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 The keratoconic cornea assumes a conical shape as a re-
sult of noninflammatory thinning of corneal stroma. It is a
gradually progressive disease with an unknown cause, induc-
ing corneal thinning, irregular astigmatism, myopia, and cen-
tral or paracentral conical protrusion. As the disease progresses,
glasses, contact lenses or, ultimately, keratoplasty might be
required. The incidence of keratoconus (KC) is 1 per 2000 in
the general population [1]. The classical histopathological fea-
tures include stromal thinning, iron deposits in the epithelial
basement membrane, and breaks in Bowman’s layer. Several
reports describe an association of keratoconus with Down’s
syndrome [2], Lebers congenital amaurosis, and mitral valve
prolapse [1]. Despite intensive investigations into the patho-
genesis of keratoconus, the biochemical mechanism of the dis-
ease is poorly understood. It has been suggested that thinning
of the cornea may be due to defective formation or destruc-
tion of extracellular matrix because altered or abnormal lev-
els of fibronectin and type VI collagen were observed [3]. In
the early stages of KC, the cell membrane breakage along with
disappearance of the basal cells occur [4], and also a deposi-
tion of particulate materials between the surface of basal epi-
thelial cells and Bowman’s layer was observed [5]. As the basal
cells degenerate, they might release proteolytic enzymes that

destroy the underlying tissue. Indeed, the abnormality in cor-
neal collagenase activity has been suggested as a cause of cor-
neal thinning [6,7]. Molecular studies have shown an increased
expression of leukocyte common antigen-related protein
(LAR) in cells of KC corneas [8]. LAR is a transmembrane
protein belonging to a family of proteins called
phosphotyrosine phosphatases, which play a role in cell-cell
interactions, cell-matrix interactions, and cell differentiation
and proliferation. The appearance of LAR in KC corneas might
cause apoptosis because LAR expression plays a role in
apoptosis [8].

Biochemical and immunohistological studies of KC cor-
neas have suggested that the loss of corneal stroma could be
caused by increased levels of proteases and other catabolic
enzymes or by decreased levels of protease inhibitors. De-
creased levels of proteinase inhibitors, i.e., α1-proteinase in-
hibitor and α2-macroglobulin were also observed [9]. An in-
creased level of the proteoglycans and changes in their loca-
tion with respect to collagen fibrils were also observed in KC
corneas [10,11]. The interaction between collagen fibrils and
proteoglycans might be important in maintaining normal cor-
neal strength; therefore, these abnormalities could result in
stretching and thinning of the stroma [11,12]. Wilson and Kim
[13] proposed a role for an interleukin (IL)-1 system in the
cornea in the pathogenesis of KC because KC keratocytes had
four fold greater number of IL-1 receptors than normal cor-
neas. In spite of these biochemical changes in the KC versus
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normal corneas, no clear pathology of KC has emerged from
these studies.

Rabinowitz [14] has suggested that genetics play a role
in the development of KC based on results from the Genetics
Program at Cedars-Sinai Medical Center. KC is thought to be
an autosomal inherited disease because of its bilaterality [15-
17], its occurrence more often in certain families [18,19], and
its development in homozygous twins [20]. To date, genetic
analyses have identified a KC gene at several chromosomal
locations, i.e., 6.5 cM at chromosome 21 [21], association at
20q12 in seven related Tasmanian patients [22], third locus to
chromosome 16q in autosomal keratoconus in a small (20 in-
dividuals) Finnish pedigree [23], two distinct heterozygous
mutations in the VSXI homeobox gene [24], and at chromo-
some 3p14-q13 in an Italian family with autosomal dominant
pure keratoconus [25]. The apparent association of markers
on chromosome 20 (identified in the aforementioned Tasma-
nian study [22]) to MMP-9 (a nearby candidate gene) was
excluded. Similarly, the COL8A1 gene (maps at 3q14-q13)
that encodes for human alpha (VIII) chain of type VIII col-
lagen (expressed in different layers of the cornea) was also
excluded. Another genome-wide linkage study indicated that
a major gene responsible for 50-60% familial KC was local-
ized within 1.69 MB region at 2p24 [26]. Additionally, a caus-
ative gene of a family with autosomal dominant inheritance
of keratoconus in association with cataract mapped to the long
arm of chromosome 15 [27]. Therefore, based on these re-
ports, no markers for clinical diagnosis of KC are known. A
recent microarray analysis to identify differentially expressed
genes in keratoconus epithelium [28] showed that during kera-
toconus, massive changes in cytoskeleton caused reduced ex-
tracellular matrix remodeling, altered transmembrane signal-
ing and modified cell to cell and cell-matrix interactions. Al-
though this microarray analysis provided vast information but
no valuable markers were evident for the diagnosis of KC.

The focus of the current study was to determine com-
parative up- or downregulation in selected epithelial proteins
with molecular weights (MW) between 40 kDa and 60 kDa in
the normal and KC corneas. Using the proteomic approach,
we identified two proteins (α-enolase and β-actin) that showed
downregulation in the epithelium of KC corneas compared
with normal corneas.

METHODS
Materials:  Normal human corneas were obtained within 6-
12 h of death from the Alabama Eye Bank through the Shared
Ocular Tissue Module of the University of Alabama at Bir-
mingham. Diseased corneas were obtained from a local cor-
neal surgeon, Dr. Roswell Pfister, within 4-6 h following sur-
gery. The sizes of the normal corneas were 10-13 mm in di-
ameter and the diseased corneal buttons were 7-8 mm in di-
ameter. Corneas were stored in Optisol-GS (Chiron Oph-
thalmic, Irvine, CA) at 4 °C before use. Prestained and un-
stained protein molecular weight markers were obtained from
Life Technologies (Carlsbad, CA). Chemicals used in this study
were obtained from either Fisher Scientific (Atlanta, GA) or
Sigma (St. Louis, MO) unless stated otherwise.

Preparation of protein extracts from corneal epithelial
cells:  The corneal epithelium was scraped with a corneal gill
knife (Strotz, St. Louis, MO), collected in ice-cold phosphate
buffer saline (PBS), and stored at -20 °C until utilized. The
cells were centrifuged at 5000x g for 10 min in a
microcentrifuge (kept at 5 °C), and the pellet was suspended
in resolubilization buffer (5 M urea, 2 M thiourea, 2% 3-[C3-
cholamidoproyl] dimethyl-ammonio-1-propansulfonat
(CHAPS), 2% caprylyl sulfobetaine 3-10, 2 mM tri-butyl phos-
phine, 40 mM Tris, pH 8.0) [29] for isoelectric focusing (IEF).
The preparation was vortexed for 5 min to solubilized pro-
teins, and these were either used immediately or the aliquots
were stored at -20 °C for later use.

Two-dimensional gel electrophoretic analysis:  Samples
were analyzed by IEF in the first dimension followed by so-
dium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) in the second dimension. IEF was carried out accord-
ing to the instructions of the manufacturer (GE Healthcare,
Piscataway, NJ) using 11 cm IEF strips with pH range of 3-
10. SDS-PAGE analysis was performed using 15% polyacry-
lamide gel by the Laemmli method [30]. Two proteins prepa-
rations, one from five normal corneas (mean age: 55 years)
and the other from five KC corneas (mean age: 50 years) were
used for 2-D gel electrophoretic analysis to develop proteomic
maps. The KC corneas showed no scarring. Identical amounts
of proteins (900 µg) from keratoconus or normal corneas, and
the identical IEF strips and SDS-polyacrylamide gels (15%
polyacrylamide) were used. The first dimensional IEF and
second dimensional SDS-PAGE electrophoresis of proteins
from normal and keratoconus corneas were conducted under
identical conditions to normalize the electrophoretic process.

MALDI-TOF and micromass QTOF mass spectrometric
analyses:  For mass spectrometric analyses, the individual pro-
tein spots were excised from a polyacrylamide gel, washed
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Figure 1.  Coomassie blue-stained epithelial proteins on a 2-D gel
isolated from normal human pooled corneas of 45-65-year-old do-
nors. More than 80 individual protein spots were observed. The iden-
tity of proteins was identified by MALDI-TOF mass spectrometric
method and is shown in Table 1 with the spot number assigned to
them as shown in this figure.
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with doubly deionized water, and destained after treating with
ammonium bicarbonate and acetonitrile. Trypsin solution (12
ng/µl) was added, and the preparation was resuspended in 25
mM ammonium bicarbonate, pH 7.8. The samples were di-
gested by trypsin at 37 °C overnight, and the next day, they
were analyzed by the MALDI-TOF method (Model Voyager-
DE2 PRO; Perspective Biosciences, Forest City, CA). The
MALDI-analysis and ES-MS/MS sequencing (micromass
QTOF-2) were performed at the Comprehensive Cancer Cen-
ter Mass Spectrometric Shared Facility of the University of
Alabama at Birmingham. The MALDI-TOF-identity of pro-
teins was established by using the NCBInr database of
MatrixScience. During the ES-MS/MS analysis of the tryptic
fragments, the data base of “Proteinlynx Global Server” was
used along with manual interpretations as needed.

Immunohistochemistry:  Immunohistochemical analysis
of normal and KC corneal sections was done with a confocal
microscope with commercially available antibodies raised
against α-enolase (Biogenesis, Biogenesis, A division of
MorphoSys US Inc., Kingston, NH, no clone number avail-
able from the company) and to β-actin (Clone AC-15; Accu-
rate Chemical and Scientific, Westbury, NY). Three normal
corneas (mean age: 55 years) and three KC corneas (mean
age: 47 years) were used for immunohistochemical analysis.
The KC corneas showed no scarring. Serial microtome sec-
tions (10 µM thick) of normal and KC corneas were cut start-
ing from the periphery to the center.

The two primary antibodies were either a polyclonal anti-
human α-enolase antibody or a fluorescein isothiocyanate
(FITC)-conjugated monoclonal anti-human β-actin antibody.
The anti-α-enolase antibody was raised against the whole pro-
tein molecule, whereas the anti-β-actin was raised against the
NH

2
-terminus of the protein molecule. The secondary anti-

bodies used were Alexafluor 488 goat anti-mouse IgG or
Alexafluor 488 goat anti-rabbit IgG (Molecular Probes). Some
of the corneal sections were stained for cell nuclei with 4,6-
diamidino-2-phenylindole dihydrochloride (DAPI).

Corneas were fixed by using a procedure described by
Takacs et al. [31]. Tissue sections were washed 3X in 0.1 M
PBS. The sections were then blocked using 2% bovine serum
albumin in 0.1 M PBS for 1 h and washed again in 0.1 M
PBS. Later, the sections were incubated in the primary anti-
bodies in a solution of 0.3% Triton X-100 in 0.1 M PBS. These
sections were kept at 4 °C overnight. The next day, the sec-
tions were washed in 0.1 M PBS and then incubated in the
secondary antibodies for 1 h. After three to four washes in 0.1
M PBS, the sections were incubated in DAPI nuclear stain for
2 to 3 min. The tissue sections were again washed in 0.1 M
PBS several times after the incubation. This procedure was
conducted in minimal light to avoid damage to the
fluorophores. The tissues were later washed in double-distilled
water and covered with coverslip Permafluor. The sections
were stored at 4 °C in dark and were later analyzed by a con-
focal microscope (Leica confocal imaging spectrophotometer
TCS SP unit). In the control experiments, the individual pri-
mary antibodies were omitted but the secondary antibody was
used as described above.

Isolation of RNA from corneal epithelial cells and Re-
verse-Transcription Polymerase Chain Reaction (RT-PCR):
Total RNA from the epithelial cells of normal or KC corneas
was isolated using the TRIZOL reagent (Life Technologies,
Carlsbad, CA). Published sequences of α-enolase and β-actin
were used to design the primers for RT-PCR. A forward primer
and a reverse primer were synthesized (Sigma, St. Louis, MO)
with the sequences as shown: (a) forward primer of α-eno-
lase: CGT GAC CGA GTC TCT TCA; reverse primer of α-
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TABLE 1.

 Spot                                               AMW     OMW
number               Protein identified            (kDa)   (kDa)
------   ---------------------------------------   -----   -----
1        Similar to uracil-DNA glycosylase          14      22
2        Type II keratin subunit                    54      52
3        Human mitochondrial DNA binding protein    17      15
4        Ser/Thr protein phosphatase                55      51
5        Cyclophilin A                              17      16
6        Human galectin-7                           14      14
7        Keratin 19                                 44      44
8        Unidentified                               -       -
9        Keratin 19                                 44      44
10       alpha B-crystallin                         19      19
11-14    Unidentified                               -       -
15-19    Keratin 19                                 44      44
20       Unidentified                               -       -
21       Keratin 13                                 49      45
22       Unidentified                               -       -
23-26    HSP 27 kDa protein                         27      22
27       Golgi auotoantigen                         88      61
28-31    HSP 27 kDa protein                         27      22
32       Unidentified                               -       -
33       Keratin 13                                 49      45
34-36    Unidentified                               -       -
37       Lipoprotein gamma                           7       6
38       Annexin A2                                 38      38
39       Ribonuclear protein                        35      35
40       Annexin II                                 38      38
41       Keratin 2a                                 65      65
42       Hypothetic protein                         35      36
43       Annexin V                                  35      35
44-45    Actin                                      42      39
46-48    Keratin 19                                 44      44
49       ALDH                                       54      54
50       ALDH, NADP-Preferring                      50      50
51       beta-Actin                                 42      42
52-54    alpha-Enolase                              47      47
55       Actin                                      42      39
56       beta-Actin                                 41      42
57       Actin                                      42      39
58       Keratin 12                                 53      53
59       Unidentified                               -       -
60       H+ ATP synthase                            51      50
61       Keratin 12                                 53      53
62       Unidentified                               -       -
63       Keratin 8                                  53      53
64-65    Keratin 5                                  62      62
66       Keratin 3                                  64      64
67       Keratin 5                                  62      62
68       Keratin 12                                 53      53
69       Disulfide isomerase                        57      57
70       Unidentified                               -       -
71       Keratin 12                                 53      53
72       Lamin A/C                                  65      65
73       TRIM 29, isoform beta                      63      63
74       Unidentified                               -       -
75       Keratin 12                                 53      53
76       Lamin A                                    74      71
77       Keratin 12                                 53      53
78       78 kDa Glucose-regulated protein           78      72
79       Keratin 5                                  62      54
80       Molecular chaperone HSP A1L                70      69
81       Nerve growth factor, beta polypeptide      29      26

Identification of spots excised from the normal human corneal epi-
thelial cells following 2 D-gel electrophoresis and MALDI-TOF mass
spectrometric analysis. The actual molecular weight (AMW) of pro-
teins was obtained from the database in Swiss Prot
(www.swissprot.com), and the observed molecular weight (OMW)
was obtained from the mass spectrometric analysis data.
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enolase: ACG AGG CTC ACA TGA CTC (GenBank M14328,
[32]). The reverse primer was intron-spanning. (b) forward
primer of β-actin: CGT GAC ATT AAG GAG AAG; reverse
primer of β-actin: CCA TGC CAA TCT CAT CTT (GenBank
NM_001101).

Titan one-tube RT-PCR kit (Boehringer Mannheim, In-
dianapolis, IN) was used according to supplier instructions.
PCR amplification using the Gene Amp PCR system 2400
(Perkin-Elmer, Foster City, CA) was carried out using the fol-
lowing temperature profile: 30 min at 50 °C, 2 min 94 °C, 10
cycles for 10 s at 94 °C, 30 s at 50 °C, 2 min at 68 °C, 11-25
cycles for 10 s at 94 °C, 30 s at 50 °C, 2 min at 68 °C, 1 cycle
for 7 min at 68 °C. Agarose gel electrophoretic analysis was
used to verify that the amplified product corresponded to the
predicted size of the PCR products of α-enolase and β-actin.

Protein determination:  The protein concentration in the
corneal extracts was determined by the bicinchoninic acid
method (Pierce, Rockford, IL) by using the resolubilization
buffer (the buffer used to solubilize the epithelial cell proteins
prior to 2-D gel electrophoresis) as a control blank. Epithelial

protein yield in the extract ranged from 500 to 900 µg per
cornea.

Western blot analysis:  Western blot analysis was per-
formed by the method of Towbin et al. [33]. Protein prepara-
tions from pooled five normal corneas (mean age: 65 years)
or five KC corneas (mean age: 55 years) were used for west-
ern blot analysis. The immunoreaction was visualized by per-
oxidase staining for α-enolase and β-actin.

RESULTS
Proteomic analysis of epithelial proteins from normal human
corneas:  Proteomic analyses of epithelial proteins from nor-
mal corneas were carried out by 2-D gel electrophoretic sepa-
ration followed by mass spectrometric analyses. We used a
resolubilization buffer to solubilize both cytosolic and mem-
brane proteins of corneal epithelial cells. As shown in Figure
1, a total of 81 major spots were identified on a 2-D gel, and
these were numbered starting with one with the lowest mo-
lecular weight. Following excision of individual spots and
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Figure 2.  Comparative proteomic maps of epithelial proteins from
(A) normal human and (B) KC corneas. Based on the differences
between the 2-D profiles, protein spots were analyzed by MALDI-
TOF and ES-MS/MS mass spectrometric methods. The approximate
molecular weight (MW) in kDa and the isoelectric point (pI) of the
standard proteins used during the 2-D gel electrophoresis are shown.

Figure 3.  A typical profile of molecular mass of tryptic fragments of
α-enolase (represented by spot number 29 in Figure 2A) during analy-
sis by MALDI-TOF mass spectrometry. The elution of a desired spot
from the 2-D gel, destaining, and tryptic digestion before mass spec-
trometric analysis were performed as described in Methods.
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trypsin digestion, mainly MALDI-TOF, and in some cases,
MALDI-TOF followed by ES-MS/MS method were used to
determine the identity of the protein spots. As shown in Table
1, the MALDI-TOF method identified all but seven of the 81
epithelial proteins. The identified epithelial proteins by mass
spectrometry showed a probability-based mowse (probabil-
ity-based molecular weight search engine) score greater than
71, which is significant for the identification of a particular
protein (www.matrixscience.com).

Comparative proteomic maps of epithelial proteins from
human KC and normal corneas:  The epithelial cell proteins
from human KC and normal corneas were analyzed by 2-D
gel electrophoresis to determine whether certain proteins were
up- or downregulated during the disease. As stated in the meth-
ods, two proteins preparations, one from five normal corneas
(mean age: 55 years) and the other from five KC corneas (mean
age: 50 years) were used for 2-D gel electrophoretic analysis
to develop proteomic maps. Almost all the spots were repro-
ducibly seen in 2-D gel protein profiles, and this was further
confirmed by analyzing 2-D gel protein profiles of four indi-
vidual keratoconus and four individual normal corneas. After
overlapping of the representative 2-D gel protein profiles, few
spots were found only in the normal corneas and were absent
in KC corneas and vice versa. The spots present in normal
corneas but were either absent or present at low levels in KC
corneas were numbers 21 and 29 (Figure 2A,B). After tryptic
digestion and MALDI-TOF mass spectrometric analysis, spot
number 21 was identified to be of β-actin, and spot number 29
as α-enolase. Because additional spots that showed up- or
downregulation were present in insufficient quantities for mass
spectrometric analysis, they could not be identified.

The MALDI-TOF mass spectrometric profile of tryptic
fragments of spot number 29 (α-enolase) and the mass of tryp-
tic fragments are shown in Figure 3 and Table 2, respectively.
The identification score of α-enolase was 61, which were less
than the optimal 71 (the score considered significant for iden-
tification of protein by MALDI-TOF). Therefore, tandem mass
spectrometric analysis of the precursor ions of α-enolase was
done, and two fragments of mass 1804 (fragment 1) and 1426
(fragment 2) were identified. The ES-MS/MS profiles of frag-
ments 1 and 2 are shown in Figure 4A,B, respectively. Frag-

ment 1 (mass 1804) showed a sequence of
AAVPSGASTGIYEALELR (Figure 4A), and the second frag-
ment with mass of 1426 showed a sequence of
YISPDQLADLYK (Figure 4B). On overlapping sequences of
the two fragments with the α-enolase sequence from the lit-
erature, the first fragment contained residue number 32-49 and
the second fragment, residue number 269-280 of the protein
(Figure 5). The mass of tryptic fragments of β-actin (spot num-
ber 21) during MALDI-TOF are shown in Table 3, which
clearly showed that an observed and predicted mass of tryptic
fragments of β-actin matched.

Immunohistochemical analysis of α-enolase and β-actin
in KC and normal corneal sections:  During the confocal
miscroscopic immunohistochemical analysis of the normal
corneas using polyclonal anti-α-enolase antibody, we saw a
uniform immunofluorescence in the superficial, wing, and
basal columnar cells (Figure 6A). The nuclei of the cells were
seen in blue after staining with DAPI. In contrast, the KC tis-
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Figure 4.  ES-MS/MS analyses of tryptic fragment of protein spot
number 29 as shown in Figure 3. A: A tryptic fragment with mass of
1804 showed a sequence of AAVPSGASTGIYEALELR, and (B) a
tryptic fragment with mass of 1426 showed a sequence of
YISPDQLADLYK.

TABLE 2.

                              Observed    Predicted
   Sequence of peptide          mass        mass
--------------------------    ---------   ---------
(R)YISPDQLADLYK(K)              1426       1425.75
*(K)VVIGMDVAASEFFR(R)           1540       1539.77
*(K)VVIGMDVAASEFFR(R)**         1556       1555.76
*(R)AAVPSGASTGIYEALELR(R)       1804       1803.95
*(K)LAMQEFMILPVGAANFR(R)**      1924       1923.03
(K)LAMQEFMILPVGAANFR(R)**       1939       1938.96

Observed and predicted mass of tryptic fragments of spot number 29
(Figure 2A). Based on the mass of tryptic fragments, the protein was
identified as α-enolase. The single asterisk denotes peptides shown
in the tryptic profile in Figure 3. The double asterisk indicates that
the M was identified as oxidized to methionine sulfoxide.
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sue sections showed relatively weak immunofluorescence of
the wing and superficial cells compared to the cells from nor-
mal cornea (Figure 6B). The control sections did not show
any fluorescence (results not shown). A similar confocal mi-
croscopic immunohistochemical analysis with monoclonal
FITC-conjugated anti-β-actin antibody showed a uniform
immunofluorescence in the superficial, wing, and basal co-
lumnar cells from a normal cornea (Figure 6C). In contrast,
the KC section revealed relatively weak immunofluorescence
of the wing and basal cells (Figure 6D). The control sections
lacked any fluorescence (Results not shown). Together, the
data showed that the wing and superficial cells of KC corneas
exhibited decreased levels of both α-enolase and β-actin com-
pared to these cells from normal corneas. Next, the question
to consider was whether the reduced levels of α-enolase and
β-actin were due to their reduced expression or because of
their degradation. To determine this, western blot analysis, was
performed.

Western blot analysis using anti-α-enolase- and anti-β-
actin antibodies:  Western blot analysis using anti-α-enolase
antibody on normal corneas revealed spots having molecular
weights between 28 kDa and 50 kDa (Figure 7A). The KC
corneas showed relatively greater number of spots having
molecular weights between 28 and 48 kDa compared to nor-
mal corneas (Figure 7B).The molecular weight of native α-
enolase is 48 kDa, so it apparently was degraded in both nor-
mal and KC corneas but more so in the latter.

Western blot analysis with anti-β-actin antibody showed
two major spots of 42 kDa in the normal corneas (Figure 7C),
and two minor spots of 40 kDa in the KC corneas (Figure
7D). Because the MW of the native β-actin is 42 kDa, this
protein was degraded in the KC corneas.

RT-PCR to detect transcripts of α-enolase and β-actin:
RT-PCR with primers of α-enolase and β-actin showed prod-
ucts of about 550 bp (Figure 8). The expected sizes of PCR
products of α-enolase and β-actin were 538 and 579 bp, re-
spectively. The data suggested that mRNA of the two proteins
exist in epithelial cells of normal corneas of a 60-year-old
donor.

Presence of α-enolase in the limbal and central regions
of normal corneas:  Previous publications have shown that α-
enolase is a marker for stem cells, yet it was only present in
the limbal region and not in the central cornea (see Discus-
sion); therefore we investigated its localization in both limbal
and central corneal regions. The limbal and central corneal
regions of two normal corneas were carefully scraped and their
proteins were separated by 2-D gel electrophoresis. Selected
protein spots were analyzed by MALDI-TOF mass spectro-
metric methods as previously described. The 2-D gel protein
profiles of the limbal region and the central cornea are shown
in Figure 9A,B, respectively. The protein spots, identified by
arrows in the limbal (Figure 9A) and the central corneal (Fig-
ure 9B) regions on tryptic digestion and MALDI-TOF analy-
sis, were identified as α-enolase (Results not shown).

DISCUSSION
 The purpose of the study was to identify proteins that

undergo up- or downregulation in KC corneas compared to
normal corneas so that their potential roles either as disease
markers as well as their involvement in the molecular mecha-
nism of the disease could be determined.

The major finding of our proteomic investigation was that
α-enolase and β-actin showed downregulation in the KC cor-
neas compared to the normal corneas. Immunohistochemical/
confocal microscopic analyses further showed that both pro-
teins were present at relatively lower levels in the epithelial
wing and superficial cells of KC corneas compared to those
from normal corneas. These reduced levels could be due to
their degradation as suggested by the results of western blot
analyses.

In this study, proteins from 8 mm corneal epithelial rings
from the keratoconus corneas were compared with 12 mm rings
from normal corneas. It was possible some of the observed
decrease in the two protein levels could be due to comparison
of different corneal regions. Because the 2-D gel electro-
phoretic protein profiles were supported by our additional
immunohistochemical analyses of α-enolase and β-actin in
normal versus keratoconus corneas, a downregulation of the
two proteins isolated from two sets of rings might indeed be
true. Furthermore, additional comparative immunohistochemi-
cal analysis of successive corneal sections from periphery to
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Sequence of fragment 1 of mass 1804:   A A V P S T A S T G I Y E A L E R
                                       | | | | | | | | | | | | | | | | |
Sequence of α-enolase from literature: A A V P S T A S T G I Y E A L E R
                                       |               |               |
                                      33              41              49

Sequence of fragment 2 of mass 1426:   Y I S P D Q L A D K Y K
                                       | | | | | | | | | | | |
Sequence of α-enolase from literature: Y I S P D Q L A D K Y K
                                       |             |       |
                                     270           277     281

Figure 5.  Overlap of amino acid sequences of tryptic fragments with
mass of 1804 and 1426, determined by ES-MS/MS analysis, with
the published sequence of α-enolase from the literature. The ES-
MS/MS method using micromass QTOF provided sequences of
AAVPSGASTGIYEALELR and YISPDQLADLYK for the two tryp-
tic fragments with molecular mass 1804 and 1426, respectively. The
two fragments were recovered following tryptic digestion of spot
number 29 as shown in Figure 2A, and were analyzed by MALDI-
TOF (Figure 3) followed by ES-MS/MS (Figure 4). The latter analy-
sis provided the sequences reported herein.

TABLE 3.

                      Observed   Predicted
Sequence of peptide     mass       mass
-------------------   --------   ---------
(R)GYSFTTTAER         1132.59     1131.58
(R)AVFPSIVGRPR        1198.71     1197.71
(K)IWHHTFYNELR        1515.79     1514.78
(R)DLTDALMKILTER      1518.69     1517.68
(R)LDLAGRDLTDALMY     1531.77     1530.77
(K)NYELPDGQVITIGSER   1790.87     1789.87

Observed and predicted mass of tryptic fragments of spot number 21
(Figure 2A). Based on the mass of the tryptic fragments, the protein
was identified as β-actin.
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the center of the two types of corneas also showed a
downregulation of the two proteins as shown in representa-
tive tissue sections of Figure 6. Additionally, our finding about
α-enolase was supported by a recent report [34].

The hallmark of our investigation was that we observed
reproducible 2-D gel protein profiles following silver stain-
ing even from a single KC or normal corneal button. The 2-D
gel protein profile showed that the majority of the epithelial
proteins showed MW between 40-60 kDa in normal and KC
corneas. Therefore, these proteins were the focus of our study.
To prevent degradation of corneal proteins prior to the 2-D
gel analysis, they were solubilized in protein-denaturating
resolubilization buffer [29] that contained urea, thiourea,
CHAPS, caprylyl sulfobetaine 3-10,tri-butyl phosphine, and
Tris (see composition in Methods). The chaotropic agents, such
as urea, allow proteins to unfold and thus expose their hydro-
phobic residues to a solution. The use of thiourea in combina-
tion with urea has been shown to enhance solubility of hydro-
phobic proteins and lead to visualization of yet more proteins
[35]. Among available surfactants, sulfobetaine and CHAPS

are preferred for their solubility in a high concentration of
urea [29]. An additional surfactant, N-decyl-N-dimethyl-3-
ammonio-1-propane sulfonate, has been used along with
CHAPS to solubilize proteins that require a stronger surfac-
tant for solubility [29]. Dithiothreitol, a sulfhydryl reducing
agent, has been replaced with an uncharged reducing agent,
tributyl phosphine, which greatly enhances protein solubility
during IEF [29]. Because of the use of denaturing conditions
for corneal epithelial protein solubilization, the proteinase
activity was expected to be inactivated, and therefore protein-
ase inhibitors were not included in the resolubilization buffer.

Immunohistochemical-confocal analyses with commer-
cially available antibodies raised against α-enolase or β-actin
revealed a similar pattern of immunoreactivity in the central
cone region of KC (i.e., where the epithelium appeared thin in
the sections when compared with the corneal periphery [re-
sults not shown]). Immunohistochemical analysis further
showed that although the two proteins were present in both
normal and KC corneas, their distribution in the three epithe-
lial layers differed, i.e., a relatively intense and uniform
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Figure 6.  Confocal images (at 63X magnification) of normal and KC corneal sections using anti-α-enolase antibody (A and B) and anti-β-
actin antibody (C and D). In the images, s: superficial layer; w: wing cell layer; b:basal cell layer of the epithelium; and BAL: Bowman’s layer.
A and B show a relatively intense and uniform immunostaining with anti-α-enolase antibody of the epithelial basal, wing and superficial cells
of the normal corneas but in the KC cornea, a maximum staining of the basal cells, which was greatly diminished in the wing and superficial
cells. C and D show almost similar results as described in A and B on immunoreactivity with anti-β-actin antibody. DAPI staining of the
sections is seen as blue fluorescence in the nuclei of the cells.

1621



©2006 Molecular VisionMolecular Vision 2006; 12:1615-25 <http://www.molvis.org/molvis/v12/a185/>

Figure 7.  Western blot analysis of proteins from normal and KC
corneas following 2-D gel electrophoretic separation. Western blot
analysis of proteins from normal (A) and KC (B) corneas after im-
munoreactivity with anti-α-enolase antibody. The blots show native
α-enolase (48 kDa) and its degradation products. Western blot analysis
of proteins from normal (C) and KC (D) corneas following
immunoreaction with anti-β-actin antibody. The blots show native
β-actin (42 kDa) and its degradation products. Arrows with the stem
show the major spots, and arrows without the stem show the minor
spots.

Figure 8.  RT-PCR analysis to determine the existence of mRNA of
two proteins (i.e. α-enolase and β-actin) in normal corneas from 60-
year-old donors. The negative control of only α-enolase is shown,
and the negative control of β-actin was identical.

Figure 9.  Two-dimensional gel electrophoretic analysis of proteins
isolated from cells of limbal and central corneal regions. A: Protein
profiles of cells from the limbal region; B: protein profile from cells
of central corneal region. The arrows in A and B mark the 48 kDa
protein spots that were identified by MALDI-TOF as α-enolase.
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immunostaining of the two proteins in the epithelial basal,
wing, and superficial cells of the normal corneas but in the
KC cornea, a maximum staining of the basal cells, which
greatly diminished in the wing and superficial cells. A strong
immunofluorescence was also observed at the junction of the
basal cell layer and Bowman’s layer in normal corneas. To-
gether, the data suggested the presence of relatively lower lev-
els of the two proteins in the wing and superficial cells of the
KC corneas compared to similar cells from normal corneas.
As stated, a lower level of α-enolase in the keratoconus cor-
neas compared to normal corneas was shown in a recent re-
port [34]. Because we observed a decreased level of β-actin in
the epithelium of keratoconus corneas compared to normal
corneas, the protein ought to be precluded to normalize the
standard 1-D western blots of epithelial proteins.

Our results of the localization of the α-enolase in the cen-
tral corneal region were in contrast to the previous reports of
Zeiske et al. [36-39]. These researchers localized α-enolase
in the basal cells of the limbal region using a monoclonal an-
tibody raised against an immunogen, which was a 0.1 M am-
monium acetate extract of limbus-to-limbus scrap of rat cor-
neal epithelium that was harvested 18 h after a debridement
wound of 3 mm in diameter. Zieske further showed that the
antibody specifically immunoreacted with a 50 kDa protein
in the basal cells in the limbus of rat, rabbit, and human cor-
neas and the antigen was identified as α-enolase [38]. Zeiske
et al. [39] also reported that α-enolase was expressed on cell
migration during wound closure, and immunohistochemically
localized α-enolase in cultured rabbit epithelial cells under
variety of environmental conditions. The protein was present
in all epithelial cell layers but was restricted to the basal cells
under certain conditions [38]. Our results of MALDI-TOF
mass spectrometric analyses of 2-D gel separated proteins from
cells of limbal, peripheral and central regions of a normal cor-
nea also showed the presence of α-enolase in all three regions
of the human cornea (Figure 9). This was further supported
by a report by Piatigorsky et al. [40], that showed α-enolase
as a major soluble protein during examination of taxon-spe-
cific recruitment of proteins in the corneal epithelium of three
mammals, chicken, and squid. A further support for the α-
enolase localization was provided by Nishida et al. [41], who
identified α-enolase among the 62 active genes in human cor-
neal epithelium. Nishida et al. [41] found that the abundant
expression of the α-enolase gene was intriguing because ex-
cept for this enzyme, no other enzyme of the glycolytic path-
way was correspondingly active in the cornea. The presence
of the two proteins in the cells of normal and KC corneas was
further confirmed by the RT-PCR analysis (Figure 8). Together,
our results and present literature strongly suggest the pres-
ence of α-enolase in the human corneal epithelium.

Nishida et al. [41] speculated that the unusually high ex-
pression of α-enolase in human corneal epithelium might due
to its novel role other than energy production. α-Enolase acts
as a cell surface receptor for plasminogen, which has binding
interactions with several adhesion proteins of the pericellular
matrix [42,43]. Indeed, the plasminogen synthesis by corneal
epithelial cells has been demonstrated [44,45]. Therefore, the

degradation or a relatively lower level of expression of α-eno-
lase might cause a loss of interactions with the proteins of the
cell matrix. This loss of interactions may lead to disassembly
of intact structures in the matrix, which might result in the
thinning of the cornea, a hallmark of KC. Also, α-enolase has
been shown to bind to actin and tubulin, which are cytoskeletal
proteins [46]. An association of α-enolase with the centrosome
also indicate that α-enolase, like other glycolytic enzymes, is
involved in the bundling of microtubules [47]. Therefore, the
reduced expression or degradation of α-enolase could cause
unstable cytoskeletal assembly, leading to changes associated
with the disease. However, whether changes in α-enolase lev-
els have such effects in KC need further investigation.

An identification of differentially expressed genes in kera-
toconus epithelium by microarray method revealed massive
changes of cytoskeleton, reduced extracellular matrix remod-
eling, altered transmembrane signaling, and modified cell to
cell and cell-matrix interactions [28]. The major changes in
cytosketon included up-regulation of keratins and also mi-
crofilaments, intermediate filaments and microtubules suggest-
ing internal cell structures are heavily reinforced in KC cor-
neas. This could be due to ECM degradation in KC corneas
because during KC, elevated levels of cathepsins V/L2, -B,
and -G were observed [48]. Further, the involvement of
metalloproteinases in the development of keratoconus has also
been suspected [49].

Altered expression of cytoplasmic proteins like α-eno-
lase and β-actin might be contributing factors in KC. These
proteins may be useful as markers and also in the elucidation
of biochemical abnormalities in KC-corneal epithelial cells.
Future research in our laboratory will address these important
questions.
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