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ABSTRACT. LAMMER protein kinases are ubiquitous throughout eukaryotes, including multiple paralogues

in mammals. Members are characterized by similar overall structure and highly identical amino acid
sequence motifs in catalytic subdomains essential for phosphotransfer and interaction with substrates.
LAMMER kinases phosphorylate and regulate the activity of the SR protein class of pre-mRNA splicing
components, both in vitro and in vivo. In this study, we define an optimum in vitro consensus
phosphorylation site for three family members using an oriented degenerate peptide library approach. We
also examine the substrate specificity and interactions of several LAMMER protein kinases from widely
diverged species with potential substrates, including their own N-termini, predicted to be substrates by
the peptide-based approach. Although the optimal in vitro consensus phosphorylation site for these kinases
is remarkably similar for short peptides, distinct substrate preferences are revealed by in vitro
phosphorylation of intact proteins. This finding suggests that these kinases may possess varied substrates
in vivo, and thus the multiple LAMMER kinases present in higher eukaryotes may perform differentiable
functions. These results further demonstrate that these kinases can phosphorylate a number of substrates
in addition to SR proteins, suggesting that they may regulate multiple cellular processes, in addition to
the alternative splicing of pre-mRNAs.

Members of the ubiquitous LAMMER protein kinase nucleus {0). Protein kinases from several different families
family phosphorylate SR proteins, both in vitrb<4), and possess the ability to phosphorylate SR proteins in v2to (
in vivo (5), affecting the efficiency and specificity of pre- 11-16), although to date only LAMMER kinases have been
mMRNA splicing. SR proteins themselves constitute a con- demonstrated to affect SR protein activity and splicing in
served protein family, intimately involved in the regulation vivo (5).

of pre-mRNA splicing and other steps of RNA metabolism | AMMER kinases display similar overall structure, with
(for reviews, see ref§, 7). Interactions between SR proteins noncatalytic N-terminal extensions and similar spacing of
in splicing complexes depend largely on arginine- and serine- cataiytic subdomaing ). Furthermore, catalytic subdomains
rich (RS), domains that are highly phosphorylated in vivo. ggssential for phosphotransfer and substrate interaction are
It is known moreover that phosphorylation of RS domains nearly 100% identical among family members. Although
affects the specificity of both proteirprotein and proteir catalytic subdomain X is usually relatively less constrained
RNA interactions 8, 9). Several studies have shown that 4m0ng kinases, virtual 100% identity of the motif “EHLAM-
changes in the phosphorylation state of SR proteins areé\;eR|LG" is found in this subdomain in all LAMMER
accompanied by their spatial redistributions within the family members, leading to their name. Alignments of

) ) ~ LAMMER kinase sequence with those of crystallized kinases
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if any, of autophosphorylation on Tyr residues remains to
be demonstrated.

Analysis of LAMMER kinase function in vivo has
benefited from the characterization of mutations in the
Drosophila LAMMER kinase locusDarkener of apricot
(Doa). Doa alleles were initially identified as dominant

Nikolakaki et al.

mM MnCl,, 20 mg/mL BSA, and 50 mM Tris-HCI pH 7.4.
The reaction mixture was incubated at 3C for 2 h.
Reaction mixtures were spotted onto P81 phosphocellulose
paper and washed five times in 500 mL of 1.5% phosphoric
acid. Incorporation of?P was determined by liquid scintil-
lation counting. For each condition, values for control

suppressors of mutations induced by insertions of the reactions lacking substrate peptide were subtracted as blanks.
retrotransposon copia, and they increase transcription of thisFor large scale kinase assays with the RS-peptide library,
retroelement 24-fold. They are almost invariably recessive the volume of each component except3fPJATP and
lethal 23, 24. Adults recovered from specific combinations €nzyme was scaled up 10-fold from small scale. The amount
of hypomorphic alleles escaping lethality display pleiotropic Of [y-**P]JATP in the large-scale assay was reduced from 5
phenotypes affecting many adult structures, suggesting thatto 0.33uCi. On the basis of the results of the small scale
Doa plays an essential role in the differentiation and assay, the amount of enzyme added was varied to allow

maintenance of a wide variety of cell type&7). Doa
mutations affect the sex-specific splicingagxpre-mRNA,

a key regulator of somatic sexual differentiationDnoso-
phila, yielding sexual transformationss) It was also
demonstrated that aberrant splicingdsix pre-mRNA was
accompanied by the altered intranuclear localization and
hypophosphorylation of at least two SR proteinsOpna
mutant animals.

Further support for the hypothesis that LAMMER kinases
function in cellular differentiation was obtained with the
finding that the tobacco family member PK12 is induced
both transcriptionally and posttranscriptionally by the matu-
ration hormone ethylen&{).

The high degree of structural similarity among LAMMER
kinases, particularly in catalytic subdomains essential for

peptide interaction and phosphotransfer, suggests that thef
possess similar substrates in widely diverged organisms, from

the yeastSaccharomyces cerisiae to humans. However,
the lack both of authentic SR proteins and of alternative
MRNA splicing in the yeasS. cereisiae (25), as well as
the dispensability of the LAMMER kinase KNS1 for
vegetative growth 26, Rabinow et al., manuscript in

preparation), suggests that these kinases may play roles i

the regulation of cellular processes in addition to that of
alternative splicing. Recent evidence demonstratedibat
plays an important role in activatingedgehogsignaling in
Drosophila(Du and Rabinow, submitted), further supporting
this idea.

Here we further characterize the activity of several
LAMMER kinases in vitro, including the definition of a

consensus phosphorylation site for three family members

from widely diverged species, phosphorylation studies with

several substrates, further characterization of interactions with

SR proteins, and an examination of their ability to auto-
phosphorylate on their N-termini. Despite high amino acid
sequence identity in catalytic subdomains and the similarity
of preferred peptide substrate phosphorylation sites, differ-

ences in protein substrate preferences exist among the kinase%]c

assayed.

EXPERIMENTAL PROCEDURES

Determination of a Consensus Phosphorylation Site for

phosphorylation of about 1% of the total peptide mixture. A
control phosphorylation experiment, in which the peptides
were subjected to a mock phosphorylation without the
presence of enzyme, was also performed. The reaction was
stopped by adding 308L of 30% acetic acid. The phos-
phopeptides were separated from ATP and enzyme by using
a DEAE-Sephacel column This mixture was added to &0.8
1.2 mL DEAE ion-exchange column previously equilibrated
with 30% acetic acid and eluted using the same solvent. After
the first 600uL void volume, the eluent was collected in
0.5 mL fractions. Liquid scintillation counting for each
fraction was determined with and without a P81 phospho-
cellulose paper wash, to evaluate the efficiency of ATP
removal at this step. Normally, the first two fractions that
were free of §-3?P]JATP were pooled and concentrated by
peed-Vac at 4C. Further purification from unphospho-
rylated peptides was performed on an iron-chelating column.
Briefly, a 0.3-0.4 mL column of ferric iminodiacetic acie
agarose (IDA, Sigma) was loaded with 2 mL of 20 mM FeCl
solution at a flow rate of 0.2 mL/min controlled by an Econo
Pump (Bio-Rad). The column was then sequentially washed
by 2 mL of H,O, 3 mL of buffer C (500 mM NHHCO;),
H 8.0, 2 mL of HO, and 3 mL of buffer A (50 mM MES
pH 5.5, 1 M NaCl) at a flow rate of 0.4 mL/min. The dried
sample was dissolved in 200 mL of buffer A and loaded
onto the IDA column while the output flow rate was
controlled at 0.2 mL/min. The column was then sequentially
eluted (1 mL per fraction) with 3 mL of each buffer A8,
and buffer C at flow rate 0.4 mL/min. Judging by tF®
counting, the desired fractions were combined and concen-
trated to give +3 nmol of phosphopeptide mixture.
Sequencing and Data AnalysiBypically, 1—2 nmol of
the phosphopeptide mixture was added to the sequencer. To
calculate the relative preference of amino acids at each
degenerate position and to correct the background, the initial
unassayed peptide library (starting) and the control peptide
mixture (background) were also sequenced. The abundance
amino acid present, calculated as a molar percentage ratio
at each cycle, and its corresponding position relative to the
phosphorylation site were mapped into a 2D data matrix.
The background matrix was subtracted from the experimental
matrix with a numerical adjusting factor equally applied to
all the background data. The adjusting factor was chosen in

Three LAMMER Kinases, Clk2, DOA, and PK12, Using a order not to overly subtract the background from the
Degenerate Peptide Library: Kinase Reactions and Phos- experimental matrix, which would result in a negative value.
phopeptide Separatiorzor small scale kinase assay, each The corrected data were then compared with the data from
LAMMER kinase was added to 3€_ of solution containing the starting mixture to calculate the ratio of amino acid
100 ug of degenerate peptide mixture from each peptide abundance. The sum of abundance of each amino acid at a
library, 100uM ATP, 5 uCi [y-*2P]ATP, 10 mM MgC}, 10 given cycle was normalized to 16 (the number of amino acids
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present at the degenerate positions) so that each amino acigvhich encodes a full-length female tra cDNA. The 630 bp
would have a value of 1 in the absence of selectivity at a reaction product encoding full length tra was digested with
particular position. BanHI and inserted into th&anH]I site of pACTII (5).
Yeast Two-Hybrid Constructs and Assayée GAL4- pPACTII:-TRA2: TRA2 coding sequences from plasmid
based two-hybrid system was utilized, using plasmids pAS1, pPSKC13-B, containing a cDNA encoding a full-length tra-2
pACT, and pACTII, developed by Elledge and collaborators in its longest form (264 amino acid residues), were amplified

(27). The host yeast strain PJ69-428| allowed for stringent
growth selection on His media. Standard lithium acetate
transformants were selected on Lelryp~ medium, and

by PCR, with the primers'@GGGATCCGCAAAAAGC-
CAATGGATCG3 and B3GCGGATCCGCTTTAAAAT-
AGCGCGATG3. The 830 bp amplification product encod-

single colonies were selected and streaked onto selectivang full-length TRA2 was digested witBanHI and inserted

(Leu-Tryp—-His™) medium for assay. At least three inde-

pendent transformants were tested for each construction.

Controls on the two-hybrid experiments included testing with
the isolated transcriptional activating-domain plasmids with-

out inserts as well as a number of potential false interactors.

These included fusions with the GAL4 DNA binding domain
in pAS1 and p53, lamin, and the CDK2 and SNF1 kinases
in the activating-domain plasmid. False positive and murine
Clk1 fusion plasmids were kind gifts of Karen Colwill)(

into the corresponding site of pACTII.

pPACTI:RBP1: A 543 bpBanHI-EcdRl fragment from
a RBP1 full length cDNA was directly cloned into the
corresponding sites on pACTIbY.

pACTI:RBPIARS: RBP1 cDNA sequences were ampli-
fied using a primer for the T3 RNA polymerase promoter
present in the vector and the internal RBP1 prim@&&-
GACCCGAATTC ATCTCTACS3. The PCR amplification
product was digested witBanH| and EcaRl, yielding a 300

Tests for expression of the recombinant proteins expressedop fragment, which was ligated to pACTIb)

from the DNA-binding domain plasmid pAS1 and pACTII
via immunoblots utilizing the HA epitope-tag carried in the
constructs were used to verify protein expression.

Plasmid constructions were as follows.

pAS1:DOA full-length: AnEcoRI-Pst fragment (2.5 kb)
of pCD1+2 (17) was blunted with the Klenow fragment of
DNA polymerase INcd linkers were added, and the near
full-length kinase cDNA was inserted into tiNcd site of
pAS1 B).

pAS1:DOA-catalytic domain: Th8ty fragment (1.6 kb)
containing the DOA-catalytic domain from pCB2 was
blunted,Ncd linkers were added at both ends, and the new
construct was inserted into tidcd site of pAS1 b).

pAS1:DOA-N-terminal domain: The pAS1:DOA full-
length construct was digested wiBanHl, to remove the
catalytic domain, and religated on itsef)(

pAS1:CLK2 full-length: A 1.7 kbKpnl fragment contain-
ing a full-length human CLK2 cDNAZ9) was cloned into
pUC18 and redigested witBanmHI-EcoRV, the 1.5 kb
fragment inserted into Bluescript SK and aBanHI-Sal
fragment (1.5 kb) inserted into the corresponding sites on
pAS1.

pAS1:CLK2 N-terminal domain: Apnl-EcoRlI fragment
of the CLK2 N-terminal clone SK-I3 (generous gift of S.
Hanks) was cloned into pUC18, redigested wBhnHlI-
EcaRl, and inserted into Bluescript SKA 740 bpBanHl-
Sal fragment was ligated into pAS1.

pAS1:KNS1 N-terminal domain: A 440 Hpsp fragment
from KNS1 26), encoding the N-terminus of the kinase, was
ligated toBanH]I linkers and inserted into the corresponding
site on pASL1.

pAS1:KNS1 catalytic domain: The 1.3 kblotl and
BanH| fragment that contains the KNS1 catalytic domain
was blunted, ligated tBanHl| linkers, and inserted into the
pAS1BanHl site.

pAS1:CLK1, pACTI ASF, and pACT X16 plasmids were
gifts of Karen Colwill and Tony Pawsori).

pACTII:TRA: tra coding sequences were amplified by
the polymerase chain reaction (PCR) with primeicGG-
GATCCCGATGAAAATGGATGCC3 and 3GCGGATC-
CTGTTCAATATGGGGGACGS3 from plasmid pKStra-B,

Protein Expression, In Vitro Phosphorylation, Determi-
nation of K, Values, and Phospho-Amino Acid Analysis.

The LAMMER protein kinases DOA, KNS1, CLK2, and
PK12 were expressed as catalytic domain fusion proteins in
Escherichia coliand purified as previously describetl7(
20, 21). The pMalC2 bacterial expression vector was used
to construct plasmids encoding the N-terminal domain of
DOA and CLK2 fused with maltose binding protein.

pMalC2:Doa-N: pCD#*2 was cut with EcoRIl and
BanHl, to yield a 640 bp fragment, which was ligated to
pMalC2, generating a fusion protein including the initial 213
amino acid residues of DOA from the start of our longest
cDNA clone (amino acid residues 1227 of the kinasel(7).

pMalC2:CLK2-N: A 730 bpSma-EccRI fragment from
pUC18:I13N, encoding the majority of the N-terminal domain
of CLK2, was ligated to pBluescript SK The resulting
plasmid was digested witBanmHI-Sal, yielding a 750 bp
fragment, which was ligated to the corresponding sites of
pMalC2. This construct produces a fusion protein including
amino acid residues-1133 of CLK2 kinase.

In vitro phosphorylation assays were performed in a total
volume of 25uL containing 25 mM Tris-HCI pH 7.5, 10
mM MgCl,, 1 mM DTT, 50 uM [y-*?P]JATP (6000 Ci/
mmol), 1.5-5 ug of the appropriate substrate, and-6(B8
ug/mL purified LAMMER kinase fusion proteins. Samples
were incubated for 30 min at 3UC, and the reaction was
stopped by adding BL of 5 X Laemmli buffer and heating
at 95 °C for 3 min. Following gel separation of the
phosphorylated proteins, radiolabeled proteins were excised
from the gel, acid hydrolyzed, and phospho-amino acid
analysis by two-dimensional thin-layer electrophoresis was
performed on cellulose thin-layer plate0).

For the determination okn, the amount of substrate in
the reaction mixture was varied between 0.1 angid 5and
the concentration of ATP was raised to 1. Incorpora-
tion of radioactivity was measured by excising the respective
radioactive bands from an SBAGE gel and scintillation
counting. TheK, values were calculated using the program
MicroCAl Origin (version 2.94).

The nonphosphorylated form of human protamine P1 was
a generous gift of Philippe Chevaillier (Laboratoire de
Biologie Cellulaire, UniversitéParis-Val de Marne, 94010
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Créeil, France) and purified from sperm nuclear basic = The RS peptide library comprises peptides of the sequence
proteins by chromatography on carboxymethylcellulose. It Met-Ala-XXx-XxXX-XXX-XXX-Arg-Xxx-XxX-Ser-Xxx-XXx-

was characterized by its amino acid composition and partial Xxx-Xxx-Xxx-Ala-Lys-Lys-Lys, where Xxx indicates all
amino acid sequence, as previously describetl, (32. amino acids except Ser, Thr, Cys, and Trp; Trp and Cys
Myelin basic protein was purchased from Sigma (Sigma were omitted to avoid problems with sequencing and
Chemical Co., Deisenhofen, Germany) or Boehringer oxidation, whereas Ser and Thr were omitted to ensure that
(Boeringer Mannheim GMbH, Germany). Histones H1, H2A, the only potential site of phosphorylation was the Ser at
H2B, H3 and H4 were purchased from Boehringer. Ribo- position 10. The Met-Ala dipeptide tag at the amino terminus
somal proteins were extracted from mouse liver ribosomeswas included to verify that peptides from this mixture are
using two volumes of CBCOOH, as previously described being sequenced and to facilitate the initial coupling reaction
(33). RBP1, B52, TRA, and TRAZ proteins were prepared during solid-phase synthesis. The embedded Ala residue at
from SF9 cells and used without further treatment or were the C-terminal region provided an estimate of how much

phosphatase-treated, as previously descrit®d The re-

peptide loss occurred during sequencing. The poly-lysine tail

combinant proteins prepared from SF9 cells were a generousat the end of each library sequence prevents wash-out during

gift from William Mattox. TRA2 was also prepared froen
coli. Wild-type and specifically altered forms of LBR protein

were prepared as GST fusion proteins as previously describede

(16, 39. Briefly, GST-wtNt contains the N-terminal domain
of LBR (amino acids +205); GST-DRSNt contains the
N-terminal domain of LBR but is lacking the RS motifs
(amino acids 7584); GST-wtNtG8, GST-wtNtA®, GST-

wtNtA®82 and GST-wtNtA&* fusion proteins are identical to
GST-wtNt, except that in each case BeBef’, Sef? or

Sef* was mutated to Gly or Ala. The GST domain itself

was not an efficient substrate for any of the kinases tested

under our conditions.

RESULTS

sequencing and improves the solubility of the mixture.

For sequencing, the RS peptide library was incubated with
ach LAMMER kinase under conditions in which ap-
proximately 1% of the total peptide mixture was phospho-
rylated. The phosphopeptide products were separated from
nonphosphorylated peptides using a feriiiminodiacetic
acid column, and the mixture was sequenced. In Figure 1,
the relative abundance of amino acids at each of the 11
degenerate positions is presented from experiments using
CLK2, whereas the results obtained for the two other
LAMMER kinases are summarized in Table 1. The selectiv-
ity values in parentheses indicate how strongly a particular
amino acid is selected at a given position.

As shown in Figure 1 and Table 1, the three LAMMER

Identification of Consensus Phosphorylation Sites for kinases tested generally prefer Arg and to a lesser extent

Three LAMMER Kinases from Widely d@rged Species.

His near the phosphorylation site, consistent with the fact

To determine the optimum consensus and relative aminothat these enzymes phosphorylate SR splicing factors. In
acid residue preferences in the phosphorylation site for the contrast to SRPKs, which show a strict requirement for Arg

LAMMER kinases DOA DProsophilg, CLK2 (human), and

on both sides of the phosphorylated serine, LAMMER

PK12 (tobacco), we tested four degenerate peptide libraries kinases strongly selected for peptides with acidic amino acids
These were (1) a “RS” peptide library, with a Ser residue at (Glu and Asp) at the P4, P-2, P+2, P+3, and P-4

the phosphorylation site and an Arg fixed at positio8;

(2) a Ser-oriented degenerate peptide library (Met-Ala-Xxx-
XXX-XXX-XXX-XXX-Ser-Xxx-XXx-Xxx-Xxx-Ala-Lys-Lys-
Lys); (3) a Ser-Pro-oriented library (Met-Ala-Xxx-XxX-XXx-
Xxx-Ser-Pro-Xxx-Xxx-Xxx-Ala-Lys-Lys-Lys); and, finally,
(4) a Tyr-oriented library. The three latter libraries were

positions. At the P-4 position, DOA preferred an acidic
amino acid (Glu) rather than Arg, whereas Asp at tHe3P
position was optimal for all three LAMMER kinases. There
was some differential selectivity among the three kinases in
that PK-12 had a rather strict requirement for a charged
amino acid at the P2 and P-1 positions (preferentially Arg

phosphorylated to a markedly lesser extent than the RSand to a lesser extent Glu, Asp, and His), while both CLK2
peptide libarary, demonstrating the importance of Arg at the and DOA also selected for peptide substrates with a

P—3 position. This finding is consistent with previous studies
that have suggested the importance of Arg at the3P
position for substrates of the LAMMER kinase CLK35j
and SRPK2 13), a close relative of LAMMER kinases.

The proline (P-1) directed library was phosphorylated by
PK12, DOA, and CIk2, respectively, to 59%, 49%, and 42%
of the values relative to the RS peptide library. The totally

hydrophobic (Ala being preferred but also Leu, lle, Phe, Val)
or a polar but not charged amino acid (GIn, Gly, and Tyr) at
the P-2 position and to a lesser extent at the P-1 position.
A hydrophobic amino acid (Phe being preferred but also Pro,
Leu, and Val) was also moderately selected at thel P

position by all three kinases. The finding of Pro as a favored
amino acid at the #1 position is consistent with previous

degenerate serine-oriented library was only phosphorylatedobservations on murine CLK1 kinas@)( as well as the
to 25%, 22%, and 0%, respectively, of the values of the RS sequenced phosphorylation site of DOA, human CLK2, and

library. The phosphorylation level for the tyrosine-oriented
library was 11% relative to RS for PK12 and was barely
phosphorylated by the other two LAMMER kinases. Further
characterization of LAMMER kinase phosphorylation speci-
ficity was thus performed only on the RS library. We also
tested the LAMMER kinase KNS1 @. cereisiae on the

KNS1 LAMMER kinases on myelin basic protei2@). It
might also be recalled that the phosphorylation of the peptide
library with Pro at+1 (the Ser-Pro-oriented library) was
noticeably higher in our initial experiments than the com-
pletely degenerate Ser library (see above). It was also
previously suggested that Pro might be preferentially selected

RS peptide library. However, consistent with previous results at the P+1 position of LAMMER substrates1@), due to
(20), no significant phosphorylation was detected, due to its the similarity of the R-1 pocket of the LAMMER family

low activity on exogenous peptides mixtures or proteins.

members to that of MAP kinase&, 18.
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Ficure 1. Substrate specificity of protein kinase CLK2. An Arg-Ser-oriented degenerate peptide library with the sequence Met-Ala-Xxx-
XXX-XXX-XXX-Arg-XxX-XXX-Ser-Xxx-Xxx-Xxx-Xxx-Xxx-Ala-Lys-Lys-Lys, (where Xxx indicates all amino acids except Ser, Thr, Cys,

Trp), was incubated with CLK2 as described under Experimental Procedures. Phosphorylated peptides were separated on DEAE-Sephacel
and ferric chelation columns and sequenced. Each panel indicates the relative abundance of the 16 amino acids at a given cycle of sequencing.
Abbreviations for amino acid residues: A, Ala; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,

GIn; R, Arg; V, Val; Y, Tyr.
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Table 1: Substrate Specificities of LAMMER Protein Kinases

LAMMER kinase ~ —7 -6 -5 -4 -3 -2 -1 0 +1 +2 +3 +4 +5
CLK2 R@45) R(3.7) R(4.2 R@B5 R FE@2 H@BI1 S RE38) R@24) D7) L2  L(18)
H(2.3) H(24) E(2.1) A(1.9) R(2.8) H(1.8) E(1.7) R(2.4) DI/E(1.9) DI/E(LT)
K(1.7) H(1.7) R(1.8) D(15) E(L.7) G(1.5)
DOA R(3.6) R(36) R(35) E(B.3) R E@6) HB1) S RA41) R27) D@E.3) L(28  G/DLS)
A(l6) K(2.9 E(L5) R(2.3) A(2.5) R(2.3) F(1.8) E(1.9) R(2.7) E(.0)  L/E(L6)
D(1.5) R(1.7) E(L.7) D(1.6) E(.7) D(1.8) R(L5)
PK-12 H(9.3) R(9.8) E(6) E@43) R R@42) R@6) S R46) R3.1) D@B9) D@23) D22
R(7.4) H(44) D(25) R(4.2) E(3.3) H(2.7) D(2.1) E(Q5) R(26) E(2)  GIE(L9)
D(3.6) E(4.3) H(2.4) D(2.2) E(2.0) E(1.9) D(2.4) E(.2) L(20) R(L7)
E(33) D(4.2) D(1.7) K(1.5) R(1.8)
K (4.0)
Y(1.7)

aValues in parentheses indicate the relative selectivities for the amino acids; amino acids with values less than 1.5 are omitted. The one-letter
amino acid code is used. Bold letters indicate amino acids which are most preferentially selected d/8)ue

Table 2: Potential CLK2 Substrates Identified in a Database Search on Scansite (http://cansite.bidmc.hafvard.edu)

score ID accession protein position(s) sequence

0.06879 HSP1_DIDMA P35305 sperm protamine P1 24 RRRRRSRSRRRRSRR

0.08323, 0.12360 SFR6_HUMAN Q13247 arginine/serine-rich 6 208, 206 RRRSRSRSRRSSRSR
pre-mRNA splicing factor, SRp55

0.09196, 0.09991 SFR2_HUMAN Q01130 arginine/serine-rich 2 130, 132 RRRRRSRSRSRSRSR

0.13155 pre-mRNA splicing factor, SC35 138 RSRSRSRSRSRSRYS

0.10837 SFR5_RAT Q09167 arginine/serine-rich 5 189 RHRSRSRSRSRTRSS
pre-mRNA splicing factor, SRp40 205 RSRSRSRSRRSKSYS

0.11518 DDX8 HUMAN Q14562 probable ATP-dependent 208, 210 RSRSRSRSRTRERNK
RNA helicase HRH1 (DEAH box protein)

0.12136 U2R2_HUMAN Q15696 ribonucleoprotein 447 RSRSRSRSRRSRRSR

auxiliary factor, 35 KDA
splicing factor U2AF35

0.12175 SFR7_HUMAN Q16629 arginine/serine-rich 7 132 RRRSRSRSRSHSRSR
pre-mRNA splicing factor, 9G8

0.12220 SFRB_HUMAN Q05519 arginine/serine-rich 11 253 RRHSRSRSRSRRRRT
arginine-rich 54 kD U1

0.12268 RU17_HUMAN P08621 ribonucleoprotein 70 kD 445 DRRRRSRSRDKEERR
U1 snRNP 70 kD splicing factor

0.12747 XE7_HUMAN Q02040 protein XE7 660 DRHRRERSRERRGSA
B-lymphocyte antigen precursor

0.13155 SFR1_HUMAN Q07955 arginine/serine-rich 1 212 RSRSRSRSRSRSRSN

pre-mRNA splicing factor ASF/SF2

aOnly the first occurrence of a probable CLK2 substrate is listed, without respect to the species. However, multiple sites are indicated in the
several cases where a single protein contained multiple probable phosphorylation sites within the first 20 “hits” obtained.

LAMMER Kinases from a Variety of Organisms Physically SR proteins ASF/SF2 and SRp20 (also known as X16) and
Interact with and Phosphorylate SR Proteins and SR-RelatedDrosophilaRBP1, as well as the SR-related splicing regula-
Splicing Regulators. tors from DrosophilaTRA and TRA-2. TRA, TRA2, and

On the basis of our selection data we scanned the entireRBP1 proteins assemble into splicing complexes to regulate
protein database for potential substrates of LAMMER alternative splicing of sex-specific transcriptsinosophila
kinases. In agreement with previous in vitro and in vivo and bind an exonic splicing-enhancer in tiex transcript
phosphorylation studied {3, 5, 3§, many SR proteins were (39—41). Murine CLK1 andDrosophilaDOA kinases were
identifed in the top 0.5 percentile hits using a matrix based included as positive controls, since their interactions with
on the data in Figure 1 and Table 1 applied to the SCANSITE SR proteins in the two-hybrid system were previously
website (http:/cansite.bidmc.harvard.ed@)((Table 2). The ~ documentedX, 5).
phosphorylation sites predicted lie in the RS domains of SR Interactions of full-length human CLK2 (formerly SK-
proteins, including snRNP-associated (e.g., U1 70K) and non-G1 (42)) and theS. cereisiae LAMMER kinase KNS1p
snRNP associated (e.g., U2AF) splicing factors and other were observed with each of the SR and related proteins tested
spliceosomal components. ASF/SF2, the most commonly (Figure 2, Table 3). The lack of interactions between these
used in vitro substrate for CLK1, was also identified in the kinases and a truncated version of RBP1 protein lacking its
top 0.009 percentile of SCANSITE hits. RS domain demonstrates that this domain is absolutely

It had been previously shown that the LAMMER kinases required for interaction with LAMMER kinases (Figure 2).
DOA from Drosophila murine CLK1, and tobacco PK12 In combination with similar interactions previously docu-
interact with and phosphorylate SR proteins and SR-relatedmented withDrosophilaDOA and murine CLK1g, 5), these
splicing regulators. Using the yeast two-hybrid assz8),( results further demonstrate that the LAMMER kinases
we additionally tested for interactions between the human generally interact with SR-related proteins through the RS
CLK2 and yeast KNS1 LAMMER kinases with the murine domains of the latter protein family.
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ASF/SF2 TRA2

—

Ficure 2: LAMMER protein kinases generally interact with SR proteins in vitro. Yeast two-hybrid assays were conducted between LAMMER
protein kinases from widely diverged species dhbsophilaand mammalian SR proteins. The growth of yeast on selective media
demonstrating interaction between these protein classes indicates a preference, though not an absolute requirement, for the entire LAMMER
kinase (both the noncatalytic N-terminal and the catalytic domain). lllustrated in the top set of panels are the murine SR-protein ASF/SF2
and theDrosophilaSR-related proteins TRA and TRAZ2. In the lower panels,BiesophilaSR protein RBP1 was tested for interaction

with LAMMER kinases from diverse species, with and without its RS domain. These results confirm and extend previous demonstrations
that interaction between these protein families is dependent on an intact RS domwairiulFlength kinase; C= C-terminal catalytic

domain only; N= N-terminal noncatalytic domain only. LAMMER kinases are D@#psophila CLK2:human, CLK1:mouse, KNS$Z:
cerevisiae. SR proteins were assayed as fusions with the GAL4 transcriptional activation domain of pACT, and the kinase genes were
fused with the GAL4 DNA-binding domain of pAS1, transformed and expressed in yeast PJ69-4A. Selection for double transformants was
on Leu-Trp~ medium, following which individual colonies were streaked and assayed for interaction ofiltet-His~ medium (shown).

Table 3: Summary of SR proteifDOA Interactions in the Yeast proteins. Previous results suggested that both the N-terminal
Two-Hybrid System noncatalytic, as well as the catalytic, domains of these kinases
are required for efficient interaction with SR proteins. In
contrast, using several SR proteins and the LAMMER

PACT TRA TRA2 ASF/SF2 SRp20/X16 RBP1 RBRARS)

pAS1 . p : : :
CLK2-N 44+ — i I i _ kinases Il_sted in Table_3, we found that mteractlor_ls betwe_en
CLK2-FL ++ ++ 4+ dt+ 4t - SR proteins and the_ kinases lacking their catalytic domains
KNS1-N — - - - - - does occur in some instances, as represented by weak growth
Egill':f T, T 4 on selective media (Figure 2, Table Ihese correspond to
DOA-N ii e 44t AL _ the cases where the interaction between the SR protein and
DOA-C  +/— + - - - - the full-length LAMMER kmage is par.tlcularly strong in the
Clk1 +++ +++ -+ +++ -+ - yeast system. In agreement with previous results, the isolated
aPACT, GAL4 activation domain fusion construct; pAS1, GAL4 catalytic domains of these kinases essentially failed to interact

DNA-binding domain fusion construct; F& full-length protein; N= with the SR proteins (Figure 2; Table 3). These data
N-terminal noncatalyti_c domain of kipase_;:élkinase catalytic domain; generalize previous findings by our group as well as others
ARS= construct lacking RS domain. Kinases were CLK2 (human); that hoth catalytic and noncatalytic regions of LAMMER

KNS1 (S. cerevisiae); DOADOrosophilg; Clkl (mouse).+++ = - S . . .
strong interaction/growth:+-+ = moderate interaction/growtht = kinases are necessary for the most efficient interactions with

weak interaction/growth:-/— = minimal to no interaction/growth; ~ the RS domains of SR proteins in the yeast two-hybrid
— = no interaction/growth. system, but the data suggest that the Arg-Ser-rich N-termini
of the LAMMER kinases are capable of independently

Many of the LAMMER kinases themselves contain short mediating at least partial interactions with SR proteins.
Arg-Ser repeats within their amino terminal noncatalytic =~ We next tested whether the two-hybrid interactions
domains, although these RS repeats are limited to at mostdemonstrated were indicative of in vitro phosphorylation.
two repetitions of the motif. Because these regions could Four LAMMER kinases (DOA, CLK2, PK12, and KNS1)
conceivably mediate interactions with SR proteins, we testedwere expressed as kinase catalytic domain fusion proteins,
both the catalytic and noncatalytic regions of LAMMER since we were unable to obtain their expression as full-length
kinases for their ability to interact with SR and related proteins inE. coli. All four efficiently phosphorylated TRA,
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2 3 4 2 N-terminal extensions are extremely diverged. However, as
mentioned, the animal LAMMER kinases, including mam-
malian CLK 1-4 andDrosophilaDOA as well as the single

C. elegansorthologue encoded by transcript E02H4.3,
possess two or more repeats of the RS motif in their
N-terminal noncatalytic domain, similar to those found in
their SR protein substrate, 3, and unpublished observation

of Rabinow). The presence of these repeats suggested that
they might be sites of efficient autophosphorylation. Indeed,
the N-termini of the mammalian CLKs and DOA were
predicted to be substrates by the peptide-based approach at
the CANSITE website. Furthermore, it has been previously
reported that murine CLK1 dimerizes through its N-terminal
domain or with an isolated N-terminal proteid2j.

We therefore assessed the ability of DOA to interact with
itself as a full-length protein or truncations of the C-terminal
catalytic or the N-terminal noncatalytic domains, using the
yeast two-hybrid system. The DOA N-terminal and catalytic
domains, as well as full-length DOA protein, were assayed
as fusions to both the GAL4 activation and binding domains,
by themselves or with full-length murine CLK1 in these

assays. CLK1 was similarly assayed by itself. In contrast to

. . . . our expectations, little or no growth was observed in an
Ficure 3: SR proteins are phosphorylated on serine residues in P 9 y

vitro by LAMMER kinases from evolutionarily diverged organisms. pomblngtlon (data not Showr,])' Thes'e results suggest 'that no
In vitro phosphorylation reactions were performed using the Interactions occur, that any interactions are too transient to

recombinant LAMMER protein kinases indicated, to assay their be detected by this assay, or that a secondary factor necessary
ability to phosphorylate the SR and related proteins shown. SR for interaction is lacking in yeast.
proteins were expressed and purified from insect Sf9 cells [TRA2, We further tested the ability of two LAMMER kinase

B52 and TRA, (not shown)], or bacteria (RBP1). Myelin basic . . . S
protein (MBP), a known LAMMER protein kinase substrate, was Catalytic domains to autophosphorylate their N-termini in

included as a positive control. Lanes: (1) TRA2, (2) RBP1, (3) Vitro. Because full-length kinases of any fusion constructs
MBP, (4) B52 (DOA only). TRA protein was also an efficient have been unrecoverable, we used maltose-binding domain

substrate for all four kinases (not shown): (A) DOBrosophilg fusion proteins of the kinase catalytic domains for DOA and
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(B) CLK2: human; (C) KNS1: S. cerevisiae; (D) PK12: tobacco.

Note the relative differences in activity of the various kinases toward
the various substrates (e.g., compare panels A and B, lanes 1 an
2 with panel C, lanes 1 and 2). (E) Phosphorylation of SR proteins

CLK2 inin vitro assays, testing the ability of each of kinase
4o phosphoryate its own N-terminal noncatalytic domain as
a separate protein, as for the exogenous substrates phospho-

by LAMMER kinases occurs exclusively on Ser residues. Phos- rylated in Figures 3 and 4. In no case was phosphorylation

phoamino acid analysis of the proteins phosphorylated by CLK2 gphserved (data not shown), although the N-termini of KNS1

(panel B; except B52, phosphorylated by DOA, Panel A, lane 4) . D .
are shown. The migration of uniabeled phosphorylated Ser, Thr, 21d CLK2 were efficient in vitro substrates for PKA in

and Tyr standards is indicated. Only Ser residues were phospho-comr_OI experiments, showing_ that the N-terminal protein was
rylated on the SR protein substrates RBP1, TRA, TRA2, and B52 both intact and capable of being phosphorylated (not shown).

(which was assayed with DOA only) by all four LAMMER kinases At first glance these results contradict a previous report
assayed (CLK2, PK12, KNS1, and DOA). of murine CLK2 autophosphorylation on Ser141 influencing
its intranuclear localizatiordj. However, our human CLK2
N-terminal fusion protein terminated just N-terminal to that
- ) ) point, at residue 133. It might also be pointed out that
flc_lently phosphorylated thérosophila SR protein B52 although the mammalian LAMMER kinases possess a
(Figure 3A). _ _ _ potentially autophosphorylatable Ser residue at this site, none
Phospho-amino acid analysis of the SR proteins phospho-of the L AMMER kinases from other organisms do. Thus,
rylated by these LAMMER kinases demonstrated that all the presence of RS motifs is not a determinant sufficient for
detectable phosphorylation occurred on serine residygs for AMMER kinase phosphorylation, and autophosphorylation
these substrates (Figure 3E and not shown). Surprisingly,in the noncatalytic N-terminal domains of these kinases is
the four LAMMER kinases differed somewhat in their gt pest limited, despite the predictions made by the peptide

TRAZ2, and RBP1 expressed in SF9 insect cells and/&. in
coli (Figure 3A-D and data not shown). DOA also ef-

relative phosphorylation of these substrates (Figure BA
This finding was unexpected, given the high identity among
all LAMMER kinases in catalytic subdomains essential for
substrate interaction, the similarities in phosphorylation sites

library-based approach.

Differential In Vitro Specificity of LAMMER Kinases
toward Potential Substrate Proteins.

Further exmination of the in vitro phosphorylation speci-

of these kinases on peptide substrates, and that all those testegkity of LAMMER kinases was performed using non-SR

phosphorylate the same site in myelin basic prot&i).(
LAMMER Kinases Do Not Interact in the Two-Hybrid
System or Autophosphorylate Their N-Termini In Vitro.

Although the LAMMER kinases are very similar in amino
acid sequence in their catalytic domains, their noncataytic

protein potential substrates identified in SCANSITE database
searches.aminB receptor (LBR), a ubiquitous component
of the inner nuclear membrand3), and P1 protamine, a
highly basic protein that replaces histones during spermato-
genesis (for review see refd), were among the proteins
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FiGurRE 4: In vitro phosphorylation of LBR and P1 protamine by
the LAMMER kinases. In vitro phosphorylation reactions were
performed using the recombinant LAMMER protein kinases
indicated, to assay their ability to phosphorylate the N-terminal
domain of LBR protein (amino acids—1205) expressed as a GST
fusion protein (GST-wtNt) and purified human P1 protamine.
Myelin basic protein (MBP) was included as a positive control.
The samples were analyzed by SBISAGE on 14% gels and
stained with Coomassie Blue (panel A) or autoradiographed (panels
B, C, and D): (B) PK12; (C) CLK2; (D) DOA. The full-length
GST-wtNt migrates with an apparent molecular mass of ap-
proximately 51 kDa. The lower bands are degradation prod6ts (
57). Coomassie blue staining (panel E) and phosphorylation (panel
F) of wild-type and specifically altered forms of LBR protein by
PK12. GST-wtNt contains the N-terminal domain of LBR; GST-
ARSNIt contains the N-terminal domain of LBR but is lacking the
RS motifs (amino acids deleted 7#84); GST-wtNtG8 GST-
WENtAB0, GST-wtNtA®2, and GST-wtNt&% fusion proteins are
identical to GST-wtNt except that in each case’$e&3ee0, Sef?,

or Sef*was mutated to Gly or Ala. Molecular mass standards are
shown at left (in kDa). The upper two molecular mass standards
correspond to 200 and 97 kDa. Control experiments show that DOA
and CLK2 do not detectably phosphorylate the GST domain when
expressed as an isolated protein (not shown). Additionally, the
drastic drop in phosphorylation of the GNRSNt (panel F, lane

2), compared with the LBR constructs containing RS repeats,
suggests that the vast majority of phosphorylation events by this
kinase occur in the RS domain and not on the GST fusion domain
or the non-RS domain of LBR.

predicted to be efficient substrates of the LAMMER kinases
based upon the peptide specificity data. Both of these proteins
contain RS domains and are efficiently phosphorylated by
human SRPK134, 45. Accordingly, purified human P1
protamine and the N-terminal domain of LBR protein (amino
acids 1-205), expressed as a GST fusion protein (construct
termed GST-wtNt), were tested for their ability to be
phosphorylated by the LAMMER kinases. As shown in
Figure 4, CLK2, DOA, and PK12 all efficiently phospho-
rylated P1 protamine, whereas to our surprise only PK12
efficiently modified the N-terminal domain of LBR. The RS
motifs of LBR included the major phosphorylation sites of
PK12, since the phosphorylation of a fusion protein consist-
ing of GST and LBR N-terminal domains, but missing the
RS domain (residues 784; construct termed GST-DRSNt),
was significantly reduced (Figure 4F). To determine more
specifically the serine residues of the RS domain of LBR
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Ficure 5: Phosphorylation of histones H1, H2A, H2B, H3, and
H4 and ribosomal proteins (RbPr) by the LAMMER kinases.
Myelin basic protein (MBP) was included as a positive control.
The samples were analyzed by SBSAGE on 14% gels and
stained with Coomassie Blue (panel A) or autoradiographed (panels
B, C, and D): (B) PK12; (C) CLK2; (D) DOA. Molecular mass
standards are shown at the left (in kDa). The upper two molecular
mass standards correspond to 200 and 97 kDa. Phosphorylations
were performed with equivalent levels of kinase activity, and
exposures were for identical periods of time to demonstrate the
relative specificty differences for the three kinases toward these
substrates.

fusion proteins identical to GST-wtNt except that in each
case Séef, Sef?, Sef?, or Sef* was mutated to Gly or Ala
(constructs termed GST-wtNt& GST-wtNtA, GST-wt-
NtA®, and GST-wtNt&% respectively). As shown in Figure
4F, all four fusion proteins were phosphorylated similarly
to wtNt, suggesting that any of the serines of the RS domain
could be targeted by PK12.

PK12 displayed similakK, values for MBP, P1 protamine,
and GST-wtNt (6.3, 6.5, and 5/8M, respectively). Thé,
values displayed by CLK2 and DOA for P1 protamine were
8 and 9.5uM, respectively. However, both these enzymes
displayed significantly higheK,, values for MBP (40 and
65 uM, respectively). This result is consistent with the ratio
of P1 protamine/MBP phosphorylation observed with these
two kinases. The respectivg, value displayed by SRPK1
for P1 protamine was 5 mV4p).

Previous work showed that histone H1 was moderately
phosphorylated by murine CLKR). However, it has also
been reported that while DOA efficiently phosphorylated
MBP, there was no detectable phosphorylation of either
histone H1 or S6 ribosomal protei@Q). To address these
discrepancies, we tested the ability of PK12, CLK2, and
DOA kinases to phosphorylate histones H1, H2A, H2B, H3,
H4, as well as a mixture of ribosomal proteins. Consistent
with our other data, PK-12 displayed the broadest specificity
and phosphorylated histones H2B and H3, whereas histones
H1 and H2A and some low molecular weight ribosomal
proteins were poorly targeted (Figure 5B). On the other hand,
CLK2 and DOA kinases displayed stricter specificity and
weakly phosphorylated histones H1 and H2B and histones

that were phosphorylated by PK12, we used as substratedH2B and H3, respectively (Figure 5C,D).
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Thus it iS_CIear from F_igures 3,4,and 5 thz_’“ the diﬁere_nt Table 4: Sequences at the Phosphorylation Sites of Known Protein
LAMMER kinases selectively phosphorylate different protein sypstrates of the LAMMER Kinases

substrates, despite similarities in their consensus phospho-

. ; . . protein substrates phosphorylation sites
rylation sites based on peptide analysis. - - -
myelin basic proteih GRDSRSGSPMAR
myelin basic proteih QGKGRGLSLSRF
DISCUSSION PKC-zetazide MPRKRQGSVRRR
. . . protein tyrosine phosphatase1BERNRYRDV SPFDH
We have determined the optimal peptide substrates of threep1 protamine YRCCRSQSRSRYY
LAMMER kinases from diverged organisms using an CLK2 autophosphorylation site HRRXKITRSVEDD
oriented peptide library approach. As in the case of the SRPK ASF/SF2 19RSPSYG(RSNSRSRSYSPR-
RSRGSPRYSPRHSRSRSRY

family kinases, DOA Drosophilg, CLK2 (human), and oo cs optimal CLK2 ste  RRRRREHSRRDLL
PK12 (tobacco) generally prefer Arg and to a lesser extent consensus optimal DOA ste ~ RRREREHSRRDLG/D
His at P-1 to the phosphorylation site. Although the optimal aSite phosphorylated by DOA, CLK2, and KNSZO]. ° Site

in vitro consensus phosphor_ylation site for thgse kinases Wasphosphorylated by CLK135). © The polybasic PKC-zetazide peptide
found to be remarkably similar for short peptides (Table 1), was the best peptide substrate tested out of a survey of 14 peptide

and members of this family display remarkably high substrates3y). Site phosphorylated by CLK1 and CLK28). ®Ser10
sequence identity in catalytic subdomains, distinct substrate@nd Ser8 of the RS domain were previously identified as the only in

S . vivo phosphorylated sites of human P1 protami8g).(f ASF/SF2 is
preferences are revealed by the in vitro phosphorylation of phosphorylated by CLK1 in its RS domain (amino acids 4988: 1).

intact proteins. It is not clear which of the serines of the RS domain are targeted by
PK12 possesses the broadest specificity of the kinases andhe enzyme (see also DiscussiohThe optimum consensus phospho-

phosphorylated all substrates tested (SR proteins, LBR, Plrylatlon sites fo_r DOA and CLK2 are based on the peptide _Ilbrary_

. . . approach described here, presented for purposes of comparison with
protamine, and MBP), with more or less the same efficiency. sgquenced sites of known substrates.
Mutational analysis using a panel of LBR mutants demon-
strated that PK12 phosphorylates the RS domain in a proteins|ightly different substrate specificity compared with other
substrate and that this kinase can target any of the serinegamily members.

of the RS domain. While PK12 could thUS.Conceivably play On the basis of our phospho_peptide selection data, in
the roles of both LAMMER and SRPK kinases due to its combination with the in vitro phosphorylation results of our
broader specificity, the recently completed sequencing of the group and those of others, it appears that phosphorylation
genome of Arabidopsis thaliana(46) demonstrates the  mediated by the LAMMER kinases requires five criteria (see
existence of several putative SRPK-like kinases (RabinOW, Table 4) (1) they prefer to phosphory'ate serine and not
unpublished observations), as well as three LAMMER threonine residues; (2) they prefer a basic residue (Arg
kinases previously described?). Thus the specificity of  preferentially) at the P3 position; (3) they prefer a basic
the plant LAMMER kinases will require further investigation  environment around th&XXS motif: (4) they prefer an
in ViVO, as is the case for their animal Orth0|ogues. arginine or a hydrophobic residue at th&Pposmon (|n

In contrast to PK12, both CLK2 and DOA only very native protein substrates Pro seems to be preferred, somewhat
weakly phosphorylated the RS domain of LBR. These two in contrast to the peptide data, where it is not a particularly
kinases also exhibit slightly different specificities, considering selected residue), and (5) they prefer polar (noncharged) or
the ratio of their P1 protamine/MBP phosphorylation as well hydrophobic and to a lesser extent charged residues at the
as the phosphorylation of histones. CLK2 modified H1 and P—2 and P-1 positions. PK12 is an exception, since it
H2B to a limited extent, while DOA barely phosphorylated modifies substrates with both basic and noncharged polar
H2B and H3. Differences in the specificity among members residues at these positions.
of the LAMMER family kinases have also been reported in  The validity of the fifth criterion is questionable when
the past (Table 4). The major site of phosphorylation by examining the phosphorylation of the SR proteins by the
murine CLK1 on MBP, Serl109 (GRGLSLSRFS}Y, is mammalian CLK kinases and DOA. The characterization of
different from that of the three other LAMMER family the specificity of CLK1 was based on the phosphorylation
members tested, DOA, CLK2, and KNS1, whose major site of a panel of ASF/SF2 mutant&)( From phosphopeptide
of phosphorylation on this substrate is Serl64 (SRSGSP-mapping the sites of phosphorylation of ASF/SF2 are limited
MAR) (20). The former authors proposed that basic residues to the RS domain (amino acids 19848 (1). However, it is
(especially Arg) at positions flanking the phosphorylation not clear which of the serines in the RS domain are targeted
site are critical determinants of CLK1 substrate specificity, by CLK1. Taking into consideration the phosphorylation of
with an Arg being absolutely required at positions¥and known peptide substrates (this study), as well as the
P+3. However, the same group had reported earlier that thephosphorylation of the GRSRSRSRSR peptidg fnost if
major site of phosphorylation of tyrosine phosphatase PTB- not all the serines of the RS domain could be modified by
1B by both CLK1 and CLK2 is Ser50 (YRDVSPFDH), CLK1. On the other hand, in line with the consensus se-
where an acidic residue (Asp) is found at positioh3(48). guence observed with other protein substrates (see Table 4),
The latter finding is more in accordance with the data Ser221 (SRSNSRSRS), Ser227 (SRSYSPRRS), and to some
presented here characterizing consensus phosphorylation sitesxtent Ser234 (RSRGSPRYS) might be preferentially tar-
for the three LAMMER kinases. Also consistent with this geted by CLK1. InterestinglyDrosophila RBP1 protein,
report, Lee et al.Z0) did not observe any phosphorylation which interacts with the LAMMER kinases via its RS
of H1 histone by DOA, whereas Colwill et al)(reported domain and is phosphorylated both in vitro and in vivo (Table
that murine CLK1 phosphorylated histone H1 to the same 3, (5)), also contains such a potential site, Ser122 (RSRS-
extent as MBP. It is of course possible that CLK1 possessesFSRDRRSRS). The observations that CLK2 and DOA fail
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to phosphorylate either the RS domain of LBR (RRSRS- protein—RNA interactions §, 9). Interestingly, it was noted
RSRSRSPGRP), or the short RS regions (RSRS) in theirthat Doa mutations do not affect the alternative splicing of
own N-termini suggest that the lack of serines in a basic all transcripts §). Although the basis for this specificity
environment with polar or hydrophobic amino acids at the remains unknown, it is possible that SRPK phosphorylates
P—2 and P-1 positions may contribute to the discrimination SR proteins instead of DOA in specific tissues or develop-
of potential substrates. mental stages or on specific substrates. Another possible

The interesting finding that the LAMMER kinases tested explanation for the specficity of DOA kinase in affecting
did not autophosphorylate on their N-termini conflicts with alternative splicing of specific transcripts may depend on
predictions made by SCANSITE using the consensus phos-the nature of the SR-proteirRNA interactions themselves,
phorylation sites determined from the peptide-based ap-since it was recently found that requirements for intact RS
proach. The N-termini of several LAMMER kinases were domains are substrate specifts3).
identified in these scans, yet our data clearly demonstrate The rather broad specificity of the LAMMER kinases and
that they are not efficient substrates for their own catalytic the diversity of their in vitro substrates suggests that these
domains. One possibility is that phosphorylation of a single kinases may play a more global regulatory role than the
Ser residue, perhaps by a different kinase, creates an acidiSRPKs. CLK1 has been previously suggested to activate
environment at a P2, P+2, or P+3 at a LAMMER kinase components of growth-factor-stimulated signal transduction
site, facilitating N-terminal autophosphorylation. Whether cascades, resulting in the activation of ERK-1, ERK-2, and
another kinase(s) can perform such an activating phospho-pp90RSK b4), although genetic analyses Drosophila
rylation is unknown, but SRPK1 at least does not efficiently failed to identify a role for LAMMER kinases in MAP kinase
phosphorylate the N-termini of either human CLK2 or DOA activation £5). CLK1 and CLK2 phosphorylate and activate
in vitro (Giannakouros, unpublished). Another possible the tyrosine phosphatase PTP-18B) implicating them in
explanation that was not investigated here is that autophos-yet other signaling pathways. Furthermore, mCLK2 and
phorylation of the noncatalytic domain requires its tethering mCLK4 are highly expressed in testis, while CLK3 is almost
to the peptide encoding the catalytic activity of the kinase. exclusively expressed in testis in both mice and ra;$6).

It has been well-documented that the assembly of the On the basis of this observation, P1 protamine is an intriguing
splicing particle (the “spliceosome”), the splicing reaction, candidate as an in vivo substrate for the LAMMER protein
and the appropriate intranuclear localization of splicing kinases. Besides being phosphorylated in vitro by all
proteins are strongly influenced by the state of phosphoryl- LAMMER kinases tested, the existence of phosphorylated
ation of the RS domain of SR proteirdX-51; for a review, P1 protamines in mammals is well-documented, while Ser10
see refl0). Our results confirm and extend previous reports and Ser8 of the RS domaifiRSQSRSR®) were previously
suggesting a central role for LAMMER kinases in pre-mRNA identified as the phosphorylation sites of phosphorylated
splicing through the phosphorylation of SR proteins. The human P1 protamine3). Furthermore, the alternating RS
initial description of the murine CLK1 LAMMER kinase or SR dipeptides are highly conserved in all vertebrate P1
interacting with SR proteins through their RS domains was protamines examined to date and are even more so in several
based upon yeast two-hybrid and biochemical experimentsmolluscan protamine-like proteind%), indicating that they
(1, 2. Subsequent reports confirmed the interaction of murine play a crucial role in the condensation of sperm chromatin.
CLK1 with SR proteins in vitro and extended the observation Members of the LAMMER protein kinases together with the
to cultured cells of animals3( 52 and to PK12 in plants ~ SRPKs might be important regulators of this process.

(36). In Drosophila, Doamutants possess altered sexual
differentiation due to aberrant pre-mRNA splicingdsix(5),
demonstrating similar functions for LAMMER kinases in We thank Karen Colwill and Tony Pawson for helpful
vivo in develqpmentally regulated.alternative splicing. Previ- iscussions and clones; Steven Elledge for the yeast two-
ous t?llochemlca'l gnd genetic studies demonstrate that f_er_nalehybrid system reagents; K.H. Scheit and Steve Hanks for
specific dsx splicing depends on the SR-related splicing hyman CLK2 clones; Robert Fluhr for the PK12 expression

regulators TRA and TRAZ2, as well as the authentic SR- ¢|one; Bill Mattox for RBP1, TRA and TRA2 proteins; and
protein RBP1, which form complexes on a splicing enhancer Philippe Chevaillier for the gift of protamine P1.
located within thedsxfemale-specific exon. These proteins

are thought to function by recruiting U2AF and possibly other REFERENCES
components of the general splicing machinergsa RNA.
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