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Abstract
Objective

Post-translational modifications (PTMs) are often critical for the function of proteins as well as antigenicity of proteins. 
We here tried to elucidate alteration of PTMs in Rheumatoid arthritis (RA), focusing on acetylation. We applied acetyl-

proteomics to peripheral blood mononuclear cells (PBMCs) to elucidate PTM difference between patients with RA 
and healthy donors.

Methods
Proteins, extracted from peripheral blood mononuclear cells (PBMCs) of 7 RA patients and 7 healthy donors, were 

separated by 2-dimansional electrophoresis. Acetylation ratios of each protein spot were estimated by the combination 
of Sypro Ruby staining and anti-acetylated lysine antibodies. Proteins highly acetylated in the RA group were identified 

by mass spectrometry. Focusing on α-enolase (ENO1), one of the identified proteins, involvement of histone deacetylases 
(HDACs) in the high acetylation was investigated. Furthermore, the effects of acetylation on the activity of ENO1 were 

investigated. 

Result
In PBMCs from the patients with RA, 29 acetylated protein spots were detected. One of highly acetylated proteins in the 

RA patients was identified as ENO1. The acetylation of ENO1 was found to be regulated in part by HDAC1. The enzymatic 
activity of ENO1 was up-regulated by acetylation. 

Conclusion
Highly acetylated ENO1 may play roles in the pathophysiology of RA through the maintenance of activated lymphocytes 

by increasing glycolysis-derived energy supply. 
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Introduction
Rheumatoid arthritis (RA) is chronic 
polyarthritis of unknown cause, charac-
terised by proliferation of synoviocytes 
and infiltration of inflammatory cells 
into expanded synovial tissue in affect-
ed joints (1-3). Although recent thera-
pies with biologics, like anti-TNF-α an-
tibodies and soluble TNF-α receptors, 
have been found successful (4-8), more 
specific therapies based on the patho-
genesis of RA should be established in 
the future. Thus, better understanding 
of the pathogenesis of RA is needed.
In the pathogenesis of RA, the involve-
ment of altered post-translational modi-
fications (PTMs) has been reported. 
Specifically, abnormal citrullination is 
detected on synovial proteins and au-
toantibodies to the citrullinated proteins 
are generated. In fact, the detection of 
anti-citrullinated peptides antibodies 
has been widely used for the diagnosis 
of RA (9-11). 
Another example of the altered PTM 
would be IgG molecules. IgG in pa-
tients with RA is reported to exhibit 
decreased galactosylation of its con-
servative N-glycans (Asn-297) in the 
domains of its heavy chains (12). Simi-
larly as the case of citrullination, au-
toantibodies to the agalactosyl IgG are 
frequently detected in RA, which are 
also used for the diagnosis of RA clini-
cally (13). 
Generally speaking, PTMs are often 
critical for the function of proteins as 
well as antigenicity of proteins. There-
by it is interesting whether such an ab-
errant PTM is limited to the citrullina-
tion and glycosylation in RA. We hy-
pothesised that proteins in patients with 
RA possess various kinds of aberrant 
PTMs that might affect the pathophysi-
ology of RA. Thereby, we here tried to 
elucidate alteration of PTM, focusing 
on acetylation. 
The expression and activity of histone 
deacetylase (HDAC) 1 and HDAC2 
in synovial tissue were reported to be 
lower in patients with RA than in pa-
tients with osteoarthritis and in healthy 
donors (14). Increased acetylation of 
histone proteins has been reported to 
be associated with the activation of 
NF-κB and activator protein 1, 2 ma-
jor transcription factors involved in the 

pathogenesis of RA (14). Although the 
HDAC family catalyses the deacetyla-
tion of histone proteins (15), it also ca-
talyses the deacetylation of non-histone 
proteins like p53 (16). This indicates 
the possibility that acetylation of other 
various proteins is also promoted in 
patients with RA. Thus, we here tried 
to detect proteins predominantly acety-
lated in peripheral blood mononuclear 
cells (PBMCs) from patients with RA, 
compared to PBMCs from healthy do-
nors by proteomic analysis. 
We first confirmed that the expression 
of HDAC1 and HDAC2 were decreased 
not only in synovial tissues but also in 
PBMCs of patients with RA compared 
to healthy donors. We then detected 
and identified several protein spots 
which were predominantly acetylated 
in the RA patients by 2-dimensional 
electrophoresis (2-DE), one of which 
was identified as α-Enolase (ENO1). 
Further, we found that the acetylation 
of ENO1 was regulated at least in part 
by HDAC1. Interestingly, the enzy-
matic activity of ENO1 was found up-
regulated by acetylation. The enhanced 
acetylation of ENO1 may play roles in 
the pathophysiology of RA through the 
up-regulation of the ENO activity.

Materials and methods 
PBMCs and serum samples 
PBMCs were isolated by density-gra-
dient centrifugation using Ficoll-Paque 
Plus (Pharmacia Biotech, Uppsala, 
Sweden) from blood samples of 7 pa-
tients with RA (7 female; mean age 56.7 
years old [range 49–80]) and 7 healthy 
donors (7 female; mean age 56.5 years 
[range 42–74]). T cells and monocytes 
were isolated from PBMCs of 3 pa-
tients with RA (3 female; mean age 73.6 
[range 68–74]) and 3 healthy donors (3 
female; mean age 69.3 [range 63-80]). B 
cells were also isolated from PBMCs of 
3 patients with RA (3 female; mean age 
66.7 [range 41–89]) and the 3 healthy 
donors (3 female; mean age 69.3 [range 
63–80]). Serum samples were obtained 
from 14 patients with RA (1 male; age 
74 years, 12 female; mean age 53.4 
years [range38–77]). The patients were 
diagnosed according to the criteria of 
the disease (17). All the samples were 
obtained with written informed consent 
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and this study was approved by the in-
stitutional ethics committee of Ethics 
Committee of St. Marianna University 
Graduate School of Medicine. Proteins 
were extracted into a lysis buffer (7M 
urea, 2M thiourea, 4% CHAPS) from 
each of the PBMC samples. 2-DE was 
performed as described previously 
(18, 19). 100 μg of the extracted pro-
tein samples were loaded onto 13 cm 
drystrips (Imobiline, pH range of 3-11, 
GE Healthcare, Buckinghamshire, 
UK) and the drystrips were kept at 20 
degrees centigrade for 12 hours. Then 
isoelectric focusing was performed us-
ing Ettan IPGphor (GE Healthcare). The 
proteins separated by the isoelectric fo-
cusing were further separated by 12.5% 
sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). The 
separated proteins, stained with SYPRO 
Ruby Protein Gel Stain (GE Healthcare) 
to detect total proteins, were transferred 
onto a polyvinylidene difluoride (PVDF) 
membrane (Millipore, Massachusetts, 
USA). The membrane was subjected to 
western blot with anti-acetylated lysine 
polyclonal antibodies (Abcam, Cam-
bridge, UK) to detect acetylated pro-
teins. Intensity of the protein spots were 
measured by an image analyser (Ty-
phoon 9400, GE Healthcare). Intensity 
of acetylation of the protein spots was 
measured by LAS-3000 LuminoImager 
(FUJIFILM, Tokyo, Japan).

Isolation of T cells, B cells, 
and monocytes from PBMCs
T cells, B cells, and monocytes were 
isolated from PBMCs using EasySepTM 
NEGATIVE SELECTION Human T Cell 
Enrichment Kit, Human B Cell En-
richment Kit, and Human Monocyte 
Enrichment Kit (STEMCELL Technolo-
gies Inc., Vancouver, Canada), accord-
ing to the manufacturer’s instructions.

Mass spectrometric analysis
Interest spots excised from the SYPRO 
Ruby-stained 2-DE gels were digested 
by trypsin as described previously (20). 
The obtained peptides were analysed 
using a MALDI-TOF/TOF mass spec-
trometer (Ultraflex, Bruker Daltonics, 
Ettlingen, Germany). For the MALDI-
TOF/TOF analysis, a 1 μl aliquot was 
spotted onto a MALDI target plate us-

ing a μ-C18 Zip-Tip (Millipore, Biller-
ica, MA) for desalting and concentra-
tion. MS spectra (m/z 500-4,400) were 
acquired in the positive ion mode. The 
peptides were fragmented by the laser 
induced dissociation (LID) for MS/MS 
analysis. Peak lists were generated by 
Flex Analysis (v.2.2). Database search-
ing was performed with Mascot (v1.0) 
against the human Swiss Prot protein 
database (v.56.7) using the following 
search parameters: trypsin was select-
ed with 1 missed cleavage, mass toler-
ance of 100 ppm for MS and 1.0 Da 
for MS/MS. N-terminal acetylation, 
lysine acetylation, cysteine carbamido-
methylation, and methionine oxidation 
were set as variable modifications. The 
acquired MS/MS data were used for 
peptide identification using a search-
ing program of Mascot MS/MS Ion 
search (Matrix Science, London, UK) 
against the human Swiss Prot protein 
database. Peptide identifications were 
accepted when the Mascot search re-
sults delivered the significant MOWSE 
scores (p<0.05). Peptides with PTM 
were identified using the Mascot error 
tolerant search (21).

Cell culture 
PBMCs were isolated from the blood 
samples as described above. The isolat-
ed PBMCs were cultured in RPMI1640 
(invitrogen/GIBCO, Carlsbad, CA). 
These media containing 100 units/ml 
penicillin and 100 μg/ml streptomycin 
(Sigma-Aldrich), were supplemented 
with 10% fetal bovine serum (Wako 
Pure Chemical Industries, Osaka, Ja-
pan). The cells were cultured at 37 de-
grees centigrade in 5% CO2.

Expression vectors and transfection
The pcDNA3.1-HA-HDAC1 and 
pcDNA3.1-HA-HDAC2 expression vec-
tors were constructed in our laboratory. 
These vectors as well as pc DNA3.1 
as a negative control vector were used 
for transfection of PBMCs using Lipo-
fectamine LTX (Invitrogen), according 
to the manufacturer’s instructions. 

Western blot
Anti-acetyl lysine and anti-ENO1 poly-
clonal antibodies (Abcam and LifeSpan 
Biosciences, Seattle, WA, USA, respec-

tively) were used as the 1st antibodies 
and HRP-conjugated rabbit anti-mouse 
IgG antibodies (Invitrogen/Zymed) 
were used as the 2nd antibody. The 
bound antibodies were visualised using 
an enhanced chemiluminescence detec-
tion system (GE healthcare). 

Analysis of acetylated sites
Peptides were extracted from the ENO1 
spot after in-gel digestion by trypsin. 
Then the extracted peptide solution 
was diluted at 1:5 with ice-cold 0.1% 
trifluoroacetic acid (TFA) solution. 
Then the peptides were analysed us-
ing a nano-HPLC system (1200 Series; 
Agilent Technologies Inc., PaloAlto, 
CA, USA), connected to the HCT Ul-
tra ion trap mass spectrometer (Bruker 
Daltonics). The ZORBAX 300SB-C18 
trap column (length: 5mm, inside diam-
eter: 300μm, particle diameter: 5μm, 
pore diameter: 300 ångström, Agilent 
Technologies) was used to concentrate 
and desalt the injected samples. Chro-
matographic separation of the peptides 
was carried out using the ZORBAXTM 

300SB-C18 analytical column (length: 
150mm, inside diameter: 100μm, par-
ticle diameter: 3.5µm, pore diameter: 
300 ångström, Agilent Technologies). 
Sample elution through the analytical 
column was obtained at a flow rate of 
300 nl/min by starting the following 
gradient: 0–60% solvent B for 75 min; a 
step with 80% solvent B for 5 min; and 
a step with 95% solvent A for 15 min. 
Solvent A was water containing 0.1% 
formic acid and solvent B was acetoni-
trile containing 0.1% formic acid. The 
mass spectrometer was operated in the 
positive ion mode with a maximum ac-
cumulation time of 200ms in an m/z 
range of 350–3000. From a single MS 
spectrum, the three most intense peaks 
were selected for MS/MS analysis with 
an absolute threshold of 10000 and an 
active ion precursor exclusion after two 
MS/MS spectra for 0.5 min. The pep-
tides were fragmented in the CID mode. 
Fragmentation parameters were as fol-
lows: width 4.0 m/z and time of frag-
mentation 200 ms.
The MS/MS data of the peptides, ac-
quired by the ESI-ion trap mass spec-
trometer, were used for acetylated 
peptide identification using a search-
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ing program of the Mascot MS/MS ion 
search against the Swiss Prot human 
protein sequence database. Peptide 
tolerance for precursor ions was set at 
0.5Da. MS/MS tolerance for fragment 
ions was set at 1.0Da. Variable modifi-
cations such as acetylation of lysine and 
carbamidomethylation and oxidation 
of methionine were taken into consid-
eration. Peptide identification was ac-
cepted when the Mascot search results 
delivered significant MOWSE scores 
(p<0.05).

In vitro acetylation
In vitro acetylation was performed as 
described previously (22). GST-ENO1 
(Abnova) were incubated with acetyl co-
enzyme A (Sigma) and 0.2 μg of p300 in 
50 μl of an acetylation buffer containing 
50 mM Tris (pH 8.0), 5% glycerol, 0.1 
mM EDTA, 50 mM KCl, 1 mM DTT, 
and 1 mM PMSF. The acetylation reac-
tion was performed at 30°C for 1 hour. 

Measurement of the 
ENO1 enzymatic activity
The enzymatic activity of ENO1 was 
measured using the conversion of so-
dium 2-phospho-glycerate to phospho-
enolpyruvate, as described previously 
(23, 24). 

Statistical analysis 
All the statistical significance was cal-
culated by Student’s t-test. All the tests 
were two-tailed. 

Result 
Identification of proteins highly 
acetylated in RA
First, we compared acetylated protein 
profiles of PBMCs between RA and 
healthy groups. Specifically, proteins 
extracted from PBMCs of 7 RA pa-
tients and 7 healthy donors were sepa-
rated by 2-DE. The separated proteins, 
labelled with SYPRO Ruby®, were 
transferred onto PVDF membranes. 
Representative results are shown in the 
upper panels of Fig. 1a. Then acety-
lated proteins were detected by anti-
acetylated lysine antibodies, as repre-
sentative results are shown in the lower 
panels of Fig. 1a. In the both RA and 
healthy cases, only a small part of the 
separated proteins were found acety-
lated. In the RA and healthy groups, 
we detected 29 acetylated protein spots 
in total (Fig. 1b). 
Next, acetylation levels of the 29 pro-
tein spots were compared between the 
RA and healthy groups. Specifically, 
we compared the frequency of positive 
acetylation for each of the 29 acetylat-
ed protein spots in the RA and healthy 
groups (Table I). Interestingly, spot 
no.28 and no.29 were acetylated only 
in the RA group and the difference of 
the frequency was statistically signifi-
cant. Further, we compared acetylation 
levels corrected by the spot intensity on 
the SYPRO Ruby®-stained gel image in 
each spot between the RA and healthy 
groups. This comparison revealed that 

spots no. 9 and no. 27 were acetylated 
more strongly in the RA group than in 
the healthy group with statistical sig-
nificance (Table I). On the other hand, 
there was no spot that showed higher 
acetylation in the healthy group than in 
the RA group. There was also no spot 
that was acetylated only in the healthy 
group (Table I). We thus selected these 
4 spots of nos. 9, 27, 28, and 29 for 
identification. The location and the 
corrected acetylation intensity of the 4 
spots are shown in Fig. 2a and 2b, re-
spectively. 
We successfully identified all the 4 pro-
tein spots by mass spectrometry and 
protein database searching. Both of the 
spots no. 9 and no. 27 were identified 
as ENO1 and both of the spots no. 28 
and no. 29 were identified as isocitrate 
dehydrogenase 1 (IDH1) (Table II).

Expression of ENO1 in PBMCs 
from the patients with RA 
From the above experiments, ENO1, 
one of the glycolytic enzymes, was 
found to be highly acetylated in RA. 
We then asked whether the total amount 
of ENO1 was increased or not in the 
RA patients. Western blot with anti-
ENO1 antibodies revealed that the total 
amount of ENO1 was found similar to 
each other between the RA and healthy 
groups (Fig. 3a, left). This indicates the 
increased ratio of the acetylated ENO1 
to the total ENO1 in PBMCs from the 
patient with RA. 

Fig. 1. Detection of total or acetylated proteins in PBMCs from patients with RA and healthy donors . 
a. Proteins extracted from PBMCs were separated by 2-DE. The separated proteins, stained with SYPRO Ruby®, were transferred onto PVDF membranes 
(upper panels) and then were reacted to anti-acetylated lysine polyclonal antibodies (lower panels). Representative results from HL4 and RA6 are shown.
b. In total, 29 acetylated protein spots were detected in the RA group. The 29 acetylated protein spots were indicated by arrow heads in the enlarged image 
of the right lower panel of Fig. 1a (RA6). HL: healthy.
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The regulation of deacetylation of 
ENO1 by HDAC1 in human PBMCs
Recently, Huber et al. reported that the 
expression and activity of both HDAC1 
and HDAC2 in synovial tissue was low-
er in patients with RA than in patients 
with osteoarthritis and healthy donors 
(14). The HDAC family was reported 
to catalyse the deacetylation of histone 
proteins (15). However, HDACs were 
reported to deacetylate several non-
histone proteins like p53 (16). This in-
dicates the possibility that HDACs are 
also involved in the increased acetyla-
tion of ENO1 in PBMCs from the pa-
tient with RA. Thereby, we first inves-
tigated the expression of HDAC1 and 
HDAC2 in PBMCs from the patients 
with RA and healthy donors. As a re-
sult, the protein levels of HDAC1 and 
HDAC2 were lower in PBMCs from 
the patients with RA than in those from 
the healthy donors, like the previous 
reports on synovial tissue (Fig. 3A, 
middle and right). Next, to examine the 
involvement of HDACs in the acetyla-
tion of ENO1, we treated the cells from 
the healthy donors with trichostatin A 
(TSA) of an HDAC family inhibitor 
(25) and then measured the degree of 

Table I. Comparison of the frequency of detection and the relative acetylation levels of 
acetylated protein spots between the RA and healthy groups.
 
Spot no.                                    The frequency of detection (%) The normalised
    intensity
 HL   RA 

1 100 (7/7) 100 (7/7) 1.05 
2 71 (5/7) 71 (5/7) 1.14 
3 86 (6/7) 100 (7/7) 1.06 
4 86 (6/7) 100 (7/7) 1.00 
5 86 (6/7) 100 (7/7) 1.41 
6 86 (6/7) 100 (7/7) 1.40 
7 71 (5/7) 71 (5/7) 1.22 
8 57 (4/7) 43 (3/7) 0.83 
9 100 (7/7) 100 (7/7) 3.19**

10 71 (5/7) 57 (4/7) 1.11 
11 29 (2/7) 43 (3/7) 1.15 
12 100 (7/7) 100 (7/7) 1.06 
13 100 (7/7) 100 (7/7) 1.01 
14 100 (7/7) 100 (7/7) 1.21 
15 100 (7/7) 100 (7/7) 1.15 
16 100 (7/7) 86 (6/7) 1.20 
17 14 (1/7) 14 (1/7) 1.10 
18 29 (2/7) 14 (1/7) 0.95 
19 43 (3/7) 29 (2/7) 1.11 
20 29 (2/7) 43 (3/7) 1.05 
21 43 (3/7) 29 (2/7) 1.31 
22 86 (6/7) 100 (7/7) 1.11 
23 86 (6/7) 100 (7/7) 1.23 
24 100 (7/7) 100 (7/7) 1.08 
25 71 (5/7) 86 (6/7) 1.22 
26 71 (5/7) 86 (6/7) 1.21 
27 14 (1/7) 71 (5/7) 4.51*

28 0 (0/7) 86 (6/7) -
29 0 (0/7) 86 (6/7) -

HL: healthy; RA: rheumatoid arthritis; * p<0.05; ** p<0.01.

Fig. 2. Relative acetylation levels of protein spots.
a. The area enclosed by a dotted line in Fig. 1b was enlarged in 
each of the representative panels of HL3 and RA5. 
b. The acetylation levels and total protein levels of each of the 
protein spots were quantified by measuring the intensity using 
an image analyser. The “Relative acetylation level” was defined 
as (intensity obtained by anti-acLys antibody blot / intensity ob-
tained by Sypro Ruby staining). Representative results from spot 
nos. 5, 6, 8, 9, 27, 28, and 29) are shown. *p<0.05, **p<0.01, 
HL: healthy.
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acetylation of ENO1 by western blot. 
As a result, the acetylation of ENO1 
was found significantly increased by 
the treatment with TSA (Fig. 3b). This 
indicates that the acetylation of ENO1 
is regulated by HDACs. Again, the 
expression of HDAC1 and HDAC2 in 
PBMCs was lower in the patients with 
RA than in the healthy donors. Thus, 
to further clarify which of HDAC1 
and HDAC2 was involved in the dea-
cetylation of ENO1, HDAC1 with a 
tag of HA (HA-HDAC1) and HDAC2 
with a tag of HA (HA-HDAC2) were 
respectively over-expressed in PBMCs 
from the patients with RA and then the 
acetylation degree of ENO1 was meas-
ured by western blot. As a result, the 
acetylation of ENO1 was significantly 
down-regulated by the over-expression 
of HDAC1, but not by that of HDAC2 
(Fig. 3c). In an additional experiment 
using PBMCs from a healthy donor, 
TSA treatment up-regulated the ENO1 
acetylation, but did not up-regulate it 
when HDAC1 was knocked down (data 
not shown). Collectively, among the 
HDAC family, HDAC1 is thought to 
be mainly involved in the regulation of 
ENO1 acetylation.

Identification of the acetylation sites 
of ENO1
Since no study has been reported on the 
acetylation sites of ENO1, it was struc-
turally interesting to identify which ly-
sine residues in ENO1 were acetylated. 

We thus tried to identify the acetyla-
tion sites of the spot no.9 of ENO1, by 
nanoLC-CID-MS/MS, although ENO1 
contained as many as 38 lysine residues. 
As a result, we found that 3 lysine resi-
dues (K120, K126, and K256) of ENO1 
were acetylated in the healthy samples 
(Fig. 3d). In the RA samples, peptides 
containing the 3 lysine residues were 
detected but the 3 lysine residues were 
not acetylated (data not shown). In-
cluding these 3 lysine residues, mass 
spectrometric analysis failed to iden-
tify acetylated lysine residues in the 
RA samples. Again ENO1 possesses 
38 lysine residues in total. However, no 
information has been obtained on more 
than half of the 38 lysine residues of 
ENO1 in spite of the extensive analysis 
(data not shown). 

Acetylation levels of ENO1 in T cells, 
B cells, and monocytes
We then investigated which subsets of 
PBMCs, T cells, B cells, and mono-
cytes, showed the high ENO1 acetyla-
tion. Using pooled lysates of T cells, 
B cells, and monocytes isolated from 
PBMCs of 3 patients with RA and 3 
healthy donors, we investigated acety-
lation levels similarly as above. As a 
result, in the T cells, the acetylated lev-
el of ENO1 was higher in the RA sam-
ple than in the healthy sample (1.76-
fold, Fig. 3e). In contrast, in the B cells 
and monocytes, the acetylated levels of 
ENO1 were found similar to each other 

between the RA and healthy samples 
(0.91- and 0.84-fold, respectively, Fig. 
3e). This data indicates that acetylation 
of ENO1 was specifically up-regulated 
in T cells.
 
The effect of acetylation on 
the enzymatic activity of ENO1
Next, we examined the effect of acety-
lation on the function of ENO1. ENO1 
catalyses the generation of phosphoe-
nolpyruvic acid from 2-phosphoglycer-
ic acid. Thus, we measured this activity 
of non-acetylated ENO1 and acetylated 
ENO1. The acetylated ENO1 was pre-
pared by in vitro acetylation of bacteri-
ally expressed ENO1, after which the 
acetylation of ENO1 was confirmed by 
western blot using anti-acetylated lysine 
antibodies (Fig. 4a). As a result, the en-
zymatic activity of the acetylated ENO1 
was found significantly higher than the 
non-acetylated ENO1 (Fig. 4b). This in-
dicates that acetylation up-regulates the 
enzymatic activity of ENO1.

The effect of acetylation on 
the antigenicity of ENO1
Finally, we examined whether acetyla-
tion affect the antigenecity of ENO1 
in patients with RA, since another 
PTM of citrullination was evidenced 
to contribute to the acquirement of an-
tiginecity in RA. Specifically, we first 
checked whether RA serum samples 
reacted to the acetylated ENO1 or not. 
We found that 5 out of the tested 14 RA 

Table II. Identified highly acetylated proteins in RA.

Spot no. Observed Protein name Accession ID Calculated Matched Seq. Cov. Score Sequence confirmed by LID
 M.W./pI  (Accession NO.) M.W. (kDa)/pI / Searched (%)   (Mascot ion score)

9 47/8.3 α-enolase ENOA_HUMAN 47.1/7.0 26/61 62 392 33AAVPSGASTGIYEALELR358 (99)
   (gi|16507965)     240VVIGMDVAASEFFR253 (56)
        270YISPDQLADLYK281 (54)

27 47/8.0 α-enolase ENOA_HUMAN 47.1/7.0 20/68 49 135 16GNPTVEVDLFTSK28 (32)
   (gi|16507965)     33AAVPSGASTGIYEALELR50 (75)
        240VVIGMDVAASEFFR253 (64)
        270YISPDQLADLYK281 (68)

28 50/7.9 isocitrate IDHC_HUMAN 46.6/6.5 27/60 68 380 223FKDIFQEIYDK233 (35) 
  degydrogenase (gi|28178824) 

29 50/8.1 isocitrate IDHC_HUMAN 46.6/6.5 26/69 68 147 101NILGGTVFR109 (43)
  degydrogenase (gi|28178824)     389SDYLNTFEFMDK400 (13)

Acetylation levels of protein spots were compared between the RA and healthy groups. By matching the western blot image and the Sypro Ruby image, we 
identified the location of the highly acetylated protein spots on the 2D gel. Then the proteins, digested with trypsin in the gel, were identified by MALDI-TOF/
TOF mass spectrometry. M.W.; molecular weight, Seq. Cov.; sequence coverage, LID; laser-induced dissociation, M; Oxidised methionine, C; carbaimido-
methylated cysteine.
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Fig. 3. Effect of HDACs on the acetylation of ENO1.
a. Proteins extracted from PBMCs of 7 patients with RA and 4 healthy donors were separated by 1-DE. The separated proteins were transferred onto PVDF 
membranes and each membrane was subjected to western blot with anti-ENO1 polyclonal antibodies, anti-HDAC1 polyclonal antibodies, anti-HDAC2 
polyclonal antibodies, or anti-α-actin monoclonal antibodies. The relative intensity of ENO1, HDAC1 and HDAC2, corrected by that of α-actin, are shown 
(ENO1/actin, HDAC1/actin, and HDAC2/actin). 
b and c. PBMCs of 3 healthy donors were incubated with 330nM TSA for 24 hours (B) and PBMCs of 3 patients with RA, transfected with expression 
plasmids for HA-HDAC1 and HA-HDAC2 or HA alone, were incubated for 24 hours (C). Each of the whole cell extracts was subjected to 2-DE and western 
blot with the anti-acetylated lysine polyclonal antibodies and with anti-ENO1 polyclonal antibodies. Representative images of the western blot are shown 
in the left.  Acetylation levels and total protein levels of ENO1 were quantified as described in Fig. 2B. Then the acetylation levels of ENO1 were corrected 
by the total protein levels of ENO1 (Acetyl ENO1/ENO1 (Fold change)).  The relative intensity averages of “control” were defined as 1. *p<0.05, **p<0.01 
d. ENO1 peptides from spot no. 9 were subjected to nanoLC-CID-MS/MS analysis. The MS/MS spectrum of acetylated peptides are shown. K*; acetylated 
lysine, M; oxidised methionine, HL; healthy (e) T cells, B cells, and monocytes were isolated from PBMCs of 3 patients with RA and 3 healthy donors. The 
pooled lysates of T cell, B cell, and monocyte were subjected to 2-DE and western blot with the anti-acetylated lysine polyclonal antibodies and with anti-
ENO1 polyclonal antibodies. Acetylation levels and total protein levels of ENO1 were quantified as described in Fig. 2B. The acetylation levels of ENO1, 
corrected by the total protein levels of ENO1, are shown (Acetyl ENO1/ENO1).
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serum samples reacted to the acetylated 
ENO1 (Fig. 4c upper panel). We then 
compared the reactivity of the 5 serum 
sample to the non-acetylated ENO1 
and the acetylated ENO1. As a result, 
the reactivity was not different between 
the acetylated ENO1 and the non-acet-
ylated ENO1. Thus, we concluded that 
the acetylation did not contribute to the 
antigenicity of ENO1 in RA, although 
autoantibodies to ENO1 were gener-
ated in a part of patients with RA. 

Discussion
We here tried to elucidate altered PTMs 
focusing on proteins acetylation in PB-
MCs of patients with RA by proteomic 
analysis. We selected PBMCs as a sub-
ject, since PBMCs would reflect the im-
mune condition of RA, one of the auto-
immune diseases (26). Further, PBMCs 
are suitable materials when the acetyla-
tion detected here is used as a medical 
examination in the near future.
Our findings are as follows; 1) multi-
ple proteins in PBMCs were highly 
acetylated in the RA groups compared-
to the healthy groups. 2) ENO1 and 

IDH1 were identified as protein spots 
highly acetylated in RA. 3) Acetyla-
tion of ENO1 was regulated in part by 
HDAC1. 4) The expression of HDAC1 
and HDAC2 was decreased in PBMCs 
in RA. 5) Three lysine residues (K120, 
K126, and K256) of ENO1 were acety-
lated in the healthy samples. 6) Acety-
lation up-regulated the enzymatic activ-
ity of ENO1. 7) The acetylation level of 
ENO1 was high specifically in T cells 
in RA. In addition, 8) Acetylation did 
not affect the antigenicity of ENO1. 
On the first and second points, altered 
acetylation was found in PBMCs of the 
RA patients. Previously, over-citrulli-
nation of proteins and galactose defi-
ciency of IgG were reported as charac-
teristics of RA (8-12). Combining these 
facts with our data, RA would possess a 
wide range of PTM dysregulation. The 
amount of ENO1 in PBMCs of the RA 
group was similar to that of the healthy 
group (Fig, 3a). The amount of ENO1 
was not changed by the incubation with 
TSA of a HDAC inhibitor (Fig. 3b and 
C). These data indicate that acetylation 
would not affect the stability of ENO1, 

even though acetylation is known to of-
ten alter the stability of proteins (27).
On the third point, the overexpression 
of HDAC1 decreased the acetylation of 
ENO1, however, ENO1 was still acety-
lated at a lower level (Fig. 3c).  This 
indicates that other deacetylases partic-
ipate in the deacetylation of ENO1. Al-
ternatively, it is possible that activities 
of acetyltransferases remained in the 
cells, by which a certain level of acety-
lation was observed. Such deacetylases 
and acetyltransferases should be inves-
tigated in the future.
On the fourth point, recently, the ex-
pression and activity of the HDAC fam-
ily was reported to be involved in the 
pathogenesis of RA recently (14, 28-29). 
However, the results were controversial. 
It has been reported that TSA, which 
inhibits the HDAC family, suppressed 
IL-6 production in fibroblast-like syn-
oviocytes and macrophages by acceler-
ating decay of IL-6 mRNA in RA (28). 
Furthermore it has been reported that 
an HDAC3-selective inhibitor reduced 
IL-6 production in PBMCs of RA pa-
tients (29). Thus, acetylation increased 
by the inhibition of HDACs, in par-
ticular, HDAC3, appeared to have anti-
inflammatory roles. On the other hand, 
the expression and activity of HDAC1 
and HDAC2 in synovial tissue were 
reported to be lower in RA than in os-
teoarthritis and in the healthy condition 
(14). We here showed that the expres-
sion of HDAC1 and HDAC2 in PBMCs 
was also lower in RA than in the healthy 
condition. Thus, the ENO1 acetylation 
increased by the decreased HDAC1 ex-
pression may participate in the inflam-
mation of RA. Alternatively, the expres-
sion of HDAC1 and HDAC2 may result 
in compensatory decrease to suppress 
the inflammation of RA. This point 
should be investigated in the future. 
On the fifth point, to identify acetylated 
lysine residues, we performed mass 
spectrometric analysis extensively us-
ing MALDI-TOF/TOF and nanoLC-
CID-MS/MS, by which we identified 
in total 3 acetylated lysine residues 
from the healthy samples. In the RA 
samples, peptides containing these 3 
lysine residues were detected, but the 
3 lysine residues were not acetylated. 
ENO1 possesses 38 lysine residues 

Fig. 4. The effect of the acetylation on the enzymatic activity of ENO1.  
a. GST and GST-ENO1 were acetylated in vitro by p300 of histone acetyltransferase. Acetylated GST-
ENO1 and GST and non-acetylated ones were subjected to western blot with the anti-acetyl lysine 
polyclonal antibodies (WB: α-acLys) and anti-GST polyclonal antibodies (WB: α-GST). 
b. The enzymatic activity of non-acetylated ENO1 and acetylated ENO1 were evaluated by the absorb-
ance of phosphoenolpyruvic acid (wave length=230nm). *p<0.05. 
c. Recombinant acetylated GST-ENO1 was subjected to western blot with 14 RA serum samples 
(nos.1~14) (upper panel). Non-acetylated GST, non-acetylated GST-ENO1, and acetylated GST-ENO1 
were subjected to western blot with 5 RA serum samples (nos. 2, 5, 6, 10, 11) that positively reacted to 
the acetylated GST-ENO1 (lower panel). WB; Western blot.
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in total. However, no information has 
been obtained on more than half of the 
38 lysine residues in spite of the exten-
sive analysis. This would be technical 
limitation of mass spectrometric analy-
sis at present. Some of the remaining 
undetected lysine residues would pos-
sess acetylation in the RA samples. In 
the future, it would be needed to estab-
lish more effective methods to identify 
acetylated lysine residues.
On the sixth and seventh point, ENO1, 
one of the glycolytic enzymes, converts 
2-phosphoglyceric acid to phospho-
enolpyruvic acid. Our data indicates 
that acetylation up-regulates the enzy-
matic activity of ENO1 and that ENO1 
is highly acetylated in the patients 
with RA. Thus, the enzymatic activity 
of ENO1 would be higher in RA than 
in the healthy condition in PBMCs, in 
particular, in T cells. Activated T cells 
are known to induce production of vari-
ous inflammatory cytokines in RA (30) 
and abatacept of a T cell co-stimulation 
blocker has been shown to be very ef-
fective in the treatment of RA (30), in-
dicating critical roles of T cells in the 
pathology of RA. The supposed high 
activity of ENO1 would support the 
activation of T cells in RA, providing 
much energy through glycolysis. It was 
reported that acetylation played roles 
in the intracellular transfer of proteins 
(31). Thereby, we investigated the ef-
fect of acetylation on ENO1 from this 
viewpoint. ENO1 was localised in not 
only cytosol but also nuclei. We thus 
compared the ratios of acetylated ENO1 
to the total ENO1 between nuclei and 
cytosol, however, the ratios were simi-
lar to each other in PBMCs (data not 
shown). Therefore, we concluded that 
acetylation did not affect the localisa-
tion of ENO1.
A recent study reported other new 
functions of ENO1. In inflamed lung, 
ENO1 binds with plasminogen at the 
cell surface and promotes the produc-
tion of local plasmin, one of the inflam-
matory agents, and invasion of inflam-
matory cells are mediated by increased 
cell-surface expression of ENO1 (32). 
Further, ENO1 that was expressed on 
the surfaces of monocytes and mac-
rophages induces synovial inflamma-
tion in RA (33). The relation between 

the high acetylation of ENO1 and the 
inflammatory process in RA should be 
investigated in the future.
On the eighth point, it is well known 
that citrullinated proteins are highly an-
tigenic in RA. In the case of acetylation, 
the anti-ENO1 positive RA serum sam-
ples reacted to acetylated ENO1 and 
non-acetylated one at similar levels. 
Thus, acetylation would not contribute 
to the antigenicity of ENO1. Recently 
the affinity interaction between DEK 
and anti-DEK autoantibodies has been 
reported to be enhanced by acetylation 
of DEK in juvenile idiopathic arthritis 
(34). Thus, alteration of antigenicity by 
acetylation appears to depend on prop-
erty of each protein. 
Besides ENO1 (spot nos. 9 and 27), we 
identified IDH1 from the other 2 pro-
tein spots (spot nos. 28 and 29) that 
were highly acetylated in RA. IDH1 
converts isocitrate to α-ketoglutarate in 
the citric acid cycle (35). IDH possess-
es 3 isotypes of IDH1, 2, and 3. IDH2, 
which shows about 70% homology 
with IDH1, was reported to be deacety-
lated by class III HDAC. (36, 37). This 
indicates that IDH1 might be acetylated 
similarly as IDH2. In our data, IDH1 
(spot nos. 28 and 29) was highly acety-
lated in the RA samples, but was lit-
tle acetylated in the healthy condition. 
Therefore, the acetylated IDH1 may be 
a new candidate biomarker for RA.
In conclusion, highly acetylated ENO1 
may play roles in the pathophysiology 
of RA through the maintenance of ac-
tivated lymphocytes by increasing en-
ergy supply by glycolysis.

Acknowledgements
The authors thank Ms M. Kanke, Ms 
K.M. Yokoyama, and Ms. J. Asano for 
their excellent technical assistance.

References
  1. ARNETT FC, EDWORTHY SM, BLOCH DA et 

al.: The American Rheumatism Association 
1987 revised criteria for the classification of 
rheumatoid arthritis. Arthritis Rheum 1988; 
31: 315-24.

  2. RITCHLIN C: Fibroblast biology. Effector 
signals released by the synovial fibroblast in 
arthritis. Arthritis Res 2000; 2: 356-60.

  3. MULLER-LADNER U, KRIEGSMANN J, 
FRANKLIN BN et al.: Synovial fibroblasts 
of patients with rheumatoid arthritis attach 
to and invade normal human cartilage when 

engrafted into SCID mice. Am J Pathol 1996; 
149: 1607-15.

  4. BRENNAN FM, MAINI RN, FELDMANN M: 
TNF alpha--a pivotal role in rheumatoid ar-
thritis? Br J Rheumatol 1992; 31: 293-8.

  5. MAINI RN, FELDMANN M: How does inflixi-
mab work in rheumatoid arthritis? Arthritis 
Res 2002; 4: S22-8.

  6. HOUSSIAU FA, DEVOGELAER JP, Van 
DAMME J, DE DEUXCHAISNES CN, Van 
SNICK J: Interleukin-6 in synovial fluid and 
serum of patients with rheumatoid arthritis 
and other inflammatory arthritides. Arthritis 
Rheum 1988; 31: 784-8.

  7. MIHARA M, NISHIMOTO N, OHSUGI Y: The 
therapy of autoimmune diseases by anti-
interleukin-6 receptor antibody. Expert Opin 
Biol Ther 2005; 5: 683-90.

  8. INGEGNOLI F, FANTINI F, FAVALLI EG et al.: 
Inflammatory and prothrombotic biomarkers 
in patients with rheumatoid arthritis: effects 
of tumor necrosis factor-alpha blockade.        
J Autoimmun 2008; 31: 175-9.

  9. Van VENROOIJ WJ, Van BEERS JJ, PRUIJN GJ: 
Anti-CCP Antibody, a Marker for the Early 
Detection of Rheumatoid Arthritis. Ann N Y 
Acad Sci 2008; 1143: 268-85.

10. Van VENROOIJ WJ: The diagnostic accuracy 
of anti-citrulline antibody assessment in the 
diagnosis of patients suspected of rheuma-
toid arthritis by a general practitioner. Ned 
Tijdschr Geneeskd 2008; 152: 1243-4; author 
reply 1244-5.

11. Van VENROOIJ WJ, ZENDMAN AJ: Anti-
CCP2 antibodies: an overview and perspec-
tive of the diagnostic abilities of this sero-
logical marker for early rheumatoid arthritis. 
Clin Rev Allergy Immunol 2008; 34: 36-9.

12. ARNOLD JN, WORMALD MR, SIM RB, RUDD 
PM, DWEK RA: The impact of glycosylation 
on the biological function and structure of 
human immunoglobulins. Annu Rev Immu-
nol 2007; 25: 21-50.

13. PAREKH RB, DWEK RA, SUTTON BJ et al.: 
Association of rheumatoid arthritis and pri-
mary osteoarthritis with changes in the gly-
cosylation pattern of total serum IgG. Nature 
1985; 316: 452-7.

14. HUBER LC, BROCK M, HEMMATAZAD H et 
al.: Histone deacetylase/acetylase activity in 
total synovial tissue derived from rheumatoid 
arthritis and osteoarthritis patients. Arthritis 
Rheum 2007; 56: 1087-93.

15. TAUNTON J, HASSIG CA, SCHREIBER SL:       
A mammalian histone deacetylase related 
to the yeast transcriptional regulator Rpd3p. 
Science 1996; 272: 408-11.

16. JUAN LJ, SHIA WJ, CHEN MH et al.: Histone 
deacetylases specifically down-regulate 
p53-dependent gene activation. J Biol Chem 
2000; 275: 20436-43.

17. ALTMAN R, ASCH E, BLOCH D et al.:            
Development of criteria for the classification 
and reporting of osteoarthritis. Classifica-
tion of osteoarthritis of the knee. Diagnostic 
and Therapeutic Criteria Committee of the 
American Rheumatism Association. Arthritis 
Rheum 1986; 29: 1039-49.

18. TODA T, ISHIJIMA Y, MATSUSHITA H, YOSHI-
DA M, KIMURA N: Detection of thymopoie-
tin-responsive proteins in nude mouse spleen 
cells by two-dimensional polyacrylamide gel 



886

Acetylation in rheumatoid arthritis / M. Arito et al.

electrophoresis and image processing. Elec-
trophoresis 1994; 15: 984-7.

19. SANCHEZ JC, ROUGE V, PISTEUR M et al.:  
Improved and simplified in-gel sample appli-
cation using reswelling of dry immobilized 
pH gradients. Electrophoresis 1997; 18: 324-
7.

20. FUJISAWA H, OHTANI-KANEKO R, NAIKI M et 
al.: Involvement of post-translational modifi-
cation of neuronal plasticity-related proteins 
in hyperalgesia revealed by a proteomic anal-
ysis. Proteomics 2008; 8: 1706-19.

21. CREASY DM, COTTRELL JS: Error tolerant 
searching of uninterpreted tandem mass spec-
trometry data. Proteomics 2002; 2: 1426-34.

22. CHAKRAVARTI D, OGRYZKO V, KAO HY et 
al.: A viral mechanism for inhibition of p300 
and PCAF acetyltransferase activity. Cell 96: 
393-403.

23. KELLER A, SCARNA H, MERMET A, PUJOL 
JF: Biochemical and immunological proper-
ties of the mouse brain enolases purified by 
a simple method. J Neurochem 1981; 36: 
1389-97.

24. JIN X, WANG LS, XIA L et al.: Hyper-phos-
phorylation of alpha-enolase in hypertro-
phied left ventricle of spontaneously hyper-
tensive rat. Biochem Biophys Res Commun 
2008; 371: 804-9.

25. YOSHIDA M, KIJIMA M, AKITA M, BEPPU T: 
Potent and specific inhibition of mammalian 
histone deacetylase both in vivo and in vitro 
by trichostatin A. J Biol Chem 1990; 265: 
17174-9.

26. DAVIDSON A, DIAMOND B: Autoimmune 
diseases. N Engl J Med 2001; 345: 340-50.

27. GIANDOMENICO V, SIMONSSON M, GRON-
ROOS E, ERICSSON J: Coactivator-dependent 
acetylation stabilizes members of the SREBP 
family of transcription factors. Mol Cell Biol 
2003; 23: 2587-99.

28. GRABIEC AM, KORCHYNSKYI O, TAK PP, 
REEDQUIST KA: Histone deacetylase inhibi-
tors suppress rheumatoid arthritis fibroblast-
like synoviocyte and macrophage IL-6 pro-
duction by accelerating mRNA decay. Ann 
Rheum Dis 2012; 71: 424-31.

29. GILLESPIE J, SAVIC S, WONG C et al.:         
Histone deacetylases are dysregulated in 
rheumatoid arthritis and a novel histone 
deacetylase 3-selective inhibitor reduces in-
terleukin-6 production by peripheral blood 
mononuclear cells from rheumatoid arthritis 
patients. Arthritis Rheum 2012; 64: 418-22.

30. KAINE JL: Abatacept for the treatment of 
rheumatoid arthritis: A review. Curr Ther 
Res Clin Exp 2007; 68: 379-99. 

31. KECK KM, PEMBERTON LF: Histone chap-

erones link histone nuclear import and chro-
matin assembly. Biochim Biophys Acta 2012; 
1819 : 277-89.

32. WYGRECKA M, MARSH LM, MORTY RE et 
al.: Enolase-1 promotes plasminogen-medi-
ated recruitment of monocytes to the acutely 
inflamed lung. Blood 2009; 113: 5588-98.

33. BAE S, KIM H, LEE N et al.: α-Enolase         
expressed on the surfaces of monocytes and 
macrophages induces robust synovial inflam-
mation in rheumatoid arthritis. J Immunol 
2012; 189: 365-72.

34. MOR-VAKNIN N, KAPPES F, DICK AE et al.: 
DEK in the synovium of JIA patients: Char-
acterization of DEK antibodies and post-
translational modification of the DEK au-
toantigen. Arthritis Rheum 2011; 63: 556-67.

35. FRIEDEN C: Protein-Protein Interaction and 
Enzymatic Activity. Annual Review of Bio-
chemistry 1971; 40: 653-96

36. SOMEYA S, YU W, HALLOWS WC et al.: Sirt3 
mediates reduction of oxidative damage and 
prevention of age-related hearing loss under 
caloric restriction. Cell 2010; 143: 802-12.

37. SCHLICKER C, GERTZ M, PAPATHEODOROU 
P, KACHHOLZ B, BECKER CF, STEEGBORN 
C: Substrates and regulation mechanisms for 
the human mitochondrial sirtuins Sirt3 and 
Sirt5. J Mol Biol 2008; 382: 790-801.


