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‘We have demonstrated a procedure for the rapid (minutes), sensitive (<pmol), and sequence-specific identitication of phosphopeptides in unfrac.
tionuted digests of phosphoproteins using matrix-ussisted UV laser desorptior/ionization (MALDI) time-of-flight (TQF) mass spectrometry. The
muss~dependent identificution of one specific 13-residue phosphopeptide (S105-K117), obiserved among the 153 possible trypsin digest fragments
of human B-casein (211 residues), was confirmed by amino ucid sequense analysis of the "P-lubeled peptide after isolation by reverse-phase HPLC,
MALDI-TOF was ulso used to monitor the rate and extent to which an 18-residue N-terminul S«casein peptide (R1-K138) was phosphorylated in
vitro. These results demonstrate thut MALDI-TOF may be used (i) 1o fucilitate the identification of sequence-specific sites of protein phusphoryl-
ation and dephosphorylation, (ii) to monitor protein und peplide phosphorylation und dephosphorylation reaclion rates, even in complex
unfractionated mixtures, (iii) lo determine the minimum primary structure nceessary for the phosphorylation of spetific protein surface domains,
and (iv) 1o evaluate the effects of intuct protein phosphorylation und dephosphorylation on susseplibility (o subsequent proteolytic events.

Protein sequence: Phosphorylution; Phosphopeptide; Casein; Muss spectrometry; Luser desorption

1. INTRODUCTION

A variety of important biochemical reactions are reg-
ulated by the activities of specific kinases and
phosphatases (¢.8. [1]). The protein and peptide targets
of one or more phosphorylation and/or dephosphoryla-
tion reactions are often much more readily identified
than are the specific amino acid sequences and struc-
tural domains involved [1]. To facilitate our under-
standing of phosphorylation-dependent alterations in
the structure and function of proteins and peptides,
simplified and more sensitive procedures are required to
monitor the kinetivs and extent of sequence-specific
phosphorylation and dephosphorylation reactions in
complex unfractionated mixtures. Detailed investiga-
tions of sequence-specific phosphorylation reaction
mechanisms and higher order structural alterations as-
sociated with either phosphorylation or dephosphoryla-
tion (e.g. [1-3]) frequently involve the preparation of
suitable model peptides as substrates (e.g. {4]). A desir-
able strategy for the identification and/or design of such
model substrates requires knowledge of the minimum
primary structure necessary to maintain phosphoryla-
tion of the sclected protein target residues and domains;
these efforts presently necessitate the use of labor inten-
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sive biochemical isolation and screening procedures. Fi-
nally, there is increasing need to evaluale the effects of
specific phosphorylation and dephosphorylation reac-
tions on the susceptibility of the target proteins to sub-
sequent proteolytic events, both in vitro and in vivo [5).
Each of these events involve reactions that result in
stable alterations in mass.

We have recently reported the development of mass
specirometric technigues that enable the detailed evalu-
ation of post-translational modifications in peptide
structure, including intramelecular disulfide bond for-
mation ([6.7], in preparation), coordinate covalent in-
terasstions with specific transition metal ions [6-12}, and
metal ion-induced conformational changes (7). Al-
though most of these developments involved the evalu-
aticn of purified synthetic peptides, one procedure em-
ploys the use of matrix-assisted UV laser desorption/
ionization time-of-flight mass spectrometry (MALDI-
TOF) to map and identify sequence-specific transition
metal-binding protein surface domains and peptides in
unfractionated protein digest mixtures [10]. We report
here procedures developed for the rapid (minutes), sen-
sitive (<pmol), and sequence-specific identification of
phosphopeptides in  unfractionated digests of
phosphoproteins using MALDI-TOF. Human S-casein
was chosen as a model for these investigations because
phosphopeptides derived from the proteolytic digestion
of this milk protein remain the subject of intense inves-
tigations [13], particularly with respect to the regulation
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of mineral and metal ion absorption (e.g. {14]) and cell
growth (¢.g. [15)).

2. EXPERIMENTAL
2

L. Purification of hevan f-casem from nvitk

Human milk was collected by breust pump and stored at -20°C
until use. Thuwed milk wus dialyzat first aguinst SO0 mM EDTA, 0.5
M NuCl (pH 6.5), and then 20 mM phosphaserine in 50 mM 2-(N-
murpholinolethanssulfonic acid (MES) and | M NaCl (pH 6.5). An
aliquot (2§ ml) of this sumple wis pumped into u 3G-m! column (2.2
= 13 em) of immobilized iminodinsetate (IDA)-Fe(lll) (Cheluting
Scpharose Fust Flow, Pharmacin) ec-uilibrated with 20 mM phospha-
serine in 30 mM MES containing | 'V NuCl (pH 6.5). After extensive
wishing with the same bufTer to remove all unadsorbed proteins,
cusein was eluted with 100 mM EDTA, pH 7.0. High-performunes
reverse phuse (phenyl, Vydac) and size-exclusion (Superose 12, Phur-
mageia) chromatography were used (o separate the intuet S-cusein rom
casein fragments. The final produst was detected as u single silver-
stuined band after polynerylamide gradient gel clecirapharesis and
appsared as u single peak by MALDIL-TOF with a determined molee-
ular mass of 24,430 Da: the chemical average molecular mass of
non-phasphorylated human S-cnscin culeulated from the ¢cONA se-
quence is 23,835 Da (16]. The identity ol the purified Macasein wus
confirmed by amino ucid sequence analysis,

2.2, Enzymatic treatiment

‘Trypsin (Sigma) digestion of the purified human Fecusein was initie
ated it an enzyme-to-substrate ratio of 1:50 at 37°C in 10 mM Tris-
HCl at pH 7.8, Phosphorylution was initiuted by incubuting the sum-
ple in 20 mM Tris-FHCl (pH 7.2) containing 9 mM magnesium ucetate,
5mM ATP with 1 4£Ci [PPJATP (New England Nucleur, BuPont) and
10 U of cAMP-dependent protein kinase, catatytic subunit (Promega)
at 37°C. Dephosphorylution wits performed by incubatiag the sample
with 0.25 U of bovine intestine mucosnl alkuline phosphatase (Sigma)
in 3 mM Tris-HCl (pH 7.8) ut 37°C.

2.3, Scparation of cascin digest peptides hy HPLC

The cusein digest peptides were separated on u C; column (4.6 mm
i.d. x 250 mm; 10 gin particle size, 10.0 nm pore size, Amicon) with
a 10-50% gradient of scetonitrile in 0.1% TFA ut u flow rite of |
mi/min: fractions of 0.2 min each were collected. Eluted peaks were
detected by absarbunce at 220 nm; eueh pedk was eviluated by
MALDI-TOF, An aliguot lrom alternite fractions wis evaluated for
"P by liquid scintillation counting.

2.4, Svuthesis of the model phosphopeptide

The 18-residue human S-casein N-terminul peptide (R1-K 18) was
synthesized on an Applied Biosystems Model 430A uutomated peptide
synthesizer using  Fmoo/NMP(%fluorenylmethyloxysarbonyl/N»
methylpyrrolidone) chemistey (FastMoe, Appliedt Biosystems, Foster
City, CA) and purified using methods described previously {9], Mass
and purity were evalualed by eleetrospray ionization miss spectrome.
try und by LDTOF, us described previously [9]; sequence was verilied
with an Applicd Biosystems Madel 473A nutomated amino ucid se-
qQuenes analyzer,

2.5, Mawrix-assisied UV luser desorptionfionizarion time-of-flight nss
specirametry

Peptides in the unfractionated f-casein digest were mixed 1:1 (v/v)
with matrix; either a saturaied aqueous solution of 2.5-dihydroxyben.
zoie acid (154,12 Da) or a saturated solution of 3,5-dimethoxy-4-
hydroxyeinnumic acid (224.21 Du) in 30% scctonitrile, | ! of this
mixture wus anulyzed on a Vesiee Model 2000 mass spectrometer
(Vestec Corp., Houston, TX) exactly us described previously [8.9). All
spectra shown were taken in the positive ion mode. Renl-time signal
averages of multiple (100) laser shots were used to generate cach
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spectrum. Culibration wax performed before und verified after such
sample analysis using bovine insulin (5734.5 Da),

3. RESULTS AND DISCUSSION

Intact humaun S-casein. peptides resulting from the
digestion of this protein with trypsin, and a synthetic
|8-residue peptide from the N-terminus of casein (R1-
K18) were used us model protein and peptide substrates
for these investigations.

Peptides were generated by the digestion of native
human f-casein with trypsin and evaluated by MALDI-
TOF before and after phosphorylation by incubation
with cAMP-dependent protein kinase (Fig. 1). Mass
differences in the spectra corresponding to 80 Da (and
multiples thereof) revealed that severul peptides were
phosphorylated by the treatment with this kinase. One
goal of this investigation, however, was to identify phos-
phorylation sites on the intact protein that might repre-
sent stable domains and unaltered kinase substrates
even after fragmentation by cleavage with trypsin.
Therefore, the identities and relative quuntitiss of spe-
cific phosphopeptides in the unfractionated protein di-
gest maps were also evaluated by initiation of phospho-
rylation before trypsin digestion of the intact S-casein
(not shown). The mass accuracy (0.01% up to 30 kDa)
ufforded by MALDI-TOF allowed the mass-dependent
identification of specific peptides that  were
phosphorylated equally well both before and after tryp-
sin digestion.

One specific phosphopeptide was identified by phos-
phorylation of the intact 8-casein prior to digestion with
trypsin and also after phosphorylation of the unfrac.
tionated trypsin digest mixture. This peptide, with a
pratonated molecular mass [M+H]™ determined to be
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&ig. 1. Proteolytic digest map of unfract'onated human G-cascin frag-

ments oblained by MALDI-TOF befere (bottem) and after (top)

phosphorylation of the peptide digest mixture by incubaticn with

cAMP-dependent protein kinase. The specific increase in mass of 80

D (peuk P ut m/z = 1367,13 vbserved for one particular peptide (peak
0 at mfz = 1487.1 Da) in the digeet mixture is indicated.
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Fig. 2. Reversesphase HPLC prafile of the human f-casein (rypsin

digest mixture before (bottam) und after (top) phospharylution. The

clution position of *P.-labeled phosphopepiides is also shown (trian-

gles). The muss of euch peptide waus determined by MALDI-TOF: the

muss spectrum of peuks labeled 0 (before phasphorylation) and P
(alter phosphorylution) are shown in Fig. 3.

1487.1 Da before phosphorylation and 1567.1 Da after
phosphorylation, was tentatively identified as the 13-
residue sequence S105-K117 using the mass and se-
quence analysis program PROCOMP as described pre-
viously [10], Although human B-casein (211 residues)
contains 153 possible trypsin digest products (theoreti-
cal fragments from the partial and complete digestion
at 11 Lys residues and 3 Arg residues), there are no
other peptides that can be generated by tryptic digestion
alone with mass values near 1486.74 Da. Nevertheless,
the chemical identity of this peptide was confirmed by
phosphorylation of f-casein with *'P followed by tryp-
sin digestion and isolation of the “P-labeled peptide
fragments by reverse-phase HPLC (Fig. 2).

The ¥P-labeled phosphocasein peptides illustrated in
Fig. 2. and peptides gencrated by trypsin digestion of
the casein before its phosphorylation (negative control),
were isolated and analyzed individually by MALDI-
TOF. The peak labeled P in Fig. 2 was cluted with a
retention time that was coincident with the elution of a
major peak of P activity; this peak was found to have
a mass of 1566.9 Da. The later eluting peak labeled 0
in Fig. 2 was determined to have a mass of 1486.9 Da.
Fig. 3 shows overlapping mass spectra for the two iso-
lated casein peptides (O and P). The mass values deter-
mined for the peptides actually isolated before and after
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Fig. 3. Muss spectris of the peptides isolated by HPLC before (peak

Q) und ufter {peak P) phosphorylution of the unfractionuted cusein

digest in viteo with MP-Jubeled ATP. The protonated molecular mass

(M+H]" values determined for peptides 0 und P were 14879 and
1567.9 Da, respectively,

phosphorylation were within 0.05% of the mass values
observed by MALDI-TOF for the unfractionated digest
mixtures before and after phosphaorylation: these values
were essentially the same as mass values calculated for
the casein peptide defined by sequence $105-K117 be-
fore (1486.74 Da) and after (1566.72 Da) one phospho-
rylation event. Finally, amino acid sequence analyses of
the two isoluted peptides (i.e. peaks 0 and P) confirmed
the sequence identity (S105-K117) suggested from the
determination of mass alone (Table 1),

The kiaase-treated cascin peptide digest mixtures
were also analyzed by MALDI-TOF before and after
subsequent dephosphorylation with acid and alkaline
phosphatase (not shown). Phosphorylation and

Table |

DRetermined mass values for the human B-casein peptides R1-K 18 and
$105-K117 observed by MALDI-TOF before and after phosphoryla.
tion

Protonated molecular mass

(M+H]" (Da)
Caleulated® Qbserved"

RETIESLSSSEESITEYK

Before phosphorylation 2,089.23 20894 £ 06

After phosphorylation 2,169.21 21693+ 09
SPTIPFFDPQIPK

Before phosphorylation 148774 14879 x 04

Aflter phosphurylation 1.567.1 1.567.9 + 0.4

*Calculated chemicni average mass values for the 18-residue (R1-
K18)and the 13-residue (5105-K 117) human f-cascin peptides were
derived from the published eDNA sequence [16].

* Average mass observed (t S.D.) from a ininimum of 6-8 separate
determinations.
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Fig. 4. Muss spectra showing the progressive phosphorylation of a

synthetic 18-residue F-casein peplide (R1-K18). The original peptide

(Q). the monophosphorylated peptide (1P), the diphosphorylated pep»

tide (2P), and a small amount af the peptide observed with a sinupinic
ueid matrix adduct (M), are as indicated.

dephosphorylation was indicated by a sequential in-
crease then decrease in mass corresponding to 80 Da.
In addition, dephosphorylation of fraginents resulting
from the trypsin digestion of native (untreated) casein
allowed us to identify one peptide with 4 phosphate
groups as R1-K18 (2088.4 Da after dephosphoryla-
tion); the mass-dependent identification of the R1-K18
phosphopepiide was also confirmed by isolation and
amino acid secjuence analysis. In general, because there
are no amino acid residues with a mass of 80 Da, iden.
tification of phosphopaptides by this procedure can be
unequivocal. Qur isolation and sequence analysis of the
BP.labeled casein peptide is definitive evidence of the
validity of this approach.

Although a specific increase in mass of 30 Da is asio-
ciated with phosphorylation, other factors may compli-
cate the identification of phosphopeptides by these pro-
cedures. A difference in mass of 102 Da is often ob-
served for phesphopeptides in the presence of Na* be-
cause relative®y stable Na adducts can be formed during
MALDI-TOF. As we have demonstrated previously
with other peptides [9,12], however, these Na adducts
may be eliminated by washing the air-dried sample in
distilled water. A mass increase of 102 Da ¢an also be
generated by the formation of phosphate (H,PO,) or
sulfate (H.8O,) adducts. Again, these can also be elimi-
nated or greatly reduced by removal of the salts that
formed after the sample has air-dried on the probe tip.
A specific phosphorylation event can be distinguished
from these other possibilities by evaluation of reaction
completion over time and by the enzymatic reversal of
the process (i.e. incubation with phosphatase).
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MALDI-TOF was also «ffective as a rapid (miruies)
and efficient (<pmol) means to monitor both the rate
and extent of synthetic peptide phosphorylution. The
RI-KI18 portion of the N-terminus of liuman A-casein
(Table I) was chemically synthesized und purified as
described in section 2. Phosphoarylation of this bicactive
peptide alters its iron-binding capacity and also its tro-
phic activity in vitro (manuscrip(s in preparation). Fig.
4 shows the collection of MALDI-TOF mass spectra
obtained at several different times after incubation of
the R1-K 18 casein peptide with kinase to achieve phos-
phorylation. A total of less than [0 pmol of this peptide
was consumed to generute these spectra. Furthermore,
using the same sample (i.¢. on the same probe tip), after
analyses of the metal-free apopeptide. the Fe(ll)-,
Fe(Ill)- and Ca(ll)-binding properties were subse-
quently probed by MALDI-TOF (data not shown)
using the in situ probe tip reaction strategy recently
described elsewhere [11].

In summary, MALDI-TOF has proven to be an ex.
tremely useful new technology for the identification and
evaluation of phosphopeptides, particularly in the case
of unfractionated mixtures. Although phosphopeptide
detection can be favored in the negative ion mode, for
the purpose of these investigations we found no signifi-
cant or consistent advantages to the evaluation of spec-
tra collected in this mode. In fact, a diminished signal
intensity for the corresponding unphosphorylated (or
dephosphorylated) peptides was sometimes observed in
the negative ion mode, thus creating a disadvantage.

The utility of this approach is dependent primarily on
mass resolving power (i.e. m/dm at FWHM) and not
necessarily on the complexity of the digest mixture;
phosphopeptides arising from the enzymatic digestion
of proteins in excess of 75 kDa have been identified
using the approach outlined here (unpublished). The
availability of reflectron MALDI-TOF instruments
with mass resolving powers of up to 2000 should allow
the evaluation of phosphorylation reactions even on
intact proteins with molecular weights in excess of §0
rDa.
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