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EPR investigation of the influence of side chain protecting groups
on peptide–resin solvation of the Asx and Glx model
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Abstract—In spite of all progressive efforts aiming to optimize SPPS, serious problems mainly affecting the assembly of aggregating
sequences have persisted. Following the study intended to unravel the complex solvation phenomenon of peptide–resin beads, the
XING and XAAAA model aggregating segments were labeled with a paramagnetic probe and studied via EPR spectroscopy. Low
and high substituted resins were also comparatively used, with the X residue being Asx or Glx containing the main protecting groups
used in the SPPS. Notably, the cyclo-hexyl group used for Asp and Glu residues in Boc-chemistry induced greater chain immobi-
lization than its tert-butyl partner-protecting group of the Fmoc strategy. Otherwise, the most impressive peptide chain immobili-
zation occurred when the large trytil group was used for Asn and Gln protection in Fmoc-chemistry. These surprising results thus
seem to stress the possibility of the relevant influence of the amino-acid side chain protecting groups in the overall peptide synthesis
yield.
� 2007 Elsevier Ltd. All rights reserved.
After the seminar proposition of the solid-phase peptide
synthesis (SPPS) method in the literature,1 this innova-
tive approach still suffers from some drawbacks related
mainly to the difficulty in achieving complete incorpora-
tion of amino acid residues in peptide chain elongation.2

This usually occurs during the synthesis of particular
sequences characterized by presenting a tendency of
strong chain association. To overcome this type of prob-
lem, which is in most cases sequence-dependent, innu-
merable studies have appeared in the last few decades
aiming at improving the SPPS methodology. These
efforts comprised the use of more reactive coupling
reagents,3,4 elevated temperature,5 alternative solid sup-
ports6,7 and microwave radiation to optimize amino-
acid coupling reactions.8,9 Nevertheless, a significant
part of these efforts have failed to give us a better under-
standing of the physicochemical features of the complex
peptide–resins in solvated state. Neither have they
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helped us discover approaches or strategies that might
help overcome specific chain growth difficulties. In this
context, many reports have applied the classical proce-
dure of measuring the swelling volume of resins in differ-
ent solvent systems.10–12 However, the majority of works
have indeed used spectroscopic methods such as IR,13,14

NMR,15–17 fluorescence and EPR.18 In our case, the
peptide resin swelling determination was also the first
approach tested to better understand the peptide–resin
solvation. But in this context, this process is considered
a type of solvent effect investigation and the solute is a
collection of model peptide–resins. Thus, by handling
a dozen peptide–resins and solvent systems differenti-
ated by parameters such as their polarity or acid/base
properties, it has been possible to propose some rules
that seem to govern peptide–polymer solvation.19,20 In
addition, this investigation also allowed the proposition
of a novel and dimensionless solvent polarity scale,
which proved to be more practical and sensitive than
all those existing to date in the literature.20 As a contin-
uation of this effort, we started a different strategy where
the EPR method was conjugated with the use of the
stable free radical TOAC (2,2,6,6-tetramethylpiperi-
dine-1-oxyl-4-amino-4-carboxylic acid)21 derived from
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Figure 1. Effect of solvent on EPR spectra of TOAC-labeled low load
DAAAA–MBHAR.
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its amino group with the tert-butyloxicarbonyl (Boc)22

or 9-fluorenylmethyloxycarbonyl (Fmoc).23 These
groups temporarily protect the TOAC, thus allowing
its coupling to peptide sequences in solution or attached
to polymers and even to other active group-containing
macromolecules or systems. The goal in this case was
to determine the mobility of peptide chains in different
conditions and make a correlation to the efficiency of
coupling reaction in the synthesis.

The latter strategy fortunately has led us to obtain some
important information in respect to peptide–resin char-
acteristics, comprising some rules of peptide chain solva-
tion and detection of strong aggregated sequences24,25

and the effect of an increase in temperature.26 More
recently, a real-time monitoring of the coupling reaction
in the resin27 or calculation strategy of unusual polymer
parameters was also demonstrated. Examples of this are
the number of sites per bead, the concentration and the
distance existing between these sites when in the solvated
state.28 Lastly and of great relevance to the present
Letter, it was possible to confirm a direct relationship
existing between solvation degree of the bead and chain
mobility with the rate of coupling reactions.25,28,29

Thus, taking into account all the progress achieved to
date in the understanding of the solvation phenomenon
during the peptide chain assembly, we now decided to
start evaluating the influence of the amino-acid side
chain protecting groups in the overall solvation degree
of peptide–resins. This effect has not yet been evaluated
and we decided to combine for this purpose, the use of
the EPR method and the TOAC labeling strategy. To
maximize possible problems for appropriate solvation
of peptide–resins, two well-known aggregating peptide
sequences were selected. For the EPR experiments, the
strategy already applied25 was selected and, the higher
the central field peak line-width (W0) values, the greater
the immobilization of the labeled peptide chains.

The ING (65–74) fragment of the acyl carrier protein30

and polyalanine AAAA17 sequence, both known as
aggregating segment, were synthesized via the conven-
tional Fmoc/t-Bu-solid phase method using meth-
ylbenzhydrylamine-resin (MBHAR), either in low
(0.5 mmol/g) or in highly substituted conditions
(2.3 mmol/g). The reason for the use of the latter resin
lies in the idea of promoting deliberately stronger chain
associations inside the beads. After the assembly of both
sequences separately in these two MBHAR batches,
guest amino acids (Asx or Glx) were introduced at the
N-terminal extremity of their sequence. The Trt (trityl)
group was selected to protect the Asn and Gln residues;
and the t-Bu (t-butyl) was selected for Asp and Glu
(both used in Fmoc/t-Bu chemistry).31 In the case of
Boc chemistry,32 Asn and Gln were evaluated either in
free form or protected with the Xan (xanthenyl) group,
whereas the c-HxO (cyclo-hexyl) or Bzl (benzyl) groups
were studied as protecting groups for the Asp and Glu
residues. The integrity of the synthesized peptide resins
was verified by cleaving a small portion of the sample
and the crude peptides were characterized by analytical
HPLC, amino acid analysis and mass spectrometry. For
the EPR studies, the peptidyl-resins were thus labeled
with the Fmoc–TOAC derivative and in order to avoid
spin–spin exchange interactions, which may broaden
the EPR lines, and to minimize possible physicochemical
and steric perturbations, the extent of labeling was kept
as low as possible. It was also assumed that the TOAC-
labeled peptide chains are dispersed homogeneously
throughout the resin matrix and behave similarly to
the unlabeled chains in all solvent systems tested. Sam-
ples were placed in flat quartz cells and EPR measure-
ments were carried out at 9.5 GHz in a Bruker ER 200
spectrometer using 298 K as the temperature. The mag-
netic field was modulated with amplitudes less than one-
fifth of the line widths and the microwave power was
5 mW to avoid saturation effects.

For example, Figure 1 displays the EPR spectra of low
peptide-loaded (0.5 mmol/g) DAAAA–MBHAR swol-
len in DMF, NMP and DMSO solvents. In DMSO,
which is a polar and strong nucleophilic solvent, the spec-
trum displays two components, one with broad lines and
the other with narrow lines, corresponding to strongly
and weakly immobilized spin label populations, respec-
tively. This second component was found in DMSO
in most of the low-substitution peptide–MBHARs.
This is in accordance with the dominant influence of
the 1% polystyrene–styrene apolar matrix of the solid
support over the more polar attached peptide chains.
Table 1 summarizes the peptide chain mobility degrees
estimated by W0 values of all these peptide–resins in
DMF, NMP and DMSO. In these peptides only the N-
terminal residue (Asx or Glx) and the corresponding
protecting groups were changed, as necessary.

The evaluation of the W0 values of this table allows the
following conclusions: (i) the ING sequence is more
aggregated than the AAAA segment. This conclusion
was obtained by the greater average W0 values of the
former sequence, regardless of the substitution degree
of the resin or the solvent used; (ii) using these same
W0 solvation data, DMSO seems to be the less appropri-
ate solvent for solvating peptide–resins in a low peptide-
content condition (this solvent presented greater W0



Table 1. Effect of side chain protector on the EPR spectra of low and highly loaded TOAC–XAAAA and XING–MBHAR swollen in DMF, NMP
and DMSO

X residue/protector W0 (G)

DMFa NMPa DMSOa DMFb NMPb DMSOb

XAAAA

Asp (t-Bu) 1.74 1.67 2.93 1.80 1.83 1.77
Asp (Bzl) 1.87 1.73 2.95 1.95 2.03 2.24
Asp (c-HxO) 2.51 1.99 4.82 1.95 1.94 2.12
Glu (t-Bu) 1.79 1.84 3.04 1.85 1.92 2.06
Glu (Bzl) 1.84 1.99 3.20 1.91 2.02 1.92
Glu (c-HxO) 1.81 1.88 3.20 1.99 2.04 2.05
Asn (NH2) 1.79 1.81 2.05 1.90 2.03 1.84
Asn (Xan) 1.77 1.81 1.97 1.95 2.11 1.82
Asn (Trt) 1.91 1.93 2.80 2.10 2.19 2.12
Gln (NH2) 1.80 1.84 1.99 1.96 1.96 1.82
Gln (Xan) 1.84 1.83 1.96 1.87 1.96 1.99
Gln (Trt) 1.90 1.97 3.25 2.01 2.16 2.10

XING

Asp (t-Bu) 1.88 1.87 1.89 1.93 2.09 1.92
Asp (Bzl) 1.82 2.17 2.12 2.13 2.60 2.17
Asp (c-HxO) 2.30 2.60 2.26 1.99 2.18 2.07
Glu (t-Bu) 1.95 1.76 1.86 1.91 2.00 1.94
Glu (Bzl) 1.88 1.95 1.88 2.01 2.26 1.97
Glu (c-HxO) 1.91 1.86 1.96 1.98 2.20 2.03
Asn (NH2) 1.95 2.06 2.02 2.05 2.20 2.10
Asn (Xan) 2.17 2.70 2.08 2.14 2.32 2.01
Asn (Trt) 2.37 1.91 Powder spectra 2.59 2.57 2.67
Gln (NH2) 2.11 1.79 2.37 2.00 2.30 1.71
Gln (Xan) 1.99 2.01 2.27 2.00 2.34 1.80
Gln (Trt) 2.25 2.21 3.91 2.12 2.35 2.47

a 0.5 mmol/g.
b 2.3 mmol/g.
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values in comparison with DMF or NMP); (iii) in
contrast with the aforementioned, no significant differ-
ence in the solvation degree was verified among these
three solvents when heavily substituted MBHAR is
used; (iv) in terms of Boc-chemistry, no significant differ-
ence is observed when Asn or Gln residues contain their
side chains in free form or attached to the Xan group;
(v) otherwise in Fmoc chemistry, the Trt protection in-
duced the more pronounced immobilization of peptide
chains listed in Table 1; (vi) when the EPR mobility of
Asp and Glu residues attached to the peptides are exam-
ined, one can conclude that the c-HxO protecting group
induces greater chain immobilization than Bzl (in Boc
chemistry) and also than t-Bu (in Fmoc chemistry).

Collectively, these data strongly point out that the type
of single-protecting group significantly affects the overall
peptide chain mobility during the peptide synthesis. An
increase of about 0.1 G or higher for the W0 parameter
has been previously correlated with a significant de-
crease in the rate of coupling reaction.24,25 These find-
ings thus strongly suggest that depending on the side
chain protecting groups used for the synthesis, pro-
nounced influence in the overall solvation of the peptide
resin can occur with significant consequences to the syn-
thesis. The controversy that still exists in comparing the
efficiency of Boc and Fmoc-synthesis strategies33–35

must be therefore discussed in the light of the solvation
influence over the side chain protecting-group mobility
of each chemical strategy. This possibility has currently
been investigated making different combinations of the
presence of these protecting groups in peptide sequence
models. This has been done to further the application of
the EPR/TOAC strategy aiming at verifying the corre-
sponding influence for the solid-phase peptide synthesis
methodology.
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