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Abstract: An increased degree of utilization of the potential N-glycosylation site in the fourth repeat unit of
the human t protein may be involved in the inability of t to bind to the corresponding tubulin sequence(s)
and in the subsequent development of the paired helical filaments of Alzheimer’s disease. To model these
processes, we synthesized the octadecapeptide spanning this region without sugar, and with the addition of
an N-acetyl-glucosamine moiety. The carbohydrate-protected, glycosylated asparagine was incorporated as
a building block during conventional Fmoc-solid phase peptide synthesis. While the crude non-glycosylated
analog was obtained as a single peptide, two peptides with the identical, expected masses, in approximately
equal amounts, were detected after the cleavage of the peracetylated glycopeptide. Surprisingly, the two
glycopeptides switched positions on the reversed-phase high performance liquid chromatogram after
removal of the sugar-protecting acetyl groups. Nuclear magnetic resonance spectroscopy and peptide
sequencing identified the more hydrophobic deprotected peak as the target peptide, and the more hy-
drophilic deprotected peak as a peptide analog in which the aspartic acid-bond just preceding the
glycosylated asparagine residue was isomerized resulting in the formation of a b-peptide. The anomalous
chromatographic behavior of the acetylated b-isomer could be explained on the basis of the generation of an
extended hydrophobic surface which is not present in any of the other three glycopeptide variants.
Repetition of the syntheses, with altered conditions and reagents, revealed reproducibly high levels of
aspartic acid-bond isomerization of the glycopeptide as well as lack of isomerization for the non-glycosylated
parent analog. If similar increased aspartic acid-bond isomerization occurs in vivo, a protein modification
well known to take place for both the amyloid deposits and the neurofibrillary tangles in Alzheimer’s
disease, this process may explain the aggregation of glycosylated t into the paired helical filaments in the
affected brains. Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

One of the most dynamically developing areas
of peptide chemistry is the synthesis of post-
translationally modified peptides, most notably gly-
copeptides and phosphopeptides [1–3]. These modi-
fied peptides are used for studying the role of sugar
or phosphate incorporation on the recognitional
[4,5], conformational [6], stability [7], or other prop-
erties of fragments of glyco- or phosphoproteins.
The post-translationally modified peptides are also
attractive alternatives to existing peptide modifica-
tion methods in biotechnology [8,9]. Owing to the
relatively mild reaction conditions, Fmoc-solid-
phase synthesis is the method of choice for the
preparation of glycopeptides and phosphopeptides.
These syntheses are significantly facilitated by the
commercial availability of mono- and disaccharide-
containing, sugar-protected, Fmoc-Asn/Ser/Thr
derivatives, or phosphate-protected Fmoc-Ser/Thr/
Tyr derivatives. Most of the available troubleshoot-
ing efforts focused on the development and
application of the building blocks themselves
[10,11], understandably so as the assembly of com-
plex carbohydrate systems and sugar–peptide con-
nections require highly sophisticated chemistry
[12]. However, due to the relative lack of in-depth
synthetic experience with the commercially avail-
able protected (and sometimes activated) glyco-
amino acids, peptide sequence-specific side-
reactions have not been, or have very rarely been
reported during custom solid-phase synthesis of
glycopeptides.

Approximately 10 years ago we showed that
Fmoc-Asn(GlcNAc)-OH, with free sugar hydroxyl
groups is superior to Fmoc-Asn(Ac3GlcNAc)-OH for
solid-phase glycopeptide synthesis because of the
lack of acetyl transfer during the synthesis and
deprotection steps [13]. Notwithstanding the valid-
ity of this statement, the variable yields of the
preparation of Fmoc-Asn(GlcNAc)-OH or of the
unprotected disaccharide derivative Fmoc-Asn-
(chitobiose)-OH [14] and the slow but measurable
decomposition of these reagents during storage
makes Fmoc-Asn(Ac3GlcNAc)-OH the commercially
preferred N-glycopeptide building block. We used
this acetylated reagent in the preparation of a glyco-
sylated version of the fourth repeat unit of human t

protein (tR4-G), and in the current report we detail
unexpected synthetic and chromatographic peptide
behavior we encountered during glycopeptide
preparation and analysis. In particular, we found
substantial b-aspartate formation, an event unde-

tectable during the synthesis of the parent, non-
glycosylated analog (tR4), and a delay of the elution
of the peracetylated, isomerized glycopeptide during
reversed-phase high performance liquid chromatog-
raphy (RP-HPLC) (Table 1).

The synthetic tR4 and tR4-G peptides are poten-
tially useful reagents to study the development of
the neurofibrillary tangles (NFT) of Alzheimer’s dis-
ease. The NFT, one of the proteinaceous aggregates
found in the brains of the affected patients, are
formed from the low molecular weight microtubule-
associated protein t [15]. t proteins, isolated from
NFT, are organized as paired helical filaments (PHF-
t) [16]. PHF-t is abnormally hyperphosphorylated
on nearby serine and threonine residues [5,17] but
it is still not established whether excessive phos-
phorylation is the reason for t assembly in PHF, or
phosphorylation is a consequence of an unrelated
aggregation process [18]. Recently Iqbal and col-
leagues documented that PHF-t is N-glycosylated
while normal t is not [19]. Careful examination of
the t sequence reveals only two potential N-glycosy-
lation sites, Asn359 and Asn410. Asn359 is located
in the fourth repeat unit of t. Since normal t binds
to tubulin through the 18-mer repeat domains [20],
it is reasonable to hypothesize that glycosylation of
the Asn in the fourth repeat will interfere with mi-
crotubule assembly. Indeed, at the synthetic pep-
tide level, incorporation of GlcNAc prevents tR4
from binding to the highly acidic C-terminal t-bind-
ing dodecapeptide of b-tubulin [21]. Although these
observations can explain the lack of functional t in
the affected brains, they can not explain how de-
ranged t can be involved in the deposition process.
Based on our synthetic observations, we are now
able to provide such an explanation. Clearly the
reaction conditions are completely different during
peptide synthesis or in vivo protein transformation.
Nevertheless, the thermodynamics of these reac-
tions can favor identical final products. Accordingly,
if abnormally excessive glycosylation of Asn359 was
the first event in t derangement and an aspartic
acid-bond isomerization, a process is known to pro-
duce protease-resistant protein variants followed
this event in vivo, this cascade may be able to lead
to the accumulation of t into the PHFs.

MATERIALS AND METHODS

Peptide Synthesis

Peptides were synthesized according to standard
solid-phase protocols using Fmoc-N-terminal

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 442–456 (1999)



HOFFMANN ET AL.444

protecting strategy [22]. Non-glycosylated peptide
tR4 and its glycosylated analog, tR4-G, were made
using an identical protocol to obtain a comparison
between the crude products of the two syntheses.
For this purpose, the peptides were assembled on a
Rainin PS 3 automated synthesizer on Tentagel S
RAM resin (Rapp Polymere, Tubingen, Germany).
Amino acids were activated with 2-(1H-benzotria-
zole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate (TBTU), 1-hydroxy benzotriazole (HOBt), and
N,N-diisopropyl-ethylamine (DIEA), and were added
in a four molar excess to the amino-resin in N,N %-
dimethyl-formamide (DMF). The coupling time was
30 min. The glycoamino acid was incorporated
as Fmoc-Asn(Ac3GlcNAc)-OH (purchased from
Bachem, King of Prussia, PA). To save reagent, the
glycoamino acid was coupled only with a 10% ex-
cess. The resin was removed from the reaction ves-
sel, and an equimolar mixture of Fmoc-
Asn(Ac3GlcNAc)-OH, diisopropyl carbodiimide (DIC),
and DIEA, dissolved in DMF:N-methyl-pyrrolidone
(1:1; v/v), was added. After 6 h, fresh DIC was added
and the reaction was allowed to proceed overnight.
After the coupling step of the glycoamino acid, the
ninhydrin test of the resin [23] was negative. Upon

removal of the Fmoc-group and a test cleavage, the
protected glycopeptide showed a single peak on RP-
HPLC. The resin was placed back to the synthesizer,
and the rest of the peptide assembly was continued
automatically. Repetitive N-terminal deprotection
was achieved with 20% piperidine dissolved in DMF
in two steps, for 5 min each. After the chain assem-
bly was completed, the peptides were cleaved off the
solid support with a mixture of 5% thioanisole, 5%
water, 5% m-cresol and 2.5% ethanedithiol in triflu-
oroacetic acid (TFA) at room temperature for 2 h.
The carbohydrate protecting acetyl groups were re-
moved by a 15 min treatment with 0.02 M NaOH
[24]. Table 1 lists the peptides, the RP-HPLC reten-
tion times and the matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) data
used for characterization of this first set of prod-
ucts.

The syntheses were repeated by using different
conditions to verify the lack of aspartic-acid bond
isomerization for the non-glycosylated peptide and
the presence of the b-peptide formation of the gly-
copeptide, regardless of the methods used for their
preparation. For this purpose, tR4 was assembled
on an Applied Biosystems 433A batch synthesizer

Table 1 Synthetic Peptides of this Study and Some of the Analytical Data from the First Set of Syntheses

Retention MALDI-MSPeptidea Sequenceb,c

time of [M+H]+ (Da)
RP-HPLC
(min)

VQSKIGSLDNITHVPGGGtR4 (amino acids 350–367) 25.8 1779.4

VQSKIGSLDN(Ac3-b-GlcNAc)ITHVPGGG 27.9 n.d.dtR4 Ac3 GlcNAc peak 1
2
COOH

VQSKIGSLD-COOH n.d.tR4 Ac3 GlcNAc peak 2 28.6
2
N(Ac3-b-GlcNAc)ITHVPGGG

1981.825.0VQSKIGSLDN(b-GlcNAc)ITHVPGGGtR4 GlcNAc 1706
2
COOH

VQSKIGSLD-COOH 23.7tR4 GlcNAc 1709 1982.2
2
N(b-GlcNAc)ITHVPGGG

a The names of the peptides correspond to the RP-HPLC fraction numbers (peracetylated glycopeptides) or to the
appropriate chromatogram numbers (deacetylated glycopeptides).
b The identity of the glycopeptides was determined by ESI-MS/MS, peptide sequencing and NMR (see ‘Results’). The free
carboxyl group of Asp9 is emphasized to distinguish the ‘normal’ and isomerized glycopeptides.
c The peptides had free amino termini and were C-terminal amides.
d Mass spectra of the acetylated peptides (intermediate products) were not collected at the time of the first synthesis.
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using FastMoc chemistry in a 0.1 mmole scale. The
amino acids were added in a 10 M excess. The
synthesis of the glycopeptide was repeated on the
Rainin PS 3 synthesizer, but this time the activating
reagent was 1-hydroxy-7-azabenzotriazole uronium
salt (HATU), and the glycoamino acid was coupled
during a regular cycle in a 4 M excess. As with the
second synthesis of the non-glycosylated peptide,
very fast cycles were used. The time required for
coupling, washing, deprotection and repeated
washing steps remained below 1 h. The glycopep-
tide was cleaved from the resin with a 2 h treatment
with 5% thioanisole and 1% water in TFA. Other
parameters for peptide synthesis remained
unchanged.

Chromatography

The HPLC system consisted of two Beckman 110B
solvent delivery modules and a Beckman system
organizer, driven by a NEC PC 8300 controller. A
Rainin Dynamax absorbance detector model UV-C
was set to 214 nm, and the chromatograms were
recorded on a Shimadzu CR501 Chromatopac inte-
grator. A Phenomenex Jupiter C18 silica column (5
mm particle size and 300 A, pore size) was used.
Solvent A was 0.1% aqueous TFA, solvent B was
acetonitrile containing 0.1% TFA. A gradient of
1.33% solvent B/min was applied at a flow rate of 1
ml/min starting from 5% B solvent composition. The
integrity of the purified peptides was verified by
MALDI-MS. Mass spectra were recorded at the Wis-
tar Institute Protein Microchemistry Facility on a
Voyager Biospectrometry Workstation.

Electrospray Ionization (ESI) MS and ESI-MS/MS

ESI spectrometry was performed using a VG Bio-
tech BIO-Q instrument with quadrupole analyser at
M-Scan, Inc. (West Chester, PA). Myoglobin was
used to calibrate the instrument, and elution was
carried out with 50% aqueous acetonitrile contain-
ing 0.1% TFA. ESI-MS/MS was performed using a
Quattro II upgraded BioQ triple quadrupole instru-
ment. Daughter ion spectra were generated from
the appropriate doubly-charged parent ion at m/z
991 using argon as a collision gas. Collision energy
and gas cell pressure were varied in order to opti-
mize the MS/MS spectrum.

Peptide Sequencing by Edman-degradation

Peptides were sequenced on a 476A protein se-
quencer (PE Biosystems, Weiterstadt) using the

Microcartridge and the standard chemistry supplied
with the instrument. Fifty to 200 pmoles of the
purified peptides was added to a BioBrene Plus (PE
Biosystems) coated membrane and sequenced in
the pulsed-liquid mode.

Molecular Modeling

Probable three-dimensional structures were gener-
ated using simulated annealing and energy mini-
mization protocols with the Quanta software
package (version 4.1.1). A simulated annealing pro-
tocol was used to generate a set of 180 structures
starting from template structures built up accord-
ing to secondary structure prediction [25]. The as-
signment of the amino acids were as follows:
Val1-Gln2-b-sheet; Ser3-Asn10-type I b-turn,
Ile11-Val14-b-sheet; Pro15-Gly18-type II b-turn.
Circular dichroism spectroscopy in trifluo-
roethanol–water mixtures verified the predomi-
nantly type I b-turn character of the non-
glycosylated peptide. The calculation protocol con-
sisted of a total of 4.5 ps molecular dynamics (900
K), including warm-up. For each peptide, four low
energy conformers were selected randomly from dif-
ferent regions of the trajectory of the high tempera-
ture simulation. The structures were cooled down to
300 K over 2.7 ps, and were subjected to 2000
cycles of energy minimization by using the steepest
descent algorithm under the influence of the
CHARMm force field [26]. Parameter and topology
files for the preassembled GlcNAc moiety were
taken from the Quanta library files, included in the
software package.

Nuclear Magnetic Resonance (NMR) Spectroscopy

1H-NMR spectra were recorded on a Bruker DMX
750 MHz spectrometer at 298 K for solutions of the
peptides (B1 mM) in 90% H2O/10% D2O. Two-
dimensional NMR spectra were recorded in the
phase sensitive mode using time proportional phase
incrementation for quadrature detection in the f1-
dimension [27]. Solvent suppression for NOESY and
TOCSY experiments was achieved using the WA-
TERGATE pulse sequence while preirradiation of
the water signal was used in 1D spectra. Chemical
shifts were referenced to DSS. The TOCSY spectra
were recorded using an MLEV-17 mixing scheme
[28] with a mixing time of 80 ms. The mixing time in
the NOESY spectrum was 350 ms. Two-dimensional
spectra were collected over 4096 data points in the
f2 dimension, generally with 512 increments in f1,
each of 32–128 scans. The spectra were acquired
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Figure 1 RP-HPLC trace of the crude product after the
synthesis of unmodified peptide tR4. A single peak was
observed. This HPLC profile represents the repeat synthe-
sis; the delay of the elution time compared to that in Table
1 reflects the aging of the column.

at 18.6 min (data not shown). The peptide assembly
was completed by addition of the Fmoc-
Asn(Ac3GlcNAc)-OH residue followed by residues
Asp9-Val1. After cleavage, the crude product
showed two HPLC peaks, in approximately equal
ultraviolet intensities (Figure 3). The two peaks were
separated, and the products deacetylated by a short
treatment with 0.02 M NaOH. We have previously
shown that a controlled use of diluted NaOH has no
deleterious effects on peptide composition and pu-
rity when used for the removal of sugar-protecting
acetyl groups [29]. In spite of the large number of
aspartic acid-containing glycopeptides that were
deacetylated with 0.01–0.1 M NaOH, no aspartimide
formation had previously been observed [7,30,31].
Similar to these earlier observations, the purified
tR4 Ac3GlcNAc HPLC fractions remained essentially
single peaks after 0.02 M NaOH treatment; with the
deacetylated glycopeptides eluting earlier than the
acetylated counterparts, as expected (Figure 4). Fi-
nally, the acetyl-free glycopeptide fractions were
subjected to another round of RP-HPLC purifica-
tion. The purified glycopeptides remained single
peaks after repeated treatments with 100% TFA or
0.01 M aqueous NaOH.

It was interesting to note that the order of the
HPLC retention times was reversed after removal of
the sugar-protecting acetyl groups. The retention
time of tR4 Ac3GlcNAc peak 1 (27.9 min) decreased
by 2.9 min (to 25.0 min) and the retention time of
tR4 Ac3GlcNAc peak 2 (28.6 min) decreased by 4.9
min to 23.7 min (Table 1). We recently prepared
three additional, unrelated N-glycopeptides with
identical synthetic and chromatographic strategies.
These glycopeptides carried the Asn(GlcNAc)
residue in either N-terminal, mid-chain, or C-
terminal positions. The retention times after re-
moval of the sugar-protecting acetyl groups de-
creased by 2.8, 2.6 and 2.2 min, respectively. Based
on this analogy, the 2.9 min decrease of the reten-
tion time for tR4 Ac3GlcNAc peak 1 fell in line with
expectations. The 4.9 min value for tR4 Ac3GlcNAc
peak 2, however, seemed unusually high. Appar-
ently secondary structure formation caused the de-
layed RP-HPLC elution of tR4 Ac3GlcNAc peak 2 (or,
alternatively, accelerated the elution of its deacety-
lated counterpart, tR4 GlcNAc 1709).

The two final glycopeptides, tR4 GlcNAc 1709
(earlier eluting compound) and tR4 GlcNAc 1706
(later eluting compound) were submitted for mass
spectrometry to shed light onto the compositional
difference between the two products. First, MALDI-
MS was performed but no difference in the mass

over a spectral width of 12 ppm in both dimensions.
The data were processed on a Silicon Graphics (SGI
4D/30) computer using the UXNMR software pack-
age. The f1-dimension was zero-filled to 4096 real
data points, with f1- and f2-dimensions being mul-
tiplied by a squared sine function and Gaussian
function, respectively, prior to Fourier transforma-
tion. Polynomial baseline correction was used in f2.

RESULTS

Analysis of the Synthetic Crude Products

The solid-phase synthesis of unmodified peptide
tR4 proceeded without difficulty. The RP-HPLC pro-
file of the crude product revealed a single peak
(Figure 1). MALDI-MS, peptide sequencing and NMR
identified the purified peptide as the target
molecule. No major reduction of the amino acid
recovery following Leu8 was observed during the
solid-phase sequencing confirming that the peptide
consisted of only a-amino acid residues (Figure 2).

During the first synthesis of the glycopeptide we
checked the integrity of the resin-bound tR4 frag-
ment before the glycoamino acid was added. When
a test cleavage of the Ile11-Gly18 resin was made,
the peptide showed a single peak on HPLC eluting
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spectra was detected (Table 1). The observed 1982
Da for both tR4 GlcNAc 1709 and tR4 GlcNAc 1706
corresponded to the expected molecular mass of the
target glycopeptide. For more accurate results, the
glycopeptides were analysed by ESI-MS and ESI-
MS/MS. In the direct electrospray spectra, both gly-
copeptides appeared to have the same probable
[M+H]+ pseudomolecular ion with a mass of
1980.3 (monoisotopic) and both samples showed a
similar pattern of fragmentation. The two ESI-MS/
MS spectra were extremely similar showing a num-
ber of major possible daughter ion fragments which
were assigned to the anticipated sequence (Figures
5 and 6). A number of additional signals were also
observed and these probably arose from alternative
fragmentation mechanisms. However, these ions
were detected in both samples. The mass spec-
trometry data showed that the only potential differ-
ences between the two glycopeptides could be
positional or geometric isomerism, for example, as-
partate-bond isomerization at Asp9, or cis/trans

isomerization at Pro15.

Identification of b-aspartate by 1H-NMR
Spectroscopy

A series of 1D and 2D NMR spectra of glycopeptides
tR4 GlcNAc 1706 and tR4 GlcNAc 1709 and the
non-glycosylated peptide was recorded to determine
the origin of their different chromatographical prop-
erties. For the non-glycosylated peptide 1D, TOCSY
and NOESY spectra were recorded and a full se-
quential assignment of all spectral peaks was
achieved. For the two glycosylated peptides suffi-
cient material was available only for 1D and TOCSY
spectra, and sequential assignments were made by
analogy with those in the non-glycosylated peptide.
It is clear from an analysis of the NMR spectra that
the sugar residues are identical in both glycosylated
peptides. This is based on the observation of TOCSY
cross peaks in both glycopeptides (but not in the
non-glycosylated peptide) which clearly show con-
nectivity between an anomeric proton at approxi-
mately 5.05 ppm and other sugar protons in the
chemical shift range 3.40–3.90 ppm. The shift of
the anomeric proton in both glycopeptides is highly

Figure 2 Solid-phase sequencing of peptides tR4, and the two glycopeptide analogs. Solid line and open triangles
represent the non-glycosylated peptide. The ‘normal’ glycopeptide is represented by broken lines and full triangles, and the
isomerized glycopeptide is represented by dots and dashes and full circles. The amino acid recovery did not significantly
decrease for the unmodified peptide and for the later eluting glycopeptide product [except at the two serines for which the
recovery is always below the other amino acid residues and at Asn(GlcNAc)10 which cannot be detected with the
methodology used], but the sequencing stalled at Asp9 of the earlier eluting glycopeptide. It is best to compare the yields
of Ile5 (before the isomerized Asp9) and Ile11 (after the glycoamino acid Asn10). The repetitive yields are just below 95% (the
accepted level) for the non-glycosylated peptide and the ‘normal’ glycopeptide, and below 5% of the isomerized glycopeptide.
The products of the repeat syntheses were used for these analyses.
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Figure 3 RP-HPLC trace of the crude product after the
synthesis of carbohydrate-protected glycopeptide tR4
Ac3GlcNAc. The two peaks were separated, labeled as
Ac3GlcNAc peak 1 (earlier eluting peptide) and Ac3GlcNAc
peak 2 (later eluting peptide). Ensuing deacetylation and
analysis of the final products identified peak 1 as a gly-
copeptide containing a-peptide bond and peak 2 as con-
taining a b-peptide bond between Asp9 and Asn10.

conformers amongst the conformational ensemble.
This is illustrated by the differences in the methyl
region of the 1D spectrum shown in Figure 8, a
region that is generally sensitive to the global fold of
peptides and proteins. The later eluting glycopep-
tide tR4 GlcNAc 1706 appears to be more similar to
the non-glycosylated peptide than is the earlier
eluting glycopeptide tR4 GlcNAc 1709, and the two
glycopeptides are clearly different from each other,
supporting the interpretation from HPLC that the
molecules are different species. Of the various pos-
sible explanations for the differences between the
peptides the differences appear not to be due to
cis/trans isomerization about the Val-Pro bond.
NOESY data for the non-glycosylated peptide shows
that this bond adopts the trans conformation. The
chemical shifts of the Pro resonances are similar in
all three peptides and, by analogy, all likely adopt
the trans conformation. It is more likely that the
differences between the two glycosylated forms re-
flect isomerization of the aspartic acid residue adja-
cent to the glycosylation site. Analysis of TOCSY

Figure 4 A composite chromatogram of the crude prod-
ucts after deacetylation of tR4 Ac3GlcNAc peak 1 (lower
trace) and tR4 Ac3GlcNAc peak 2 (upper trace). The elu-
tion order is reversed after removal of the sugar-protecting
acetyl groups.

characteristic of b-linked GlcNAc, as is a peak for
H-4, which is well resolved at 3.45 ppm in the 1D
spectrum shown in Figure 7. This peak, as ex-
pected, is absent from the non-glycosylated peptide.
The identity of H-1 and H-4 signals in both glycosy-
lated peptides and their similarity with literature
shifts for b-GlcNAc unequivocally confirms that the
sugar parts of both glycopeptides are identical and
that no unusual anomerization, substitution or re-
arrangement of the sugar residue has occurred in
either of the glycopeptides. The observed chromato-
graphical differences between the two glycopeptides
was therefore concluded to involve the peptide
backbone.

Turning to the peptide backbone, the Ha chemical
shifts for the non-glycosylated peptide are not sig-
nificantly different (i.e. within 0.1 ppm) from ran-
dom coil values, suggesting that the peptide does
not have a well defined conformation in solution as
is common for linear peptides of this size. There are
some minor changes in chemical shifts of the glyco-
sylated peptides relative to the parent peptide, sug-
gesting that glycosylation does induce small
changes in the relative populations of individual
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Figure 5 ESI tandem mass spectra of glycopeptides tR4 GlcNAc 1706 (top) and tR4 GlcNAc 1709 (bottom). The spectra
are extremely similar and show a number of identical possible daughter ions of the double-charged molecular ion at 991
m/z.

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 5: 442–456 (1999)
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Figure 6 Daughter ions that can be assigned based on the fragmentation pattern from the electrospray-ionization tandem
mass spectra. The star under Asn10 indicates the attachment site of the N-acetyl-glucosamine moiety (labeled as Hex). The
peptide fragments identify the glycopeptides as the target tR4 GlcNAc sequence.

spectra shows that the chemical shifts for Ha of
Asp9 in the parent peptide and in the later eluting
and the earlier eluting glycopeptides are 4.54, 4.54
and 4.38 ppm, respectively. The significantly differ-
ent Asp9 Ha shift is consistent with the presence of
b- rather than a-aspartic acid in glycopeptide tR4
GlcNAc 1709, while the other two peptides contain
the conventional a-aspartic acid. The similarity of
Ha shifts for the parent peptide and glycopeptide
tR4 GlcNAc 1706 implies a minimal effect of adja-
cent glycosylation on Asp9 when there is no isomer-
ization. Indeed, the Ha shifts of the glycosylation
site itself, Asn10, are similar in all three peptides
(4.66, 4.68 and 4.65 ppm). Likewise, there are only
minor differences in the Hb shifts of Asp9 and
Asn10 in the three peptides, as illustrated in Figure
7.

Isomerization to b-Asp would not be expected to
cause a large change in chemical shift of the Hb

protons of Asp9, but the observed increase in sepa-
ration of these diasterotopic protons in TOCSY
spectra of the earlier eluting glycopeptide (0.14
ppm) compared with the later eluting glycopeptide
(0.08 ppm) and the parent non-glycosylated peptide
(0.09 ppm) is consistent with b-Asp formation in
glycopeptide tR4 GlcNAc 1709. In the spectrum of
glycopeptide tR4 GlcNAc 1706 shown in Figure 7
there is a second set of peaks associated with the
Hb protons of Asn10, having an intensity approxi-
mately one-third that of the main signals. This most
likely reflects the presence of cis/trans isomerization
about the amide bond in the glycosidic linkage be-
tween Asn10 and GlcNAc. This additional degree of
conformational variability was not detected for the
earlier eluting glycopeptide, however the poorer sig-
nal to noise in the spectra of this peptide may have
precluded its detection if present.

Sequencing of the tR4 GlcNAc Glycopeptides

The two final glycopeptides were submitted to
Edman-degradation and peptide sequencing to ver-

ify the aspartic acid-bond isomerization for the ear-
lier eluting variant. In order to retain the peptides
during the sequencing, they were adsorbed to the
surface of BioBrene coated cellulose membranes.
Strong ionic interactions between the peptides and
the membrane warrant improved peptide recovery
at even distant sequencing cycles. The Edman-
degradation went smoothly until Asp9 of the later
eluting tR4 glycopeptide. Because of glycosylation
of Asn10, there was no Asn-signal detected in the
tenth cycle, but the Ile was clearly identified in the
eleventh cycle, as well as the consecutive amino
acid residues Thr12 and His13 (Figure 2). This pat-
tern of Edman-degradation of an N-glycopeptide
was identical to that of our control glycopeptide (a
pentadecapeptide corresponding to the first poten-
tial N-glycosylation site of the myelin oligodendro-
cyte glycoprotein) in which the lack of Asp residue
excludes the formation of any b-peptide bond. In
contrast, when the sequencing of the earlier eluting
tR4 glycopeptide was attempted, the Edman-degra-
dation stalled after Leu8, and no further amino acid
could be identified (Figure 2). This finding indicates
that the earlier eluting tR4 glycopeptide did not
contain an a-peptide bond in position 9. We con-
cluded that only isomerization of Asp10 could be
responsible for the complete signal loss.

DISCUSSION

Aspartic acid-bond isomerization is considered a
potentially frequent side-reaction during the prepa-
ration of peptides [32,33]. However, with the wide-
spread utility of Fmoc-chemistry and the advent of
fast coupling and deprotection cycles and reagents,
the level of this side reaction is usually equivalent
or below the level of other unwanted products dur-
ing standard solid-phase peptide synthesis [34]. In
spite of the large number of peptides that we have
prepared on our Milligen 9050 and Rainin PS 3
synthesizers in the past 10 years, we have never
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encountered significant amounts of aspartimide for-
mation until the synthesis of the tR4 glycopeptide.
This peptide sequence contains an Asp-Asn frag-
ment, which is known to be prone to aspartimide
formation during Fmoc-chemistry [35]. Neverthe-
less, when the crude product of the synthesis of the
unmodified tR4 peptide was analysed, no aspartic
acid-bond isomerization was detected.

Surveying all the N-glycopeptides we have made
so far, only five contained aspartic acid residues
within the sequence. We did not notice any aspar-
timide formation during the solid-phase assembly of
these glycopeptides. Nevertheless, no aspartic acid
is found N-terminal to the glycosylated Asn in these
sequences. This fact may be related to our practice
of modeling the glycoprotein fragments with the
glycopeptides, coupled with the observation that the
occurrence of Asp in -1 position to utilized or unuti-
lized potential N-glycosylation sites of proteins is
3.8% and 2.1%, respectively [36], values well below
the average of 5.3% Asp in 1465 unrelated se-
quences that are claimed to model the statistical
distribution of amino acids in proteins well [37].
Four of the five Asp-containing glycopeptides we
made earlier were synthesized by using Fmoc-Asn-
(sugar)-OH derivatives with unprotected carbohy-
drate-hydroxyl groups [38]. In this regard, the tR4
GlcNAc glycopeptide can be considered unique both
in amino acid sequence and mode of preparation.

However, the recently introduced commercial
availability of the Fmoc-Asn(Ac3GlcNAc)-OH deriva-
tive and the well-deserved current popularity of gly-
copeptides suggests an increase in the number of
synthetic glycopeptides containing the Asp-Asn
dipeptide fragment and the use of the Fmoc-
Asn(Ac3GlcNAc)-OH monomer for their synthesis.

The non-glycosylated peptide could be made re-
producibly without aspartic acid isomerization,
whereas the glycopeptide was isomerized in both
syntheses. Two different activation strategies were
selected for both peptides to make sure that the
first findings were not due to particular reaction
conditions. The only difference between the DIC-
and the HATU-mediated syntheses was the pres-
ence of partially deacetylated glycopeptides follow-
ing the TFA cleavage when HATU was used.
Nevertheless, the use of HATU is highly recom-
mended for the coupling of sterically hindered
amino acids [39] such as peracetylated Fmoc-
glycoamino acids. The off-synthesizer activation of
the Fmoc-protected glycoamino acid during the first
reaction resulted in cleaner reaction products, but
the completely automatic synthesis at the second
attempt proceeded considerably faster. Practi-
tioners are warned to define their individual prefer-
ences before synthesis.

We were looking for potential reasons for the as-
partimide formation of the glycopeptide when such

Figure 7 Region of the 750 MHz 1D NMR spectra of the non-glycosylated peptide tR4, glycopeptide tR4 GlcNAc 1706 and
glycopeptide tR4 GlcNAc 1709, which includes peaks from the Hb protons of Asp9 and Asn10. The peak marked H-4 is
characteristic of b-linked GlcNAc.
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Figure 8 Methyl region of the 750 MHz 1D NMR spectra of the non-glycosylated peptide tR4, glycopeptide tR4 GlcNAc
1706 and glycopeptide tR4 GlcNAc 1709. Selected methyl peak assignments are indicated.

a modification was absent during the synthesis of
the unmodified parent analog. At the present time
no explanation can be formulated based on simple
electric or steric phenomena. The Asn10 was pro-
tected with the trityl group during the preparation
of the non-glycosylated peptide, and with the per-
acetylated carbohydrate during the synthesis of the
glycopeptide. Both Asn protecting groups are bulky,
and potentially minimize succinimide formation be-
tween Asn10 and Asp9 [33]. For a base-catalysed
succinimide formation to take place, the proton
from the amino nitrogen of the Asn10 has to be
abstracted, and it is highly unlikely that the sugar
moiety would have a strong through-space electron-
donating effect to aid the amino proton removal
when the trityl group lacks such an effect. Another
possibility is a conformational difference leading to
an increased tendency of the glycopeptide to form
the succinimide derivative [35]. If the amino nitro-
gen of the Asn10 was closer to the carbon of the
b-carboxyl group of the Asp9 in the glycopeptide
than in the non-glycosylated variant, this would
explain the differences in the rate of succinimide
formation. To explore this scenario, we modeled the
non-glycosylated and the ‘normal’ glycosylated pep-
tides, still in the fully protected form, as they ex-
isted during the synthesis. The peptides were built
up from segments of type I and type II b-turns and
extended structures, based on secondary structural
prediction and circular dichroism spectroscopy. A
simulated annealing protocol was applied, and for

each peptide four low energy conformers were ran-
domly selected from various points of the high tem-
perature trajectory. The four structures were nearly
identical for both peptides verifying the validity of
the initial structures and the annealing algorithm.
The measured average distances between the b-
carbon of the Asp9 and the amino nitrogen of the
Asn10 were 4.3 A, for the non-glycosylated tR4 pep-
tide and 4.7 A, for the glycopeptide (both contained
only a-amino acids), excluding the possibility of
simple steric reasons for the aspartimide formation
of the glycosylated variant.

Changes in the NMR spectra of the three peptides
are consistent with the presence of b-Asp in the
earlier eluting glycopeptide, and a-Asp in the later
eluting glycopeptide and the parent non-glycosy-
lated analog. The major changes are an upfield shift
of the Ha proton of Asp9 and an increased separa-
tion of its diastereotopic Hb protons in glycopeptide
tR4 GlcNAc 1709 relative to the other peptides. The
latter change is consistent with a greater degree of
conformational restriction of the b-methylene group
when it is incorporated into the peptide backbone
(in b-Asp) compared with the side chain (in a-Asp).
While the NMR data are consistent with this expla-
nation, it is conceivable that similar spectral
changes might be expected to occur if the observed
isomers were due to racemization of Asp9 (i.e. gly-
copeptides which have D- or L-Asp9). However, this
explanation can be eliminated on chemical, analyti-
cal and chromatographical grounds. First, although
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many biology-related papers, including those study-
ing the proteinaceous aggregates of Alzheimer’s dis-
ease, consider the succinimide derivative as the
transitional product for racemization of aspartic
acid residues with a half-time of the reaction stated
to be less than a day [40,41], such racemization
would require proton loss from the a-carbon of the
succinimide, an event largely ignored in the current
peptide synthesis literature [32,33]. What was actu-
ally measured in one of the basic reference biology
papers, when the spontaneous degradation of
proteins was modeled, was L-isoaspartic acid bond
formation rather than racemization leading to D-
aspartic acid containing peptides [42]. Second, the
Edman-degradation will not stop at D-aspartic acid
residues, but we clearly detected a termination of
the sequencing of the earlier eluting glycopeptide at
Asp9. Third, the over 1 min retention time differ-
ence between the two tR4 glycopeptides on the
RP-HPLC chromatogram is unlikely to occur if L-
Asp9 was replaced with D-Asp9. Indeed, we did not
find any alteration in the HPLC retention time when
in an all L-amino acid containing 20-mer peptide
both terminal L-amino acids were replaced with
their D-enantiomers.

The possibility of the two glycopeptides involving
cis/trans isomerization about the Val-Pro bond was
eliminated based on the 2D NMR spectra. In any
case the Pro residue is quite distant from the glyco-
sylation site and it is unlikely that glycosylation
might induce a differential effect at this distant
residue. It is also unlikely that cis/trans isomers
would have displayed the stability observed after
HPLC separation, i.e. re-equilibration to a mixture
of isomers of each of the purified peaks would have
been expected.

The b-glycopeptide eluted at a lower acetonitrile
concentration from the RP-HPLC column than the
a-isomer, and this is in accordance with the reten-
tion behavior of a number of other a-, b-peptide
pairs we made earlier [43]. This is also in accor-
dance with the general observation that peptides
primarily bind to the reversed-phase column with
their side-chain functions (that are characterized
with well-defined hydrophobicity parameters) rather
than by binding with their backbone [44]. In this
regard, it was interesting to note that the isoaspar-
tic-acid bond-containing glycopeptide eluted later
than the ‘normal’ glycopeptide before NaOH treat-
ment, when the sugar-hydroxyl groups were still
acetylated. Removal of the acetyl groups resulted in
an expected degree of retention time decrease for
the a-glycopeptide (2.9 min), but an unusually high

retention time decrease of the b-glycopeptide (4.9
min). This indicates that secondary mechanism(s)
played a role in the strong column binding of the
acetylated and isomerized glycopeptide. Stronger
than calculated binding to the RP-HPLC columns
[45] can be observed for peptides in which confor-
mational effects display long, conjugated hydropho-
bic surfaces at one side of the molecules, be those
a-helices [46] or b-pleated sheets [47]. To investi-
gate whether the acetylated b-glycopeptide had a
similar conjugated hydrophobic surface compared
to the acetylated a-glycopeptide, we modeled these
molecules with the algorithm described earlier in
this discussion. All other protecting groups, not
present at the point when the peptides were applied
to the RP-HPLC column, were removed before the
modeling. As before, the four randomly selected
structures from the high temperature trajectory
of the simulation within each glycopeptide were
remarkably similar. The structures of the a-
glycopeptide, however, were markedly different from
those of the b-isomer. Plate 1 shows representative
structures for the two peptides. The hydrophobic
side chains (as well as the carbohydrate with the
protecting hydrophobic acetyl groups) are depicted
in red. As the bottom model demonstrates, the ‘nor-
mal’ glycopeptide lacks any extended hydrophobic
surface. In contrast, the low energy conformer of the
isomerized glycopeptide (upper model), displays a
long, conjugated hydrophobic surface that runs
through one side of the molecule (the bottom side of
the model in the presented layout). The conforma-
tional orientation explains the higher than expected
retention time of the acetylated b-glycopeptide. This
conformational orientation was absent in any model
of the final (deacetylated) glycopeptides, regardless
of whether they corresponded to the a- or the b-
glycopeptide, fully supporting the expected order of
RP-HPLC elution after deacetylation.

The observed aspartic acid-bond isomerization
during the synthesis of a glycopeptide when the
non-glycosylated analog was not isomerized is inter-
esting in its own right. However, the high degree of
b-peptide formation of our particular glycosylated t

fourth repeat peptide has significance beyond the
synthetic chemistry. An N-glycosylated version of
the t protein is present only in the PHFs of
Alzheimer’s disease, but not in normal cerebral t

[19]. Not all potential N-glycosylation sites are in-
deed utilized in natural proteins [36], and sugar
occupation in otherwise possibly unutilized glycosy-
lation sites in vivo may be a pathobiochemical
event, as we have previously demonstrated with the
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Plate 1 Typical low energy conformers of sugar-protected glycopeptides τR4 Ac3 GlcNAc carrying either
a-(bottom model) or b-(top model)Asp9-Asn10 bonds. The hydrophobic surfaces of the side-chains are
shown in red. While these hydrophobic surfaces are scattered around for the ‘normal’ peptide, they are
aligned at one side of the molecule for the isomerized peptide, generating an extended surface that can
strongly bind to the reversed-phase packing material.
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golli-myelin basic protein, involved in the develop-
ment of multiple sclerosis [48]. In this regard, it
seems significant that the sugar occupancy is nor-
mally less extensive at the C-terminal regions of the
proteins [36], where the potential N-glycosylation
sites of t are located. Glycosylated tR4 fails to bind
to the corresponding b-tubulin sequence [21], and
this may explain the lack of functional t when it is
glycosylated, but this itself does not explain why t is
aggregated in PHF. After all, N-glycosylation is ex-
pected to break ordered structures such as a-
helices[6]andpresumablyb-pleatedsheets,although
a local straightening of the peptide backbone was
most recently found after O-glycosylation of a natu-
ral antibacterial glycopeptide [49]. However, when
an excessive glycosylation of t in vivo is accompa-
nied by nearby aspartic acid-bond isomerization the
deposition process can proceed. Although the reac-
tion conditions during solid-phase peptide synthe-
sis can hardly model the environment of in vivo
transformation of proteins, the thermodynamically
favored end-products can be very similar in nature.
Conjugative degradation of aspartyl peptides is pro-
posed to be an alternative route to irreversible de-
naturation of proteins regardless of the reaction
conditions [50]. Indeed, isoaspartic-acid bond-
containing variants of the Ab peptide, the main
constituent of the senile plaques of Alzheimer’s dis-
ease are detected in the parenchyma and lep-
tomeningeal microvasculature of the brains of
affected patients [41]. The b-aspartate containing
Ab fragments exhibit an increased resistance to
proteolytic cleavage [51] which may explain why Ab

is retained in the brains. b-Aspartates were also
detected in the neurofibrillary tangles of Alzheimer’s
disease [40], and although the exact composition of
the NFT is still unknown, the major proteinaceous
constituents of it are known to be t proteins [17], so
the b-aspartate formation in NFT likely involves t.
While the current report was assembled, Asn381
and Asp387 of t were reported to undergo a deami-
nation process and isoaspartic acid-bond formation
[52]. The authors claim that this transformation is
responsible for the dimerization and trimerization of
t and thus for PHF formation [52]. In turn, while
glycosylation nearby appears to be a readily de-
tectable marker of the pathogenic transformation of
t in vivo, the real structural and stability modifica-
tions may be provided by the isoaspartic acid-bond
formation that is promoted by the sugar addition.
This hypothesis is currently being tested in our
laboratory using a combination of immunological
and peptide stability techniques.
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