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Summary. Ten years after the establishment of the term proteome, the

science surrounding it has yet to fulfill its potential. While a host of

technologies have generated lists of protein names, there are only a few

reported studies that have examined the individual proteins at the covalent

chemical level defined as protein species in 1997 and their function. In the

current study, we demonstrate that this is possible with two-dimensional

gel electrophoresis (2-DE) and mass spectrometry by presenting clear

evidence of in vivo N-terminal alpha A crystallin truncation and relating

this newly detected protein species to alpha crystallin activity regula-

tion by protease cleavage in the healthy young murine lens. We assess

the present state of technology and suggest a shift in resources and para-

digm for the routine attainment of the protein species level in proteomics.
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Introduction

The advent of nano LC techniques for peptide separa-

tion represents a milestone and seemingly a turning point

in proteomics biosciences. The online coupling of nano

LC systems to ESI mass spectrometers and the devel-

opment of automated spotting techniques onto MALDI

templates allow high throughput analysis of whole pro-

teomes, often without prefractionation. A number of free

or commercially available mass spectrometry software

suites expedite automated data evaluation, reducing pro-

teome characterization at the protein level to a matter of

days. Indeed, the speed at which an automated nano LC

workflow produces results can lead one to overlook the

significant preeminence 2-DE offers: the separation and

visualization of the protein species, allowing the user to

grasp and selectively analyze the actual biological ef-

fector molecules much better than in a black box nano

LC workflow.

2-DE delivers the power to resolve samples into up

to 10000 sample constituents discriminated by a single

amino acid or posttranslational modification in individual

spots (Klose and Kobalz, 1995). Mass spectrometric anal-

yses of spot digests and rigorous data evaluation can

yield the full sequence and posttranslational modifications

of the inherent polypeptide (Okkels et al., 2004). Mass

spectrometry software is invaluable for data processing,

but it is by no means a substitute for skilled manual spec-

tral analysis, leaving the routine attainment of the mole-

cular level momentarily out of reach with 2-DE and MS.

While rapid detection of modifications is possible with

conventional high throughput LC-MS techniques, the

assignment of the modifications to individual molecules

and thus the discrimination of the protein species is diffi-

cult. However, this is exactly what is necessary for appre-

ciation of their effects on function and for proteomics to

realize its true potential.

Materials and methods

We analyzed the murine 129=SvJ ten day old lenticular proteome as part of

a larger research project using high resolution 2-DE as described by Klose

and Kobalz (1995), combining carrier ampholyte IEF and SDS-PAGE on

23� 30 cm gels for protein species separation. Individual spot analysis by

LC=ESI-tandem mass spectrometry (MS=MS) as well as full lenticular

proteome analysis was performed on an Agilent Technologies (Palo Alto,

CA) XCT ion trap instrument. Individual spot analysis was also performed

on an Applied Biosystems 4700 Proteomics Explorer MALDI-TOF=TOF

instrument (Foster City, CA, USA).



Results and discussion

The lens is an ideal organ for proteomics research as it is

readily accessible, easy to prepare and has exceptionally

high protein content dominated by the crystallin protein

super family (M€oorner, 1894). Furthermore, due to a loss of

organelles, most of the lens is biosynthetically quiescent.

In addition, the lens proteins have a low rate of turnover

but undergo extensive post-translational modifications and

proteolytic processing. Hence, other approaches defining

the protein content, such as DNA microarrays, are not

as meaningful as in other tissues. Alpha crystallin is the

major lenticular protein constituent, comprising 30–50%

of total lens structural protein mass (de Jong et al., 1981).

In vivo alpha crystallin is found as an 800 kDa high mole-

cular weight aggregate made up of alpha A and B crys-

tallin subunits (Bon, 1961; Schoenemakers et al., 1969)

the primary gene products of the alpha A and alpha B

crystallin genes. The protein exhibits chaperone activity

(Horwitz, 1992) and due to its high concentration contri-

butes to the refractive index gradient and overall transpar-

ency of the lens (Delaye and Tardieu, 1983). A model for

the secondary structure for alpha A crystallin monomer

has been proposed based on its sequence and gene struc-

ture (Siezen, 1981; Wistow, 1985). The molecule has a

63 amino acids long globular hydrophobic N-terminal

domain, a somewhat longer C-terminal domain subdivided

into two motifs in beta conformation and a C-terminal

extension.

Unmodified and previously described (de Jong et al.,

1974; Nakamura et al., 2000; Ueda et al., 2001, 2002) C-

terminally truncated alpha A crystallin was identified in

SSP 4121, 4103 and 4114 by automated and manual

mass spectrometric raw data analysis with the MASCOT

mass spectrometry software suite (Fig. 1a, the full gel

image is available in our 2-DE database under the URL

http:==www.mpiib-berlin.mpg.de=2D-PAGE= under the

heading 2D-PAGE, Mus musculus, C57BL=6J, ten day

old lens). The software also identified alpha A crystallin

as the protein constituent of SSP 6003, correlating MS=MS

spectra of fragmented ions abundant in the total count of

all ions subjected to MS=MS fragmentation (TICallMSn)

with three tryptic peptides on the alpha A crystallin amino

acid sequence and one on porcine trypsin (Fig. 1b). Two

of the three assignments were falsely scored below the

software’s identity threshold, a tendency we also observed

Fig. 1. Elucidation of the N-terminally truncated alpha A crystallin protein species residues 42–173 by 2-DE and mass spectrometry. a Cut-away of a

2-DE gel separating the ten day old 129=SvJ lenticular proteome. Arrows denote investigated spots, SSP 6003, containing the alpha A crystallin

protein species residues 42–173, is boxed. b TICallMSn chromatogram from the LC=ESI-MS=MS analysis of spot SSP 6003. The abundant ions were

identified with the exception of [Mþ 2H]2þ 494.0. T, trypsin autocatalysis product. c MS=MS spectrum of [Mþ 2H]2þ 494.0
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in an LC=ESI-MS=MS analysis of the entire murine len-

ticular proteome. This is likely due to setting the threshold

high to maximize identification confidence which, while

justified, at the same time leads to a number of valid spe-

ctra being scored as negatives. Manual spectral interpreta-

tion is therefore always advisable for comprehensive

results.

One abundant ion on the TICallMSn remained unas-

signed. Manual interpretation of the corresponding MS=MS

spectrum (Fig. 1c) revealed a conspicuous serine, leucine=

isoleucine sequence tag with high intensity ion signals at

around m=z 600 and beyond. Evidence for strong MS=MS

fragmentation N-terminal and weak MS=MS fragmenta-

tion C-terminal to a proline residue (Breci et al., 2003)

led us to consider a possible proline C-terminal to serine

and to incorporate a hypothetical quenched peak at m=z

501.4 into calculations. These considerations resulted in

the following MASCOT sequence query: 494 tag(501.4,

PS[IL], 798.4). It was searched against NCBInr (MS=MS

tolerance 0.2 Da) with enzyme set to no enzyme and tax-

onomy set to Mus musculus and unambiguously assigned

the mass to the peptide sequence STISPYYR concur-

rent with residues 42–49 on the alpha A crystallin amino

acid sequence and identified the high intensity ion signals

as the peptides Y4, Y5 and Y6 ions. Additionally most of

the remaining prominent MS=MS signals were assigned

to other major ion series. This was corroborated by a

MALDI-TOF=TOF-MS=MS analysis which in addition

to detecting the Y4, Y5 and Y6 ions detected the Y1

C-terminal arginine as well as the peptides Y2 ion (data

not shown).

While evidence points to truncation in the N-terminal

domain (Kamei et al., 1997; Kapphahn et al., 2003;

Harrington et al., 2004), this peptide clearly defines an

N-terminal truncation site on alpha A crystallin producing

a 132 amino acids long polypeptide comprising residues

42–173 of the alpha A crystallin chain with a theoretical

molecular weight of 14.8 kDa and a pI of 6.1. The respec-

tive spots position on calibrated 2-DE gels (Aksu et al.,

2002) is within 91.9% of these values on twelve 2-DE gels

of twelve independent sample preparations of ten day old

murine lenticular proteomes. An alpha A crystallin in vivo

N-terminal truncation site is unambiguously characterized

here by proteomics evidence which was only possible by

manual examination of the MS=MS spectra.

Alpha A crystallin residues 41 and 42 are likely a trun-

cation site for the lens specific calpain protease Lp82. A

number of studies indicate the Lp82 cleavage site is not

defined by an exclusive amino acid sequence. However

cleavage at serine residues is most prominent and clea-

Fig. 2. Ab initio alpha A crystallin tertiary structure models. 3D models of a alpha A crystallin; b alpha A crystallin truncation product lacking 19

N-terminal residues; c alpha A crystallin truncation product lacking 35 N-terminal residues. d In vivo truncated alpha A crystallin protein species

described here lacking 41 N-terminal residues. e Alpha A crystallin truncation product lacking 55 N-terminal residues. N-terminal regions are colored

orange with functional domains displayed as ribbons, C-terminal regions are colored red and are entirely displayed as ribbons
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vage after hydroxylated or carboxylated amino acid resi-

dues is frequent (Takemoto 1995; Nakamura et al., 2000;

Ueda et al., 2001, 2002; Baruch et al., 2001; Fukiage et al.,

2002; Azuma et al., 2003). Other evidence has determined

Lp82 to be the predominantly active calpain protease in the

young lens (Ma et al., 1999; Ueda et al., 2001) especially

around day ten. The N-terminal alpha A crystallin residues

41 and 42 focused on here are both serines making in vivo

Lp82 cleavage at this position probable. The 2-DE spot

containing the N-terminal truncation product is faint and

not in proximity of the other alpha A crystallin containing

spots, perhaps making it difficult to detect by 2-DE analysis

of in vitro treated soluble lens proteins (Ueda et al., 2002;

Azuma et al., 2003).

Presently the tertiary structure of the alpha crystallin

structure is unknown. To examine the relationship of this

truncation product to the functional alpha crystallin oli-

gomer, we constructed ab initio alpha A crystallin 3D

tertiary structure models for a systematic comparison of

molecular morphology (Fig. 2). The Rosetta algorithm

on the HMMSTR server (http:==www.bioinfo.rpi.edu=

�bystrc=hmmstr=server.php) (Bystroff and Shao, 2002)

available on the ExPASY (http:==au.expasy.org=) home-

page was used for molecular modeling. Full length alpha

A crystallin secondary structure was calculated at 29.5%

alpha helix and 32% beta sheet content from the 3D

model (Fig. 2a). The N-terminal globular domain is orga-

nized into three helices with hydrophobic side chains bur-

ied. Structure function regions identified earlier (Smith

et al., 1996; Pasta et al., 2003) make up the first two of

these N-terminal alpha helices. The putative N-terminal

Lp82 cleavage site at residues 41 and 42 (indicated by an

arrow) is located precisely behind the third N-terminal

alpha helix, suggesting deliberate removal of functional

elements at this point. The highly conserved residues

102–117 of the alpha crystallin domain (Caspers et al.,

1995), containing the substantial first part of a DNA bind-

ing motif (Singh et al., 1998) as well as an arginine resi-

due 116 shown to be critical for molecular integrity (Bera

et al., 2002) also are predicted to have an alpha helical

conformation. This is consistent with an older 3D model

(Farnsworth et al., 1998) and makes the alpha helical

prediction, which is somewhat higher than previous cal-

culations (Farnsworth et al., 1997; Horwitz et al., 1998;

Bova et al., 2000), seem plausible. However, it is incon-

sistent with site directed spin label studies that demonstrate

beta sheet conformation for residues 109–120 (Berengian

et al., 1997). Our model confirms the beta sheet secondary

structure of residues 67–101 determined to be an alcohol

dehydrogenase (ADH) and 1,10-bi (4-anilino) naphtalene-

5,50-disulfonic acid (bis-ANS) binding site and to exhibit

extensive chaperone activity (Farnsworth and Singh, 2004).

No clear consensus as to alpha crystallin quaternary struc-

ture has been reached although several models (Bindels

et al., 1979; Thomson and Augusteyn, 1983, 1984; Tardieu

et al., 1986; Augusteyn and Koretz, 1987; Walsh et al.,

1991; Wistow, 1993; Carver et al., 1994; Groth-Vasselli

et al., 1995; Smulders et al., 1998) agree on the amphi-

pathic character of the monomeric subunits (van der

Ouderaa et al., 1973; Puri et al., 1983) which dynamically

exchange (van den Oetelaar et al., 1990; Gesierich and

Pfeil, 1996) and form small multimers as the building

blocks of functional higher molecular order (Bova et al.,

2000). Earlier studies indicate alpha A crystallin lacking

19 and 35 N-terminal residues retains its function as

a monomeric subunit in vitro (Augusteyn, 1998; Bova

et al., 2000). Conversely, alpha A crystallin lacking 55

N-terminal residues has lost this ability and is likely to

be non functional (Bova et al., 2000). It has been shown

that large regions of the alpha A crystallin N- and C-

terminal domain are essential for subunit multi- and oli-

gomerization (Merck et al., 1992; Augusteyn, 1998; Bova

et al., 2000, Pasta et al., 2003; Thampi and Abraham, 2003)

quaternary structure dynamics (Augusteyn and Koretz,

1987; Bova et al., 2000; Pasta et al., 2003) and chaperone

activity (Takemoto et al., 1993; Derham and Harding,

1999; Pasta et al., 2003).

Models of the native protein species lacking 41 N-term-

inal residues and of the truncation products described

above lacking 19, 35 and 55 N-terminal residues were

constructed in addition to the tertiary structure model of

alpha A crystallin (Fig. 2b–e). The degeneration of alpha

A crystallin structural integrity accompanying successive

N-terminal truncation is evident. Alpha A crystallin lack-

ing 19 and 35 N-terminal residues retains closed C-term-

inal beta sheet organization and a generally intact ter-

tiary structure quite similar to the full length monomer

(Fig. 2a–c). The 3D model of the native molecule lacking

41 N-terminal residues however shows extensively opened

C-terminal beta conformation and a loose, unorganized

tertiary structure very much like the short, non functional

alpha A crystallin lacking 55 N-terminal residues (Fig. 2d,

e). This reinforces our concept that in vivo truncation at

residue 41 and 42 leads not only to a loss of defined

N-terminal functional domains but also to a marked

change in tertiary structure. This is likely to negatively

affect the monomeric structure as a whole and subse-

quently higher order organization and oligomer function.

C-terminal truncation at the major Lp82 cleavage sites on

alpha A crystallin does not affect oligomeric size, secondary
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or tertiary structure or chaperone function (Carver et al.,

1996; Thampi and Abraham, 2003). Together with the

emerging role of Lp82 as the more dominant calpain pro-

tease in rodent lenticular development (Ma et al., 1999;

Ueda et al., 2001), further investigation of this N-terminally

truncated protein species and its function in connection with

lenticular protease activity as well as previously described

C-terminal cleavage is warranted (Emmons and Takemoto,

1992; Takemoto et al., 1993; Takemoto, 1994, 1995). The

intrinsic relationship between molecular structure and func-

tion and recent results attesting to alpha A crystallin robust-

ness even after extensive chemical modification in vitro

(Horwitz et al., 2004) suggest that functional regulation of

the alpha crystallin via Lp82 cleavage at N-terminal resi-

dues 41 and 42 of the alpha A chain may be of significance

in the healthy organism.

Using this investigation as a reference we assess the

present state of technology and first consider 2-DE as a

proteomics method estimating 3000 spots for an average

proteome. Complete proteome coverage with protein

identification as protein name takes about 30–90 days

but can mean an incomplete characterization of important

functional changes (Fig. 3). We calculated the duration of

complete proteome coverage at the protein species level

based on our analysis of one 2-DE spot. We achieved 50%

sequence coverage for the alpha A crystallin protein spe-

cies including elucidation of the N-terminal peptide in five

days. We estimate digestion with alternate enzymes and

further analysis would optimally achieve 100% sequence

coverage in another five days or in total in about two

weeks. Thus, it would take an individual 30000 days or

about 75 years to elucidate all of the wealth of informa-

tion already contained in one 2-DE gel, an unacceptable

duration.

Alternatively, a nano LC=ESI-MS=MS analysis of

the murine lenticular proteome produced around 7000

MS=MS spectra in one week. This technique however

suffers from a number of limitations that include i) that

peptides coelute from the nano LC column, ii) that dis-

criminate peptides can have highly similar masses and

iii) that only the more or less abundant peptides reach the

stage of MS=MS fragmentation and detection. Thus, it is

unlikely that the defining N-terminal alpha A crystallin

truncation site described above would be obtained even

upon manual interpretation of all 7000 MS=MS spectra.

Sophisticated multi-dimensional LC-MS=MS approaches

utilizing up to 15 or more chromatographic steps deliver

the required specifity. However with outputs of up to

100000 MS=MS spectra, this methodology rapidly be-

comes highly labor intensive (Swanson and Washburn,

2005). Furthermore, while capable of detecting post

translational modifications, it can not necessarily distin-

guish between protein species.

In conclusion, this investigation and the investigation

of Mycobacterium tuberculosis ESAT6 protein species

(Okkels et al., 2004) show that the functional level of

proteomics is much better represented if the protein spe-

cies are investigated in detail. Because the protein spe-

cies are already separated by 2-DE, the task remains to

improve the elucidation of the posttranslational modifi-

cations in a moderate time scale. However, current meth-

ods are cumbersome and uneconomical on a large scale

in a true proteomics sense. We suggest that efforts and

resources need to be focused now to develop a technol-

ogy that facilitates the routine attainment of the protein

species level if proteomics is not to crash land before

it soars.
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