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ABSTRACT: Hydrogen peroxide (H2O2) is a recently recognized second messenger, which regulates
mammalian cell proliferation and migration. The biochemical mechanisms by which mammalian cells
sense and respond to low concentrations of H2O2 are poorly understood. Recently, heterogeneous nuclear
ribonucleoprotein C1/C2 (hnRNP-C1/C2) was found to be rapidly phosphorylated in response to the
application of low concentrations of H2O2 to human endothelial cells. Here, using tandem mass
spectrometry, four sites of phosphorylation are identified in hnRNP-C1/C2, all of which are in the acidic
C-terminal domain of the protein. Under resting conditions, the protein is phosphorylated at S247 and
S286. In response to low concentrations of H2O2, there is increased phosphorylation at S240 and at one
of the four contiguous serine residues from S225-S228. Studies using a recombinant acidic C-terminal
domain of hnRNP-C overexpressed inEscherichia colidemonstrate that protein kinase CK2 phosphorylates
hnRNP-C1/C2 at S247, while protein kinase A and several protein kinase C isoforms fail to phosphorylate
the isolated domain. These findings demonstrate that the acidic C-terminal domain of hnRNP-C1/C2
serves as the site for both basal and stimulated phosphorylation, indicating that this domain may play an
important role in the regulation of mRNA binding by hnRNP-C1/C2.

Hydrogen peroxide (H2O2) is a recently recognized second
messenger, which regulates mammalian cell proliferation and
migration (reviewed in refs1-3). The H2O2 precursor,
superoxide, is generated by mammalian cells by a family of
membrane-bound NADPH oxidases, in response to receptor-
mediated signaling (reviewed in refs4 and5). The applica-
tion of low concentrations of H2O2 (<10µM) to mammalian
cells in culture results in increased cellular proliferation in
a wide variety of cell types (6-10). In addition, migration
and tube formation by endothelial cells in culture are
stimulated by these low concentrations of H2O2 (10, 11).
Overexpression of an NADPH oxidase catalytic subunit has
been shown to increase proliferation and induce transforma-
tion in NIH3T3 cells (12). Likewise, overexpression of
catalase was shown to inhibit proliferation of vascular smooth
muscle cells (13). Although H2O2 is freely diffusible, upon
application of H2O2 to cells in culture a gradient of H2O2 is
rapidly established across the plasma membrane (14, 15).
The presence of this gradient dictates that applied concentra-
tions of H2O2 below 10 µM, which are mitogenic to
mammalian cells, correlate to intracellular concentrations
below 1 µM. The biochemical mechanisms by which
mammalian cells sense and respond to such low concentra-
tions of H2O2 are poorly understood.

Recently, a functional proteomic analysis demonstrated
that heterogeneous nuclear ribonucleoprotein C1/C2 (hnRNP-
C1/C2)1 is rapidly phosphorylated by low concentrations of
H2O2 in human endothelial cells (16). hnRNP-C1/C2 is a
nuclear pre-mRNA binding protein that appears to regulate
pre-mRNA processing (reviewed in refs17and18). Deletion
of the gene for hnRNP-C1/C2 in the mouse is lethal, with
developmental arrest at the egg cylinder stage (19). Murine
stem cells lacking hnRNP-C1/C2 are viable but show
decreased rates of differentiation. Heterologous expression
of the gene for hnRNP-C1/C2 in yeast, which normally lack
this gene, is also lethal (20). In this latter case it appears
that the heterologously expressed hnRNP-C1/C2 translocates
to the yeast nucleus and binds mRNA. However, yeast appear
to lack the biochemical machinery necessary to release
hnRNP-C1/C2 from the mRNA, resulting in the inhibition
of mRNA export from the nucleus.

Structurally, hnRNP-C1/C2 isolated from HeLa cells is a
heterotetramer (C13C2) in which C1 and C2 are splice
variants of the same gene, differing by the presence of an
additional 13 amino acids in C2 (21, 22). When bound to
RNA, the protein is arranged in 19 S triangular complexes,
each of which is composed of three hnRNP-C1/C2 hetero-
tetramers (23, 24). Each hnRNP-C subunit appears to have
four functional domains. There is an N-terminal RNA
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binding domain (residues 8-87), which has a solution
structure consisting of aâRââRâ fold in which a four-strand
antiparallelâ-sheet is tightly packed against two perpen-
dicularly orientedR-helices (25). This is followed by a basic
high-affinity RNA binding domain (residues 140-179),
which is believed to be responsible for much of the affinity
of the protein for RNA (26). Next is a leucine zipper
(residues 180-207), which mediates subunit interactions in
the heterotetramer (27). Finally, there is an acidic C-terminal
domain (residues 208-290). The function of this last domain
is not completely clear, although mutational studies indicate
that the acid C-terminal domain contributes to tetramer
stability (26, 27).

It has been demonstrated that hnRNP-C1/C2 undergoes
phosphorylation, not only in vitro but also in chicken MSB
cells, in Chinese hamster ovary cells, in human cell lines
(HeLa and K562), and in primary human endothelial cells
(16, 28-35). On the basis of in vitro phosphorylation studies,
it has been reported that the presence of mRNA modulates
the phosphorylation status of the protein and that phos-
phorylation of the protein regulates its affinity for mRNA
(36-38). In addition, the phosphorylation level has been
reported to be increased during mitosis compared to inter-
phase in HeLa cells (33). In confluent human endothelial
cells, under resting conditions the hnRNP-C1/C2 subunits
are present mostly in the diphosphorylated state with some
monophosphorylated and triphosphorylated species present
(16). After the addition of a low concentration of H2O2, there
is a rapid increase in the level of phosphorylation, with an
increase in the amount of triphosphorylated species and the
transient formation of some quatraphosphorylated protein.
This transient-increased phosphorylation is followed by
dephosphorylation in which the unphosphorylated form of
the protein is transiently present.

Previous studies identified protein kinase CK2 (formerly
termed casein kinase II) as one kinase that phosphorylates
the protein both in vitro and in intact nuclei, and other
unidentified kinases have been implicated (30, 31). However,
progress toward understanding the role of phosphorylation
in hnRNP-C1/C2 function has been hindered by the lack of
information concerning the sites of phosphorylation on the
protein. Here, using ion-trap tandem mass spectrometry, we
identified four sites of phosphorylation in hnRNP-C1/C2 in
human endothelial cells. All of the identified sites of
phosphorylation are within the acidic C-terminal domain. The
basal sites of phosphorylation were found to be S247 and
S286, and the H2O2 enhanced sites of phosphorylation were
found to be S240 and one of the four contiguous serine
residues from S225-S228. Furthermore, studies using a
recombinant acidic C-terminal domain overexpressed in
Escherichia colidemonstrate that protein kinase CK2 phos-
phorylates hnRNP-C1/C2 at S247. These findings suggest
that the acidic C-terminal domain of hnRNP-C1/C2 could
be a regulatory domain and may play an important role in
the regulation of mRNA binding by hnRNP-C1/C2.

EXPERIMENTAL PROCEDURES

Cell Culture. Human umbilical vein endothelial cells
(HUVECs) were isolated from fresh human umbilical cords
and cultured as described previously (39). HUVECs were
prepared confluent in 10 cm dishes at passage 3 in medium

199 (Bio Whittaker) containing 20% fetal calf serum (FCS),
heparin (100µg/mL; Sigma), and endothelial cell growth
supplement (ECGS, 50µg/mL; Biomedical Technologies).
Twenty-four hours after reaching confluence, the endothelial
cells in medium 199 with FCS, heparin, and ECGS were
incubated in the absence or presence of 7µM H2O2 for 20
min at 37°C.

Preparation of Nuclear Extract.After treatment, the cells
were washed twice with ice-cold PBS (67 mM phosphate,
150 mM NaCl, pH 7.4) and harvested by scraping in buffer
A (10 mM Tris, 140 mM NaCl, 1 mM EDTA, pH 8.0). The
cells were pelleted by spinning at 500g for 15 min. The cells
were resuspended in buffer B [10 mM HEPES, 750µM
spermidine, 150µM spermine, 20 mM NaF, 1 mM sodium
orthovanadate, 2 mM EDTA, 5 mM DTT, complete protease
inhibitor (1 tablet/50 mL; Roche), pH 7.9] containing 0.1%
Nonidet P40 (Boehringer Mannheim), incubated on ice for
10 min, and then centrifuged at 16000g for 5 min. The
supernatant was removed, and the crude nuclear pellet was
washed once with 0.8 mL of buffer B and, after centrifuga-
tion, was resuspended in IEF sample buffer [9 M urea, 65
mM DTT, 1% CHAPS, 0.1% Bio-Lyte 3/10 ampholyte (Bio-
Rad), 100µL/106 cells]. The suspension was centrifuged at
16000g for 15 min, and the resulting supernatant was then
applied to a Bio-Spin 6 chromatography column (Bio-Rad)
equilibrated with IEF sample buffer.

Two-Dimensional Electrophoresis.HUVEC nuclear ex-
tracts were subjected to isoelectric focusing (IEF) using a
Protean IEF cell and 17 cm IPG ready-strips (Bio-Rad),
which covered the pH range of 4-7. Upon completion of
the IEF, the IPG ready-strips were incubated first with
equilibration buffer (375 mM Tris, 6 M urea, 2% SDS, 20%
glycerol, pH 8.8) containing 130 mM DTT for 10 min and
then with equilibration buffer containing 135 mM iodoac-
etamide for 10 min. The strips were then placed on 7.5%
polyacrylamide gels and electrophoresed with a constant
current of 20 mA/gel. The gels were stained with Coomassie
(Bio-Rad).

Tandem Mass Spectrometry.The portion of the gel
containing a protein spot of interest was excised using a razor
blade, cutting as close to the spot as possible. The Coo-
massie-stained gel portions were destained and subjected to
tryptic in-gel digestion followed by LC-MS/MS analysis of
the extracted peptides as described previously (40-42).
Specifically, excised gel portions were cut into approximately
1 mm3 pieces. Gel pieces were washed and dehydrated with
acetonitrile for 10 min followed by removal of acetonitrile.
Pieces were then completely dried in a speed-vac. Rehydra-
tion of the gel pieces was with 50 mM ammonium bicarbon-
ate solution containing 12.5 ng/µL modified sequencing-
grade trypsin (Promega) at 4°C. After 45 min, the excess
trypsin solution was removed and replaced with 50 mM
ammonium bicarbonate solution to just cover the gel pieces.
Samples were then placed in a 37°C room overnight.
Peptides were later extracted by removing the ammonium
bicarbonate solution, followed by two washes, for 20 min
each, with a solution containing 50% acetonitrile and 5%
formic acid. The extracts were then dried in a speed-vac
(∼1 h). The samples were then stored at 4°C until analysis.

On the day of analysis the samples were reconstituted in
5 µL of HPLC solvent A (5% acetonitrile, 0.005% hep-
tafluorobutyric acid, 0.4% acetic acid). A nanoscale reverse-
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phase HPLC capillary column was created by packing 5µm
C18 spherical silica beads into a fused silica capillary (75
µm inner diameter× 12 cm length) with a flame-drawn tip.
After equilibrating the column, each sample was pressure-
loaded off-line onto the column. The column was then
reattached to the HPLC system. A gradient was formed, and
peptides were eluted with increasing concentrations of
solvent B (95% acetonitrile, 0.005% heptafluorobutyric acid,
0.4% acetic acid).

As the peptides eluted, they were subjected to electrospray
ionization, at which time they entered into an LCQ DECA
ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA).
Eluting peptides were detected, isolated, and fragmented to
produce a tandem mass spectrum of specific fragment ions
for each peptide. Sites of phosphorylation in hnRNP-C1 were
determined by matching the protein sequence (19) with the
acquired fragmentation pattern using the software program
Sequest (ThermoFinnigan, San Jose, CA), by allowing for a
modification comprising an additional 80 Da on Ser, Thr,
or Tyr. An observed peptide mass was considered to match
a theoretical value if the absolute mass difference wase1.5
Da. The mass accuracy of the instrument employed is 1 Da.

Plasmid Construction.A DNA segment containing resi-
dues 217-293 of hnRNP-C1 was amplified from a nearly
full-length clone of hnRNP-C1 (Invitrogen) using the poly-
merase chain reaction. This amplified fragment was then
subcloned into theBamHI and EcoRI sites of pGEX-2T
(Pharmacia). Automated dideoxynucleotide sequencing of the
construct verified the authenticity of the insert. The predicted
protein product consists of the acidic C-terminal domain of
hnRNP-C fused with glutathioneS-transferase (GST). The
amino acid sequence of the final protein product after
cleavage from GST with thrombin consists of the 79-residue
sequence GSNDKSEEEQSSSSVKKDETNVKMESEGGA-
DDSAEEGDLLDDDDNEDRGDDQLELIKDDEKEAEE-
GEDDRDSANGEDDS, which consists of hnRNP-C1 resi-
dues N217-S293 preceded by “GS” and has a calculated
isoelectric point of 3.7 and molecular mass of 8.62 kDa.

Bacterial Expression and Purification of the hnRNP-C
Acidic C-Terminal Domain. E. coliBL21 bacteria (Novagen)
transformed with the pGEX-hnRNP-C fusion construct were
grown to an OD600 of 0.6 at 37°C and then induced with
0.1 mM isopropylâ-D-thiogalactopyranoside for 1-2 h. The
cells were pelleted at 4000g for 30 min. The cells were then
suspended in PBS (30 mL per 1 L culture) containing 5 mM
DTT, 0.1% Nonidet P40 (Boehringer Mannheim), and
complete protease inhibitor (1 tablet/50 mL). The cells were
lysed by sonication, and the homogenate was centrifuged at
3000g for 30 min. Glutathione-Sepharose 4B (Amersham-
Pharmacia) was added to the resulting supernatant (0.75 mL
of resin per 1 L culture). The supernatant was then agitated
on a rocker for 20 min and then centrifuged at 500g for 5
min. The resulting supernatant was removed, and the resin
was placed in a chromatography column and washed with 2
bed volumes of TBS (5 mM Tris, 125 mM NaCl, pH 7.5)
containing 5 mM DTT. The resin was then incubated as a
50% slurry with thrombin (80 units/0.75 mL of resin) at 25
°C overnight. All subsequent steps were performed at 4°C.
The resin was washed with 1 bed volume of TBS, and the
eluate was concentrated to 0.5 mL with a Centriprep YM-3
concentrator (Amicon, 3000 Da MWCO) at 3000g. The
sample was then applied to a Superdex 200 HR 10/30 size-

exclusion chromatography column (10× 300 mm; Amer-
sham-Pharmacia) equilibrated in TBS containing 5 mM
MgCl2 at a flow rate of 0.4 mL/min using a Biologic HR
chromatography system (Bio-Rad).

In Vitro Phosphorylation Studies.The recombinant puri-
fied hnRNP-C1/C2 acidic C-terminal domain (20µg) was
incubated with the following recombinant protein kinases:
protein kinase CK2 (Roche), protein kinase A (Calbiochem),
and protein kinase C isoformsR, â1, γ, ε, andú (Calbio-
chem). Each incubation contained 0.5 unit of the respective
kinase, defining a unit as the amount of kinase required to
transfer 1 nmol of phosphate from ATP to substrate per
minute as indicated by the supplier. Incubations were
performed in TBS containing 2 mM DTT, 5 mM MgCl2,
100µM ATP, and 20µCi [γ-32P]ATP at 37°C in a reaction
volume of 125µL. Incubations with all protein kinase C
isoforms contained 10µM diolein and 20µg/mL phosphati-
dylserine. Incubations with protein kinase C isoformsR, â1,
and γ also contained 200µM CaCl2. Reactions were
quenched after 1 h by theaddition of SDS-PAGE sample
buffer containingâ-mercaptoethanol (Bio-Rad). Samples
were then subjected to reducing SDS-PAGE on a 12%
polyacrylamide gel, followed by Coomassie staining and
autoradiography. After exposure, film was developed using
a Kodak M35A X-Omat processor.

To identify the site(s) of phosphorylation by protein kinase
CK2, 0.1 mg of purified recombinant hnRNP-C acidic
C-terminal domain was incubated with or without 2 units of
protein kinase CK2 in TBS containing 2 mM DTT, 5 mM
MgCl2, and 150µM ATP at 37°C in a reaction volume of
200 µL. Reactions were quenched after 2 h by theaddition
of SDS-PAGE sample buffer containingâ-mercaptoethanol.
Samples were then subjected to reducing SDS-PAGE on a
20% polyacrylamide gel. After SDS-PAGE, the gel was
stained with Coomassie. The gel bands were then excised
and subjected to LC-MS/MS analysis as described above.

Miscellaneous Methods.H2O2 concentrations of stock
solutions were determined using anε of 81 M-1 at 230 nm
(43). UV-visible absorption spectra were recorded on a Cary
50 Bio UV-visible spectrophotometer. The purity of the

FIGURE 1: Two-dimensional electrophoresis of HUVEC nuclear
extract. The soluble nuclear extract from 107 HUVECs was
subjected to 2D PAGE, first with isoelectric focusing over the pH
range of 4-7, followed by SDS-PAGE on a 7.5% gel. Cells were
treated with (top) or without (bottom) 7µM H2O2 for 20 min.
Displayed are gel portions encompassing the pH range of 4.8-
5.4. The arrow indicates hnRNP-C1. The numbers indicate the
predicted number of phosphates per subunit (16).
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recombinant acidic C-terminal domain was assessed by
SDS-polyacrylamide gel electrophoresis using an XCell
Surelock electrophoresis cell (Novex) and 12% precast gels.
Chemicals not otherwise specified were obtained from
Sigma.

RESULTS

Identification of Sites of Phosphorylation in hnRNP-C1/
C2. Previous studies employing 2D immunoblots revealed
that, in resting HUVECs, the hnRNP-C1/C2 subunits are
present mostly in the diphosphorylated state with some
monophosphorylated and triphosphorylated species present
(16). After the addition of a low concentration of H2O2, there
was a rapid increase in the level of phosphorylation with an
increase in the amount of triphosphorylated species and the
formation of some quatraphosphorylated protein. This effect

can also be discerned on the Coomassie-stained 2D gels of
HUVEC nuclear extracts in Figure 1. The arrow indicates
hnRNP-C1, and the numbers indicate the predicted number
of phosphates per subunit based on previous studies (16).
Note that the level of the triphosphorylated species (labeled
“3”) is increased 20 min after the addition of 7µM H2O2.
The amount of monophosphorylated species (labeled “1”)
is also modestly increased; as shown previously, the H2O2-
stimulated phosphorylation, which occurs at 10-20 min, is
followed immediately by dephosphorylation, which is maxi-
mal at 60 min. The lower abundance quatraphosphorylated
species previously detected on immunoblots is present after
H2O2 treatment but is more difficult to discern on the
Coomassie-stained gels.

The three labeled hnRNP-C1 spots in Figure 1 were
subjected to LC-MS/MS analysis to determine the sites of

FIGURE 2: Identification of basal sites of phosphorylation in hnRNP-C1/C2. The lower hnRNP-C spot (hnRNP-C1) with an apparent pI of
5.05 (labeled 2 in Figure 1) was subjected to tryptic in-gel digestion followed by LC-MS/MS analysis of the extracted peptides. Phosphates
were found to be present on S247 (A) and on S286 (B). Sites of phosphorylation are indicated by Phospho-S and artifactual methionine
oxidation by *M. Listed are the theoretical mass to charge ratios for all possible fragmentation products of the tryptic phosphopeptides
from either the N-terminus (b) or the C-terminus (y) and considering both singly charged (b1, y1) and doubly charged (b2, y2) ions. The
underlined and bolded numbers indicate the fragmentation products that were observed, some of which are labeled in the corresponding
mass spectra.
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phosphorylation. Two phosphorylation sites (S247 and S286)
were identified in all three spots (Figure 2). Thus these two
sites are the basal sites of phosphorylation in hnRNP-C1/
C2. The monophosphorylated protein present in spot 1
appears to be heterogeneous, containing a single phosphate
located either at S247 or at S286. The analysis of the
triphosphorylated species (spot 3) also revealed two sites of
phosphorylation, which were not found in spots 1 and 2
(Figure 3). One was at S240, and the other was at one of
the four contiguous serine residues from S225-S228. The
data did not allow for precise localization of this fourth
phosphorylation site. Thus the triphosphorylated protein

contains phosphates at the two basal positions (S247 and
S286), as well as a third phosphate, which may be located
either at S240 or at S225-S228. Presumably, the quatra-
phosphorylated protein described previously (16) is phos-
phorylated at all four positions. The low abundance of the
quatraphosphorylated form precluded direct LC-MS/MS
analysis on this species. Additional sites of phosphorylation
cannot be completely ruled out.

These results indicate that, in confluent human endothelial
cells, hnRNP-C1/C2 is phosphorylated basally at two posi-
tions, S247 and S286, and that the presence of a low
concentration of H2O2 stimulates two additional phosphor-

FIGURE 3: Identification of H2O2-stimulated sites of phosphorylation in hnRNP-C1/C2. The lower hnRNP-C spot (hnRNP-C1) with an
apparent pI of 5.00 (labeled 3 in Figure 1) was subjected to tryptic in-gel digestion followed by LC-MS/MS analysis of the extracted
peptides. In addition to phosphorylations (Phospho-S) at positions S247 and S286, phosphates were also found to be present at S240 (A)
and at one of the four contiguous serine residues from S225-S228 indicated by S (B). Artifactual methionine oxidation is indicated by *M.
Listed are the theoretical mass to charge ratios for all possible fragmentation products of the tryptic phosphopeptides from either the
N-terminus (b) or the C-terminus (y), considering singly charged (b1, y1) and/or doubly charged (b2, y2) ions. The underlined and bolded
numbers indicate the fragmentation products that were observed, some of which are labeled in the corresponding mass spectra.
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ylations, one at S240 and one at S225-S228. All fours sites
of phosphorylation, basal and H2O2-stimulated, are within
the acidic C-terminal domain, suggesting that this domain
may play a key role in regulating the binding of mRNA by
hnRNP-C1/C2.

In Vitro Phosphorylation of the hnRNP-C Acidic C-
Terminal Domain.To help to elucidate the kinases respon-
sible for phosphorylating the acidic C-terminal domain, the
isolated domain, consisting of residues 217-293 of hnRNP-
C1, was overexpressed as a recombinant GST fusion protein
in E. coli. After isolation on glutathione-Sepharose and
cleavage with thrombin, the isolated acidic C-terminal
domain was further purified by size-exclusion chromatog-
raphy. On SDS-PAGE, the purified protein migrates as a
single band with an apparent molecular mass of∼11 kDa
(Figure 4). The sequence of the protein was completely
verified by LC-MS/MS (not shown).

To gain insight into the protein kinases responsible for
phosphorylating the hnRNP-C acidic C-terminal domain,
several recombinant protein kinases were evaluated for their
ability to phosphorylate the purified recombinant domain
(Figure 4). It was observed that protein kinase CK2 readily
phosphorylates the acidic C-terminal domain, while protein
kinase A and several protein kinase C isoforms do not
phosphorylate the domain. To determine the protein kinase
CK2 mediated site(s) of phosphorylation in the recombinant
acidic C-terminal domain, the phosphorylated recombinant
protein was subjected to tryptic in-gel digestion, followed
by LC-MS/MS analysis of the extracted tryptic peptides. In
the absence of protein kinase CK2, no phosphorylation sites
were observed (not shown). In the presence of protein kinase
CK2, one site of phosphorylation was identified, which
corresponds to S247 in the full-length hnRNP-C1 sequence
(Figure 5). This Ser residue does in fact lie within a protein
kinase CK2 consensus sequence, having an acidic residue
at then + 3 position along with several other acidic residues
in the region fromn - 2 to n + 5 (44). Together, these
studies indicate that, in human endothelial cells, hnRNP-
C1/C2 is basally phosphorylated at S247 by protein kinase
CK2 and at S286 by an as yet unidentified kinase and that
H2O2 stimulates phosphorylation at S240 and at S225-S228
by one or more unidentified kinases.

DISCUSSION

H2O2 is a recently recognized diffusable second messenger
playing a role in proliferation and migration in mammalian
cells (reviewed in refs1-3). Although low concentrations
of H2O2 (<10 µM) stimulate proliferation in a wide variety
of cells types (6-10), understanding of the biochemical
mechanism by which cells sense low concentrations of H2O2

has been severely limited due to a lack of information
concerning the signaling pathways involved. A recent
functional proteomic analysis identified hnRNP-C1/C2 as a

FIGURE 4: In vitro phosphorylation of the isolated acidic C-terminal
domain of hnRNP-C. The purified recombinant hnRNP-C acidic
C-terminal domain was incubated with [γ-32P]ATP in the presence
of various recombinant protein kinases and subjected to SDS-
PAGE, followed by autoradiography (left) and Coomassie staining
(right). Lanes: 1, no kinase present; 2, protein kinase CK2; 3,
protein kinase A; 4, protein kinase CR; 5, protein kinase Câ1; 6,
protein kinase Cγ; 7, protein kinase Cε; 8, protein kinase Cú; M,
molecular weight markers.

FIGURE 5: Identification of the protein kinase CK2 site of
phosphorylation. The recombinant acidic C-terminal domain of
hnRNP-C, phosphorylated in vitro with recombinant protein kinase
CK2, was subjected to tryptic in-gel digestion followed by LC-
MS/MS analysis of the extracted peptides. A single phosphorylated
serine (+80 Da) was identified at the position corresponding to
S247 in full-length hnRNP-C1, indicated by Phospho-S. Artifactual
methionine oxidation is indicated by *M. Listed are the theoretical
mass to charge ratios for all possible fragmentation products of
the tryptic phosphopeptide from either the N-terminus (b) or the
C-terminus (y), considering both singly charged (b1, y1) and doubly
charged (b2, y2) ions. The underlined and bolded numbers indicate
the fragmentation products that were observed, some of which are
labeled in the corresponding mass spectrum.
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protein that is rapidly phosphorylated upon application of
low concentrations of H2O2 to human endothelial cells (16).

hnRNP-C1/C2 is a nuclear restricted pre-mRNA binding
protein (reviewed in refs17 and18). Its precise function is
not entirely clear. It appears to play an important role in
pre-mRNA processing and may be considered as a mRNA
chaperonin, maintaining long stretches of mRNA in an
unfolded single-stranded state to allow for more efficient pre-
mRNA processing. It has been proposed that hnRNP-C1/
C2 may bind to and completely saturate all newly synthesized
pre-mRNA transcripts (45). However, this view may not fully
explain the protein’s apparent specificity for particular
mRNA sequences or the significant variation in hnRNP-C1/
C2 protein levels among different cell types (46-47). Unlike
other members of the hnRNP family, which readily cycle
between the nucleus and the cytoplasm, hnRNP-C1/C2 is
predominantly restricted to the nucleus with a nuclear
retention sequence (48). Thus, hnRNP-C1/C2 must be
removed from the mRNA prior to export from the nucleus.
The manner in which the binding of mRNA by hnRNP-C1/
C2 is regulated is not known.

Currently, the only posttranslational modification known
to occur on hnRNP-C1/C2 is phosphorylation. hnRNP-C1/
C2 has been demonstrated to be phosphorylated in vitro in
nuclear extracts, in chicken MSB cells, in Chinese hamster
ovary cells, in human cell lines (HeLa and K562), and in
primary human endothelial cells (16, 28-35). A series of
studies employing in vitro phosphorylation indicate that the
presence of mRNA may alter the phosphorylation status of
the protein and that phosphorylation of the protein may
regulate its affinity for mRNA (36-38). Recently, a 2D
PAGE analysis of nuclear extract from human endothelial
cells revealed that each hnRNP-C1/C2 subunit is predomi-
nantly biphosphorylated under resting/basal conditions and
that low concentrations of H2O2 stimulate a rapid increase
in the amount of tri- and quatraphosphorylated subunits (16).
The phosphorylation site determinations reported here indi-
cate that all four of these sites of phosphorylation are within
the acid C-terminal domain of the protein. These results
suggest that the acidic C-terminal domain may be functioning
as a regulatory domain, regulating the binding of mRNA by
hnRNP-C.

Previous studies have indicated that hnRNP-C1/C2 is
phosphorylated by protein kinase CK2 (both in vitro and in
intact nuclei) and by at least one other Ser/Thr kinase (30,
31). On the basis of the in vitro phosphorylation studies
reported here, it is clear that protein kinase CK2 phospho-
rylates the protein at S247. The kinases responsible for the
other three phosphorylation sites remain unknown at this
time. The target serine residues are not within readily
identifiable consensus sequences, and the recombinant
domain was not phosphorylated by protein kinase A or by
several protein kinase C isoforms. There have been several
reports of protein kinase activities that copurify with the
hnRNP complex (49-52). It may be that there are protein
kinases specific to the hnRNP particle that phosphorylate
the hnRNP-C acidic C-terminal domain. Identification of the
remaining hnRNP-C kinases, their mechanisms of activation,
and the structural and functional alterations resulting from
their phosphorylating activity should allow for a much better
understanding of the mechanisms by which mRNA binding
by hnRNP-C1/C2 is regulated.
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