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ABSTRACT: To investigate how a protein kinase interacts
with its protein substrate during extended, multisite
phosphorylation, the kinetic mechanism of a protein kinase
involved in mRNA splicing control was investigated using
rapid quench flow techniques. The protein kinase SRPKI
phosphorylates ~10 serines in the arginine—serine-rich
domain (RS domain) of the SR protein SRSF1 in a C- to
N-terminal direction, a modification that directs this essential
splicing factor from the cytoplasm to the nucleus. Transient-
state kinetic experiments illustrate that the first phosphate is
added rapidly onto the RS domain of SRSF1 (t;, = 0.1 s)

followed by slower, multisite phosphorylation at the remaining serines (t;/, = 15 s). Mutagenesis experiments suggest that
efficient phosphorylation rates are maintained by an extensive hydrogen bonding and electrostatic network between the RS
domain of the SR protein and the active site and docking groove of the kinase. Catalytic trapping and viscosometric experiments
demonstrate that while the phosphoryl transfer step is fast, ADP release limits multisite phosphorylation. By studying phosphate
incorporation into selectively pre-phosphorylated forms of the enzyme—substrate complex, the kinetic mechanism for site-
specific phosphorylation along the reaction coordinate was assessed. The binding affinity of the SR protein, the phosphoryl
transfer rate, and ADP exchange rate were found to decline significantly as a function of progressive phosphorylation in the RS
domain. These findings indicate that the protein substrate actively modulates initiation, extension, and termination events

associated with prolonged, multisite phosphorylation.

plicing is a critical post-transcriptional modification that

occurs at a macromolecular complex (spliceosome)
composed of several RNAs and numerous polypeptides.'
Among the latter group, the SR proteins have emerged as
essential splicing factors that control both early and late events
in spliceosome development.” SR proteins are composed of one
or two N-terminal RNA recognition motifs (RRMs) that bind
exonic splicing enhancer sequences and help establish the 5’
and 3’ splice sites in precursor mRNA. SR proteins derive their
name from a C-terminal arginine—serine-rich (RS) domain that
varies in length from S0 to over 300 residues. The RS domains
contain numerous arginine—serine dipeptide repeats that are
extensively phosphorylated in vivo by the SRPK family of serine
protein kinases.” The SRPKs possess a traditional kinase
domain that does not require activation loop phosphorylation
and whose conserved ATP and substrate binding lobes are
bifurcated by a large spacer insert domain (250 aa). This insert
domain is intrinsically disordered and interacts with cochaper-
ones maintaining cytoplasmic localization of the enzyme.”*> SR
protein phosphorylation is important for recruitment of
spliceosomal components (e.g., U1, U2AF) at the exon—intron
boundaries, and dephosphorylation generates a catalytically
active spliceosome.®"® While several studies suggest that the
phosphorylation state of the RS domains may play a role in
alternative splicing of some genes,” phosphorylation is best
known to regulate subcellular localization of SR proteins. For
example, multisite phosphorylation of the RS domain of the SR
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protein SFSR1 (aka ASF/SF2) by cytoplasmic SRPKI is
essential for nuclear import of this splicing factor.'®™"
SRPK1 can rapidly phosphorylate about 10 serines in the N-
terminal portion of the RS domain (RS1 segment) of SRSF1."?
This phosphorylation is essential for initiating interactions with
a 1 transportin protein (transportin-SR), nuclear entry, and
speckle formation."*'® Kinetic and proteolytic mapping
experiments indicate that the active site initially binds at the
C-terminal end of RS1 (initiation region) with very high affinity
(Kg = 20—50 nM)*'® before sequentially modifying serines in
the N-terminal direction'” (Figure 1A). The X-ray structure of
the kinase domain of SRPK1 (lacking the insert domain and N-
terminus) and a truncated form of SRSF1 (RRM2-RS1) reveal
that an electronegative docking groove in the large lobe of the
SRPK1 kinase core binds the N-terminal portion of RS1'®
(Figure 1B). While a short stretch of Arg—Ser repeats is visible
in the docking groove, the remainder of RS1 leading up to the
active site is not defined. A small ATP impurity in the
nucleotide analogue AMPPNP allowed for single-site phos-
phorylation in the crystal complex and identification of an
electropositive pocket (P + 2) that binds a C-terminal RS1
phosphoserine just outside the active site (Figure 1C). To
catalyze extensive, multisite phosphorylation, a threading
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Figure 1. Structure and phosphorylation mechanism of SRSF1. (A) SRSF1 domain structure. SRSF1 has two RRMs and a C-terminal RS domain
composed of RS1 and RS2 segments. (B) Structure of SRPK1 core with AMPPNP and the N-terminal portion of RS1 segment (R;04SRSRSR)
bound to the docking groove in the large lobe. Arginines are colored blue and serines are colored red. A hydrogen bond is formed between the
hydroxyl of Ser207 and the backbone carbonyl of Ser209. RRM2 is not displayed in this depiction. (C) Phosphorylation model. SRPK1 binds SRSF1
with high affinity using an electronegative docking groove that initially recognizes the N-terminal portion of RS1. Upon progressive phosphorylation,
RS1 is threaded through the docking groove and into the active site in a C- to N-terminal direction. In later phosphorylation stages, 4 from RRM2
unfolds and binds in the docking groove and phosphoserines in RS1 are stabilized by an electropositive site (P + 2 site).

mechanism has been proposed in which the RS domain slides
from the docking groove into the active site. Along this
trajectory, conformational changes in one of the RRMs
(RRM2), detected using cross-linking and circular dichroism
experiments, allow a portion of this domain to serve as a
recognition element in the docking groove for later
phosphorylation steps. Mutagenesis data indicate that the
stabilization of the growing phosphoserine chain by the P + 2
pocket is important for efficient phosphorylation of later N-
terminal serines in RS1."?

For many protein kinases the association/dissociation and
phosphorylation of protein and peptide targets are fast events,
and the rate-limiting step in turnover is ADP release.'” In these
cases, the kinase often engages in a “hit and release” mechanism
in which the protein quickly dissociates after phosphorylation
and is free to adopt a new conformation and functionality
induced by the phosphorylation event. In contrast, SRPK1
inserts numerous phosphates onto a very narrow polypeptide
stretch while engaging the SR protein target as it undergoes
phosphorylation-dependent structural changes (Figure 1).
These chemical and structural events raise questions regarding
the reaction free energy of SR protein activation. Does the close
apposition of kinase and substrate during this extensive,
multisite reaction constrain the phosphotransfer steps and
introduce unexpected rate-determining events? To address this
question, rapid quench flow studies were performed so that the
rates of phosphoryl transfer and nucleotide exchange could be
monitored in the SRPK1—SRSF1 complex. Transient-state
kinetic experiments initiated at various states of RS domain
phosphorylation demonstrate that the chemical transfer event is
fast during multisite phosphorylation and ADP release limits
overall SRSF1 turnover. However, progressive phosphorylation
destabilizes the kinase—SR protein complex and lowers the
rates of the phosphoryl transfer and nucleotide exchange steps,
thereby providing a means for termination of multisite
phosphorylation and SR protein release. These findings provide
a conceptual shift in how we view the static mechanism of
protein phosphorylation. Rather than considering the kinase
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architecture as the principal determinant of phosphorylation
efficiency, the kinetic data suggest that the substrate can modify
the reaction coordinate in a phosphorylation-dependent
manner. Thus, the kinase and substrate engage in active
cross-talk and effectively alter the shape of the free energy
coordinate as the chemical reaction progresses.

B MATERIAL AND METHODS

Materials. Adenosine triphosphate (ATP), 3-(N-morpho-
lino)propanesulfonic acid (Mops), 2-[N-morpholino]ethane-
sulfonic acid (MES), tris(hydroxymethyl)aminomethane (Tris),
MgCl,, NaCl, EDTA, glycerol, sucrose, acetic acid, Phenix imaging
film, BSA, and liquid scintillant were obtained from Fisher
Scientific. [y-**P] ATP was obtained from NEN Products, a
division of Perkin-Elmer Life Sciences.

Expression and Purification of Recombinant Pro-
teins. SRSF1 was expressed from a pET19b vector containing
a 10xHis Tag at the N-terminus.'> Mutations in SRPK1 and
SRSF1 were described previously.">'*'” The plasmids for wild-
type and mutant forms of SRSF1 and SRPK1 were transformed
into the BL21 (DE3) E. coli strain, and the cells were then
grown at 37 °C in LB broth supplemented with 100 mg/L
ampicillin or 50 mg/L kanamycin depending on the type of
plasmid vector. Protein expression was induced with 0.4 mM
IPTG at room temperature for 5 h for SRSF1 constructs and
12 h for SRPK constructs. All SRPK1 constructs were purified
by Ni-resin affinity chromatography using a published procedure.'®
All SRSF1 constructs were refolded and purified using a previously
published protocol."”

Phosphorylation Reactions: Manual Mixing. The
phosphorylation of wild-type and mutant forms of SRSF1 by
SRPK1 was carried out in the presence of S0 mM Mops (pH
7.4), 10 mM free Mg*", S mg/mL BSA, and 100 yM [y-
32PJATP (4000—8000 cpm pmol™') at 23 °C according to
previously published procedures.'” Reactions were typically
initiated with the addition of SRSF1 or SRPKI in a total
reaction volume of 10 yL and then were quenched with 90 uL
of 30% acetic acid. Phosphorylated SRSF1 was separated from
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Figure 2. Phosphorylation of full-length and truncated SRSF1 using rapid quench flow methods. (A, C) Single turnover experiments. A complex of
SRPK1 (2 yuM) and SRSF1 (0.2 uM) (A) or RS domain (0.4 uM) (C) in one syringe is mixed with ATP (200 M) in the second syringe in the
rapid quench flow machine. Final concentrations are 1 yM SRPK1, 100 uM ATP, and 0.1 uM SRSFI in (A) or 0.2 uM RS domain in (C). For
SRSF1, the data are fit to values of 6 + 2 s™! for ky, 0.042 £ 0.010 s7! for Kmp, 0.10 + 0.03 uM for @, and 0.80 =+ 0.10 uM for dtpp. For the RS
domain, the data are fit to values of 7 + 3 s™! for k,, 0.048 + 0.010 s7! for kmp, 0.20 + 0.04 uM for @, and 1.8 + 0.10 uM for Q. (B, D) Pre-
steady-state kinetic experiments. A complex of SRPK1 (0.25 or 0.5 yM) and SRSF1 (1 M) in (B) or SRPK1 (0.5 M) and RS domain (5 uM) in
(D) is mixed with ATP (200 #M) in the rapid quench flow machine. Final concentrations in (B) are 0.125 (@) or 0.25 M (O) SRPK], 0.5 uM
SRSF1, and 100 uM ATP. The data for SRSF1 phosphorylation at 0.125 and 0.25 M SRPKI1 are fit to eq 1 to obtain the respective values of 8 &2
and 11 + 5 s7! for ky, 0.79 + 0.11 and 0.82 + 0.13 for @, and 0.85 =+ 0.10 and 0.82 =+ 0.13 s™! for k;. Final concentrations in (D) are 2.5 uM RS
domain, 0.25 M SRPK1, and 100 uM ATP. The data for RS domain phosphorylation are fit to eq 1 to obtain the respective values of 12 + 3 s™! for
ky, 0.80 = 0.10 for @, and 0.75 + 0.08 s~ for ky.

unreacted ATP by a filter binding assay.”® A portion of each RGF-3 quench flow apparatus. The apparatus consists of three
quenched reaction (50 mL) was spotted onto a phosphocellu- syringes driven by a stepping motor. Typical experiments were
lose filter disk and was washed three times with 0.5% performed by mixing equal volumes of the SRPKI1—SRSF1
phosphoric acid. The filter disks were rinsed with acetone, complex in one reaction loop and 32P_ATP (5000—15 000
dried, and counted on the 3*P channel in liquid scintillant. The cpm/pmol) in the second reaction loop in SO mM Mops (pH
total amount of phosphate incorporated into the substrate was 7.4), 10 mM free Mg®*", S mg/mL BSA. The reaction was
then determined by considering the specific activity (cpm/min) quenched with 30% acetic acid in the third syringe, and the
of the reaction mixture and the background retention of **P reactions were analyzed using the filter binding assay described
ATP in the absence of SRPKI. Full retention of the above. Control experiments lacking SRPK1 were run to define a
phosphorylated product on the filters was confirmed by background correction. Pre-phosphorylated forms of SRSF1
running quenched reaction samples on SDS-PAGE and were obtained by adding low concentrations of 32p.ATP (1-4
counting the bands. #M) to an enzyme—substrate complex and allowing to react for
Viscosity Experiments. The steady-state phosphorylation 20 min before further reaction in the rapid quench flow
of SRSF1 was monitored using the filter binding assay as machine using high concentrations of **P-ATP (100 uM).
described above in the presence of 0—30% sucrose. The relative Data Analysis. The CPMs from the rapid quench flow
solvent viscosity (7' of the buffer (S0 mM Mops, pH 7.4) experiments corrected for background were converted to
containing 0—30% sucrose was measured using an Ostwald concentrations of phosphoproduct using the specific activity
viscometer and a previously published protocol.21 Values of of ATP. In single turnover experiments ([E] > [S]), the time-
1.44, 1.83, 2.32, and 343 for " were measured for buffers dependent production of phosphoproduct was fit to either
containing 10, 20, 25, and 30% sucrose at 23 °C, respectively. single- or double-exponential functions. In pre-steady-state
Rapid Quench Flow Experiments. Phosphorylation of kinetic experiments ([S] > [E]), the time-dependent

SRSF1 by SRPK was monitored using a KinTek Corp. Model production of phosphoproduct (normalized to the total enzyme
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Figure 3. Enzyme—substrate interactions support phosphorylation rates. (A) Docking groove. The phosphorylation of SRSF1 by a form of SRPK1
containing six mutations in the docking groove [SRPK1(6M)] was studied. The data for wild-type SRPK1 (@) are fit to values of 5.7 s™" for ky,
0.063 for ki, 1 site for a, and 9 sites for . For SRPK1(6M) (O) the data are fit to single-exponential function with values of 0.023 s1 for Kinp
and 6.1 sites for ,. (B) RS domain. The phosphorylation of multiple Arg-to-Ala and Ser-to-Ala mutants in the RS domain of SRSF1 by SRPK1
were studied. For wild-type SRSF1 (@), values of 5 s™! for k,, 0.050 s7! for kinp, 1 site for @, and 8.7 sites for ay,, are obtained. The data for the
mutants are fit to single-exponential functions with values of 0.0057 s~ (kmp) and 6.9 sites (amp) for SR(SRA222) (O), 0.018 571 (kmp) and 6.0 sites
(Ctmp) for SR(4SA221) (M), 0.023 57" (kp) and 6.0 sites (mp) for SR(4SA219) (A\), 0.013 57" (kinp) and 5.2 sites (mp) for SR(4SA215) (M),
and 0.009 s™* (k) and 5.3 sites () for SR(4SA205) (O). (C) Multisite phosphorylation. The bar graph displays the ratio of kuyp and v, (kmp X

yp) for the mutants compared to SRSFI.

concentration) is fit to eql

[P]

(E] (1)

where @, kp, and ki, are the “burst” phase amplitude, “burst”
phase rate constant, and the linear phase rate constant,
respectively. The initial velocity data in manual mixing
experiments were fit the Michaelis—Menten equation to obtain
K. and Vi The Vi values were converted to ke using the
total enzyme concentration determined from a Bradford assay
(kcat = VmaX/Etot)'

= a(l — exp(—kyt)) + kit

B RESULTS

Phosphorylation of SRSF1 Using Rapid Quench Flow
Methods. We showed previously that SRPK1 rapidly
phosphorylates the first 10 serines in the RS domain of
SRSF1 within 2 min.'* Since the rate constant for this reaction
is about 1—5 min™", the first phosphorylation event cannot be
monitored in single turnover, manual mixing experiments. To
circumvent this problem and gain new mechanistic insights, we
studied the phosphorylation of SRSF1 using rapid quench flow
methods that allow us to measure the phosphorylation events
in the millisecond time frame. Using single turnover condi-
tions (0.1 uM SRSF1, 1 uM SRPK1), we found that the
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incorporation of phosphates into SRSF1 is biphasic over the
first 120 s (Figure 2A). The rate constants for the fast (k, = 6
s7!) and slow (ky, = 0.042 s7') phases are separated by over 2
orders of magnitude and are well-defined in the progress curve.
The amplitude of the fast phase (@, = 0.1 4M) is equivalent to
the substrate concentration whereas the slower phase (@, =
0.8 uM) is 8-fold larger. These amplitudes are consistent with
the rapid incorporation of a single phosphate in the RS domain
within 500 ms followed by the addition of about eight
phosphates in the second phase. These incorporation levels
after 2 min are consistent with prior manual mixing
experiments and MALDI-TOF analyses."> Also, a substrate-
stoichiometric value for a,, is consistent with a high-affinity
complex between SRPK1 and SRSF1 as previously de-
scribed.’>'® Overall, the phosphorylation of SRSF1 by
SRPKI1 can be kinetically partitioned into a fast, single-site
phosphorylation (k,) followed by a slower, multisite
phosphorylation (ky) of the RS1 segment.

Since SRPKI1 rapidly adds the first phosphate onto SRSF1,
we wished to determine whether this fast phase is an active-site
phenomenon. To address this, we performed rapid quench flow
experiments in which, unlike the single turnover experiments,
the concentration of SRPKI is not in excess of SRSF1. We
found that the phosphorylation of SRSF1 using limiting SRPK1

dx.doi.org/10.1021/bi2007993 | Biochemistry 2011, 50, 6888—6900
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observes classic “burst” kinetics with a rapid, exponential phase
followed by a slower linear phase that could be fit by eq 1 over
a2 s time frame (Figure 2B). At 0.125 M SRPK1, the “burst”
rate constant (k) is 8 s7!, a value close to k, in the single
turnover experiment. The linear rate constant (ki) represents
the steady-state portion of the reaction and its value (0.8 s™") is
consistent with k. measurements from manual mixing assays
(vide infra). Owing to poor substrate solubility above 1 uM,
these experiments were performed using SR protein concen-
trations that are 2—4-fold higher than the enzyme. Nonetheless,
steady-state conditions are achieved since each substrate
molecule contains 10 phosphorylation sites and less than 3%
of the available sites are modified in 2 s of the assay. The
amplitude of the “burst” phase, normalized to the total enzyme
concentration, is close to the upper limit of 1 expected in pre-
steady-state kinetic experiments”>>® (a = aops/[E] = 0.8). The
enzyme-normalized burst amplitude does not change at higher
SRPKI1 concentrations, indicating that the fast, initial phase
represents an active-site phenomenon (Figure 1B). Finally, that
a large “burst” amplitude is observed in these experiments
indicates that the phosphoryl transfer step for this event is not
only fast but also highly favorable with very little back-reaction
(i.e, ADP phosphorylation). Overall, these observations
indicate that the addition of the first phosphate in SRSFI is
much faster than the addition of subsequent phosphates.

RRMs Do Not Affect the Phosphorylation Mecha-
nism. To determine whether the RRMs can affect the

observed phosphoryl transfer rate constant for the first catalytic
step in SRSF1, we studied the phosphorylation of the separate
RS domain by SRPKI. Previous mass spectrometric studies
showed that SRSF1 and the separate RS domain are
phosphorylated to the same extent, suggesting that the RRMs
may not impact accessibility of SRPK1 for serines in the RS
domain." Similar to the full-length protein substrate, we found
that the RS domain is phosphorylated in a biphasic manner at
approximately the same rates as SRSF1 in single turnover
experiments (Figure 2C). The amplitude terms for the kinetic
transient imply that SRPK1 adds about 10 phosphates onto the
RS domain in 120 s. In rapid quench flow experiments
experiments where the substrate exceeds the enzyme
concentration, the phosphorylation of the RS domain observes
classic “burst” kinetics similar to that for SRSF1 (Figure 2D).
These findings indicate that the nature of the mechanism for
RS domain phosphorylation is largely unaffected by the
presence of the two RRMs.

Docking Groove Is Essential for Fast Phosphoryl
Transfer. Having shown that the first serine in the RS domain

of SRSF1 is rapidly phosphorylated in the SRPKI active site,
factors that control this event were addressed. The X-ray
structure of SRPK1 with a truncated form of SRSF1 (RRM2-
RS2) reveals a docking groove in the large lobe of the kinase
domain that binds the N-terminal portion of RS1 (Figure 1B).
Prior studies showed that six charge-to-alanine mutations in this
groove [SRPK1(6M)] disrupt directional phosphorylation,
suggesting that the docking groove is essential for the C- to
N-terminal mechanism."”® In single turnover experiments,
SRPK1(6M) does not efficiently phosphorylate the first serine
in SRSF1 (Figure 3A). This observation is not the result of
weak binding as it was shown previously that the Ky for
SRPK1(6M) is only 2-fold higher than wild-type SRPK1, and a
sufficient amount of enzyme is used in the kinetic experiments
to saturate SRSF1."> Although only six phosphates are modified
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in the first 2 min in rapid quench flow experiments, previous
studies showed that SRPK1(6M) can phosphorylate SRSF1 to
the same level as the wild-type enzyme at longer time frames.'?
The phosphorylation rate constant for these phosphates (k)
is about 3-fold lower than the rate constant for the second
phase in the wild-type enzyme (Figure 3A). These findings
indicate that the docking groove in SRPKI is important for
facilitating fast, initial phosphorylation and for maintaining the
efficient multisite mechanism.

Phosphorylation Rates Are Dependent on RS Domain
Content. While the N-terminal portion of RS1 rests in the
docking groove at reaction start (Figure 1), it is unclear how
the remaining residues in the RS domain contact the enzyme
and support phosphorylation since the X-ray structure does
not possess sufficient electron density for these residues. To
determine whether the observed fast kinetics is strictly
dependent on charged residues in and around the initiation
box, five arginines around the RS1/RS2 border were mutated to
alanine [SR(SRA222)] (Figure 3B). We found that SR-
(SRA222) lacks a rapid phase in rapid quench flow experiments
(Figure 3B). Previous studies showed that this mutant has
similar affinity to SRPK1 as the wild-type substrate and is
phosphorylated to the same level,”® suggesting that these kinetic
effects are not the result of an unstable enzyme—substrate
complex. In addition to a loss of the rapid phase, kn, and the
initial velocity for multisite phosphorylation (vimp = Otmp X kip) of
SR(SRA222) are about 10-fold lower than those for the second
phase in the wild-type substrate (Figure 3C). These findings
indicate that charged residues near the initiation box are important
for optimal positioning of the RS domain.

Previous studies have shown that SRPKs strongly prefer to
phosphorylate serines with flanking arginines in long Arg—Ser
dipeptide repeats."*** However, the role of serines in these
repeat regions is not well understood. We previously showed
that the removal of blocks of four serines in RS1 does not alter
the affinity of SRSF1 for SRPK1 and only lowers the
phosphor?rl content according to the number of serines
removed."” We wished to determine whether these serines
play any role in positioning the RS domain for optimal
phosphorylation. In single turnover experiments, the removal of
serines at various positions in RS1 leads to a loss of the fast,
initial phase (Figure 3B). Furthermore, the introduction of
these mutations likewise diminishes kp, and vy, by as much as
10-fold fold compared to those of wild-type SRSF1 (Figure 3C).
The degree of rate reduction appears to follow modestly the
position of the serine block with those mutations closest to the
N-terminal part of RS1 having the greatest effect. Since only a
very limited portion of the RS1 segment is visible in the X-ray
structure, it is unclear whether these serines form contacts with
SRPK1 or possibly with consecutive serines. In the docking
groove, a hydrogen bond between a hydroxyl (Ser-207) and a
backbone carbonyl (Ser-209) is observed within RS1 (Figure 1B).
To examine the role of a more limited hydrogen-bonding
network in the docking groove, we made a double alanine
substitution at positions 205 and 207 in SRSF1 [SR(2SA205)].
Like the other serine-to-alanine substitutions, the phosphorylation
of SR(2SA205) can be fit by a single exponential and observes no
rapid, initial phase (data not shown). Overall, these findings
indicate that the RS domain is likely to rely on numerous
hydrogen-bonding contacts either within the RS domain itself or
with the kinase to rightly position the RS1 segment and support
fast phosphorylation kinetics.

dx.doi.org/10.1021/bi2007993 | Biochemistry 2011, 50, 6888—6900
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Figure 4. Positional analyses of the phosphoryl transfer rate. (A) Pre-phosphorylation of SRSF1. Complexes of SRPK1 (1 xM) and SRSF1 (100
nM) are incubated with limiting >*P-ATP (0—S uM) for 20 min to attain 0, 1.2, 4, 6.3, and 8.3 phosphates (OP, 1P, 4P, 6P, and 8P) onto the RS1
segment. (B) Single turnover kinetics. Excess 3*P-ATP (100 4M) is added to the complexes generated in (A), and the phosphorylation of the
remaining sites is monitored. The data are fit to values of 3.6 + 1.0 s for k,, 0.050 + 0.006 s71 for kmp, 1.0 £ 0.18 sites for a;,, and 9.1 + 0.3 sites
for ttyny for OP (@), 3.8 = 1.2 57" for ky, 0.050 = 0.004 s~" for kpyp, 1.1 % 0.20 sites for o, and 7.5 = 0.25 sites for @y for 1P (O), 4.3 £ 1.5 57" for
k,, 0.040 + 0.004 s7! for Kmp, 1.1 + 0.14 sites for @, and 4.9 + 0.35 sites for , for 4P (A),3.0+10s7" for k,, 0.035 + 0.004 s7! for Kinp, 0.80 +
0.0S sites for a;, and 2.9 + 0.08 sites for @, for 6P (/\),and 3.0 + 1.1 57! for ky, 0.040 + 0.003 s~! for Kmp, 0.32 + 0.05 sites for @, and 1.4 + 0.25
sites for aty, for 8P (@p). (C) Amplitude and linear rates. The values of @, and vy (kmp X @mp) from (B) are plotted as a function of pre-
phosphorylation state of SRSF1. (D) SRPK1 and ATP dependence. The 8P complex is generated as described in panel A, and the reaction is then
started with either 400 uM **P-ATP (@) or 4 uM SRPK1 (O). The data are fit to values of 4.0 + 0.80 s (k;), 0.030 = 0.004 s™* (kip), 0.33 %
0.06 sites (ap), and 1.7 + 0.06 sites (o) at 400 uM 32P_ATP and 4.6 + 0.82 571 (k,), 0.031 + 0.004 57! (kimp ), 0.67 + 0.037 sites (ap), and 1.3 +
0.06 sites (Ctmp) at 4 M SRPK1. The OP complex is also reacted with 600 M **P-ATP (A ) and fit to values of 25 + 8 s (k;), 0.043 £ 0.006 s~
(kmp), 0.91 + 0.16 sites (@), and 9.0 + 0.39 sites (Amp)-

Phosphoryl Transfer Rate as a Function of RS Domain
Phosphorylation Status. In the preceding rapid quench flow
experiments we showed that addition of the first phosphate to
the SRSF1 RS domain is fast. To address whether subsequent
transfers are slow and potentially rate-limiting, we measured
phosphorylation rates at several initial pre-phosphorylation
states in SRSF1. We showed previously that SRPK1 catalyzes
C- to N-terminal phosphorylation and that regional phosphoryl
content in the RS domain can be controlled through single
turnover ATP limitation experiments."” The addition of
limiting ATP to the enzyme—substrate complex allows
sequential placement of phosphates starting at the C-terminal
end of the RS1 segment of the RS domain. SR proteins have a
strong tendency toward aggregation so that studying their
kinetic properties in an enzyme—substrate complex with excess
SRPKI1 is advantageous over purifying partially phosphorylated
forms and reconstituting the complex for analysis. Accordingly,
we pre-phosphorylated the SRPK1:SRSF1 complex using low
levels of **P-ATP in manual-mixing experiments so that
approximately 1—8 serines in the C-terminal end of the RS1
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segment of the RS domain are initially phosphorylated (Figure
4A). Starting with these initial phospho-forms (OP, 1P, 4P, 6P,
and 8P), we then added excess 3*P-ATP (100 uM) to restart
the reaction in the rapid quench flow machine. The
phosphorylation of the remaining serines is biphasic in all
cases although the end points are expectedly lower at
progressively higher pre-phosphorylation states (Figure 4B).
The rate constants for the initial phases (k,) are similar,
implying that the phosphoryl transfer step is faster than net
multisite phosphorylation in all cases tested.

RS Domain Phosphorylation Regulates SRPK1 Bind-
ing Affinity. While the rate constants for the initial phases are
fast under all conditions tested, the amplitudes varied as a
function of initial phosphorylation state. At low phosphoryl
contents (OP, 1P, and 4P), the observed amplitudes for the fast
phase (a,) are approximately one site, suggesting that all the
substrate is initially bound with the enzyme. Above this
minimal phosphoryl content, the amplitudes are noticeably
lower (Figure 4C). To determine whether this observation for
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Figure S. Effects of sucrose on the steady-state kinetic parameters for SRPKI. Initial velocities for SRPK1 are plotted as a function of total SRSF1 at
fixed ATP (A) or as a function of ATP at fixed SRSF1 (C) using 0% (@), 10% (O), 25% (M), and 30% (/\) sucrose. In the absence of sucrose, the
ket and Ky, for SRSF1 are 56 + S min~' and 70 + 6 nM using fixed ATP (100 4M) and the k., and K, for ATP are 50 + 5 min~" and 12 + 2 uM
using fixed SRSF1 (1 uM). The effects of added sucrose on the relative steady-state kinetic parameters [k, /kcy and (keoe/Kin)°/(Kcat/Km)] are
plotted as a function of relative solvent viscosity (™) under conditions of varying SRSF1 (B) or ATP (D). For varying SRSF1, k', and (ket/Kin )"
are 1.2 + 0.16 and 0.90 + 0.10. For varying ATP, k!, and (ke.t/Kpn )" are 1.2 + 0.18 and 1.0 + 0.05. Initial velocities for SRPK1 as a function of block
mutant are plotted in panel E at fixed ATP (100 uM). In the absence of sucrose, the k., and K, for block mutant are 2.4 + 0.25 min~! and 2.1 +

0.60 uM. For varying block mutant, KT, and (ke /Kpy)" are —0.020 + 0.043 and 0.090 + 0.010.

8P (a, = 0.32 sites) is due to poor binding or an unfavorable in the initial phase from ATP association at OP to phosphoryl
phosphoryl transfer event, we measured single turnover kinetics transfer at 8P. We will analyze this phenomenon in greater detail
at increased ATP or SRPKI. Although increasing the total ATP in the following sections. On the basis of the observed
concentration (100 to 400 yM) after the pre-phosphorylation amplitudes at 1 and 4 yM SRPK1 (0.33 and 0.67 sites) and
step had no effect on the initial phase amplitude (a, = 0.35 assuming that these amplitudes reflect the relative saturation
sites), increasing the SRPK1 concentration by 4-fold (1 to 4 level of SRSF1 by SRPKI, we can calculate a K4 of about 2 uM
#M) increased the amplitude by 2-fold (Figure 4D). These for the enzyme—substrate complex at 8P. Also, we can estimate
findings indicate that the low amplitude at higher, initial a Kg of about 0.25 uM for the 6P complex using a value of 0.8
phosphoryl content is due to weakened affinity of SRPK1 for for ap. These results imply that the Ky for the enzyme—
the substrate. Although the rate constant for the initial phase substrate complex is between 4- and 10-fold higher at 6P and
does not increase at higher ATP concentrations for 8P, we about 40—100-fold higher at 8P compared to 0P (K4 = 20— 50
found that k;, increases significantly for OP at elevated nucleotide nM*'®). These calculations suggest that the affinity of SRSF1
concentration without altering the amplitude (Figure 4D). for SRPK1 departs sharply from a low, nanomolar value after
These findings imply that there is a change in rate-limiting step about six phosphorylation events. Finally, we observe a steady
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decline in vy, as a function of initial phosphorylation status,
suggesting that multisite phosphorylation becomes progressively
impaired as the phosphoryl content of the RS domain increases
(Figure 4C). This decline occurs even under conditions where the
substrate is fully saturated with enzyme (a, = 1 site for 0—4P).
Overall, these data indicate that RS domain phosphorylation
lowers the affinity of SRPK1 for the SR protein and reduces the
observed rate for multisite phosphorylation.

SRSF1 Phosphorylation By SRPK1 Is Viscosity Sensi-
tive. The rapid quench flow studies suggest that the pho-

sphoryl transfer steps are fast, implying that other slow events
limit complete turnover of SRSF1. To investigate whether the
rate-limiting step involves diffusive events, we measured the
effects of solvent viscosity on the steady-state kinetic
parameters. Initial velocities were measured as a function of
SRSF1 concentration at a series of sucrose concentrations (0—
30%) in steady-state kinetic experiments (Figure SA). Both ke
and k/Ky, decrease at higher sucrose levels, and plots of
relative parameters as a function of relative solvent viscosity
(17") are linear with slope values [(key)” and (keyt/Km)"] close
to the theoretical limit of one (Figure SB). These results imply
that diffusion-controlled, bimolecular processes limit both steady-
state kinetic parameters. Viscosometric experiments were also
performed by varying ATP at several, fixed amounts of sucrose.
Both ke and key/Km atp decrease as a function of increasing
sucrose (Figure SC), and plots of relative parameters are linear as a
function of ™! with maximal slope values close to one (Figure
SD). To determine whether these observed inhibitory effects are
due to structural perturbations, the phosphorylation of a poor
substrate was investigated. In a previous study we showed that a
mutant form of SRSF1 possessing 10 consecutive Arg-to-Ala
mutations starting at Arg-210 in the RS domain [SR(10RA210)]
binds with reduced affinity to SRPK1 although it is phosphory-
lated to the same extent as wild-type SRSF1."> We now show that
ket is more than 10-fold lower and the K, is more than 10-fold
higher for the block mutant compared to the wild-type substrate
(Figure SE), and the reduced kinetic parameters are viscosity
independent (Figure SF). Owing to improved solubility, SR-
(10RA210) concentrations in excess of 1 uM could be easily
achieved. The absence of a viscosity dependence on this poor
substrate implies that the effects of sucrose on SRSF1
phosphorylation are the result of changes in ligand diffusion in
and out of the active site.

In general, the relative rate constants for bimolecular steps in
initial velocity equations are expected to vary in a linear manner as
a function of relative viscosity whereas unimolecular processes are
expected to be viscosity independent.*** For the simplified
general mechanism in Scheme 1, S may represent ATP or SRSF1
when the other is saturating, k; is the phosphoryl transfer step, and
ks is a diffusion-controlled event and represents the net
dissociation rate constant for both products. The slopes of relative
steady-state kinetic parameter versus 77 will lie between the values
of 0 and 1 based on eqs 2 and 3:

n__k
Tkt ks @)
k
(kcat/Km)n = 72
ko + ko 3)

A slope of 1 for (k)" implies that the phosphoryl transfer step is
fast and the rate-limiting step is a diffusive step, most likely

6895

Scheme 1

ky[S]

—
——

k, ks

E EeS EeP E+P

off

product release (ie., k, > k3). In contrast, a slope of 0 for (k. )"
implies that the phosphoryl transfer step is rate-limiting (i.e., k3 >
ky). Since we observe a slope of 1 for (ke)", the phosphoryl
transfer step is fast and a diffusion-limited step controls maximum
turnover (k3 = 1 s7'). These results are consistent with the pre-
steady-state kinetic experiments and indicate that a rapid
phosphoryl transfer step precedes the steady-state linear phase
(Figure 2). Using the same analysis for ke/Kpn, the slope term
allows us to establish the rate of phosphoryl transfer relative to
substrate dissociation. Since we observe slopes of 1 for (ke /K )"
using ATP and SRSF1 as varied substrates, the phosphoryl transfer
step is fast relative to the dissociation of either ligand (e, k, >
kof). Also, these maximum slopes indicate that k., /Ky, is limited
by the association rate constant of ATP (0.09 uM™' s7!) when
SRSF1 is saturating or SRSF1 (14 uM™" s7') when ATP is
saturating. Overall, the viscosity dependence on the steady-state
kinetic parameters allows us to confirm that the phosphoryl
transfer rate is fast as predicted by the rapid quench flow data, to
show that a product release step limits ke and that ligand
association (SRSF1 or ATP) limits k../Kpy,.

ATP Dependence on the Observed Phosphoryl
Transfer Rate. Since the phosphorylation reactions in the
rapid quench flow machine are initiated with ATP whose
binding limits k.,/K, we next wondered whether nucleotide
association rather than the phosphoryl transfer step could limit
the pre-steady-state kinetic “burst” phase. To address this
possibility, we performed pre-steady-state kinetic experiments
by initiating at low and high ATP concentrations (50 and 500
uM). Although we observed a rapid “burst” in product
formation at 500 uM ATP (t;;, = 35 ms), this phase was
considerably slower at 50 M ATP and presented a small “lag”
in the first SO ms (Figure 6A). This substantial kinetic change is
not consistent with rapid equilibrium binding but is more in
line with rate-limiting ATP association. To analyze the ATP
dependence, we simulated the transient kinetic data using the
program DynaFit*® and the mechanism in Scheme 2. In this
mechanism, the dissociation rate constant for ATP and the
reverse phosphoryl transfer rate constant are assumed to be
small. The former assumption is in line with the maximum
viscosity dependence on k. /Ky, for ATP (i.e., ky > ko), and
the latter assumption is consistent with previous studies on the
internal equilibrium constant for protein kinases*>*”~> and the
large amplitudes in Figures 2 and 3. Also, in this mechanism,
the product of the reaction (S,;) becomes the substrate for
the second phosphorylation event since SRPKI catalyzes
multisite phosphorylation of SRSF1. Since SRSF1 binds tightly
to SRPKI for the first several phosphorylation events (Figure 4)
and the association rate constant is large (Figure S) and not
expected to limit turnover, we ignored any rebinding steps
associated with SRSF1 and only considered ATP cycling. We
simulated both curves using values for kj, ky, and k; of 0.09
uM™ts71 30 571 and 0.8 57, respectively. The values of k; and
k; are constrained by k,/Ky, for ATP and k. In contrast, we
found that the “burst” phase is largely defined by k; and k.
These data indicate that under our reaction conditions (50—
500 uM ATP) the association of ATP and the phosphoryl
transfer step partially limit the “burst” phase. These findings are
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Figure 6. Nucleotide exchange kinetics in the SRPK1—SRSF1 complex. (A) ATP-dependent kinetic transients. A complex of SRPK1 (0.5 yM) and
SRSF1 (1 uM) in one syringe is mixed with ATP (100 or 1000 #M) in the second syringe in the rapid quench flow machine. Final concentrations
are SO (@) or 500 uM (O) ATP, 0.25 uM SRPK], and 0.5 #M for SRSF1. The data are simulated using DynaFit26 and Scheme 2 to obtain values of
0.09 uM~! 571,30 57!, and 0.8 s for k;, ky, and k3, respectively. (B) ADP binding affinity. Initial reaction velocities are measured as a function of
ATP (6—800 uM) at fixed SRSF1 (1 4M) in the absence (@) and presence of 30 (O), 60 (A), and 120 uM (/A\) ADP. K; = 10 uM for ADP. (C)
ADP catalytic trapping from OP. A complex of SRPK1 (0.5 M) and SRSF1 (1 uM) with (O) or without (@) ADP (120 M) in one syringe is
mixed with ATP (1200 zM) in the second syringe of the rapid quench flow machine. Final concentrations are 600 M ATP, 0.25 uM SRPK1, 0.5
#M SRSF1, and 60 uM ADP. The data in the absence of ADP are simulated using DynaFit and Scheme 2 to obtain values of 0.09 uM™'s™!, 3057},
and 1.1 57! for ki, ky, and k3, respectively. These values are then used to simulate the data in the presence of ADP using the mechanism in Scheme 3
and DynaFit to obtain a kot for ADP of 1.1 s™!. (D) ADP catalytic trapping from 4P. A complex of SRPK1 (2 M) and SRSF1 (0.26 uM) is
prequibrated for 20 min with 3 4M 3*P-ATP to generate a 4P complex. This complex is incubated with (O) or without (@) ADP (120 M) in one
syringe and then mixed with ATP (1200 #M) in the second syringe of the rapid quench flow machine. Final concentrations are 600 yuM ATP, 1 uM
SRPK1, 0.13 #M SRSF1, and 60 4M ADP. The data in the absence of ADP are simulated using DynaFit and Scheme 2 to obtain values of 0.04 uM™"
s71,2.7 57, and 0.10 s7! for k;, k,, and ks, respectively. These values are then used to simulate the data in the presence of ADP using the mechanism
in Scheme 3 and DynaFit to obtain a kg for ADP of 0.13 s7!.

Scheme 2 experiment, ADP (120 uM) is preequilibrated with a complex
k,[ATP] k k of SRPK1 and SRSF1 before a 10-fold excess of ATP is added

EeS, — > EeS eATP —> EeS_,,*ADP — EsoS to start the reaction. Since we showed that ADP is competitive
4 with ATP and has a K; of 10 uM (Figure 6B), all nucleotide-

binding sites are saturated with ADP prior to mixing. While the
pre-steady-state kinetic transient in the absence of ADP

also consistent with data in Figure 4A,D which show a clear observes a “burst” phas§. as .expected, th“e trar:sient .in the
ATP dependence in the initial phase (k) for the OP complex. presence of ADP preequilibration has no “burst” and instead

ADP Release Kinetics Using Catalytic Trapping displays a “lag” before the linear steady-state phase is achieved
Experiments. The rapid quench flow experiments indicate (Figure 6C). Since the observed linear production of **P-SRSF1

that while the first phosphate is rapidly added to SRSFI, after the “burst” phase is the same as that in the presence of
subsequent phosphorylation events are slower (Figure 2). On ADP (see inset, Figure 6C), sufficient ATP is used in the
the basis of the viscosity experiments, this result could be due trapping experiment to displace ADP. The data in the absence
to slow release of one or both of the products. To address of ADP were simulated using the mechanism in Scheme 2 to
whether ADP dissociation limits turnover, we measured its obtain ki, ky, and k3 of 0.09 uM™! 57!, 30 s7}, and 1.1 s7%,
release from the SRPKI1:SRSF1 complex using a catalytic values similar to those obtained for the kinetic transients in
trapping method previously developed in our lab.>® In this Figure 6A. We then used these rate constants as fixed
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Scheme 3
EeS,*ADP
koff
k,[ATP] k, ky
EeS, —> EeS,eATP ——> EeS , eADP — EoS, ,,

A ;

parameters to simulate the dissociation profile for ADP in
Scheme 3. Using this approach, the data in the presence of ADP
pre-equilibration were best simulated using an ADP dissocia-
tion rate constant (kog) of 1.1 s™1. Since kog is identical to ks
(1.1 s71), the rate-limiting step for SRSF1 phosphorylation, the
release of ADP limits maximum turnover (k).

Phosphorylation-Dependent ADP Release. Although
ADP release limits k,; based on catalytic trapping experiments,
this value is derived from a non-phosphorylated SRPK1—
SRSF1 complex (OP). To determine whether reaction progress
affects the rate of product release, we measured the dissociation
rate constant for ADP at higher, initial phosphorylation of
SRSF1. For these experiments, we pre-phosphorylated the
SRPK1—SRSF1 complex at four sites (4P) using ATP
limitation experiments and then incubated the complex with
ADP (120 M) prior to reaction initiation with excess ATP in
the rapid quench flow machine. Since only 3 uM 3*P-ATP is
used to generate the 4P complex, any residual, unreacted 3*P-
ATP will be displaced by excess ADP in the sample loop prior
to reaction start with additional ATP in the rapid quench flow
machine. In the absence of ADP preincubation, we obtained a
biphasic progress curve (Figure 6D). In comparison, ADP pre-
equilibration results in a loss of the initial phase with no
apparent change in the linear phase rate, similar to the results of
catalytic trapping experiments in the absence of a pre-
phosphorylation phase (Figure 6C). The data were simulated
in the absence of ADP using DynaFit*® and Scheme 2 over a
10 s time frame to obtain values of 0.04 uM™ s7%, 2.7 s, and
0.10 5! for ky, ky, and ks, respectively. These values, which are
lower than those obtained at OP by 2-, 10-, and 10-fold for k;,
ky, and ks, respectively, suggest that pre-phosphorylation
impacts the phosphorylation of subsequent sites in the RS
domain. We then simulated the data in the presence of ADP
pre-equilibration using these constants and Scheme 3 and found
that the progress curve was best modeled when ko for ADP is
0.13 57!, a value close to k3. These findings indicate that ADP
limits the phosphorylation of subsequent sites in the 4P complex
and that nucleotide exchange slows as the reaction progresses.

Progress Curve Analysis of Multisite Phosphoryla-
tion. Using rapid quench flow methods, we monitored the
attachment of 10 phosphates onto SRSF1 and showed that
several individual steps become increasingly more difficult as a
function of phosphorylation. To determine whether these
changes in stepwise processing can describe SRSF1 activation,
we simulated the progress curves for the complete phosphor-
ylation of the OP and 4P forms. The data were fit to a sequential
mechanism (OP — 1P — 2P — .. — 10P) in which each
species converts to the next phospho-state by irreversible, net
rate constants (kop, kip, kap, up to kop). The data for both curves
obtained from Figure 4B were fit using a series of rate constants
(Figure 7A). The values of the rate constants for the start of
the reaction [kop for OP (5 s™!)] and the restart of the reaction
[k4p for 4P (3 s71)] are fast relative to the other steps reflecting
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Figure 7. Effects of phosphorylation progress on individual steps. (A)
Simulation of progress curves. The progress curves for OP (O) and 4P
(/\) (data from Figure 4B) were simulated using DynaFit and a
sequential mechanism in which OP converts stepwise to 10P. The
irreversible, net rate constants for each individual step are defined by
reactant phosphorylation state (kop, kip, kap, .., kop). Simulations for
OP include kop through kgp whereas those for 4P include k4p through
kop. Values of 5, 1, 0.6, 0.45, 0.2, 0.15, 0.12, 0.1, 0.07, and 0.06 s~* for
kop, kip, kap, k3p, ksp, ksp, kep, k7p, ksp, and kop, respectively, were used
to simulate OP. Values of 3, 0.5, 0.1, 0.06, 0.04, and 0.02 s~} for kyp,
ksp, kep, k7p, ksp, and kop, respectively, were used to simulate 4P. For
comparison, the analytical fits to both curves are shown as dotted lines,
and their parameter fits are included in the legend of Figure 4B. (B)
Change in free energy reaction coordinate diagram as a function of
phosphorylation. SRPK1 has high affinity for SRSF1, rapidly
phosphorylates the first serine in the RS domain, and slowly releases
ADP (solid line). After several rounds of phosphorylation (6—8P), the
affinity of the substrate declines significantly and the phosphoryl
transfer and ADP release rates decrease (dashed line).

the rapid phosphorylation of the complexes in the initial phase.
While nucleotide association (at 100 yuM ATP) mostly limits
the initial phase for the OP complex, the phosphoryl transfer
step mostly limits the initial phase for the 4P complex. For both
complexes, the simulations model the progress curves with
declining rate constants for each progressive phosphorylation
event that parallel the experimental data. For example, the
release of ADP from OP measured in trapping experiments is
rate-limiting and the same as kjp. Also, the catalytic trapping
data indicate that the conversion of 4P — SP should be limited
by ADP release at 0.13 s~ (Figure 6D). Interestingly, ksp (0.2
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s7!) in the progress curve simulation is close in value to this
rate constant (Figure 7A). The value of ksp for the progress
curve starting at 4P is much larger than k4p for the OP complex
since the latter reflects rate-limiting ADP release in the slow,
multisite phase and the former reflects rate-limiting phosphoryl
transfer step in the initial, fast phase. In the experimental data,
the affinity of SRPK1 declines after 4P, a factor that is likely to
play an additional role in the progressive decrease in simulated
rate constants. Furthermore, the simulated rate constants for
the later stages of the reaction for both curves (ksp through kop)
are very similar as expected. These similarities explain why the
analytical fitting for the multisite phases in OP and 4P (ky,) are
not significantly different (Figure 4B). In both cases, the
multisite phases are dominated by the same steps (ksp—kop),
and subtle differences in individual steps earlier in the reaction
(kap—ksp) cannot be easily dissected in these phases with
analytical fitting,

B DISCUSSION

Most protein kinases catalyze single-site phosphorylation and
utilize interactions in the kinase domain to recognize
complementary residues in the substrate protein/peptide. In
general, these static contacts provide optimal orientation of the
phosphate-accepting hydroxyl for rapid phosphoryl transfer.'?
Some protein kinases carry out sequential, multisite phosphor-
ylation using inducible contacts. Glycogen synthase kinase-3
[GSK-3] was shown to phosphorylate four serines in an
ordered manner where the phosphoserine in the P + 4 position,
added by a second protein kinase (e.g., casein kinase II), serves
as a binding determinant for upstream phosphorylation at the P
position.”" SRPK1 also catalyzes a C- to N-terminal reaction,
but unlike GSK-3, the reaction is much more robust (i.e., more
sites modified) and takes place in a more congested environ-
ment where serines are separated by 1 rather than 3 residues
and prior phosphorylation is not mandatory for upstream
modifications.'”” While GSK-3 uses an electropositive pocket
for upstream phosphorylation, SRPK1 directionality is likely to
be driven by the close juxtaposition of the active site and an
electronegative docking groove that measures out a specific
length of Arg—Ser dipeptide repeats, orients the active site
toward the C-terminal end of the RS domain, and expels
phosphoserines in a threading mechanism (Figure 1). Using
rapid quench flow methods, we found that despite the complex
nature of SR protein activation, the phosphoryl transfer step in
SRPKI1 is fast and exceeds turnover throughout numerous
rounds of phosphorylation (Figure 4). Furthermore, the
enzyme mechanism appears highly optimized to phosphorylate
and reposition the RS domain for subsequent reactions such
that the rate-limiting step (up to 4P) is ADP release.
Multiple Contacts Are Necessary for Efficient SR
Protein Turnover. Our transient-state kinetic studies indicate
that the rate of the first phosphoryl transfer step in SRSFI is
about 30-fold faster than rate-limiting ADP release (30 vs 1
s71). Similar differences between the chemical transfer and
product release steps have been observed in other protein
kinases,"’ raising the question of whether there could be an
advantage to a fast phosphoryl transfer rate. Recent studies have
demonstrated that rapid phosphoryl transfer can enhance
substrate recognition through a chemical clamping mechanism.**
For example, the protein kinase Skylp binds its physiological
target Npl3, an mRNA carrier protein, with poor affinity, but
owing to a fast phosphoryl transfer step, the K, is lowered by

6898

20-fold relative to Ky.>*> A similar clamping mechanism is also
operative for PKA and a peptide substrate (Kemptide) whose K,
is significantly lower than Ky due to fast phosphoryl transfer.”®
However, SRPK1 appears to depart from this kinetic model since
its K4 for SRSF1 is lower (20—50 nM), not higher, than its
K. "' What then is the importance of a fast phosphoryl transfer
step for this splicing kinase? Through an analysis of sequence
determinants in SRSF1 and SRPK1 we showed that removal of
contacts along the RS1 segment in the docking groove or active
site lowers significantly the phosphoryl transfer rate (Figure 3).
These large reductions suggest that even subtle alterations in
positioning of the RS domain at any point along the kinase limits
both phosphorylation initiation and extension through a change
in rate-limiting step from ADP release to phosphoryl transfer.
Thus, it appears that rapid phosphoryl transfer provides not only
a recognition advantage (ie, K, < Kg) for poor binding
substrates as in the cases of Skylp and PKA but also a net
turnover advantage for kinases such as SRPKI that rely on
precise geometry for multisite phosphorylation.
Substrate-Induced Mechanisms for Phosphorylation
Termination. While the rapid quench flow studies describe

how extensive protein—protein interactions facilitate multisite
phosphorylation initiation and extension, they also outline
three stopgap measures for terminating phosphorylation. First,
the affinity of SRPK1 and the SR protein declines abruptly as a
function of phosphorylation, thereby derailing the enzyme from
the RS domain. We estimate an affinity decline of up to 100-
fold after eight rounds of phosphorylation (Figure 4). These
findings explain why GST-SRSF1 robustly pulls down SRPK1
in the absence of ATP but very weakly in its presence when the
RS domain is phosphorylated.>*** Second, the exchange rate of
ADP for ATP slows significantly as a function of phosphor-
ylation progress. We measured a decrease in the rate constant
for ADP release in trapping experiments from 1 to 0.1 s™" after
only four rounds of phosphorylation (Figure 6). This decrease
is likely to be the dominant factor explaining the decline of
multisite phosphorylation rates (v,,) under condi- tions where
the substrate is still saturated with enzyme (OP — 4P; Figure
4C). Third, the rate constant of the phosphoryl transfer step
declines from 30 to 3 s™! after four rounds of phosphorylation,
thus providing an increasing barrier for subsequent phosphor-
ylation steps (Figure 6). Overall, progressive phosphorylation
appears to raise the ground and transition state energies of
several key steps in the phosphorylation mechanism (Figure
7B). These phosphorylation-coupled changes in individual
steps would have the result of reducing net SR protein
phosphorylation irrespective of the subcellular availabilities of
the enzyme and substrate and whether the system functions
under steady-state or pre-steady-state control. These findings
contrast starkly with GSK-3 where pre-phosphorylation
enhances upstream phosphorylation. For SRPK1, phosphor-
ylation progress introduces barriers that enhance termination.
Biological Implications of Phosphorylation-Coupled
Termination. SRPKI phosphorylates SRSF1 in the cytoplasm
providing a signal for transportin-SR binding and passage
through the nuclear pore.'>*® Although largely cytoplasmic,
SRPKI1 can also enter the nucleus prior to M-phase or under
stress signaling.>* While the large cytoplasmic pool results from
chaperone interactions,” the inability to uncover nuclear
localization or export signals raises the possibility that SRPK1
could enter the nucleus in complex with SR proteins using a
piggyback mechanism.* The high affinity observed between SR
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proteins and SRPK1 strongly supports such a mechanism.*'®

We now show that the SRSF1 Kj increases by about 1 order of
magnitude upon the addition of only two phosphates when
converting from the 6P to 8P forms. This net level of
phosphorylation (8P) is significant since it was shown
previously that 8—10 Arg—Ser dipeptide repeats are sufficient
to direct SRSF1 to the nucleus.>”*" If these serines are fully
phosphorylated and provide a minimal consensus for trans-
portin-SR binding, then it is likely that only a small amount of
SRPKI1 is substrate-bound and can be drawn into the nucleus
after each round of SR protein transport. These findings do not
prohibit SRPK1 piggybacking but instead place some
constraints on its efficiency. Small amounts of nuclear SRPK1
could be sufficient for splicing regulation or multiple rounds of
SR protein shuttling could slowly accumulate a functional level
of the kinase particularly if export is sluggish.

Phosphorylation-Dependent Protein—Protein Cross-
Talk. The results of many kinetic studies over the years have
uncovered a simple mechanism for single-site phosphorylation
of peptides and proteins by protein kinases. In general, the
substrate is bound with moderate-to-weak affinity and is rapidly
phosphorylated and released from the active site.'” While a deep
appreciation for the flexibility of protein kinases has emerged
over this time,*”*® the kinetic processing of substrates is largely
viewed from the perspective of static contacts in the active site
and neighboring docking regions in the kinase. Through the
analysis of multisite processing of an SR protein, we now show
that this simple view does not adequately describe the reaction
coordinate for the splicing kinase SRPK1 where several discrete
steps become modified in a phosphorylation-dependent manner
(Figure 7). The affinity and phosphorylation rate of this SR
protein is coordinately down-regulated as the reaction
progresses. Of particular interest, increasing phosphoryl content
reduces the exchange rate of ADP, a step that has been shown to
limit substrate turnover in most protein kinases.'” While the
ADP dissociation rate constants have been shown to differ by
about 1 order of magnitude for many kinases,”>** these
differences are thought to be a function of the architecture of the
nucleotide pocket and not due the nature of the substrate. Our
new data show that in one example a protein substrate can
function as an effector of catalysis. While the causes of this
effector role await further structural characterization, we can
speculate upon how substrate contacts may impact kinetic
processing. The RS domain is phosphorylated in a directional
manner in the active site, a process that is accompanied by
changes in RRM2 structure and docking groove and active-site
occupancy (Figure 1). This threading mechanism is likely to be
associated with multiple changes in contact partners between
enzyme and substrate that could impact phosphorylation and
nucleotide exchange rates. Overall, the transient kinetic studies
presented here shift perspective from the static view of kinase-
directed phosphorylation to a new, more dynamic view
incorporating substrate-induced phosphorylation guidance.
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