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Abstract
Glycopeptides are extremely useful for basic research and clinical applications, but access to
structurally-defined glycopeptides is limited by the difficulties in synthesizing this class of
compounds. In this study, we demonstrate that many common peptide coupling conditions used to
prepare O-linked glycopeptides result in substantial amounts of epimerization at the alpha
position. In fact, epimerization resulted in up to 80% of the non-natural epimer, indicating that it
can be the major product in some reactions. Through a series of mechanistic studies, we
demonstrate that the enhanced epimerization relative to non-glycosylated amino acids is due to a
combination of factors, including a faster rate of epimerization, an energetic preference for the
unnatural epimer over the natural epimer, and a slower overall rate of peptide coupling. In
addition, we demonstrate that use of 2,4,6-trimethylpyridine (TMP) as the base in peptide
couplings produces glycopeptides with high efficiency and low epimerization. The information
and improved reaction conditions will facilitate the preparation of glycopeptides as therapeutic
compounds and vaccine antigens.
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Introduction
Glycopeptides are used extensively in basic research and a number of them are under
investigation for various clinical applications.1 Glycopeptides are commonly used as
structurally-defined models of complex glycoproteins for studying the roles of
glycosylation, for understanding relationships between structure and function, and for
modulating biological processes involving the parent glycoprotein.2 Glycopeptide fragments
of glycoproteins also have significant potential as vaccine antigens.3-8 For example,
glycopeptides bearing the Tn antigen (GalNAc alpha linked to a serine or threonine of a
polypeptide chain), the TF antigen (Galβ1-3GalNAc alpha linked to a serine or threonine of
a polypeptide chain), and the STn antigen (NeuAcα2-6GalNAc alpha linked to a serine or
threonine of a polypeptide chain) have been investigated in a number of clinical trials as
antigens for cancer vaccines.4, 5, 9, 10 Glycopeptides also have significant potential as
therapeutic agents. Glycopeptides found in human urine from patients with interstitial
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cystitis have anti-proliferative activity, and analogs show promise as treatments for this
debilitating disease.11, 12 Glycopeptides found in venoms, such as contalukin-G of Conus
geographus13 and vespulakinins from yellow jacket venom,14 are of interest as analgesics.15

Furthermore, prokaryotes are known to produce a variety of anti-microbial glycopeptides,
such as glycocin F16 and sublancin 168.17 For these reasons, glycopeptides have been the
subject of intense research for many years.

Access to structurally-defined glycopeptides is crucial to study their biological properties as
well as utilize them for clinical applications. Homogenous glycopeptides, however, are
difficult to obtain from natural sources and are often only accessible through chemical
synthesis.18 Synthesis typically involves solid phase peptide synthesis using amino acids
that contain the protected glycan (glyco-amino acids) as building blocks. This approach
allows precise control over the chemical structure as well as access to larger quantities of
material. Moreover, one can obtain unnatural derivatives that are useful for studying
structure-activity relationships (SAR).

While the synthesis of standard peptides has become routine and can be readily
accomplished via automated methods, the synthesis of glycopeptides/glycoproteins can be
significantly more challenging.1, 19 Couplings of glyco-amino acids to a growing peptide
chain are often slow and inefficient. Moreover, the outcome can be highly variable from one
glycopeptide to another. To complicate matters further, the building blocks themselves
typically need to be synthesized or are expensive when commercially-available. Therefore,
the use of a large excess of glyco-amino acid to increase the rate and drive the reaction to
completion is impractical. As a result of these problems, scientists typically prepare the
peptide precursor up to the glycosylation site on an automated solid phase peptide
synthesizer and then carry out the coupling of the glyco-amino acid manually.1, 19 This
allows one to follow the reaction carefully, extend the coupling time as needed, repeat the
coupling if necessary, and examine alternative activating reagents and/or bases if necessary.
Once the glyco-amino acid has been successfully incorporated, the remaining peptide can be
completed via automated solid phase peptide synthesis. Although this approach can provide
access to glycopeptides, it is not ideal. This process is especially disadvantageous when
preparing large numbers of glycopeptides, such as in the construction of a glycopeptide
library.

Glycan microarrays, arrays containing numerous carbohydrates immobilized on a solid
support in a spatially-defined arrangement, have become valuable tools for high-throughput
analysis of carbohydrate-macromolecule interactions.20-23 Given the importance of
glycopeptides in biology, our group24-28 and others29-37 have been interested in obtaining
large libraries of glycopeptides to enhance the diversity on glycan microarrays. To facilitate
these efforts, we have focused on identifying efficient and general coupling conditions. In
this study, we carried out a systematic comparison of published coupling conditions using
four different Fmoc-protected glyco-amino acids as well as the non-glycosylated
counterpart. Both efficiency and epimerization were evaluated using HPLC assays.
Interestingly, high rates of epimerization were observed under many conditions, a fact that
has important implications for solid phase synthesis of glycopeptides. Finally, we identify
conditions that provide high yields and low epimerization for a range of glyco-amino acids.

Materials and Methods
General methods

Unless otherwise stated, reagents were purchased from commercial suppliers and used
without purification. 2-Chlorotrityl chloride resin, Fmoc-Ser(Trt)-OH, Fmoc-D-Ser(Trt)-OH,
Fmoc-OSu were purchased from AnaSpec, Inc. (San Jose, CA). Fmoc-6-aminohexanoic
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acid (Fmoc-Hex-OH), Fmoc-Gly-OH, and Fmoc-Pro-OPfp were purchased from
Novabiochem (Darmstadt, Germany). 2-(7-Aza-1H-benzotriazol-1-yl)-N,N,N’,N’-
tetramethyl uronium hexafluorophosphate (HATU), 1-hydroxy-7-azabenzotriazole (HOAt),
2-(1H-benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU), N-
hydroxybenzotriazole (HOBt), N,N′-dicyclohexylcarbodiimide (DCC), benzotriazol-1-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP), dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), N,N-diisopropylethylamine (DIEA), N-
methylmorpholine (NMM), and 2,4,6-trimethylpyridine (TMP) were from Sigma (St. Louis,
MO).

Solid-phase peptide coupling of glyco-amino acids and analysis of efficiency and
epimerization

Synthesis, purification, and characterization of the Fmoc-Pro-Gly-Hex-resin starting
material and the glycopeptide standards are described in the supporting information.
Glycopeptides with the natural configuration (L) contain a number followed by an “a”, and
those with the unnatural configuration (D) are followed by a “b”. Prior to coupling the glyco-
amino acids, the Fmoc-Pro-Gly-Hex-resin (10.0mg, 0.0037 mmol) was swollen in DCM (2
mL) for 0.5 h at room temperature in a 3 mL Baker disposable filtration column
(Phillipsburg, NJ). The resin was then treated with 20% piperidine in DMF (2× 0.5 mL) for
15 min to remove the Fmoc protecting group, followed by washing with DCM (3× 1.0 mL)
and DMF (2× 1.0 mL).

Next, the appropriate amount of Fmoc-Ser(Trt)-OH or glyco-amino acid, activating
reagents, and base were combined in solvent (150 μL total), mixed with a pipet 5 times, and
then immediately added to the resin. In certain cases, Fmoc-Ser(Trt)-OH or the glyco-amino
acids were pre-activated for a period of time and then added to the resin according to the
specific conditions listed in Table 1. The reaction was allowed to mix at room temperature
with an Eppendorf thermomixer 5436 (Hamburg, Germany) at a speed of 600 rpm, and then
the resin was washed with DCM (3×2 mL) then DMF (2×1 mL). Next, any unreacted Pro-
Gly-Hex-resin was capped by treatment with FmocOSu (12.3 mg, 0.037 mmol) and DIEA
(6.4 μL, 0.037 mmol) in DMF (0.5 mL) for 2 h at 600 rpm at room temperature. The resin
was washed with DMF (2×1 mL), DCM (3×2 mL), and the glycopeptide was cleaved off the
resin by incubating with a mixture of TFA/DCM (90:10) (0.5 mL) at room temperature for
1.5 h at 500 rpm. After cleavage from the resin, the resulting peptides were dilute with DCM
(2 mL), concentrated under reduced pressure with a rotary evaporator, dried under vacuum,
and dissolved in acetonitrile (1 mL). Solutions were filtered and then product distributions
were evaluated using RP-HPLC (for specific HPLC conditions for each substrate, see
Supporting Information).

Solid-phase peptide coupling using condition 13
The appropriate glyco-amino acid (2 eq relative to the resin, 0.0073 mmol), HATU (2.78
mg, 0.0073 mmol), HOAt (1.0 mg, 0.0073 mmol), and TMP (0.98 μL, 0.0073 mmol) were
mixed in DMF (150 μL) and immediately added to the resin (10 mg, 0.00366 mmol) in a 3
mL Baker disposable filtration column. The reaction was allowed to mix at a speed of 600
rpm at room temperature for 2 h, followed by washing with DCM (3×2 mL) then DMF (2×1
mL). Any unreacted amino groups were capped by adding FmocOSu (12.3 mg, 0.037 mmol)
and DIEA (6.4 μL, 0.037 mmol) in DMF (0.5 mL) and shaking at room temperature for 2 h.
The resin was washed with DMF (2×1 mL), DCM (3×2 mL), and the glycopeptide was
cleaved off the resin by treating the resin with a mixture of TFA/DCM (90:10) (0.5 mL) at
room temperature for 1.5 h.
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Molecular Modeling
Calculation of conformational preferences of the putative intermediates in amino acid
racemizations (oxazolone, see Figures 5 and 6) were performed using MacroModel within
the Maestro user interface (Schrodinger. LLC, New York, NY). Structures were constructed
within the Build facility in Maestro, and calculations were performed in the Conformational
Search utility in MacroModel. Structures were first energy minimized using the OPLS-2005
force field for 2000 steps using the Polak-Ribieri Conjugate Gradient (PRCG) method with a
convergence threshold of 0.001. Conformational searching was performed on a random
minimized structure of each oxazolone with no restraints. No explicit or implicit solvent was
used, but a distance dependent dielectric constant of 38 was used to simulate the dielectric
value of DMF. Thirty structures were calculated around each rotatable bond and each
conformation was minimized with either the PRCG or Truncated Newton Conjugate
Gradient (TNCG) method to a threshold of 0.005 in the OPLS-2005 force field. Charges
were read from the force field, and an extended bond cutoff of 8.0, 20.0 and 4.0 Å were used
for Van der Waals, electrostatic and hydrogen bond distances, respectively. Mixed torsional/
low-mode sampling was performed for the searches and structures were analyzed for energy
values and dihedral angles about the Hα-Cα-Cβ-Oβ bond. Conformational clustering was
performed using the conformer_cluster.py script in the Chemoinformatics utility in Maestro.
Clusters were examined for energies, number-of-times-found for each conformation/cluster
and appropriate bond angles.

Results and Discussion
Approach and Design

Many factors, such as coupling reagents, reaction time, pre-incubation time, structure of the
glyco-amino acids, and the structure of the accepting peptides on the solid support could
affect the yields and epimerization rates of glycopeptides during solid phase synthesis. To
find the optimal coupling conditions for glyco-amino acids, we investigated a variety of
published conditions that had previously been used for the solid phase synthesis of
glycopeptides to determine which conditions would provide the highest and most consistent
yields and the lowest levels of epimerization. Based on a survey of the literature, we initially
selected 12 conditions (see Table 1) that encompassed the most widely used activating
agents (HATU, HBTU, DCC, PyBOP), bases (DIEA, NMM), and solvents (DMF, NMP). In
addition, the conditions were selected to include some variety in terms of reaction times,
equivalents of base, and equivalents of reagents. A thirteenth condition was also evaluated,
based on a rationale that is discussed below.

Since the outcome of the coupling could be dependent on the structure of the glyco-amino
acid, we opted to evaluate four different glyco-amino acids (see Figure 1) that are commonly
found in O-linked glycans. Two of the glyco-amino acids, Fmoc-Ser(Ac3GalNAcα)-OH (7)
and Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH (9), are protected derivatives of the tumor-
associated carbohydrate antigens, Tn and TF. Synthesis of Tn and TF-containing
glycopeptides is highly relevant to cancer research and the development of Tn and TF-based
cancer vaccines.5, 38, 39 We also looked at the coupling of other glyco-amino acids, Fmoc-
Ser(Ac3GlcNAcα)-OH (11) and its beta linked analog, Fmoc-Ser(Ac3GlcNAcβ)-OH (13).
Attachment of an O-β-GlcNAc to specific serine and threonine residues of many cytosolic
proteins is important for regulating their biological activity40, 41, and the alpha linked analog
is found in prokaryotes.42 While not a complete evaluation of every potential glyco-amino
acid, this set would allow us to compare effects of certain features, such as alpha vs beta
linkages, GalNAc vs GlcNAc configuration, and mono- vs di-saccharides, for a biologically
important group of glyco-amino acids. In each case, the carbohydrate fragment was attached
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to a serine residue. For comparison, we evaluated the coupling of Fmoc-Ser(Trt)-OH, a
protected form of serine that has been commonly used in solid phase peptide synthesis.

Since our goal was to identify conditions that would be suitable for many different
couplings, including difficult linkages, we initially evaluated couplings of all glyco-amino
acids to a short peptide with an N-terminal proline residue, which we anticipated would be
challenging. In addition, peptides with several other N-terminal residues were coupled with
Fmoc-Ser(Ac3GalNAcα)-OH (7) to test how the terminal residue of peptides affected yields
and epimerization. In each case, standards of the truncated peptide, and peptides containing
the S and R epimers of the glyco-amino acids and serine were synthesized, and HPLC
assays were used to measure yields and epimerization (for example, see Figure 2).

Serine
Serine has previously been found to have a higher rate of racemization than most other
natural amino acids.43 Nevertheless, many existing coupling conditions produce high
efficiency couplings with low racemization. Of the thirteen conditions that we tested, ten
produced the desired product with greater than 95% yield, and all but one condition
produced the peptide with less than 3% racemization. Condition 4, which involved pre-
activation of Fmoc-Ser(Trt)-OH with HATU/HOAt/NMM/NMP for three hours, led to both
suboptimal yield (63.4%) and substantial racemization (37.6%). Higher rates of
racemization were not entirely unexpected for this condition, since long pre-activation times
are known to increase racemization.44

Tn
Next, we evaluated the coupling efficiency of an Fmoc- protected Tn-derivative, Fmoc-
Ser(Ac3GalNAcα)-OH (7). Compound 7 was synthesized following reported methods.45

The unnatural glyco-amino acid, Fmoc-D-Ser(Ac3GalNAcα)-OH (8), was synthesized with
similar procedures, and the details can be found in the Supporting Information.

Results for the protected Tn antigen highlight the difficulties of coupling glyco-amino acids.
Although couplings of glyco-amino acids can be less efficient than the non-glycosylated
counterparts, efficiency was not a significant problem for the conditions we tested. The
yields obtained for compound 7 were similar to that of serine, where nine of thirteen
conditions provided over 95% yields. Epimerization, however, was a much greater problem
for Fmoc-Ser(Ac3GalNAcα)-OH (7) than for non-glycosylated Fmoc-Ser(Trt)-OH. Eight of
thirteen conditions led to an epimerization of over 3%, and three of those conditions led to
over 10% epimerization. Moreover, condition 4 produced the unnatural epimer as the major
product in the reaction (70%). It is important to note that unlike Fmoc-Ser(Trt)-OH,
epimerization of Fmoc-Ser(Ac3GalNAcα)-OH at the alpha position of the amino acid
produces a new diastereomer, rather than an enantiomer. The production of 70% of the
unnatural epimer suggests that this diastereomer is energetically favored, or that L-proline
selectively reacts with the unnatural epimer. In either case, the major product of the reaction
is the unnatural epimer, demonstrating that one cannot assume that the unnatural epimer will
only be a minor contaminant.

The epimerization process is thought to occur through abstraction of the alpha hydrogen of
an oxazolone intermediate by the base (see Figure 3).44 Therefore, one would expect that
lower amounts of base and use of a weaker base would lead to less epimerization. Through a
systematic comparison of bases, Carpino and colleagues demonstrated that 2,4,6-
trimethylpyridine (TMP) is an excellent base for peptide couplings, providing high yields
with low epimerization.46 However, use of TMP as a base for coupling glyco-amino acids
has, to our knowledge, only been used once previously, and the conditions employed
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microwave irradiation to accelerate coupling.47 Therefore, it was not clear if TMP would be
suitable for coupling glyco-amino acids under non-microwave conditions. To test this, we
examined a thirteenth condition with 2 equivalents of glyco-amino acid, 2 equivalents of
HATU, 2 equivalents of HOAt, and 2 equivalents of TMP as the base. The coupling
proceeded smoothly and produced very little epimerization (see Table 1, entry 13).

TF
Glyco-amino acids with larger glycan chains could potentially be more difficult to attach to
a growing peptide during solid phase peptide synthesis. To address this issue, we prepared
Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH (9) and Fmoc-D-Ser(Ac4Galβ1-3Ac2GalNAcα)-
OH (10), the natural and unnatural epimers of a protected TF antigen that contains a
disaccharide residue on the side chain of the amino acid. The corresponding peptides were
also prepared, and an HPLC assay was developed to evaluate potential products from the
peptide coupling reactions. The detailed descriptions of the syntheses of the glyco-amino
acids and glycopeptides are in the Supporting Information.

Like the protected Tn amino acid, Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH produced
substantially higher levels of epimerization than the non-glycosylated Fmoc-Ser(Trt)-OH.
The larger glycan fragment, however, did not significantly affect the yield or epimerization
relative to the mono-glycosylated amino acid, indicating that the second monosaccharide
residue did not have a major effect on the outcome. As with the Fmoc-Ser(Ac3GalNAcα)-
OH, coupling with TMP as a base (condition 13) produced excellent results.

Alpha-GlcNAc
Next, we evaluated the coupling of Fmoc-Ser(Ac3GlcNAcα)-OH. Fmoc-Ser(Ac3GlcNAcα)-
OH (11) and Fmoc-D-Ser(Ac3GlcNAcα)-OH (12) (see Figure 1) were each synthesized from
per-acetylated 2-azido-2-deoxy-D-glucopyranosyl bromide according to a reported method
(see Supporting Information for details).45 The yields for peptide couplings with Fmoc-
Ser(Ac3GlcNAcα)-OH under the various published conditions were similar to those of
serine, Tn, and TF. The extent of epimerization, however, was even higher for this glyco-
amino acid. For example, the percentage of epimerized product observed under conditions 1
and 10 were 10 and 17 times higher for compound 11 than that of Fmoc-Ser(Trt)-OH.
Moreover, all but three conditions produced over 3% epimerization. As previously observed
for Tn and TF, condition 4 provided the highest epimerization (72.5 %), and conditions 3, 7
and 13 provided the lowest epimerization (1.8%, 1.7 % and 1.6%, respectively).

Beta-GlcNAc
To study the effects of the stereochemistry of the glycosidic-linkage on efficiency and
epimerization, we evaluated the coupling of Fmoc-Ser(Ac3GlcNAcβ)-OH (13). The
synthesis of Fmoc-Ser(Ac3GlcNAcβ)-OH (13) and Fmoc-D-Ser(Ac3GlcNAcβ)-OH
(14)were each carried out in one step according to a reported method48 starting from D-
glucosamine pentaacetate (see Supporting Information). As summarized in Table 1, nine of
the thirteen conditions provided good yields (≥ 95%), and three of the conditions ranged
from 69-92% yield. Condition 4, however, provided an unexpectedly low yield (2%).
Repeating condition 4 without pre-activation and with 1 h pre-activation provided 74% and
32% yield, with 8% and 45% epimerization, respectively. This demonstrated that extensive
decomposition and epimerization occurs during the pre-activation step for condition 4. As
previously described for the other glyco-amino acids, the epimerization for Fmoc-
Ser(Ac3GlcNAcβ)-OH was much higher than the protected serine analog. For example, the
percentage of epimerized product observed under conditions 3 and 11 were 17 and 16 times
higher for Fmoc-Ser(Ac3GlcNAcβ)-OH than that of Fmoc-Ser(Trt)-OH. In the case of
Fmoc-Ser(Ac3GlcNAcβ)-OH, only conditions 7, 12 and 13 had under 3% epimerization.
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Effects of N-terminal Residue
The nature of the N-terminal coupling partner can have a significant effect on the rate of a
peptide bond formation. We used a peptide with an N-terminal proline residue for all of our
initial studies. Glycosylated serine residues in nature are often found next to various other
amino acids.49 To test the effects of N-terminal amino acid structure on efficiency and
epimerization, we evaluated coupling of Fmoc-Ser(Ac3GalNAcα)-OH (7) to peptides with a
terminal serine and leucine, two amino acid residues that are often found adjacent to the Tn
antigen on mucins. In general, the yields were high, but epimerization was substantial for
many of the coupling conditions (see Table 2). The production of about 70% of the
unnatural epimer under condition 4 demonstrates that the energetic preference for this
diastereomer is not dependent on an N-terminal proline.

Synthesis of Clustered Tn Peptides
Mucins and other glycoproteins often contain 2 or more glycosylated serine and/or threonine
residues linked consecutively on a peptide chain. When these residues are all glycosylated,
these arrangements are referred to as “clustered” glycans. Clustered Tn and STn antigens are
more tumor-specific than single antigens, and clustered Tn and STn glycopeptides are of
high interest as vaccine antigens.45, 50, 51 We anticipated that coupling of Fmoc-
Ser(Ac3GalNAcα)-OH (7) to a peptide chain containing an N-terminal Ser(Ac3GalNAcα)-
OH residue could be even more difficult than coupling to a proline, serine, or leucine. As
before, we synthesized the appropriate standards and developed an HPLC assay to detect the
potential products. While the yields were above 90% for all the conditions tested, only two
conditions, 3 and 13, had an epimerization of less than 3%. It is important to note that the
preparation of clustered Tn peptides requires at least two peptide couplings using glyco-
amino acids. Since the attachment of successive glyco-amino acids residues is more difficult
than coupling of the first glyco-amino acid and the effects of epimerization are cumulative,
the preparation of clustered glycopeptides can be especially difficult. Therefore, it is crucial
to use optimal peptide coupling conditions.

Mechanistic Studies
The differences in the levels of epimerization observed for glyco-amino acids versus serine
could be due to a variety of reasons, such as differential rates of epimerization, different
rates of peptide coupling, different energetic preferences for the natural versus unnatural
epimer, and enhanced coupling of the unnatural D-configured activated esters relative to
their L-counterparts.

To better understand the origin of the differences, we first measured the initial rates of
epimerization. To accurately measure the initial rates, we needed conditions wherein the
reactants would not be consumed to an appreciable degree during the reaction. In addition,
we needed conditions where the epimerization would be slow enough to conveniently
measure using our assay. Since the base is consumed in the reaction (through protonation),
we needed to use a large excess of base such that the concentration would not change
significantly during the reaction; however, a large excess of DIEA or NMM would result in
much faster rates of epimerization, as well as undesired side reactions, making analysis
difficult. For these reasons, we chose to couple using 12 equivalents of TMP as the base.

As shown in Figure 4, epimerization rates of the four glyco-amino acids were significantly
faster than the epimerization rate of Fmoc-Ser(Trt)-OH. Fmoc-Ser(Ac3GlcNAcβ)-OH (13)
displayed the fastest initial rate of epimerization and was about 6 times faster than Fmoc-
Ser(Trt)-OH. Taken together, these results show that a faster rate of epimerization is one
factor that contributes to the higher levels of epimerization for glyco-amino acids.
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Next, the extent of epimerization of glyco-amino acids was measured. Condition 4, which
included a 3 h pre-activation step, produced high levels of epimerization, and in some cases,
produced the unnatural epimer as the major product. We hypothesized that the pre-
incubation step allows for equilibration of the natural and unnatural epimer at the alpha
position. If so, extending the pre-incubation time would allow us to measure the equilibrium
ratios of natural and unnatural epimers. To test this, we repeated this reaction using a variety
of pre-incubation times ranging from 0 to 24 h (see Figure 5). Since the activated esters of
the D and L glyco-amino acids are diastereomers and could potentially have different
coupling rates to an N-terminal proline on the resin, an excess of resin was used to assure
that all D and L isomers would be captured on the resin and detected in the assay. For each of
the glyco-amino acids tested, much less epimerization was observed when no pre-incubation
was used, and the amount of epimerization increased as the pre-incubation time increased,
indicating that the epimerization occurs during the pre-incubation period. The extent of
epimerization of Fmoc-Ser(Ac3GalNAcα)-OH (7) (protected Tn, Figure 5a) reached a
maximum of approximately 80%, indicating that the equilibrium composition is 4:1. Similar
results were obtained with Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH (9, Figure 5b) and
Fmoc-Ser(Ac3GlcNAcα)-OH (11, Figure 5c). The extent of epimerization could not be
accurately determined for Fmoc-Ser(Ac3GlcNAcβ)-OH due to degradation of the starting
material during the pre-incubation period. These results indicate that the unnatural epimer of
these glyco-amino acids are favored over the natural epimer and that this energetic
preference is another factor that contributes to the higher observed levels of epimerization
for glyco-amino acids.

Finally, we measured the relative rates of coupling to the resin using a competition assay.
The epimerization process is generally thought to occur via the activated intermediate(s)
(see Figure 3); once the glyco-amino acid has been coupled to the growing peptide chain,
the resulting amide would no longer epimerize under the coupling conditions. A slower
overall coupling rate could allow more time for epimerization. We used a competition assay
to measure the relative coupling rates wherein glyco-amino acids were mixed with an
equivalent amount of Fmoc-Ser(Trt)-OH, activated, and then captured with resin as before.
Using an HPLC assay, we measured relative amounts of the glyco-peptides and serine
containing peptides, which provide a measure of the relative rates of coupling. Under
standard conditions, the initial coupling rates were too fast to measure in this assay.
Therefore, the reaction solution was diluted ten-fold and the coupling reaction was stopped
at 5 minutes to ensure the yield of each peptide was below 20% (total yield below 40%).
Two equivalents of each amino acid were used, which ensured that the consumption of each
amino acid was below 10%.

As summarized in Table 3, most glyco-amino acids coupled more slowly than Fmoc-
Ser(Trt)-OH. The slowest glyco-amino acid, 9, showed an approximately 50% decrease in
relative coupling rate. The Fmoc-D-Ser(Trt)-OH gave the same coupling rate as its
enantiomer. Interestingly, the unnatural D isomer of Fmoc-Ser(Ac3GlcNAcα)-OH had a
noticeably higher coupling rate than the natural isomer.

Steric, Electronic, and Conformational Factors Affecting Epimerization
Although the experiments described above demonstrated that initial rates of epimerization,
the amounts of D-isomer formed and the coupling times of glyco-amino acids are all quite
distinct from their non-glycosylated counterparts, a clearer understanding of the structural
features that may contribute to the higher epimerization rates was desired. Therefore, we
considered several factors that could influence the relative rates of epimerization.

One factor that could potentially contribute to enhanced epimerization of glyco-amino acids
relative to non-glycosylated amino acids are inductive effects. Monosaccharide rings are
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expected to exert a stronger electron withdrawing inductive effect than a trityl group. This
could lead to enhance acidity of the alpha hydrogen. To evaluate this possibility, we
examined the proton NMR chemical shifts of the alpha hydrogens. Interestingly, we
observed no differences in chemical shifts of the alpha hydrogens for any of the serine
analogs used in this study. In contrast, the beta hydrogens of glycosylated serine residues
were shifted downfield approximately 0.5 ppm relative to the beta hydrogens of trityl
protected serine. While this difference could be due to inductive and/or anisotropic effects,
we note that the chemical shifts of the alpha and beta hydrogens of tert-butyl protected
serine were nearly identical with those of the trityl-protected serine, indicating that
anisotropic effects of the trityl group did not have a significant effect on the chemical shifts
of the alpha and beta hydrogens. Therefore, the NMR data supports a stronger electron
withdrawing effect exerted by the sugar ring; however, this effect does not extend to the
alpha position of the amino acids and does not appear to contribute to the increase in
epimerization.

A second factor that could contribute to the enhanced epimerization of glyco amino acids
are conformational effects; however, defining the preferred conformations of small, flexible
glyco-amino acids by NMR is difficult due to the limited number of NMR-derived distance
and angle restraints. Moreover, peptide coupling and epimerization reactions can proceed
through intermediates that may have distinct conformational preferences from the starting
amino acids, but these intermediates are not easily characterized due to their instability.
Therefore, we undertook a modeling study to evaluate conformational preferences.
Epimerization/racemization is generally thought to proceed through an intermediate
oxazolone (see Figure 3).52, 53 As a side note, β-elimination could also occur through a
similar mechanism, but we did not observe β-elimination in any of our peptide coupling
reactions. We reasoned that structural differences between the various oxazolones could
potentially contribute to differences in epimerization. Therefore, we compared
conformational preferences of the putative oxazolone intermediates of Fmoc-Ser(Trt)-OH
and the glyco-amino acid that is most prone to epimerization, viz. Fmoc-Ser(Ac3GlcNAcβ)-
OH. The oxazolones were constructed with the Build facility in Maestro (Schrodinger, Inc.)
and the program MacroModel 11.1 was used to perform searches and analyze data. A series
of structures was calculated based on various criteria as the input to the Conformational
Search utility in Macromodel. To mimic our reaction solvent, we used a distance-dependent
dielectric constant equal to the value for DMF (38). Full descriptions of the search criteria
(force fields, minimization settings, search parameters) can be found in the Materials and
Methods section.

The preferred conformations for the two oxazolones were significantly different. Figure 6
shows the lowest energy conformers of the two oxazolones modeled (Figures 6A and 6B)
along with the values of the Hα-Cα-Cβ-Oβ dihedral angles in each (Figures 6C and 6D). For
the glycosylated oxazolone, the Hα and Oβ atoms are nearly anti to each other (~165°),
whereas these atoms adopt an angle of about 85° for the trityl-protected oxazolone. The
difference in preferred conformations has two key effects. First, the alpha hydrogen of
Fmoc-Ser(Trt)-OH is more sterically shielded than the alpha hydrogen of Fmoc-
Ser(Ac3GlcNAcβ)-OH. The steric hindrance could make it more difficult for the base to
abstract the hydrogen from Fmoc-Ser(Trt)-OH. Second, the anti configuration between the
Hα and Oβ atoms of Fmoc-Ser(Ac3GlcNAcβ)-OH maximizes orbital overlap between the C-
H sigma bond and the C-O sigma* anti-bonding orbital, which would facilitate abstraction
of the alpha hydrogen from Fmoc-Ser(Ac3GlcNAcβ)-OH. Although additional evidence will
be needed to verify this hypothesis, our initial analysis indicates that a combination of steric
and stereoelectronic effects contribute to the enhanced rate of epimerization of glycosylated
amino acids relative to the non-glycosylated counterparts.
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Conclusion
In this study, we demonstrate that glycosylated amino acids are much more prone to
epimerization than their corresponding non-glycosylated counterparts. The enhanced
epimerization during solid phase synthesis is due to a faster rate of epimerization, an
energetic preference for the unnatural epimer, a slower overall rate of peptide coupling, and
a conformational preference in the putative oxazolone intermediate that can be potentially
stabilizing toward α-hydrogen abstraction. Of the thirteen peptide coupling conditions that
we systematically evaluated, conditions 3 (HATU/HOAt/DIPEA/glyco-amino acid at a ratio
of about 1:1:2:1), 7 (DCC/HOBt/ glyco-amino acid at a ratio of 6:6:1) and 13 (HATU/
HOAt/TMP/glyco-amino acid at a ratio of about 1:1:1:1) provided the best overall yields
(>95%) and the lowest levels of epimerization (≤3%). These conditions are compatible with
automated solid phase glycopeptide synthesis, but condition 7 is less desirable due to the
long reaction time and large excess of reagents used in the reaction. Therefore, conditions 3
and 13 represent the best current options for coupling glycosylated amino acids to a growing
peptide chain. It is important to note, however, that additional studies are needed to more
fully evaluate the scope of the epimerization problem and the performance of these peptide
coupling conditions. For example, other factors, such as the protecting groups on the glyco-
amino acid and the nature of the core amino acid (serine vs. threonine), could also affect the
outcome. Moreover, longer sequences and/or more aggregation prone sequences may be
more difficult to synthesize and more susceptible to side reactions. Nevertheless, this study
provides an important step toward general and efficient peptide coupling conditions for
synthesizing glycopeptides.

While we observed substantial amounts of epimerization in many reactions, epimerization
has been noted only infrequently in previous publications. There are several factors that
could account for this discrepancy. First, glycopeptides containing an unnatural epimer are
often extremely difficult to separate from the corresponding glycopeptides containing the
natural epimer. As the peptide sequence increases in length, the separation becomes even
more challenging. In many previous studies, the glycopeptides of interest were over 10
amino acids long. In our study, we used short sequences containing 3 amino acid residues,
which facilitated the separation of natural and unnatural epimers. In addition, we chemically
synthesized the unnatural epimers as defined standards, which enabled the development of
suitable conditions for separating the natural and unnatural epimers by HPLC. It should be
noted, however, that even for our short glycopeptides, separation was not trivial. Second, it
can be extremely difficult to detect the presence of the unnatural epimer by standard
characterization methods, such as mass spectroscopy, elemental analysis, and NMR.
Therefore, these impurities could go undetected. Finally, certain peptide linkages may be
easier to form, leading to less epimerization.

Epimerization of glycopeptides could have a major impact in a number of situations. Many
glycopeptides are in clinical development as vaccine antigens. Previous studies have shown
that the immune system can mount a much stronger response to peptides containing an
unnatural epimer than to natural peptides.54, 55 Thus, even if the unnatural epimer is a minor
contaminant, it may be the dominant antigen recognized by the immune system. Therefore,
the presence or absence of the unnatural epimer could have a major impact on the clinical
efficacy of a glycopeptide vaccine. For biologically active glycopeptides, compounds
containing an unnatural epimer can have completely different activities. For example, the
anti-proliferative factor (APF) present in urine of patients with interstitial cystitis potently
blocks proliferation of bladder epithelial cells.11, 56 In contrast, the corresponding
glycopeptide containing a D-proline at position 3 potently antagonizes the activity of APF.11

Although the unnatural epimer is not at a glycosylated position, this example demonstrates
that variation of stereochemistry at a single position can lead to a complete switch in
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bioactivity. Our results demonstrate that formation of the unnatural epimer can be a major
problem and that judicious choice of coupling conditions can minimize this undesired side
product.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Model coupling reaction and key synthetic materials. The “a” and “b” designations in the
numbering refer to the L and D isomers of the glycopeptides (or non-glycosylated peptides),
respectively.
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Figure 2.
Representative RP-HPLC analysis of coupling reactions. Traces of three potential products
in the coupling reaction with Fmoc-Ser(Ac3GalNAcα)-OH: Fmoc-Pro-Gly-Hex-OH (6)
(starting material, black); Fmoc-D-Ser(Ac3GalNAcα)-Pro-Gly-Hex-OH (2b, non-natural
epimer, red); Fmoc-L-Ser(Ac3GalNAcα)-Pro-Gly-Hex-OH (2a, desired product, blue);
mixture of three components at a ratio of 1:2:4 (purple).
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Figure 3.
General pathway for formation of the oxazolone and the mechanism of epimerization.
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Figure 4.
Initial rates of epimerization. Initial rates were measured using the following coupling
conditions: AAs/HATU/TMP=1:1:12. The initial rates were as follows: Fmoc-
Ser(Ac3GlcNAcβ)-OH (13), k = 0.37±0.01%/min; Fmoc-Ser(Ac3GlcNAcα)-OH (11), k =
0.27±0.01%/min; Fmoc-Ser(Ac3GalNAcα)-OH (7), k = 0.241±0.002%/min; Fmoc-
Ser(Ac4Galβ1-3Ac2GalNAcα)-OH (9), k = 0.197±0.005%/min; Fmoc-Ser(Trt)-OH, k =
0.066±0.003%/min.
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Figure 5.
Epimerization as a function of pre-activation time. Fmoc-Ser(Trt)-OH and glyco-amino
acids were coupled using the following coupling reagents and ratios: AAs/HATU/
NMM=1:1:2. Each amino acid was pre-activated for varying times and then the extent of
epimerization was measured as described in the Materials and Methods: a) Fmoc-
Ser(Ac3GalNAcα)-OH (7); b) Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH (9); c) Fmoc-
Ser(Ac3GlcNAcα)-OH (11); and d) Fmoc-Ser(Trt)-OH.
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Figure 6.
Low energy models of the oxazolone intermediates derived from A) Fmoc-Ser(Trt)-OH and
B) Fmoc-Ser(Ac3GlcNAcβ)-OH (13) generated from the Conformational Search utility in
Macromodel. 2011. Panels (C) and (D) are expansions of the oxazolone ring with the Hα-
Cα-Cβ-Oβ dihedral angle value labeled.
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Table 3

Relative overall rates of peptide couplinga

Amino Acid Relative reaction rate GAA/Ser

Fmoc-Ser(Trt)-OH 1

Fmoc-D-Ser(Trt)-OH 1.06±0.05

Fmoc-Ser(Ac3GalNAcα)-OH 0.69±0.02

Fmoc-D-Ser(Ac3GalNAcα)-OH 0.84±0.03

Fmoc-Ser(Ac4Galβ1-3Ac2GalNAcα)-OH 0.46±0.01

Fmoc-Ser(Ac3GlcNAcα)-OH 0.64±0.02

Fmoc-D-Ser(Ac3GlcNAcα)-OH 1.19±0.03

Fmoc-Ser(Ac3GlcNAcβ)-OH 0.99±0.02

Fmoc-D-Ser(Ac3GlcNAcβ)-OH 1.20±0.09

a
All reactions were carried out by mixing Fmoc-Ser(Trt)-OH (2 eq.) and the listed glyco-amino acid (GAA, 2 eq.) with HATU (4 eq.) and TMP (4

eq.) in DMF. The total reaction time was 5 m and no pre-activation was used.
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