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ABSTRACT: SR protein kinases (SRPKs) regulate the temporal and cell-specific selection of alternative
splice sites. These enzymes are highly unique members of the protein kinase family. SRPKs contain a
large domain insert (approximately 200 residues) within the kinase core, do not require phosphorylation
for regulation, have an extended helix insert near the nucleotide pocket, and possess unusual substrate
specificity determinants. The yeast SRPK, Skylp, rapidly phosphorylates its natural substrate Npl3 but
binds ATP with a highKm, suggesting that some of these distinctive structural features may be correlated
with nucleotide binding [Aubol et al. (200Biochemistry 4110002-10009]. To address this issue, the
nucleotide binding properties of Skylp were studied using fluorescence spectroscopy. The affinities of
several nucleotides (ATP, ADP, AMP, adenosine, and AMPPNP) to Skylp and the prototype kinase,
cAMP-dependent protein kinase, were compared in the absence and presence of the metal actirator, Mg
using a fluorescence-based displacement assay. The data indicate that Skylp, unlike cAMP-dependent
protein kinase, potently destabilizes thephosphate of ATP. This novel finding suggests that rapid
phosphoryl transfer may be facilitated by unique mechanisms in both protein kinases.

Protein kinases play key roles in numerous cellular ons) in pre-mRNA moleculesl(). This process is carried
processes, such as gene expression, immune responsesyt by a cellular machine known as the spliceosome, a large
inflammation, apoptosis, metabolic regulation, and pre- dynamic assembly of small nuclear RNAs (snRNAsjnall
mMRNA splicing. Not surprisingly, abnormal protein kinase ribonuclear proteins (sSnRNPs), and many non-snRNBs (
activity is often associated with human ailments including 13). The catalytic core of the spliceosome is formed through
cancer, antibiotic resistance, neurodegenerative diseases, ara series of RNA-RNA interactions that are facilitated by
depression —4). The clear connection between protein the nonsnRNP components of the spliceosofw, (most
kinases and disease has fueled many investigations intonotably SR proteins. SR proteins are the most well-
kinase-directed drugs. To date, two protein kinase inhibitors, characterized of the honsnRNP molecules and function to
Gleevec (STI-571) and rapamycin, are in clinical use for the modulate splice site selection and spliceosome assembly in
treatment of chronic myelogeneous leukemia and tissuea phosphorylation-dependent manris)( In fact, eukaryotic
rejection after organ transplantation, respectiv)y (Vhile splicing occurs within a dynamic cycle of phosphorylation
this represents a small number of approved drugs, many areand dephosphorylation events critical for the proper forma-
currently in human clinical phase trials and show good tion of mature mRNA with a high fidelity¥4, 16, 17).
promise for the treatment of a wide variety of disordérs ( The phosphorylation of SR proteins is carried out by a
8). Although rapamycin utilizes a unique mechanise), ( class of enzymes known as SR protein kinases (SRAI&S) (
Gleveec and the vast majority of these potential drugs target21). SRPKs are highly homologous across species0%o
the active site by competing with ATH) Despite the fact  identity between human and yeast) and are characterized by
that the ATP binding site is largely conserved across the a large insert 0of~250—300 residues (spacer region) in the
kinase family, key variations exist in the architecture of the kinase core. This spacer region is critical for subcellular
regions proximal to this site that allow selective toxicify. ( localization and cell viability in yeas®@). In Saccharomyces

It has been estimated that 15% of all nucleotide substitu- cerevisiag, Skylp has been identified as the only kinase
tions leading to human disease are the result of aberrant prehighly homologous to human SRPKs. Although there exist
mRNA splicing @). Eukaryotic pre-mRNA splicing is the ~ multiple substrates that can be phosphorylated by Sky1p in
process whereby mature mRNA is formed by removing the Yeast, Npl3p is the only one that is well-characteriz2®).(
noncoding sequences (introns) from coding sequences (ex
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NpI3p has characteristics of both the hnRNP and the SR Concentration measurements for the purified proteins were

protein subfamilies and has been implicated in mMRNA
transport from the nucleus to the cytoplas?3)(

All members of the SRPK family, including Sky1lp, show

made using the Gill and von Hippel methadgb).
Equilibrium Fluorescence Spectroscoplfluorescence
experiments were carried out on the Flouromax-2 (Jobin

a high degree of substrate specificity and are constitutively Yvon-SPEX, Instruments S. A., Inc. Edison, NJ) equipped

active (18, 20, 21, 24, 25). The recently solved structure of

with a circulating water bath and a 3Qf. cuvette and

Sky]_p |acking this spacer region and a large portion of the holder. The blndlng of the MANT-nucleotide derivatives was

N-terminus (SkylANS) has revealed that this enzyme
differs from other protein kinases in two way26|. First,
Skylp is not regulated through activation loop phosphoryl-
ation, but rather this critical loop segment is locked into a
productive form by a direct interaction with the C-terminal
tail. Second, Skylp contains a short helical addition directly
following helix aC. Since it has been demonstrated in other
kinases that motions in helixC are directly linked to
catalytic activation and productive nucleotide bindi2g-t

monitored by preparing a 3QL sample containing 2aM
MANT-ADP, in 50 mM MOPS (pH 7.0), and 4 mM free
Mg?*. Emission spectra between 300 and 550 nm were then
acquired by exciting the samples at 290 nm (excitation and
emission slits were set to 2 and 2 nm, respectively).
Sky1pANS was next added directly to the cuvette to a final
concentration of uM, and the fluorescence spectra were
reacquired. Finally, either 5 mM ATP or 1 mM ADP was
added to monitor the MANT nucleotide displacement from

29), the presence of this helical insert Suggests a unique r0|ethe active site. Control eXperimentS were carried out in the

in SRPKs.

Despite broad interest in the protein kinases as drug target

and the current exploitation of the nucleotide pocket to
achieve selective inhibition, there are few structtftenction
studies on this region of the active site. In a previous
investigation, we showed that Skylp binds ATP and its
physiological substrate, Npl3p, randomly although K¢

for ATP is uncharacteristically high as compared to other
protein kinases 30—32). Regardless of the apparent in-
efficient binding of ATP, Npl3p is rapidly phosphorylated

in the active site so that turnover is limited by product release

and/or associated conformational chang®$.(The recent
X-ray structure of Skylp with ATP and ADP bound indicated

that the degree of hydrogen bonding and lobe closure in the _ / e
g yerog g p hucleotide concentration. A background sample titration

two structures is distinctly different, suggesting that AT
and ADP may bind with different affinities3@). To probe
the topology of the nucleotide pocket in Skylp, we designe

a fluorescence-based displacement assay to determine th

dissociation constants of a wide range of nucleotides (ATP
ADP, AMP, adenosine, and AMPPNP) to Skylp. We found
that nucleotides are stabilized in the active site by a nove
mechanism that noticeably differs with that utilized by the
protypical serine/threonine kinase, cCAMP-dependent protei

absence of SkyINS to ensure that ADP and ATP did not

S‘alter the fluorescence emission of the MANT nucleotides,

and all spectral intensities were corrected for dilution.
MANT Nucleotide AffinitiesTitrations of MANT-ATP and
MANT-ADP were carried out in 50 mM MOPS (pH 7.0), 4
mM free Mg, and 1uM SkylpANS unless otherwise
stated. Microliter quantities of MANT-ATP and MANT-ADP
were added to 30@L samples from stock solutions of
fluorescent nucleotide. MANT-ATP and MANT-ADP con-
centrations were measured spectrophotometricaliys &
5800 cnm! M~1). Changes in fluorescence intensity were
monitored by obtaining emission spectra between 300 and
550 nm by excitation at 290 nm (excitation and emission
slits were set to 2 nm) as a function of increasing MANT

lacking SkylfANS was carried out for each titration of

d MANT nucleotide in the presence of protein. For the

easurement of dissociation constants for adenosine, AMP,
DP, AMPPNP, and ATP, titrations were carried out as
described previously in the presence of the competing

| nucleotide.

HPLC Detection of Substrate Phosphorylatidine phos-

n Phorylation of the peptide substrate, YRTRDAPRERSPTR,

kinase (PKA). Unlike PKA, Sky1p strongly destabilizes the °Y SKY1PANS using MANT-ATP was monitored using

y phosphate of ATP without impairing the efficient phos-
phoryl transfer step.

MATERIALS AND METHODS

Materials. Adenosine triphosphate (ATP), adenosine diphos-

HPLC detection. Assays were performed in the presence of
1 uM SkylpANS, 1 mM peptide, and 4 mM free Mg with
either 1 mM MANT-ATP or 1 mM ATP in a total volume

of 3 mL. These mixtures were allowed to react in 50 mM
MOPS (pH 7.0) at 23°C, and aliquots (40QuL) were
removed at various time points, quenched by the addition

phate (ADP), adenosine monophosphate (AMP), adenosineof 25 uL of 0.5 M EDTA, and frozen prior to analysis. A

(Ad), 3-(N-morpholino)propanesulfonic acid (MOPS), mag-
nesium chloride, acetic acid, DE52 resin, EDTA, 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 oligo-

nucleotide facility at the University of Southern California,
5-adenylylimido diphosphate (AMPPNP) was obtained from
Sigma ChemicalsN-methylanthraniloyl (MANT) fluoro-
phores were obtained from Molecular Probes, and?P]
ATP was obtained from NEN Products. Recombinant
proteins, SkylpNS, Skylp full length, and Npl3 were
expressed inEscherichia coliand purified according to
previously reported procedure®4( 26). PKA was expressed
and purified using previously published procedur8dd).(

portion of the quenched samples (200 was injected and
eluted from a reversed-phased column (Waters RCM or
Vydac) using a linear gradient of-80% acetonitrile in 0.1%
TFA, and the amount of phosphopeptide formed was
recorded using an absorbance of 214 nm.

Enzyme AssaysSteady-state kinetic parameters in the
presence of either protein substrate Npl3p or substrate peptide
were determined at 23C for 2 min in the presence of 50
mM MOPS (pH 7.0), 4 mM free M&, and [-3P]JATP
(600—1000 cpm pmoll) unless otherwise stated. Initial
velocities were determined from progress curveZpf/ersus
time. For inhibition studies, substrate concentrations were
kept constant at various inhibitor concentrations. Assays were
typically executed by preequilibrating the enzyme, MgCl



Nucleotide Binding by thez Phosphate of ATP Biochemistry, Vol. 42, No. 44, 20032815

and ATP for 2 min, then initiating the reaction with the [Ty
addition of substrate. Total reaction volumes wereu20
and were quenched with 180L of 30% acetic acid. A
portion of each reaction (18€L) was applied to 3 mL DE52
columns and washed with 5 mL of 30% acetic acid. The
collected flow, although containing phosphorlyated substrate,
was then counted on th&P channel in liquid scintillant.
Control experiments were performed to determine the 0 R
background phosphorylation (i.e., phosphorylation of Npl3p 300 350 400 450 500 550
or substrate peptide in the presence of quench). The specific Wavelength (nm)

activity of [y-**P] ATP was determined by measuring the Fure 1: Effects of SkyLANS on the fluorescence spectra of
total counts of the reaction mixture. The time-dependent MANT-ATP. Spectra of MANT-ATP with Sky1ANS (a), MANT-

concentration of phosphorylated Npl3p and substrate peptideATP with Sky1pANS in the presence of 5 mM ATP (b), MANT-

was then determined by considering the total counts perATP alone (c), and Sky1pNS alone (d). Excitation wavelength is
. CPM) of the fl th h th ifi tivity of 290 nm, and the excitation and emission slits are both set at 2 nm.
minute ( ) of the flow through, the specific activity of g concentrations of MANT-ATP, Sky NS, and free Mg are

the reaction mixture, and the background phosphorylation 25,M, 1 uM, and 4 mM, respectively, in all spectra. The fluores-
of the flow through as previously described. cence output is expressed as units of cps (counts per second).

Data Analysis.The observed changes in fluorescence
intensity at any given concentration of MANT nucleotide a nearly identical observed increase in fluorescence at 440
(AF) were normalized against the total change in fluores- nm upon the association of the enzyme (data not shown).

10 |

Fluorescence (x1 0° cps)

cence at infinite concentration of MANT nucleotid®R .y To determine whether any of the fluorescence enhancement
to obtain the ratioAF/AF.. Data were fit using the is due to energy transfer between tryptophan and the MANT
hyperbolic eq 1 group, excitation spectra in the absence and presence of
enzyme at the same concentrations as those in Figure 1 were
AF/IAF. . = [MANT] recorded (data not shown). As observed previously for
max (1)

MANT-derivatives @6), two maxima at 253 and 355 nm
were detected in the excitation spectra. The absence of an
where KZ"ANT is the Ky for the MANT nucleotide, and excitation peak at the protein absorption maximum (290 nm)

[MANT] is the concentration of the MANT nucleotide. For ~ Suggests that the fluorescence change at 440 nm in Figure 1
MANT-ADP titration experiments in the presence of fixed S most likely due to direct enhancement of the MANT
amounts of competing nucleotides, the plots yield apparent fluorophore upon protein association. The ability to excite
K, values for MANT-ADP epq(Z/IANT). The trueKy values th_e_M_ANT group away from its maximum at 340 nm
for the competing ligands were then calculated using eq 2 Minimizes background fluorescence at 440 nm from unbound
fluorescent nucleotide in titration experiments.
[L] MANT Deriwatives Bind with Good Affinity to SkyINS.

1+ F () The dissociation constants for the MANT nucleotide deriva-

d tives were measured using increases in MANT fluorescence
resulting from association with the enzyme. In these experi-
ments, MANT spectra were recorded in the presence and
absence of SkylpNS, and the change in relative fluores-
cence at 440 nm was recorded and corrected for intrinsic
Sky1pANS fluorescence. Plots of the relative change in

KYANT + [MANT]

apk(l;/lANT — KZAANT

where [L] and K(Lj are the concentration and dissociation
constants for the competing nucleotide. For the inhibition
studies, the¥, for the competing nucleotides was measured
using fixed ATP and Npl3p concentrations using eq 3

V. JATP] fluorescence intensity AF/AFmay) for MANT-ATP and
v= 3) MANT-ADP are plotted as a function of fluorescent nucleo-
KATP(l + [ALPNP]) + [ATP] tide concentration in Figure 2. These data are fit to eq 1 to
| provideKg values of 12+ 1.5 uM for MANT-ADP and 13

) ) o + 3 uM for MANT-ATP. The fluorescence intensity for
where Vimax is the maximal velocity in the absence of MANT-ADP and MANT-ATP in the absence of SkyANS

inhibitor, Karp represents th&y, for ATP, andK, is the  increased linearly with the concentration of nucleotide (data
inhibitory constant for the competing nucleotide. not shown), indicating that the curvature of the plots shown
RESULTS in Figure 2 is not due to the saturation of the detector. The

data show that the addition of the fluorophore to th@'?
MANT Nucleotide Fluorescence Is Enhanced by Binding hydroxyl of the ribose ring generates nucleotide probes with
to Sky1pANS. As shown in Figure 1, the emission maximum good binding affinity for the Skylp active site.
for MANT-ATP at 440 nm increases in the presence of MANT-ATP Is a Poor Substrate for SkyW§S. The
Sky1pANS. This fluorescence enhancement is reversed with ability of MANT-ATP to act as a viable phosphate donor
the addition of the natural nucleotide ATP as well as ADP for SkylpANS was determined using HPLC methods.
(data not shown). Since only a small amount of fluorescence Sky1pANS (1 uM) was mixed with the peptide substrate
above 400 nm is observed due to the intrinsic fluorescence YRTRDAPRERSPTR (1 mM) and either MANT-ATP
of Sky1pANS (1uM), the large enhancement at 440 nm upon (1 mM) or ATP (1 mM) in the presence of 4 mM free Fig
MANT-ATP binding has no contributions from the SkyUNS At various times, the reaction mixtures were quenched with
spectra. Similar spectra were recorded for MANT-ADP with the addition of 0.5 M EDTA and then injected onto the HPLC
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FiIGURE 2: Change in fluorescence emission as a function of Ficure 4: Fluorescence displacement assay. Relative changes in

MANT-ADP (O) and MANT-ATP (©O) concentration. The spectra
of MANT nucleotide and SkylfANS alone were subtracted from
the spectra of MANT nucleotide with SKkyNANS. The observed

MANT-ADP fluorescence are monitored upon the addition of
SkylPANS (1 M) in the absenceé)) and presence of 100 M ADP
(©) and 1 mM ATP Q). The data were fit to eq 1, and natural

changes in fluorescence intensity at any given concentration of nucleotideKq values were determined using eq 2 and are listed in

MANT nucleotide at 440 nmAF) were normalized against the
total change in fluorescence at infinite concentration of MANT
nucleotide AFnay) to obtain the ratioAF/AFmax This ratio was
plotted as a function of MANT nucleotide concentration using
1 uM Sky1pANS in all spectra. The data were fit to eq 1 to obtain
Kg values for MANT-ADP (12+ 1.5uM) and MANT-ATP (13+

3.0 uM).
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Ficure 3: Phosphorylation of a peptide substrate by S\
using ATP or MANT-ATP. (A) Sky1lpANS is mixed with peptide
YRTRDAPRERSPTR and injected onto the HPLC column. (B)
Sky1pANS is mixed with peptide and ATP, allowed to incubate
for 200 s, and then injected onto the column. (C) SV is
mixed with peptide and MANT-ATP, allowed to react for 180 min,
and injected onto the column.

Table 1. The free M§ concentration is 4 mM in all experiments.

unphosphorylated peptide peak, suggesting that the new peak
corresponds with the phosphopeptide. The integrated areas
of the peaks (detection at 214 nm) were used to determine
the concentrations of the phosphorylated and the unphos-
phorylated peptide. As shown in Figure 3, the phospho-
transfer reaction using MANT-ATP occurs 60 times slower
(0.8 uM/min) relative to ATP (48uM/min). Thus, while
MANT-ATP binds well in the active site, it does not serve
as a good phosphoryl donor in the active site of SKWi.

The reason for this is unclear at this point. While MANT-
ATP and MANT-ADP bind with similar affinities, we will
show that the natural nucleotides do not. The molecular
underpinnings of this unusual selectivity and catalytic activity
await an X-ray structure of SkyWNS with the MANT
nucleotides bound.

Affinities of Natural Nucleotides Can Be Measured using
a Displacement Assagince MANT-ATP is a poor substrate
for Skylp and binds unproductively, we used a fluorescence
displacement assay to determine the affinities of ATP and
other nonderivatized nucleotides. These experiments were
performed by monitoring the effects of natural nucleotides
on the apparenKy (**K}J"NT) for MANT-ADP. Figure 4
shows binding curves for MANT-ADP in the absence and
presence of ADP (100M) and ATP (1 mM). As expected,
both ATP and ADP increase the concentration of MANT-
ADP required to saturate the enzyme and provide a maxi-
mum fluorescence enhancement. T, values for MANT-
ADP in the presence of ADP and ATP (Figure 4) are#40
7 and 18+ 3 uM, respectively. Using eq 2y, and 2P
KYNT for MANT-ADP, the dissociation constants for
several nucleotides were calculated (Table 1). While*the
KY“NT for MANT-ADP in the presence of 1 mM ATP is
statistically different than the true MANT-ADRy (12 +
1.5uM, Table 2), they are close in value. This indicates that
the Kq for ATP is difficult to measure with high precision
since we are unable to go higher than 1 mM of the competing
natural nucleotide owing to quenching due to inner filter
effects. For comparison, we also measuredkhealues of

column. Chromatographs of the reactions after the first 200 these nucleotides using fixed, saturating concentrations of

s with ATP and 180 min with MANT-ATP are shown in

ATP (1 mM) and NpI3 (47uM). As shown in Table 1, the

Figure 3 for comparison. The unphosphorylated peptide peakK, values obtained for the various nucleotides correspond
was assigned based on injecting a purified peptide sampleclosely to theKy values obtained via equilibrium fluores-
alone onto the HPLC (Figure 3A). The appearance of a new cence. These studies demonstrate that the displacement assay
peak shown in Figure 3B,C is time dependent (data not can be used to measure the real binding affinities of natural
shown) and is accompanied by a decrease in the area of thewucleotides in the absence of substrate turnover.
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Table 1: Dissociation and Inhibition Constants for SKNS and
Various Nucleotides

Sky1pANS

nucleotide Kg (uM) K (uM)
ADP 43+ 6 45+ 5
ATP 2000+ 300
MANT-ATP 12415
MANT-ADP 13+ 3
adenosine 100& 100 1000+ 90
AMP 7304+ 65 650+ 75
AMPPNP 650+ 50 7004+ 85

2 The dissociation and inhibition constants were measured in 50 mM
Mops buffer (pH 7) using 4 mM free Mg at 23 °C. Dissociation

constants were derived using egs 1 and 2, and inhibition constants were

derived using eq 3.

Table 2: Dissociation constants for ADP and ATP in the Absence
and Presence of Mg for SkylpANS and PKAR

Sky1pANS PKA
nucleotide ) Mg?* (=) Mg?"  (+)Mg?" () Mg?"
ADP 43+ 6° 47+ 7 50+ 7 350+ 50
ATP 2000+ 30 2500+ 350 43+ 6 420+ 55
MANT-ADP 12+1.% 15+ 2 18+ 2 190+ 18

a Dissociation constants were measured in 50 mM Mops buffer (pH
7) using either no Mg (=) or 4 mM free Mg" for Skylp and 10
mM free Mgt for PKA (+) at 23 °C. Dissociation constants were
derived using egs 1 and 2Data taken from Table 1.

Domain Insert in Skylp Does Not Alter Nucleotide
Binding. All SRPKs possess domain inserts (approximately
250 residues) in the kinase doma®). Binding studies were
performed to determine whether this insert in full-length
Skylp changes the properties of the nucleotide binding
pocket relative to the core kinase domain. Unlike SkyiliiS,

Biochemistry, Vol. 42, No. 44, 20032817
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Ficure 5: Effects of Mg" on nucleotide binding for Skylp and
PKA. (A) SkylpANS. Relative changes in MANT-ADP fluores-
cence at 440 nm upon the association with SIWiS in the
absence of My is monitored in the absenc®) and presence of
100 M ADP () and 1 mM ATP [0). (B) PKA. Relative changes
in MANT-ADP fluorescence at 440 nm upon association with PKA
in the absence of Mg is monitored in the absenc®) and presence
of 1 mM ADP (¢) and 1 mM ATP [0). The data were fit to eq 1,
and natural nucleotidy vliaues were determined using eq 2 and
are listed in Table 2.

of
0

with less accuracy than the other nucleotides owing to the
high concentration of ATP needed to displace the MANT
nucleotide. Overall, the presence of Mgloes not enhance
the binding affinities of MANT-ADP, ATP, or ADP (Table

we could not obtain pure fractions of the full-length enzyme

at high concentrations to perform detailed fluorescence

Nucleotide Binding to PKA Is Metal Dependenio

studies. Instead, several important steady-state kinetic pa-yetermine whether the ability of SkyApIS to bind to natural

rameters were measured for comparison with the truncated

enzyme. Using saturating amounts of Npl3 (M), the Ky,
for ATP and theK, for ADP were measured and found to
be 235+ 40 and 70+ 10 uM, respectively. These values
are similar to previously publishel, and K, values for
SkylPANS Ky = 200 uM and K, = 45 uM) (24). Given
these similarities, it is unlikely that the domain insert
influences nucleotide binding in Sky1p.

Magnesium Does Not Enhance Nucleotide Affinity in
SkylANS. To assess the role of Mlgin modulating the

nucleotides in the absence of kigs specific to SRPKs, or

is a general phenomenon of other protein kinases, we
measured the affinities of nucleotides to PKA in the presence
and absence of Mg. By preequilibrating PKA (M) with
either ADP (20QuM) or ATP (200u«M) in the presence of

10 mM free Md@" prior to the addition of increasing
concentrations of MANT-ADPKq values for ADP and ATP

of 50+ 7 and 43+ 6 uM, respectively, were obtained using
eq 2 (Table 2). ThéPKy values for MANT-ADP in the
presence of My and ADP and ATP are 98 10 and 100

affinity of the natural nucleotides, displacement assays were+ 15 M, respectively. A determination of the nucleotide
performed in the absence and presence of the metal activatork, values in the absence of Mfgwas then carried out in a

In these experiments, SkyAplS (1uM) is preequilibrated
with either ADP (100«M) or ATP (1 mM) in the absence
of Mg?* prior to the addition of increasing concentrations
of MANT-ADP (Figure 5A). As a control for these assays,
we measured th&}""" """ values in the presence and
absence of Mg and found them to be very similar (Table
2). Using eq 2K, values for ADP and ATP of 44 7 and
25004+ 350 uM, respectively, were then calculated in the
absence of My (Table 2) using the changes in apparent
affinity of MANT-ADP at fixed concentrations of the natural
nucleotides. ThePKy values for MANT-ADP in the presence
of ADP and ATP (Figure 5A) are 4 9 and 21+ 3 uM,
respectively. As explained previously, thkg*™ is known

similar fashion in which PKA (M) is preequilibrated with
either ADP (1 mM) or ATP (1 mM) in the absence of fig
prior to the addition of increasing concentrations of MANT-
ADP. The observed competition curves, shown in Figure 5B,
were then used to obtailiy values for ADP and ATP of
350+ 50 and 4206+ 55uM, respectively (Table 2Xq values
for MANT-ADP in the presence of 10 mM free Mgand

in the absence of Mg for PKA are 184 2 and 190+ 18
uM, respectively (Table 2). In the absence of WMighe®K,
values for MANT-ADP in the presence of ADP and ATP
are 730+ 100 and 640+ 85 uM, respectively. Thus, the
presence of M enhances the affinity of nucleotides by
approximately 10-fold in PKA, whereas this physiological
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5 400 ———————T——T— 05 in the active site. In general, there are many steady-state
é 04 3 kinetic analyses of protein kinases, but these studies typically
= 300 T3 do not provide any direct information on the real binding
2 03 » affinity of ATP or substrate41). In one example, we showed

g,'_' 200 0.2 s that theK, for a substrate peptide to PKA is about 2 orders
2 100 ' % of magnitude larger than the correspondifig(31), under-

g 01 £ scoring the need for techniques that directly measure ligand
o 0 a binding affinities in the absence of substrate turnover.

0

Although fluorescent MANT analogues have been used
Time (minutes) previously to measure binding affinitied3, 44), derivati-
FicuRe 6: Time-dependent incorporation of phosphate into the Zation leads to a modified nucleotide that binds unproduc-
peptide YRTRDAPRERSPTR (2 mM) in the presence and absencetively to Skylp (Figure 3). Furthermore, the addition of
of Mg?*. Assays were performed usingM SkylpANS and either  MANT to ATP increases the affinity of the derivative by
ﬁﬂr@" ATP in the absencel)) and presenceC) of 4 mM free  gpproximately 2 orders of magnitude as compared to ATP

g (Table 1). These findings make it difficult to use the MANT
compounds as mimics of the natural nucleotides. In this
report, we have circumvented this limitation of fluorescent
derivatives by using the good affinities of the MANT
compounds in displacement assays to measure the dissocia-
tion constants of natural nucleotides that differ by substitution
at the ribose ring.

Skylp Sensitely Discriminates between ATP and ADP.
By monitoring the degree to which various nucleotides
displace MANT derivatives from the active site of Skylp,
dissociation constants were calculated from perturbations in
the apparent affinity of the derivative (Table 1). In these
experiments, we showed that Skylp binds the product, ADP,
preferentially over ATP by a factor of approximately 50,
whereas PKA binds both nucleotides with similar affinities
(Table 1). Thus, the phosphate of ATP strongly destabilizes
nucleotide binding in Skylp by 2.3 kcal/mol. The molecular
" basis of this selectivity can be explained by the recent X-ray

structures of Skylp with ATP and ADP boun@3j. As
shown in Figure 7, the binding of ADP appears to cause
greater closure of the pocket relative to ATP, allowing ADP
DISCUSSION to make three hydrogen bonds at the bottom of the p_ocket
between the 2 and the 3-hydroxyl oxygens and the side

In the past decade, it has become apparent that thechain of Asn252 and between the@H and the backbone
nucleotide pocket is a key region in the active site for carbonyl oxygen of Glu298. ATP forms only one hydrogen
regulating function in protein kinases. Fast mixing techniques bond between '30H and Asn252. Moreover, the ADP-
reveal that ADP release is rate limiting in PK81( 37, 38) containing structure exhibits greater lobe rotation and a
and other protein kinase89, 40). Thus, activity control downward movement of the entire glycine-rich loop, creating
through regulatory proteins or posttranslational modifications a tighter fit for the product nucleotide as well as more
is likely to involve changes in nucleotide and kinase hydrogen bonding between the phosphates and the kinase.
dissociation, the rate-limiting event in protein phosphoryl- In contrast, the ATP-containing structure shows that the
ation @1). Current anti-kinase drug strategies are now phosphate oxygens of ATP are positioned too high in the
directed at the nucleotide pocket. Selectivity among these active-site cleft to accept a hydrogen bond from the
small inhibitors is achieved through the careful exploitation conserved lysine in strand 3. By comparison, crystallographic
of subtle differences between the nucleotide pockets within structures of PKA with ATP or ADP bound show no
the enzyme family 7). The phosphorylation of several significant changes in hydrogen bonding or lobe movements
protein kinases appears to regulate catalysis by remodeling(45). Accordingly, PKA does not discriminate between ATP
parts of the nucleotide pocket, particularly residues near theand ADP in our displacement assay (Table 2).
triphosphoryl region of ATP. In one example, phosphoryl-  Unique Topology of the Triphosphoryl Region of Skylp.
ation of the insulin receptor kinase leads to movements in Unlike PKA, Skylp displays exquisite selectivity for ATP
helix C, a translation that indirectly strengthens electrostatic and ADP. To better understand the origins of this selectivity,
interactions with ATP and positions the phosphate for  we determined the dissociation constants for several nucleo-
productive phosphoryl group transfet2j. tides that differ by the number of phosphates attached to the

Given the significance of nucleotide binding for catalytic ribose ring (adenosine (Ad), AMP, and the ATP analogue
regulation in protein kinases, it is surprising that there are AMPPNP). As shown in Table 1, the dissociation constants
few structure-function studies on nucleotide selectivity. Such for these nucleotides indicate that thghosphate of ADP
studies could offer useful insights into how nucleotide is important for high affinity binding in Skylp, whereas the
stabilization facilitates the rate of substrate phosphorylation a- and y-phosphates are not. This finding is displayed

metal has no impact on nucleotide binding in SKXNS
(Table 2).

Magnesium Facilitates the Rate of Phosphoryl Transfer
in Skyl@ANS. Since Mg" does not influence the binding
properties of nucleotides to Skylp (Table 2), we determined
the extent to which the metal influences catalysis. The effects
of Mg?" on the phosphorylation of the synthetic peptide
substrate YTRDAPRERSPTR were measured using activity
assays. These experiments were carried out by monitoring
the time-dependent incorporation 8P from [y-32P] ATP
(2 mM) into a fixed amount of substrate peptide (2 mM) by
Sky1pANS (1 «M) in the absence and presence of 4 mM
free Mg@?" (Figure 6). In the absence and presence ofiVig
the observed rate constants were (408.008 and 106t 6
min~%, respectively. These data show that the presence of
Mg?" leads to a 1300-fold increase in the turnover rate. Thus
while Mg?" has no effect on ATP or ADP binding, it plays
a significant role in positioning/stabilizing the phosphate for
efficient phosphoryl group transfer in SkyApS.
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Ficure 7: Stereodiagram showing ADP and ATP binding pocket of 3Ky$. Co tube representations for the nucleotide binding pockets
of the ADP bound structure (blueoGube and purple residues) and the ATP bound structure (guatyk= and cyan residues) are overlaid.
Hydrogen bonds are shown as dotted lines. The structural data are taken fr8& ref

— phorylation @6). PKA adequately fits this dual function
model since no appreciable substrate phosphorylation is
1500 observed in the absence of kg47), and theKq values for
Nucleotide ATP and ADP are substantially lower in the presence of
Affinity (,M) 1000 / metal (Table 2). X-ray diffraction studies reveal that both
metals make important contacts with the nonbridging oxygen
500 / of the ATP phosphate and residues in the active site of PKA,
supporting the more efficient binding of nucleotide in the
<= = Sky1p presence of activato#8). While Mg?" is certainly important
Ad AMP —4 PKA for enhancing the rate of substrate phosphorylation in Skylp
ADP ATP (Figure 6), it has no real effect on the affinity of ATP or
FiGURe 8: Binding affinities of Ad, AMP, ADP, and ATP for Skylp  ADP. These findings not only further emphasize key
and PKA. The binding affinities are expressed in term&gfThe differences in the nucleotide binding pocket between Skylp
data for SkylANS were taken from Table 1 whereas the data for gnd PKA but also indicate that the role of the metals may
PKA were taken from ref7. vary within the kinase family. While PKA favors a dual
function mechanism for Mg, Skylp appears to employ a
single function for this activator.

2000

graphically in Figure 8, where the nucleotide binding
affinities are compared for Skylp and PKA. For PKA, the ) e ) o
addition of thea-phosphate to the ribose destabilizes the ~Nucleotide Binding and CatalysiBrior steady-state kinetic
enzyme-nucleotide interaction by 20-fold. In this kinase, analyses demonstrated that Skylp binds to ATP with low
the subsequent addition of tifie andy-phosphates has no ~ apparent affinity (highK, values) as compared to the
effect on nucleotide binding relative to adenosine, suggestingPrototype serine/threonine kinase, PKi,{= 200uM for

that the repulsive interaction at thephosphate subsite is SKy1p vs 10uM for PKA (24, 49)]. The fluorescence
compensated by additional phosphates. In blunt contrast, thedisplacement assays now show that this Hghis due to
addition of thea-phosphate does not significantly impair the ~the poor binding properties of ATP in the nucleotide pocket
nucleotide binding affinity in Skylp relative to adenosine. (Ka=2000xM). The 10-fold discrepancy betweé®, and

The differences in affinity of adenosine for the two kinases Ka may reflect the fast rate of phosphoryl transfer in the
(>10-fold) suggest that they stabilize the nucleotide in &ctive site as compared to other kinetic steps. By analyzing
different manners. In PKA, high affinity nucleotide binding the individual steps in the PKA reaction, we showed that
appears encoded in the contacts made with the adenosinéh€Km for a peptide substrate is approximately 20-fold lower
region, whereas Sky1p relies on iBghosphate for the high  thanKq owing to a fast phosphoryl transfer rate (500)sas
affinity binding of ADP. Curiously, while Skylp and PKA ~ compared to slow product release (28){31). For Sky1p,
provide substantially different environments for the phos- We measured a similar relationship between the rates of
phate, the rates of phosphoryl transfer in the active sites of Phosphoryl transfer and product releas#)( Thus, we

both enzymes are fast and do not limit substrate turnover anticipate that the difference betwekén andK, for ATP in

(24, 31). the steady-state kinetic and fluorescence displacements assays

Dual versus Single Function MetalsProtein kinases IS not likely to be the result of positive binding synergism
typically bind two magnesium ions in the active site to between nucleotide and substrate but is more likely to reflect
support substrate phosphorylatietl, It has been tradition- @ kinetic phenomenon resulting from the fast chemical event
ally held that these metals provide two essential functions. in the active site.

Chelation of the triphosphoryl region is thought to improve It is widely believed that protein kinases support rapid
ATP binding affinity and stabilize the charge in the reaction phosphoryl transfer by metal chelation of the nonbridging
transition state, thereby facilitating rapid substrate phos- oxygen of the ATPy phosphate46, 48, 50, 51). For PKA,
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metal binding not only supports substrate phosphorylation 22.
but also assists ATP binding (Table 2). On the other hand, 23:

4.

the results for Skylp present an interesting dilemma for this
model since fast phosphoryl transfer in this kinase is achieved

N

through destabilization of the phosphate. While the binding 25.

and structural studies do not provide a direct solution, it is
noteworthy that one of the active-site metals in Skylp (Mgl
in Figure 7) interacts with the bridging oxygen rather than 27
the nonbridging oxygen, as observed in other kinases. Both

experimental and theoretical investigations suggest that 28 ; .
29. Jeffrey, P. D., Russo, A. A., Polyak, K., Gibbs, E., Hurwitz, J.,

protein kinases utilize a dissociative mechanism where bond
breaking between the bridging oxygen and phosphorus 3g
precedes bond formation with the serine hydroxyl oxygen

in the reaction transition staté2—55). Such a mechanism  31. _
32. Prowse, C. N., Hagopian, J. C., Cobb, M. H., Ahn, N. G., and

would be greatly facilitated by metal stabilization of the
developing negative charge on the ADP leaving greii).( 33
It is compelling to speculate that the kfigin the active site

of Skylp with its atypical placement near the bridging 34

oxygen may serve this unique function.
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