXNS, the phosphorylation of
Npl3p was measured using rapid quench flow instrumenta-
tion. Figure 8 shows the phosphorylation of Npl3p under
conditions of excess SkyNNNS and limiting Npl3p (single

Aubol et al.
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FiGUre 7: Double reciprocal plots ofqps versus ATP or Npl3p
concentration in the presence of AMPPNP. (A) Varied [ATP]. The
initial rate constants are measured as a function of varied ATP
concentrations (162000 M) at varied, fixed concentrations of
AMPPNP [1 (x), 0.5 @), 0.25 (), 0.10 (+), and 0 mM ()] and

100 nM Sky1@ANS. (B) Varied [NpI3p]. The initial rate constants
are measured as a function of varied Npl3p concentratior8{1
uM) at varied, fixed concentrations of AMPPNP ), 1 (@), 0.5

(@), and 0 mM Q)] and 100 nM Sky1ANS.

uM), the rates of the exponential phases are equivalgnt (
= 404+ 20 s'1). This rate constant is approximately 80-fold
higher thank. (Table 1), indicating that the rate of the
phosphoryl transfer step is fast. The amplitudes of the
experimental phases increase linearly as a function of Npl3p
concentration (Figure 8B). The slightly substoichiometric
amount of Npl3p phosphorylation (sloge0.8) may reflect
error in measuring phosphoryl content and/or incomplete
saturation of the enzyme with ATP. Using 50 ATP,

we anticipate that approximately 75% of the available active
sites will be occupied, a value close to the measured
amplitude (0.8). To determine the true active-site concentra-
tion, rapid quench flow studies were performed using excess
Npl3p (12uM) and limiting Sky1pANS (1uM). The kinetic
transient obtained under these conditions (Figure 9) is
comprised of a rapid exponential phase (‘burst’ phase)
followed by a linear, steady-state phase. The data were fit
to eq 3 to obtain values of 08 0.1uM, 30 £+ 10 s%, and
0.7+ 0.01uM/s for o, ky, andL, respectively. Normalizing
the linear rate data with the enzyme concentration provides
a linear rate constant of 0.7% a value close to the expected
keat for Npl3p phosphorylation (Table 1).

DISCUSSION

SRPKs are distinguished from other members of the

turnover conditions). The data are best represented by singleprotein kinase family by a large spacer insert within the
exponential transients and are accordingly fit to eq 3 where kinase domain (Figure 1A). In Skylp, the spacer lies between
L = 0. At all three concentrations of Npl3p (2, 5, and 8 f strands 7 and 8, a region that is far from the active site
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8§ T T T fundamental catalytic pathway for Sky1p using both steady-

PY -— state and pre-steady-state kinetic methods and a natural
J substrate, Npl3p, and determine whether this unique kinase
core imparts unigue kinetic properties.

Role of Metal lons and lonic Strength in Catalysis
initial goal in characterizing Skylp is to understand the role
of metal ions in facilitating substrate phosphorylation. Protein
A . kinases typically use two metal ions for binding ATP and
| supporting phosphoryl transfeq, 30-33). The primary
metal ion binds with high affinity and is essential for
catalysis, interacting with either one or two of the ATP

Time (seconds) phosphates and a conserved aspartic &4l While protein
s N kinases have been shown to accept different divalent metal
| B g ions in this position, M§" is considered the physiological
metal owing to its high concentration in the ced5]. The
second metal ion binds with weaker affinity in most cases
and may lead to either an increase or a decrease in catalytic
4 r 7 activity (23). We showed that Sky#NS, like other eu-

- 1 karyotic protein kinases, binds two Mg (Figure 2). By
2+ s comparing the initial velocities of the reaction at stoichio-

] metric metat-ATP concentrations and conditions where
o metal greatly exceeds the ATP concentration, we conclude
2 4 6 8 that the second metal enhances catalysis by approximately

[NpI3] ( uM) 4-fold (Figure 2).

FiGURE 8: Phosphorylation of NpI3p using rapid quench flow ~ SOMe protein kinases respond uniquely to the ionic
methods. (A) Single turnover experiment. Excess SKWNB (12 strength of the assay medium. For example, while the
uM), preequilibrated with limiting concentrations of NplI3p [&) catalytic activity of PKA is not greatly affected by added

5 (0), and 8uM (®)] and 4 mM free M@", is mixed with ATP  gajts @6, 37, Csk is substantially inactivated by modest

(500uM) in the rapid quench flow instrument. The data are fit to ; ; ; 0
eq 3 wherel = 0. (B) The amplitude of the exponential phase in amounts of NaCI38). Likewise, approximately 60% of the

panel A is plotted against the total Npl3p concentration. The slope Catalytic activity of Sky1ANS is lost at a physiological KCI
of the line drawn through the data is 0.82. concentration of 100 mM (Figure 3). Analysis of the steady-

state kinetic parameters indicates that this inactivation is due
to reducedk.y values with little or no change in thi€y,'s
for substrate and ATP. It is difficult to know why Skylp
and other protein kinases display low activities at physi-
ological salt levels. In general, SRPKs function as compo-
nents of large protein complexes. In these complexes, large
surface areas on Skylp may be occupied by other protein
accessories which shield the enzyme from physiological
buffers. Alternatively, the catalytic power of Skylp may be
0 N sufficiently high at 100 mM KCI to accomplish its physi-

0 0.2 0.4 0.6 0.8 1 ological role. These issues will be better addressed when

Time (seconds) more information is known about other proteins associated

) I . . with Skylp. However, it is clear from our kinetic studies
FiIGURE9: Pre-steady-state kinetic transient for the phosphorylation - .
of NpI3p. SKyL@ANS (1 4M) is preequilibrated with Np13p (12 that the association of the natural substrate with Skylp does

uM) and 4 mM free M@", and the reaction is initiated with ATP ~ not influence this salt effect (Figure 3). Whether the spacer
(500 uM). The data are fit to eq 3. insert influences the electrostatic properties of Skylp awaits

the expression and characterization of the full-length enzyme.
yet is near the linker region between the ATP and substrate Recognition Elements for Substrate BindiBgy1p phos-
binding lobes 15). In addition to this large insertion, SKylp phorylates the RNA carrier protein Npl3p in vivo at a single
possesses other unique structural features which may accourgerine (3). This phosphorylation promotes dissociation of
for its constitutive activity (Figure 1B). For instance, the mRNA from Npl3, leading to transport of Npl3 to the
activation loop does not contain a phosphorylation site and, nucleus. To understand how Skylp recognizes Npl3p, we
thus, relies on other structural factors for stability. For studied the phosphorylation of Npl3p and a substrate peptide
example, the activation loop appears to be stabilized by closebased on the single phosphorylation site in this protein. As
interactions with the C-terminal tail of the protein. Also, a shown in Table 1, Npl3p binds approximately 100-fold better
small insertion immediately preceding heti (a small helix than the substrate peptide. However, differencé&,inalues
oC' not seen in other protein kinases) may stabilize the active may not necessarily reflect comparable differences in real
form of the enzyme. Both this helix and the activation loop binding affinity. K., measurements frequently contain infor-
in other protein kinases have been shown to move consider-mation on the nature of the kinetic mechanism. For
able distances upon catalytic activatidtv( 18, 29. The SkylpANS, if the rate of phosphoryl transfer is fast relative
goals of this kinetic investigation are to establish the to other steps, th&, may be considerably lower thafy

[phosphoNpI3] (M)

P R R |
0.2 0.3

Amplitude (um)

[phosphoNpI3] (uM)
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(19, 36. Given this uncertainty, the differencesKn,’s for Scheme 1

Npl3p and substrate peptide may reflect real differences in Sky1p:ATP
binding affinity or an enhanced rate of phosphoryl transfer
to the protein substrate compared to the peptide. Thus, NpI3psiy1p Sky1pATPINDIS e > Sky1p:ADP:pNpI3 —ss

possesses a higher apparent affinity than the peptide either \
because it utilizes more binding contacts on Sky1p, resulting
in improved affinity, and/or because it better positions the
hydroxyl acceptor for efficient delivery of the-phosphate
of ATP. In either event, the additional determinants on the
protein substrate greatly impact recognition.

Cooperatvity and Order of Additionln general, steady-

Sky1p:Npl3

Monitoring the phosphorylation of NplI3p under single
turnover conditions allows the direct measurement of the
phosphoryl transfer step in the absence of steady-state

state kinetic studies have demonstrated that protein kinase§urnover @.6)' When the enzyme exceeds the. substrgte
concentration, the observed rate of the exponential transient

bind ATP and their respective substrates randomly [see is directly equivalent to the rate of protein phosphorylation

review 23)]. Nonetheless, there have been several cases. . . : X )
where ATP or substrate has been shown to bind first. " the active site. Since the rate of the exponential transient

enforcing an ordered pathwagd—41). Most of these order for this experiment (4078, Figure 8A) greatly exceeds the

" . . turnover number (0.573, Table 1), we conclude that the
of addition experiments have been performed using short . C D )
substrate peptides rather than full-length proteins. It is phosphorylation of Npl3p is not limited by the delivery of

conceivable that the larger protein substrates may influencethe y-phosphate of ATP. R_ather, turnover must be limited

. . o . by a step or steps after delivery and may include the release
active-site accessibility in a unique manner compared to themc one or both of the products. To provide further supoort
peptides. To investigate this possibility and determine P ' P bp

whether Skylp adopts a random or ordered kinetic mecha—for this mechanism, we performed pre-steady-state kinetic
nism, we utilized a nonhydrolyzable ATP analogue, AMP- experiments under conditions of excess substrate. Here, we

PNP. As expected, AMPPNP competes for the nucleotide giataIIQ?Srr?o:/aeprlgxbg:ieﬂt‘EEIS:? H:gtgl)s .SI_';T;; Iﬁ‘:‘e'grra;]z;z trgfe
site but displays noncompetitive inhibition with respect to 9 P 9 : P

: : : . of this transient corresponds appropriately with the expected
Npl3p (Figure 7). This pattern can be attained only if ATP S .
ar?d EéBg bind)randorzly in the active site. Furtrzlermore steady-state kinetic parameters in Table 1. Thus, both the

X U J single turnover and multiturnover experiments indicate that
while the binding of ATP is impeded by the presence of the while Sky1p rapidly phosphorylates Npl3p in the active site

substrate peptide, there is no apparent binding synergism p . L
between ATP and Npl3p (Figure 5). The X-ray structures (40 579, subsequen} catalytic cycles are limited by slow
product release (0.5°9.

for protein kinases reveal a deep catalytic cleft for the
nucleotide. How ATP gains gntrance to this deep pocket in CONCLUSION
the presence of a large protein substrate is presently unclear.
Movements in the two lobes of the kinase domain may alter Through the application of steady-state and pre-steady-
the accessibility of the active sitdZ, 43, allowing ATP to state kinetic methods, we have established a catalytic
bind despite a bulky substrate nearby. Whatever the molec-pathway for Skylp, a yeast homologue of the human SRPKs.
ular underpinnings of this process, it is insightful to know The majority of the available steady-state kinetic investiga-
that protein kinases such as Skylp can recognize largetions on protein kinases aimed at determining catalytic
proteins such as Npl3p without obstructing nucleotide mechanism have been performed using short peptide sub-
binding. strates. It is conceivable that larger proteins may enforce
NplI3p Turnaer Is Limited by Product ReleasBespite ordered processes where the smaller peptides may not be
the importance of protein kinases for cellular function, few based on steric considerations. As shown in Scheme 1, we
have been studied using detailed fast-mixing kinetic methods.demonstrated that Sky1p binds randomly ATP and its natural
In cases where pre-steady-state kinetic data are availablesubstrate, Npl3p. Thus, despite its size, Npl3p does not
short peptides rather than physiological protein substratesocclude the active site and prevent ATP binding. While it is
have been used to monitor phosphorylation and assesainclear how this feat is accomplished, Skylp utilizes an
catalytic mechanisnl@—21, 44, 45. The data derived from  extended active-site surface recognizing residues distal from
these previous studies indicate that the rate of phosphorylthe immediate phosphorylation site locus. This extended
transfer from ATP to the substrate peptide is fast, implying surface not only affords high-affinity protein binding but also
that the release of products and associated conformationadiminishes unfavorable contacts in the ternary complex with
changes limit turnover. Whether this mechanism applies to ATP. Finally, Skylp rapidly phosphorylates Npl3p, once
the phosphorylation of physiological substrates has not beenbound, and then slowly releases products in the rate-
tested. These shortcomings stem largely from the difficulty determining step for catalysis (Scheme 1). Similar kinetic
of working with protein substrates. In many cases, the real pathways have also been observed for several other protein
physiological target or targets for a particular protein kinase kinases (PKA, Csk, and Her-229—21, 44, 43. While PKA
are unknown or are not readily obtained in sufficient quantity and Csk phosphorylate optimal peptide substrates at fast rates
for detailed mechanistic investigations. We have overcome (100-500 s%), Her-2 is less efficient with its substrate (4
this problem by expressing and purifying large amounts of s1). Nonetheless, phosphoryl transfer in the active site does
the natural substrate, Npl3p, for Skylp. This recombinant not limit the turnover numbers for these three enzymes with
protein is phosphorylated at a single site so that the their peptide substrates. Here, we show for the first time that
anticipated kinetic transients should be easily interpreted a similar kinetic pathway occurs for a natural protein
(Figure 4). substrate.
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