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Abstract

5-Fluoro-a-D-galactopyranosyl fluoride was synthesized and its interaction with the active site of an a-galactosi-
dase from green coffee bean (Coffea arabica), a retaining glycosidase, characterized kinetically and structurally. The
compound behaves as an apparently tight binding (Ki=600 nM) competitive inhibitor, achieving this high affinity
through reaction as a slow substrate that accumulates a high steady-state concentration of the glycosyl-enzyme
intermediate, as evidenced by ESiMS. Proteolysis of the trapped enzyme coupled with HPLC/MS analysis allowed
the localization of a labeled peptide that was subsequently sequenced. Comparison of this sequence information to
that of other members of the same glycosidase family revealed the active site nucleophile to be Asp145 within the
sequence LKYD6 NCNNN. The importance of this residue to catalysis has been confirmed by mutagenesis studies.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

a-Galactosidases (EC 3.2.1.22) from a vari-
ety of sources [1–4] are exoglycosidases capa-
ble of cleaving a-linked galactose residues
from glycoconjugates. The enzyme isolated
from green coffee beans has been well charac-
terized and is shown to be capable of hy-
drolyzing a broad spectrum of substrates [5] to
yield products of retained anomeric configura-
tion [6]. The broad substrate specificity of this
enzyme has proved to be especially useful in

the in vitro conversion of group B red blood
cells to group O red blood cells given that the
only structural difference between the two
antigens is an additional terminal a-linked
galactose residue on antigen B [7,8]. To meet
the demands for the amount of enzyme re-
quired for this process, the full-length cDNA
encoding green coffee bean a-galactosidase
has been isolated [9] and high level expression
of the protein has been achieved [10].

Based on the stereochemical outcome of the
reaction, green coffee bean a-galactosidase is
classified as a retaining glycosidase and is
therefore believed to follow a double displace-
ment mechanism whereby a covalent glycosyl-
enzyme intermediate is formed and
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hydrolyzed via oxacarbenium ion-like transi-
tion states (Scheme 1). In the study of retain-
ing glycosidases, fluorosugars have proved to
be invaluable tools. In particular, activated
2-deoxy-2-fluoroglycosides have played piv-
otal roles in the inactivation of a number of
b-glycosidases and the subsequent identifica-

tion of their catalytic nucleophiles [11–14].
These mechanism-based inactivators function
by forming relatively stable glycosyl-enzyme
intermediates. The presence of a highly elec-
tron withdrawing fluorine substituent induc-
tively destabilizes the oxacarbenium ion-like
transition states through which both the gly-

Scheme 1.
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Scheme 2.

cosylation and deglycosylation steps proceed.
As a consequence, both steps of the double
displacement mechanism are slowed. How-
ever, through incorporation of a good leaving
group at C-1, the glycosylation rate can be
increased, allowing the 2-deoxy-2-fluoroglyco-
syl-enzyme intermediate to be trapped. While
these 2-fluoro-substituted inactivators have
worked well for trapping the covalent interme-
diate of retaining b-glycosidases, their use
with retaining a-glycosidases has not met with
the same success; rather, they act as slow
substrates for which the glycosylation step is
rate-limiting [15,16].

Recently, a new class of mechanism-based
inhibitors, the 5-fluoroglycosyl fluorides, has
been synthesized and shown to inactivate both
a- and b-retaining glycosidases [17]. Since that
time, the covalent glycosyl-enzyme intermedi-
ates of two retaining a-glycosidases, an a-glu-
cosidase from yeast and an a-mannosidase
from jack bean have been trapped using com-
pounds of this class and the catalytic nucleo-
philes of each enzyme identified [18,19]. Based
on sequence alignments, glycosidases have
been grouped into a number of different
families [20]. To date, the active site nucleo-
philes of 21 glycosidases representing 13 dif-
ferent families of glycosyl hydrolases have
been identified with the aid of both the 2-de-
oxy-2-fluoro and 5-fluorosugar inactivators
[21]. Of these families, 11 are b-retaining en-
zymes and only two (the Family 13 a-glucosi-
dase and the Family 38 a-mannosidase) are
a-retaining glycosidases. Here, we report the
synthesis and kinetic evaluation of 5-fluoro-a-
D-galactosyl fluoride as a potential mecha-
nism-based inactivator for use in the trapping
of the covalent glycosyl-enzyme intermediate
of the Family 27 green coffee bean a-galac-
tosidase. We also report the preliminary iden-
tification of the catalytic nucleophile through

proteolysis, LC/MS analysis and through
comparisons with other enzymes of this
family.

2. Results and discussion

Synthesis.—The synthesis of 5-fluoro-a-D-
galactopyranosyl fluoride 4 from 2,3,4,6-tetra-
O-acetyl-a-D-galactopyranosyl fluoride 1 [22],
which was readily obtained from the per-O-
acetylation of galactose [23] followed by treat-
ment with HF/pyridine [24], is outlined in
Scheme 2. A key step in the sequence was the
free radical photobromination of 1 to yield 2.
This reaction is known to be highly regio- and
stereoselective, with reaction occurring pri-
marily at the tertiary carbon of the 5-position
of per-O-acetylated glycopyranosyl fluorides
[25–27] to yield the kinetically and thermody-
namically favoured product where the
bromine is in the axial orientation [27]. Fluori-
nation of the resulting 5-bromogalactosyl
fluoride 2 followed by deacetylation afforded
the desired compound 4.

Initial attempts to fluorinate 2 using silver
fluoride were unsuccessful, despite previously
reported successes with the corresponding D-
gluco and D-manno-epimers [17,19]. This
fluorination was eventually accomplished us-
ing silver tetrafluoroborate in toluene yielding
3 as the product of retained configuration at
C-5 with no detectable formation of the 5-
fluoro-L-altro epimer, which would be the
product of inverted configuration at C-5. The
assignment of stereochemistry at C-5 is based
on the assumption that the favoured confor-
mation of 3 is a 4C1 chair while that of the
5-fluoro-L-altro epimer is most likely a boat
(Fig. 1). In each case, the conformation is
favoured by the anomeric effect of the fluorine
substituent at C-5 and it also allows the bulky
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6-O-acetyl group of each epimer to adopt a
sterically less demanding equatorial position.
In the boat conformation, H-4 and F-5 of the
5-fluoro-L-altro epimer should have a large
coupling constant of 20–30 Hz due to their
transdiaxial relationship. Since no H-4, F-5
coupling was observed in the product of the
fluorination reaction, it was concluded that
the sole epimer formed in this case was that
which had the D-galacto configuration at C-5.
Support for this conclusion was later provided
by the results of performing the fluorination in
diethyl ether. Under these conditions, a mix-
ture of the D-galacto and L-altro epimers in an
approximately 1:1 ratio (1H and 19F NMR)
were obtained. Unfortunately, these two prod-
ucts could not be separated but from the
NMR data, one set of peaks was identical to
those of 3. In the second set of peaks, a large
coupling constant of 29.7 Hz was indeed ob-
served for H-4, thereby validating the assump-
tion that the favoured conformation of the
L-altro epimer is a boat.

Two explanations are possible for the ob-
served retention of configuration when 2 is
fluorinated in toluene, which differs from that
seen for sugars with an equatorial acetate
substituent at C-4 when mixtures of the two
epimers are typically obtained [28]. One possi-
bility is that neighbouring group participation
by the axial 4-O-acetyl group of 2 yields a
4,5-acetoxonium ion intermediate that can
only undergo attack at C-5 from the bottom
face, yielding the D-galacto epimer. Alterna-
tively, it may be that 3 is simply the thermody-
namically favoured product from the

fluorination of 2 and that equilibration of the
epimers occurs in this case. The boron tri-
fluoride present in the reaction mixture could
certainly act as the Lewis acid catalyst for this
epimerization reaction. As mentioned earlier,
when diethyl ether was used as the solvent, in
place of toluene, both the D-galacto and L-al-
tro products were indeed obtained. Pre-
sumably, when ether is used as the solvent, all
of the boron trifluoride is complexed by the
excess ether, thereby decreasing its capacity to
function as a Lewis acid catalyst. In contrast,
no complexation of boron trifluoride occurs in
toluene. As a result, this Lewis acid is free to
catalyze the aforementioned epimerization re-
action to yield the most stable product. How-
ever, it is not clear why equilibration would
occur more rapidly in the galacto than the
gluco series, thus participation of a neighbour-
ing group seems to be at least partially respon-
sible for the outcome.

Enzymology.—The reaction of 4 with green
coffee bean a-galactosidase is best described
by the kinetic model shown in Scheme 3 where
E represents free enzyme, I-F represents 5-
fluoro-a-D-galactopyranosyl fluoride, E-I is
the glycosyl-enzyme intermediate and the
products of the reaction are represented by I
and F. According to this model, an accumula-
tion of the intermediate E-I should occur,
when the rate constant for the formation of
this intermediate (k2) is significantly higher
than that for its breakdown (k3). As a result of
the intermediate accumulating, inactivation of
the enzyme in a time-dependent manner may
occur if k3 is slow relative to the time required
for assay.

When 4 was tested as an inactivator of
green coffee bean a-galactosidase, no time-de-
pendent inactivation of the enzyme was ob-
served. Instead, the enzyme was found to be
reversibly inhibited by the compound in a
competitive manner (Fig. 2), yielding an ap-
parent Ki value of 0.6 mM when assayed
against the substrate, p-nitrophenyl a-D-galac-
topyranoside (PNP-Gal, Km=0.45 mM). This

Fig. 1. Conformations of the (a) 5-fluoro-D-galacto epimer
and the (b) 5-fluoro-L-altro epimer. Haworth projections are
shown along the C-4, C-5 axis.

Scheme 3.
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Fig. 2. Double reciprocal plot showing the inhibition of green coffee bean a-galactosidase by 5-fluoro-a-D-galactopyranosyl
fluoride at the following concentrations: 0.19 (	), 0.38 (�), 0.75 (�), 1.50 (�) and 3.00 mM (
).

apparent 750-fold tighter binding of 4, in
comparison with PNP-Gal, by the enzyme is
unusual given that PNP-Gal contains an aro-
matic aglycone, which typically binds tightly
to glycosidase active sites, while 4 does not.
As such, the apparent tight binding of 4 ob-
served is most likely not a result of enhanced
non-covalent binding interactions, but is
rather a kinetic phenomenon resulting from
an accumulation of the intermediate (k2\k3).
The absence of any observed time-dependent
inactivation therefore suggests that although
turnover of the intermediate (k3) is slow rela-
tive to its formation (k2), the deglycosylation
step is still much faster than the time scale of
the assay, thus turnover occurs during the
early stage of aliquot removal and kinetic
analysis.

Evidence in support of an accumulated in-
termediate was provided by electrospray mass
spectral studies (ESiMS) on a-galactosidase
incubated in the presence of 4. Shown in Fig.
3(a) is the mass spectrum of green coffee bean
a-galactosidase, the two peaks at 39,622 and
39,771 Da representing the two different iso-
forms of the enzyme. When the enzyme was
incubated with 4, a mass increase in both of
the isoforms was observed (Fig. 3(b)). The
mass difference between each set of native and
inhibited enzymes was found to be 18092
Da, a value which is consistent with the addi-

tion of a single 5-fluorogalactosyl label (181
Da). This direct trapping of the glycosyl-en-
zyme intermediate is not only demonstrative
of its persistent presence at steady state, but
also confirms that this intermediate is covalent
in nature.

To identify the catalytic nucleophile in-
volved in the formation of the covalent fluoro-
glycosyl-enzyme intermediate, the labeled
enzyme was subjected to proteolysis by pepsin
and the resulting peptide containing the label
was purified and sequenced. Because of the
instability of the 5-fluorogalactosyl label, the
amount of time allotted for proteolysis was
limited to 15 min, since prolonged digestion
times resulted in loss of the label. As an initial
control, a sample of protein treated with 2,4,6-
trinitrophenyl 2-deoxy-2,2-difluoro-a-D-lyxo-
hexopyranoside, a known inactivator of
a-galactosidases [29], was similarly digested.
The resulting peptides from each digest were
separated by LC/ESiMS and localization of
both the 5-fluorogalactosyl and the 2-deoxy-
2,2-difluoro-lyxo-hexopyranosyl peptides was
accomplished through comparative mapping
with respect to a peptic digest of unlabeled
protein. Thus, comparison of LC/ESiMS
profiles revealed that a 6710 Da fragment
present in the digest of unlabeled enzyme was
largely absent in the labeled samples. In its
place, peptides of mass 6890 and 6893 Da
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corresponding to the respective 5-fluorogalac-
tosyl and 2-deoxy-2,2-difluoro-lyxo-hexopyra-
nosyl labeled samples were found. Unfortu-
nately, the large size of these peptides did not
permit them to be sequenced by tandem mass
spectrometry and all attempts to further pro-
teolyze these peptides were unsuccessful or
resulted in loss of the label. Therefore, the
corresponding unlabeled peptide was fully
purified by HPLC/ESiMS and subjected to N-
terminal amino acid sequencing by Edman
degradation, yielding the sequence FASW-
GVDYL. From this result, the 6710 Da pep-
tide was assigned the sequence 134-FASW-
GVDYLKYDNCNNNNISPKERYPIMSK-
ALLNSGRSIFFSLCEWGEEDPATWAK-
EV-191 to match the observed mass. Of the
eight carboxylic acid residues present in this

peptide, only Asp140 and Asp145 are con-
served amongst the glycosidases of Family 27
(Fig. 4) making them the most likely candi-
dates to act as the catalytic nucleophile. Re-
cently, the catalytic nucleophile from another
member of this family, the Phanerochaete
chrysosporium a-galactosidase was unequivo-
cally identified as Asp130 in the mature form
of this protein (Asp150 of the preprotein)
within the sequence YLKYDNC [30]. Based
on the sequence alignment shown in Fig. 4,
Asp145 of green coffee bean a-galactosidase is
therefore assigned the role of the catalytic
nucleophile. Indeed, mutation of Asp145 to an
asparagine residue yielded a completely inac-
tive enzyme (A. Zhu, unpublished data),
demonstrating the importance of this residue
to catalysis.

Fig. 3. Electrospray mass spectrum of green coffee bean a-galactosidase (a) in the absence and (b) presence of 5-fluoro-a-D-galac-
topyranosyl fluoride.
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Fig. 4. A partial sequence alignment of various representative a-galactosidases from Family 27 using ClustalX. The sources of
these protein sequences and their entries in the Swiss-Prot Database are as follows: Coffea arabica (green coffee bean, Q42656),
Phaseolus 6ulgaris (Q41100), Cyamopsis tetragonoloba (P14749), Mortierella 6inacea (Q02402), Saccharomyces cere6isiae (P41947),
Zygosaccharomyces cidri (Q99172) and Phanerochaete chrysoporium [29]. Numbering of the amino acids is based on that of C.
arabica.

3. Conclusions

We have reported the synthesis of 5-fluoro-
a-D-galactosyl fluoride and shown it to behave
as an apparent tight binding competitive in-
hibitor of green coffee bean a-galactosidase.
This apparent tight binding (Ki=600 nM) is
consistent with this compound reacting as a
slow substrate causing an accumulation of the
glycosyl-enzyme intermediate, as was also evi-
denced by ESiMS. Fortunately, the lifetime of
this 5-fluorogalactosyl-enzyme intermediate
was sufficiently long to allow for proteolysis
and then isolation of the labeled peptide. A
partial N-terminal amino acid sequence of this
peptide was subsequently obtained, and
through sequence alignments, Asp145 was
identified as the catalytic nucleophile of green
coffee bean a-galactosidase.

4. Experimental

General methods.—All buffer chemicals and
other reagents were obtained from Sigma/
Aldrich Chemical Co. unless otherwise noted.
All 1H NMR spectra were recorded at either
200 or 400 MHz using a Brüker AC-200 or
WH-400 spectrometer (chemical shifts are
quoted relative to CHCl3 or CH3OH) and all
19F NMR spectra were recorded at 188 MHz
using the Brüker AC-200 spectrometer with
CF3CO2H as the reference. High resolution
desorption chemical ionization mass spec-
trometry (HRMS-DCI) was performed on a
Delsi-Nermag R10-10C mass spectrometer us-

ing ammonia as the reagent gas. Thin layer
chromatography was performed on E. Merck
precoated aluminium-backed sheets of Silica
Gel 60 F254 with detection being effected by
heating with 10% ammonium molybdate in 2
M H2SO4. Column chromatography was per-
formed under positive pressure using Silica
Gel 60 (230–400 mesh) from BDH Inc.

2,3,4,6-Tetra-O-acetyl-5-bromo-a-D-galacto-
pyranosyl fluoride (2).—A suspension of
2,3,4,6 - tetra -O -acetyl -a - D -galactopyranosyl
fluoride (1) [22] (2.0 g, 5.7 mmol) and N-bro-
mosuccinimide (4.1 g, 22.8 mmol) in anhyd
CCl4 (50 mL) was heated to reflux under
nitrogen by means of two 200-W household
light bulbs. After 9 h, the reaction was al-
lowed to cool and then filtered. The filtrate
was washed with aq NaHCO3 (2×50 mL)
and water (2×50 mL), dried (MgSO4) and
concentrated under diminished pressure. The
residue was chromatographed over silica gel
(69:1 CH2Cl2–EtOAc) to yield 2 (1.28 g, 52%)
as a colourless gum. 1H NMR (CDCl3, 200
MHz): d 6.03 (dd, 1 H, J3,2 11.2, J3,4 2.9 Hz,
H-3), 5.95 (dd, 1 H, J1,F 53.4, J1,2 3.3 Hz,
H-1), 5.78 (d, 1 H, J4,3 2.9 Hz, H-4), 5.26
(ddd, 1 H, J2,F 23.4, J2,3 11.2, J2,1 3.3 Hz, H-2),
4.52 (d, 1 H, J6a,6b 11.9 Hz, H-6a), 4.32 (d, 1
H, J6b,6a 11.9 Hz, H-6b), 2.00-2.12 (s, 12 H,
4×OAc). 19F NMR (CDCl3, 188 MHz): d
−70.5 (dd, JF,1 53.4, JF,2 23.4 Hz). HRMS-
DCI: Calc. for C14H18O9F

79Br+NH4
+:

446.04619, Found: 446.04645; Calc. for
C14H18O9F

81Br+NH4
+: 448.04415, Found:

448.04343.
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2,3,4,6-Tetra-O-acetyl-5-fluoro-a-D-galacto-
pyranosyl fluoride (3).—To a solution of 2
(0.25 g, 0.58 mmol) in anhyd toluene (5 mL)
and 4 A, sieves was added silver tetra-
fluoroborate (0.27 g, 1.37 mmol) and the reac-
tion was stirred under an atmosphere of
nitrogen. After 40 min, the reaction was
filtered through Celite and rinsed with EtOAc.
The filtrate was then washed with aq NaHCO3

(25 mL) and brine (25 mL), dried (MgSO4)
and the solvent evaporated under diminished
pressure. Purification by silica gel chromatog-
raphy (CH2Cl2) yielded 3 (29 mg, 14%) as a
colourless gum. 1H NMR (CDCl3, 200 MHz):
d 5.85 (dd, 1 H, J1,F-1 53.1, J1,2 3.0 Hz, H-1),
5.60–5.67 (m, 2 H, H-3, H-4), 5.23 (ddd, 1 H,
J2,F-1 23.1, J2,3 10.8, J2,1 3.0 Hz, H-2), 4.42 (dd,
1 H, J6a,F-5 25.5, J6a,6b 12.3 Hz, H-6a), 4.06
(dd, 1 H, J6b,F-5 12.3, J6b,6a 12.3 Hz, H-6b),
2.00–2.11 (s, 12 H, 4×OAc). 19F NMR
(CDCl3, 188 MHz): d −38.1 (ddd, JF-5,6a 25.5,
JF-5,F-1 23.9, JF-5,6b 12.3 Hz, F-5), −64.9 (ddd,
JF-1,1 53.1, JF-1,2 23.1, JF-1,F-5 23.9 Hz, F-1).
HRMS-DCI: Calc. for C14H18O9F2+NH4

+:
386.12627, Found: 386.12690.

5-Fluoro-a-D-galactopyranosyl fluoride (4).
—A solution of 3 (46 mg, 0.13 mmol) in
anhyd MeOH under an atmosphere of nitro-
gen was cooled to 0 °C. Ammonia gas was
bubbled into the reaction for 5 min, after
which the reaction vessel was sealed and al-
lowed to warm to r.t. After 2.5 h, the reaction
was shown to be complete by TLC. The sol-
vent was subsequently evaporated under di-
minished pressure and the residue was
chromatographed over silica gel (49:1
EtOAc–MeOH) to yield 4 (14 mg, 57%) as a
colourless syrup. 1H NMR (CD3OD, 400
MHz): d 5.58 (dd, 1 H, J1,F-1 54.4, J1,2 3.2 Hz,
H-1), 4.13 (dd, 1 H, J4,F-5 2.7, J4,3 1.9 Hz,
H-4), 4.02 (ddd, 1 H, J3,2 10.5, J3,F-5 2.4, J3,4

1.9 Hz, H-3), 3.93 (ddd, 1 H, J2,F-1 25.0, J2,3

10.5, J2,1 3.2 Hz, H-2), 3.79 (dd, 1 H, J6a,F-5

23.3, J6a,6b 12.2 Hz, H-6a), 3.59 (dd, 1 H,
J6b,F-5 14.2, J6b,6a 12.2 Hz, H-6b). 19F NMR
(CDCl3, 188 MHz): d −44.82 (ddd, JF-5,6a

23.3, JF-5,F-1 22.5, JF-5,6b 14.2 Hz, F-5), −66.98
(ddd, JF-1,1 54.4, JF-1,2 25.0, JF-1,F-5 22.5 Hz,
F-1). HRMS-DCI: Calc. for C6H10O5F2+
NH4

+: 200.08400, Found: 200.08346.

Enzyme kinetics.—The expression and
purification of green coffee bean a-galactosi-
dase have been reported previously [31]. All
kinetic studies were performed at 37 °C in 50
mM sodium phosphate buffer, pH 6.5 con-
taining 0.1% bovine serum albumin. Reactions
were initiated by the addition of enzyme (final
concentration=0.3 mg/mL), bringing the total
volume to 200 mL. Reaction rates were mea-
sured by monitoring the release of p-nitrophe-
nolate (l=400 nm, o=7.28×10−3 M−1

cm−1) from PNP-Gal by means of a
UNICAM 8700 UV–Vis spectrophotometer
equipped with a circulating water bath. Inhibi-
tion studies were performed by varying con-
centrations of both PNP-Gal and 4. While the
data are represented in this paper in the form
of a double reciprocal plot, the apparent Ki

value was actually calculated by direct fit of
the initial rates to the equation below using
Grafit version 3.0 [32].

6=
Vmax[S]

Km(1+ [I]/Ki)+ [S]

Labelling and LC/ESMS analysis of
protein.—Green coffee bean a-galactosidase
(2.7 mg/mL) was incubated either in the ab-
sence or presence of 5-fluoro-a-D-galactopyra-
nosyl fluoride (2.7 mM) for 1 min in 50 mM
sodium phosphate, pH 6.5 to give a final
volume of 15 mL. The sample was then in-
jected onto an Ultrafast Microprotein Analy-
ser (Michrom BioResources, Pleasanton, CA,
USA) equipped with a PLRP-S 1×50 mm
reverse phase column. The protein was subse-
quently eluted with a 2–90% gradient of
MeCN in water and 0.05% trifluoroacetic acid
at a flow rate of 50 mL/min over 5 min. Mass
analysis of the eluted protein was performed
using a PE-Sciex API 300 triple-quadrupole
mass spectrometer (Sciex, Thornhill, Ontario,
Canada).

Proteolysis and LC/ESMS analysis of pep-
tides.—To a sample of green coffee bean a-
galactosidase (2.7 mg/mL), either unlabeled or
labeled according to the above procedure, was
added a solution of pepsin (1:10 w/w) in 150
mM sodium phosphate, pH 2.0, doubling the
volume of the reaction to 30 mL. This mixture
was allowed to stand at r.t. for 15 min before
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it was quickly frozen at −78 °C while await-
ing further manipulations. Once thawed, the
samples were quickly injected onto an Ultra-
fast Microprotein Analyser (Michrom BioRe-
sources) equipped with a 3.9×150 mm
Waters Delta Pak C18 column. Separation of
the peptides was achieved by elution with a
0–60% gradient of MeCN in water and 0.05%
trifluoroacetic acid at a flow rate of 500 mL/
min over 60 min. Through the use of a post-
column flow splitter, 90% of the sample was
diverted into a fraction collector and the re-
mainder was sent for analysis in a PE-Sciex
API 300 triple-quadrupole mass spectrometer
(Sciex). The quadrupole mass analyser was
scanned over a mass-to-charge ratio range of
300–2400 amu, with a step size of 0.5 amu
and a dwell time of 1 ms per step. The ion
source potential was set at 5 kV; the orifice
energy was 50 V.

Peptide sequencing by Edman degrada-
tion.—N-Terminal amino acid sequencing of
peptides isolated by LC/ESiMS according to
the conditions described above was performed
by S. C. Perry of the Nucleic Acids/Protein
Services (NAPS) Unit at the University of
British Columbia (Vancouver, Canada). After
the samples were lyophilized and resuspended
in 0.1% trifluoroacetic acid, they were ad-
sorbed onto a 0.45 mm PDF membrane and
fixed with Biobrene. Sequencing was then car-
ried out on an Applied Biosystems 476A Se-
quencer and the degradation products
(phenylthiohydantoin–amino acid derivatives)
were identified by comparison of retention
times to standards eluted from a PE 120A
HPLC equipped with a 2.1×220 mm C18
PTH column.
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