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Phosphopeptide Mappifig

Panayiotis O. Vacratsis$ Brett S. Phinney,Douglas A. Gagé,and Kathleen A. Gallo*/!

Department of Biochemistry and Molecular Biology and Department of Physiology, Michigan Staterdikyi
East Lansing, Michigan 48824

Receied December 20, 2001; Reed Manuscript Receed February 25, 2002

ABSTRACT: MLKS is a serine/threonine protein kinase that functions as an upstream activator of the JINK
pathway. Previous work has suggested that MLK3 is a multiphosphorylated protein. In this study, mass
spectrometry coupled with comparative phosphopeptide mapping was used to directly characterize MLK3
in vivo phosphorylation sites. Various types of mass spectrometry were used to analyze MLKS tryptic
peptides separated by C18 reverse-phase HPLC, leading to the identificatior?df Sef>, Ser©®s,

Ser40, Ser8 Ser’® Ser?s and a site found on peptide $erArg®” within a Gly-rich region as MLK3
phosphorylation sites. Additionally, porous graphitic carbon chromatography successfully retained and
resolved phosphopeptides that had eluted along with nonvolatile salts and buffers in the flowthrough
fractions from the C18 column. Following resolution by PGC chromatography, MALDI-MS in conjunction
with alkaline phosphatase treatment identified®SeBeP6, Ser?4, and Sef?’ as sites of phosphorylation

on MLK3. A proline residue immediately follows 7 of the 11 unambiguously identified phosphorylation
sites, suggesting that MLK3 may be a target of proline-directed kinases. Finally, two-dimensional
phosphopeptide mapping confirmed that phosphorylation ¢PSamd Set®® of MLK3 is induced by the
activated small GTPase Cdc42.

Mixed-lineage kinase 3 (MLK3)(1—-3) is an intracellular capable of activating the NEB pathway in T cells. Hehner
serine/threonine kinase that has been identified as anet al. demonstrated that overexpressed MLK3 increases the
upstream activator of the c-Jun Mterminal kinase (JNK)  transcriptional activity of NReB and phosphorylates inhibitor
pathway 4—7). Specifically, MLK3 functions as a mitogen-  of NF«B kinase (IKK). Thus, MLK3 may act as an IKK
activated protein kinase kinase kinase (MAPKKK), capable kinase to positively regulate the N#B pathway (1).
of phosphorylating and activating the JNK activators MKK4  Although not completely defined, recent data have emerged
and MKK7 8). The JNK scaffold proteins JIP-13 have describing physiological processes that MLK3 may regulate.
been shown to associate with MLK3, as well as with MKK7 In addition to being a potential regulator of T cell receptor
and JNK @, 10). JIP has been implicated in facilitating signaling (2—14), MLK3 and other MLKs have been
MLK3-mediated JNK activation 9). In addition to its implicated in INK-mediated neuronal apoptosis<18).

established role as an upstream activator of the JNK pathway, Qur laboratory has focused on delineating the molecular
a recent report has shown that overexpressed MLK3 is mechanisms that regulate MLK3 activitgg—21). MLK3
contains several proteifprotein interaction domains that
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activation loop of MLK3 have been suggested to be major and the radiolabeled sample (from 2 10° cells) were

phosphorylation sites critical for MLK3 activatior2¥). combined, and the proteins were separated by-SPSGE.
However, at present, no MLK3 phosphorylation sites have Gels were rinsed in PBS and dried. Incorporation of
been directly identified. radioactivity was detected by phosphorimaging (Molecular

In this study, a combination of different mass spectrometric Dynamics).
techniques were employed to identify in vivo phosphorylation  Radiolabeled MLK3 bands were excised from the dried
sites of MLK3. Mass spectrometry (MS) has proven to be a SDS-PAGE gel and rehydrated with water g&). The gel
valuable analytical tool, due to its high mass accuracy, to pieces were washed twice with 500 of 0.1 M ammonium
study posttranslational protein modifications including iden- bicarbonate containing 50% acetonitrile at’8for 50 min.
tification of phosphorylation sites on proteins. Recent The gel pieces were then completely dried under a gentle
advances have made mass spectrometry sensitive enough tstream of N. The gel pieces were partially rehydrated with
study modified proteins from in vivo sources, although 4 uL of 0.1 M ammonium bicarbonate containing 0.02%
phosphorylation site turnover rates and low amounts of Tween-20. Sequencing-grade trypsin 48) (Roche) was
phosphorylated material can still pose a technical challenge.immediately administered to the gel pieces. Complete
Using matrix-assisted laser desorption/ionization (MALDI)- hydration was achieved by adding 40 of digestion buffer
MS and electrospray ionizatiertollision-induced dissocia- (50 mM ammonium bicarbonate). Trypsin digestion was
tion (ESHCID) MS coupled with phosphopeptide mapping, performed overnight at 38C. The digestion was terminated
12 in vivo MLK3 phosphorylation sites were identified. This  with 0.1 volume of 10% TFA. The peptides were extracted
work provides the critical information for embarking on  with two washes of 60% acetonitrile containing 0.1% TFA
investigation of the mechanistic basis of site-specific phos- for 50 min at 30°C.

phorylation in the regulation of MLK3 and its signaling Reverse-Phase HPLFollowing SDS-PAGE and in-gel

pathways. trypsin digestion, the resulting MLK3 peptides were fraction-
ated by microbore reverse-phase HPLC (Michrom) on a C18

EXPERIMENTAL PROCEDURES column (5xm, 300 A, 1.0x 150 mm) (Vydac). Peptides

DNA Constructs and Mutagenesi€onstruction of the ~ Were eluted with a 895% linear gradient of acetonitrile in
cytomegalovirus-based expression vectors carrying the ¢D-0-1% trifluoroacetic acid (TFA) at a flow rate of @/
NAs for wild-type MLK3 (pRK5mIk3 has been described Min. The eluant was monitored by UV absorbance at 214
elsewhere 22). The expression plasmid encoding NH  NM, and peak fractions were collected at approximately 1
terminal Flag epitope-tagged constitutively active Cdc42 Min intervals. A 1uL aliquot of each HPLC fraction was
(PRK5-Nflagcdca2'12) was kindly provided by Avi Ash-  Spotted on a thin-layer chromatography (TLC) plate followed
kenazi (Genentech). The expression plasmid containing theby detection of*? radioactivity using phosphoimaging
wild-type mlk3cDNA was used as a template to create two analysis.
single mutants rilk3 S740A andmlk3 S740E) and two Porous Graphitic Carbon Chromatography reverse-
double mutants nilk3 S555E/S556E andnlk3 S724A/ phase PGC column (&m, 250 A, 1x 150 mm) (Keystone
S727A) using the Quick Change Site-Directed Mutagenesis Scientific) was used to resolve the poorly retained peptides
Kit (Stratagene, La Jolla, CA). The presence of the desired that eluted in the first 5 min off the C18 column. Conditions
mutation was confirmed by automated DNA sequencing. for PGC chromatography were identical to those for the C18
Cell Culture Transfectionsand LysisHuman fetal kidney separation with the exception that the flow rate was reduced
293 cells (6x 107 were maintained in Ham's F12:low- t0 20 uL/min. A 1 uL aliquot of each PGC fraction was
glucose Dulbecco’s-modified Eagle’s media (1:1) (Gibco spotted on a TLC plate, and radioactive spots were detected
BRL) supplemented with 8% fetal bovine serum (Gibco by phosphorimaging.
BRL), 2 mM glutamine, and penicillin/streptomycin (Gibco Phosphopeptide Mappindradiolabeled HPLC fractions
BRL). Cells were transiently transfected with plasmids using (1 uL) were analyzed by one-dimensional thin-layer elec-
the calcium phosphate technique, and lysed as previouslytrophoresis (TLE) and one-dimensional TLC. The mobility
described 23). of the radiolabeled peptides under these conditions was used
In Vivo Labeling with f?2P]PhosphateFollowing a 14 h to correlate a HPLC fraction with a spot seen on the two-
cotransfection of pRK&nlk3and pRK5-Nflagcdc42/12, 293 dimensional map from MLK3 labeled in vivo. The conditions
cells (2 x 10°) were washed 5 times with phosphate-free for TLE and TLC have been described in detail elsewhere
medium [Dulbecco’s-modified Eagle’s medium supple- (23).
mented with 10% dialyzed FBS (Summit Biotechnology)l,  Phosphoamino Acid AnalysiSelected radiolabeled HPLC
and incubated at 37C for 2 h. The cells were then incubated  fractions (5uL) were hydrolyzed in 10@L of 6 N HCI for
in serum-containing phosphate-free medium containing 1 1 h at 100°C. After concentration, the free phosphoamino
mCi/mL 32P carrier-free orthophosphate (NEN Life Science acids were resolved by one-dimensional TLE in pH 2.5 buffer
Products) fo 4 h at 37°C. [66.7% pH 3.5 buffer (glacial acetic acid/pyridine/water, 50:
Immunoprecipitation and in-Gel Trypsin DigestidiLK3 5:945, v/vlv) and 33.3% pH 1.9 buffer] on 20 20 cm
antiserum (0.25u«g/uL slurry) was prebound to protein  cellulose TLC plates at 0C and 1000 V for 50 min.
A—agarose beads. Immunoprecipitation experiments wereUnlabeled phosphoamino acid standards (Sigma) and xylene
performed essentially as described previoug$) (except cyanol FF marker dye (Sigma) were used as standards. The
that the cleared cellular lysates from>6 107 cells were unlabeled phosphoamino acids were visualized by ninhydrin
immunoprecipitated overnight. The immunoprecipitates of staining, and the*P-labeled phosphoamino acids were
MLK3 from the nonradiolabeled sample (from®&10’ cells) visualized and quantitated by phosphorimaging.
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MALDI-MS. MALDI-TOF mass spectrometry was per-
formed on a Voyager-DE STR time-of-flight instrument
(Applied Biosystems), equipped with a nitrogen laser operat-
ing at 337 nm. The HPLC fractions were analyzed in either
linear positive mode or reflector positive mode (for PSD
analysis) usingt-cyano-4-hydroxycinnaminic acid (saturated
solution in 50% acetonitrile with 0.1% TFA) as the UV-
absorbing matrix. Samples were prepared by mixing1
of sample and LL of matrix solution on the MALDI plate
and allowing them to air-dry. All mass spectra were
externally calibrated with bradykinin and insulin. Calf
intestinal alkaline phosphatase (2 units, New England Bi-
olabs) was incubated with/d_ of HPLC fractions containing
phosphopeptides in 50 mM NHHCO; at 37 °C for 3 h.
The dephosphorylation reaction was terminated by the
addition of 50% acetonitrile, and the samples were washed
with water and concentrated.

Electrospray Mass Spectromettyquid chromatography/
mass spectrometric analysis of selected MLK3 HPLC frac-
tions was accomplished using the Waters CapLC system
(Waters Corp., Milford, MA) coupled to an LCQ DECA
quadrupole ion trap mass spectrometer (ThermoFinnigan, Sargq re 1: Reverse-phase HPLC fractionation of MLK3 tryptic

Jose, CA) through the Picoview nanospray source (New peptides. MLK3 coexpressed in 293 cells with activated Cdc42 was
Objectives, Cambridge, MA). A 0-16 uL aliquot of each isolated by immunoprecipitation. MLK3 was also isolated from a

fraction was trapped on a Michrom CapTrap Cartridge smaller scale identical culture that had been labeled V\?ﬁlﬁ]-[
: ; _ orthophosphate. The two MLK3 samples were combined and further
]Ell\lj“s%hergrgnt)l;gjﬂuirgei I;g 'bﬁug?gg%rgﬁz)ﬁ?gnthpzréssgk resolved by SDS/PAGE. The gel was dried, and the MLK3 bands

- ) ; - were visualized by phosphorimaging. (A) The MLK3 band was
with 5 um 100 A Magic C18AQ material (Michrom  excised from the gel and subjected to in-gel digestion with trypsin.

BioResources, Inc., Auburn, CA). Peptides were then eluted The tryptic peptides were fractionated by reverse phase-HPLC on
fom the column using a gradient of 5% B0 50% B n 30 & Tierehers C18 ol (B) Ar alauot ) o Sach BELC
min at a flow.rate.of 250 nL/m_ln. Mobile phase'A consisted fractions were detected by phosphorimaging.
of 0.1% formic acid while mobile phase B consisted of 0.1%
formic acid in a 95:5 acetonitrile/water solution. The Picofrit and unlabeled samples of MLK3 were combined and further
column made electrical contact through a precolumn ZDV resolved by SDS/PAGE. The gel was dried, and the radio-
titanium union, and terminated in a 4 tip i.d. outlet spray ~ labeled bands were visualized by phosphorimaging. The
needle. Mass spectra were acquired using the Top3 doubleradiolabeled band corresponding to the size of MLK3 was
play mode of operation where the three most abundantexcised from the gel and subjected to in-gel digestion with
peptide ions detected in a MS survey scan triggered data-trypsin. The tryptic peptides were extracted from the gel,
dependent MS/MS fragmentation for obtaining product ion resulting in 65-80% recovery based on radioactivity using
spectra. To identify the peptides in the digest, uninterpreted Cerenkov counting.
peptide product ion spectra were searched against a database Separation of Tryptic Peptides by #ese-Phase HPLC
containing the sequence of MLK3 using the TurboSEQUEST and Phosphopeptide Mappingd small portion of the
database search program. Searches were done both with angcovered peptides was analyzed by two-dimensional phos-
without the digest and posttranslational specificities turned phopeptide mapping (Figure 2A). The analysis shows the
on. typical in vivo phosphorylation pattern observed for MLK3
RESULTS coexpressed with activated Cdc42 (spots are labateg)
including the Cdc42-inducible sites (spots are labeledd
In-Gel Trypsin Digestion of Immunoprecipitated MLK3. y). The remainder was fractionated by reverse-phase HPLC
Comparative two-dimensional phosphopeptide analyses of(Figure 1A). Aliquots of fractions were spotted onto TLC
in vivo phosphorylated MLK3 and in vitro kinase assays plates and analyzed for the presence of radiolabeled material
indicate that MLK3 is a multiphosphorylated protein whose by phosporimaging (Figure 1B).
activity is increased and whose phosphorylation pattern is HPLC fractions containing radiolabeled material were
altered upon coexpression with activated Cdc42 (Cdc42 V12) characterized by one-dimensional TLE and one-dimensional
(26). However, the sites of MLK3 phosphorylation have not TLC (Figure 2B,C). This analysis allowed for major phos-
been identified. To obtain sufficient quantities of in vivo phopeptides labeled on the two-dimensional map in Figure
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phosphorylated MLK3 for mass spectrometry analysis, 1
108 293 cells expressing MLK3 in the presence of activated
Cdc42 were cultured. MLK3 was isolated from cleared
cellular lysates by immunoprecipitation with a MLK3
polyclonal antibody. In addition, radiolabeled MLK3 was
immunoprecipitated from 4 10 293 cells that had been
labeled with®?P carrier-free orthophosphate. The radiolabeled

2A to be correlated with and assigned to an HPLC fraction
number.

Identification of Phosphorylation Sites Using MALDI-MS
and ESHCID. HPLC fractions containing radiolabeled
phosphate were analyzed by MALDI-MS in the linear
positive-ion mode usingt-cyano-4-hydroxycinnamic acid
as the UV-absorbing matrix. A computer program, MS-
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+T! R 2315.94, corresponding to the monophosphorylated and
_ .“”’b “ ¢ ¢ ”. o unphosphorylated peptide $erArg®’, respectively (Figure
EG|U§EH %L gpe-?_lmeniﬁnal tph?sph?]pe%t_lollebaTaéyalFS)ch frc'sldltcyla- 4B). Phosphatase treatment produced a shift of 80 Da to yield
ele ractions. Allquots or eacn radiolabele raction : . . .
were analyzed by TLE and TLC. (A) A reference two-dimensional only the unphosphorylated peak. This peptide Cof‘ta'”s five
phosphopeptide map of in vivo labeled MLK3. (B) One-dimensional SErNNes a_\nd no th_reonlne_)s. We were unable to obtain sequence
TLE. (C) One-dimensional TLC. For each radiolabeled sample, the information on this peptide by using ESCID or MALDI —
HPLC fraction and the corresponding spot on the two-dimensional pSp. Set—Arg® resides within a glycine-rich motif, and
phosphopepiide map are labeled. within this 27 amino acid peptide, 13 glycine residues are
Tpresent. This high glycine content may be the reason

Digest, was used to calculate the monoisotopic masses Ofragmentation of this peptide was unsuccessful.

all MLK3 tryptic peptides including phosphorylated peptides . )
and partially digested peptides and to compare those masses HPLC Fraction 31 MALDI-MS analysis of HPLC frac-
with the data generated by MALDI-MS. Samples that 10N 31 (spoth) showed a peak at'z 1699.21 (Figure SA,
potentially contained phosphorylated MLK3 peptides were &)- Following phosphatase treatment, the peak shifted &)
then incubated with alkaline phosphatase and reexamined®@ t© 1619.61 (Figure 5A)). The calculated mass values
by MALDI-MS for the loss of multiples of 80 Da, which ~Matched two possible monophosph;)wlated_ MLK3 pep-
corresponds to the loss of a phosphate group. MALDI-Mg fides: Val¥—Lys'* and Asi'®~Arg®® To distinguish
data that implicated more than one possible MLK3 phos- P€tween these two peptides, MALBpost source decay
phopeptide, or a peptide that contained multiple phospho- (PSD) analysis was performed on fraction 31 (Figure SA,
rylatable amino acids, were considered ambiguous. Such®)- MALDI _PSD IS an extgnsmn of linear MALD_I'MS thgt
samples were further analyzed by MALBIPSD or ESt+ has th_e potential of obtaining primary sequence information.
CID to obtain sequence information and to identify phos- PSD is a process whereby th? precursor 1on fragments
phorylation sites. Further characterization of certain radio- tNfough metastable decomposition in the flight tue)(

active HPLC fractions was obtained by phosphoamino acid MALDI _,PSD analysis involves def!ecting the fons using
analysis (Figure 3). For this analysis, a6 aliquot was an electrically charged reflectron mirror at the end of the

incubatedm 6 N HCI for 1 h at 37C, and the phosphoamino Eigfg_tuhbe at va(;i_ous m_irror \_ll_?]ltages tlo_discriminate thef ior?s
acid content was examined by one-dimensional TLE. y fight ime dispersion. The resulting spectrum of the

) precursor ion with its fragment ions provides sequencing
HPLC Fraction 45.The MALDI-MS spectrum of HPLC  iytqrmation. PSD analysis of fraction 31 revealed a series

fraction 45 (spot) showed two major peaks, az2334.59 ot cOOH-terminal fragment ions (y ions) corresponding to
and atm/z 2254.73, corresponding to the monophosphory- o phosphopeptide ASi—Arg52, This peptide has one Ser
lated and unphosphorylated peptide "PhrArg’2* of MLK3, residue (Sé#4 and one Thr residue (T#). One of the most
respectively (Figure 4A). Following alkaline phosphatase gpndant peaks isiy— 98 Da, which corresponds to the
treatment of the fraction, only the unphosphorylated peptide fragmentation of HPO, from the precursor ion. Thegy—
was identified. This peptide contains two threonine residues gg pg peak corresponds to the peptide fragment2Ser
and a single serine residue. Phosphoamino acid analysi%rgszg with the loss of HPQ, Furthermore, the mass
(PAA) of this HPLC fraction revealed that the peptide etected for the yion that contains the Thr residue but not
contained exclusively phosphoserlne (Figure 3 Ian_e 4). the Ser residue (P¥—Arg®%) corresponds to a unphos-
Therefore, Sef°was assigned as a phosphorylation site in phorylated peptide fragment. PAA analysis of HPLC fraction
MLKS. 31 also confirms only Ser phosphorylation (Figure 3, lane

HPLC Fraction 23.The MALDI-MS spectrum of HPLC  3). Taken together, these data allowed assignment of phos-
fraction 23 (spoE) revealed signals atVz 2395.17 and at  phorylation to Se¥4
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Ficure 4: Analysis of HPLC fractions 23 and 45 using MALDI-MS combined with alkaline phosphatase treatment. HPLC fraction 45
(spoti) (A) and HPLC fraction 23 (spad) (B) were analyzed by MALDI-MS in the linear positive ion mode witttyano-4-hydroxycinnamic

acid as the UV-absorbing matrix. Tha'z values corresponding to a phosphorylated peptide are indicated in boldface type. The HPLC
fractions were then subjected to alkaline phosphatase treatment and reanalyzed by MALDI-MS. The peaks corresponding to dephosphorylated
peptides are indicated in boldface with the changevnof —80 corresponding to the loss of a phosphate moiety.

HPLC Fraction 17 Fraction 17 (spot) exhibited one peak  analysis was performed to discern between the two possible
in the MALDI-MS spectrum that was reduced by &tz peptides (Figure 6B). The loss ofsPIOy (Y20 — 98) was
units following phosphatase treatment, corresponding to areadily observed. However, only a few additional fragment
phosphorylated peptide (Figure 58andb). Them/z902.46 ions were detectable. None of the observed fragments
peak matched two possible phosphopeptide sequences imatched the peptide $&—Arg®. On the other hand, three
MLK3. Therefore, ES+CID using an ion-trap electrospray of the fragment peaks matched the monophosphorylated
instrument was performed. The most prominent peak is the peptide Lef%—Arg®?°. Since PAA analysis revealed that this
neutral loss of [HPQy] ™2 (—49 Da) atm/z 402.5. Analysis HPLC fraction contained only phosphoserine amino acids,
of the doubly charged parent ion at anlz value 451.9 and since Séis the only possible phosphorylation site on
produced a mixture of b and y series fragment ions that the peptide, we have provisionally assigned®Seas the
corresponded to the phosphopeptide "PreArg’’® and phosphorylation site in MLK3.

allowed assignment of phosphorylation at Serthe only Three of these MALDI peaks correspond to differential
phosphorylatable residue in this sequence, as a MLKS tryptic digestion products of the monophosphorylated peptide
phosphorylation site (Figure 5B). Ser*—Arg’®® (atm/z 1940.73, SEf—Arg”®6 atm/z 1272.55,

HPLC Fraction 27 Phosphopeptides corresponding to Ser®8—Arg’®8 and atm/z 1020.44, SEPS—Arg’%9). These
spotsf andg eluted in fraction 27. The MALDI-MS spectrum  sequences contain three Ser residues and two Thr residues.
of fraction 27 contained four peaks, which shifted b80 To determine the site of phosphorylation within this peptide,
Da following phosphatase treatment (Figure 6A). Phospho- ESI-CID on fraction 27 was performed. Shown in Figure
amino acid analysis of fraction 27 revealed only phospho- 6C is the CID spectrum of the doubly charged parent ion of
serine (Figure 3, lane 2). Analysis of the calculated mass m/z 1020.44. The most prominent peak corresponds to the
values matched two possible MLK3 monophosphorylated neutral loss of HPO, (—49 Da) atnv/z 461.2. Analysis of
peptides (Al&—Arg>° and Leli**—Arg®°) to the value at  the COOH-terminal y ion fragmentation series rules out
m/z2171.93. We were unable to obtain sequence information phosphorylation of S&%, since the masses of the-yys ions
on this peptide using ESICID. Therefore, MALD-PSD do not contain the additional mass of a phosphate group.
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FicurRe 5: Analysis of HPLC fractions 31 and 17 by MALBPSD and ESt+CID. HPLC fractions 31(spdt) (A) and 17 (spot) (B) were

analyzed by MALDI-MS before d) and after ) phosphatase treatment. Tz values corresponding to the phosphorylated and
dephosphorylated MLK3 peptides are indicated in boldface. MALPED analysis was performed on fraction 31 ¢\, The fragment

ions whosen/z value corresponds to y ions with the loss of®, (—98 Da) are labeled. ESICID of fraction 17 (B,c) was performed

on anm/z value of 451.9, which corresponds to the doubly charged phosphorylated peptiffe-Rrg’’3. The fragment ions whose/z

value corresponds to y or b ions with the addition of a phosphate group (Pi) are labeled. The observed fragment ions are indicated on the
spectrum and peptide sequence (an asterisk indicates a phosphorylated residue).

Meanwhile, the mass of the bn indicates the presence of HPLC Fraction 15 Fraction 15 contains spat the most
a phosphate group at $& Thus, Seff® was assigned as a  intensely radiolabeled peptide on the two-dimensional phos-

phosphorylation site in MLK3. phopeptide map (Figure 2A). MALDI-MS analysis of this
HPLC Fraction 20 The MALDI-MS spectra of fraction  fraction revealed a peak at'z 1192.93, which shifted by
20 (spotd) revealed a peak at 1329.16 that shifted-b80 —80 Da tom/z 1112.25 following phosphatase treatment

Da to 1249.42 after phosphatase treatment. The phospho{Figure 7B,a and b). This value corresponds to peptide
peptide corresponded to a singly phosphorylated peptideGly”**—Arg’#’ containing a single phosphate moiety. This
Pro’88—Arg7®° of MLK3 (Figure 7A,a andb). This sequence  peptide contains two Thr residues and two Ser residues: ESI
contains two Ser residues and no Thr residues—€3D CID of the doubly charged parent ion revealed a predominant
analysis of the doubly charged parent ion rofz 662.5 y series of fragment ions with a few b series ions (Figure
revealed a predominant y series of fragment ions with a 7B, ). The neutral loss of HPO, was detected atVz 547.9.
couple of b ions (Figure 7Ag). The neutral loss of fPO, The y; fragment ion corresponds to an unphosphorylated
was detected aiv/z 613.4. The bpion that contains Sé° MLK3 peptide fragment containing THP and Sefé.

but not Sef®® corresponds to am/z value expected for the ~ However, the y fragment ion corresponds to a phosphoryl-
unphosphorylated Ser residue. On the other handnitae ated peptide fragment that contains %&rThese results
value of the yion corresponds to the sequence’SerArg’®® identify Serf4® as the phosphorylation site on a peptide
containing a phosphate group, clearly identifying ’Seas contained in fraction 15.

the phosphorylation site in a peptide contained in fraction PGC Chromatography of Poorly Retained C18 Fractions.
20. Fractions 7 eluted very early off the C-18 column in a
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Ficure 6: Analysis of HPLC fraction 27 using MALB+PSD and ES+CID. (A) HPLC fraction 27 (spot$ and g) was analyzed by

MALDI-MS before and following alkaline phosphatase treatment. iffevalues corresponding to phosphorylated and dephosphorylated
peptides are indicated in boldface. (B) MALBPSD spectrum of the peptide @z 2172.93 in fraction 27. They — 98 fragment ion
corresponding to the loss ofsFQ, is indicated. (C) ESHCID of the doubly charged parent ion @tz 1020.44, which corresponds to the
phosphorylated peptide S&¥-Arg76 doubly charged. The fragment ions whas& value corresponds to y or b ions with the addition of

a phosphate group (Pi) are labeled. The observed fragment ions are indicated on the spectrum and peptide sequence (an asterisk indicates
a phosphorylated residue).

poorly resolved peak that contained contaminants such asretained eluant from the C18 column. MALDI-MS analysis
salts and detergents. One-dimensional phosphopeptide mapef these radiolabeled peptides is shown in Figure 9.

ping analysis showed that the Cdc42-inducible sites labeled The MALDI-MS spectrum of fraction 23P contained a
x andy on the two-dimensional map eluted within this pool peak atmvz 805.39, which upon phosphatase treatment of
(Figure 2). Obtaining MALDI data for these HPLC fractions  the fraction followed by MALDI-MS showed a loss 6160
was not feasible, presumably due to signal repression causegha, corresponding to the loss of two phosphate groups
by contaminants. To resolve these peptides from the con-(Figure 9A). Analysis of the calculated values indicated that
taminants, reverse—phase HPLC using a more hydrOphObiCthe only possible tryptic phosphopeptide at thigz value
resin, Porous Graphitic Carbon (PGC), was performed on was Sef4—Arg7°. This sequence contains two Ser residues

the poorly retained C18 fractions. Figure 8A displays the and no Thr residues; thus, $¥rand Sef?” were assigned
chromatogram from the PGC analysis. The PGC column as phosphorylation sites in MLK3.

successfully retained and resolved multiple radiolabeled
peptides that were present in the flowthrough fractions from
the C18 column (Figure 8B). One-dimensional TLE and TLC
analysis demonstrated that the radioactive fractions—22P

28P (where P indicates a fraction from the PGC column)
contained the Cdc42-inducible sites (spotndy) as well

as spotb (Figure 8C).

Comparison of the mass spectra of fraction 28P before
and after phosphatase treatment (Figure 9B) revealed a peak
attributable to a monophosphorylated peptide. Based on the
calculated values, L&%¥—Arg®6tis the only possible tryptic
phosphopeptide for the value ez 1242.36. This peptide
contains two Ser residues and no Thr residues, and is an
incompletely digested product. The completely digested

MALDI-MS Analysis of PGC Fractiond?GC reverse-  tryptic peptide was identified in fraction 22Pratz 1166.86
phase chromatography retained and resolved hydrophilic(Figure 9C), corresponding to L&é—Arg>%° containing two
radiolabeled peptides, which were present in the poorly phosphate moieties. Therefore, Seand Set®® were identi-
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Ficure 7: Analysis of HPLC fractions 20 and 15 by MALDI-MS and ESTID. HPLC fractions 20 (spal) (A) and 15 (spog) (B) were
analyzed by MALDI-MS befored) and after ) phosphatase treatment. Timé values corresponding to phosphorylated and dephosphorylated
peptides are indicated in boldface. ES®IID of fraction 20 (A,c) was performed om/z662.5. The fragment ions whos#z value corresponds

to y or b ions with the addition of a phosphate group (Pi) are labeled-E® of fraction 15 (B,c) was performed omv/z 597.1. The
fragment ions whosavz value corresponds to y or b ions with the addition of a phosphate group (Pi) are labeled. The observed fragment
ions are indicated on the spectrum and peptide sequence (an asterisk indicates a phosphorylated residue).

fied as MLK3 phosphorylation sites that correspond to the products of differential trypsin digestion, and that®S&and
Cdc42-inducible sites. SeP% are Cdc42-induced phosphorylation sites on MLK3.

Comparatve Two-Dimensional Phosphopeptide Mapping
of in Vivo Labeled MLK3 VariantsTo definitively correlate DISCUSSION
the identified phosphorylation sites from PGC chromatog-  Many enzymes, including protein kinases, are regulated
raphy with the spots on the two-dimensional map, phospho- by reversible phosphorylation. Phosphorylation of a protein
peptide mapping was performed on in vivo labeled wild- kinase can alter its catalytic activity, conformation, subcel-
type MLK3 or MLK3 phosphorylation site variants MLK3  |ular localization, and proteiprotein interactions. To
S724AIS7T27A and MLK3 S555E/S556E. The MLK3 vari- understand the function of a particular phosphorylation event,
ants and Cdc42V12 were coexpressed in cells labeled withthe precise site of in vivo phosphorylation must first be
[32P]orthophosphate. MLK3 was immunoprecipitated using identified. The goal of this study was to map the in vivo
an MLK3 polyclonal antibody, separated by SBEBAGE, sites of phosphorylation on MLK3 as a critical first step
and transferred to a nitrocellulose membrane. Following toward understanding the regulatory role of this posttrans-
trypsin digestion, the peptides were separated by two- lational modification on MLK3 function. Using a combina-
dimensional TLE/TLC (Figure 10). Analysis of the two- tion of phosphopeptide mapping and mass spectrometry
dimensional map of MLK3 S724A/S727A clearly indicates analysis, 12 in vivo phosphorylation sites have been identi-
that the diphosphorylated peptide containing phosphéSer fied.
and phosphoSé& is represented by spdt on the map. Previous work in our lab has shown that MLKS3 is
Meanwhile, spotx andy are absent in the map of MLK3  multiphosphorylated in vivo, and that coexpression with
S555E/S556E, indicating that spotsandy represent the  activated Cdc42 (Cdc42V12) increases the in vitro catalytic
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Ficure 8: Fractionation of C18 flowthrough fractions by RP-HPLC on a Porous Graphitic Carbon column. (A) The C18 flowthrough
fractions 7 were collected (Figure 2B), combined, and concentrated using a Speed Vac concentrator. The combined flowthrough sample
was loaded onto the PGC column. Peptides were eluted by a linear acetonitrile gradient, and peak fractions were collected at approximately
1 min intervals. (B) Aliquots of each PGC fraction was spotted on a TLC plate and air-dried. Radiolabeled fractions were detected by
phosphorimaging. (C) Aliquots of each radiolabeled PGC fraction was analyzed by one-dimensional TLE and one-dimensional TLC. For
each radiolabeled PGC fraction, the elution number and the correlating spot(s) on the two-dimensional phosphopeptide map are indicated.

activity of MLK3 and alters its in vivo phosphorylation reverse-phase HPLC using a PGC column was used to desalt
pattern 23). Therefore, cells coexpressing MLK3 and Cdc42 and partially resolve the C18 flowthrough fractions. PGC
V12 were used as a model system to identify in vivo has been shown to be a more hydrophobic stationary phase
phosphorylation sites on MLK3, including those induced by than the C18 resin2Q), and yet has the unique property of
Cdc42. retaining very polar compounds. In addition, PGC chroma-
A portion of the cells was labeled witF?P]orthophosphate  tography has been used to resolve short and very hydrophilic
to generate radiolabeled MLK3 for use as a tracer. This peptides 80, 31). The PGC HPLC successfully retained and
approach not only simplified selection of phosphopeptides, resolved several peptides from the C18 flowthrough fractions,
but also made it possible to assign phosphorylation sites toincluding the Cdc42-inducible phosphopeptides. Furthermore,
radiolabeled spots on the two-dimensional tryptic phospho- the PGC column was used with the same volatile mobile
peptide map. Indeed, virtually all of the observed phospho- phase as the C18 column, allowing for concentration of the
peptides in the map were identified using mass spectrometry.sample and compatibility with mass spectrometry.
Thus, comparative two-dimensional phosphopeptide mapping Following HPLC fractionation, the strategy to deduce
should serve as a useful tool to study MLK3 phosphorylation phosphorylation sites was to first confirm which peptides
in other model systems, such as the phosphorylation of from the radiolabel-containing HPLC fractions were phos-
endogenous MLK3 in response to different stimuli. A phopeptides. MALDI-MS data were collected before and
limitation of this approach is that the resulting radiolabeled after alkaline phosphatase treatment. Using MALDI-MS, the
phosphopeptides represent MLK3 phosphorylation eventsloss of —80 Da after phosphatase treatment is diagnostic for
that occur only during the labeling period (thetldsh of a loss of phosphate. In some cases, these data, in conjunction
15 h transfection experiment). Since MLK3 expression is with PAA, were sufficient to assign the sites of phospho-
usually detected at arodr8 h post-transfection, it is possible rylation. However, in several instances, the MALDI-MS data
that very stable phosphorylation sites may have been missectorrelated to more than one MLK3 phosphopeptide or to
using this approach. MLK3 phosphopeptides that contained multiple Ser and Thr
However, an unforeseen advantage of using the radiola-residues. These situations required MALERSD analysis
beled tracer was the realization that the C18 column or ESHCID mass spectrometry to attain sequence informa-
flowthrough fractions contained phosphorylated peptides, tion and to unambiguously assign a site of phosphorylation.
including those that represent Cdc42-inducible phosphory- A surprising result from the ESICID analysis was the
lation sites. Salts and other contaminants commonly found sequencing of three different phosphopeptides that resulted
in the flowthrough fraction from C18 columns suppress the from trypsin cleaving Arg-Pro peptide bonds. Typically,
mass spectrometry signa8). To overcome this problem, trypsin is reported not to cleave ArdPro or Lys—Pro peptide
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Ficure 9: Analysis of PGC fractions using MALDI-MS combined with alkaline phosphatase treatment. PGC fractions 23P (A), 28P (B),
and 22P (C) were analyzed by MALDI-MS in the linear positive ion mode. Mfrevalues corresponding to phosphorylated peptides are
indicated in boldface. The PGC fractions were then subjected to alkaline phosphatase treatment and reanalyzed by MALDI-MS. The
dephosphorylated peptides are indicated in boldface with the changéziof —80, or multiples thereof, corresponding to the loss of
phosphate moieties.

bonds. Possibly, something unique flanks these particular
MLKS3 sequences such as maodification of the proline residue
involved or isomerization of the peptide bond between-Arg
Pro. Alternatively, uncommon cleavage may instead be due
to the increased stability of the modified trypsin used in this
study. Regardless, these results demonstrate that cleavage
at Arg/Lys—Pro bonds should be considered in MS analysis
of tryptic peptides.

The schematic location of the identified MLK3 in vivo
phosphorylation sites is depicted in Figure 11. Other than a
single phosphorylation site in the glycine-rich region (be-
tween amino acids 11 and 37), all of the identified phos-
phorylation sites cluster in two regions. Of the 12 sites, 7
are positioned between amino acids 650 and 800 in the
COOH-terminal region of MLK3, while 3 phosphorylation
[ sites, including the 2 Cdc42-inducible sites erand
SeP%9), are situated between amino acids 520 and 550 in

S555E
S556E

TLC

Ficure 10: Two-dimensional maps of tryptic phosphopeptides
derived from in vivo phosphorylated MLKS3 variants. Cells express-
ing the specified MLK3 variants in the presence of CHe4Z were
incubated with $2P]orthophosphate. MLK3 variants were immu-
noprecipitated from cellular lysates, blotted onto a nitrocellulose
membrane (A), and subjected to trypsin digestion. (B) The resultan

tryptic phosphopeptides were analyzed by comparative two-

the basic region immediately following the CRIB domain.

Knowledge of the sequence surrounding the phosphory-
lation site often provides valuable information as to the
identity of the kinase responsible for the phosphorylation
event. The majority of the sites identified in this study contain

t @ Pro residue following the phosphorylation site, suggesting
that MLK3 may be a target of proline-directed kinases.

dimensional phosphopeptide analysis. Short arrows indicate tryptic Proline-directed kinases, which include MAPKs, cyclin-
phosphopeptides that are absent. Phosphopeptides were dEtECtQﬂbpendent protein kinases (CDKs), and glycogen synthase

by phosphorimaging. Long arrows indicate the direction of elec-
trophoresis and chromatography.

bonds 82—34), and most of the available computer programs

kinase 3 (GSK3) among others, phosphorylate Ser/Thr
residues that are immediately followed by a Pro resi@% (
The peptide containing the Cdc42-inducible sites {Ser

used to generate tryptic peptides masses, including MS-SeP°®) does not contain a phosphoSer-Pro sequence, sug-

Digest, do not take into account cleavage at Arg/tiPso

gesting that phosphorylation of these sites is catalyzed by a
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Ficure 11: Schematic representation of MLK3 phosphorylation

sites. (A) Table summarizing the observed (MALDI-MS) and

calculatedwz values before and after alkaline phosphatase treatment

for the identified phosphopeptides. (B) Block diagram of MLK3
indicating the location of the identified in vivo phosphorylation
sites.

distinct family of kinases or is the result of MLK3 auto-
phosphorylation.

The phosphorylation site S&f, located in the COOH-

terminal tail of MLK3, resides in the sequence KSPRR and
conforms to the stricter consensus sequence for the CDK

family (KS/TPXR) (36). The phosphorylation site S&t

exists in the sequence PDSP, and the phosphorylation site
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