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ABSTRACT: A new method for the characterization of serine and threonine phosphorylation sites in proteins
has been developed. After modification of a phosphoprotein byâ-elimination/ethanethiol addition and
conversion of phosphoserine and phosphothreonine residues toS-ethylcysteinyl orâ-methyl-S-ethylcysteinyl
residues, the modified protein was subjected to proteolytic digestion. Resulting digests were analyzed by
a combination of microbore liquid chromatography, electrospray ionization tandem (MS/MS) ion trap
mass spectrometry and database searching to identify original phosphorylated residues. The computer
program utilized (SEQUEST) is capable of identifying peptides and modified residues from uninterpreted
MS/MS spectra, and using this method, all of the five known phosphorylation sites in bovineâ-casein
were identified. Application of the method to multiply phosphorylated human high molecular weight
neurofilament protein (NF-H) resulted in the identification of 21 peptides and their modified residues and
hence, the in vivo phosphorylation sites. These included 26 KSP and 1 KTP site, all of which occur in
the KSP repeat C-terminal tail domain (residues 502-823). One site at residue 518 was previously
uncharacterized. A novel non-KSP serine at residue 421 near the KLLEGEE region in a IPFSLPE motif
was characterized as phosphorylated (or glycosylated). The 27 characterized phosphorylation sites occur
at S/TP residues in the following motifs: KSPVKEE, KSPAEAK, KSPEKEE, KSPAEVK, KSPEKAK,
KSPPEAK, KSPVKAE, and KTPAKEE. On the basis of kinase consensus sequences, all of these motifs,
including the previously unreported KTPAKEE motif, can be phosphorylated by proline-directed kinases.
Advantages of the new method vis-a-vis our previously reported method [Jaffe, H., Veeranna, Shetty, K.
T., and Pant, H. C. (1998)Biochemistry 37, 3931-3940] include (i) production of diastereomers eluting
at different retention times increased the chances of peptide identification, (ii) increased hydrophobicity
and hence retention time of the modified peptides, (iii) facilitation of positive ion production, and (iv)
increased susceptibility to tryptic digestion as a result of conversion of negatively charged phosphorylated
residues to neutralS-ethylcysteine orâ-methyl-S-ethylcysteine residues.

Mass spectrometry has emerged as the preferred method
for the characterization of posttranslational modifications in
proteins, particularly phosphorylation, and has superceded
previously employed methods involving automated Edman
degradation. Although several different mass spectral meth-
ods for the characterization of phosphorylation sites have
been reported (1-7), all methods generally involve prior
proteolytic digestion of the protein followed by mass spectral
analysis of the resulting phosphopeptides in the digest to
identify specific phosphorylated residues. Central to all these
methods is the problem of identification of phosphopeptides
among all other non-phosphopeptides present in the digest.
Two approaches to this problem have been described. The
first approach involves the use of immobilized metal affinity
chromatography (IMAC)1 as a phosphopeptide isolation step

both in-line prior to ESI/MS (6) and off-line prior to
nanoelectrospray mass spectrometry (2). In this way, non-
phosphopeptides are removed from the digest so that only
phosphopeptides are analyzed by the mass spectrometer. A
second approach avoids any precolumn phosphopeptide
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1 Abbreviations: ESI/MS/MS, electrospray ionization-tandem mass
spectrometry; NF-H, NF-M, NF-L, high, medium, and low molecular
weight neurofilament protein, respectively; LC/MS/MS, liquid chro-
matography-tandem mass spectrometry; RP-HPLC, reversed-phase
high-performance liquid chromatography; IMAC, immobilized metal
affinity chromatography;∆Cn, the difference in normalized correlation
score between the top scoring sequence and the next highest scoring
sequence in SEQUEST search output; Xcorr, raw correlation score of
the top candidate for the given Sequest input file; FAB-MS, fast atom
bombardment mass spectrometry; NaOH, sodium hydroxide; SDS-
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
CBB, Coomassie Brilliant Blue; CID, collisionally induced dissociation;
EtOH, ethanol; EtSH, ethanethiol; CH3CN, acetonitrile; DMSO, dim-
ethyl sulfoxide; PrOH, propanol; H3PO4, phosphoric acid; HOAc, acetic
acid; TFA, trifluoroacetic acid; PTH, phenylthiohydantoin; DPTU,
diphenylthiourea; NaBD4, sodium borodeuteride; M, mass; amu, atomic
mass units.
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enrichment steps but relies on the observation of peptides
in a mass spectral analysis with a mass increase of 80 Da
(or a multiple of 80 Da) above that expected for a particular
proteolytic peptide (3, 4) or on the production of unique
fragment ions characteristic of the phosphate group in
phosphopeptides that identify them as such. These ions
include the negative ions atm/z63 and 79 corresponding to
PO2

- and PO3
- (2, 7) or positive ions resulting from neutral

H3PO4 loss ofm/z98 (2, 5, 8, 9).
We recently reported on a method that utilizes aspects of

both of the above approaches to characterize serine and
threonine phosphorylation sites in human high molecular
weight neurofilament protein (NF-H) (10). NF-H has been
described as the most phosphorylated protein in nervous
tissue known (see refs11 and 12 for review of NF-H
biology). Specific phosphorylation sites in human NF-H
were identified by proteolytic digestion and analysis of the
resulting digests by a combination of microbore liquid
chromatography, electrospray ionization tandem (MS/MS)
ion trap mass spectrometry, and database searching. The
microbore liquid chromatography employed shallow gradient
steps that were designed to isolate polar phosphopeptides
and to provide for their increased resolution. MS/MS spectra
were flagged as resulting from phosphopeptides by the
presence of a major ion or ions resulting from the neutral
loss of H3PO4 for each phosphoserine or phosphothreonine
present in the peptide (8, 9). In almost all cases, these ions
were the most abundant ions in the MS/MS spectra. The
computer programs utilized, PEPSEARCH and SEQUEST
(13, 14), are capable of identifying peptides and phospho-
rylation sites from uninterpreted MS/MS spectra (15), and
using these methods, 27 phosphopeptides and 38 phospho-
rylated residues were identified.

Meyer et al. (16-20) described a method for the modi-
fication of phosphoserine and phosphothreonine residues in
proteins and peptides prior to analysis by automated Edman
degradation. Phosphopeptides or phosphoproteins treated
with NaOH in the presence of EtSH undergoâ-elimination
to convert phosphoserine or phosphothreonine residues to
dehydroalanine or dehydroamino-2-butyric acid residues.
EtSH addition converts these residues toS-ethylcysteine or
â-methyl-S-cysteine residues, respectively (Figure 1). Non-
phosphorylated serine or threonine residues are unaffected
as is phosphotyrosine, which fails to undergoâ-elimination
because of the presence of the phosphate on an aromatic
ring. In automated Edman degradation, phosphoserine and
phosphothreonine are thus identified as theirS-ethylcysteine
or â-methyl-S-ethylcysteine PTH derivatives. In this paper,
we describe a new method for the characterization of serine

and threonine phosphorylation sites in proteins by electro-
spray tandem mass spectrometry and database searching after
modification of the protein byâ-elimination/ethanethiol
addition and proteolytic digestion. As with our previous
work to characterize phosphorylation sites, we utilized the
SEQUEST program that can identify modified residues,
which for S-ethylcysteine orâ-methyl-S-ethylcysteine are
recognized by an increase in mass of+44 amu from
unmodified serine or threonine residues. The original
phosphoserine or phosphothreonine residues are thus identi-
fied. S-Ethylcysteinyl peptides have previously been shown
to fragment in FAB MS/MS, yielding sequence information
to identify the original phosphoserine residue in the peptide
(21). We believe that this new method is more than
complementary to our previously described method since it
offers several distinct advantages in the identification of
phosphorylation sites in proteins. This is illustrated for
human NF-H where, in addition to previously characterized
sites, several unreported sites are characterized.

MATERIALS AND METHODS

â-Elimination/EtSH Addition.Bovineâ-casein (min 90%
by SDS-PAGE) was obtained from Sigma. Human NF-H
from the same preparation used in our previous study (10)
was used in this study. Proteins (100µg) were dried in a
Speed Vac (Savant) and subjected toâ-elimination/EtSH
addition essentially according to the method of Meyer et al.
(22) by addition of 200µL of a mixture of 200µL of H2O,
200 µL of DMSO, 100µL of EtOH, 65µL of 5 M NaOH,
and 60µL of EtSH. The reaction mixture was heated for
about 18 h under Ar at 50°C (23). Insoluble material
dissolved during the course of the reaction. After cooling
to room temperature, the reaction was quenched by the
addition of 40µL of HOAc. After diafiltration (4 × 450
µL of 0.2 M NH4HCO3) in a Microcon 3K (bovineâ-casein)
or Microcon 10K (human NF-H) ultrafiltration units (Ami-
con), the modified proteins were dried in a Speed Vac.

Solution Digestion.Modified proteins were taken up in
25 µL of 8 M urea/0.4 M NH4HCO3 at 50°C to solubilize
and denature the protein prior to proteolytic digestion,
essentially according to the method of Stone and Williams
(24). Reduction and alkylation were performed only on
bovineâ-casein prior to digestion with trypsin. For diges-
tion, solutions were diluted with H2O to 2 M urea/0.1 M
NH4HCO3 prior to incubation overnight with 2µg of
modified trypsin (Promega) at 37°C or to 1 M urea/0.05 M
NH4HCO3 prior to incubation overnight with 2µg of
endoproteinase Glu-C (Boehringer Mannheim) at ambient
temperature.

In Situ Gel Digestion. Modified bovine â-casein was
separated by SDS-PAGE on a 10-20% gradient gel
(Novex) according to protocols supplied by the manufacturer.
Proteins were visualized by CBB staining and estimated by
densitometric analysis. CBB-stained modified bovineâ-casein
(14.3µg), which electrophoresed as a series of bands between
18 and 12 kDa was excised and subjected to in situ gel
digestion with trypsin according to the method of Moritz et
al. (25). The digest was concentrated in the Speed Vac prior
to analysis microbore HPLC.

Microbore HPLC. Digests were desalted on-line by use
of a peptide trap cartridge (26) prior to separation by

FIGURE 1: Reaction scheme forâ-elimination/ethanethiol addition
of phosphoserine and phosphothreonine.
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microbore RP-HPLC on a 1.0× 150 mm Magic C18 column
(Michrom Bioresources) and guard column, eluted at 50µL/
min at 40°C utilizing (A) a two-step gradient of 2-15%
solvent B over 20 min, followed by 15-65% solvent B over
20 min (2-15-65 gradient) or (B) a one-step linear gradient
of 2-65% solvent B over 100 min (2-65 extended gradient)
on a Magic 2002 Model microbore HPLC (Michrom Biore-
sources) equipped with a model 718 refrigerated autosampler
(Alcott). Solvent A was 10/10/980/1/0.2 CH3CN/1-PrOH/
H2O/HOAc/TFA (v/v) and solvent B was 700/200/100/0.9/
0.2 CH3CN/1-PrOH/H2O/HOAc/TFA (v/v, 27). Column
effluent was monitored at 215 nm.

Mass Spectrometry.The HPLC system was coupled to a
Model LCQ mass spectrometer (Finnigan) equipped with an
electrospray interface (ESI). The mass spectrometer was
operated in the “triple play” mode in which the instrument
was set up to automatically acquire (A) a full-scan between
m/z300 andm/z1850 providing a peak width at half height
of 0.15 Da, (B) a zoom scan (higher resolution, lower mass
range scan) of the (M+ nH)n+ ion above a preset threshold,
and (C) a tandem MS/MS spectrum (relative collision energy
) 35%) from that ion. In this way, the three mass spectra
A-C were automatically acquired from ions resulting from
all major peptide peaks eluting from the HPLC column.
Source conditions were as follows: capillary temperature,
220 °C; sheath gas flow, 80 units; auxiliary gas flow, 20
units; ESI spray voltage, 4.2 kV. MS data was acquired on
a Gateway 2000 computer (Gateway) and analyzed using
the BioExplore software package (Finnigan). HPLC opera-
tion and MS calibration were checked daily by injection of
a synthetic peptide, kassinin (Peninsula). After a cursory
review to ensure that the spectra were of high quality and
contained sufficient fragment ions for analysis, all uninter-
preted MS/MS spectra were searched individually or in a
batch mode utilizing the SEQUEST (Ver C1, by J. Eng/J.
Yates, University of Washington, Department of Molecular
Biotechnology, Box 357730, Seattle, WA 98195-7730)
program against a database constructed from the published
human NF-H sequence (28). Search parameters were set to
locate a differential modification of serine and threonine of
+44 mass units (difference in mass between serine or
threonine andS-ethylcysteine orâ-methyl-S-ethylcysteine).
Enzyme specificity was set to no enzyme. MS/MS spectra
from the same precursor ion and thus presumed to be

identical were added. Sequence assignments were based on
the selection of the first ranked peptide when (i) the second
ranked peptide displayed a∆Cn (the difference in normalized
correlation score between the top scoring sequence and the
next highest scoring sequence) of greater than 0.1 and (ii)
the matching of a significant number of the observed y and
b ions versus those predicted for the sequence, which is
manifested in a raw correlation score (Xcorr) of> 1.
Fragment ions were interpreted and labeled utilizing the
BioExplore program (Finnigan).

Narrowbore HPLC and Edman Degradation.A tryptic
digest ofâ-elimination/EtSH addition-modified bovineâ-casein
prepared as described above was separated by RP-HPLC on
a narrowbore (2.1× 250 mm) Vydac 218TP52 column and
guard column (Separations Group) eluted at 0.25 mL/min
at 35°C utilizing the gradient described by Fernandez et al.
(29) on a System Gold HPLC equipped with a model 507
autosampler, model 126 programmable solvent module, and
model 168 diode array detector (Beckman). Solvent A was
0.1% TFA in water, and solvent B was 0.1% TFA in
acetonitrile. Column effluent was monitored at 215 and 280
nm. Fractions were collected at 30-s intervals and stored at
-70 °C. Fractions (250µL) eluting between 46.5 and 47.5
min containing the tryptic peptide, IEKFQS*EEQQQ.....,
where S* indicates aS-ethylcysteine residue, were applied
in 18-µL aliquots to a Biobrene (Applied Biosystems)-treated
glass fiber filter and dried. Amino acid sequencing was
performed on a Model 477A pulsed-liquid protein sequencer
equipped with a microreaction cartridge and a Model 120A
PTH analyzer (Applied Biosystems) using methods and
cycles supplied by the manufacturer. Data were collected
and analyzed on a model 610A data analysis system (Applied
Biosystems). Amino acid sequences were searched in the
GCG-Swiss Protein Database (University of Wisconsin
Genetics Computer Group).

RESULTS

Characterization of the Phosphorylation Sites of BoVine
â-Casein. A standard test phosphorylated protein, bovine
â-casein, was modified byâ-elimination/EtSH addition, and
the resulting modified protein was subjected to proteolytic
digestion with trypsin or endoproteinase Glu-C. Digests
were analyzed by LC/MS/MS, and all uninterpreted MS/

Table 1: Result Output of Sequest Search Against a Database Constructed from the Reported Bovineâ-Casein Sequencea of the MS/MS
Spectrum Shown in Figure 2Db

no. rank Cn ∆Cn mult ions Xcorr subsequence

1 1 1.0000 0.0000 18/36 4.0348 (K)IEKFQS*EEQQQTEDELQDKc

2 2 0.5026 0.4974 9/36 2.0278 (K)IEKFQSEEQQQT*EDELQDK
3 3 0.3948 0.6052 9/36 1.5930 (K)KIEKFQS*EEQQQTEDELQD
4 4 0.3637 0.6363 10/36 1.4676 (K)NKKIEKFQSEEQQQT*EDEL
5 5 0.2156 0.7844 8/40 0.8698 (I)PFPKYPVEPFTESQSLTLTDV
6 6 0.2036 0.7964 7/38 0.8216 (M)PFPKYPVEPFTESQSLTLTDV
7 7 0.1760 0.8240 7/38 0.7102 (V)PGEIVES*LS*S*S*EES*ITRINK
8 8 0.1453 0.8547 8/36 0.5861 (T)EKFQSEEQQQT*EDELQDKI
9 9 0.1401 1.8599 7/40 0.5651 (E)PFT*ESQSLTLTDVENLHLPLP

10 10 0.1344 0.8656 5/36 0.5423 (I)EKFQS*EEQQQTEDELQDKI
a From sw:casb•bovin. b Enzyme specificity was set to no enzyme. Table parameters as previously described (13, 14): Rank signifies the result

of analysis of the sequences using a cross-correlation function;Cn is the normalized score from the cross-correlation function;∆Cn is the difference
between the cross-correlation parameter of the top-scoring sequence and the listed sequence; mult is the number of additional times subsequence
occurs in the protein(s) in the database; ions are the number of ions of the type y, y*, yo, b, b*, bo (42-44) or observed in the MS/MS spectrum
versus the number predicted.c S* and T* indicateS-ethylcysteine andâ-methyl-S-ethylcysteine residues; parentheses indicate the amino acid residue
immediately preceding the peptide.

Characterization of Phosphorylation Sites Biochemistry, Vol. 37, No. 46, 199816213



16214 Biochemistry, Vol. 37, No. 46, 1998 Jaffe et al.



MS spectra that were automatically acquired by the mass
spectrometer operating in the triple play mode were searched
against a database constructed from the published sequence
of bovineâ-casein.

The LC/MS/MS analysis of a tryptic digestâ-elimination/
EtSH addition-modified bovineâ-casein is shown in Figure
2. As an example of the characterization of one phospho-
rylation site, the mass spectral triple play analysis (see
Materials and Methods) ofS-ethylcysteinyl tryptic peptide
CT5 eluting at 26.7 min in Figure 2A is shown in Figure
2B-D. The result output of the SEQUEST search of a
tandem MS/MS spectrum (Figure 2D) resulting from a
precursor doubly charged ion atm/z1198.8 (Figure 2B,C)
is shown in Table 1 where the MS/MS spectrum, in spite of
its low abundance (Figure 2A), is unequivocally identified
(rank ) 1, correlation score) 1) as derived from the
S-ethylcysteinyl tryptic peptide, (K)IEKFQS*EEQQQ-
TEDELQDK, where S* representsS-ethylcysteine. This
peptide is seen to have resulted from an expected trypsin
cleavage (K or R) of theâ-elimination/EtSH addition
modified-bovine â-casein, and its experimental mass of
2397.3 is seen to be in good agreement with the calculated
mass of 2396.6. The modified residue S* at residue 50
(residue 6 in the peptide) is at the same position of one of
the known phosphorylated residues of this protein (30). The
second ranked peptide (Table 1), seen to be the same peptide
but with a modified T* at residue 56, displays a∆Cn (the
difference in normalized correlation score between the top
scoring sequence and the next highest scoring sequence) of
0.4974, which when greater than 0.1 indicates that the first

ranked peptide is usually correct (13). Examination of the
MS/MS spectrum revealed the presence of b6

+1-b10
+1, b13

+1,
b14

+1, and y14
+1 ions exhibiting shifts of+44 mass units

consistent withS-ethylcysteine at residue 50 (residue 6 in
the peptide). Automated Edman degradation of the peptide
after isolation and purification by narrowbore HPLC gave
the following sequence: IEKFQS*EEQQQ....., where S*
indicated aS-ethylcysteine residue that was identified at
residue 6 by the observation of aS-ethylcysteine PTH as a
shoulder on the DPTU peak. Results of the analysis of MS/
MS spectra of otherS-ethylcysteinyl tryptic and endopro-
teinase Glu-C peptides CT1, CT3, CT5, and CT6, and CE1-
CE4 from bovineâ-casein are shown in Table 2, which
confirms the general validity of the method.

Characterization of the Phosphorylation Sites in Modified
BoVine â-Casein Separated by SDS-PAGE. The utility of
the method for the analysis of the smaller amounts of protein
commonly available in CBB-stained gel bands was demon-
strated.â-Elimination/EtSH addition-modified bovineâ-casein
(14.3 µg) was separated by SDS-PAGE (not shown), and
the resulting series of 18-12 kDa CBB-stained bands
(presumably resulting from scission of the polypeptide chain
by the NaOH in theâ-elimination/EtSH addition reagent)
were excised and subjected to in situ proteolytic digestion
with trypsin. LC/MS/MS analysis as described above
resulted in the identification of theS-ethylcysteinyl tryptic
peptide, (-)-RELEELNVPGEIVES*LS*S*S*EESITR, CT2
(Table 2), where S* representsS-ethylcysteine and (-)
represents the N-terminus. This peptide is seen to have
resulted from an expected trypsin cleavage at R.

FIGURE 2: LC/MS/MS analysis of a tryptic digest ofâ-elimination/ethanethiol addition-modified bovineâ-casein. (A) Base peak chromatogram
of a microbore RP-HPLC analysis of a trypsin digest of bovineâ-casein by two-step 2-15-65 gradient (Materials and Methods). Elution of
S-ethylcysteinyl peptides CT1 and CT3-CT6 are shown. Elution of peptides CT5 and CT6 at two different retention times is shown (see
text). Triple play analysis (Materials and Methods) of the doubly charged ion atm/z1198.8, CT5 (Table 2), IEKFQS*EEQQQTEDELQDK
eluting at 26.7 min. (B) Full-scale scan MS spectrum of the doubly charged ion atm/z1198.8. (C) Zoom scan of the doubly charged ion
at m/z1198.8. Smoothing algorithm (7 points) applied. The 0.5m/zunit spacing of the isotope cluster in the zoom scan high-resolution
spectrum identifies the parent ion as doubly charged. (D) Full-scan MS/MS spectrum of the doubly charged ion atm/z1198.8. Observed
y and b ions (42-44) consistent with those predicted for CT5 are labeled.
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Characterization of the Phosphorylation Sites of Human
NF-H. Human NF-H was similarly modified byâ-elimina-
tion/EtSH addition and the resulting modified protein was
subjected to proteolytic digestion with trypsin or endopro-
teinase Glu-C. Digests were analyzed by LC/MS/MS
utilizing a previously described two-step reversed-phase
gradient (10) or a one-step shallow gradient. All uninter-
preted MS/MS spectra were searched as described above
against a database constructed from the published sequence
of human NF-H (28).

The LC/MS/MS analysis of a tryptic digestâ-elimination/
EtSH addition-modified human NF-H is shown in Figure 3.
As an example of the use of SEQUEST in the batch mode
(analysis of a group of MS/MS spectra), a summary output
of a batch SEQUEST search of a representative group of 66
triple play scans (scans 848-914) corresponding to 2.5 min
(24.2-26.7 min) of the LC/MS/MS analysis of the tryptic
digest seen in Figure 3A is shown in Table 3. The program
examined scans 848-914, abstracted the MS/MS spectra,
and determined the charge state of the precursor ion which
resulted in 23 file entries in Table 3. Upon review of the
data in the table, the sequence assignments for files 2 and 4
were rejected because their∆Cn values were less than 0.1,
which is indicative of uncertainty in the assignment between
the first or second ranked peptide (13). In addition, the first
ranked peptide is seen to be inconsistent with trypsin
cleavage at K or R. Assignments for files 5-9, 11, 19, 22,
and 23 were rejected on the basis of a low match of the
observed y and b ions versus those predicted for the
sequence, which is manifested in low raw correlation scores
(Xcorr < 1). In addition, these sequences are also seen to
be inconsistent with trypsin cleavage at K or R. Upon
searching of the MS/MS spectra of these files against the
OWL database, the spectra corresponding to files 7-9 were
identified as derived from the trypsin autodigest peptide, (K)-
LSSPATLNSR, but those corresponding to files 5, 6, 11,
19, 22, and 23 had no significant matches to any proteins in
the OWL database and are thus unassigned. Files 13-15
and 18 are seen to match non-phosphorylated tryptic peptides
from various parts of the protein. The presence of unmodi-
fied serine and threonine in these peptides is consistent with

their previously reported stability under the reaction condi-
tions employed (16). Files 1, 3, 10, 12, 16, 17, 20, and 21
correspond to peptides HT14, HT9, HT13, HT4, and HT5
that are shown in Table 4.

As an example of the characterization of two phosphory-
lation sites in human NF-H, the mass spectral triple play
analysis of theS-ethylcysteinyl tryptic peptide HT4 eluting
at 26.3 min in Figure 3A is shown in Figure 3B-D, where
the precursor doubly charged ion atm/z780.0 (Figure 3B,C)
resulted in the tandem MS/MS spectrum shown in Figure
3D. The result outuput of the search (File 21 in Table 3) of
a tandem MS/MS spectrum (Figure 3D) resulting from a
precursor doubly charged ion atm/z780.0 (Figure 3B,C) is
shown in Table 5 where the MS/MS spectrum is unequivo-
cally identified (rank) 1, correlation score) 1) as derived
from the S-ethylcysteine peptide HT4 (Table 4) (K)-
S*PVKEEAKS*PAEAK, where S* representsS-ethylcys-
teine. This peptide is seen to have resulted from an expected
trypsin cleavage (K or R) of theâ-elimination/EtSH addition-
modified human NF-H, and its experimental mass of 1558.2
is seen to be in good agreement with the calculated mass of
1558.9. The second ranked peptide is seen to display a∆Cn

of 0.3848 which, when greater than 0.1, is indicative of a
high degree of confidence in a correct match for the first
ranked peptide (13). Examination of the MS/MS spectrum
of HT4 revealed the presence of a series of b4

+1-b8
+1 ions

exhibiting +44 shifts consistent with aS-ethylcysteine at
residue 1. Observation of b9

+1, b11
+1, and b12

+1 ions shifted
2 × +44 is consistent with a secondS-ethylcysteine at
residue 9. Similarly, observation of y5

+1-y11
+1 ions with

+44 shifts are also consistent with aS-ethylcysteine at
residue 9. A similar SEQUEST analysis of all MS/MS
spectra from the trypsin and endoproteinase Glu-C digests
resulted in the identification of a total of 19 trypsin and 2
endoproteinase Glu-CS-ethylcysteinyl orâ-methyl-S-ethyl-
cysteinyl peptides (Table 4).

The MS/MS spectrum of the doubly charged ion atm/z
857.2 from theS-ethylcysteinyl peptide HT1, IGFGPIPFS*
LPEGLPK and, for comparison, the doubly charged ion at
m/z 835.3 from the MS/MS spectrum of the unmodified
peptide that was found to elute several minutes earlier are

Table 2: LC/MS/MS Identification ofS-Ethylcysteinyl Peptides from Trypsin and Endoproteinase Glu-C Digests ofâ-Elimination/Ethanethiol
Addition-Modified Bovineâ-Casein

peptide residues ion exp M calcd M peptide sequence

(A) Tryptic Peptides
CT1a 16-36 +2 2521.9 2522.0b (-)RELEELNVPGEIVES*LS*S*S*EE(S)c,d

CT2e 16-40 +2 2979.1 2979.0 (-)RELEELNVPGEIVES*LS*S*S*EESITR
CT3 16-44 +3 3463.6 3463.1 (-)RELEELNVPGEIVES*LS*S*S*EESITRINKK(I)
CT4 45-55 +2 1437.5 1437.6 (K)IEKFQS*EEQQQ(T)d

CT5 45-63 +2 2397.3 2396.6 (K)IEKFQS*EEQQQTEDELQDK(I)
CT6 48-63 +2 2025.2 2026.1 (K)FQS*EEQQQTEDELQDK(I)

(B) Endoproteinase Glu-C Peptides
CE1a 16-36 +2 2521.6 2522.0 (-)RELEELNVPGEIVES*LS*S*S*EE(S)
CE2 30-36 +1 913.2 913.3f (E)S*LS*S*S*EE(S)
CE3 47-55 +2 1195.2 1195.3 (E)KFQS*EEQQQ(T)d

CE4 47-69 +3 2847.8 2848.1 (E)KFQS*EEQQQTEDELQDKIHPFAQ(T)d

a Tryptic S-ethylcysteine peptides CT1-CT6 and endoproteinase Glu-C peptides CE1-CE4 in order of increasing residue number from analyses
by the 2-15-65 gradient (Materials and Methods). All peptides listed were identified by selection of the first ranked peptide in the SEQUEST output
when the second ranked peptide displayed a∆Cn of > 0.1. b Average mass.c S* indicates S-ethylcysteine residue; parentheses indicate residue
immediately preceding or following the peptide. (-) indicates N-terminus.d Apparent nonstandard trypsin or endoproteinase Glu-C cleavage, probably
resulting from prior scission of the polypeptide chain by the NaOH in theâ-elimination/EtSH addition reagent.e Identified from the LC/MS/MS
analysis of in situ tryptic digest of CBB-stained SDS-PAGE bands.f Monoisotopic mass.

16216 Biochemistry, Vol. 37, No. 46, 1998 Jaffe et al.



shown in Figure 4. Both spectra are seen to be dominated
by y10

+1 ions consistent with a preferred proline fragmenta-
tion at residue 7 in the peptide (5, 31, 32). The y10

+1 ion in
the modified peptide (Figure 4A) is seen to be shifted by 44

mass units as compared to the unmodified peptide (Figure
4B). Similarly, observation of y8+1-y14

+1 and b9+1, b10
+1,

b12
+1, and b14

+1 ions with+44 shifts are also consistent with
a S-ethylcysteine at residue 9.

Table 3: Summary Output of a Batch SEQUEST Search of 66 Triple Play Scans (Scans 848-914) Corresponding to 2 1/2 min (24.2-26.7
min) of the LC/MS/MS Analysis of a Tryptic Digest ofâ-Elimination/EtSH Addition-Modified Human NF-Ha-c

no. file Xcorr ∆Cn Sp RSp ions mult sequence

1 848.848.2 1.1602 0.128 149.3 4 10/26 +2 (K)S*PVKEEAKS*PEKAK
2 851.851.2 1.7538 0.003 258.9 10 10/26 +3 (A)EAKS*PEKAKS*PVKE
3 854.854.2 1.4599 0.314 349.8 1 11/26 (K)S*PPEAKS*PEKEEAK
4 857.857.2 1.0477 0.072 204.5 8 9/26 +3 (A)KS*PEKAKS*PVKEEA
5 860.860.2 0.8378 0.305 59.3 5 5/20 (F)GPIPFS*LPEGL
6 863.863.2 0.5822 0.086 249.3 1 9/20 +7 (A)EAKSPEKAKSP
7 866.866.2 0.4364 0.124 35.7 15 5/16 (A)PATPKT*EEK
8 869.869.2 0.5266 0.366 135.7 1 7/16 (D)VTSALREIR
9 872.872.2 0.8618 0.465 364.3 1 9/16 (L)RQQQAGRS*A

10 875.875.2 1.7992 0.319 562.8 1 13/22 +2 (K)S*PVKEEAKS*PEK
11 878.878.1 0.2462 0.132 70.2 3 4/12 (H)YALARKG
12 881.881.2 1.8529 0.334 559.6 1 12/26 +1 (K)S*PVKEEAKS*PAEAK
13 884.884.2 1.1517 0.638 395.2 1 10/16 (K)IPSVSTHIK
14 887.887.2 1.8720 0.768 465.4 1 11/16 (K)IPSVSTHIK
15 890.890.2 1.0485 0.774 194.3 1 7/16 (K)IPSVSTHIK
16 893.893.2 2.333 0.335 355.7 2 11/26 +1 (K)S*PVKEEAKS*PAEAK
17 896.896.2 1.7219 0.399 146.8 3 8/26 +1 (K)S*PVKEEAKS*PAEAK
18 899.899.2 1.1512 0.635 609.8 1 11/18 (R)SAQEEITEYR
19 902.902.1 0.1716 0.057 44.9 4 4/12 (A)LKCDVT*S
20 905.905.2 2.8271 0.128 349.7 4 11/26 +1 (K)S*PEKEEAKS*PAEVK
21 908.908.2 1.7902 0.385 615.2 3 13/26 +1 (K)S*PVKEEAKS*PAEAK
22 911.911.1 0.2217 0.529 11.4 7 2/14 (V)S*S*VSASPS
23 914.914.2 0.8342 0.014 159.9 4 8/28 (K)AKS*PAKEEAKSPAEA

a From Lees et al. (28). b Enzyme specificity was set to no enzyme. Table parameters as previously described (13, 14): File is file created by
SEQUEST. The general file name is firstscan.lastscan.charge; Xcorr is the raw correlation score of the top candidate for the given input file;∆Cn

is the difference between the correlation score between the two top candidates for the given input file; Sp is the preliminary score of the top
candidate for the given input file; RSp is the ranking of the preliminary raw score (Sp) among the candidates for the given input file; ions are the
number of fragment ions of the top candidate matched/total number of expected peptide fragment ions; mult is the number of additional times
subsequence occurs in the protein(s) in the database.c S* and T* indicateS-ethylcysteine andâ-methyl-S-ethylcysteine residues; parentheses indicate
the amino acid residue immediately preceding the peptide.

Table 4: LC/MS/MS Identification ofS-Ethylcysteinyl andâ-Methyl S-Ethylcysteinyl Peptides from Trypsin and Endoproteinase Glu-C Digests
of â-Elimination/Ethanethiol Addition-Modified Human NF-H

peptide residues ion exp M calcd M peptide sequence

(A) Tryptic Peptides
HT1a 413-428 +2 1712.7 1713.1b (R)IGFGPIPFS*LPEGLPK(I)c

HT2 604-613, 618-627, 694-703, 708-717, 722-731, 736-745 +2 1130.2 1130.4 (K)AKS*PVKEEAK(S) or (T)
HT3 518-525, 606-613, 620-627, 696-703, 710-717, 724-731, 738-745 +2 930.8 930.5d (K)S*PVKEEAK(S) or (T)
HT4 518-531, 606-619 +2 1558.2 1558.9 (K)S*PVKEEAKS*PAEAK(S)
HT5 532-545, 566-579 +2 1616.7 1616.9 (K)S*PEKEEAKS*PAEVK(S)
HT6 536-549, 570-583, 624-637 +2 1616.9 1616.9 (K)EEAKS*PAEVKS*PEK(A)
HT7 540-549, 574-583, 628-637 +2 1159.8 1159.4 (K)S*PAEVKS*PEK(A) or (E)
HT8 556-565 +2 1130.0 1129.3 (K)EEAKS*PPEAK(S)
HT9 560-573 +2 1615.1 1614.9 (K)S*PPEAKS*PEKEEAK(S)
HT10 620-630 +2 1587.1 1586.9 (K)S*PVKEEAKS*PAEVK(S)
HT11 658-671, 700-713, 714-727 +3 1615.9 1616.0 (K)EEAKS*PEKAKS*PVK(A)*
HT12 694-707, 708-721, 736-749 +3 1616.2 1616.0 (K)AKS*PVKEEAKS*PEK(A)
HT13 696-707, 710-721, 738-749 +2 1416.0 1416.7 (K)S*PVKEEAKS*PEK(A)
HT14 696-709, 710-723, 738-751 +2 1616.1 1616.0 (K)S*PVKEEAKS*PEKAK(S)
HT15 724-737 +2 1586.4 1585.9 (K)S*PVKEEAKTPEKAK(S)
HT16 752-762 +2 1259.3 1259.5 (K)S*PEKAKTLDVK
HT17 768-775 +2 944.8 945.0d (K)T*PAKEEAR(S)
HT18 817-834 +3 2184.6 2184.5 (K)KEEVKS*PVEEEKPQEVK(V)
HT19 822-834 +2 1570.4 1570.8 (K)S*PVKEEEKPQEVK(V)

(B) Endoproteinase Glu-C Peptides
HE1a 603-610, 693-700, 707-714, 721-728, 735-742, 784-791 +2 929.8 929.5d (E) KAKS*PVKE(E)
HE2 603-611, 693-701, 707-715, 721-729, 735-743, 784-792 +2 1059.3 1059.3 (E) KAKS*PVKEE(A) or (V)

a Tryptic peptides HT1-HT19 and endoproteinase Glu-C peptides HE1-HE2 in order of increasing residue number. Peptides from analyses by
2-15-65 gradient (Materials and Methods): HT2-HT8, HT13, HT14, HT16, HT17, and HT19. Peptides from analysis by 2-65 extended gradient:
HT1, HT3-HT5, HT7-HT15, HT18, HT19, HE1, and HE2. All peptides listed were identified by selection of the first ranked peptide in the
SEQUEST output when the second ranked peptide displayed a∆Cn of > 0.1. b Average mass.c S* and T* indicateS-ethylcysteine andâ-methyl-
S-ethylcysteine residues; parentheses indicate the amino acid residue immediately preceding or following the peptide.d Monoisotopic mass.
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DISCUSSION

Bovineâ-casein, which was used to validate the method,
is a well-characterized phosphoprotein that has five phos-
phorylation sites in the N-terminal region at residues 30, 32,
33, 34, and 50 (30). Characterization of the phosphorylation
sites was accomplished by proteolytic digestion of the
â-elimination/ethanethiol addition-modified protein and analy-
sis of the resulting digests by LC/MS/MS. Database
searching of all the uninterpreted MS/MS spectra resulted
in the identification of fiveS-ethylcysteinyl tryptic peptides,
CT1 and CT3-CT5, and fourS-ethylcysteinyl endoprotein-
ase Glu-C peptides, CE1-CE4, as described above (Table

2). Peptides with apparent nonstandard tryptic and endopro-
teinase Glu-C cleavages (CT1, CT4, CE3, and CE4) probably
resulted from prior scission of the polypeptide chain by the
NaOH in theâ-elimination/EtSH addition reagent. Chain
scission is consistent with the observation that modified
â-casein electrophoresed as a series of bands between 18
and 12 kDa. Interestingly, in contrast to bovineâ-casein,
no nonstandard tryptic or endoproteinase Glu-C peptides
were identified for human NF-H, possibly reflecting the
stability of this structural protein.

As described previously, except for a cursory review to
ensure that MS/MS spectra were of high quality and

FIGURE 3: LC/MS/MS analysis of a tryptic digest ofâ-elimination/ethanethiol addition-modified human NF-H. (A) Base peak chromatogram
of a microbore RP-HPLC analysis of trypsin digest of human NF-H by 2-65 extended gradient (Materials and Methods). Elution of
S-ethylcysteinyl peptides HT1, HT3-HT5, HT7-HT15, HT18, and HT19 are shown (panel A and inset). Triple play analysis (Materials
and Methods) of the doubly charged ion atm/z780.0, HT4 (Table 4), S*PVKEEAKS*PAEAK eluting at 26.3 min. (B) Full-scale scan MS
spectrum of the doubly charged ion atm/z780.0. (C) Zoom scan of the doubly charged ion atm/z780.0. Smoothing algorithm (7 points)
applied. The 0.5m/z unit spacing of the isotope cluster in the zoom scan high-resolution spectrum identifies the parent ion as doubly
charged. (D) Full-scan MS/MS spectrum of the doubly charged ion atm/z780.0. Observed y and b ions (42-44) consistent with those
predicted for HT4 are labeled.

Table 5: Result Output of SEQUEST Search Against a Database Constructed from the Reported Human NF-H Sequencea of the MS/MS
Spectrum shown in Figure 3Db

no rank Cn ∆Cn mult ions Xcorr subsequence

1 1 1.0000 0.0000 +1 13/26 1.7902 (K)S*PVKEEAKS*PAEAKc

2 2 0.6152 0.3848 +1 13/26 1.1013 (A)KS*PVKEEAKS*PAEA
3 3 0.6103 0.3897 12/24 1.0926 (A)KS*PVKEEAKT*PEK
4 4 0.6096 0.3904 8/26 1.0913 (E)KAKS*PVKEEAKS*PA
5 5 0.5604 0.4396 +1 8/26 1.0033 (K)EAKS*PVKEEAKS*PA
6 6 0.4275 0.5725 11/28 0.7653 (K)AKSPAKEEAKS*PAEA
7 7 0.4004 0.5996 5/28 0.7168 (K)SPAEAKSPVKEEAKS
8 8 0.3724 0.6276 8/26 0.6666 (V)KEEAKS*PAEAKS*PV
9 9 0.3642 0.6358 6/26 0.6520 (E)EAKS*PAEAKS*PVKE

10 10 0.3502 0.6498 +2 7/26 0.6269 (E)EAKS*PAEVKS*PEKA
a From Lees et al. (28). b Enzyme specificity was set to no enzyme. Table parameters as previously described (13, 14): Rank signifies the result

of analysis of the sequences using a cross-correlation function;Cn is the normalized score from the cross-correlation function;∆Cn is the difference
between the cross-correlation parameter of the top-scoring sequence and the listed sequence; mult is the number of additional times subsequence
occurs in the protein(s) in the database; ions are the number of ions of the type y, y*, yo, b, b*, bo (42-44) or observed in the MS/MS spectrum
versus the number predicted; Xcorr is the raw correlation score.c S* and T* indicateS-ethylcysteine andâ-methyl-S-ethylcysteine residues; parentheses
indicate the amino acid residue immediately preceding the peptide.
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contained sufficient fragment ions for analysis by SEQUEST,
no further analysis or manual interpretation of MS/MS was
necessary (10). Each enzyme resulted in peptides that
allowed complete characterization of all five of the known

phosphorylation sites of the protein.S-Ethylcysteine residue
formation was confirmed by analysis of a peptide by
automated Edman degradation, where aS-ethylcysteinyl PTH
was observed at the relevant cycle. These results demon-

FIGURE 4: (A) MS/MS spectrum of the doubly charged ion atm/z857.2 from theS-ethylcysteinyl peptide HT1, IGFGPIPFS*LPEGLPK
eluting at 63.8 min. (B) MS/MS spectrum of the doubly charged ion atm/z 835.3 from the unmodified peptide IGFGPIPFSLPEGLPK,
eluting several minutes earlier at 56.7 min. Observed y and b ions (42-44) consistent with those predicted for HT1 are labeled. Both
spectra are seen to be dominated by y10

+1 ions consistent with a preferred proline fragmentation at residue 7 in the peptide (5, 31, 32) and
which is seen to be shifted by 44 mass units as compared to the unmodified peptide.
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strated the validity of the new method and its applicability
as a general method for the characterization of phosphory-
lation sites in proteins. In addition, the applicability of the
method to smaller amounts of protein separated by SDS-
PAGE was demonstrated for CBB-stained gel bands of
modified bovine â-casein, in which one peptide CT2
containing 4/5 of the known phosphorylation sites of the
protein was characterized. The identification of only one
S-ethylcysteinyl peptide in the in-gel digest as compared to
five in the solution digest is consistent with lower expected
yield of an in-gel digest (25, 33, 34).

The new method was applied to the analysis of the
phosphorylation sites in the multiply phosphorylated human
high molecular weight neurofilament protein (NF-H), cer-
tainly a challenge for the characterization of phosphorylation
sites by any mass spectrometric method. In NF-H proteins,
most of the phosphorylation occurs at Lys-Ser-Pro (KSP)
repeats in the carboxy terminal tail domain (12). After
modification of endogenous human NF-H protein byâ-elimi-
nation/ethanethiol addition and protease digestion with two
highly specific enzymes, trypsin and endoproteinase Glu-C,
digests were separated with shallow HPLC gradients (2-15-
65 gradient and 2-65 extended gradient, see Materials and
Methods) prior to infusion on-line into the mass spectrometer.
We have previously shown that shallow gradients provide
for isolation and increased resolution of polar human NF-H
phosphopeptides (10). The shallow gradients were similarly
effective with theS-ethylcysteinyl andâ-methyl-S-ethylcys-
teinyl NF-H peptides that also eluted in the low percentage
solvent B (mainly organic modifier) part of the gradients
and as seen for the 2-65 extended gradient where almost all
of theS-ethylcysteinyl peptides elute in a tight 10-min band
(Figure 3A, inset). TheS-ethylcysteinyl peptides were
observed to undergo facile CID in the ion trap, yielding good
quality MS/MS spectra sufficient for identification by the
SEQUEST program. This is seen above, for example, for
the â-caseinS-ethylcysteinyl peptide CT5 where an almost
continuous series of fragment ions b5

+1-b14
+1 and y4+1-

y14
+1 are observed (Figure 2D). AlthoughS-ethylcysteinyl

peptides were recently shown to undergo fragmentation in
FAB MS/MS yielding sequence information relating to the
original phosphoserine residue (21), to our knowledge, this
is the first report of their facile fragmentation in an ion trap
instrument. In addition, this is the first report of the MS/
MS fragmentation of aâ-methyl-S-ethylcysteinyl peptide,
(K)T*PAKEEAR, derived from a phosphothreonine peptide
(HT17, in Table 4). A total of 19 trypsin and 2 endopro-
teinase Glu-C peptides were identified by database searching
of their MS/MS spectra against a database constructed from
the published sequence human NF-H.

As a result of the 21 peptides identified, 28 phosphory-
lation sites were characterized in human NF-H, of which 27
were KSP or KTP sites, all in the multiply phosphorylated
tail region as shown in Figure 5. Almost all of these sites
(26/27) were previously shown to be phosphorylated (10),
and now an additional KSP site at residue 518 is also shown
to be phosphorylated. Finally, with this method, we could
identify a novel, non-KSP serine (residue 421, Figure 5) near
the KLLEEGE region in a IPFS*LPE motif that was
phosphorylated (or glycosylated, see below). NF-H sites
were characterized on the basis of 12 peptides HT2-HT7,
HT11-HT14, HE1, and HE2, which occur at multiple

locations in the protein (Table 4). Accordingly, it was
impossible to ascertain the precise origin of these peptides
in the protein sequence, which introduces some uncertainty
in the assignment of sites as shown Figure 5. One KTP site
at residue 732, which was previously characterized as
phosphorylated, was found to be unphosphorylated in this
study suggesting previously observed heterogeneity in human
NF-H phosphorylation (10, 12).

The results presented are consistent with and complemen-
tary to the results of our previous study in which 38
phosphorylation sites were characterized on the basis of 27
phosphopeptides. In our previous study, the increased length
of the phosphopeptides identified from digestion of unmodi-
fied human NF-H allowed exact placement of the peptides
in the sequence and thus resulted in uncertainty in only 2
sites, residues 682 and 690. In this study, the shorter peptides
identified from modified human NF-H result in uncertainty
in the characterization in 18 sites. The shorter peptides are
undoubtedly a manifestation of a completer digestion with
trypsin as result of conversion of the negatively charged
phosphoserine and phosphothreonine residues to neutral
S-ethylcysteine andâ-methyl-S-ethylcysteine residues. Trypsin
is known to exhibit reduced activity when negatively charged
residues are present on either side of the scissionable residue2

and in addition is not expected to cleave the KS(Phos) bond
(2, 10). The facilitation of tryptic digestion resulting from
modification of phosphoserine and phosphothreonine residues
is extremely important in the characterization of neurofila-
ment proteins, some of which are observed to be resistant
to proteolytic digestion, such as rat and squid NF-H. The

2 Modified Trypsin (1990)Technical Bulletin 512, Promega, Madi-
son, WI 53711-5399.

FIGURE 5: Characterization of phosphorylation sites in the tail
domain of human high molecular weight neurofilament protein.
Phosphorylated residues and residue number are shown bold (S or
T). Phosphorylated residues identified on the basis ofS-ethylcys-
teinyl or â-methyl-S-ethylcysteinyl peptides that occur more than
once are shown as underlined (S or T). Residue numbers character-
ized as nonphosphorylated are shown in regular text. Amino acid
residues were numbered according to Lees et al. (28). Residue 421
may be phosphorylated or glycosylated (see text).
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multiply phosphorylated tail region of the latter protein has
been shown by us to undergo proteolytic digestion after
modification byâ-elimination/ethanethiol addition (data not
shown). Similar experiments are currently in progress to
identify rat NF-H phosphorylation sites.

During the course of the study, several other advantages
became apparent that impact upon the general applicability
of the new method. Because of racemization that occurs
duringâ-elimination/ethanethiol addition (35), diastereomers
are produced that elute at different retention times in the
gradient. This was observed for several of the peptides listed
in Tables 2 and 4 and as seen, for example, in Table 3 for
the peptide S*PVKEEAKS*PAEAK where several files
presumably representing diastereomers of the same peptide
with different retention times are evident and in Figure 2A
for peptides CT5 and CT6, which are each seen to elute at
two different retention times. Although the generation of
diastereomers causes a dilution of the signal, it is advanta-
geous in that several MS/MS spectra derived from the same
sequence may be obtained, offering increased chances for
characterization. In fact these spectra, which should be very
similar if not identical, might be summed to enhance the
data.

As has been noted previously, modification of phospho-
serine to its respectiveS-ethylcysteine derivatives results in
an increase in hydrophobicity and hence an increase HPLC
retention time (35). Increased retention time is a distinct
advantage in the analysis of peptides since a polar tryptic
phosphopeptide, which might not be retained on the HPLC
column or trap cartridge and therefore not analyzed, is
retained upon modification to a more hydrophobic peptide,
allowing for its analysis by LC/MS/MS. This point is
exemplified by the polarS-ethylcysteinyl peptides S*
PVKEEAK (HT3) and KAKS*PVKE (HE1), whose phos-
phopeptide equivalents might not be expected to be retained
on a reversed-phase column.

Conversion of a negative phosphoserine or phosphothreo-
nine residue to a neutralS-ethylcysteine orâ-methyl-S-
ethylcysteine residue would also be expected to facilitate
positive ion formation in ESI. TheS-ethylcysteinyl and
â-methyl-S-ethylcysteinyl peptides were found to fragment
well in the ion trap mass spectrometer producing sufficient
sequence ions for SEQUEST to unambiguously identify the
peptide. This was not always the case in our previous study
where the phosphopeptides produced MS/MS spectra domi-
nated by ions resulting from the neutral loss of H3PO4. In
most cases, there were sufficient additional fragment ions
observed for identification, but for some phosphopeptides
this was not the case, and those phosphopeptides could not
be identified.

As described below for IGFGPIPFS*LPEGLPK, a disad-
vantage of the new method is that it cannot distinguish
between phosphorylated or O-glycosidically linked serine or
threonine residues since both undergoâ-elimination/EtSH
addition to form identicalS-ethylcysteinyl orâ-methyl-S-
ethylcysteinyl peptides under the reaction conditions em-
ployed (16, 20). In fact, â-elimination/NaBD4 reduction
(glycosylated residue converted to a deuteroalanine residue)
has been used to modify O-glycosidically linked glycopep-
tides prior to analysis by FAB-MS/MS as a method to
identify originally glycosylated residues (36). Use of the
new method, however, is not problematic in characterizing

phosphorylation sites in expressed or recombinant proteins
that have been phosphorylated by a specific kinase or in
endogenous phosphoproteins that exhibit phosphorylation at
known kinase motifs, such as the KSP repeats in the NF-H
tail. Sites occurring in motifs not previously described as a
kinase consensus sequence are problematic for this method
since they may actually be glycosylated. Recognition of an
O-glycosylated motif is not possible in that no consensus
O-glycosylation sequence has been identified, although it
tends to occur in a region of several other serines and
threonines (36). In these cases, as originally suggested by
Meyer et al. (16), O-glycosylation can be removed by use
of O-glycanase prior to modification of the protein by
â-elimination/EtSH addition for phosphorylation analysis,
alternatively these sites are better characterized by our
previous method where the phosphorylated or glycosylated
peptide may be distinguished on the basis of the presence
of a major ion in the MS/MS spectrum corresponding to the
neutral loss of phosphoric acid (98) or the carbohydrate
moiety (e.g., 203 forN-acetylhexosamine).

The 28 identified phosphorylation sites occur at S/T
residues in the following motifs and their repeats: KSPV-
KEE, KSPAEAK, KSPEKEE, KSPAEVK, KSPEKAK,
KSPPEAK, KSPVKAE, KTPAKEE, and IPFSLPE when
arranged in a heptad of amino acid residues. Of these motifs,
two (KTPAKEE and IPFSLPE) have not been reported in
our previous study. However, on the basis of kinase
consensus sequences, the KTPAKEE motif can be phospho-
rylated by proline-directed kinases. Previous studies (37,
38) have shown that KSPVKEEAK is phosphorylated by
both Cdk5 and Erk1 and Erk2 kinases, which might therefore
phosphorylate the threonine residue in KTPAKEE.

The phosphorylated serine in the non-KSP IPFSLPE motif
that was identified on the basis of theS-ethylcysteinyl peptide
HT1, IGFGPIPFS*LPEGLPK, occurs near the KLLEGEE
motif, a canonical sequence conserved in neuronal intermedi-
ate filament proteins. Interestingly, the nonphosphorylated
HT1 was also identified, indicating heterogeneity in this
modification. Mutational analysis has suggested that this
domain plays an important role in filament assembly (39).
The serine (or threonine) in HT1 is found to be conserved
among intermediate filament proteins (Figure 6); therefore,
the phosphorylation of this residue may have a significant
effect on filament structure/assembly and interactions with
other cytoskeletal components. Although the serine in HT1
is surrounded by prolines, which suggests the involvement
of proline directed kinases, this may not be the case. Because
of the spacing of the proline residues vis-a-vis the serine,
this serine may be phosphorylated by a previously unreported
kinase, or as described above, the site may be glycosylated.
Moreover, rat NF-L, NF-M, and NF-H are reported to be
O-glycosylated primarily in the head domain and also at
multiple sites in the KSP repeat C-terminal tail domain in
NF-H (40, 41). In rat NF-M, a glycosylation site occurs
near the KLLEGEE motif at threonine 431 in a QPSVTISSK
motif. Since this motif is highly conserved among vertebrate
NF-M proteins, it is expected that human NF-M is similarly
glycosylated (Figure 6). However, the QPSVTISSK motif
is absent in human NF-H, and since the peptide in question,
IGFGPIPFSLPEGLPK, is not particularly rich in serines and
threonines, we still cannot completely rule out the site as a
glycosylation site. Further experiments are underway to
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identify the exact nature of the posttranslational modification
at residue 421.

In summary, a new method has been presented for the
characterization of phosphorylation sites in proteins and
tested for a standard protein (bovineâ-casein) and for an
endogenous multiply phosphorylated protein (human NF-
H). In addition the method was shown to be applicable to
the analysis of proteins in CBB-stained SDS-PAGE bands.
Together with our previously described method, we have
produced an extensive characterization of the multiply
phosphorylated tail region of human NF-H. Although our
previous method yielded more unequivocal coverage of these
phosphorylation sites because of the generation of longer
phosphopeptides as a consequence of the general resistance
of the protein to tryptic cleavage, the new method allowed
characterization of all previously reported important proline-
directed kinase motifs and in addition found two additional
sites and motifs. The new method also allowed for char-
acterization of all the known phosphorylation sites of bovine
â-casein as opposed to our previous method where only one
site was found (data not shown). The methods are thus seen
to complement each other. If the nature of the phosphory-
lation site and/or the kinase and its consensus sequence are
known and O-linked glycosylation can be ruled out, then in
light of its advantages as described above, the new method
should be used. However, if this is not the case, the protein
should be analyzed by our previous method and probably
by both methods to ensure the greatest chance of character-
ization of all phosphorylation sites. Finally, although not
investigated in this study, but as discussed above, the new
method has potential for use in the characterization of
O-linked serine and threonine glycosylation sites in proteins.
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