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The conversion of peptide and proteins from their soluble state
into well-organized aggregates, together with the accompanied
oxidation of methionine residue, presents a significant challenge
to human health, to the manufacture of protein therapeutics,
and to the synthesis of proteins and glycoproteins. Despite their
fundamental importance, little is known about the molecular basis
of these two side reactions and their control. Here, using chemical
peptide synthesis, we further confirmed the importance of the bal-
ance between hydrophobic interactions and electrostatic repulsive
forces in inducing and inhibiting aggregation and methionine
oxidation. Most importantly, through extending the established
principle, we are able to effectively stabilize the problematic pep-
tide fragment through the attachment of cleavable arginine tags.
Future applications of our approach are expected to facilitate the
synthesis and study of difficult peptides, proteins, and glycopro-
teins and will provide more opportunities for the optimization
of protein biopharmaceuticals and for the development of cell-
permeable biomolecules.
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Degradation of peptides and proteins by aggregation is a sig-
nificant problem both from the standpoint of fundamental

research and for biopharmaceutical production (1, 2). Aggrega-
tion can be simply described as the oligomerization and/or
polymerization of partially unfolded peptides and proteins. It can
proceed through three commonly observed mechanisms: nonco-
valent interactions, disulfide bond formation/exchange, and non-
reducible cross-linking. Through self-association, peptides and
proteins can form soluble or insoluble aggregates. Formation
of such aggregate species has been suggested to be intimately as-
sociated with the progression of many fatal neurodegenerative
diseases. Moreover, the safety and immunogenicity of therapeutic
proteins may be compromised by aggregate formation (3, 4).
Hence, the development of strategies to control aggregation
would have important implications in the treatment of neurode-
generative diseases and in the minimization of side effects asso-
ciated with recombinant therapeutic proteins (5).

Aggregation is apt to be accompanied by the oxidation of
methionine residues in adjacent chains (6, 7). The methionine
residues on the surface of the polypeptide or protein are thought
to be more readily oxidized (8), thereby generating primarily
methionine sulfoxide (Fig. 1). Methionine oxidation is a complex
process, closely connected with aging and the pathology of var-
ious diseases states (9). Although levels of methionine oxidation
can be reduced by various strategies, effective and reliable control
of this problem has not been achieved (10).

Aggregation and oxidation of methionine residues also present
a significant challenge to protein and glycoprotein chemical
synthesis (11–13). Although a natively folded protein can exhibit
a reduced tendency to self-association by burying its hydrophobic
residues and aggregation-prone regions in the closely packed
interior, synthetic fragments en route to proteins are often par-
ticularly prone to aggregation and oxidation, due to the exposure
of the hydrophobic regions and the methionine residues to the
surface (14). These problems can be particularly significant in

the synthesis of glycosylated globular proteins. In addition to
possessing the hydrophobic nuclei around which the globular pro-
teins can fold, these proteins may also have hydrophobic regions
on their surfaces (15). Although the association of these exterior
hydrophobic surfaces can be inhibited by the attached glycans in
the correctly folded glycoprotein, during chemical synthesis, the
loss of native conformation in the synthetic fragments can easily
result in problematic aggregation and methionine oxidation (16).

Not unexpectedly, during the course of our synthetic studies
toward the homogeneously glycosylated human erythropoietin
(hEPO) (29–77), we have also encountered the problem with ag-
gregation and methionine oxidation (17, 18). These side reactions
further complicated the already challenging task of synthesizing
the homogeneously glycosylated hEPO. In order to optimize and
simplify the synthesis, we launched a program to improve the
handling properties of the synthetic fragments. Toward this end,
we first identified the peptide fragments that are responsible
for the undesired reactions. From there, we showed that introduc-
tion of guanidino groups could enhance the stability of hEPO
peptides. Finally, we were able to develop two cleavable arginine
tags to improve the chemical and physical properties of the pro-
blematic fragment, partially protected hEPO (43–77) (19, 20).

We commenced with an examination of the properties of the
synthetic fragments directed to hEPO. Although several methods
can be used to analyze peptide aggregation and methionine
oxidation, we chose to employ high-performance liquid chroma-
tography and mass spectrometry (LC-MS) techniques because of
their convenience and suitability for the task. When analyzed
by LC-MS, seriously aggregated peptides provide lower UV peak
heights (1, 21). Similarly, inhibition of the irreversible oxidation
of methionine residues in a given peptide would lead to a de-
crease of the þ16 Da mass signal. Therefore, the extent of aggre-
gation and methionine oxidation can be rapidly estimated based
upon the UV absorption and the MS signal intensity (22–24).

Using Fmoc-chemistry-based solid-phase peptide synthesis
(SPPS), we prepared three different variants of both hEPO
(29–57) and (43–77), including one with free lysine residues and
two variants, with allyl-oxycarbonyl (Alloc) and 1-(4,4-dimethyl-
2,6-dioxo-cyclohexylidene)-3-methyl-butyl (ivDde) protected
lysines, respectively (Fig. 1). As previously described in our work,
lysine protection was necessary for the controlled synthesis of
hEPO glycopeptide building blocks (18, 25, 26). The N terminus
of each peptide was capped with an Fmoc protecting group to
improve the UV detection. After purification by HPLC, the syn-
thetic peptides were dissolved in a solution of H2O∶MeCN ¼ 1∶1
(5% vol∕vol AcOH). The aggregation propensity of each peptide
was estimated based on the height of the peptide peaks after
standing in air for 3 d. The extent of methionine oxidation
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was determined based on the signal intensity of the oxidized pep-
tide peak.

The UVandMS analyses of the three hEPO (29–57) fragments
demonstrated that this region is not central to aggregation. We
then turned our attention to hEPO (43–77). The analytical results
are shown in Fig. 2. After purification and reconstitution, unpro-
tected peptide 1 was homogeneous and was eluted as a single
peak. The MS peak corresponding to the oxidized species is

estimated to be about 10% of the total peptide fraction. After
standing in air at room temperature for 3 d, the UV peak height
of peptide 1 did not change significantly. The height of the MS
signal corresponding to the oxidized methionine also remained
nearly unchanged. At time zero, the Alloc-protected peptide 2
is also a sharp peak and the oxidized peptide is about one-third
of the total fraction. After 3 d, however, a large reduction in the
height of the UV peak was observed. Meanwhile, there was a

Fig. 1. Aggregation and methionine oxidation of hEPO (43–77). (A) The sequences of the synthetic hEPO (43–77) fragments. (B) Methionine oxidation.

Fig. 2. LC-MS analysis of synthetic peptide fragments 1, 2, and 3.
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roughly 20% increase in the level of methionine oxidation. Simi-
lar changes were observed in the analysis of ivDde-protected
peptide 3.

These results indicate that this region of hEPO (43–77) is likely
to be responsible for the observed oxidative and degradative
phenomena. These analyses revealed that the extent of the side
reactions is strongly influenced by the properties of the peptide
side chains. Although various possibilities can account for the
decreased stability of the protected peptides, findings from
previous studies suggested that the aggregation propensity of the
synthetic fragments might be closely related to the inter- and in-
tramolecular hydrophobic associations and electrostatic interac-
tions between the positively charged peptide side chains. This
view is supported by the results of an analysis of multiple aggre-
gation-prone sequences (20, 27, 28). Through the analysis,
Dobson and co-workers proposed that the positively charged
lysine and arginine residues play an important role in disrupting
the association of the hydrophobic regions. They can act as “se-
quence breakers” to reduce or even to completely eliminate the
aggregation propensity of peptides and proteins (28). Likewise,
the peptides and proteins lacking the positively charged residues
exhibit a high tendency to build up the sequential patterns that
favor the formation of aggregates.

Hydrophobicity profiles and hydrophobic cluster analyses for
peptides 1, 2, and 3 clearly support such a hypothesis (29). As
shown in Fig. 1, protection of the lysine side chains with hydro-
phobic groups, i.e., Alloc and ivDde, results in the formation of
two adjacent clusters of hydrophobic residues, which are high-
lighted with yellow lines. Structurally, this feature is very similar
to that of amyloid β-peptide (1–42), which contains two hydro-
phobic regions and three positively charged residues (30).
Because of the inter- and intramolecular association of these
two regions, Aβ-peptide (1–42) can self-assemble spontaneously
into aggregates. Analogously, we propose that the association of
the hydrophobic regions may also promote the aggregation of
peptide 2 and 3, which in turn leads to the oxidation of Met
54 to methionine sulfoxide (31). Normally, methionine thioether
is a rather poor electron donor for molecular oxygen, presumably
reflecting the oxidation and reduction potentials of Met and
oxygen (32). However, the conformational changes induced by
aggregation may have major effects on the capacity of methionine
to act as a reducing agent. The protection of the lysine residues
with the Alloc and ivDde groups may considerably change the
structural features of hEPO (43–77), thereby resulting in place-
ment of the sulfur atom of Met 54 in proximity to an amide oxy-
gen (7, 33). Analogous to the oxidation of Aβ-peptide (1–42),
such a close association could facilitate the formation of a sulfur
radical cation amide oxygen bond, thereby accelerating the con-
version of the thioether group to the corresponding sulfoxide
(32, 34).

Following the above analysis, it seemed reasonable to assume
that if the association of the two hydrophobic regions in peptides
2 and 3 can be inhibited, then both aggregation and methionine
oxidation can be prevented. Among all the possible ways to
achieve this goal, the most reliable strategy would be to change
the net charges of the target molecules (35). According to
previous studies, aggregation can be controlled by ensuring a
balance between hydrophobic attractions and electrostatic
charge–charge repulsions (28, 36). Presumably, the effects of
charged residues are mediated through electrostatic repulsions
occurring intramolecularly as well as intermolecularly. Appar-
ently, incorporation of more positive charges into the peptide
can cause more repulsions and lead to the shifting of the balance
toward inhibition of aggregate formation. This idea was suggested
by previous studies. For example, Dobson and co-workers have
shown that the presence of evenly distributed lysine and arginine
residues strongly stabilizes peptides against self-oligomerization
(28). They have also used arginine as a sequence breaker to in-

hibit the self-assembly of peptides with high propensity to aggre-
gate (20). In a similar study, Liu and co-workers observed a
stabilization of GFP by supercharging with multiple arginine re-
sidues (37). However, because only the guanidino group on the
side chain of arginine is compatible with the reaction conditions
employed for our synthesis of hEPO glycopeptide fragments,
lysine could not be used to improve the handling properties of
the synthetic fragments (38).

With this in mind, we set out to investigate the relationship
between the number of guanido groups and the aggregation
propensity of the synthetic peptide fragment. Using SPPS, we
produced peptide 4 by replacing the lysine residues at positions
45 and 52 with arginines. The LC-MS analysis of this variant is
shown in Fig. 3A. Interestingly, although arginine is believed to
have lower intrinsic aggregation propensity, in our study, its
antiaggregation effects for hEPO (43–77) peptide are less pro-
nounced than lysine (28). In light of these findings, another pep-
tide variant was designed by replacing two additional glutamic
acids at positions 62 and 72 by arginines (Fig. 3B). Happily, as
judged by LC-MS analysis, the supercharged version of hEPO
(43–77) effectively maintained not only its structural stability,
but its chemical stability as well. The success of this study
indicates that the charge–charge interactions mediated by four
guanidino groups are sufficient for inhibiting the aggregation
of hEPO (43–77).

Through this work, we have successfully identified a hEPO
(43–77) variant with increased stability in solution and side-chain
functionalities that are compatible with the reaction conditions.
However, it is important to note that such engineering actually
changed the native sequence of hEPO (43–77). Because the amino
acids in this region were proposed to play direct roles in the high
affinity interaction between hEPO and its receptor, modifications
of the residues must face the risk of compromising the biological
activity of hEPO (39). Our goal, at least presently, is to conserve
the primary structure of hEPO in the fully synthetic product.

To overcome the problem, we sought to develop a specifically
designed hEPO (43–77) fragment that, through the incorporation
of four guanidine groups, would exhibit the desired stability,
fragment-coupling selectivity, and functional activity. Inspired
by the work on “traceless linkers” (40, 41), we theorized that gua-
nidino groups can be attached to the lysine and glutamic acid
residues using cleavable linkers (Fig. 4A) (41). These linkers
must be able to survive the basic and acidic conditions required
for SPPS and must subsequently be easily cleaved from the pep-
tide side chains under mild conditions. On the basis of previous
studies, we found the allylic linkers to offer significant advantages
for the proposed studies (42, 43). The allylic ester and allylic
carbamate linkers can serve as side-chain protection for lysine
and glutamic acid during SPPS. The arginine moiety attached
at the other end of the linker can promote the stability of the
synthetic fragment. In addition, it has been shown that the allylic
linkers are stable under SPPS conditions and can be effectively
removed by palladium(0)-catalyzed deprotection in the presence
of nucleophiles.

To test our proposition, we first prepared two arginine-modi-
fied building blocks, 7 and 8. For the synthesis of 7, the commer-
cially available Glu derivative, Fmoc-Glu(OtBu)-OH 9, was used
as the starting material. This was converted to the 9-fluorenyl-
methyl ester 10 using N,N′-dicyclohexylcarbodiimide (DCC) as
the coupling agent. Following purification, the ester was depro-
tected by TFA, to afford the free acid. The synthesis of the adduct
11 was achieved by reacting the side-chain carboxyl group with
the allylic bromide under phase transfer conditions (44). Re-
moval of the t-butyl group from 11, followed by amide formation
between 12 and H-Arg(Pbf)-OtBu, furnished the compound
13. Treatment of amino acid 13 with excess piperidine followed
by Fmoc protection of the α-amine group, afforded the desired
molecule 7. The synthetic procedures for building block 8 are very
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similar to those of 7, except that the third step was replaced by the
formation of an allylic carbamate.

Peptide 6, which contains four removable allylic type tags at
positions 45, 52, 62, and 72, was prepared by solid-phase synthesis
using building blocks 7 and 8 on a Novasyn® TGT resin (Nova-

biochem). The peptide was cleaved from the resin with
TFA∕triisopropyl silane∕H2O (95∶2.5∶2.5). All the acid-labile
side-chain protecting groups, including the two Pbf protecting
groups in 7 and 8, were removed by this treatment. The resulting
crude peptide was purified by HPLC. The LC-MS analysis of this

Fig. 3. Handling properties of different hEPO (43–77) fragments. (A) The sequence and LC-MS analysis of peptide 4. (B) The sequence and LC-MS analysis of
peptide 5.
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peptide is shown in Fig. 4D. From the analysis, a significant re-
duction in the rate of aggregation and methionine oxidation was
observed when compared with the Alloc and ivDde-protected
synthetic fragments. Specifically, we found that the UV peak
of peptide 6 did not change with time. After 3 d, the intensity
of the electrospray ionization-MS peak for the oxidized peptide
remains very low. Additionally, when stirred in the DMSO with
hydroxy-3,4-dihydro-4-oxo-1,2,3-benzotriazine and N,N-diisopro-
pylethylamine under air at room temperature, the typical reaction
conditions for direct-aminolysis reaction, no significant decrease

of peptide 6 in the reaction solution was observed. Most impor-
tantly, we were able to efficiently cleave the allylic ester and the
allylic carbamate from peptide 6 by using tetrakis(triphenylpho-
sphine)palladium(0) in DMSO in the presence of excess triphe-
nylsilane (42–45).

In summary, we have developed a strategy to improve the
physical and chemical properties of the synthetic peptide frag-
ments, especially those with multiple hydrophobic regions.
Although the detailed mechanism of action by which the cleava-
ble Arg tags exert their antideterioration effect is not established,

Fig. 4. Preparation and characterization of peptide 6. (A) The sequence of peptide 6. (B) The synthesis of building block 7. Pbf ¼
2;2;4;6;7-Pentamethyldihydrobenzofuran-5-sulfonyl. Key: (a) Fm-OH, DCC, DMAP, CH2Cl2, 20 min, 99%; (b) TFA∶CH2Cl2 (1∶1), 30 min;
BrCH2CH ¼ CHCH2CH2CO2tBu, Bu4NBr, NaHCO3, H2O, CH2Cl2, THF, 7.5 h, 60%; (c) TFA∶CH2Cl2 (1∶1), 35 min, 86%; (d) H-Arg(Pbf)-OtBu, DCC, DMAP,
CH2Cl2, 30 min, 74%; (e) Piperidine, CH2Cl2, 20 min; Fmoc-OSu, NaHCO3, H2O, THF, 2.5 h, 29%. (C) The synthesis of building block 8. Key: (f) Fm-OH,
DCC, DMAP, CH2Cl2, 20 min, 28%; (g) 4M HCl in dioxane, 1 h, 50%; (h) SuOCð¼ OÞOCH2CH ¼ CHCH2CH2CO2tBu 17, NaHCO3, H2O, CH3CN, 1 h, 40%;
(i) TFA∶CH2Cl2 (1∶1), 40 min; H-Arg(Pbf)-OtBu, DCC, DMAP, CH2Cl2, 10 min, 50%; (j) Piperidine, CH2Cl2, 10 min; Fmoc-OSu, NaHCO3, H2O, THF, 2 h, 94%.
(D) LC-MS analysis of synthetic peptide 6.
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on the basis of previous investigation, we surmise that their anti-
aggregation and antioxidation properties could be attributed to
the increased number of guanidino groups in the synthetic frag-
ment (46). Collectively, our data would seem to indicate that
the arginines on the periphery of the two hydrophobic patches
are able to distort detrimental associations in solution. The
suppression of hydrophobic interactions seems to carry with it
a corresponding decrease in aggregation and methionine oxida-
tion rates. Such an understanding should be of particular signifi-
cance in analyzing the principles governing the processes of
peptide and protein aggregation and oxidation and could well
facilitate the general design of stable polypeptides for protein
and glycoprotein chemical synthesis. By varying the linkers that
are used to anchor the arginine residues, the approach described
here could also be extremely useful in the optimization of
biopharmaceuticals and in the development of cell-permeable
molecules (20, 47).

Materials and Methods
All commercial reagents and solvents were used without further purification.
All reactions were performed under an atmosphere of argon or nitrogen.
Automated peptide synthesis was performed on an Applied Biosystems
Pioneer continuous flow peptide synthesizer using commercially available
and synthetic building blocks. The deblock solution was a mixture of

100∕5∕5 of dimethylformamide∕piperidine∕1;8-Diazabicyclo[5.4.0]undec-7-
ene. The peptide cleavage solution was a mixture of 95∕2.5∕2.5 of
TFA∕TIS∕H2O. The purification of the peptides was achieved using a Ranin
HPLC solvent delivery system equipped with a Rainin UV-1 detector and Var-
ian Dynamax using Varian Microsorb 300-5, C4 250 × 21.4 mm columns at a
flow rate of 16.0 mL∕min. The analysis of the peptide was performed using a
Waters 2695 Separations Module and a Waters 996 Photodiode Array Detec-
tor equipped with Varian Microsorb 300-5, C4 250 × 2.0 mm columns at a
flow rate of 0.2 mL∕min. The mobile phase for HPLC analysis and separations
was a mixture of 0.05% TFA (vol∕vol) in water ðsolvent AÞ∕0.04% TFA in acet-
onitrile (solvent B). Each purified synthetic peptide variant was dissolved in
MeCN∕H2O∕AcOH (47.5∶47.5∶5) to make a 0.12-mM solution. At time zero,
10 μL of the peptide solution were injected into the LC-MS system operated
as described above. The analyte was eluted using a linear gradient method:
0 min ∕30% solvent B and 30 min ∕95% solvent B. After standing in air
for 3 d, each analyte was characterized again using the same conditions.
A detailed description of materials and methods is given in SI Materials
and Methods.
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