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ABSTRACT. The high mobility group (HMG) proteins are important modulators of chromatin structure
and gene transcription. Overexpression of HMGA1 proteins in vivo induces neoplastic transformation
and promotes a highly metastatic cellular phenotype. This study focuses on characterization of HMGAla
in vivo posttranslational modification (PTM) patterns found in a nonmetastatic and two metastatic lines
of MCF-7 human breast cancer cells of differing tumorigenic potential. PTM types and the amino acids
on which they occur were identified by matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry. Mass analysis was restricted to MALDI peaks having less1&@rmparts per

million (ppm) error, thereby holding our analysis to a more stringent criterion than previously published
work with the HMG proteins. Validation of MALDI-TOF MS analysis was accomplished utilizing
electrospray ionization tandem mass spectrometry (ESI MS/MS) and manual analysis of ion fragmentation
spectra. Patterns and sites of PTMs identified in this study suggest that HMGAla proteins, like the histones,
exhibit a biochemical modification “code” that relates to cellular function. For example, both increased
levels of acetylation and a previously unidentified dimethylation of both lysine and arginine residues
were found on HMGAla proteins from metastatic cells compared to proteins found in their nonmetastatic
precursors. Additionally, the types of modification present on lysine-45 (e.g., unmodified, acetylation, or
dimethylation) varied, depending on the metastatic potential of cells. These findings suggest that examination
of the PTM patterns on HMGAL proteins may provide valuable information concerning the physiological
and phenotypic state of mammalian cells.

High mobility group (HMG) proteins are nonhistone DNA HMGA1 mRNA sequence, resulting in a frame shift in the
binding proteins that are implicated in regulating expression transcript, which codes for a larger C-terminal tail region
of numerous mammalian gends4). The human HMGA1 (6). In addition to transcription, HMGAL proteins are impli-
subfamily of HMG proteins consists of two major protein cated in a number of other of cellular processes including
isoforms, HMGA1a (107 amino acids (aa), 11.5 kDa) and regulation of cell growth, apoptosis, chromatin remodeling,
HMGA1b (96 aa, 10.4 kDa), which are produced by and tumor progressior3(4). Given these biological effects,
translation of alternatively spliced mRNA coded for by the it is not surprising that elevated levels of HMGAL protein
HMGA1gene at chromosomal locus 6pZ).(The HMGALC  have been demonstrated to be a diagnostic feature of many
(179 aa, 19.7 kDa) protein, another member of the family, types of cancer3; 4, 7). Nevertheless, the molecular modifi-
is produced by a 67 nucleotide splice deletion from the cations found on HMGAL1 proteins in cancer cells at different
stages of neoplastic progression have, so far, received little
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tumor suppressor gene BRCAL as a result of its promoter methylation on arginine 25 is unknown, it has been correlated
being negatively regulated by HMGAL protein bindirigp). with cells undergoing programmed cell dea#it)(

Likewise, transcriptional expression of many other genes |n the present study, we investigated the in vivo PTMs of
coding for proteins that are linked to metastatic progression, the HMGA1a protein by a highly sensitive method, MALDI-
inClUding several integrins, CyClinS, extracellular metallo- TOF mass spectrometry (MALD|-TOF MS), which requires
proteases, and Rho proteiri?), as well as genes involved  small quantities of protein (nanogram to microgram). Three
in activating the Ras/ERK pathwayl{), is significantly  different MCF-7 human breast epithelial cancer cell lines
modulated by overexpression of HMGAL proteins in vivo. were used to characterize the PTMs of the HMGA1a protein
While these findings demonstrate that HMGAL proteins are as they relate to different stages of neoplastic progression.
involved in the tumorigenic process via their role as QOne of the MCF-7 cell lines was nonmetastatic and nonin-
transcription factors, no comprehensive determination of the yasive, whereas the other two derivative MCF-7 cell lines
constellation of biochemical modifications present on the exhibited different degrees of metastatic potential as a result
HMGA1 proteins themselves in cancer cells that ||ke|y affect of experimenta”y induced Overexpression of transgenic
their gene regulatory function(s) has yet been reported. ~ HMGA1 proteins (2). A significant technical advance
For over a decade, posttranslational modifications (PTMs) employed in the present studies is that all of the HMGAla
of HMGAL1 proteins have been studied. Prior research has proteins, and not just selected HMGAZ1a subfractions (as has
shown that HMGAL proteins are phosphorylated and acetyl- heen done in the past), were isolated from each cell line and
ated in vivo and can be ADP-ribosylated in vitro6|. The analyzed by mass spectrometry. Our studies therefore
HMGAL proteins are phosphorylated by cell cycle dependent reyealed a much higher level of in vivo HMGAla PTMs
2 (cdc2) kinase in the G2/M phase of the cell cyd@)( In than has previously been reported. Importantly, a new type
addition, many other kinases have also been found to phos-of modification for HMGA1la proteins, dimethylation of
phorylate mammalian HMGAL proteins both in vitro and in - arginine and lysine residues, was identified that correlated
vivo (3, 4). Importantly, phosphorylation is known to affect jth the metastatic potential of cells. Likewise, a differential
HMGAL protein function. In vivo and in vitro PKC phos-  modification of lysine 45 was observed that varied between
phorylation of HMGAL proteins inhibits their binding to both  ynmodified, acetylated, and dimethylated forms and was also
naked DNA and nucleosome-containing DNA, thereby correlated with metastatic potential. These findings provide
affecting the stability of proteinDNA complexes {8, 19). strong support for the idea that the complex patterns of PTMs
Another kinase, casein kinase Il (CK II), phosphorylates the found on individual HMGAla proteins in vivo are both
acidic tail of HMGA1 prOteinS at serine residues 102 and dynamic and Ce”_type_specific and also Suggest that a

103 both in vitro and in vivoZ0, 21), linking intracellular ~ malignancy-dependent biochemical “code” may exist for the
signaling to phosphorylation events occurring in the nucleus HMGAL1 proteins.

(22). Interestingly, hyperphosphorylation of HMGAL proteins
has been demonstrated to occur in the early stages ofMATERIALS AND METHODS
apoptosis and is subsequently followed by a hypophosphor-
ylation, thus implicating HMGA1 biochemical modifications Protein Isolation Purification, and DetectionRecombi-
in the apoptotic proces®3, 24). These findings indicate  nhant human (rh) HMGAL proteins were extracted from cells
that phosphorylation of HMGA1 proteins is linked to many with dilute (5%) trichloroacetic acid (TCA) and purified by
different cellular events, including transcriptional regulation, reverse-phase high-performance liquid chromatography (RP-
cell cycle progression, cell signaling, and cell death. HPLC) techniques as described by Reeves and Niz®n (
In addition to phosphorylation, other PTMs, such as acetyl- Briefly, following acid extraction, the HMGAL proteins were
ation, have been implicated in modulating HMGAL protein purified utilizing a RP-HPLC C4 Microsorb analytical
function. For example, HMGAL proteins can be acetylated column with a 12-25%, 72-min linear gradient from 0.2%
by CREB binding protein (CBP) and the p300/CBP associ- trifluoroacetic acid (TFA) in HO to 0.2% TFA in acetoni-
ated factor (P/CAF) at lysine residues 65 and 71, respectivelytrile. Subsequently, HMGA1a protein fractions were further
(25, 26). Acetylation of lysine 71 by P/CAF has been sug- purified using a RP-HPLC C18 Dynamax analytical column
gested to be associated with positive transcriptional regulationwith a 23%, 80-min linear gradient from 0.2% TFA in®
of the § interferon (IFNS) gene promoter by HMGA1 to 0.2% TFA in acetonitrile. Protein purity of isolated
proteins, while acetylation of lysine 65 by CBP has been fractions was assessed by sodium dodecyl! sulfate polyacryl-
associated with negative regulatio?5( 26). Additionally, amide gel electrophoresis (SB8AGE) following standard
in earlier work, we demonstrated that acetylation occurs at protocols 28) and confirmed by MALDI-TOF MS. In vivo
multiple sites on the HMGA1 proteins in vivo in MCF-7  modified HMGA1 proteins were isolated from the MCF-7
cells (18), but no assignments of these modifications to cell lines by following the above conditions.
specific lysine residues were made. Likewise, in this previous  Cell Lines and Cell Culture Method3he human breast
study, another important in vivo modification of HMGAla epithelial cancer cell line MCF-7/Tet off was purchased from
was discovered, methylation, but again the precise aminoClontech (Palo Alto, CA, catalog no. C30071). MCF-7/Tet
acid residues modified were not identified. off cells were stably transfected with either HMGAla or
Methylation of HMGAL proteins has been the least studied HMGA1b cDNA-containing expression vectors the tran-
of the PTMs, and the importance of this type of modification scription of which was controlled by a tetracycline-regulated
is just beginning to be understood. Recently, however, promoter (2). A hemagglutinin (HA) peptide tag within the
identification of a methylation site, arginine 25, on HMGAla parental expression vector was linked in-frame to the
in human leukemia and prostate cancer cell lines was N-terminal end of the HMGAla and HMGA1b proteins.
establishedq7). Although the biological function of mono-  Therefore, the MCF-7/Tet off cell lines that contain stably
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integrated transgenes coding for these HA-tagged proteinsanalysis. Tryptic reactions were carried out for 4 h, while
are called, respectively, HA7C and HA8A (i.e., 7C is the Arg-C reactions were digested for 10 h. Partial tryptic
HMGALa cDNA clone designation and 8A is the HMGA1b digestions were necessary since complete cleavage of the
cDNA clone designation)29). All cell lines were grown in HMGA1a protein results in small peptide fragments, making
Dulbecco’s modified Eagle media (GibcoBRL, Grand Island, them difficult to analyze. Enzymatic reactions were termi-
NY) and supplemented with 10% fetal bovine serum (Atlanta nated by adding TFA to a final volume of 2%. The solution
Biologicals, Norcross, GA), 2 mM-glutamine, 100 U/mL was lyophilized, and the peptides were redissolved in,@dH
penicillin G, and 100 mg/mL streptomycin sulfate (Sigma  MALDI-TOF Mass SpectrometryMALDI-TOF mass
Co., St. Louis, MO). Stable integration of the transgenic spectrometry was performed in the linear mode using a
HMGA1 cDNA expression constructs within the transgenic PerSpective Biosystems Voyager DE-RP instrument (Framing-
HA7C and HAB8A cell lines was maintained by addition of ham, MA) according to published protocol30( 31). All
either 100 mg/mL hygromycin (Calbiochem, San Diego, CA) samples were analyzed in positive ion mode using a standard
or 50 mg/mL zeocin (Invitrogen, Carlsbad, CA) to the culture 337 nm nitrogen laser, and the TOF was measured over 256
medium, respectively. The cells were harvested when con-laser pulses and averaged into a single spectrum. Each
fluent, frozen, and stored at70 °C until needed for analysis.  spectrum was calibrated either externally or internally using
Identification of In Vvo Modified HMGAL1 Proteins  standards purchased from PE Biosystems (Foster City, CA),
Isolated from MCF-7 CellsWestern blot analysis was used as described below. A range #&f150 ppm error was set as
to confirm the presence various modified forms of HMGAL the criterion for the mass peaks to be analyzed based upon
proteins extracted from both the parental and transgenicthe calibration data. Furthermore, mass values were highly
MCF-7 cell lines and from RP-HPLC purified protein reproducible for all the digests in which multiple spectra were
fractions following published protocol®228). Specifically, generated (on the average less theh5 Da). Full-length
the in vivo modified HMGAL proteins present in various rhHMGAL proteins and purified in vivo modified HMGA1

chromatographic fractions were identified by Western blot
analyses using polyclonal rabbit anti-HMGAL antiserum
(MR19) raised against purified rhHMGA1a proteins follow-
ing published protocols2@). Cultured cells (approximately
(2—3) x 1 cells per dish) were harvested for analysis in
SDS-PAGE loading buffer. Samples were transferred to
microcentrifuge tubes, sonicated for 1 min to lyse the cells
and shear the DNA, boiled for 5 min to denature the proteins,
and centrifuged at 1500& g for 2 min to pellet any
particulate matter. RP-HPLC fractions were dried down,
redissolved in distilled and deionized (dd}® and com-
bined at a 1:1 volume ratio of protein solution and SPBS
PAGE loading buffer for gel analysis. The purity of and
concentration (within the nanogram to microgram range) of
endogenous, in vivo modified HMGAla proteins was

proteins were mixed with a saturated matrix solution consist-
ing of 3,5-dimethoxy-4-hydroxy-cinnamic acid, 50% aceto-
nitrile/0.2% TFA. The HMGAla protein digestions were
mixed with o-cyano-4-hydroxy-cinnamic acid{CN) matrix
solution and calibration mixture (Cal Mix) 3 and analyzed
by MALDI-TOF MS. Both matrixes were purchased from
Sigma Chemical Co. (St. Louis, MO). To maximize peak
detection, three different scans were performed on every
phosphorylated and dephosphorylated in vivo modified
HMGA1la digested sample.

MALDI-TOF MS Calibration Prior to analysis, the
MALDI-TOF mass spectrometer was calibrated using a
combination of Cal Mix 1, 2, and 3 (PE Biosystems) to
determine the best parameters for data analysis and margin
of error between the average calculated and the observed

determined by electrophoretic separation of the proteins onmasses. The instrument settings of noise filter “one” and

SDS-PAGE gels using known concentrations of pure

Gaussian smooth “23” gave the best peak definition over

recombinant human HMGAL proteins as reference standardsthe range of analysis (466000 nvVz) needed for the

(data not shown).
Enzyme Digestion of the HMGAla Proteirspproxi-
mately 0.5 mg of purified native HMGAL protein from each

rhHMGAla peptide samples. Internal calibrations were
conducted on all individual peaks and different combinations
of peaks present in the calibration mixtures. The 3785

of the three experimental cells lines was separated into two a-CN matrix dimer and the 5734.58z bovine insulin peaks

equal fractions and lyophilized. One sample was dephos-

phorylated with shrimp alkaline phosphatase (SAP, USB,
Cleveland, OH) with the reactions (&) of in vivo modified
HMGA1a, 20 units of SAP) carried out at 3T for 10 h in

the reaction buffer supplied by the manufacturer. Dephos-

phorylation reactions were terminated by addition of per-

gave the best ppm errors for both the Cal Mix3 spectrum
and the spectrum of rhrHMGA1a tryptic digestions combined
with Cal Mix 1-3 (see Figure 1 and Table 1). These
conditions were chosen for the first “rough” internal calibra-
tion. Further fine-tune calibration of the spectra was ac-
complished by calibrating on multiple unmodified HMGAla

chloric acid to a concentration of 5%, and the dephosphor- tryptic or Arg-C peptides. From analyzing these data (Table

ylated HMGA1la proteins were purified from the SAP by
the standard TCA precipitation procedug8), Dephosphor-
ylated HMGAla samples were lyophilized, reconstituted, and
divided into two fractions. Both artificially dephosphor-
ylated and native in vivo modified HMGA1la proteins were
digested with sequencing grade proteinase Arg-C (Sigma Co.
St. Louis, MO) or sequencing grade trypsin (Promega, Madi-
son, WI) (50:1 mass ratio of protein to enzyme) in 50 mM
ammonium bicarbonate (pH 8.0) at 3C. The length of
digestion was empirically determined to yield optimal peptide
fragmentation of HMGAla proteins for MALDI-TOF MS

1), we determined that the stringent conditions frerh50
ppm through +150 ppm error would eliminate peaks
resulting from possible extraneous contaminations. In con-
clusion, every MALDI-TOF mass spectrum of enzyme-
digested HMGAla proteins presented in this paper was

analyzed exactly the same way: noise removal of one,

Gaussian smooth 23, and internal calibration withdh€N
matrix dimer (379.3512) and bovine insulin (5734.58V2)

mass peaks as rough internal reference standards. Fine-tune
internal calibrations were conducted on unmodified HMGAla
peptide mass peaks.
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Ficure 1: Calibration scans conducted on MALDI-TOF mass spectrometer with calibration mixtures and rhHMGA1a: (A) spectrum of
calibration mixtures +3; (B) spectrum of calibration mixtures=B combined with rhHMGA1a trypsin-digested protein. Both data sets
were optimized with conditions as follows: Gaussian smooth 23, noise filter 1, and calibrated on the matrix dimer peak of/2&h85

the bovine insulin peak of 5734.58%/z. Masses of peaks and identified HMGAla peptide fragments indicated by letters are recorded in
Table 1. Calibration mixture peaks are indicated by numbers. Sodium adducts are indicated by “Na

Data AnalysisMass-to-charge ratios(z) for proteins and corresponded to our data range criteriontdf50 ppm were
peptides were analyzed using Data Explorer, version 5.1 (PEfurther analyzed.
Biosystems). The strategies of the subsequent analyses were E|ectrospray Tandem Mass Spectrometi/IGAL pep-
as follows. The peak masses were copied from the Datatides derived from proteolytic digestions were separated using
Explorer program and pasted into an Excel (Microsoft, an Agilent 1100 capillary LC system with a 60-cm capillary
Redmond, WA) spreadsheet for further analysis. Known column (150um i.d. x 360um o.d., Polymicro Technolo-
peptide peaks resulting from autodigestion of trypsin (http:// gies, Pheonix, AZ) packed with &m Cys particles (PoroS
prospector.ucsf.edu/ucsthtml4.0/misc/trypsin.htm) were re- 20R2, Applied Biosystems, Foster City, CA). Peptides were
moved from each tryptic spectrum prior to peptide analysis. eluted at a flow rate of 1.8L/min using water/0.1% acetic
In addition, the peak masses from the MALDI-TOF spectrum acid/0.01% TFA and acetonitrile/0.1% acetic acid/0.01%
being analyzed were pasted into an Excel spreadsheet oiTFA with a linear gradient from 10% to 60% acetonitrile.
both the vertical axis and horizontal axis to produce a two- The capillary column flow was infused into a Thermo-
dimensional matrix. Each cell on the spreadsheet matrix Finnigan LCQ Deca XP ion trap mass spectrometer that was
contained the formula< B$1 — $A2) that calculated mass operated to optimize the duty-cycle length with the quality
differences between adjacent spectrum peaks. Mass differ-of data acquired. This optimization resulted in a duty cycle
ences from adjacent peaks that fell between 21.5 and 22.5consisting of a single full MS scan followed by three MS/
mass range, corresponding to possible sodium adductsMS scans on the three most intense precursor masses
were removed from the peptide analysis. Additionally, (determined by Xcaliber mass spectrometer software in real
human keratin peptides that contaminated the preparationdime) from the single parent full ion scan. Dynamic mass
were accounted for by using the EXPASY FindPept tool exclusion windows of 3 min were used, and the MS spectra
(www.expasy.ch), potential keratin masses being removedfor all samples were measured with an overall mass/charge
from further analysis. Peak masses remaining after removal(m/z) window of 400-2000.
of the possible trypsin peptide peaks, sodium adducts, and SEQUEST Analysis of PeptideResulting tandem mass
contaminating human keratin peaks were further analyzedspectra of selected parental ions were analyzed by SEQUEST
using the Protein Prospector MS-digest program (Bioworks 2.0 Thermo Electron GmbH, Bremen, Germany)
(www.prospector.ucsf.edu), EXPASY FindMod tool (31-36). SEQUEST analyzes experimental spectra compared
(www.expasy.ch), and manual mass calculations. The aver-to predicted idealized mass spectra generated from a database
age mass values used for the analysis of potential PTMsof protein sequences. These idealized spectra are weighted
including methylation, acetylation, and phosphorylation were largely with b and y fragment ions (i.e., fragmentation at
14.03, 42.08, and 79.98, respectively. Only peaks thatthe peptide bond from the N- and C-termini, respectively,
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Table 1: Calibration of MALDI-TOF Mass Spectrometer of Data A HMGAIa
from Figure ® 100 /
AMCat\Ii_brati(cj)rgMixturgs 1;r31 yryeﬁffgr?ligelgh\;lvgh HM(@“’ 4
aur and Scannied with the g,/ MCE-T/Tet off
peaks MALDI calcd expect ppm source 50 v
1 379.3 379.35 0.05 131.800-CN dimmer 1
2 904.9 905.05 0.15 165.74 des-Arg-bradykinin %
3 1297.5 1297.51 0.01 7.71 angiotensin |
4 15715 1571.61 0.11 69.99 Glu-fibrinopeptide B 0 T T (i
5 20944 2094.46  0.06 28.65 ACTH (clip-17) B 100 HMGAla| HA-HMGAIa
6 2467.0 2466.72 —0.28 —113.51 ACTH (clip 18-39)
7 2867.4 2867.80 0.40 139.48 insulin boviRe2) I
8  3660.6 3660.19 —0.41 —112.02 ACTH (clip 7-38) HMGATO W[ ]| -
9 5734.6 5734.59 —0.01 —1.74 insulin bovine{1) 50 ) \_J" \ e
B. Combined Calibration Mixtures-13 Were Mixed with f\j [ﬁ HATC
rhHMGA1a Tryptic Digestion Products and Matrix and Then
Scanned with the MALDI-TOF MS
diff. from HMGA1a trypic 0 I
peaks MALDI calcd expect ppm peptides 10 20 30 40 50 60 70
a 983.9 98409 019  193.07 EPSEVPTPK FIGURE 2: RP-HPLC profiles for MCF-7/Tet off and HA7C
b 10455 104556  0.06 57.39 TL%DSSIQTAPI_GL?\IKSR (HA-HMGA1a overexpressing) cells: (A) RP-HPLC profile of
proteins extracted from MCF-7/Tet off cells §107) using TCA;
3 E;gé Eéggg o %718 75%)6;3%;;;1;2222%'? (B) RP-HPLC profile of proteins extracted from HA7C cells (1.5
e 15949 159485 —005 —31.35 KOPPVSPGTALVGSQK X 107) using TCA. Profiles are from C4 RP-HPLC scans of proteins
f  2560.0 2559.62 —038 —148.46 KOPPVSPGTALVG isolated from the MCF-7 cell lines. The gradient was from 12% to
' ' ' ' SQKEPSEVPTPK 23% acetonitrile/0.2% TFA over 72 min and is indicated on the
spectrum by the straight line. The lower protein profile on each
Reference Masses for Spectrum B _ scan is from the actual UV absorbance spectrum at 214 nm, and
diff. from internal calibrant the upper protein profile on each scan is the absorbance normalized
peaks MALDI caled  expect ppm peaks to 100% to allow for easier identification of fractions. Fractions
1 379.4 379.35 —0.05 —131.80 o-CN dimer that contain the HMGAL1 proteins are indicated by solid bars. Note
9 57346 573459 -0.01 —1.74 insulin bovine+{1) the predominance of the overexpressed transgenic HA-tagged

aPeak masses of the calibration mixtures were supplied by the HMG_Al_a and the increased expression of the endogenous HMGAla
manufacturer. From these tables, it was determined that the massProtein in panel B.

spectrometer produced accurate results through a ranié %% ppm grow readily in soft agarose but are also highly aggressive,
error. . . " .. .

metastatic, and invasive when injected into nude mi@. (
For example, HABA cell line transplants rapidly develop both
primary and metastatic tumors in nude mie€l(-2 months)
whereas transplants of HA7C cells form primary tumors at
a much lower frequency and take a considerably longer time
to develop metastatic focilp).

at the amide linkages). The peptide mass tolerance was 1.0
the fragment ion tolerance was 0.0, and trypsin and Arg-C
enzyme rules were applied during SEQUEST analysis.
Manual analysis of spectra from singly through triply charged

parental peptides was performed to verify SEQUEST analysis For our experiments, the endogenous HMGA1a proteins

(39 and the transgenic HA-tagged proteins were isolated from
RESULTS each of the cell lines and purified using RP-HPLC. Figure
2A shows a typical chromatographic profile of acid-soluble
Diverse HMGA1la Protein Populations within Different proteins isolated from the parental MCF-7/Tet off cell line
Lines of Human MCF-7 Breast Cancer Cell$iree different  and eluted from a C4 RP-HPLC column, indicating the peaks
human breast mammary epithelial MCF-7 cancer cell lines containing the endogenous native HMGAla and HMGA1b
that phenotypically exhibit different degrees of malignancy isoform proteins. Figure 2B shows the RP-HPLC profile of
were utilized to characterize in vivo HMGAla protein PTMs.  acid-soluble proteins isolated from the HA7C cells that
Cells of the parental MCF-7/Tet off line express only very overexpress the transgenic HA-HMGA1a isoform protein.
low levels of endogenous HMGAL proteins and, although Similar profiles are also obtained with protein extracts from
they are neoplastically transformed and immortal, exhibit HASA cells except that, in this case, the overexpressed
many phenotypic characteristics of normal mammary epi- transgenic HA-HMGA1b isoform protein elutes at a slightly
thelial cells. For example, both in vitro and in vivo studies different position on the chromatograph (data not shown).
have demonstrated that, like normal cells, the MCF-7/Tet In all cases, however, the chromatographic fractions contain-
off cells do not readily grow in soft agarose nor do they ing the endogenous native HMGA1 proteins (indicated by
form primary or metastatic tumors when injected into the black bars in Figure 2) were collected, and the identity
immune-compromised nude micg2j. In contrast, cells of  of the proteins was further verified by SB®AGE and
the HA7C cell line (derived from these parental cells by Western blotting analysis employing anti-HMGA1 specific
stable transfection) that overexpress a transgenic HMGAlaantibodies (Figure 3). As shown in Figure 3A, SBBAGE
isoform protein grow readily in soft agarose and also exhibit analyses indicated that the native HMGAla and HMGA1b
a moderately metastatic and invasive phenotype whenproteins eluted from the C4 RP-HPLC column next to each
injected into nude micel@). On the other hand, cells of the  other, as well as in overlapping chromatographic fractions.
HAB8A cell line (also derived from these parental cells) that Therefore, to achieve better separation of these endogenous
overexpress a transgenic HMGA1b isoform protein not only isoform proteins from each other, the HMGAla fractions
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FiGure 3: Analysis of RP-HPLC fractions by SDSAGE and z 40 i SAT(S}AA;;&Jr:if;QM
Western blotting. Panels A and B show Coomassie Blue stained 30 [ ' )
SDS-gels, whereas panel C shows the results of a Western blot 20
using an anti-HMGAL specific antibody. Panels B and C are two L D
separate gels covering the same range of fractions from the C18 [ — nos
RP-HPLC column. In panel A, fractions collected from HA7C cells 10000 11000 12000 13000

were isolated by running over a C4 RP-HPLC column and analyzed Mass
by SDS-PAGE. Fractions 49 and 50 show the presence of )
HMGA1b proteins, whereas fractions 584 contain HMGAla  FiGURe 41 MALDI-TOF MS analysis of phosphorylated and
proteins. The HMGA1a protein in fractions 554 were combined ~ dephosphorylated in vivo modified HMGA1a proteins from MCF-
and subsequently eluted through a C18 RP-HPLC column to com- 7/Tet off cells. Panel A shows the spectrum of highly purified
plete protein purification. In panel B, fractions collected from C18 (>95% pure) full-length HMGA1a proteins isolated from the MCF-
RP-HPLC were analyzed by SB®AGE, and fractions 4143 7[Tet off cell line. The completely unmodified form of the protein
were found to contain highly purified>95% pure) HMGAla (indicated by the peak at 11.54 kDa) does not contain the N-terminal
protein. Panel C shows Western Blot analysis confirming the pres- acetylation commonly seen on most in vivo HMGAL proteins. The
ence of HMGA1a protein in fractions 446 eluted from the C18  largest peak corresponds to the HMGALa protein with a single
RP-HPLC column. Fractions 445 were collected and pooled for ~ acetylation, most likely N-terminal acetylation. The large shoulder
analysis by mass spectrometry. The Western blot film was inten- or “hill” formation observed on the spectrum corresponds to the
tionally overexposed to identify all chromatographic fractions that diverse population of posttranslationally modified HMGAla pro-
contained HMGA1a proteins so as to minimize any potential loss teins present in the cell line. A few of the modifications have been
of PTM proteins eluting in fractions with relatively low protein ~ tentatively identified by subtracting the mass of the unmodified
concentrations. The key is as follows: IM, purified recombinant peak from that of the modified peak and correlating mass differences
human HMGAla (rhHMGAla) marker protein; NCP, marker to the mass of various known modifying groups. Panel B shows
nucleosome core particle histones isolated from chicken erythro- the spectrum of HMGA1a proteins isolated from MCF-7/Tet off
cytes. cells that have been dephosphorylated in vitro by digestion with
shrimp alkaline phosphatase. Note the shift to lower masses of the
. : ) population of proteins found in the shoulder of the spectrum
isolated by elution _from the C4 RP HPI.‘.C column were following phosphatase treatment. Some of the easily identified (due
SUbS_eque_mly combined and further pU”f'e_d by a second o ynambiguous mass differences) modifications present on these
fractionation on a C18 RP-HPLC column (Figure 3B). The dephosphorylated HMGA1la proteins are indicated in the figure.
HMGA1la-containing C18 RP-HPLC fractions were assessed
by SDS-PAGE analysis (Figure 3B) and Western blotting acetylated form of the HMGA1la protein were detected on
procedures (Figure 3C), and the highly purifiee 96%) the spectrum, as well as what appeared to be more highly
HMGA1a positive fractions were combined for analysis by modified protein forms that contained both acetate and phos-
mass spectrometry. phate moieties. To investigate this possibility, protein samples
When the HMGAla Western blot-positive fractions from were dephosphorylated by SAP treatment and analyzed by
the C18 column were analyzed by MALDI-TOF MS, they MALDI-TOF MS to visualize the PTMs that occur in
were found to contain a number of the posttranslationally addition to phosphorylation (Figure 4B). The spectrum of
modified forms of HMGAla proteins (Figure 4A). A broad protein masses following dephosphorylation exhibited a
mass range (11 54512 300) for the ions was observed for marked shift toward the less modified forms, demonstrating
the RP-HPLC fractionated full-length HMGAla proteins that a significant amount of in vivo HMGAla phosphory-
isolated from the parental MCF-7/Tet off cell line (Figure lation occurs in the parental MCF-7/Tet off cells. By
4A), corresponding to the many diverse posttranslationally measurement of mass differences between identified peaks,
modified forms of the HMGA1a protein present in these cells some of the PTMs present on full-length HMGA1a proteins
ranging from unmodified to extensively modified species. were tentatively assigned (Figure 4B). This point is illustrated
In Vizo PTMs on Full-Length HMGAla ProteinglALDI- by the peak that appears to be corresponding to an acetylated
TOF MS analysis of purified in vivo modified HMGAla and dimethylated form of HMGAla that is present in the
proteins revealed a complex population of PTMs (Figure 4A). dephosphorylated HMGAla sample (Figure 4B) but is absent
For example, both unmodified (11 545.05 Da) and a singly from the endogenous in vivo modified HMGAla sample
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Table 2: MALDI-TOF MS Peaks of Arg-C-Digested HMGA1A Proteins from HA7C Cells
A. Unmodified HMGAla Arg-C Peptide Peaks From Figure 5A,B

peak obsd mass calcd mass ppm error location sequence
a 1243.4 1243.45 40.21 783 KTTTTPGRKPR
b 1556.6 1556.81 134.89 582 GRPKGSKNKGAAKTR
c 2676.8 2676.81 3.74 84106 GRPKKLEKEEEEGISQESSEEEQ
d 2969.4 2969.41 3.37 357 KQPPVSPGTALVGSQKEPSEVPTPKRPR
e 3058.3 3058.29 —-3.27 81106 KPRGRPKKLEKEEEEGISQESSEEEQ
f 3182.8 3182.65 —47.13 306-59 KQPPVSPGTALVGSQKEPSEVPTPKRPRGR
g 3217.4 3217.48 24.86 129) SESSSKSSQPLASKQEKDGTEKRGRGRPR
h 3650.1 3649.2 —246.63 24-57 GRGRPRKQPPVSPGTALVGSQKEPSEVPTPKRPR
i 3901.2 3901.24 10.25 73L06 KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ
i 4507.1 4507.2 22.19 3072 KQPPVSPGTALVGSQKER-KRPRGRPKGSKNKGAAKTR
k 5187.0 5186.99 —1.93 24-72 GRGRPRKQPPVSPGTALY-KRPRGRPKGSKNKGAAKTR
B. Modified Native HMGAla Arg-C Peptide Peaks from Figure 5B
peak obsd mass calcd mass ppm error location mod sequence
1 1271.2 1271.51 243.80 B3 2M KTTTTPGRKPR
2 1299.6 1299.56 —30.78 73-83 A+M KTTTTPGRKPR
3 1591.2 1591.43 144.52 B4 4P+2M KTTTTPGRKPR
4 1678.6 1678.87 160.82 582 P+A GRPKGSKNKGAAKTR
5 1734.8 1734.98 103.75 582 P+2A+M GRPKGSKNKGAAKTR
6 2931.3 2931.36 20.47 583 P+A+2M GRPKGSKNKGAAKTRKTTTTPGRKPR
7 3409.5 3409.68 52.79 {129) P+2A+2M SESSSKSSQPLASKQEKDGTEKRGRGRPR
8 3513.7 3513.53 —48.38 (£29) 3P+A+M SESSSKSSQPLASKQEKDGTEKRGRGRPR
9 3915.3 3915.27 —7.66 73-106 M KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ
10 3985.0 3985.40 100.37 306 2A KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ
C. Modified Transgenic HA-HMGA1a Arg-C Peptide Peaks from Figure 5C
peak obsd mass calcd mass ppm error location mod sequence
| 1270.9 1271.51 479.74 7383 2M KTTTTPGRKPR
I 1403.4 1403.49 64.13 @12y HA tag GYPDVPDQASRR
1l 1961.0 1961.10 50.99 @18y HA tag GYPDVPDQASRRASVSGR
\Y) 3772.7 3772.9 53.01 @15y HA+2P+A+2M ASVSGREPSESSSKSSQ...QEKDGTEKRGR
\% 3980.7 3980.99 72.85 73106 P KTTTTPGRKPRGRPKKLEK...GISQESSEEEQ
VI 4061.3 4061.19 —27.09 73-106 2P KTTTTPGRKPRGRPKKLEK...GISQESSEEEQ

aData from Figure 5P Sequence from the transgenic hemagglutinin tag.

(Figure 4A). This indicates that the acetylated and dimethyl- or have four phosphate groups plus two methyl groups
ated HMGA1a is also likely phosphorylated in vivo. attached. Peak 1 (Figure 5B) is a potential dimethylated form
MALDI-TOF MS of HMGA1a Peptide$he MALDI-TOF of peptide 73-83, but the ppm error falls outside tHe150
MS spectra of the peptides derived from enzymatic digestion PpPm selection criteria range (Table 2), so it was excluded
of in vivo modified HMGA1a also revealed complex PTM  from further analysis even though the mass difference be-
patterns on the proteins. The spectrum obtained from Arg- tween the calculated and observed values for this peak is
C-digested, unmodified recombinant human HMGA1a pro- only 0.31 Da. Likewise, peaks 4 and h (Table 2) were omitted
tein (Figure 5A) contained fewer mass peaks than the spectrafom the final analysis since the ppm error for these masses
from both the Arg-C-digested native HMGA1la isolated from Was also outside our strict criterion for inclusion. By analyz-
HA7C cells (Figure 5B) and the transgenic HA-tagged ing masses from the spectra of in vivo HMGALla protein
HMGA1a isolated from these same cells (Figure 5C). The digestions, as shown in Figure 5, we were able to identify
increased complexity of the MS spectra shown in Figure many of the types of PTMs on peptides of HMGAla isolated
5B,C compared to that in Figure 5A is due to in vivo secon- from the three different MCF-7 cell lines. Interestingly, the
dary biochemical modifications of many of the peptides PTM patterns on the transgenic HA-HMGA1a protein were
derived from both the native and transgenic HMGA1a pro- found to be very similar to those present on the native endo-
teins. Importantly, however, all of the spectra contain a genous HMGAL proteins (unpublished observations), and
number of matching unmodified HMGA1la peptide mass therefore, additional data on it are not presented because the
peaks (Table 2; peaks a, ¢, and i), thus confirming the pres-results would be redundant.
ence of unmodified HMGAla peptides in proteolytic digests ~ Confirmation of Phosphorylated HMGAla Peptidé®
of both the native and transgenic HMGA1a protein popula- verify that peptides derived from native proteins are indeed
tions. For example, mass analysis of peak a observed in thephosphorylated, we compared the spectra derived from in
spectra of the recombinant (Figure 5A), native (Figure 5B), vivo modified HMGA1la peptides to corresponding spectra
and transgenic (Figure 5C) protein reveals that it is the of in vivo modified samples that were enzymatically de-
unmodified peptide fragment derived from amino acids 73  phosphorylated prior to proteolytic Arg-C digestion (Figure
83 from the HMGALla sequence (Table 2). This peptide is 6 and Table 3). Confirmation of the presence of phosphate
variously modified in vivo, giving rise to different peptide groups was necessary since phosphorylated peptides exhibit
masses in the spectra of Arg-C-digested HMGA1a proteins ionization suppression effects due to the negative charges
from HA7C cells. As shown in Table 2 (peaks a, 2, 3), pep- associated with phosphate group8)( A comparison of the
tide 73-83 can be unmodified, acetylated, and methylated spectra of Arg-C-derived peptides of HMGA1la proteins from
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Ficure 5: MALDI-TOF mass spectrum of Arg-C-digested HMGA1la protein from HA7C cells. Arg-C digest peaks corresponding to
unmodified HMGA1la peptides are labeled with letters, and peaks corresponding to in vivo modified peaks are labeled with numbers.
Enlarged insert regions are indicated with brackets on the main spectrum scan. The inserts are magnified segments of the main
MALDI-TOF spectrum to better visualize minor mass peaks. Panel A shows the spectrum of unmodified recombinant HMGAla
protein. Panel B shows the spectrum of in vivo modified HMGA1la protein from HA7C cells. Panel C shows the spectrum of in vivo
modified transgenic HA-tagged HMGA1la protein from HA7C cells. Data on positively identified peaks, indicated by letters or
numbers, are also presented in Table 2. Peaks labeled with “XP” result from a nonstandard Arg-C cleavage of a C-terminal arginine
before a proline residu€{) and are therefore not included in our analyses. Sodium adducts are indicated iy &N water losses are
indicated by “-H,QO". The bovine insulin peak from calibration mixture 3 is illustrated by “BI” on the spectrum.
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Ficure 6: MALDI-TOF MS of Arg-C-digested HMGA1la proteins (phosphorylated and dephosphorylated) from MCF-7/Tet off cells.
Insert regions are indicated with brackets on the main spectrum scan. The inserts are magnified segments of the main MALDI-TOF spectrum
to better visualize minor mass peaks. Panel A shows Arg-C peptide fragments of HMGAla isolated from MCF-7/Tet off cells. Mass peaks
indicated with numbers are listed in Table 3, and sodium adducts are identified by. ‘®&nel B shows dephosphorylated Arg-C peptide
fragments of HMGA1a isolated from MCF-7/Tet off cells. Peak d is the dephosphorylated fragment derived from native peaks 8 and 9
shown in panel A. New peaks (e.g., b and c) are also present in the dephosphorylated HMGAla Arg-C sample, indicating that these
peptides may be phosphorylated in the MCF-7/Tet off Arg-C sample, although the actual native phosphorylated peptides corresponding to
these peaks are not evident in the particular spectrum show in panel A but were observed in other spectra (data not shown).

parental MCF-7/Tet off cells, before (Figure 6A) and after importance, we observed the appearance of peaks b and ¢
(Figure 6B) SAP treatment, revealed the expected presencen the spectrum of HMGA1a proteins that had been dephos-
of phosphopeptides. Peak d in Figure 6B, for example, phorylated prior to Arg-C digestion. Peak b corresponds to
corresponds to the unmodified C-terminal end of HMGAla HMGA1la peptide 84106 in an unmodified form, and peak
from amino acids 73106 (Table 3). This nonphosphorylated ¢ corresponds to the same peptide containing a single acetyl
peptide was not detected in the spectrum of the native MCF-group (Table 3). The detection of these peaks in the spectrum
7/Tet off HMGAla peptide sample (Figure 6A), whereas of the dephosphorylated HMGAla sample (Figure 6B) but
signals were detected in the spectrum for the mono- andnot the spectrum of the native protein sample (Figure 6A) is
diphosphorylated forms of this peptide (peaks 8 and 9 Figure a strong indication that these peptides were originally phos-
6A, Table 3). The disappearance of peaks 8 and 9 and thephorylated in vivo. Interestingly, the 84.06 peptide derived
appearance of peak d in these spectra confirm that thefrom Arg-C digestion is not detected in the native protein
HMGA1la proteins isolated from MCF-7/Tet off cells are sample prior to SAP treatment (Figure 6A). A likely expla-
phosphorylated on either serine or threonine residues withinnation for this is that the dephosphorylated HMGA1a protein
the 73-106 peptide sequence. Furthermore, peaks 8 and 9is cleaved more efficiently by the Arg-C protease than is
demonstrate that at least two different posttranslationally the phosphorylated native protein, thus resulting in new mass
modified HMGA1la proteins were isolated from the MCF- peaks appearing in the spectrum. Furthermore, it is important
7/Tet off cells, one form containing a single phosphate to note that from just these two spectra we achieved 100%
moiety on 73-106 (i.e., peak 8) and another form containing peptide sequence coverage of the HMGA1la protein isolated
two phosphate moieties (i.e., peak 9) (Table 3). Of equal from the parental MCF-7/Tet off cells (Table 3).

Apsudyuy o,

%000 5000
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Table 3: MALDI-TOF MS Peak Identification of Arg-C Peptides from Native and SAP-Treated HMGA1la Proteins Isolated From MCF-7/Tet
off Cells?

Native HMGAla

peak obsd mass calcd mass ppm error sequence location mod
1 1243.4 1243.45 40.21 KTTTTPGRKPR 783
2 1299.5 1299.56 46.17 KTTTTPGRKPR 783 A+M
3 1556.8 1556.81 6.42 GRPKGSKNKGAAKTR 582
4 2537.6 2537.70 39.41 SESSSKSSQPLASKQEKDGTEKR —-23) A
5 2750.7 2750.94 87.24 SESSSKSSQPLASKQEKDGTEKRGR —28) A
6 2969.1 2969.41 104.40 KQPPVSPGTALVGSQKEPSEVPTPKRPR —530
7 3217.4 3217.48 24.86 SESSSKSSQPLASKQEKDGTEKRGRGRPR —29) A
8 3980.7 3981.22 130.61 KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ —108 P
9 4060.8 4061.20 98.49 KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ —108 2P
SAP-Treated HMGAla
peak obsd mass calcd mass ppm error sequence location mod
1 1243.4 1243.45 40.21 KTTTTPGRKPR 783
a 13135 1313.59 68.51 KTTTTPGRKPR 783 A+2M
3 1556.8 1556.81 6.42 GRPKGSKNKGAAKTR 582
4 2537.7 2537.74 0.23 SESSSKSSQPLASKQEKDGTEKR —23) A
b 2676.7 2676.8 37.36 GRPKKLEKEEEEGISQESSEEEQ —84d6
c 2718.9 2718.89 —3.68 GRPKKLEKEEEEGISQESSEEEQ 8406 A
5 2751.1 2750.98 —43.62 SESSSKSSQPLASKQEKDGTEKRGR ~25) A
6 2969.4 2969.41 3.37 KQPPVSPGTALVGSQKEPSEVPTPKRPR —50
7 3217.6 3217.53 —21.76 SESSSKSSQPLASKQEKDGTEKRGRGRPR —gb) A
d 3901.1 3901.24 35.89 KTTTTPGRKPRGRPKKLEKEEEEGISQESSEEEQ —1086

aData from Figure 6.

Likewise, the results illustrated in Figure 6 show how HMGAla proteins in vivo. For example, as illustrated in
analysis of partial or incomplete peptide cleavage patternsFigure 7, the population of N-terminal HMGAla peptide
by an enzyme can be used to confirm the presence of afragments from HA7C cells exhibited a variety of PTMs
particular PTM. For example, the sequences correspondingranging from a completely unmodified peptide through, in
to peptides +23, 1-25, and 129 derived from Arg-C one case, a single peptide that contained three phosphates,
digestion were all detected containing a single acetyl group an acetyl, and a methyl group and, in another case, a peptide
in both the native and SAP-treated samples (Table 3).that contained two phosphates, two acetyl, and two methyl
Furthermore, these results also demonstrate why it wasgroups. The N-terminus of HMGA1la is usually acetylated
important to take at least three independent spectra for eachn vivo (18). Therefore, when a single acetyl group was found
experimental sample. The peak corresponding to HMGAla on an amino-terminal HMGAla peptide fragment, it was
peptide 73-83 containing an acetyl and a methyl group (i.e., tentatively assigned to the N-terminal serine residue. It is
A + M) was identified in the MCF-7/Tet off sample (peak noteworthy, however, that in all three of the cell lines
2, Figure 6A; Table 3) but was not listed as being present in examined in this study, we also found N-terminal peptide
the sample that was dephosphorylated with SAP (Figure 6B; fragments with no modification on this serine residue.
Table 3). The reason for this is that not every MALDI-TOF The in vivo, unmodified N-terminus was demonstrated by
MS spectrum will detect exactly the same constellation of both the MALDI-TOF MS spectra of full-length proteins
peptides fragments in every scan with the same degree of(Figure 4) and the detection of unmodified N-terminal
mass accuracy. Although the residue-B3 A + M peptide peptide fragments after proteolytic digestion of native
mass peak was present in the dephosphorylated SAP-treatetiMGAla proteins (Figure 7). Furthermore, most proteolytic
sample, its ppm error was greater than our inclusion criteria enzymes will not cleave at an N- or C-terminal amino acid
of £150 ppm, and it was therefore excluded from our that is posttranslationally modifie®9, 40), thereby ruling
analyses. Similarly, peak a shown in the SAP-treated sampleout acetylation and methylation occurring on the terminal
(Figure 6B) corresponds to peptide-7383 that contains one  ends of these peptide fragments. Therefore, to assign PTMs
acetyl and two methyl groups (Table 3). However, this to specific amino acid residues, each segment of the peptide
modified peptide is not listed in the non-SAP-treated native maps (Figure 7) had to be critically analyzed employing these
MCF-7/Tet off sample (Table 3) because, again, its mass considerations as guidelines. For example, we identified and
error in the spectrum of that particular sample falls outside analyzed more than 15 different N-terminal HMGAla
of our selection criteria used to identify peaks. peptide fragments, spanning amino acids30, exhibiting

Types and Sites of in X6 PTMs of HMGA1aBy analysis different levels of biochemical modifications on proteins
of the MALDI-TOF MS spectra of peptide fragments derived isolated from the HA7C cell line (Figure 7; unpublished
from incomplete tryptic or Arg-C proteolytic cleavages, data). Among these, a peptide fragment corresponding to
combined with dephosphorylation digestions, we were able amino acid residues-617 was found that contained a single
to construct detailed overlapping peptide maps that allowed acetyl group, and since this region contains only ioternal
us to identify many of the sites of in vivo PTMs on HMGAla lysine at site 14, acetylation was assigned to this residue.
proteins isolated from the MCF-7/Tet off, the HA7C, and Additional sites of acetylation in HMGAla peptides-126
the HA8A cell lines (Figures 7 and 8). Furthermore, in (P + 2A + 2M) and 6-30 (P+ 3A + M) were similarly
addition to the identification of actual sites of in vivo identified, thus allowing for assignment of acetyl groups to
secondary modifications, systematic analyses of these peptidedMGA1a lysine residues 14, 17, and 22 (Figure 7). Indeed,
maps exposed the dynamic nature of the PTMs on thesimilar types of analysis of all the multiple overlapping
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Ficure 7: Overlapping peptide fragment map of HMGA1a proteins isolated from HA7C cells. The peptides were identified from multiple
spectra, and the peak masses used to generate this peptide map are taken from Table 2 and other MALDI-TOF spectra (data not shown).
The three AT-hook DNA-binding domains of the HMGA1a protein are designated by blue boxes and are labeled I, I, and IIl. The modified
residues are designated by bold letters with the type of modification labeled by P, A, or M indicating phosphate, acetyl, or methyl groups,
respectively. Unmodified peptides are designated by either NM (signifying no modification) or No Mod. Peptides resulting from partial
Arg-C digestions are indicated by red bars and those originating from partial tryptic digestions by green bars. The types of PTMs detected
are indicated above the peptide fragment bars. The black bars above or below the amino acid sequence denote peptide regions containing
the indicated modifications but where no specific residue assignments could be made.

peptide fragments derived from each of the different areasis assessed, however, it is important to keep in mind that
of the HMGAZ1a protein (e.g., the N- and C-termini, as well not all (or, in some cases, any) of these PTMs are likely to
as various internal peptide regions) enabled us to define manyactually be present on any given individual HMGA1a protein
of the in vivo posttranslationally modified amino acid inside a cell. Even though a PTM might be assigned to a
residues in proteins isolated from all three cell types (Figures specific amino acid residue in the figure, this assignment
7 and 8). Nevertheless, due to the complexity of the in vivo was based on analyses of peptide fragments derived from a
patterns involved, some of the biochemical modifications heterogeneous population of variously modified full-length
identified by MALDI-TOF MS could not be unambiguously HMGAZla molecules present in each of the different cell
assigned to individual amino acid residues. These indeter-lines. It is therefore likely that some of the HMGAla proteins
minate modification sites for HMGAla proteins isolated are within the population contained the particular assigned
indicated by black bars above or below the protein sequencemodification while others did not. Consistent with this
in Figure 7 with the type of modifications that occur within interpretation, it is also evident from this figure that although
the region indicated in bold letters. many of the PTMs are common to HMGA1a proteins in three
Similar types of overlapping peptide mapping analyses for cell lines, others are found on proteins in only two of the
identification of PTMs were also performed on MALDI-TOF three lines, while a few (e.g., certain dimethylations indicated
MS spectra of HMGAla proteins isolated from both MCF- by shaded symbols above the stick diagrams in Figure 8)
7/Tet off and HABA cells (data not shown). Figure 8 are observed on proteins in only one of the cell lines.
summarizes, in diagrammatic form, the results of these PTM  Identification of in Vbo HMGAla PTMs by ESI-MS/MS.
analyses for HMGA1la proteins isolated from MCF-7/Tet off, Given the number and complexity of PTMs observed on
HA7C, and HAB8A cells. From this figure, it is evident that native HMGA1la proteins by MALDI-TOF MS, we deemed
both the types and patterns of in vivo PTMs found on the it necessary to confirm their existence by an independent
HMGA1a proteins isolated from each of these cell lines are analytical method. For this purpose, we employed electro-
very complex. When the biological importance of this figure spray ionization tandem mass spectrometry (ESI MS/MS)
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FiGURe 8: In vivo PTMs detected by MALDI-TOF MS on HMGA1a proteins isolated from MCF-7/Tet off, HA7C, and HA8A cells. Stick
diagrams of the HMGA1a protein with the three DNA-binding (AT-hook) domains shown as shaded boxes (labeled I, I, and IIl) and the
position of the Y splice site indicated by the clear box. Specific in vivo modified residues on proteins isolated from three different experimental
cell lines are indicated in bold, underlined letters in the HMGAla amino acid sequences beneath the diagrams, and the types of modifications
are indicated by symbols (phosphorylations by circles, acetylations by triangles, methylations by squares, and dimethylations by stars)
above the stick diagrams. Amino acid resides with unique modifications that are only found in one cell line have gray shaded symbols.
Regions of the HMGAla proteins containing PTMs identified by MALDI-TOF MS but without exact residue assignments are indicated by
bars above the diagrams with the number and types of modifications shown over the bars. Every 10th amino acid residue of the HMGAla
sequence is denoted by

to determine the types and locations of PTMs on tryptic and the inserted panel in Figure 9, this N-terminal fragment
Arg-C-derived peptides of HMGA1a proteins isolated from contains two phosphates (on $and Sej) and two acetyl
HAB8A cells (Figure 9 and Table 4). ESI MS/MS spectra of moieties (on Lys and Lys»), the latter two modifications
peptides derived from HMGAla proteins isolated from having previously been localized on these same amino acid
HABA cells were analyzed using a combination of both the residues by MALDI-TOF MS (Figure 8). These and other
SEQUEST program33—35) and manual calculation87). ESI MS/MS analyses therefore validate and extend the types
Manual analysis was critical for these studies because itand sites of in vivo PTMs identified on the HMGAla by
allowed for identification of ion fragments that the SE- MALDI-TOF MS.

QUEST software does not account for, such as internal PTMs and Cellular PhenotypesiIMGAL1a proteins from
cleavages, water losses from serine and threonine residueshe three experimental cell lines were analyzed for unique
phosphate loss due to ionization, and other fragmentationssijtes and types of PTMs to determine whether any biochemi-
such as a and z ions. In particular, the internal cleavagescal modification patterns could be identified that might be
and phosphate and water losses detected in the spectrgelated to the differing tumor-forming and metastatic potential
allowed us to verify that the parental peptides originally of the lines. These analyses detected a previously unknown
identified by the SEQUEST program were indeed correct PTM on HMGA1a proteins, an arginine dimethylation, that
matches (Figure 9). occurs at one or more arginine residues within the third AT-
Importantly, these ESI MS/MS analyses (Figure 9 and hook of HMGA1la isolated from all three cell lines (e.g., on
Table 4) not only confirmed many of the site-specific residue Argo in both the MCF-7/Tet off and HA7C cells
HMGAla modifications that were previously found on and on residues Aggand Args in HABA cells; Figure 8
HMGA1a peptide fragments by MALDI-TOF MS analysis and Table 5). In addition to these arginine dimethylations,
(Figure 8) but also localized some of the PTMs to specific dimethylations were also found on specific arginine and
amino acid residues (Table 4) that MALDI-TOF analyses lysine residues in other regions of proteins isolated from both
alone were unable to achieve. For example (Table 4), onthe metastatic HA7C (e.g., Asgand Lyse) and HABA
one HMGA1a N-terminal peptide fragment two phosphates (residues Lyg) cells but not on proteins isolated from the
were identified (on Serand Sef), whereas on another —honmetastatic parental MCF-7/Tet off cells (Figure 8 and
peptide fragment covering this same region four phosphateTable 5). Thus, a distinctive feature of the endogenous
groups were identified (on SeiSer, Sek,, and Thgg), none HMGA1la proteins isolated from the metastatic HA7C and

of which had been definitively assigned by MALDI-TOF HAB8A cell lines is that they are more highly methylated than
MS. Of equal significance, when a multiply modified Proteins from the nonmetastatic MCF-7/Tet off parental line

N-terminal peptide fragment (amino acid residue2f) was  from which they were originally derived.

analyzed by ESI MS/MS, approximately 98% of the major = HMGAla proteins isolated from the metastatic HA7C and
peaks were positively identified (Figure 9). As shown by HABSA cell lines are also more highly acetylated than proteins
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FicurRe 9: MS/MS ion fragmentation spectrum of a posttranslationally modified HMGAla N-terminal parental pepti2le §inino acids)

from the HA7C cell line. The HMGA1a parental peptide (mass of 2954.04) corresponding to amino -a2ilsvas selected for further

analysis by ion fragmentation by the Xcaliber software. The fragmentation pattern shown above was first analyzed by SEQUEST software
to select the b and y fragment ions (i.e., fragmentation of the peptide bond at the amide linkages from the N- and C-termini, respectively)
and to match these ions to idealized mass spectra generated from a database of protein sequences. The idealized match, shown in the inser
in the upper right-hand corner, displays the posttranslational modifications on the sequence. Serine residues that are phosphorylated are
indicated withx, and lysine residues that are acetylated are indicated with #. The b and y ions that were identified from the fragmentation

of the parental peptide are indicated with the symiaaad () respectively. The 1, b*2, and b3 and y1, y™2, and y"3 ions arise from loss

of charge as a result of fragmentation of triply charged parental peptides. The original spectrum resulting from the fragmentation was
further analyzed by manual mass calculations to verify the b and y ions identified by SEQUEST and to subsequently identify peaks that
were not assigned by this program. lons that corresponded to water led3g)( phosphate losses-H,PQ;), ammonia losses{(NHy),

and internal cleavages (IC) could not be identified by SEQUEST and were therefore identified by manual mass analysis. Water is known

to be lost from serine and threonine residues and phosphate moieties are known to be removed from serine/threonine residues under these
fragmentation conditions.

from nonmetastatic MCF-7/Tet off cells (Figure 8 and Table methylated than proteins isolated from nonmetastatic MCF-7
4). Although acetylation was detected on specific lysine cells and, likewise, indicate that these modifications appear
residues in all of the AT-hook DNA binding motifs of to be residue-specific and dependent on the cell type.
HMGA1a proteins isolated from all three cell types, it is of
considerable interest that the peptide region between the entPISCUSSlON

of AT-hook Il and the beginning of AT-hook Il is more Higher Degree of PTM Complexity Identified for inJdi
acetylated than in other parts of the protein, particularly in Modified HMGAla ProteinsA significant difference be-
cells exhibiting more malignant phenotypes (Figure 8). For tween the present study and all previous reports is that
example, acetylation of Lyg located between AT-hooks Il attempts were made to characterize the posttranslational
and Il of HMGA1la proteins, was only observed in the more maodifications found on the entire heterogeneous population
metastatic cell types (HA7C and HA8A) and not on proteins of endogenous HMGAla proteins present within closely
isolated from nonmetastatic MCF-7/Tet off cells. Addition- related MCF-7 mammary epithelial cells that exhibit mark-
ally, Lysqss (which is located between AT-Hooks | and Il edly different phenotypic characteristics. The present study
and is not modified in the nonmetastatic MCF-7/Tet off cells) is also the first to employ a combination of both MALDI-

is acetylated in the moderately metastatic HA7C cells and TOF MS and ESI MS/MS techniques to identify both the
either acetylated or dimethylated in proteins isolated from types and sites of PTMs found on HMGAL proteins in vivo.
highly metastatic HA8A cells (Figure 8 and Table 4). These From these analyses, a more complete and detailed picture
data demonstrate that HMGAla proteins isolated from of the PTM patterns found on native HMGAL has emerged,
metastatic MCF-7 cells are more highly acetylated and one that indicates that in vivo biochemical modifications
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Table 4: Electrospray MS/MS Analysis of in Vivo PTMs on
Tryptic and Arg-C Peptides of HMGAla Proteins Isolated from
HABA Cells?

postion sequence

73—-83 R.KTTTTPGRKPR.G

1-25 SESSS*KS*QPLAS*KQEK#DGT*EK#RGR.G

30-57 R.KQPPVSPGTALVGSQKEPSEVPTPKRPR.G

58—-83 R.GRPKGSKNKGAAKTRKT*T*TTPGRKPR.G

58—-80 R.GRPKGSKNK#GAAKTRKA#T*TTT*PGR.K

30-57 R.KQPPVSPGT*ALVGSQK%%EPSEVPTPKRPR.G
26—57 R.GRPRKQPPVSPPGTALVGSQK#EPSEVPTPKR%PR.G
73—88 R.K#TT*TTPGRKPRGRPK#K.L

18—44 K.DGTEK#RGRGEPRKQPPVS*PGTALVGSQK.E
31-61 K.QPPVSPGTALVGS*QK#EPS*EVPTPK#RPRGRPK.G
84-106 R.GRPK#KLEKEEEEGISQESSEEEQ

1-25 S*ES*SSKSSQPLASK#QEKDGTEK#RGR.G

HMGA1la Sequence

SESSSKSSQPLASKQEKDGTEKRGRGRPRKQPPVSPGTALVGSQ
KEPSEVPTPKRPRGRPKGSKNKGAAKTRKTTTTPGRKPRGRP
KKLEKEEEEGISQESSEEEQ

aTandem mass spectrometry analysis of HMGA1a tryptic and Arg-C
digestions. The HMGA1la sequence is shown in the lower section of
the table. Key:x = phosphate group; # acetyl group; %= methyl
group; %%= dimethyl group.
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Earlier studies have demonstrated that dynamic in vivo
phosphorylations and acetylations of specific amino acid
residues modulate the DNA-binding properties of HMGA1
proteins and, as a consequence, influence their ability to
participate in gene regulatory activities and other cellular
functions @). For example, phosphorylation of specific
threonine residues in the AT-hook motifs by cdc2 kinase
during certain stages of the cell cycle has been demonstrated
to markedly reduce the DNA-binding affinity of HMGAL1
proteins (7). Likewise, reversible acetylation of specific
lysine residues (Lys and Lys,) located between AT-hooks
[l and lll, the region of HMGAL proteins know to be the
primary site for physical interaction with other transcription
factors B, 4, 41), has been shown to reversibly regulate
transcription of the IFN3 gene by controlling the formation/
destabilization of an enhancesome on its promoter region
(25, 26). Interestingly, in our studies, we also identified
acetylation of both of these lysine residues (e.g.sh-g8d
Lyszo) in the MCF-7/Tet off and HA7C cell lines but not in
the HA8A cell line (Figure 8; note that our amino acid
numbering system differs from that used in résand 26
since in these latter studies the first methionine residue of

found on these proteins are much more complex and labile HMGA1a, which is normally removed in vivo, was desig-

than previously thought. The present study not only char-

acterizes several new sites of phosphorylation, acetylation,

and monomethylation on the HMGA1 proteins but also
identifies two previously unreported types of modification
(dimethylation) on specific arginine and lysine residues.

nated as amino acid number one). It is therefore reasonable
to suspect that the new madifications identified in this study,
particularly the mono- and dimethylations, might also
influence gene regulation in cells. This possibility seems
likely given that the methylations occurs on all three of the

Furthermore, the present data suggest that many of theDNA-binding AT-hook motifs of the HMGAla protein

modifications and PTM patterns present on HMGA1 proteins
in vivo are labile and change with the physiological or

(Figure 8), but whether these modifications actually affect
DNA binding and the in vivo function of these proteins

phenotypic state or both of cells. Importantly, however, these remains to be determined.
results also confirm the existence and sites of many of the PTMs and Cancer Developing effective methods for

previously reported biochemical modifications on HMGAla
proteins found by others in various cell typds6{19, 22,
25—-27). An apparent exception is that, in contrast to a

molecularly forecasting the malignant state of a tumor is a
major medical goal, and many researchers are exploring gene
expression microarray technology as a means to achieve this

number of previous reports indicating that serine residues objective @7—50). Messenger RNA expression levels,

(i.e., Sess, Sefos, and Seryy) in the acidic carboxyl tail of
HMGAL proteins are constitutively phosphorylated in vivo
(20, 21, 23, 27, 42), we did not observe this feature in any
of the MCF-7 cell lines studied. In fact, in these particular
cell lines, phosphorylation of the acidic tail appeared to be

however, do not always correlate with protein levels, and it
has been demonstrated that when analysis of genomic
information is measured against comparable information for
protein expression, protein and mRNA levels often differ
(52). Furthermore, DNA microarray analyses are not able

dynamic, varying from zero to two phosphates, on these to assess important posttranslational processes such as protein
serine residues (Figure 8). The reason(s) for this difference modifications or protein degradatiobZ—54). Identification
in phosphorylation patterns in MCF-7 cells compared to other of relevant protein markers for early diagnosis of cancer is

cell types is unknown but highlights the labile and cell-
specific nature of in vivo PTMs on HMGAL proteins.

vital. For HMGA1la proteins, the elevated expression levels
that have been proposed to be diagnostic markers for both

Table 5: Amino Acid Sites and Types of in Vivo HMGA1A PTRs

cell line modification residue(s) modified
MCF-7/Tet off phosphorylation S63, T71
(nonmetastatic) acetylation S1, K6, K17, K22, K30, K61, K64, K66, K70, K81
monomethylation K14
dimethylation R80, R83, R85
HA7C phosphorylation T20, S63
(moderately metastatic) acetylation S1, K14, K17,K22, K30, K45, K54, K61, K64, K70, K73, K81

monomethylation
dimethylation
phosphorylation
acetylation
monomethylation
dimethylation

HA8A
(highly metastatic)

R72
R59K66, R80
S63
S1, K17, K22, K30, K45, K54, K61, K64, K66, K73, K87
multiple sites (unassigned)
K45, R80, R83, R85

a Summary of modifications from Figure 8. Bold amino acid residues (depicted by the amino acid residue followed by the sequence location)

indicate unique modification sites.
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neoplastic transformation and metastatic progression in abiochemical “switch” theory. These cumulative results
number of different types of naturally occurring tumors provide strong support for the existence of a dynamic
(reviewed in refs3, 4, and7) may only be part of the picture  HMGAla protein “modification code” analogous to that
relating to the role(s) of these proteins in cancer. Indeed, proposed earlier for histone proteirsb(56), and they also
results from the present study suggest that certain types ancersuasively suggest that this “code” may be expressed in

patterns of posttranslational modifications on HMGA1 different ways in normal and malignant cells.

proteins may also be important features of cancer cells. Thus,

as summarized in Table 5, HMGA1la proteins present in ACKNOWLEDGMENT
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