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ABSTRACT: High mobility group N1 (HMGNZ1) protein is a member of nonhistone chromosomal proteins

that binds more strongly with nucleosomes than with DNA. Here we report the identification of the sites

of in vivo phosphorylation of HMGNL isolated from the MCF-7 human breast cancer cells. Our results
showed that four serine residues, i.e., Ser6, Ser85, Ser88, and Ser98, can be phosphorylated in this protein.
To our knowledge, this is the first demonstration that each of the three serine residues in the acidic
C-terminal region of human HMGN1 can be phosphorylated. The additional negative charge resulting
from the phosphorylation of the C-terminal serine residues is expected to modulate the interaction between
HMGN1 and other proteins, which may enhance transcription and facilitate other cellular functions. In
addition, the phosphorylation of HMGNL1 at Ser85, which precedes Pro86, might play an important role

in cellular signaling.

The high mobility group (HMG) proteins are a class of binding to chromatin17), promote its interaction with 14.3.3
nonhistone chromosomal proteins in higher eukaryotic cells. proteins, and inhibit its reentry into the newly formed nucleus
These proteins are known as architectural transcription factorsin late telophasel(@).
because of their ability to bind and modify specific structures  Previous studies with different protein kinases in vitro have
in DNA or chromatin, and their ability to facilitate and shown that several serine residues in HMGN1 protein can
enhance chromatin functions and DNA-dependent activities be phosphorylated. In this respect, Ser6 and Ser24 are the
(1-5). The HMG proteins are grouped into three distinct major and minor sites of phosphorylation catalyzed by cyclic
families: HMGA family (previously designated as HMG- nucleotide-dependent protein kinases, i.e., cCAMP-dependent
1Y, HMGI-C), the HMGB1/B2 family (formerly HMG1/ protein kinase (A-kinase) and cGMP-dependent protein
2), and the HMGN1/N2 family (previously HMG14/17),( kinase (G-kinase)10—21). HMGN1 derived from calf
6). thymus can be phosphorylated in vitro by?Gahospholipid-

HMGN1 and N2 are the only nuclear proteins that dependent protein kinase (protein kinase C); Ser20 and Ser24
specifically recognize the 146-bp nucleosomal core particle Were proposed to be potential major and minor phosphory-
and they have a h|gher aff|n|ty for nucleosomes than for lation sites n.l) Moreover, protein serine/threonine kinase
DNA (2, 7). In addition, the association between HMGN1/ 2 (protein kinase CK2), formerly known as casein kinase I,
N2 and nucleosome core particle is independent of DNA can catalyze the phosphorylation of bovine HMGN1, gen-
sequences). The binding of HMGN proteins to nucleosomes ~erating high (Ser89) and low affinity sites (Ser99), which
unfolds chromatin fiber, enhances the accessibility of the correspond to Ser88 and Ser98 in human HMGNL, respec-
nucleosomal DNA, and facilitates transcription and replica- tively (22).

tion from chromatin templatesS). In addition, HMGN1 Some of the above in vitro phosphorylation sites in
protein enhances the rate of repair of UV-light damaged HMGN1 were also observed to be phosphorylated in vivo
DNA in chromatin Q). HMGNL1 from mitogen-stimulated mouse cells was observed

to be phosphorylated at Ser6 and Ser19, which correspond

to Ser6 and Ser20 in human HMGNL1, respectivel@—

28). HMGNL1 protein from HeLa cells was also found to be
ephosphorylated at a single identical site as that phosphory-
lated by protein kinase CK2 in vitro20). The site of
phosphorylation, however, was not determined. By using
mass spectrometry, Louie et aR4j studied the in vivo
phosphorylation of HMGN1/N2 from human K562 cells
treated with a phosphatase inhibitor, O2tetradecanoyla-
phorbol 13-acetate (TPA) or okadaic acid (OA), and, by
using coupled HPLC-tandem mass spectrometry (LC-MS/
*To whom correspondence should be addressed. E-mail: MS), they showed that Ser20 and Ser24 in HMGN1 were
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binding domain; MS/MS, tandem mass spectrometry; TFA, trifluoro- third phosphorylation site in HMGN1 was located at either
acetic acid; PPlase, peptidyl prolyl isomerase. Ser6 or Ser734).
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Posttranslational modifications of the HMGNL1 protein,
including phosphorylation10—12), acetylation {3), and
glycosylation (4), are thought to play important roles in
the regulation of chromatin structure and the cellular respons
to changing environmental stimuli. In this regard, phospho-
rylation of HMGN1 may influence its binding affinity to
DNA or nucleosome-associated proteins, and may affect their
localization and function in chromatirig, 15, 16). Mitotic
phosphorylation of HMGN1 has been shown to prevent its
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In the present investigation, we employed LC-MS/MS and splitting, and a 63-min gradient of-565% CHCN in 0.6%
examined the sites of in vivo phosphorylation of HMGN1 aqueous solution of acetic acid was employed. The effluent
protein isolated from the MCF-7 human breast cancer cell from the HPLC column was directed to an LCQ Deca XP
line that is not treated with a phosphatase inhibitor. We ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA).
determined that four serine residues in HMGN1 can be Mass calibration was carried out by using caffeine, a
phosphorylated and, among them, three are located in thetetrapeptide MRFA, and Ultramark 1621 that were supplied
acidic C-terminal region of HMGNL1, and their phosphory- by the instrument vendor. The spray voltage was 4.0 kV,

lation has not been reported previously. and the capillary temperature was maintained atZ25vS/
MS was done in data-dependent scan mode by selecting the
EXPERIMENTAL PROCEDURES most abundant protonated ions observed in MS mode for

collisional activation. The mass width for precursor ion
isolation was 31z units and the collision gas was helium.
To achieve better signal-to-noise ratio in MS/MS, LC-MS/
MS experiments were also carried out to monitor the
fragmentation of one or a few preselected precursor ions.

Cell Culture The human breast mammary epithelial cell
line MCF-7 (ATCC, Manassas, VA) was cultured in
minimum essential medium supplemented with 10% fetal
bovine serum (ATCC, Manassas, VA), 0.01 mg/mL bovine
insulin (Sigma-Aldrich, St. Louis, MO), 100 IU/mL penicil-
lin, and 100ug/mL streptomycin (ATCC, Manassas, VA). RESULTS

Protein Extraction and PurificationThe HMG proteins
were extracted with 5% perchloric acid (PCA) as previously 1. In Vivo Phosphorylation of HMGN1 Protein in MCF-7
described §). PCA-soluble proteins were purified on a Cells.HMG proteins extracted from the MCF-7 human breast
Surveyor HPLC system (ThermoFinnigan, San Jose, CA) by cancer cells were purified by HPLC and the LC fractions
using a 4.6x 250 mm C4 column (Varian, Walnut Creek, were analyzed by MALDI-TOF MS (Figure 1A,B). The
CA). The flow rate was 1.0 mL/min, and a 75-min gradient HMGNL1 protein eluted at 20% acetonitrile among other
of 5—-30% CHCN in 0.1% aqueous solution of trifluoro-  proteins that are soluble in PCA. As shown in Figure 1B,
acetic acid (TFA) was employed. The chromatogram was HMGN1 protein can exist in four forms. The one withiz
obtained by absorbance detection at 220 nm. 10536 agrees with the predicted mass of human HMGN1

To estimate the amount of HMGNL1 protein, 8§-Type protein without modification (calculateaz 10529 for the
II-A histone (Sigma-Aldrich, St. Louis, MO) was dissolved [M + H]* ion), and the other three are attributed to mono-
in 0.1% aqueous solution of TFA and separated under a(nm/z 10615; calculatea/z 10609 for the [M+ H]* ion),
similar condition as mentioned above by HPLC. The amount di- (m/'z 10695; calculatedvz 10689), and tri-phosphorylated
of HMGNL protein was calculated by using the areas of the (m/z 10770; calculatedvz 10769) HMGNL1. To verify that
peaks for the HMGN1 protein and Type II-A histone. the modification is due to phosphorylation, the above isolated

Alkaline Phosphatase Treatmeiithe dephosphorylation HMGN1 protein was treated with alkaline phosphatase and
reaction was carried out in a;4- 50 mM NH,HCO; solution analyzed again by MALDI-TOF MS. It turns out that, after
containing approximately 0,29 of HMGN1 protein and 1~ Phosphatase treatment, only unmodified HMGN1 protein
unit of calf intestinal alkaline phosphatase (CIP, New (mM/z10535) and its oxidized form (the shoulder peak on the
England Biolabs, Beverly, MA) at 37C for 30 min. The  fight) were observed (Figure 1C), supporting that the
sample was then dried and subjected to MALDI-TOF MS HMGNL1 protein is phosphorylated.
analysis. 2. Identification of Phosphorylated Peptidd® locate the

Trypsin DigestionSequencing-grade modified trypsin was phosphorylation sites, we digested the purified HMGN1
purchased from Roche Diagnostics (Basel, Switzerland). Theprotein with trypsin and analyzed the digestion mixture by
digestion was carried out in a 50- 100 mM NH;HCO; LC-MS/MS. TurboSequest (ThermoFinnigan, San Jose, CA)
(pH 8.0) solution containing approximately 0,29 of search was performed with the obtained product-ion spectra
HMGN1 protein, and the trypsin-to-substrate ratio was and the Swiss-Prot database was used. Eleven unmodified
approximately 1 to 50 at 37C for 9 or 24 h. The reaction ~ peptides and four phosphorylated peptides from HMGN1
was quenched by adding/L of TFA. were identified. The sequence coverage of tryptic peptides

Mass SpectrometryMALDI-TOF MS experiment was identified by LC-MS/MS for HMGN1 was 62% (Figure 2).
performed in linear mode on a DE-STR instrument equipped Among the four phosphopeptides, three are monophos-
with a nitrogen laser (PE Biosystems, Foster City, CA). Each phorylated (P1*, P2*, and P3*), and one is diphosphorylated
spectrum was calibrated in the default mode in which 0.1% (P2**, Table 1). Phosphopeptides P1*, P2*/P2**, and P3*
accuracy was typically obtained. Purified protein samples correspond to residues47 (KVSSAEGAAKEEPK), 82-
were dissolved in an aqueous solution of 0.1% TFA, and 97 (TEESPASDEAGEKEAK), and 8299 (TEESPAS-
the sample aliquots were mixed with an equal volume of DEAGEKEAKSD), respectively. The sites of phosphoryla-

matrix solution, which was a saturated solutioroetyano- tion were established by MS/MS.
4-hydroxycinnamic acid in a solvent mixture of QEN, 3. Serine6 Is Phosphorylated in Monophosphorylated
H20, and TFA (50/50/0.1, v/v). Peptide P1*, KVSSAEGAAKEEPKThis peptide (residues

On-line LC-MS/MS was employed for peptide sequencing, 4—17 in Figure 2) is within the N-terminal region of the
and a 0.32x 50 mm C18 capillary column (300 A in pore  HMGNZ1 protein. We observed the [M 2H]?* ions of both
size, 5um in particle size, Micro-Tech Scientific, Vista, CA) the unmodified peptide Pin(z 716.2) and the monophos-
was used. The Surveyor HPLC system was employed for phorylated P1* vz 756.3). The product-ion spectra of the
the LC-MS/MS experiment, and a homemade precolumn ions ofn/z716.2 and 756.3 support our sequence assignment,
splitter was used. The flow rate was-8 ulL/min after and the latter spectrum shows the site of phosphorylation in
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HMGN2 (m/z 707.1) in the product-ion spectrum of the [M2H]*>*
A ion of the phosphorylated peptide is due to the neutral loss
01 of an HPO, (98 Da) from the parent ionAP1 in Figure
3B. We use A” to designate the elimination of ansPQ,
moiety throughout this paper). This is in accord with the
0.08 finding that facile elimination of BPQO, is commonly
HMGNI observed in the fragmentation of phosphorylated peptides
¢ (30). Further loss of a water molecule froxP1 was also
0.06 found (Wz 698.1).
In this peptide, Ser6 and Ser7 are the two potential
phosphorylation sites. The interpretation of the product-ion
0.04 spectrum is somehow complicated because of the presence
A A A mans L e of fragment ions containing either a phosphorylated or a
50 . . .
Time (min) dehydrated serine, and the latter forms from the elimination
of a neutral HPO,. In this regard, several,bions, e.g., b
1%53610615 bo, 1o, br1, bio, Were observed in both forms (Figure 3B).
1P B Although the *I3 ion (mYz 395.2) is of low abundance, the
Abs ion (m/z 297.2) and its complementary;yion (m/z
1116.6) are clearly observed (Figure 3B), demonstrating that
Ser6 is phosphorylated. The ion ofiz 1098.5 can be
assigned as either the;fy— H,O] for the peptide with Ser6
being phosphorylated or th&y,; ion for the peptide with
Ser7 being phosphorylated. The presence of this ion prevents
us from excluding the possibility that a portion of the peptide
contains a phosphorylated Ser7. The relative abundances of
the yi1 ion and the ion of'z 1098.5, however, indicate that
phosphorylation of Ser7 is a minor component, i.e., at most
10535 25%, if it is there. This result is also consistent with many
oP previous studies, which show that Ser6 is phosphorylated in
10 C HMGN1 (19-21, 24).
4. Serine85 and Serine88 Are Phosphorylation Sites in
Phosphopeptides P2* and P2**, TEEBASsDEAGEKEAK.
We detected three different forms of a C-terminal peptide
P2 (residues 8297), i.e., unmodified (P2), monophospho-
rylated (P2*), and di-phosphorylated (P2**). Product-ion
spectra of the [Mt- 2H]?" ions (1/z 839.6, 879.5, and 919.5)
of the three different forms of P2 are shown in Figure4A
. C, and most fragment ions observed in the product-ion
10300 10500 10700 10900 spectra of the [M+ 2H]?*" ions of P2* and P2** are
Mass (m/z) summarized in Figure 4D,E.
Ficure 1: HPLC elution trace and MALDI MS measurement show Similar to phosphopeptide P1*, the neutral loss ey

the phosphorylation of HMGN1 protein in MCF-7 cells. (A) PCA- — can occur readily upon collisional activation of the [

soluble proteins were purified with RP-HPLC, and the effluents op * o . : :
were monitored by absorbance at 220 nm. The arrow indicates theZH] ions of P2* and P2**, which gives rise to fragment

HPLC fraction that was used for subsequent MALDI-MS analysis. 10ns ofm/z 830.6 ¢~ 1H;PQy) in Figure 4B as well asz

(B) MALDI mass spectrum of unmodified and phosphorylated 870.5  1H3PO,) and 821.5 ¢ 2H;PQy) in Figure 4C. In
HMGN1 protein. (C) MALDI mass spectrum of the above HMGN1  addition, further loss of a water molecule was observed,
protein after treatment with alkaline phosphatase. which gives fragment ions ofivz 821.6 for P2* andm/z

1 1 21 31 812.8 for P2**,

In P2, three amino acid residues can be phosphorylated,
i.e., Thr82, Ser85, and Ser88. In Figure 4B, we observed
*y 1?7, Ayaft, Ayis, Aya", Ay, and [*y1s — HOJ?* ions,
KDKSSDKKVQ TKGKRGAKGK QAEVANQETK EDLPAENGET but we did not detect any unmodifiedz\or yi4 ion for P2*,

o1 o1 demonstrating without ambiguity that Thr82 is not phos-
phorylated in this peptide. The phosphorylation, therefore,
KTEESPASDE AGEKEAKSD must occur at either Ser85 or Ser88. The product-ion
FIGURE 2: Summary of sequence coverage for HMGN1 from the gpectrum of the [MH 2H]?* ion indicates that the mono-
peptides identified by LC-MS/MS analysis of the trypsin digestion phosphorylated P2* is heterogeneous, i.e., phosphorylation

mixture. The phosphorylated residues are shown in bold. The . :
covered residues are indicated by underlines. The human HMGNZ &N occur at either Ser85 or Ser88. In this contextyy,

sequence was obtained from SWISSPROT and ref 1. Ve, Y7, Y8, and Y ions give the samen/z values as those
observed in the product-ion spectrum of the unmodified P2

P1* (Figure 3A,B, observed fragment ions for P1* are (Figure 4A,B), whereasiy and yi; ions can bear either an
summarized in Figure 3C). The most abundant fragment ion unmodified serinerYz 1063.5 for yo and nvVz 1231.6 for

AU

100

% Intensity
3

0 T T :
10300 10500 10700 10900
Mass (m/z)

% Intensity
3

PKRKVSSAEG AAKEEPKRRS ARLSAKPPAK VEAKPKKAAA

41 51 61 71
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Table 1: Phosphopeptides Detected in LC-MS/MS Analysis of the Tryptic Digestion Mixture of HMGN1

peptide name predicted mass (Ba) observed ionsnf/z)° observed ionsn/z)° residue$ modificatiorf
P1 1430.6 716.2 (2) 1430.4 417
P1* 1510.6 756.3 (2) 1510.6 417 1P
P2 1677.7 839.6 (2) 1677.2 82-97
p2* 1757.7 879.5 (2) 1757.0 82-97 1P
p2** 1837.7 919.5 (2) 1837.0 82-97 2P
P3 1879.9 8299
P3* 1959.9 980.6 (2) 1959.2 82-99 1P

aMass calculated from amino acid sequence of human HMGNL1 using average maisages on ions observed by LC-MS/MS are indicated
in parentheses.Peptide average mass calculated from observed foRsino acid residues of the corresponding peptide fragnfedumber of
phosphate groups present in the peptide.
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Ficure 3: Product-ion spectra of the [M- 2H]?>" ions of unmodified P1 (A) and monophosphorylated P1* (B). An asterisk (*) indicates
that an ion bears a phosphate group, and neutral loss ofR@tt represented by a triangla). The symbol *A indicates that both forms
were observed. (C) Summary of the observed 5™ ions (J and y-, y?" ions (J in the P1* sequence. The phosphorylated residue is
indicated as a bold italic letter.

y12) or a phosphoseriner{z 1143.2 for *yjpandm/z 1311.5 Consistent with the above observation with the mono-
for *y 1,). Moreover, both b(m/z447.1) andAb, (m/z 429.0) phosphorylated P2*, the product-ion spectrum of the{M
were observed. These results demonstrate that some portio2H]>" ion of P2** shows that both Ser85 and Ser88 are
of the peptide P2* has a phosphorylated Ser85, whereas thgphosphorylated (Figure 4C). In the product-ion spectrum, we
other portion has a phosphorylated Ser88. observedAyip (M/z 1045.9), *yip (M/z 1143.4),Ay1, (MVz
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Ficure 4: Product-ion spectra of the [M- 2H]?" ions of unmodified P2 (residue 8®7) (A), monophosphorylated P2* (B), and
diphosphorylated P2** (C). An asterisk (*) indicates that an ion carries a phosphate group, and neutral 1§38,a6 llepresented by a
triangle (0). */ A indicates that both forms were observed. “**” and A” represent ions that contain two phosphate groups and with the
elimination of two HPQO, molecules, respectively. (D, E) Summary of the observedoh™ ions (J and y*, y?* ions @ in the P2* and
P2** sequences. The phosphorylated residues are indicated as a bold italic lefteén pdnel D indicates that both unmodified and
dehydrated ions are observed.
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FiIGURE 5: (A) Product-ion spectrum of the [M- 2H]?" ion of monophosphorylated P3*. An asterisk (*) indicates that the ion contains a
phosphate group, and neutral loss P9y is represented by a triangla). The symbol *A indicates that both forms were observed. (B)
Summary of the observed pb?" ions (J and y", y?" ions (J in the P3* sequence. The phosphorylated residue is indicated as a bold italic
letter.

1213.5), and *y, (m/z 1311.4) ions, which carry either a addition, many y ions bearing one phosphorylated amino
dehydrated or phosphorylated serine, whereas the corre-acid (*y) were observed, i.e., ${m/z429.1), *y, (m/z500.2),
sponding fragments bearing an unmodified serine were not*ys (M/z 757.4), *y (m/z 943.3), etc. We, however, did not
detectable. These results demonstrate that Ser88 is phosebserve any corresponding, yons that do not carry a
phorylated. In addition, we observed the Hand **y; 2" phosphorylated amino acid. These results demonstrate that
ions. These two ions carry two phosphoserine residues, whichSer98 is the only amino acid residue that is phosphorylated
furnishes strong evidence supporting that Ser85 is alsoin P3*. In addition, all observed,dons except the *?"
phosphorylated. ion (m/z914.1) have the sanm/z values as those predicted

Although Ser89 in bovine HMGN1, which is homologous from the unmodified peptide, which again supports that Ser98
to Ser88 in human HMGNZ1, has been shown to be phos-is phosphorylated. It is interesting to note that neither Ser85
phorylated by protein kinase CK2 in vitr@%), this is the nor Ser88 is phosphorylated in P3*, showing again that the
first demonstration that Ser85 and Ser88 in HMGN1 can be sites of phosphorylation in HMGN1 are heterogeneous. This
phosphorylated in human cells. result might also implicate that the phosphorylation of Ser98

5. Serine98 Is the Phosphorylation Site in Monophospho- inhibits the phosphorylation of the other two serines on the
rylated Peptide P3*, TEESPASDEAGEKEAKS Mono- C-terminus. Further experiments need to be carried out to
phosphorylated peptide P3* (residue-89, TEESPAS- determine whether the latter argument is valid.
DEAGEKEAKSD) was observed in the tryptic digests of  Ser99 in bovine HMGN1, which corresponds to Ser98 in
HMGNL1 protein, whereas the unphosphorylated peptide P3hyman HMGN1, has been shown to be a minor site of
was not detected. The absence of the unphosphorylated P$hosphorylation catalyzed by protein kinase CK2 in vitro
is very likely due to that the amide bond between Lys97 (22). To our knowledge, this is the first report that Ser98
and the unphosphorylated Ser98 is susceptible to proteolysiscan also be phosphorylated in MCF-7 human breast cancer
by trypsin. The negative charge introduced by the phospho- cells in vivo.
rylation of Ser98, however, may inhibit the cleavage of the
amide bond between Lys97 and Ser98, thereby giving rise DISCUSSION
to phosphopeptide P3*. This appears to be supported by the
fact that the Lys94 Glu95 peptide bond was not cleaved in ~ HMGNL1 protein contains three major functional motifs,
P2, P2*, P2** and P3*, where Lys94 is surrounded by two corresponding to four evolutionarily conserved domains, i.e.,
acidic amino acids. bipartite nuclear localization signal (residues4land 52-

The product-ion spectrum of the [M 2H]?* ion of P3* 56), nucleosome binding domain (NBD, residues-43),
supports that Ser98 is phosphorylated (Figure 5A, and and chromatin unfolding domain (residues—81) (1, 5).
observed fragment ions of P3* are summarized in Figure Phosphorylation at serine residues in or close to the NBD
5B). The most abundant product ioARZF", m/z 931.6) is has been observed in many previous investigations, including
again due to the neutral loss of anR, moiety from the Ser20, Ser24, and Ser6 or SelB{21). The addition of a
parent ion. The further loss of a water molecule from the phosphate group to these serines, which neighbor the two
APZ" ion also occurs and it gives an ion wfz 922.8. In basic triplets (Lys2-Arg3-Lys4 and Lys17-Arg18-Argl9),
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effectively reduces their positive charge and, consequently, proteins, and subcellular localizatiodgj. Although no study
compromises the DNA binding affinities of these regions has shown that HMGN1 with a phosphorylated Ser85 is a
(16). Our study shows that Ser6 is phosphorylated in substrate for Pinl, a recent study demonstrated that Pinl is
HMGN1 isolated from the MCF-7 cells. We, however, were overexpressed in breast cancer tissd€ (vhich may point

not able to detect any peptide containing Ser20, which might to such a possibility.

be due to extensive trypsin cleavages in the region surround- To conclude, we used LC-MS/MS and determined that
ing Ser20. Therefore, it remains unclear whether Ser20 is Ser6, Ser85, Ser88, and Ser98 can be phosphorylated in
phosphorylated in MCF-7 cells. We also identified an HMGNL1 isolated from the MCF-7 human breast cancer cells.
unmodified peptide that contains Ser24 (Figure 2); however, The identification of novel in vivo phosphorylation sites in
we did not observe the corresponding phosphorylated pep-the acidic C-terminal tail in HMGN1 should stimulate further

tide.

There are few reports about the phosphorylation of serine
residues in the acidic C-terminus of HMGN22 29), and
the biological implications of the phosphorylation of these
sites remain unexplored. In this respect, in vitro studies
demonstrated that bovine HMGN1 can be phosphorylated
by protein kinase CK2, and the sites of phosphorylation are
Ser89 and Ser99, which correspond to Ser88 and Ser98 in
human HMGNL1, respectivel\2@). The in vivo phosphory-
lation of HMGNL1 protein from HelLa cells was found to
occur at a single identical site with the site phosphorylated
by protein kinase CK2 in vitro29). The site of phospho-
rylation, however, was not established in that study. We
demonstrate for the first time that each of the three serines
in the C-terminal region of HMGN1 can be phosphorylated
in vivo. In this context, the acidic C-terminus of other HMG
proteins, i.e., HMGAla and Alb, was previously shown to
be phosphorylated as welB1—34).

The phosphorylation of multiple serine residues in the
acidic C-terminus of HMGN1 may have significant biologi-
cal implications. Trieschmann et a35) showed that the
deletion of 26 C-terminal amino acid residues of HMGN1
reduces drastically the ability of the protein to enhance
transcription from chromatin templates, demonstrating that
the negatively charged C-terminal region of the protein is
important in transcriptional enhancement. The phosphory-
lation of the serine residues, i.e., Ser85, Ser88, and Ser98, *
in the acidic C-terminus will introduce more negative charges
to the C-terminal region. The HMGNL1 is known to decom-

pact the chromatin structure by targeting linker histone H1 11.

and the amino tails of core histonés 86). Phosphorylation

of HMGN1 at the C-terminus may, therefore, further
decompact the chromatin structure and enhance transcription
by strengthening its interaction with histone H1 and the
N-terminal tails of core histones. In addition, recent studies
showed that HMGN1 protein may associate with proteins
other than histones to form protein complex8%)( A more
negative C-terminus imposed by phosphorylation of the
serine residues in this region may exert significant effect on
the interaction of HMGNL1 proteins with other proteins in
these complexes.

Among the three C-terminal serines that are phosphory-
lated, the phosphorylation of Ser85 may play a special role
in the biological function of HMGN1 protein because
reversible phosphorylation of proteins on serine or threonine
preceding a proline (Ser/Thr-Pro) is a major cellular signaling
mechanism38). Recently, a novel peptidyl prolyl isomerase
(PPlase) Pinl was discoveregB). Pinl isomerizes specif-
ically the phosphorylated Ser/Thr-Pro bonds in certain
proteins 88). The protein conformational changes induced
by the isomerization have a profound effect on the protein’s
catalytic activity, dephosphorylation, interaction with other

studies of the biological implications of these modifications.
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