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ABSTRACT. Characterization of the complete gene sequence encoding gladactosidase fror®hanero-

chaete chrysosporiuronfirms that this enzyme is a member of glycosyl hydrolase family 27 [Henrissat,

B., and Bairoch, A. (1996Biochem. J. 316695-696]. This family, together with the family 36
o-galactosidases, forms glycosyl hydrolase clan GH-D, a superfamilyr-ghlactosidasesa-N-
acetylgalactosaminidases, and isomaltodextranases which are likely to share a common catalytic mechanism
and structural topology. Identification of the active site catalytic nucleophile was achieved by labeling
with the mechanism-based inactivate26 -trinitrophenyl 2-deoxy-2,2-difluore=p-lyxo-hexopyranoside;

this inactivator was synthesized by anomeric deprotection of the known 1,3,4,@®tatratyl-2-deoxy-
2,2-difluoro-p-lyxo-hexopyranoside [McCarter, J. D., Adam, M. J., Braun, C., Namchuk, M., Tull, D.,
and Withers, S. G. (1993}arbohydr. Res. 24%7—90], picrylation with picryl fluoride and 2,6-diert-
butylpyridine, and O-deacetylation with methanolic HCI. Enzyme inactivation is a result of the formation

of a stable 2-deoxy-2,2-difluorf-p-lyxo-hexopyranosytenzyme intermediate. Following peptic digestion,
comparative liquid chromatographic/mass spectrometric analysis of inactivated and control enzyme samples
served to identify the covalently modified peptide. After purification of the labeled peptide, benzylamine
was shown to successfully replace the 2-deoxy-2,2-diflshpxo-hexopyranosyl peptidyl ester by
aminolysis. The labeled amino acid was identified as Asp-130 of the mature protein by further tandem
mass spectrometric analysis of the native and derivatized peptides in combination with Edman degradation
analysis. Asp-130 is found within the sequence YLKYDNC, which is highly conserved in all known
family 27 glycosyl hydrolases.

Since the initial studies on the classification of glycosyl carried out around the world. However, there currently exists
hydrolases into gene families on the basis of hydrophobic a disparity between the number of families thus far identified
cluster analysis3, 4), these ubiquitous enzymes have been and the amount of structural and mechanistic detail available
grouped into 77 different families and 10 clans of families for representatives of each family.

with similar protein folds %, 6)_. The fgmily classification Mechanistically, glycosyl hydrolases can be broadly clas-
scheme has enormous potential to unite sequence, structurakifieq into two different groups, those that act with retention
and mechanistic data to allow facile prediction of these ¢ ihe stereochemistry at the anomeric center and those that
properties for newly discovered enzymes. In addition to those act with inversion 7). Both mechanisms typically employ

obtained by direct cloning strategies, new glycosidase y,q side chain carboxylates (from Asp or Glu) in the active
sequences are becoming available at an ever-increasing ratgite to effect catalysis. The so-called “inverting” glycosyl

as a result of the numerous genome sequencing projects beinﬂydrolases catalyze glycosidic bond cleavage by a one-step

mechanism where one of the active site carboxylates acts as
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Scheme 1: Double-Displacement Mechanism of an AxtaRxial Retaining Glycosidase
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e i ; Scheme 2: Mechanism-Based Inactivation of an Axial
place of a nucleophilic side chain carboxyla8-(0). For Axial Glycosidase by a'2% 6-Trinitrophenyl

lycosyl hydrolases acting upon pyranosyl sugars, an un- : .
?mefnbiga/ousy nomenclature has been introduced to describe thd DcOY22-difluoroecglycoside
stereochemistry of the reaction wherein the configuration of 0 E”ZYO
the anomeric center, either axial (a) or equatorial (e), is fo De Glycosylation
denoted for both the substrate and product. Thus, the four"© »
possible stereochemical outcomes of glycopyranoside hy- . TN;‘°> TNPOH HyO
drolysis are e~ e, a— a, e— a, and a— e (11). o

2-Deoxy-2-fluoroglycosides have proven to be very suc- °
cessful mechanism-based inactivators which are highly OHOH. E"Z\fo
specific for the enzyme active site nucleophile of-ee "o O 0 _Degihodiation
glycosidases. Substitution of the 2-hydroxy group with F
fluorine results in the destabilization of the oxocarbenium Enz._0, Mo
ion-like transition states for both the enzymatic glycosylation I TNP = 2,4,6-trinitrophenyl
and deglycosylation steps, while incorporation of a good
leaving group (fluoride or 2,4-dinitrophenol) at C-1 suf- this enzyme most probably belongs to glycosyl hydrolase
ficiently increases the rate of the first chemical step such family 27. The enzyme has been kinetically well-character-
that accumulation of a stable 2-deoxy-2-fluoroglycesyl ized, and NMR studies served to establish the reaction
enzyme adduct occurd?, 13). Coupled with electrospray  stereochemistry as-& a (retaining) 1). In this paper, we
mass spectrometry for identifying labeled peptides in pro- report the complete gene sequence of two allelic forms of
teolytic digests, this class of reagents has proven to betheP. chrysosporiunu-galactosidase gene and identify the
effective for the identification of catalytic nucleophiles from active site catalytic nucleophile with,2 ,6'-trinitrophenyl
a number of enzymesl4—18). However, the F-for-OH  2-deoxy-2,2-difluoroa-p-lyxo-hexopyranoside. The implica-
substitution represents only a moderate change in electrontions of these results with respect to the general catalytic
demand (F) = 0.50,0/(0OH) = 0.25 (L9)], and itis now  mechanism of glycosyl hydrolase family 27 are discussed.
known that the 2-deoxy-2-fluoroglycosides of acidic aglycons
owe their success as paracatalytic inactivators of e MATERIALS AND METHODS
glycosidases as much to disruption of specific transition state )
hydrogen bonds at the 2-OH as to simple electron withdrawal ~General.Sodium phosphate buffer (2.0 M, pH 1.7) was
(7). It is not surprising, therefore, that the appropriate Prepared by the addition of a concentrated sodium hydroxide
2-deoxy-2-fluoroglycosides do not always inactivate-e soluuon_to an aqueous solution of orthophosphoric acid until
enzymes, and do not inactivate-a a enzymes at all. For ~ the desired pH was reached, as measured by a standard
the latter enzymes, indeed, they are often slow substratescombination pH electrode. Pepsin from porcine gastric
(12, 20). To overcome this difficulty, two approaches have Mmucosa (Boehringer Mannheim, Lewes, U.K.) was purchased
been subsequently introduced by Withers and co-workers.as a salt-free lyophilizate which was freshly dissolved in
Fluorine-for-hydrogen substitution at C-5 of the sugar ring Ultrapure waterg = 18 MQ cm™) prior to use. Redistilled
(Aoy = 0.50) has resulted in several successfulaa benzylamine £ 99.5%, packed in Sure/Seal bottles undgr N
glycosidase inactivators2{, 22), and is hypothesized to ~Was purchased from Sigma-Aldrich Canada, Ltd. (Oakville,
function through electronic destabilization of developing ON), and used without further purification.
positive charge on the ring oxyge@3). Almost simulta- Molecular Biology TechniquesRedundant oligonucle-
neously, the 2-deoxy-2,2-difluoroglycosides, where the two otides PcAgl [ATGGG(C/T)TGGAACAC(C/GIT)TGGAAC-
substitutions result in &g, of 0.75, were introduced?d). CA(C/T)TT (encoding MGWNTWNHF)] and PcAg5 [AGG-
To counteract the extra electron-withdrawing effect of the TTGTC(C/G)AG(A/G)TCGTTCCARCC(A/C/G/T)CC (com-
second fluorine atom, the extremely good leaving group, plement of GGWNDLDNL)] were used in PCRs to amplify
2,4,6-trinitrophenol, is required to facilitate the first chemical a ~1100 bp fragment oP. chrysosporiungenomic DNA.
step resulting in enzyme glycosylation (Scheme 2). Despite Regions flanking this fragment were amplified and cloned
their initial promise, 24',6-trinitrophenyl 2-deoxy-2,2-  as 3- and 3-RACE! products using a First Strand cDNA
difluoroglycosides have received little attention as glycosyl Synthesis Kit for RT-PCR and d/3' RACE Kit (both from

hydrolase inactivators and active site labdlfs ( Boehringer Mannheim), according to the manufacturer’s
Initial studies on the main-galactosidase isolated from protocol together with the gene specific primers shown in
the white-rot fungusPhanerochaete chrysosporiusug- Table 1. The RNA used in these experiments was purified

gested, on the basis of N-terminal sequence homology, thatfrom solid substrate cultures &. chrysosporiungrown in
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Table 1: PCR Primers

primer sequence locatién

3'-RACE PCR primers

AGPCR1 ACGACGACCGCTGTCCGTGTA 1183

AGPCR2 GAAGACGGCCCTTGGAACTTTGC 990
5'-RACE PCR primers

AGPCR3 GCGCACCAGTCTGATTGTCTCGG 487

AGPCR4 CGTGAATCTTGTCTGAGAGATCC 547
amplification of the
full-length gene

Agal5prime GCGCATGTTTCTCATCCACAGTG 50

Agal3prime CCGTCTGATATTCTTGCACAACG 2140

a Position of the 5nucleotide of the region spanned by the primer
in Figure 1. Complement of the sequence shown in Figure 1.

Hart et al.

as the base, as devised by Bra@f)( A mixture of 3,4,6-
tri-O-acetyl 2-deoxy-2-fluordyxo-hexapyanose (230 mg),
picryl fluoride (210 mg), 2,6-dtert-butylpyridine (265uL),

and dried Drierite (1.0 g) in dry dichloromethane (10 mL)
was stirred in the dark at room temperature under argon for
80 days. Evaporation of the solvent in vacuo gave a yellow
gum, which was dissolved in dichloromethane, filtered
through Celite, and re-evaporated. Purification of this mate-
rial by flash chromatography on silica gel (a 1:1:3 diethyl
ether/ethyl acetate/hexane mixture) gave the product as a
yellow gum, which upon trituration with diethyl ether
afforded 2,4',6'-trinitrophenyl 3,4,6-tri©O-acetyl-2-deoxy-2,2-
difluoro-a-b-lyxo-hexopyranoside (212 mg, 56%): mp 45
150 °C; [a]?% 374 (€ 0.37, CHCLy); *H NMR (CDCl3) 0

static 250 mL Erlenmeyer flasks. These contained 6.6 g of 8.86 (s, 2H, arom H), 5.76 (d, 1H .= 6.7 Hz, H-1),
thermomechanical softwood pulp, 6.6 g of wheat bran, 6.6 5.61 [ddd (apparent dt), 1H; r2a= 22.5 Hz,J5 roe= J34=

g of sugar beet horse nuts, 40 mL of distilled water, 0.6 g of
ammonium sulfate, 0.3 g of potassium dihydrogen ortho-

4 Hz, H-3], 5.55-5.53 (br s, 1H, H-4), 4.26 (apparent t with
small further splitting, Jseaep = 7 Hz, H-5), 4.6-4.1

phosphate, and 0.3 g of yeast extract. After autoclaving (121 (complex m, 2H, H-6a,6b), 2.14 (s, 3H, acetyl §H2.12

°C for 15 min) had been carried out, each flask was
inoculated with 18 conidiospores and incubated at 32

(s, 3H, acetyl CH), 2.03 (s, 3H, acetyl CkJ; '°F NMR
(CDCl3) 6 —119.5 (ddd, apparent dlgare = 264 HZ,Jre—3

for 96 h. The entire contents of each flask were then removed~ Jr. , = 4 Hz, R), —115.8 (ddd Jrare = 263 Hz,Jpa3 =

and ground into a fine powder under liquid nitrogen with a

22 Hz, Jra1 = 6.5 Hz, F); HRMS (CI) calcd for

pestle and mortar. Total RNA was then extracted using an C,gH;7F,N30,4 + H 538.0757 amu; found 538.0750 amu.

the RNeasy Plant Mini Kit (Qiagen, Crawley, U.K.), ac-

Anal. Calcd for GgH17F2N3O14: C, 40.24; H, 3.18; F, 7.07;

cording to the manufacturer’s instructions. DNA sequence N, 7.82. Found (duplicate determinations of C, H, and N):

determination was carried out using AmpliTagFS BigDye

C,40.2,40.3; H, 3.1, 3.0; N, 8.1, 8.0; F, 7.3.

terminator chemistry and an ABI model 377 sequencer (both  The de-O-acetylation of this material and characterization

from PE Applied Biosystems, Warrington, U.K.).
Synthesis of Difluorogalactosyl Picrate' (2,6'-Trinitro-
phenyl 2-Deoxy-2-fluore-p-lyxo-hexopyranoside}l,3,4,6-
TetraO-acetyl-2-deoxy-2,2-difluordyxo-hexopyranose was
prepared via fluorination with acetyl hypofluorite as de-
scribed by McCarter et al.2(), although the subsequent
discovery that Selectfluor [1-(chloromethyl)-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate)] fluori-
nates glycals45) and hexa@-acetyl-2-fluorocellobial Z6)
would now make Selectfluor the fluorinating agent of choice.
Anomeric deprotection of the tetraacetyl difludgoco-
hexopyranose was achieved with hydrazine ace@ig &
mixture of the tetraacetyl difluoro sugar (700 mg) and
hydrazine acetate (600 mg) in dimethylformamide (10 mL)
was heated at 50C until it was homogeneous, and then
allowed to stir for 14 h at room temperature. Undried
dimethylformamide (2 mL) was then added; the mixture was
heated to 50C to complete the reaction, and the dimeth-

ylformamide was evaporated off (oil pump). After subsequent

evaporation of two 25 mL portions of toluene, the resulting
oil was purified by flash chromatography on silica gel, with

of the final product have been reported previoudly (

Enzyme PurificationThe maino-galactosidase fron®.
chrysosporiumwas purified essentially as previously de-
scribed (), except that the final anion exchange chroma-
tography step was omitted. The omission of this step was
shown to have no significant effect on the specific activity
of the enzyme.

Labeling and Pepsin Digestion of P. chrysosporium
o-Galactosidaseln a typical reaction, enzyme (0.35 mg/
mL, 50 uL) in buffer [20 mM sodium acetate (pH 5.0)
containing 50 mM sodium chloride] was incubated with 4.0
mM aqueous 24,6 -trinitrophenyl 2-deoxy-2,2-difluorex
p-lyxo-hexopyranoside (L) for 15 min at room temper-
ature. Virtually complete enzyme inactivation over this time
period was demonstrated using the stopped enzyme assay
against 4nitrophenyla-b-galactopyranoside described pre-
viously (1). Sodium phosphate (2.0 M, pH 1.7,4) and
pepsin (8.8uL, 0.1 mg/mL in ultrapure water) were then
added sequentially, and the reaction mixture was incubated
at 25°C for 16 h. Control digestions on unlabeled enzyme
were carried out in an identical fashion, with ultrapure water

1:1 ether/hexane as the eluent. The resulting oily product (5 4L) added in place of the inactivator.

(440 mg, 71%) was picrylated immediately with picryl
fluoride (28), using the sterically hindered 2,6-tdirt-
butylpyridine [rather than 1,4-diazabicyclo[2.2.2]octa2&)|

1 Abbreviations: CI, chemical ionization; ESI, electrospray ioniza-
tion; HPLC, high-pressure liquid chromatography; HRMS, high-
resolution mass spectrometry; MS, mass spectrometry; MS/MS, tande
mass spectrometryyz, mass-to-charge ratio; Mt H, monoprotonated
ion; M + 2H, diprotonated ion; NCBI, National Center for Biotech-
nology Information; nt, nucleotides; RACE, rapid amplification of
cDNA ends; SDSPAGE, sodium dodecyl sulfatgolyacrylamide gel
electrophoresis; TIC, total ion chromatogram; 2,2-di-F-Gal, 2-deoxy-
2,2-difluoro-p-lyxo-hexopyranosyl; TNP-2,2-di-F-Gal;,Z 6 -trinitro-
phenyl 2-deoxy-2,2-difluor@-p-lyxo-hexopyranoside.

Label Replacement by Benzylamilbe candidate-labeled
peptide from the pepsin hydrolysate of inactivated enzyme
was isolated by HPLC using ESI/MS detection as described
above. Following lyophilization, the peptide was suspended
in redistilled benzylamine and incubated #h toovernight
at room temperature. Excess benzylamine was removed in

Mvacuo, followed by two successive dissolutiogvaporation

(in vacuo) steps using ultrapure water prior to HPLC/MS
purification of the modified peptide.

Electrospray Mass Spectrometrjlass spectra were
recorded using a PE-Sciex API triple-quadrupole mass
spectrometer (Sciex, Thornhill, ON). Peptides were separated
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by reverse phase HPLC on an Ultrafast Microprotein
Analyzer (Michrom BioResources Inc., Pleasanton, CA)

Biochemistry, Vol. 39, No. 32, 200®829

Sequences '5and 3 to the amplified fragment were
obtained via appropriate RACE experiments using cDNA

interfaced with the mass spectrometer. For HPLC/MS prepared from total RNA isolated from cultures grown on
experiments, proteolytic digests of labeled or control enzyme solid substrate cultures. Sequence analysis of pPGEM-T clones

were loaded onto a C18 column (Reliasil, 1 nx150 mm)

and eluted with a gradient of 0 to 60% solvent B over the
course of 60 min at a flow rate of 50L/min (solvent A,

0.05% trifluoroacetic acid and 2% acetonitrile in water;
solvent B, 0.045% trifluoroacetic acid and 80% acetonitrile
in water). A postcolumn flow splitter was used to direct 90%
of the sample into a fraction collector, while the remainder

derived from the RACE experiments allowed identification
of putative translation initiation and termination sites. This
information was then used to design the nonredundant
oligonucleotides Agal5prime and Agal3prime (Table 1) to
enable PCR amplification of the enticegalactosidase open
reading frame from both genomic and cDNA templates.
These fragments were again cloned into pGEM-T, and

was sent to the mass spectrometer for analysis. The quadseveral independent clones of each were sequenced to
rupole mass analyzer was scanned over a mass-to-charggroduce the data shown in Figure 1.
ratio range of 3062400 amu, with a step size of 0.5 amu e pytative open reading frame is 1983 nt in length. It is
and a dwell time of 1 ms per step. The ion source potential jnerrypted by 12 introns, ranging from 50 to 61 nt in length.
was set at 5 kV; the orifice energy was 50 V. Excision of these introns leaves a region of 1317 nt encoding
In all ESI/IMS/MS peptide sequencing experiments, the 438 amino acids and a translation termination codon. The
MS/MS daughter-ion spectrum was obtained in the triple- putative translation initiation codon is preceded by three in-
quadrupole scan mode. Peptides previously fractionated byframe stop codons within 100 bp. Examination of the
HPLC were introduced into the mass spectrometer via a N-terminal amino acid sequence using Sign&) predicts
nanospray ion source (Protana, Staermosegaardvej, Demark}hat the first 20 residues of the protein are likely to function
Following mass selection in the first quadrupole (Q1), the as a signal peptide. This is consistent with both our earlier
peptide of interest was fragmented by collision with nitrogen observation that the enzyme activity is extracellular and the
gas in the second quadrupole (Q2) and the resulting daughtepreviously determined N-terminal amino acid sequence of
ions were analyzed in the third quadrupole (Q3). In a typical the mature proteinlj. The size of the mature (418-residue)
experiment, the following settings were used: Q3 scan rangeprotein is thus predicted to be 46.4 kDa which is in
of m'z100-2400 amu, step size of 0.5 amu, dwell time of reasonable agreement with the subunit molecular mass of
1 ms per step, orifice potential of 50 V, focusing ring voltage 50 kDa previously determined for the deglycosylated, mature
of 400 V, QO potential of~10 V, Q2 potential of—55 V enzyme by SDSPAGE (1).
(collision energy= Q0 — Q2 = 45 V), and source voltage P. chrysosporiunstrain ME446 is a heterokaryoB81) in
of 5 kV. The collision gas thickness was varied to obtain which all genes are carried in two different allelic forms,

optlma! fragmentatpn of the parent pept|dg. _ one derived from each parent. Our sequence analysis
Peptide Sequencing by Edman DegradatiifTerminal — jgentified the two expected genomic variants and also
amino acid sequencing of peptides was performed by S. C.yevealed that both of these were expressed, since copies of
Perry of the Nucleic Acids/Protein Services (NAPS) Unit at poth were present among the cDNA sequences that were
the University of British Columbia (Vancouver, BC) on a eyamined. Indeed, during protein isolation, two fractions
Perkin-Elmer ABI 476A automated sequencer. Degradation ¢ontaininge-galactosidase activity were obtainek) yhich
products (phenylthiohydantoin-amino acid derivatives) were ~q|d correspond to the two translation products, although
separated on a PE ABI 120A HPLC system and were \ye have no direct evidence to support this. Equally likely is

identified by comparison of retention times with those of e possibility that the two translation products were not
phenylthiohydantoin-amino acid standards. Prior to sequenc-geparaple under the purification conditions that were used.

ing, peptides were isolated by HPLC using ESI/MS detection Tq positions of the nucleotide polymorphisms seen in the
according to the conditions described above. two allelic variants are indicated in Figure 1. From this, it
can be seen that among the total of 73 nucleotide differences,
31 lie in coding regions of the gene and 12 of these introduce

Identification, Cloning, and DNA Sequence Analysis of the @Mino acid sequence differences between the proteins
P. chrysosporiumu-Galactosidase GeneAlignment and predicted to be expressed from the two allelic variants. In
inspection ofo-galactosidase sequences from a number of addition, one of the introns shows a length polymorphism
different organisms revealed the existence of several regionsP€tween the variants due to a single nucleotide deletion at
of conserved amino acid sequence. These were used to desigROSition 1760. Most unexpectedly, this analysis revealed a
a series of redundant oligonucleotides that were used innucleotide polymorphism at the second base of the fourth
conjunction with a similar oligonucleotide, designed to INtron. Although this changes the DNA sequence at the 5
encode the previously determined N-terminal amino acid splice site of the arbitrarily designated “B” allele from the

RESULTS

sequencel), and used in PCR experiments wigh chry-

sosporiumgenomic DNA as the template. One of these
pairings (PcAglx PcAg5) consistently produced a product
of ~1100 bp that was cloned into the vector pGEM-T

consensus GT to GC, it does not prevent pre-mRNA splicing
since several independent cDNA clones of this type were
identified.

Comparison of the Deved Protein Sequence with Those

(Promega, Southampton, U.K.). DNA sequence analysis of of a-Galactosidases from Other OrganismBbhe derived
a number of independently isolated clones revealed veryamino acid sequence was used in a BLASTBg)(analysis

significant similarity with sequences encoding thealac-
tosidases used in the initial alignments.

of the nonredundant GenBank and EMBL database at NCBI.
All of the top 20 hits, with probabilities of obtaining a similar
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GGGGCGGCTGGCCGGGAAGGTATGTCTTCATTTCCCTCATGATCTTCGTGCGCATGTTTCTCATCCACAGTGAATATATAAGAAGCCTCG
10 20 30 40 50 60 70 80 90

M L P L A S L V L L 8§ S
TTTCTGGGGCATTGCACGAGCTGCAGCAGCCTTGACGCGGACAACTAGGCTACGATGCTTCCGCTTGCGTCTCTCGTCCTGCTTAGTTCT
100 110 120 130 140 150 160 170 180

L HWT AV L A ADNGILATITU?PQMGWNTWNUHF G C D

CTCCACTGGACTGCTGTTTTAGCAGCAGATAATGGTCTCGCCATCACTCCACAGATGGGTTGGAACACCTGGAACCACTTCGGATGCGAC
C

190 200 210 220 230 240 250 260 270

I N L
I s EDT I L S A A QA I LA S NUILTDEFE G Y E
ATTAGCGAAGACACGATCCTCAGCGCTGCGCAGGCAATCCTTGCAAGCAACTTGACAGACTTTGGGTACGAATgtaaggccactgetete
A A C
280 290 300 310 320 330 340 350 360

Y v I M D D
tgctcatcecctetegetcacgactgatatgtgecagATGTTATCATGGACGATTgtgagtagtccgtgegttcgagataaactatgetaga
C
370 380 390 400 410 420 430 440 450

A
C WH AP S RDNOQT G AUZPV A DUP S KF P NG
ctegeegttegetecatetagGCTGGCACGCACCTTCCCGAGACAATCAGACTGGTGCGCCGGTTGCCGACCCATCCAAATTCCCGAACGG
g c A G G
460 470 480 4590 500 510 520 530 540

I K DL 8§ DK I HAMMSGL K
AATCAAGGATCTCTCAGACAAGATTCACGCAATGGGGTTGAAGgtaacgtggccatcaatgcagectggggcacctatgttgacagecacgt
C C ag ta gt a a ga
550 560 570 580 590 600 610 620 630

F G I Y 8 D A G T
gcgtcagTTTGGTATTTATAGCGACGCCGGGACgtaagtatttggetgtcgacagactacttecggtatagactgaataccacgtttcagh
at c c a c gt aa ¢

640 650 660 670 680 690 700 710 720

D
y T ¢ 6 G R F G S L GY EE I DAI KT YAEWG GV D YL
TACACCTGTGGAGGGCGCTTTGGTTCACTGGGCTACGAAGAAATCGACGCGAAGACCTACGCCGAGTGGGGCGTCGATTACCTGAgtaaa
A C
730 740 750 760 770 780 790 800 810

K Y D NCY NEGUL S G T
tactatactctacctcttcattcetegttgtattcaccteecttecccgcagAATACGACAATTGCTACAACGAGGGCCTCTCCGGAACGC
g A
820 830 840 850 860 870 880 890 900

P H I s HER Y ANMS S RALNATG RPIL Y S M CNWG
CTCATATATCGCACGAGAGGTATGCGAACATGTCAAGAGCATTAAATGCCACGGGTCGTCCAATTCTCTACTCAATGTGCAATTGGGGAG

910 920 930 940 950 960 970 980 990

E D G P W N F A Q N

AAGACGGCCCTTGGAACTTTGCACAGgtgcggtataatagtctectttecagttttcgaaacaattttgactactgtecattctecagAal
T t c g

1000 1010 1020 1030 1040 1050 1060 1070 1080

I A N S W R I &8 G D I M D
ATCGCGAACAGCTGGAGAATTTCCGGAGACATCATGGATgtaggcttgacctgtettgecttegtgttatectgetgatttcecgectcaga
1090 1100 1110 1120 1130 1140 1150 1160 1170

N F DRYDDURTC®POCT SV IDCI KTLP G F
ACTTCGATCGCTACGACGACCGCTGTCCGTGTACGTCCGTGATAGATTGCAAACTTCCAGGATTTCgtgagttgtttacacctattgtat
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1180 1190 1200 1210 1220 1230 1240 1250 1260

H C A M TR I I DF A A P V G Q K A G P
gatcctaaagectctaattaacactttcagACTGCGCGATGACGCGGATTATCGACTTTGCCGCTCCAGTCGGACAGAAGGCGGGACCAG

t
1270 1280 1290 1300 1310 1320 1330 1340 1350

G H WNDUL DMIUL ETIGNGSGMTUFDE Y
GTCATTGGAATGACTTGGACATGCTGGAGATTGGCAATGGTGGCATGACATTCGATGAATATGgtgtggtctcatttceggcaaagecage
1360 1370 1380 1390 1400 1410 1420 1430 1440

vV T H F §$ M W S I L K s P L I L G N D
caagacaagactttgacctagecatecgtctgecagTGACCCATTTCTCGATGTGGAGCATCCTCAAAAGTCCGTTGATCCTCGGAAACGATG

g
1450 1460 1470 1480 1490 1500 1510 1520 1530
N
Vv T D M T N E T L T I
TCACAGACATGgtcagttctegegegtecgeggcaaattcacgecagtgtectgacacggtgectggatagACGAATGAGACTCTGACAAT
A t
1540 1550 1560 1570 1580 1590 1600 1610 1620
T

I T N K A I I DINOQDA AAGS S PANUI RMWI KR RS V DE G G

CATCACGAACAAGGCCATCATCGACATCAACCAGGATGCCGCGGGCTCTCCGGCGAACCGCATGTGGAAGAGGTCTGTTGATGAAGGAGG
A T

1630 1640 1650 1660 1670 1680 1690 1700 1710

D L §s L WA G S L V N N
CGACCTGTCGCTATGGGCTGGGAGCCTCGTGAACAAgtgagtctegtge-tegatectecagettegtttegtgacacctettgegetagl
A aatga agt t c
1720 1730 1740 1750 1760 1770 1780 1790 1800

Y A \Y%
T F VF TLLNTS PAZEQTV Q VDV FADVF F D Q
ACATTCGTATTTACCCTACTGAATACTTCACCGGCGGAGCAGACCGTCCAGGTAGACTTTGCAGACGTCTTCTTTGACCAGgtgcggagt
A G C C T T
1810 1820 1830 1840 1850 1860 1870 1880 1890

v
G K T ¥ QT Q P Y E V F D L W
tattgtggactcaacgacgacaaaagetgatgacgggtactgcagGGGAAAACCTACCAGACGCAACCATACGAGGTCTTTGACTTGTGG
g c a GTT A
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F
Q K b b EGTWGKXK S I 6GITI QG s MNV TTIGV HQT KV
CAGAAAGATGATGAAGGTACCTGGGGCAAGTCCATTGGCATTATACAAGGCAGCATGAATGTCACTATCGGCGTACACCAAACAAAGGTA
C T
19590 2000 2010 2020 2030 2040 2050 2060 2070

W K A V P A P Q TS TR R DY A E L *
TGGAAGGCGGTACCTGCGCCGCAGACTAGTACAAGAAGGGACTATGCAGAGTTGTAAATAGCACCCGATCGTTGTGCAAGAATATCAGAC
2080 2090 2100 2110 2120 2130 2140 2150 2160

GGCATCTTGAAATAAAAAAAAAAAAA
2170 2180

FiGure 1: P. chrysosporiunu-galactosidase “A” genome showing “B” genome polymorphisms. The full extent of the sequence shown

here has been determined from several, independently isolated, cDNA clones, and that from nucleof2d&8 4@ clusive) has also been
determined from independently isolated genomic DNA clones. The underlined bases indicate positions that differ between the A and B
genomes. The continuous sequence that is given is that for the A genome. The variant nucleotide found at a given position in the B genome
is indicated below the corresponding nucleotide in the A genome. Similarly, the complete amino acid sequence that is given is that encoded
by the A genome. Where variation between the nucleotide sequences results in amino acid changes, these are indicated by underlining, and
the variant encoded by the B genome is given above its A genome equivalent. The nucleotide sequences that are shown are available from
the EMBL and Genbank databases under accession numbers AF246262 and AF246263 for the A and B alleles, respectively.

score by chance ranging from 2é to 5e8 were on (33). We note that residues 680 of the full-length (438-
a-galactosidases from a wide variety of different organisms. residue)P. chrysosporiumprotein contain the PROSITE
Figure 2 shows alignments of a number of these sequencesnotif PDOC00443 which is diagnostic for glycosidases of
with that fromP. chrysosporiungenerated using ClustalX families 27 and 36.
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P.chry NGLAITPQMGWNTWNHF GCDISEDTILSAAQAILASNLTDFGYEYVIMDDCWHAPS 78
M.vin NGLAITPQMGWNTWNKYGCNIDEQLILDAARAIVSSGLKDYGYNYVVIDDCWQKNE 78
S.para NGLGLTPQMGWDNWNTFACNVSEDLLLNTADRISDIGLEDLGYRKYVILDDCWSSGR 79
S.cerev NGLGLTPQOMGWDNWNTF ACDVSEQLLLDTADRISDLGLKDMGYKYIILDDCWSS8GR 79
Z.cid NGLGLTPQMGWDNWNSFGCSVREELLLGTAERIVRLGLEDLGYNYIILDDCWSSGR 78
85.pombe NGLGLKPQMGWNSWNKYACDIDESIILNNARAIKEEGLLDLGYEYIVMDDCWSKHE 82
P.vulg MAIQYSSSSRRLKLSMVGKLALCFLLMLNSARFSSARLLMNRTRGVMMMMMMSREVDHRRNLVGNGLGQTPPMGWNSWNHE SCNINEDLIRETADAMVSTGLAALGY QY INIDDCWGELN 120
C.tetra MATHYS--------= IIGGMIIVVLLMIIGS--EGGRLLEKKNR- -~ -TSAEAEHYNVRRYLAENGLGQTPPMGWNSWNHF GCDINENVVRETADAMY STGLAALGYQYINLDDCWAELN 105
L.escul MSSTSP------——~- LLLWCCLCLSLATVYARLQPRNLIVNSNLS ~ - ———— - VNEFN mmmrwmswmemmzxcrmemmnmm 103
t. 22 N B T 1 SR T PUE DT S L . dh gk shAER
P.chry RDNQTGAPVADPSKFPNGIKDLSDKIHAMGLRFGIYSDAGTYTCGG- RFGSLGYEEIDAKTY AEWGVDYLKYDNCYNEGLSGTPHISHERYANMSRALNATGRPILY SMCNWGEDGPWNF 197
M.vin REN-NKTLLFDPTKFPRGMKPLVDDIHAMGLKVGIYSSAGTLTCGG-HIASLGYEEIDAKTWASWGMDYLKYDNCYNQGQSGTARLSYDRYNVMSQALNKTGRPILY SLCNWGEDGPWNF 196
S.para D--EDGFLVADEQKFPNGMGHVADRLHNNSFLFGMY SSAGEYTCAG- YPGSLGREEEDAQFFANNRVDYLKYDNC YNRGRFGTPESSHRRYKAMSDALNKTGRPIFY SLCNWGQDLTF YW 196
S.cerev D- - SDGFLVADEQKF PNGMGEVADHLHNNSFLF GMY SSAGEYTCAG-YPGSLGREEEDAQFF ANNRVDYLKYDNCYNKGQF GTPEISYHRYKAMSDALNKTGRPIFY SLCNWGQDLTF YW 196
z.cid 8- -SNGSLLADDSKFPHGMKYVAEQLHENSQLKFGMY SSAGEYTCAG-YAGS LGYEDMDAATF ASWDVDYLKYDNCYNKGEFGTPEISYKRYKAMSDALNKTGRPIFY SLCNWGQDLTF YW 195
8.pombe RNATTGRLEANPDKFPNGIGSMAKKLHDMGF KFGMY SSAGKYTCAG-FFPGSLNHEQIDADTFADNGVDYLKYDNCFNEGKSGVPLISYERYKRMSDALNKTGRPIFY SLCQWGEDF VWNW 201
P.vulg RD-SQGNLVPRASTFPSGMKALADYVHKKGLKLGIYSDAGTQTCSKTMPGS LGHEEQDAKTFASWGIDYLKYDNCENKNI S - -PK - - -ERYPPMSKALANSGRPIFF SLCEWGSEDPATW 234

C.tetra RD-SEGNMVPNAAAFPSGIKALADYVHSKGLKLGVY SDAGNQTCSKRMPGS LGHEEQDAKTF ASWGVDYLKYDNCENLGI 8 - ~VK- - -ERYPPMGKALLSSGRPIFF SMCEWGWEDPQIW 219

L.escul RD-SQGNMVAKRGSTFPSGIKALADYVHGKGLKLGVY SDAGTQTCSKQMPGSLGHEEQDAKTF ASWGVDYLKYDNCTNEDRS - -PR - - -ERYP IMSNALQNSGRAIFY SMCEWGDDNPATH 217
LI P IR TTI T RN kg kR sk o kRkRRNRE k| LA T TP TR PEE S FE T I

P.chry AQNIANSWRISGDIMDNFDRYDDRCPCT-SVIDCK-LPGFHECAMTRIIDFAAPVGQRKAGPG-HWNDLDMLEIGNGGMTFDEYVTHF SMWSILKSPLILGNDVTDMTNETLTIITNKAIID 314
M.vin ASTIGNSWRLSGDIYDNFNRPDPACPC--ETYDCL-LPGFRCSVMNIINKSVAVAQKARSG-GWNDMDMLEVGNGGMTHEEYRLHYTMWAALKSPLLLGNDVTNMTAQTKEIIMNDEVIA 312
S.para GSDIANSWRMSGDITAEFSRPDSRCPCDGDEYDCK-YAGYHRCSIMNILNRAAPMGONGGIG-GWNDLDNLEVGVGNLTDDEEKTHF SMWAMVKSPLIIGADVNHLKASSYSIYSQSSVIA 314
S.cerev GSGIANSWRMSGDVTAEFTRPDSRCPCDGDEYDCK-YAGFHECSIMNI LNKAAPMGONAGYVG-GWNDLDNLEVGVGNLTDDEERAHF SMWAMVKSPLIIGANVNNLKASSYSIYSQASVIA 314
z.cid GSAISNSWRMSGDVYPQFDRPDSRCPCSGDEYDCS-YPGFECSIMNILNKAAPMGONAAPG-GWNDLDMLEVGVGNMSDSEEVAHF SMWATIVKSPLIIGADIDDLRDSSLSVYSNPAVIA 313

8.pombe GNTIANSWRISGDIFDTFSRKDVRCPCET—IECFALQGDHCSVMNIISKASFLSSKAGMNS -GWNDLDSLEVGNGGMSFEEYRTHF TMWATILKSPLILGNDVS SMSPMDKLIVSNKELIS 319

P.vulg AKS' TET - SMISRADLNDE - - -WASYAGPG-GWNDPDMLEVGNGGMTTEEYRAHF SIWALAKAPLLIGCDIRALDVTTEKELLSNEEVIA 330
C.tetra AKSIGNSWRTTGDIEDNWN--—-~-==wxw=w SMTSIADSNDK- - -WASYAGPG-GWNDPDMLEVGNGGNTTEEYRSHF SIWALAKAPLLVGCDIRAMDDTTHELISNAEVIA 315
L.escul ASSVGNSWRT TGDITDDWN~~———— ===~ —ew e m—e SM'.I'SRADLNDQ- - -WASYAGPG-MDPMWGNG@!S!’G!YRSH!SIMVKAPLIIGCDI.RSMDN‘I‘AEDILSN?BVIA 313
P L L L S L Y H - . . dkk k kkshk K o9 * i:::ﬁ: * ** F s :
P.chry INQDAAGSPANRMWERSV~—-~= DEGGDLSLWAGSLVNNTFVFTLLNTSPAEQTVQVDFADVFFDQGK-TYQ-TQPYEVFDLWQKDDEG-TWGKSIGIIQGSMNVTIGVHQTRKVNRKAVPA 426
M.vin VNQDSSYSPAVRMWVK- -~ -~ ~=== GDQOMF SGSLANNTQVVILLNAGDKETRMTATWDDIWF YSLPNVDS - SKSIEVRDLWQK~~ = ===~ KNLGKFSHQITLDVPAHGVRMVKFMGS 413
S.para INQDPKGIPATRVWRYYVPQTDKYGQGEIQFWSGPLENGDQVIALLNGGMKARPMNATLEDIFFDSYQGSEELSTSWDIYDLWANRIDNATASATILENNKVTNNTLYNATKLSYKEGLLN 434
S.cerev INQDSNGIPATRVWRYYVSDTDEYGQGEIQMWSGPLDNGDQVVALLNGGSVSRPMNTTLEEIFFDSNLGSKKLTSTWDIYDLWANRVDNSTASAILGRNKTATGILYNATEQSYKDGLSK 434
Zz.cid INQDVLGTPATRIWKYHVESDKDQYGEGEI QLWSGPLDNGDHVVALL DIFIDYLADSDELSNTWGLYDLWARRMSNATAASILSGNMTSAGLNYNVTQLNYTAGIAR 433
8.pombe INQDIGTNPAALIWK-~~~-— KKYGDEYIELFSGRLSNNDWVVAVLNAASEPLRKMGIELSDIFVDALGNAE - - ~-HDWLATDLWNNNVK - - LVSDRIRANVASHGVQVWRFQQ~-YRVKNTN 427
P.vulg VNQDKLGVQGKKVESN- = ===« ww—x] NDLEVWAGPLSNNRLAVILWNRSSSKAKVTASWSDIGLKPGTLVD STQ8SVSGEISAELDSHACNMYVLTHK 425
C.tetra VNQDRLGVQGRKRKVKST - === ===~ ] NDLEVWAGPLSDNKVAVILWNRSSSRATVTASWSDIGLQQGTTVD ---8TQSLVSGEISAEIDSHACKMYVLTPR 410
L.escul VNQDRLGVQGRRVRQY~~~==~==== GDLEVWNAGPLSGKRVAVVLWNRGSY. KADITAYWSDIGLUYSTLV‘D STKGSVKGQLSASVESHDCSMYVLTPK 408
EA H cess® ¥ e 3 ¥ H
P.chry PQISTRRDYAEL--—————-—————————————— e 438
M.vin AQB8-rememmrercc e rrrn e e m 417
S.para GDSRLFGTKVGTISPDGIINTTVPAHGIALYRLRSSS 471
8.cerev NDTRLFGQKIGSLSPNAILNTTVPAHGIAFYRLRPSS 471
Z.cid NDSRLFGDRVVELSKGESLTATVPGHGVALFRLRPE - 469
S.pombe 436
P.vulg 425
C.tetra 411
L.escul 409

FIGURE 2: Sequence alignment of tie chrysospsorium-galactosidase gene product with several, representative, protein database entries
using ClustalX. TheP. chrysosporiunsequence given here is that encoded by the A genome. Sources wfgdlactosidase sequences
listed as accession numbers from the NCBI's integrated protein database are as follows: RR.chrysosporiun{this work); M.vin,
Mortierella vinacea(AAB35252); S.paraSaccharomyces paradox(8@AA64759); S.cerevSaccharomyces cersiae (P41947); Z.cid,
Zygosaccharomyces cid(AAA35280); S.pombeSchizosaccharomyces pomii@gAB60017); P.vulg,Phaseolusvulgaris (AAA73964);
C.tetra,Cyamopsis tetragonolob@AA32772); L.esculLycopersicon esculentu(dAF04591).

Synthesis of '24',6'-Trinitrophenyl 3,4,6-Tri-O-acetyl-2-  nondenaturing conditions (to maintain enzyme activity or
deoxy-2,2-difluorae-p-lyxo-hexopyranosidénomeric depro- label integrity) did not reduce the complexity of glycosylation
tection of 1,3,4,6-tetr®-acetyl-2-deoxy-2,2-difluordyxo- to a useful extent in either labeled or unlabeled enzyme
hexopyranose with hydrazine acetate proceeded in 71% yield (results not showr) However, single-label incorporation was
Picrylation with picryl fluoride in dichloromethane at room observed in mass reconstructions of several high-molecular
temperature required 80 days with the sterically hindered mass peptide glycoforms by HPLC/MS analysis of the
2,6-ditert-butylpyridine as a base, but yielded the stable labeled and control protein subjected to partial digestion with
crystalline 2,4',6'-trinitrophenyl 3,4,6-triO-acetyl-2-deoxy- pepsin (Figure 3). Within each series, the average mass
2,2-difluoro-o-p-lyxo-hexopyranoside in 56% yield. The difference of 162 amu observed between peaks is charac-

reagent was kept as its highly crystalline @4acetyl teristic, within experimental error, of variable addition of

derivative, which was deprotected with methanolic hydrogen hexose units to the peptideComparison of peaks between

chloride as required. the two mass reconstructions yields an average mass differ-
Covalent Enzyme Labeling with’,2',6'-Trinitrophenyl ence of 182 amu which, because of the inherent uncertainty

2-Deoxy-2,2-difluoras-p-lyxo-hexopyranosidelhe kinetics

and stoichiometry of enzyme inactivation by4,6 'tf'”'tro' 2N-Glycosidase F [peptidBi-(N-acetyl-glucosaminyl)asparagine
phenyl 2-deoxy-2,2-difluoret-p-lyxo-hexopyranoside have  amidase, EC 3.5.1.52] treatment is normally performed following
previously been described in detdi).(Consistent with earlier ~ complete denaturation of a protein sample to increase the accessbility
findings, incubation with TNP-2,2-di-F-Gal resulted in rapid of the scissile bond. Initial work on this enzyme demonstrated that

- - - protein glycosylation could in fact be removed by employing denaturing
covalent labeling of the enzyme. Because of highly variable conditions prior toN-glycosidase F digestiorLl). Endoglycosidase H

glycosylation of the nativeP. chrysosporiunprotein, we treatment was also shown to be more effective on denatéred
were unable to obtain mass reconstructions of the intact chrysosporiunu-galactosidase than on the native enzye (

; ; _ ; ; % The mass difference of 152 amu between peaks 8688 and 8536 in
protein to demonstrate single-label incorporation. Attempts spectrum A and peaks 8870 and 8719 in spectrum B (Figure 3) is

to deglycos_ylate the enzyme with ei_ther endoglycpsidase H puzzling, but may arise from partial proteolysis, cysteine oxidation, or
or N-glycosidase F (both from Boehringer Mannheim) under other peptide modification in the culture medium.
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Ficure 3: Reconstructed mass spectra of a series of high-molecular 1000 1800 2 @amuw 2000 2400

mass peptide glycoforms obtained by limited peptic digestion of
unlabeled control (A) and 2,2-di-F-Gal-labeled (B)chrysospso-
rium o-galactosidase.

Ficure 4: MS/MS spectra of unlabeled control (A, M 2H at
m/z 1148.5 amu), 2,2-di-F-Gal-labeled (B, M 2H atm/z 1239.5
amu), and label-replaced (C, M 2H atm/z 1193.0 amu) peptides

in the reconstructed peptide masses, suggests the covalerffom theP. chrysospsoriunu-galactosidase.

attachment of the 2-deoxy-2,2-difluotoo-lyxo-hexopyra-  gcheme 3:  Proposed Mechanism of Label Replacement by

nosyl residue. . o Benzylamine
Following more extensive peptic digestion, HPLC/MS

analysis allowed the identification of a peptide containing
the putative active site nucleophile by comparison of the TICs
from labeled and unlabeled (control) digests. This peptide
was identified as a doubly charged¥2H ion atm/z1148.5
amu (peptide mass of 2295 amu) in the control digest whose  H
charge-to-mass ratio was increased to 1239.5 amu (peptidezz_Di_F_Gal peptide adduct
mass 2477 amu) in the labeled sample (Figure 4, spectra A 2477 amu
and B). The mass difference of 182 amu between the labeled .
and unlabeled peptides is within experimental ergbi {2 . NFs
amu under the experimental conditions that were used) of L OHOH
that expected (183 amu) for covalent attachment of a 2,2- + &roz OH
di-F-Gal residue via an anomeric ester linkage. o Ny o

Label Replacement by Benzylamine TreatmBrgatment H
of the labeled 2477 amu peptide with redistilled benzylamine benzylamine peptide adduct
following fractionation by HPLC resulted in the conversion 2384 amu
of this modified peptide to a species with a mass of 2384
amu, which was observed as a doubly chargee Ii2H ion hydrolysis of the glycosyl adduct could be effected by the
(1193.0 amu) in the mass spectrometer (Figure 4, spectrumaddition of excess water to the aminolysis reaction (results
C). The observed mass corresponds to that of the labelednot shown).
peptide where the presumed peptid{®,2-di-F-Gal) ano- Edman Sequencing of the 2295 amu Peptidee unla-
meric ester linkage has undergone aminolysis to yield the beled candidate peptide was sequenced by automated Edman
more stable benzylamido adduct (Scheme 3). Conversion waslegradation. We obtained the sequence YLKYDN(C?)-
virtually complete, although partial hydrolysis to yield the YNEG, where C? represents a cysteine residue inferred from
unlabeled peptide was noted in some cases, presumably dutghe presence of a blank cycle in the sequencing run.
to fortuitous water in the reaction mixture. Indeed, complete Unmodified cysteine does not form a stable phenylthiohy-

benzylamine
—_—




9834 Biochemistry, Vol. 39, No. 32, 2000 Hart et al.

Yas1» 1499 amu 1892 amu in the MS/MS spectrum most probably arises from
Yas2, 1613 amu unlabeled peptide which is present either due to partial
Ynes 1728 amu hydrolysis of the label during sample preparation or as a

Yn+4, 1891 amu

A Y—L-|—K- —y-[ -|-N-|-C—Y—N—E—G—Peptide: 2295 amu (183 amu). The presence of M H ions atm/z 1727 and

result of collisionally induced fragmentation in the second
guadrupole of the mass spectrometer. The masses of remain-
ing singly charged ypeaks increase in value, consistent with

Yn+5, 2019 amu

2,2-Di-F-GaT the analysis depicted in Figure 5, indicating that the modified
B Y—L=|~K-|—Y~-|-D-|-N-|-C—Y—N—E—G—Peptide: 2477 amu and control peptides have identical N-terminal sequences,
L Ye1, 1499 amu i.e., YLKY.
Yns2, 1613 amu The daughter ion spectrum of the labeled peptide after
Yoo 1910 amu benzylamine treatment further implicates aspartate as the site

Yn+4 2073 amu

of attachment of the label. The singly chargedpyand v+
fragment ions are observed mfz 1498.5 and 1612.0 amu,
respectively, and are again identical to those of the unlabeled

Yn+5» 2201 amu

B"'l‘H control peptide. The mass difference of 204 amu observed
C Y—L-|—K-|-Y-|-D- —N—I;C—Y—N—E—G—Peptide: 2384 amu between the singly charged fragment ioRs;y(m/z 1613.0
L Yae1, 1499 amu amu) and y3 (m/z 1817.5 amu) is in excellent agreement
“ Yne2 1613 amu with that expected for the loss of an aspartateenzylamide
g 3933::1:,7 amd derivative (204 amu). The substitution of benzylamine for

Yues, 2108 amu the 2,2-di-F-Gal residue can be ascribed to a simple

Ficure 5: Rationalization of the observed singly charged y aminolysis reac“.on involving attack of the side chain
fragment ions from MS/MS peptide sequencing: (A) unlabeled Carbonyl carbon in aspartate by benzylamine (Scheme 3).
2295 amu peptide (M- 2H atmvz 1148.5 amu), (B) 2,2-di-F-Gal-  As in the case for the 2,2-di-F-Gal peptide adduct, the
labeled peptide (M- 2H atm/z 1239.5 amu), and (C) 2,2-di-F-  remaining singly charged,yfragment ion peaks agree well

Gal-labeled peptide following treatment with anhydrous benzyl- ,: i _ i
amine (M+ 2H atm/z 1193.0 am). \;Vétgu;r:]ecece\l(lfilsted values (Figure 5) for the N-terminal

dantoin derivative under the sequencing conditions that were
used (S. C. Perry, UBC NAPS Unit, personal communica- DISCUSSION
tion). Sequence Analysi€omparison of the peptide sequence
MS/MS Sequencing of Unlabeled and.@lent Peptide obtained by translating the open reading frames ofRhe
Adducts.The 2295 amu unlabeled peptide, as well as the chrysosporiungenes encoding the maiagalactosidase with
2477 amu 2-deoxy-2,2-difluorogalactopyranosyl and 2384 known a-galactosidases from a variety of other sources
amu benzylamido adducts, was sequenced by tandem massonfirms this enzyme as a member of glycosyl hydrolase
spectrometry (Figure 4). Despite extensive optimization of family 27. Together with kinetic and mechanistic data
the experimental conditions that were used, each of the previously obtained for thE. chrysosporiuna-galactosidase
peptides proved to be quite recalcitrant and complete MS/ (1), the current molecular genetic analysis further strengthens
MS sequences could not be obtained. Analysis of the the hypothesis that this family employs a double-displace-
observed singly charged (M- H) y, fragments of each  ment glycosyl transfer mechanism in which the sterochem-
peptide are summarized in Figure 5. Deviation of the istry of the aglycone at the anomeric center is retained.
experimental values shown in Figure 4 is within experimental ~ Analyses of peptide sequence alignments between mem-
error of the calculated values shown in Figure 5. bers of this family reveal the overall similarity between the
For the unlabeled 2295 amu peptide, singly charged sequences and identify a number of particularly strongly
fragments corresponding to the N-terminal sequence YLKYDN conserved regions. Of particular interest are those regions
are observed, in good agreement with the Edman sequencingvhich both are completely conserved and contain aspartate
result. The singly charged,yon resulting from loss of the  or glutamate residues, as two such carboxylate-bearing
N-terminal tyrosine residue was not observed; however, theresidues are typically responsible for catalysis in glycosidases
observation of the peak at 2019 amu is consistent with loss(7, 11). There currently exists no reliable chemical method
of the dipeptide YL (277 amu) from the N-terminus. Within for the identification of the active site general acid and/or
the limits of detection, singly charged glaughter ions were  base residue, and as a result, one must resort to exhaustive
not observed for peptide fragments smaller than 1498 amusite-directed mutagenesis experiments coupled with detailed
so that no further sequence information could be obtained. kinetic analysis to pinpoint the catalytic group. These
The MS/MS spectrum of the analogous peptide from €xperiments are now in progress for the enzyme studied here.
pepsin digestion of enzyme labeled with TNP-2,2-di-F-Gal ldentification of the active site nucleophile is more straight-
shows M+ H daughter ions atvz 1498.5 and 1613.5 amu forward, due in equal parts to the covalent nature of the
which are identical to those resulting fromy and .2 glycosyl-enzyme intermediate and to the discovery that
fragmentation, respectively, in the unlabeled peptide (seeintroduction of fluorine atoms into the aglycone acts to
Figure 5 for the daughter ion numbering scheme). The massstabilize this intermediate by destablizing the transition state,
difference between the next singly charged fragment in the leading to its breakdownlg).
series, Y3, and Y12 is 297 amu, which correlates well with Mechanism-Based Inactitor Synthesis?',4',6'-Trinitro-
the mass of aspartate (115 amu) and the 2,2-di-F-Gal moietyphenyl 2-deoxy-2,2-difluores-p-lyxo-hexopyranoside has
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previously been demonstrated to be an effective active site-of structural rearrangement3%-41). Rather, it is suggested
directed inactivator of the main-galactosidase fronf. to arise from a severe dampening of internal motions within
chrysosporiun(). The synthesis was comparatively straight- the enzyme as a consequence of interactions with the sugar
forward, but a number of features deserve comment. Slow moiety. In the same way that the enzyme stabilizes the
picrylations using the conventional 1,4-diazabicyclo[2.2.2]- intermediate, so must the intermediate stabilize the enzyme.

octane as the base can be compromised by the slow 5 peqyy 5 haloglycosytenzyme intermediates are gener-
quat(ra]rmzatlon of tr?e basg bl?/ rr;](_atr(;yler:je t():hlonde s((i)il_vent, ally unstable toward nucleophilic attack on the peptide side
LOJttI Isritg(ier?;c\)/;]ést e?nsltg”gg }(:)utl?hiiries bo;tir?ewgéﬁlfer and chain carbonyl and, consequently, must be handled at low
hingjltfrz/ad in its actionpasya éeneral base catalyst and as EEH, at nonelevated temperatures, and in the absence of thiol-
. . . . ased reducing agents. It was initially hoped that replacement
nuclepphlle. As a result, the picrylation was exceedm_gly of the label with benzylamine, using a procedure based on
sluggish. Although on workup another faint spot moving that of Staedtler et al.4@), would allow more forcing

close to that of the product was observed on TLC, isolatable g . .
quantities of theg-anomer were not obtained. This probably conditions to be employed to degrade the candidate peptide.
MS/MS sequencing is sensitive to peptide mass, as the

reflects the higher proportion af-anomer present in the - i )
starting aldose, arising in turn from favorable interactions collisional energy imparted in Q2 of the mass spectrometer

between the C-1-Okland C-2-k;, dipoles B4). The absence required for fragmentation can be lost through the various
of detectable coupling between the anomeric hydrogen andViPrational modes of the molecule. As a consequence,
the equatorial fluorine at C-2 in both the acetylated and Peptides with masses of larger than 2000 amu often do not
deacetylated material is quite consistent with previous 9ive rise to, or give rise to incomplete, daughter ion spectra.

observations on 2-deoxy-2-fluo-glucosyl derivativesi2, Despite extensive optimization, the labeled and label-
35, 36). At the same time, a four-bond diequatorial W replaced peptides could not be satisfactorily cleaved to yield
coupling is discernible between H-4 angh.F fragments smaller than those shown in Figure 4. Although

HPLC/MS and MS/MS Analysis of Inagted and Control  these fragments failed to give complete daughter ion spectra,
Enzyme Identification of the active site in thE. chrysos- enough data were forthcoming to allow unambiguous as-

porium a-galactosidase nucleophile intially proved to be signment of the catalytic nucleophile of the enzyme. The
problematic for several reasons. It had previously been ghserved singly charged, peaks (Figure 4) are consistent
demonst.rated that the enzyme, as obtained from its naturalyith the fragmentation pattern outlined in Figure 5, and
source, is heavily glycosylated)( As a consequence of  strongly suggest attachment of the 2,2-di-F-Gal moiety to
heterogeneous glycosylation, the ESI mass spectrum of thene aspartate residue in the sequence YLKYDNCYNEG. This
enzyme was too complex to permit reconstruction of the sequence, corroborated by both MS/MS and Edman sequenc-
protein molecular mass from the distribution of observed ing data, is found in a region of thB. chrysosporium

charge states. Stoichiometric incorporation of the 2,2-di-F- a-galactosidase genes which is strongly conserved among
Gal label was therefore inferred from HPLC/MS analysis of family 27 glycosyl hydrolases. It is highly likely
par.tial peptic digests, which permitted the identification of therefore, that this conserved aspartate, which is identified
a high-molecular mass peptide whose glycoforms numberedas Asp-130 in the mature. chrysosporiunu-galactosidase

few enough to allow mass reconstruction (Figure 3). Further- _ ; ; :
more, extended digestion of the labeled enzyme with pepsini(r'?‘ ZFI)I iﬁg)?r;g]se g{rfﬁirso;zml,yacts as the catalytic nucleophile

reproducibly gave rise to only one peptide in the HPLC o _ o
chromatogram which differed by the mass of the label from It is interesting to note that this is only the second
those in the control sample (Figure 4). o-glycosidase family for which unequivocal evidence for the
Peptic digestion of the enzyme, especially after inactivation identity of the catalytic nucleophile has been obtained, the
with TNP-2,2-di-F-Gal, was exceptionally slow and largely Other being family 13, in which a conserved aspartic acid
incomplete. Limited proteolysis was observed with up to 5% also served this role. Substantial evidence also exists that
pepsin (W/wa-galactosidase) over a periodl 4 h (25 °C, family 31 a-glycosidases use an aspartic ack®)( Since
pH ~2.5), at which time only high-molecular mass—8 all 5-glycosidases labeled, up until very recently, had been
kDa) labeled peptides were observed by HPLC/MS. The shown to utilize glutamic acid residues in this role, it would
optimal digestion time for the inactivated enzyme was found have been tempting to infer some mechanistic significance
to be 16 h, after which no significant reduction in peptide to this observation, though difficult to explain. However, the
masses was observed. The control protein was digested tovery recent identification of an aspartic acid as the nucleo-
yield a similar distribution of peptides comparatively rapidly, phile at the active site of family 3 enzyme44(-46), in
typically in 4 h. The slow rate of proteolysis of the enzyme support of earlier studies by Legletq) on an enzyme which
may be due in part to protection from proteolysis due to now appears to belong to family 3, removes the temptation
heavy glycosylation, possibly used to protect the secretedto draw such a conclusion.
enzyme from degradation in the extracellular environment.
Interestingly, formation of the glycosykenzyme intermediate = ACKNOWLEDGMENT
also confers extra resistance to proteolysis. Such behavior
has been seen previously with other glycosidases upon We thank Mrs. Eva Durant for technical assistance with
trapping of the intermediate in this mann&B(37, 38). X-ray protein preparation and Dr. Umi Kalsom Md Shah for help
crystallographic analysis of the structures of several glyco- with extracting RNA from solid substrate cultures. H.B.
sidases and their trapped intermediates has shown that, ithanks Mr. David Vocadlo and Dr. Spencer Williams for
those cases at least, the extra stability is not the consequencenany fruitful discussions.
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