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Abstract
The recent sequencing of the Phanerochaete chrysosporium genome presents many
opportunities, including the possibility of rapidly correlating specific wood decay
proteins of the fungus with the corresponding gene sequences. Here we compare
mass fragments of trypsin digests, determined by MALDI-MS (Matrix Assisted Laser
Desorption Ionization-Mass Spectrometry), with predicted mass fragments derived
from genome sequence. Glyoxal oxidase of P. chrysosporium is used for proof of
concept because its genomic organization is known. Glyoxal oxidase was also chosen
because it is a glycoprotein, as are many other fungal proteins, and post-translational
sites are predicted by MALDI-MS.
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Introduction
The White Rot Genome Project of the DOE Joint Genome Institute (genome project
website http://www.jgi.doe.gov/ ) presents the opportunity to rapidly correlate specific
enzymes of wood decay with the corresponding gene sequences. One method of
much promise for gene identification is the correlation of peptide masses of trypsin
digests with the predicted fragmentation deduced from genome sequence. However,
problems can arise in both the determination of experimental peptide fingerprints and
in theoretical prediction of protein sequences from genomic data. For example,
difficulty in correctly predicting intron-processing lead to uncertainty in predicted
protein sequences and thus uncertainty in predicted peptide masses. Furthermore,
complications introduced by post-translational modifications, such as covalent crosslinking and glycosylation, reduce the number of matching experimental and predicted
peptide masses. These possible complications are studied here with glyoxal oxidase
(GLOX) because its gene structure and genomic organization are already known and
therefore complicating factors can be recognized.
A role for GLOX in ligninolysis by P. chrysosporium BKM-F-1767 is supported by
the fact that it is secreted and produced coordinately with the lignin peroxidase and
manganese peroxidase isozymes (3), is activated by the presence of LiPs and their
aromatic substrates (10), and that substrates of GLOX (e.g. methylglyoxal and
glyoxal) are produced in ligninolytic cultures (8).
A number of simple
aldehyde, alpha-hydroxycarbonyl-, and alpha-dicarbonyl compounds were found to be
substrates (6, 8). Significant progress has been made on the molecular genetics of
GLOX. Subsequent to the discovery of the oxidase, both cDNA and genomic clones
were isolated and fully sequenced, the gene localized to a single dimorphic
chromosome, and active rGLOX produced with Aspergillus (7, 9). The glx alleles
both feature four introns ranging in size from 53 to 61 base pairs. GLOX transcript is
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expressed under both N and C limitation (12). The molecular weight of 57 kDa (537
amino acids) for the predicted mature peptide is in reasonable agreement with the
experimentally determined molecular weight of 68 kDa. However, GLOX is a
glycoprotein and the difference in weight is probably due to N- and/or Oglycosylation (6).
By sequence comparison, it has been shown that GLOX and galactose oxidase have
an unusual 7-fold β-barrel structure, also described as a “super-barrel” or “β-flower”
(1). Galactose oxidase has three structural domains and alignment with GLOX
indicates that the N-terminal domain is absent in GLOX (13, 14). Biochemical and
spectroscopic characterizations support the structural correlations with galactose
oxidase and clearly identifies the catalytic residues in GLOX (13). For the purposes
of the present study, these comparisons with galactose oxidase, for which there is xray crystal data (5), may be useful in identifying potential problems in peptide
analyses after proteolytic digest.
In this paper we present, as a test of concept, the identification of GLOX from a crude
enzyme preparation using MALDI-TOF MS of trypsin digests.
Materials and Methods
Culture conditions and protein purification. P. chrysosporium BKM-F-1767 was
grown in defined medium as previously described for the production and purification
of GLOX from culture filtrate (6).
SDS-page and trypsin digestion. Proteins of the crude GLOX extract were separated
on a 12.5% SDS-PAGE gel (Biorad, Criterion Ready GEL). The band corresponding
to GLOX in crude enzyme preparations was identified by comparison to the location
of purified GLOX. Coomasie stained bands were excised from the gel and washed (3
x 15 min) in a solution containing 50% acetonitrile and 25mM ammonium
bicarbonate pH 8.0. After washing, gel slices were dehydrated in 100% acetonitrile
for 5 min and dried. Gel slices were rehydrated for 30 min with 15 µl of a cold
solution containing 20 µg/ml reagent grade trypsin (Promega). Trypsin digestion was
done at 37°C for 20 h in a water bath. Peptides were extracted with 30 µl of a solution
containing 50% acetonitrile and 5% trifluroacetic acid. Extracts were dried at room
temperature to complete dryness. Peptides were reconstituted in 3 µl of a solution
containing 50% acetonitrile and 0.1 % trifluroacetic acid.
MALDI-TOF MS analysis. Peptides mass were determined using Matrix Assisted
Laser Desorption Ionization - Time of Flight (MALDI-TOF) (Bruker BIFLEX III,
BrukerDaltonics, Billerica, MA, USA) at the University of Wisconsin Biotechnology
Center, Madison Wisconsin. Positive-ion mass spectra were recorded in both the
linear and reflective modes.
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Protein and DNA sequences. Genomic, cDNA and deduced protein sequences for
both GLOX alleles were as described (7, 9). The genomic sequence analysis program
GeneMark.hmm version 2.2a (http://opal.biology.gatech.edu/GeneMark/) (11) was
used for prediction of exon splicing and protein translation of glx-1 (GenBank
Accession #L47286) with O. sativa as the model organism.
Proteomic analyses. Analysis of amino acid sequences and peptide mass data were
done using the following ExPASy proteomics tools (http://ca.expasy.org/):
PeptideMass, FindPept, FindMod and GlycoMod (2, 15, 16). Theoretical trypsin
digest peptide fragments for both GLOX alleles (Table 1) were predicted from the
cDNA protein sequences using FindPept. Potential glycosylation sites were predicted
using GlycoMod and NetOGlyc 2.0 (http://www.cbs.dtu.dk/services/NetOGlyc/)
(4).
Results
SDS-PAGE and MALDI-TOF MS. The protein band corresponding to GLOX in SDSPAGE was well separated from other proteins in the crude mixture, which allowed
precise excision of the band for trypsin digestion (Fig. 1). MALDI-TOF MS of the
ingel trypsin digest indicated peptides of masses shown in Table 1.
Predicted peptide masses from cDNA sequence. There are 26 predicted peptide
masses for trypsin digestion of GLOX corresponding to the two alleles glx-1 and glx2 with protein sequence deduced from cDNA (Table 2). The two alleles differ in one
amino acid (Lys-308↔Thr-308) (9). This introduces an alternate trypsin cleavage site
in glx2 as well as an additional potential site for O-glycosyslation (Table 2). Only
potential glycosylation sites that conform to “rules” for N-glycosylation (GlycoMod)
and sites above threshold values (NetOGlyc 2.0) for O-glycosylation are indicated in
Table 2.
Predicted peptide masses from genomic sequence. Theoretical prediction of
exon/intron splicing sites was imperfect with only one of the four sites correctly
identified. Also, the translational start and termination sites were not correctly
identified (data not shown). Even with these limitations, 19 of the predicted peptide
masses for this sequence were the same as those in Table 2, but the failure to correctly
identify the C-terminus, and intron/exon splice site near the C-terminus, resulted in no
correlation to the experimental masses listed in Table 1. The limitations of the gene
prediction software can be circumvented by sequencing cDNA using primers based
on genome data.
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Fig. 1. Purified GLOX (lane A). Crude GLOX (lane B). Arrow indicates protein
band subjected to ingel trypsin digestion.
Table 1. Peptide masses as determined by MALDI-TOF MS.
a
Mass (Da)
Peptide #
1277.9
1354.8
23
1622.0
1904.2
1920.2
2160.3
22
2313.4
25
3031.6
3078.9
3095.7
3340.1
3694.3
3856.8
4019.1
4410.0
17+18
4571.8
5264.5
5318.8
5562.5
5578.0
a

Experimental peptide masses matching predicted peptides (Table 2). The masses
1354.8, 2160.3 and 2313.4 correspond to exact matches (0 missed digestion sites)
with predicted peptides 22, 23 and 25 respectively (Table 2). The mass 4410.0
corresponds to a combined peptide mass of peptides 17 and 18 (Table 2) due to one
missed trypsin cleavage.
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Table 2. Annotation for Predicted Peptides from trypsin-digested GLOXa
Peptide
No

Mass

Position

Peptide sequence

1

586.31

1-5

APGWR

2

3028.71

6-33

FDLKPNLSGIVALEAIVVNSSLVVIFDR

3

829.44

34-41

ATGDQPLK

4

6334.05

42-105

INGESTWGALWDLDTSTVRPLSVLTDSFCASGALLSNGTMVSMGGTP
GGTGGDVAAPPGNQAIR

5

3033.40

106-133

IFEPCASPSGDGCTLFEDPATVHLLEER

6

894.45

134-140

WYPSSVR

7

3646.79

141-173

IFDGSLMIIGGSHVLTPFYNVDPANSFEFFPSK

8

1430.74

174-185

EQTPRPSAFLER

9

1014.57

186-194

SLPANLFPR

10

2638.38

195-218

AFALPDGTVFIVANNQSIIYDIEK

11

1538.82

219-232

NTETILPDIPNGVR

12

5263.61

233-284

VTNPIDGSAILLPLSPPDFIPEVLVCGGSTADTSLPSTSLSSQHPATSQCSR

13 (glx1)

757.45

287-293

LTPEGIK

13 (glx2)

971.58

285-293

ITLTPEGIK

14

1426.69

294-305

AGWQVEHMLEAR

15

5635.86

306-361

MMPELVHVPNGQILITNGAGTGFAALSAVADPVGNSNADHPVLTPSLYTPDAPLGK

16

1358.71

363-375

ISNAGMPTTTIPR

17

3680.76

376-409

MYHSTVTLTQQGNFFIGGNNPNMNFTPPGTPGIK↓

18

748.40

410-415

↓FPSELR

19

1365.69

416-426

IETLDPPFM/FR

20

1242.69

427-437

SRPALLTMPEK

21

1282.76

444-455

VTVPITIPSDLK

22

2160.07

459-478

VQVALMDLGFSSHAFHSSAR

23

1354.67

479-490

LVFMESSISADR

24

1160.61

492-502

SLTFTAPPNGR

25

2313.21

503-524

VFPPGPAVVFLTIDDVTSPGER

26

1329.62

525-537

VMMGSGNPPPTLE

a

Cleavage sites determined with PeptideMass. Underlined nucleotides indicate
potential glycosylation cites; Bold and larger font indicates active site residues;
Arrows (↓) indicate missed trypsin cleavage between peptides #17 and #18; (/)
indicates the transition between domains 1 and 2 of GLOX located at peptide #19.
Shaded peptides correspond to experimental masses of Table 1.
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Discussion
The results, as summarized in Table 2, are of mixed success. There are no matching
peptides in the first two-thirds of the protein that would lead to a positive
identification of GLOX, while there is excellent data for the last third. GLOX
apparently has two structural domains (13); the transition between these domains is
indicated in peptide 19 (Table 2). Curiously, the first domain corresponds to the
region of poor peptide identification, while the second domain is the region of
excellent peptide correlation. Possible reasons for the poor results in the first domain
include:
1) Effects of post-translational modification; the Cys-70 (peptide 4) is covalently
linked to the Tyr-135 (peptide 6) (13) and therefore a hybrid peptide might be
expected from trypsin digestion. This may also introduce steric hinderance
during the protease reaction.
2) Domain one has a “super-barrel” structure that may be particularly resistant to
the denaturing conditions used to prepare the protein for trypsin digestion.
This would protect potential trypsin sites from cleavage.
3) There are eleven potential glycosylation sites in domain one, compared to only
one in the second domain. This could possibly block cleavage by trypsin
and/or produce glycosylated peptides that require further analysis for
identification. Several peptides with potential glycosylation sites could be
matched using GlycoMod but with more than one experimental peptide mass
(data not shown). This greatly reduces the certainty of positive peptide
identification.
Improving the digestion of domain one might not be easy since protocols using urea
and reducing agents did not improve our MALDI-TOF MS results (data not shown).
This is not surprising because galactose oxidase, to which GLOX is structurally
similar (13), is active in 6M urea (5).
With the present example of GLOX, prediction of peptide masses from genomic
sequence provided no correlation with empirical peptide masses. Consequently, an
effort to make the gene-protein identification solely on that information would have
failed. This confirms the need for improved algorithms for gene prediction, which is
particularly acute in correlations of unknown genes and proteins. The failure of this
approach with GLOX was particularly flawed because the gene prediction was good
only for domain one whereas the peptide MALDI-MS was good only for domain two.
Further inspection of sequence, in combination with using other gene prediction
algorithms, may have proven successful.
Our results indicate that GLOX, and by extension, GLOX-like proteins, may require
special consideration of the protein structure when attempting identification by
peptide MALDI-MS. Several GLOX-like genes have been identified of unknown
function from the White Rot Genome Project (personal communication, Daniel
Cullen, FPL). Understanding the role of the corresponding proteins in wood decay
would be greatly aided by their identification in culture. The analyses provided here,
with the stated limitations, suggest that GLOX-like proteins can be successfully
identified from crude enzymes mixtures and matched to the correlating genes
provided that the gene intron/exon sites are correctly identified.
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