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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 I, 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.

Key words: phosphoglycerate mutase; monoubiquitination; affinity
chromatography; immunoprecipitation

The eukaryotic modifier protein, ubiquitin is involved in degra-
dation and regulation of intracellular substrate proteins.1,2 This
process involves multiple steps.3,4 First, ubiquitin is activated by
the ubiquitin-activating enzyme (E1). Second, 1 of ubiquitin-
conjugating enzymes (E2s) transfers ubiquitin from E1 to the
substrate that is bound to 1 of ubiquitin-protein ligases (E3s).
Third, these enzymes catalyze covalent attachment of ubiquitin to
the protein substrate, forming the monoubiquitinated protein. In
many cases, additional activated ubiquitin moieties are succes-
sively transferred to the previously conjugated ubiquitin molecule,
forming a multiubiquitin chain adduct. Furthermore, the multiu-
biquitinated proteins are destined for degradation by 26S protea-
some and this proteolytic machinery plays a fundamental role in
various cellular events including cell-cycle progression2,5,6 and
apoptosis.7,8 The monoubiquitin adducts have distinct functions,
e.g., a trigger for endocytosis of plasma membrane proteins,
thereby regulating growth factor-derived signal input.9 The ubiq-
uitin-mediated system is often the target of cancer-related dereg-
ulation and can underlie carcinogenesis processes10 and its proteo-
lytic activities are recognized as a new target for cancer
chemotherapy.11

We and several other investigators have reported that ubiquitin-
immunoreactive proteins are accumulated in malignant carcino-
mas, suggesting a potential relationship with the pathophysiology

of cancer.12–14By using 2-dimensional gel electrophoresis, 3 of the
ubiquitin-immunoreactive proteins have been isolated from tissues
of colorectal cancer, breast neoplasm and hepatoma; moreover,
cytokeratin 8 fragments,15 actin family members16 and glutamine
synthetase,17 respectively, have been identified by amino acid
sequencing of their Achromobacter protease I (API) digests. In
these studies, however, no direct evidence for ubiquitin associa-
tion, such as the presence of the internal amino acid sequence of
ubiquitin in these digests, could be found and, no type of ubiquitin
conjugation, whether multiubiquitinated or monoubiquitinated, has
been confirmed. Thus, an alternate method is required for the
identification of ubiquitin conjugates in cancerous tissues.

Recently, we developed an immunoaffinity technique using an
antibody to conjugated ubiquitin,18 by which ubiquitin-associated
proteinscan be isolated. Using this technique, several ubiquitin-E2
complexes have been identified in heat-shocked erythroleukemia
K562 cells.18 In the present study, using this method, we analyzed
ubiquitin-protein conjugates in colorectal cancer tissues and iso-
lated a 38-kDa protein, whose levels were higher in tumor than
normal regions. Amino acid sequencing and immunoblotting anal-
ysis enable us to identify this protein as amonoubiquitinated form
of phosphoglycerate mutase (PGM) type B.

MATERIAL AND METHODS

Human colorectal cancers
After obtaining informed consent, human colorectal cancers

werecollected from 26 patientsattending Jikei University Hospital
of Medicine(Tokyo, Japan) in 1998–99 (Table I) by permission of
Ethics Review Committee for Biomedical Research in Jikei Uni-
versity. Thepatientscomprised 17 men and 9women, whosemean
age was 65, ranging between 47–89 years. Immediately after
surgical removal, tissue specimens of colorectal tumors and adja-
cent normal mucosae were washed with chilled phosphate-buff-
ered saline (PBS) and stored at 280°C til l use. The histological
diagnosis on malignant and adjacent normal tissues was confirmed
by pathologic specialists in Jikei University Hospital of Medicine.

Antibodies
The monoclonal antibody FK2 against conjugated ubiquitin,19

which recognizes not only conjugated ubiquitin but also free
ubiquitin in solution,18 was purified as described previously20 and
covalently coupled to Sepharose using NHS-activated Sepharose
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4FF (Amersham Pharmacia Biotech, Piscataway, NJ) in accor-
dance with the manufacturer’s instructions. The affinity-purified
antibody specific to human PGM type B was kindly provided by
Oriental Yeast Co., Ltd. (Tokyo, Japan).21

Tissue extraction
The tissue specimens were minced and homogenized by a Teflon

motor-driven glass homogenizer in 9 vol of ice-cold buffer A (25 mM
Tris-HCl, pH 7.4, containing 0.1% CHAPS, 1 mM EDTA and 0.5
mM PMSF) supplemented with other protease inhibitors comprising
0.5mM antipain, 1mM aprotinin, 0.1mM leupeptin, 35mM chymo-
statin, 1mM pepstatin A, 3mM E-64, 0.5 mM benzamidine, 30mM
phosphoramidon and 0.1 mM bestatin. The homogenates were mixed
with a cellulose matrix CDR (Whatmanm, Kent, UK), which adsorbs
colloidal materials leaving target proteins in solution, at final concen-
tration of 20 mg/ml and centrifuged at 100,000g for 1 hr and the
supernatants were collected for the extracts.

Quantitative analysis of protein and ubiquitin
Protein concentration was estimated by the DC protein assay

(Bio-Rad, Hercules, CA) standardized with bovine serum albumin.
Free ubiquitin and multi-ubiquitin chain were quantified using a
competitive radioimmunoassay22 and a symmetric sandwich
ELISA,20 respectively. The levels of multi-ubiquitin chains were
expressed in terms of the multi-ubiquitin chain reference prepara-
tion 1 (MUCRP1).20

Electrophoretic analysis
Proteins dissolved in the SDS-PAGE sample buffer containing

50 mM dithiothreitol18 were resolved by SDS-PAGE on 10–25%
acrylamide gradient gels in Tris/glycine buffer23 and visualized
using a silver nitrate staining kit according to the manufacture’s
instruction (2D-Silver Stain II, Daiichi Pure Chemicals, Tokyo). In
some cases, the resolved proteins were electrotransferred to nitro-
cellulose membranes (BA83, Schleicher & Schuell, Dassel, Ger-
many) and ubiquitin- and PGM-immunoreactive proteins were
detected by using the antibody FK219 and the affinity-purified anti-
phosphoglycerate mutase-B (PGM-B),21 respectively, according to
a previously described method.18,23 Molecular mass estimates of
bands were determined by comparing their electrophoretic mobil-
ities with those of the 10 molecular mass marker proteins ranging
from 2,500–180,000 (Sigma, St. Louis, MO). Images of the gels

and the blots were read with a flatbed image scanner GT-7000U
(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.18 Briefly, 300ml of the extracts (600mg protein) were
incubated with 30ml 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 ml)18 equilibrated with buffer A at 300
ml/min. After washing with;25 ml of buffer A, the column was
developed with 10 ml of 10 mM Tris-HCl, pH 7.4, containing 3.5
M MgCl2 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-
ing multi-ubiquitin chain were combined and concentrated by
ultrafiltration using a Centricon SR3 (Millipore, Bedford, MA) to
a volume of 250ml. The sample was then applied to a Superdex 75
HR10/30 column (Amersham Pharmacia Biotech) equilibrated
with buffer A at the flow rate of 500ml/min and fractions of 500
ml were collected. Fractions containing a 38-kDa protein were
combined and concentrated to less than 50ml and subjected to
SDS-PAGE, followed with electrotransfer to a PVDF membrane
(Immobilon-PSQ, Millipore) and visualized by stain with Coomas-
sie Brilliant Blue R250.24

Enzymatic digestion of purified proteins and separation of
digested peptides by HPLC

The 38-kDa protein immobilized on a PVDF membrane was
reduced and S-carboxymethylated and then digested with lysylen-
dopeptidase API (Sigma), as described by Iwamatsu.25 The digests
were acidified by adding trifluoroacetic acid at a final concentra-
tion of 0.1% and applied to a reverse phase capillary HPLC (173A
Microblotter system, Applied Biosystems, Foster City, CA) with
the deposition of the peptides on a PVDF membrane after passage
through the detector cell. The HPLC separation was performed as
follows; a Capillary LC column (C18, 5m, 300Å, 1503 0.5 mm,
Brownlee Columns, Perkin-Elmer, Norwalk, CT) was used for the
separation of the proteins using solvent A (0.1% trifluoroacetic
acid) and solvent B (0.085% trifluoroacetic acid with 80% aceto-
nitrile) at the flow rate of 5ml/min and under the following elution
condition: 0–10 min, 6% B; 10–150 min, 6–56% B; 150–180
min, 56% B.

Sequence analysis
Automated Edman degradation for the determination of the

amino acid sequence of each peptide was performed with an
Applied Biosystems model 492 Protein Sequencer. The obtained
sequences were used to identify each peptide by searching the
Swiss-Plot protein database with Blast algorithm.

Statistics
Differences in band intensity between pairs were determined by

the Wilcoxon matched pairs, signed rank test by using the com-
puter software GraphPad PRISM (GraphPad Software, CA).

RESULTS

Proteins immunoprecipitated by anti-conjugated ubiquitin
antibody

To determine whether distinct ubiquitinated proteins are pro-
duced in colorectal cancerous tissues, proteins immunoprecipitated
with the antibody FK2 to conjugated ubiquitin were analyzed,

TABLE I – RELATIONSHIPS BETWEEN INCREASES OF THE 38-kDa PROTEIN
IN COLORECTAL CANCER AND CLINICOPATHOLOGICAL FACTORS

OF 26 PATIENTS

No. of cases (%)1

Location of tumor
Ascending colon 3/3 (100)
Transverse colon 2/4 (50)
Descending colon 3/3 (100)
Sigmoid colon 2/4 (50)
Rectum 7/12 (58)

Histological type
Well-differentiated adenocarcinoma 5/11 (45)
Moderately-differentiated adenocarcinoma 9/11 (82)
Poorly-differentiated adenocarcinoma 3/4 (75)

Clinical stage
I 1/3 (33)
II 9/13 (69)
III 6/9 (67)
IV 1/1 (100)

Dukes stage
A 1/2 (50)
B 8/14 (57)
C 8/10 (80)

Total 17/26 (65)
1Ratio of the 38-kDa protein increase. When a level of the 38-kDa

protein in the anti-ubiquitin immunoprecipitate of the tumor tissue
region was higher than the adjacent normal region (Fig. 1), the spec-
imen was counted as ‘increase.’
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revealing that several protein bands were more intensely stained in
the tumor tissues than in the adjacent normal tissues (arrowheads
in Fig. 1). In addition, a band of monoubiquitin (Ub in Fig. 1a) was
also abundant in the tumor tissues. Among these bands, we se-
lected a 38-kDa protein for further study, because levels of this
protein in the tumor regions were found to be higher than in the
adjacent normal regions in 17/26 patient cases (Table I) though the
protein levels in both regions were almost equal in 3/26 patients or
undetectable in 6/26 patients and, the 17/26 cases comprised 11/17
cases in male patients and 6/9 cases in female patients and obvious
differences between both genders were not observed. The 38-kDa
bands on each gel were quantified and values of the specimens
used in all the SDS-PAGE analyses were standardized to equal 100
arbitrary units. As a result, the 38-kDa protein amounts (mean6
SEM) were significantly higher in the tumor regions (1606 20)
than in the adjacent normal regions (466 9.0, p , 0.0001).

Purification of the 38-kDa protein
In an initial purification of ubiquitin-protein conjugates, immu-

noaffinity chromatography using the FK2-immobilized Sepharose
column was used. Three independent chromatography runs
showed similar elution profiles as follows. In the first run, the
colorectal tumor extract containing 650 mg of proteins was applied
to the immunoaffinity column and the great majority of the pro-
teins did not bind, whereas a small amount (0.99 mg) bound and
then were eluted with 3.5 M MgCl2. Most of the multi-ubiquitin
chains were adsorbed and 5.89mg of the multi-ubiquitin chains in
terms of the standard MUCRP1, which accounts for over 90% of
the initial amount, were recovered in the MgCl2 eluate (Fig. 2). In
the second and third runs, the tumor extracts containing 335 and

863 mg of proteins, respectively, were applied to the column and
then the MgCl2 eluate fractions, which contained small amounts of
proteins (1.09 and 2.18 mg, respectively) and most of the multi-
ubiquitin chains (7.52 and 4.33mg, respectively, in terms of the
MUCRP1), were obtained. As a result, total 4.26 mg of proteins
were yielded as the affinity-purified fraction and this fraction was
subjected to gel filtration using a Superdex 75 HR10/30 column
(Fig. 3a). The 38-kDa protein was only found in fractions 19 and
20 (Fig. 3b), but not in pooled fractions I and III, which mainly
contained multi-ubiquitinated proteins and monoubiquitin, respec-
tively (data not shown). Finally, a mixture of the fractions 19 and
20 was analyzed by SDS-PAGE and almost 10 pmol of the 38-kDa
protein was transferred onto a PVDF membrane (Fig. 3c).

Identification of the 38-kDa protein
API digests of the 38-kDa protein was analyzed by reversed-

phase HPLC (Fig. 4). Edman degradation of each peptide fragment
led to determination of 9 parts of the amino acid sequence: peak 1,
TLTGK; peak 2, HGEAQ; peak 3, AMEAVAAQG; peaks 4 and 6,
MQIFVK; peak 5, XLEDGXTLSD; peak 7, EGIPPDQQRLI-
FAGK and DXRYADLTEDQLPS; peak 8, TITLEVEP; and peak
9, XLEGLXEEAIMELXLXXGIXI. The peaks 1, 4–8 showed
complete sequence identity to those derived from ubiquitin and the
sequences of the peaks 2, 3, 7 and 9 were identical to those derived
from human PGM-B (EC 5.4.2.1) (Fig. 5). Neither the calculated
mass of ubiquitin (8,565 Da) nor PGM-B (28,804 Da) was con-
sistent with the 38 kDa, but their sum (37,369 Da) was in good
agreement with it. These results strongly suggest that the 38-kDa
protein is monoubiquitinated PGM-B.

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

FIGURE 2 – Immunoaffinity chromatography using FK2 antibody-
immobilized Sepharose. A pooled extract of colorectal cancer tissues
was applied to the FK2-Sepharose column. Multi-ubiquitin chain
levels in each fraction were estimated by ELISA and expressed in
terms of the standard MUCRP1. After unadsorbed materials were
eluted between 4 and 152 ml, adsorbed materials were eluted with 3.5
M MgCl2.

FIGURE 1 – SDS-PAGE of anti-ubiquitin immunoprecipitates of
colorectal cancer extracts. Each tissue extract (600mg protein) ob-
tained from either the tumor regions (T) or the adjacent normal regions
(N) was immunoprecipitated with the FK2-antibody-Sepharose (30ml
beads), which recognizes both free and conjugated ubiquitin in solu-
tion.18 The resulting precipitates were solubilized in 60ml of the
SDS-PAGE sample buffer with dithiothreitol and subjected to SDS-
PAGE (30ml/lane). Proteins were visualized using silver staining. (a)
Four pairs of specimens from the Patients I–IV. Arrowheads indicate
proteins, whose levels are higher in the tumor regions than the normal
counterparts. Locations of heavy chains (HC) and light chains (LC) of
the antibodies leaked from the beads and monoubiquitin (Ub) are
indicated to the left. Molecular mass estimates are indicated to the
right. (b) Arrowheads indicate the 38-kDa protein in 8 pairs of spec-
imens from the Patients V–XII.
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free PGM-B, was also found in the anti-ubiquitin immunoprecipi-
tates.

The PGM-B-immunoreactive proteins in the tumor regions were
compared to those in the adjacent normal regions in representative
2 paired samples. PGMIR-1 and -2 in the anti-ubiquitin immuno-
precipitates (Fig. 7a) were quantified by densitometry and a value
of PGMIR-2 in the tumor region of Patient IV was standardized to
equal 100 arbitrary units. PGMIR-2 levels in the tumor regions
(100 and 65 in the Patients IV and II, respectively) were higher
than those of the normal counterparts (4 and 0 in the Patients IV
and II, respectively). Similarly, PGMIR-1 levels in the tumor
regions (854 and 830 in the Patients IV and II, respectively) were
higher than those of the normal counterparts (575 and 242 in the
Patients IV and II, respectively) (Fig. 7a). No PGMIR-2 band was
detected when we directly analyzed these tissue extracts without
the immunoprecipitation (Fig. 7b). PGMIR-1 amounts in these
non-immunoprecipitated materials were estimated and a value in
the Patient IV tumor was set at 100 arbitrary units. As a result,
PGMIR-1 levels in the tumor regions (100 and 87 in the Patients
IV and II, respectively) were slightly higher than those of the
normal counterparts (65 and 62 in the Patients IV and II, respec-
tively) (Fig. 7b). In addition, we found large amounts of PGMIR-1,
but not PGMIR-2, in the non-immunoprecipitable supernatants of

the tumor extracts (data not shown), suggesting part of free
PGM-B was immunoprecipitable with the antibody FK2.

DISCUSSION

In our study, we purified the 38-kDa colorectal-tumor-producing
protein, which was immunoprecipitable with the antibody FK2
recognizing both free and conjugated ubiquitin in solution18 and
identified the protein as monoubiquitinated PGM-B. To the best of
our knowledge, this is the first report of ubiquitination of PGMin
vivo. A simple explanation of the underlying mechanism for in-
creasing in levels of the monoubiquitinated PGM-B in colorectal
tumor tissues may involve either of the 2 following assumptions:

FIGURE 3 – Gel filtration of immunoaffinity-purified proteins. (a)
The adsorbed materials obtained from the FK2-Sepharose column
were fractionated by gel filtration on a Superdex 75 column. Large
fractions I, II and III correspond to fractions 15–17, 18–26 and 27–29,
respectively. (b) SDS-PAGE of proteins in fractions 19–23 and the
anti-ubiquitin immunoprecipitates (IP) derived from the colorectal
cancer extract (200mg protein). Small aliquots (5ml) in each fraction
were subjected to SDS-PAGE. Proteins were visualized by silver
staining. Arrowheads indicate the 38-kDa protein. Molecular mass
estimates are indicated to the left. (c) SDS-PAGE of a mixture of the
fractions 19 and 20. Resolved proteins were transferred onto a PVDF
membrane and visualized by Coomassie Brilliant Blue staining. An
arrowhead indicates the 38-kDa protein. Molecular mass estimates are
indicated to the right.

FIGURE 4 – HPLC of peptide fragments of the 38-kDa protein. The
38-kDa protein on a PVDF membrane was digestedin situ with
Achromobacterprotease I and applied to a reverse phase capillary
column and then the absorbance at 210 nm was monitored. Peptide
fragment peaks (1–9) were numbered in the order of elution.

FIGURE 5 – Summary of the amino acid sequences determined in
peptide fragment peaks 1–9. Sequences determined by Edman degra-
dation of Achromobacterprotease I-digests of the 38-k Da protein
(Fig. 4). The peak numbers are shown in italics. Sequences are given
in 1-letter codes below the sequences of ubiquitin and phosphoglyc-
erate mutase-B. Sequences not identified are indicated by dashes and
the dot at the end of the sequence indicates that the amino acid has not
been determined from this point.
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(i) PGM-B is monoubiquitinated without further extension of
multiubiquitin chains; (ii ) PGM-B is multiubiquitinated for pro-
teasomal degradation accompanying accumulation of the monou-
biquitinated form, which seems to be an intermediate or a partially
deubiquitinated product. The fact that any ubiquitin-PGM-B con-
jugates other than the monoubiquitinated form were not found in
the colon tumor tissues (Fig. 6) might support the former. The
absence of these conjugates, however, is also possibly caused by
proteasomal degradation (or enzymatic deubiquitination) of the
conjugates, thus, it is not concluded yet whether PGM-B is rec-
ognized as a substrate for monoubiquitination or multiubiquitina-
tion in the colorectal tumor tissues.

PGM is an enzyme of the glycolytic pathway, which catalyzes
the reversible interconversion of 2-phosphoglycerate and 3-phos-
phoglycerate.26 In mammals, this enzyme is a dimeric protein
consisting of 2 different subunits, types B and M and PGM-B
found in our study is a homodimer of isozyme B. In normal tissues,
colorectal and most other tissues have almost exclusively PGM-B,
whereas skeletal muscle contains mostly PGM-M (MM isozyme)
and heart possesses all of the isozymes (MM, BB and MB).27 In
addition, colorectal, liver, lung and breast carcinoma tissues con-
tain mainly PGM-B and traces of PGM-MB and their PGM enzy-

matic activities are higher than those of adjacent normal tis-
sues.28,29 Brain tumours possessed lower PGM activity than
normal brain.30 In fibroblasts, exposure of the cells to hypoxia
induces induction of PGM activity, concomitant with elevations of
mRNA and the protein levels of PGM-B, indicating that the
enzyme activity is regulated mainly at the transcriptional step.31

Thus, the colorectal cancer specimens analyzed in our study were
expected to have high PGM-B contents. In agreement with this
supposition, levels of free PGM-B were slightly higher in the
tumor region extracts (PGMIR-1 in Fig. 7b).

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 proteasome,1,2 but
there is virtually no information regarding the involvement of the
ubiquitin system in PGM-B degradation. Several cellular proteins,
including histones H2A, H2B and H1,32,33 G-protein coupled
receptors,34 membrane-bound transporters,35,36ubiquitin-conjugat-
ing enzymes,18,37 a yeast kinetochore protein Cbf2p,38 calmodu-
lin32 and retrovirus proteins39 are established as substrates for
monoubiquitinationin vivo. They are not targeted for destruction
by 26S proteasome and the monoubiquitination to these proteins
regulates diverse cellular events, such as histone regulation, endo-
cytosis and virus budding,etc.33 PGM-B does not share common
features with them, but we speculate that this modification might
affect activity or location40 of the enzyme. Involvement of the
PGM-B ubiquitination in the progression of colorectal cancer
remains to be elucidated.

In our study, PGM-B in colorectal cancer tissues is categorized
3 forms: free PGM-B that is not immunoprecipitable with the
antibody FK2, monoubiquitinated PGM-B (PGMIR-2 in Fig. 6
and 7a) and immunoprecipitable ‘non-ubiquitinated’ PGM-B
(PGMIR-1 in Fig. 6 and 7a). Interestingly, levels of the immuno-
precipitated ‘non-ubiquitinated’ PGM-B were also higher in tumor
tissues than normal counterparts (Fig. 7a). We predict that this
form of PGM-B may be a member of the noncovalent complexes

FIGURE 6 – Immunoblotting of the anti-ubiquitin immunoprecipitate
of a colorectal cancer extract obtained from the patient III indicated in
Figure 1. The tumor extract (600mg protein) was immunoprecipitated
with the FK2-antibody-Sepharose (30ml beads), which recognizes
both free and conjugated ubiquitin in solution.18 The resulting precip-
itate was solubilized in 60ml of the SDS-PAGE sample buffer with
dithiothreitol and subjected to SDS-PAGE (30ml/lane). The resolved
proteins were transferred onto a nitrocellulose membrane and a mem-
brane fragment contained in a single lane was separately obtained.
This fragment was cut in half vertically and the left and right sides
were immunostained with the ubiquitin antibody FK2 (aUb) and the
antibody against phosphoglycerate mutase-B (aPGM), respectively.
Locations of 2 PGM-immunoreactive proteins are indicated as
PGMIR-1 (29 kDa) and PGMIR-2 (38 kDa). Ubiquitin-immunoreac-
tive band-1 (UbIR-1) corresponds to 35–38 kDa. Heavy chains (HC)
and light chains (LC) of the antibodies leaked from the FK2 antibody-
Sepharose beads and detected by the enzyme-labeled anti-mouse IgG.
Molecular mass estimates are indicated to the left.

FIGURE 7 – Phosphoglycerate mutase-B (PGM-B)-immunoreactive
proteins in the anti-ubiquitin immunoprecipitated or non-immunopre-
cipitated materials obtained from colorectal cancer extracts. Tumor
regions (T) and adjacent normal regions (N) were obtained from the
Patients IV and II, indicated in Figure 1. (a) Each tissue extract (600
mg protein) was immunoprecipitated with the FK2-antibody-Sepha-
rose (30ml beads) and the resulting precipitates were solubilized in 60
ml of the SDS-PAGE sample buffer with dithiothreitol. They were
subjected to SDS-PAGE (30ml/lane), followed with immunoblotting
using the antibody against PGM-B. (b) Each tissue extracts (45mg
protein) were subjected to SDS-PAGE, followed with immunoblotting
using the antibody against PGM-B. Locations of 2 PGM-immunore-
active proteins are indicated as PGMIR-1 (29 kDa) and PGMIR-2 (38
kDa). Molecular mass estimates are indicated to the right.
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containing ubiquitin, including ubiquitin thioesters with E2/E3
enzymes containing their substrates, because the antibody FK2 is
capable of precipitating ubiquitin-E2 thioesters.18 Further studies
will be required to identify these complexes, which presumably
increase in colorectal cancer.

The cellular abundance of the monoubiquitinated PGM-B
tended to increase with the stages of colon cancer (Table I),
suggesting its correlation with the tumor progression. Thus, the
quantification of the ubiquitin-PGM-B conjugates might have di-
agnostic or prognostic values. The electrophoretic technique em-
ployed in our study, however, is less accurate for such applica-
tions. Based on our ELISA system for multiubiquitin chains,20

development of an asymmetric ELISA for the ubiquitinated
PGM-B, in which 2 antibodies to ubiquitin and the PGM-B are
used for capture and detection of the antigen, respectively, is
planned and it will be useful in evaluating the clinical significance.

Accumulation of a 42-kDa ubiquitin-immunoreactive protein in
Triton X-insoluble fractions of colorectal cancer tissues have been
reported,15 but we did not make this observation in the anti-
ubiquitin immunoprecipitates of the CHAPS-soluble fractions of
the corresponding tissues (Fig. 1). An analysis of the CHAPS-
insoluble materials will be required to confirm the presence of
42-kDa protein in our specimens.

Several investigators have isolated ubiquitin-immunoreactive
proteins accumulated in tumor tissues by using 2-dimensional
PAGE, but no internal amino acid sequence of ubiquitin has been

found in API digests of the isolated materials, due to API-resis-
tance of ubiquitin immobilized onto PVDF membranes.15–17 In
similar API digests of monoubiquitinated PGM-B in our study and
several proteins purified by the immunoaffinity chromatography
from K562 cells18 and various biological materials (unpublished
data), we almost consistently found sequences identical to ubiq-
uitin as well as target proteins. A reason for this discrepancy is
unknown, but it may suggest the reliability of the methods em-
ployed in our study. The unknown immunoprecipitable proteins
observed in Figure 1, whose levels were higher (or lower) in the
tumor regions than in normal counterparts, will be further identi-
fied by the methods in our study to gain a better understanding of
the dynamics of ubiquitination or deubiquitination in colorectal
cancer.
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