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Ubiquitin-conjugated proteins in human colorectal cancer
tissues were analyzed by the immunoprecipitation with the
antibody FK2 against conjugated ubiquitin followed with
SDS-PAGE. In these immunoprecipitable proteins, a 38-kDa
protein was abundant in the tumor regions but almost absent
in the adjacent normal regions in 17/26 patients, thus we
attempted to purify it. Using immunoaffinity chromatogra-
phy with the antibody FK2 followed by gel filtration and
SDS-PAGE, approximately 10 pmol of this protein was sep-
arated from 34 g of the pooled cancerous tissue and trans-
ferred onto a PVDF membrane. The 38-kDa protein was
further digested with Achromobacter protease |, resulting in
several peptide fragments. Amino acid sequences of these
peptides showed complete sequence identity to those de-
rived from either ubiquitin or phosphoglycerate mutase-B,
suggesting that the 38-kDa protein is monoubiquitinated
phosphoglycerate mutase-B, whose calculated mass is 37,369
Da. Western blot using an antibody against phosphoglycer-
ate mutase-B revealed the presence of the 38-kDa protein in
the anti-ubiquitin immunoprecipitates derived from the tu-
mor regions, but not from normal counterparts. In addition,
part of non-ubiquitinated phosphoglycerate mutase-B (29
kDa) was also found in the anti-ubiquitin immunoprecipi-
tates, whose levels were higher in the tumor regions than in
the adjacent normal regions. These results suggest that mo-
noubiquitination of phosphoglycerate mutase-B as well as
formation of a noncovalent complex containing ubiquitin and
phosphoglycerate mutase-B increases in colorectal cancer
and novel modification of phosphoglycerate mutase-B might
have a pathophysiological role.
© 2001 Wiley-Liss Inc.
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The eukaryottc modifier protein ubiquitin is involved in degra-
dation ard regulation of intracellula substra¢ proteins!-2 This
proces involves multiple steps3# First, ubiquitin is activatel by
the ubiquitin-activatig enzyne (E1). Second 1 of ubiquitin-
conjugatig enzyme (E29 transfes ubiquitin from E1 to the
substrag tha is bourd to 1 of ubiquitin-proten ligases (E3s).
Third, thee enzyme catalyz covalen attachmenhof ubiquitin to
the protein substrateforming the monoubiquitinatd protein In
mary cases additiond activatal ubiquitin moieties are succes-
sively transferre to the previousy conjugate ubiquitin molecule,
forming a multiubiquitin chan adduct Furthermore the multiu-
biquitinated proteirs are destinel for degradatia by 26S protea-
sore ard this proteolytc machiney plays afundamentharole in
variows cellular evens including cell-cycle progressiofs¢ and
apoptosis.® The monoubiquith adducs hawe distina functions,
e.g, a trigger for endocytos of plasma membrae proteins,
therely regulatirg growth factor-derivel signd input® The ubiqg-
uitin-mediatel systen is often the targe of cancer-relate dereg-
ulation and can underlie carcinogenesiprocesses ard its proteo-
lytic activities are recognizel as a new targea for cancer
chemotherapy?t

We and sever&othe investigatos hawe reportal that ubiquitin-
immunoreactie proteirs are accumulatd in malignan carcino-
mas suggestig a potentid relationshp with the pathophysiology

of canceri2-14By using 2-dimensionbgd electrophoresis3 of the

ubiquitin-immunoreactig proteirs have been isolated from tissues
of colorectd cancer breas neoplasn and hepatomamoreover,
cytokeratn 8 fragmentsts actin family member& and glutamine
synthetasé? respectively hawe been identified by amino acid

sequencig of their Achromobacte proteas | (API) digests In

the® studies however no dired evidene for ubiquitin associa-
tion, sud as the presene of the internd amino acid sequene of

ubiquitin in these digests could be found and no type of ubiquitin

conjugationwhethe multiubiquitinatel or monoubiquitinateghas
bea confirmed Thus an alternaé methal is required for the

identification of ubiquitin conjugats in canceros tissues.

Recently we developé an immunoaffiniyy techniqee using an
antibod/ to conjugate ubiquitin,8 by which ubiquitin-associated
proteirs can be isolated Using thistechniqueseveraubiquitin-E2
complexs hawe bee identified in heat-shocke erythroleukemia
K562 cells18 |n the presemn study, using this method we analyzed
ubiquitin-proten conjugats in colorectd cance tissues ard iso-
lated a 38-kDa protein whos levels were highe in tuma than
normd regions Amino acid sequencig and immunoblottirg anal-
ysis enabe us to identify this protein as amonoubiquitinatd form
of phosphoglyceratmutag (PGM) type B.

MATERIAL AND METHODS
Human colorectd cancers

After obtainirg informed consent human colorectd cancers
were collectal from 26 patiens attendiry Jike University Hospital
of Medicire (Tokyo, Japafin 1998-99 (Table 1) by permissia of
Ethics Revien Committee for Biomedicd Researk in Jike Uni-
versity. The patiens comprise 17 men and 9women whose mean
age was 65, rangirg betwea 47-89 years Immediatey after
surgicd removal tisste specimes of colorectd tumors ard adja-
cert normd mucosa were washe with chilled phosphate-buff-
ered salire (PBS ard stored at —80°C till use The histological
diagnoss on malignart and adjacethnormd tissues was confirmed
by pathologt specialiss in Jikel University Hospitd of Medicine.

Antibodies

The monoclon& antibody FK2 againg conjugate ubiquitin,°
which recognize not only conjugaté ubiquitin but also free
ubiquitin in solution!® was purified as describé previously° and
covalenty coupla to Sepharos using NHS-activatel Sepharose

Grart sponsor Ministry of Education Science Spors ard Culture of
Japan.

*Correspondene to: Departmen of Biochemisty 1, Jika University
Schod of Medicing Nishishinbash3-25-8 Minato-ku, Tokyo 105-8461,
JapanFax +81-3-3435-1922E-mail: takada@jikei.ac.jp.

Receivel 18 March 2001 Revisal 6 Jure 200% Acceptel 22 Jure 2001



UBIQUITINATED PHOSPHOGLYCERATE MUTASE B 663

TABLE | —RELATIONSHIPS BETWEEN INCREASES OF THE 38-kDa PROTEIN and the blots were read with a flatbed image scanner GT-7000U

IN COLORECTAL CANCER AND CLINICOPATHOLOGICAL FACTORS
OF 26 PATIENTS

No. of cases (%8)

Location of tumor

Ascending colon 3/3 (100)

Transverse colon 2/4 (50)

Descending colon 3/3 (100)

Sigmoid colon 2/4 (50)

Rectum 7112 (58)
Histological type

Well-differentiated adenocarcinoma 5/11 (45)

Moderately-differentiated adenocarcinoma 9/11 (82)

Poorly-differentiated adenocarcinoma 3/4 (75)
Clinical stage

| 1/3 (33)

Il 9/13 (69)

I 6/9 (67)

Y, 1/1 (100)
Dukes stage

A 1/2 (50)

B 8/14 (57)

C 8/10 (80)
Total 17/26 (65)

(EPSON, Japan) and then quantitated by densitometry using NIH
Image software.

Immunoprecipitation of ubiquitin-protein conjugates

Ubiquitin-conjugated proteins in the tissue extracts were ana-
lyzed by immunoprecipitation with the FK2 antibody as described
previously?8 Briefly, 300l of the extracts (60Qug protein) were
incubated with 3Qul of FK2-immobilized Sepharose (7 mg IgG/
ml) in PBS containing 0.1% CHAPS (PBS-CHAPS) at 4°C for 12
hr under constant shaking. Precipitates were washed 3 times with
PBS-CHAPS and suspended in the SDS-PAGE sample buffer and
then subjected to SDS-PAGE.

Purification of a putative ubiquitinated protein (38 kDa)

Approximately 80 ml of the cancerous extract was applied to a
FK2-Sepharose column (5 ri#)equilibrated with buffer A at 300
wl/min. After washing with~25 ml of buffer A, the column was
developed with 10 ml of 10 mM Tris-HCI, pH 7.4, containing 3.5
M MgCl, and 0.1% CHAPS. Fractions (1 ml each) were collected
and dialyzed against buffer A and the levels of multi-ubiquitin
chains were measured. Similar separations of the extracts (total
340 ml) were repeatedly carried out 3 times. The eluates contain-

'Ratio of the 38-kDa protein increase. When a level of the 38-kDag multi-ubiquitin chain were combined and concentrated by
protein in the anti-ubiquitin immunoprecipitate of the tumor tissugltrafiltration using a Centricon SR3 (Millipore, Bedford, MA) to
region was higher than the adjacent normal region (Fig. 1), the spgyojume of 25Qul. The sample was then applied to a Superdex 75
imen was counted as ‘increase. HR10/30 column (Amersham Pharmacia Biotech) equilibrated

with buffer A at the flow rate of 50@ul/min and fractions of 500
. . . ) wl were collected. Fractions containing a 38-kDa protein were

4FF (Amersham Pharmacia Biotech, Piscataway, NJ) in accembined and concentrated to less thanytand subjected to
dance with the manufacturer’s instructions. The affinity-purified ps_PAGE, followed with electrotransfer to a PVDF membrane

antibody specific to human PGM type B was kindly provided byimmobilon-F*2 Millipore) and visualized by stain with Coomas
Oriental Yeast Co., Ltd. (Tokyo, Japa). sie Brilliant Blue R25@4

Tissue extraction Enzymatic digestion of purified proteins and separation of
The tissue specimens were minced and homogenized by a Tefiigested peptides by HPLC

motor-driven glass homogenizer in 9 vol of ice-cold buffer A (25 MM The 38-kDa protein immobilized on a PVDF membrane was
Tris-HCI, pH 7.4, containing 0.1% CHAPS, 1 mM EDTA and 0.%educed and S-carboxymethylated and then digested with lysylen-
mM PMSF) supplemented with other protease inhibitors comprisighpeptidase API (Sigma), as described by lwamé&tdine digests
0.5uM antipain, 1M aprotinin, 0.1uM leupeptin, 35.M chymo-  were acidified by adding trifluoroacetic acid at a final concentra-
statin, 1uM pepstatin A, 3uM E-64, 0.5 mM benzamidine, 38M  tion of 0.1% and applied to a reverse phase capillary HPLC (173A
phosphoramidon and 0.1 mM bestatin. The homogenates were mixi@roblotter system, Applied Biosystems, Foster City, CA) with
with a cellulose matrix CDR (Whatmanm, Kent, UK), which adsorbghe deposition of the peptides on a PVYDF membrane after passage
colloidal materials leaving target proteins in solution, at final concefhrough the detector cell. The HPLC separation was performed as
tration of 20 mg/ml and centrifuged at 100,@0fr 1 hr and the follows; a Capillary LC column (C18, 5, 300A, 150 0.5 mm,
supernatants were collected for the extracts. Brownlee Columns, Perkin-Elmer, Norwalk, CT) was used for the
o : : P separation of the proteins using solvent A (0.1% trifluoroacetic
Quantitative analysis of protein and ubiquitin acid) and solvent B (0.085% trifluoroacetic acid with 80% aceto-

Protein concentration was estimated by the DC protein assgiyrile) at the flow rate of Sul/min and under the following elution
(Bio-Rad, Hercules, CA) standardized with bovine serum albumiggndition: 0-10 min, 6% B: 10-150 min, 6-56% B; 150-180

Free ubiquitin and multi-ubiquitin chain were quantified using gin, 56% B.

competitive radioimmunoass®y and a symmetric sandwich ]

ELISA,2° respectively. The levels of multi-ubiquitin chains wereSequence analysis

expressed in terms of the multi-ubiquitin chain reference prepara-Automated Edman degradation for the determination of the

tion 1 (MUCRP1)° amino acid sequence of each peptide was performed with an
. . Applied Biosystems model 492 Protein Sequencer. The obtained

Electrophoretic analysis

i A - __sequences were used to identify each peptide by searching the
Proteins dissolved in the SDS-PAGE sample buffer containinglviss-Plot protein database with Blast algorithm.

50 mM dithiothreito}® were resolved by SDS-PAGE on 10-25%

acrylamide gradient gels in Tris/glycine bufférand visualized Statistics

using a silver nitrate staining kit according to the manufacture’s Differences in band intensity between pairs were determined by
instruction (2D-Silver Stain Il, Daiichi Pure Chemicals, Tokyo). Irthe Wilcoxon matched pairs, signed rank test by using the com-
some cases, the resolved proteins were electrotransferred to nigrater software GraphPad PRISM (GraphPad Software, CA).
cellulose membranes (BA83, Schleicher & Schuell, Dassel, Ger-
many) and ubiquitin- and PGM-immunoreactive proteins were RESULTS
detected by using the antibody F®and the affinity-purified anti- o o ) ) o
phosphoglycerate mutase-B (PGM-BYespectively, according to Proteins immunoprecipitated by anti-conjugated ubiquitin

a previously described methé®23 Molecular mass estimates of antibody

bands were determined by comparing their electrophoretic mobil-To determine whether distinct ubiquitinated proteins are pro-
ities with those of the 10 molecular mass marker proteins rangidgced in colorectal cancerous tissues, proteins immunoprecipitated
from 2,500-180,000 (Sigma, St. Louis, MO). Images of the gelgith the antibody FK2 to conjugated ubiquitin were analyzed,
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revealing that several protein bands were more intensely staine®88 mg of proteins, respectively, were applied to the column and
the tumor tissues than in the adjacent normal tissues (arrowhe#tten the MgCJ eluate fractions, which contained small amounts of
in Fig. 1). In addition, a band of monoubiquitin (Ub in Figg)was proteins (1.09 and 2.18 mg, respectively) and most of the multi-
also abundant in the tumor tissues. Among these bands, we skiquitin chains (7.52 and 4.33g, respectively, in terms of the
lected a 38-kDa protein for further study, because levels of thidUCRP1), were obtained. As a result, total 4.26 mg of proteins
protein in the tumor regions were found to be higher than in theere yielded as the affinity-purified fraction and this fraction was
adjacent normal regions in 17/26 patient cases (Table 1) though ghebjected to gel filtration using a Superdex 75 HR10/30 column
protein levels in both regions were almost equal in 3/26 patients @fig. 3a). The 38-kDa protein was only found in fractions 19 and
undetectable in 6/26 patients and, the 17/26 cases comprised 1RQ7Fig. 3), but not in pooled fractions | and lll, which mainly
cases in male patients and 6/9 cases in female patients and obvimargained multi-ubiquitinated proteins and monoubiquitin, respec-
differences between both genders were not observed. The 38-kidaly (data not shown). Finally, a mixture of the fractions 19 and
bands on each gel were quantified and values of the specim@@svas analyzed by SDS-PAGE and almost 10 pmol of the 38-kDa
used in all the SDS-PAGE analyses were standardized to equal po6tein was transferred onto a PVDF membrane (Fgy. 3

arbitrary units. As a result, the 38-kDa protein amounts (mean

SEM) were significantly higher in the tumor regions (16020) ldentification of the 38-kDa protein

than in the adjacent normal regions (469.0, p < 0.0001). API digests of the 38-kDa protein was analyzed by reversed-
Purification of the 38-kDa protein phase HPLC (Fig. 4). Edman degradation of each peptide fragment
led to determination of 9 parts of the amino acid sequence: peak 1,

In an initial purification of ubiquitin-protein conjugates, immu-t| Tgk: peak 2, HGEAQ; peak 3, AMEAVAAQG: peaks 4 and 6
noaffinity chromatography using the FK2-immobilized Sepharosm@,:vk; peak 5, XLEbGXTLéD; peak 7, ECIPPDQQRLI-'
column was used. Three independent chromatography rusgGk and DXRYADLTEDQLPS; peak 8, TITLEVEP; and peak
showed similar elution profllt_es_ as follows. In the_ first run, th_g, XLEGLXEEAIMELXLXXGIXI. The peaks 1, 4—8 showed
colorectal tumor extract containing 650 mg of proteins was appligdmplete sequence identity to those derived from ubiquitin and the
to the immunoaffinity column and the great majority of the progequences of the peaks 2, 3, 7 and 9 were identical to those derived
teins did not bind, whereas a small amount (0.99 mg) bound aggn human PGM-B (EC 5.4.2.1) (Fig. 5). Neither the calculated
then were eluted with 3.5 M MgGl Most of the multi-ubiquitin - mass’of ubiquitin (8,565 Da) nor PGM-B (28,804 Da) was con-
chains were adsorbed and 5,8§ of the multi-ubiquitin chains in  gjstent with the 38 kDa, but their sum (37,369 Da) was in good
terms of the standard MUCRP1, which accounts for over 90% gQhreement with it. These results strongly suggest that the 38-kDa
the initial amount, were recovered in the Mg@luate (Fig. 2)In protein is monoubiquitinated PGM-B.
the second and third runs, the tumor extracts containing 335 anc?

PGM-B-immunoreactive proteins in the colorectal cancer

To confirm the 38-kDa protein identity, a ubiquitinated protein
mixture obtained by the immunoprecipitation with the FK2 anti-
body from the tumor extracts was analyzed by immunoblotting
with the antibody against PGM-B and ubiquitin, simultaneously.
As a result, a PGM-B-immunoreactive band of 38 kDa (PGMIR-2
in Fig. 6) and a broad ubiquitin-immunoreactive band (UbIR-1 in
Fig. 6) comprised several proteins, whose masses are ranging from
35-38 kDa, were found. These immunochemical data support the
possibility that the 38-kDa protein is identical to a monoubiquitin-
PGM-B complex. It is of interest that another PGM-immunoreac-
tive band of 29 kDa (PGMIR-1 in Fig. 6), which corresponds to
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Ficure 1-SDS-PAGE of anti-ubiquitin immunoprecipitates of
colorectal cancer extracts. Each tissue extract (@§0protein) ob- 0

tained from either the tumor regions (T) or the adjacent normal regions 0 50 100 15074 200
(N) was immunoprecipitated with the FK2-antibody-Sepharosgy30 )
beads), which recognizes both free and conjugated ubiquitin in solu- Adsorbed materials
tion.8 The resulting precipitates were solubilized in @0 of the Elution volume (ml)

SDS-PAGE sample buffer with dithiothreitol and subjected to SDS-

PAGE (30pl/lane). Proteins were visualized using silver stainiray. (

Four pairs of specimens from the Patients [-IV. Arrowheads indicateFicure 2 — Immunoaffinity chromatography using FK2 antibody-
proteins, whose levels are higher in the tumor regions than the nornramobilized Sepharose. A pooled extract of colorectal cancer tissues
counterparts. Locations of heavy chains (HC) and light chains (LC) wfas applied to the FK2-Sepharose column. Multi-ubiquitin chain
the antibodies leaked from the beads and monoubiquitin (Ub) deels in each fraction were estimated by ELISA and expressed in
indicated to the left. Molecular mass estimates are indicated to ttegems of the standard MUCRP1. After unadsorbed materials were
right. (b) Arrowheads indicate the 38-kDa protein in 8 pairs of speeluted between 4 and 152 ml, adsorbed materials were eluted with 3.5

imens from the Patients V-XII. M MgCl..
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66 Ficure 4 —HPLC of peptide fragments of the 38-kDa protein. The
66 — 2 | 38-kDa protein on a PVDF membrane was digestedsitu with
45— }1 “3Fa Achromobactemrotease | and applied to a reverse phase capillary
| .‘ column and then the absorbance at 210 nm was monitored. Peptide
36 45 fragment peaks (1-9) were numbered in the order of elution.
R 36
H Ubiquitin
—— 1 10 20 30 0 50 60 70
- P;QIIIEVI‘(’TI‘_’_TGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQLEDGRTLSDYNIQKESTLHLVLRLRGG
eak 4, Peak
19 20 21 22 23 IP MOTFK. v s,
Peak 1 Peak 7
TLTGK. EGIPPDQQRLIFACK.
Ficure 3 - Gel filtration of immunoaffinity-purified proteinsa) Peak 8

The adsorbed materials obtained from the FK2-Sepharose column TITLEVEP.

were fractionated by gel filtration on a Superdex 75 column. Lar
fractions I, Il and 11l correspond to fractions 15-17, 18 —26 and 27—29 Phosphoglycerate mutase B

respectively. §) SDS-PAGE of proteins in fractions 19-23 and the ; 10 20 30 . 5o 60 70 0
anti-ubiquitin immunoprecipitates (IP) derived from the colorectal MAAYKLVLIRHGESAWNLENRFSGWYDADLSPAGHEEAKRGGQALRDAGY EFDICFTSVQKRATRTLWTVLDAIDOMALP
cancer extract (20Q.g protein). Small aliquots (f.l) in each fraction 90 100 110 120 150 140 150 160
were subjected to SDS-PAGE. Proteins were visualized Dy SilVelvrRTwRLNERHYGGLTGLNKAETAAKHGEAQVKIWRRSYDVPPPPMEPDHPEYSNISKDRRYADLTEDQLPSCESLKDTT

q

staining. Arrowheads indicate the 38-kDa protein. Molecular mass Peak 2 Peak 7
estimates are indicated to the left) SDS-PAGE of a mixture of the HaEAQ. O-RYADLTEDQLPS.
fractions 19 and 20. Resolved proteins were transferred onto a PVDF 170 180 190 200 210 220 230 240
membrane and Visualized by COOmaSSie Brl”lant Ber Staining. AnARALPFWNEEIVPQIKEGKRVLIAAHGNSLRGIVKP;I;EzLZEEAIMELNLPTGIPIWELDKNLKPIKPMQFLGDEE[VR
arrowhead indicates the 38-kDa protein. Molecular mass estimates gre -LEGL-EEATMEL-L—-GI-I.
indicated to the right. 250

KAMEAVAAQGKAKK

Peak 3

AMEAVAAQG.

free PGM-B, was also found in the anti-ubiquitin immunoprecipis

tates.
. . L . Ficure 5— Summary of the amino acid sequences determined in
The PGM-B-immunoreactive proteins in the tumor regions were, Jiije fragment peaks 1-9. Sequences determined by Edman degra-

compared to those in the adjacent normal regions in representatié@ion of Achromobactemprotease I-digests of the 38-K Da protein

2 paired samples. PGMIR-1 and -2 in the anti-ubiquitin immungFig. 4). The peak numbers are shown in italics. Sequences are given
precipitates (Fig. & were quantified by densitometry and a valuén 1-letter codes below the sequences of ubiquitin and phosphoglyc-
of PGMIR-2 in the tumor region of Patient IV was standardized tgrate mutase-B. Sequences not identified are indicated by dashes and
equal 100 arbitrary units. PGMIR-2 levels in the tumor region&® dot at the end of the sequence indicates that the amino acid has not
(100 and 65 in the Patients IV and Il, respectively) were high Fen determined from this point.

than those of the normal counterparts (4 and 0O in the Patients IV

and_ I, Eggzedi(\j/eéé)(') _Similalgly,t_ P?Nll\l/R-l dle”vels in tthe ltl;mor e tumor extracts (data not shown), suggesting part of free
regions an in the Patients IV and Il, respectively) we : - o ?

higher than those of the normal counterparts (575 and 242 in tEgM'B was immunoprecipitable with the antibody FK2.

Patients IV and Il, respectively) (Figay. No PGMIR-2 band was

detected when we directly analyzed these tissue extracts without DISCUSSION

the immunoprecipitation (Fig.bJ. PGMIR-1 amounts in these |n our study, we purified the 38-kDa colorectal-tumor-producing
non-immunoprecipitated materials were estimated and a valuegibtein, which was immunoprecipitable with the antibody FK2
the Patient IV tumor was set at 100 arbitrary units. As a resufigcognizing both free and conjugated ubiquitin in solutfoand

PGMIR-1 levels in the tumor regions (100 and 87 in the Patienjgentified the protein as monoubiquitinated PGM-B. To the best of
IV and I, respectively) were slightly higher than those of theur knowledge, this is the first report of ubiquitination of PGM

normal counterparts (65 and 62 in the Patients IV and Il, respagvo. A simple explanation of the underlying mechanism for in-
tively) (Fig. 70). In addition, we found large amounts of PGMIR-1 creasing in levels of the monoubiquitinated PGM-B in colorectal
but not PGMIR-2, in the non-immunoprecipitable supernatants afmor tissues may involve either of the 2 following assumptions:
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Ficure 7 — Phosphoglycerate mutase-B (PGM-B)-immunoreactive
20— proteins in the anti-ubiquitin immunoprecipitated or non-immunopre-
cipitated materials obtained from colorectal cancer extracts. Tumor
14— regions (T) and adjacent normal regions (N) were obtained from the
Patients IV and Il, indicated in Figure 1a)(Each tissue extract (600
wg protein) was immunoprecipitated with the FK2-antibody-Sepha-
rose (30l beads) and the resulting precipitates were solubilized in 60
wl of the SDS-PAGE sample buffer with dithiothreitol. They were
L subjected to SDS-PAGE (30l/lane), followed with immunoblotting
alUlb aPGM using the antibody against PGM-Bb)(Each tissue extracts (49

protein) were subjected to SDS-PAGE, followed with immunoblotting

Ficure 6 — Immunoblotting of the anti-ubiquitin immunoprecipitate
of a colorectal cancer extract obtained from the patient Il indicated
Figure 1. The tumor extract (6Q0g protein) was immunoprecipitated
with the FK2-antibody-Sepharose (30 beads), which recognizes
both free and conjugated ubiquitin in soluti8hThe resulting precip-
itate was solubilized in 6@l of the SDS-PAGE sample buffer with
dithiothreitol and subjected to SDS-PAGE (g0lane). The resolved
proteins were transferred onto a nitrocellulose membrane and a m

brane fragment contained in a single lane was separately obtain.
This fragment was cut in half vertically and the left and right side
were immunostained with the ubiquitin antibody FK2 (aUb) and th

antibody against phosphoglycerate mutase-B (aPGM), respectivi
Locations of 2 PGM-immunoreactive proteins are indicated

using the antibody against PGM-B. Locations of 2 PGM-immunore-
tive proteins are indicated as PGMIR-1 (29 kDa) and PGMIR-2 (38
a). Molecular mass estimates are indicated to the right.

matic activities are higher than those of adjacent normal tis-
sues?829 Brain tumours possessed lower PGM activity than
rmal brain© In fibroblasts, exposure of the cells to hypoxia
@1 uces induction of PGM activity, concomitant with elevations of
BmRNA and the protein levels of PGM-B, indicating that the
izyme activity is regulated mainly at the transcriptional 8tep.
us, the colorectal cancer specimens analyzed in our study were

PGMIR-1 (29 kDa) and PGMIR-2 (38 kDa). Ubiquitin-immunoreacexpected to have high PGM-B contents. In agreement with this

tive band-1 (UbIR-1) corresponds to 35-38 kDa. Heavy chains (HGupposition, levels of free PGM-B were slightly higher in the
and light chains (LC) of the antibodies leaked from the FK2 antibod r region extracts (PGMIR-1 in Fighy.

. umo

Sepharose beads and detected by the enzyme-labeled antl-mouselﬁg% ] . . -

Molecular mass estimates are indicated to the left. ~Our present study raises the question of why PGM-B is ubiqui-
tinated. A variety of intracellular proteins are selectively multi-

ubiquitinated for further destruction by 26S proteasdrhdyut
(i) PGM-B is monoubiquitinated without further extension othere is virtually no information regarding the involvement of the
multiubiquitin chains; if) PGM-B is multiubiquitinated for pro- ubiquitin system in PGM-B degradation. Several cellular proteins,
teasomal degradation accompanying accumulation of the mondeluding histones H2A, H2B and H;33 G-protein coupled
biquitinated form, which seems to be an intermediate or a partiallgceptors$* membrane-bound transportéps3ubiquitin-conjugat-
deubiquitinated product. The fact that any ubiquitin-PGM-B coring enzymeg8:37 a yeast kinetochore protein Cbf2pcalmodu-
jugates other than the monoubiquitinated form were not found im32 and retrovirus protei¥8 are established as substrates for
the colon tumor tissues (Fig. 6) might support the former. Th@monoubiquitinationn vivo. They are not targeted for destruction
absence of these conjugates, however, is also possibly causedp®6S proteasome and the monoubiquitination to these proteins
proteasomal degradation (or enzymatic deubiquitination) of tmegulates diverse cellular events, such as histone regulation, endo-
conjugates, thus, it is not concluded yet whether PGM-B is recytosis and virus buddingtc32 PGM-B does not share common
ognized as a substrate for monoubiquitination or multiubiquitindeatures with them, but we speculate that this modification might
tion in the colorectal tumor tissues. affect activity or locatio®® of the enzyme. Involvement of the

PGM is an enzyme of the glycolytic pathway, which catalyzeBGM-B ubqu|t|nat!on in the progression of colorectal cancer
the reversible interconversion of 2-phosphoglycerate and 3-phégmains to be elucidated.
phoglycerat&® In mammals, this enzyme is a dimeric protein In our study, PGM-B in colorectal cancer tissues is categorized
consisting of 2 different subunits, types B and M and PGM-B forms: free PGM-B that is not immunoprecipitable with the
found in our study is a homodimer of isozyme B. In normal tissueantibody FK2, monoubiquitinated PGM-B (PGMIR-2 in Fig. 6
colorectal and most other tissues have almost exclusively PGM-&hd 7&) and immunoprecipitable ‘non-ubiquitinated’” PGM-B
whereas skeletal muscle contains mostly PGM-M (MM isozymgPGMIR-1 in Fig. 6 and &). Interestingly, levels of the immuno-
and heart possesses all of the isozymes (MM, BB and #MB). precipitated ‘non-ubiquitinated’ PGM-B were also higher in tumor
addition, colorectal, liver, lung and breast carcinoma tissues cdissues than normal counterparts (Fig).7We predict that this
tain mainly PGM-B and traces of PGM-MB and their PGM enzyform of PGM-B may be a member of the noncovalent complexes
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containing ubiquitin, including ubiquitin thioesters with E2/E3ound in API digests of the isolated materials, due to API-resis-
enzymes containing their substrates, because the antibody FK2aisce of ubiquitin immobilized onto PVDF membrarést? In
capable of precipitating ubiquitin-E2 thioestéfd-urther studies similar API digests of monoubiquitinated PGM-B in our study and
will be required to identify these complexes, which presumablkeveral proteins purified by the immunoaffinity chromatography
increase in colorectal cancer. from K562 celld8 and various biological materials (unpublished

The cellular abundance of the monoubiquitinated PGM-gata), we almost consistently found sequences identical to ubig-
tended to increase with the stages of colon cancer (Table Yjtin as well as target proteins. A reason for this discrepancy is
suggesting its correlation with the tumor progression. Thus, thé&known, but it may suggest the reliability of the methods em-
quantification of the ubiquitin-PGM-B conjugates might have diployed in our study. The unknown immunoprecipitable proteins
agnostic or prognostic values. The electrophoretic technique effpserved in Figure 1, whose levels were higher (or lower) in the
ployed in our study, however, is less accurate for such app"daln’lor regions than m normal Counterparts, will be further |d.ent|'
tions. Based on our ELISA system for multiubiquitin cha#fs, fied by the methods in our study to gain a better understanding of
development of an asymmetric ELISA for the ubiquitinate@']e dynamics of ubquItlnatlon or deUbqultlnatlon in colorectal
PGM-B, in which 2 antibodies to ubiquitin and the PGM-B aré&ancer.
used for capture and detection of the antigen, respectively, is
planned and it will be useful in evaluating the clinical significance.
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