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A combined resin solvation-peptide chain motion and kinet-
ics of coupling reaction approach was applied to monitor de-
tails of the synthesis of TM-34, a 34-residue transmembrane
segment of the bradykinin receptor. The dynamics of resin-
bound peptide fragments attached to a stable free radical
amino acid were examined by EPR spectroscopy. In agree-
ment with an abrupt decrease (from 83 to 43%) in peptide
purity occurring in the 12−16 region when DMF was used, a
much more strongly immobilized chain population was de-
tected, especially at the 12-mer stage. Conversely, faster

Introduction

Some decades ago, the use of beaded-form cross-linked
polymers was mostly restricted to stationary phases in col-
umn chromatography. The landmark development that
launched such polymeric materials towards more special-
ized levels of application in many different fields occurred
in the early 1960s[1] with the introduction of the solid-phase
peptide synthesis (SPPS) method.[2] The concept of per-
forming chemical processes on an insoluble polymer matrix
has been successfully extended to the development of effici-
ent synthetic methodologies for oligonucleotides[3] and
polysaccharides.[4] More recently, solid phase-based com-
binatorial chemistry methods have again proven fruitful not
only in the generation of peptide libraries,[5] but also in the
development of solid-phase organic synthesis strategies,
with a remarkable impact on drug development.[6]
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couplings and improved synthesis were observed in 20%
DMSO/NMP, probably due to the higher chain mobility in
this mixed solvent. In addition, findings relating to solvation
of peptide resins seemed to corroborate the previously ad-
vanced proposition that the 1:1 sum of electron acceptor and
electron donor properties of a solvent can be considered to
be an alternative and more appropriate parameter for its po-
larity.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

As a consequence of this increasing trend in the use of
polymer-dependent experimental procedures, a large num-
ber of different resins have been developed,[7] together with
analytical methods aiming to clarify the potential of each
polymer-based methodology. In this latter case, many ef-
forts have been made, involving the use of NMR,[8] IR,[9]

fluorescence,[10] and CD[11] spectroscopy. Although applied
comparatively less often, EPR[12] has been of great value,
as it provides relevant information about the solvated poly-
meric network. In this context, the use of the paramagnetic
amino acid probe TOAC (2,2,6,6-tetramethylpiperidine-1-
oxyl-4-amino-4-carboxylic acid),[13] initially used for pep-
tide labeling[14] and later for structural investigation of solv-
ated or peptide-supporting polymers,[15] has also been act-
ively pursued.

In the spectroscopic evaluation of polymeric material, the
solvent system plays a crucial role. Solvent molecules may
affect the average distance between chains (and, as a result,
the degree of chain-chain association), or control the rate
of motion of components and the kinetics of reaction. For
this reason, polymer solvation has been intensively studied
by a variety of experimental procedures.[16] In this regard,
a study of the solvation characteristics of model peptide-
resins in about 30 single and mixed solvents of different
polarity led us to propose the (AN�DN) parameter,[17] the
sum of Gutmann�s electron acceptor (AN) and electron
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donor (DN) solvent numbers[18] in a 1:1 proportion, as an
alternative polarity scale.

In this context, step-by-step monitoring of physico-
chemical variations that may occur during the resin-bound
elongation of a transmembrane fragment bound to a poly-
mer structure may be a distinct and valuable strategy through
which to address this issue. This is due to the inherent pro-
pensity of long, hydrophobic peptide sequences to undergo
aggregation/association processes throughout the swollen
resin network. Moreover, it can be of great value in the
detection of minor, but crucial, microenvironmental details
relevant for monitoring of peptide-resin elongation
during SPPS. Thus, taking into account our previous
work[19] showing the difficulty of synthesizing and
purifying a very hydrophobic 34-residue peptide (TM-
34, CTVAEIYLGNLAGADLILASGLPFWAITIANNFD)
corresponding to a transmembrane segment (residues
69�97) of the rat bradykinin B2 receptor,[20] this report pre-
sents an investigation of the dynamics of the association
properties of shorter peptides from the TM-34 sequence.
The work focuses on peptide-resin solvation (swelling meas-
urement of bead sizes), peptide chain mobility (EPR study
of TOAC-labeled peptide-resins), and the kinetics of the
coupling reaction. The purpose was to obtain relevant
physicochemical data regarding the swelling properties of
the polymer backbone during peptide elongation and the
dependence on the solvent system used for the coupling re-
action. Special emphasis was placed on the TM-34 region,
in which a pronounced difference in bead solvation was ob-
served.[19]

Results

Solvation Studies

To monitor the solvation behavior as a function of chain
length, the degrees of swelling of peptide-resins containing
different portions of the TM-34 sequence were determined
in DCM, DMF, and 20% DMSO/NMP. Table 1 shows a
sharp decrease in the peptide-resin solvation at the 12-mer
stage in DMF, but not in DCM or in 20% DMSO/NMP

Table 1. Degrees of swelling of TM-(4, 8, 12, 16, 20, 24 and 28) resins in different solvents

DCM DMF 20% DMSO/NMP
Peptide Diameter of Solvent within Diameter of Solvent within Diameter of Solvent within
resin swollen bead bead swollen bead bead swollen bead bead

(µm) (%)[a] (µm) (%)[a] (µm) (%)[a]

TM-4 77 74 82 79 83 79
TM-8 70 59 75 67 91 80
TM-12 76 64 60 37 90 78
TM-16 87 75 78 63 97 82
TM-20 � � 67 45 88 76
TM-24 82 68 73 55 88 74
TM-28 89 72 84 67 97 79

[a] [(swollen volume � dry volume)/swollen volume] � 100 using the following values for measured diameters of dry beads: Resins: TM-
4 � 49 µm, TM-8 � 52 µm, TM-12 � 54 µm, TM-16 � 55 µm, TM-20 � 55 µm, TM-24 � 56 µm, TM-28 � 58 µm.
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Figure 1. Degree of swelling of TM-(4, 8, 12, 16, 20, 24 and 28)-
resins in DCM (·), DMF (�) and 20% DMSO/NMP (o)

(Figure 1), revealing considerable solvent-dependent pep-
tide chain aggregation at this position. Much better swelling
(about 80% of swollen bead volume occupied by the solv-
ent) was found in 20% DMSO/NMP; a smaller improve-
ment was seen with the less polar solvent DCM. These find-
ings seem to be in accordance with a preliminary study of
the TM-34 assembly[19] in which a strongly solvent-depend-
ent synthesis yield was observed, together with a critical
region located at the 12�16-residue segment. A sharp de-
crease in the yield (from 83 to 43%) was observed for this
region when DMF was used for coupling. However, the
yield was considerably improved when the mixed 20%
DMSO/NMP solvent system was employed instead.

The (AN�DN) solvent parameter has been proposed as
a novel polarity parameter in two complementarily re-
ports.[17] In order to compare this scale with that based on
the dielectric constant ε, the swelling behavior of two pep-
tide-resins, TM-12 and TM-24, was investigated in several
solvent systems (Table 2) commonly used in some steps of
a cycle of the SPPS method. In close agreement with these
earlier reports, which focused on other polymers,[17] the dis-
persion of points in the swelling versus solvent polarity plot
when the (AN�DN) parameter was employed was less for
both peptide-resins than that obtained when the ε term was
used (Figure 2).



C. R. Nakaie et al.FULL PAPER

Table 2. Degrees of swelling of TM-12 and TM-24-resins in different solvents

Entry Solvent Solvent parameter Solvent within bead[a] (%)
ε (AN�DN) TM-12 TM-24

1. TOL 2.4 3.4 66 60
2. DCM 8.9 21.4 64 68
3. CHCl3 4.7 27.1 75 72
4. NMP 33.0 40.6 80 76
5. DMF 36.7 42.6 37 55
6. DMSO 46.7 49.1 52 62
7. TFE 26.7 53.5 15 32
8. EtOH 24.3 69.1 0 38
9. MeOH 32.6 71.3 5 25

10. Formamide 109.5 63.8 10 12
11. 50% TFE/TOL 14.6 28.5 59 71
12. 20% TFE/DCM 12.5 27.5 60 80
13. 50% TFE/DCM 17.8 37.5 58 72
14. 80% TFE/DCM 23.1 47.4 26 39
15. 20% DMSO/NMP 35.7 42.3 78 74
16. 50% DMSO/THF 27.1 38.6 56 63
17. 65% NMP/THF 24.1 36.1 76 73
18. 50% DCM/DMF 22.8 32.0 64 63
19. 50% DMSO/DCM 27.8 35.3 49 64
20. 50% DMSO/MeOH 39.7 60.2 28 39
21. 50% TFE/DMF 31.7 48.1 10 29
22. 50% TFE/DMSO 36.7 51.3 7 24
23. 10% TEA/DCM 8.3 25.1 76 81
24. 10% TEA/DMF 33.3 44.5 60 59
25. 10% TEA/DMSO 42.3 50.4 46 53

[a] [(swollen volume � dry volume)/swollen volume] � 100.

The maximum solvation region occurred at low
(AN�DN) values both for the TM-12 and for the TM-24
resins (see C and D in Figure 2). The fact that this region
corresponds to those of more apolar solvents is in accord-
ance with the hydrophobicity of these sequences and, more
significantly, with the strong and dominant characteristic
of the polystyrene structure of the methylbenzhydrylamine-
resin. Figure 2 (see C) also shows the lower degree of solva-
tion of TM-12-resin in DMF (solvent 5), as compared to
other polar aprotic solvents such as DMSO (solvent 6) or
NMP (solvent 4). Swelling in the mixed solvents 21 and 22
(open circles) was slightly less than predicted by their polar-
ity values and is discussed further below in the light of the
acidity and basicity of their components.

EPR Studies

EPR spectra of TOAC-labeled peptide-resins containing
8, 12, 16, 20, and 28 residues of the TM-34 sequence in
DMF and in 20% DMSO/NMP are shown in Figure 3.
Whereas the spectral line-shapes for all peptide-resins are
similar in 20% DMSO/NMP (see A in Figure 3), indicating
a relatively high mobility, the spectra reveal different mobil-
ity for the sequences in DMF (see B in Figure 3). While
TM-8 and TM-16 exhibit considerable freedom of motion,
the other sequences give rise to spectra indicative of two
populations, one strongly (broad triplet) and one weakly
(narrow triplet) immobilized. The proportion of the im-
mobilized component is greatest for TM-12.

Eur. J. Org. Chem. 2002, 3686�36943688

Table 3 presents some spectral parameters previously em-
ployed to assess the dynamics of labeled sites in the polymer
network.[15] The central peak linewidth (Wo) contains the
contributions of both the weakly immobilized and the
strongly immobilized chain populations and the h�1 term of
the ratio of heights of the high- and mid-field lines (h�1/h0)
corresponds essentially to the more mobile component.
Thus, the lower the values of Wo, or the higher the h�1/h0

ratio, the faster the motion of the labeled resin sites. The
EPR parameters in Table 3 corroborate the differentiated
solvent-dependent behavior of some of the sequences, espe-
cially the TM-12-resin. While the variation of both Wo and
h�1/h0 is small in 20% DMSO/NMP, these values vary con-
siderably in DMF. The Wo value increases in the order TM-
8 � TM-16 � TM-20 � TM-28 � TM-12. Accordingly,
the h�1/h0 ratio decreases in the same order, except for the
first two peptide-resins. It can also be seen that the Wo (h�1/
h0) values for TM-28 and TM-12 in DMF are much larger
(smaller) than for the other peptide-resins; these values are
also larger (smaller) than those found in 20% DMSO/NMP
for all peptide-resins.

Study of the Rate of Coupling

In view of the striking differences with regard to the TM-
12-resin’s solvation properties and chain mobility inside
resin beads, the kinetics of coupling reactions of this pep-
tide-resin in DMF and in 20% DMSO/NMP were com-
pared. The yield of coupling of the next incoming amino
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Figure 2. Degree of swelling of TM-12 [A, C] and TM-24 [B, D] resins as a function of parameters ε (A, B) and (AN�DN) (C, D)
values, in 25 solvents

Figure 3. EPR spectra of TM-(8, 12, 16, 20 and 28)] resins in 20% DMSO/NMP (A) and DMF (B)

acid in the sequence (Leu13) was determined under equiva-
lent acylating conditions, by the picric acid method. The
acylation reaction was faster in 20% DMSO/NMP than in
polar, aprotic DMF. While the coupling yield reached 90%
in one hour in the former solvent system, it was 69% in
the latter.

Eur. J. Org. Chem. 2002, 3686�3694 3689

Discussion

Solvation Properties of Resins. Correlation with Solvent
Polarity

The combined swelling/EPR monitoring strategy, applied
to the progressive growth of the TM-34 chain bound to a
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Table 3. Effect of solvent upon EPR spectral parameters of peptide-
resins swollen in DMF and 20% DMSO/NMP

Peptidyl resin Solvent
DMF 20% DMSO/NMP

Wo (G) h�1/h0 Wo (G) h�1/h0

TM-8 2.41 0.36 2.21 0.29
TM-12 3.62 0.07 1.92 0.25
TM-16 2.53 0.43 2.10 0.32
TM-20 2.64 0.21 2.10 0.27
TM-28 3.02 0.15 2.18 0.22

solid support, reveals some details of the resin backbone in
the swollen state. The swelling data for seven peptide-resins
(Table 1 and Figure 1) indicate that the bead solvation
range extends from 37% (TM-12 in DMF) to 82% (TM-16
in 20% DMSO/NMP). DMF shows the most pronounced
variation in peptide-resin solvation as the sequence is built.
The severe shrinking in this solvent for the 12-mer, and to
a smaller extent for the 20-mer, emphasizes the complexity
of solute-solvent interactions. The results show that DMF
was incapable of disrupting peptide-peptide or peptide-mat-
rix interactions in the 12-mer sequence. In contrast, DCM
and, to a greater extent, 20% DMSO/NMP, had the capa-
city to prevent these interactions.

The special characteristics of DMF, differing from most
of the other solvent systems, had already been observed[15]

during the synthesis of a well known strongly aggregating
octapeptide sequence.[21] These findings suggest caution in
the use of this solvent, not only for SPPS, but also for other
solid-supported methods. Interestingly, this conclusion
seems to be in disagreement with the widely accepted con-
cept that less polar solvents, such as DCM, are more cap-
able of inducing strong peptide chain association.[22] These
contradictory results reinforce the notion that there are still
open questions concerning the rules governing site-site in-
teractions throughout the polymer network. In this context,
the suggestion of the alternative use of other single or
mixed polar aprotic solvents such as NMP or 20% DMSO/
NMP seems pertinent.[16b,23] When extended to more severe
chain aggregation conditions, the use of very strong electron
acceptor solvents (such as the polyfluorinated TFE or HFIP)
as co-solvents, in association with weaker electron acceptor
solvents (such as DCM or chloroform) to disrupt association
forces has been suggested.[24]

The purpose of a more complete swelling investigation of
TM-12 and TM-24 peptide-resins (Figure 2) was not only to
identify solvents more appropriate for their solvation
(Table 2), but also to test the applicability of the previously
proposed (AN�DN) polarity parameter as carried out with
other polymeric materials.[17] Both peptide-resins displayed
improved solvation in less polar solvents, characterized by
low ε or (AN�DN) values (Figure 2). As already stressed,
DMF (solvent 5) induces strong shrinking of the TM-12
resin beads (see C in Figure 2), for which a low degree of
swelling (37%) was measured. This effect was not observed
for the 24-mer (see D in Figure 2). Nevertheless, the en-
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hanced solvation attained by both resins in apolar solvent
systems is clearly indicative of the dominant influence of the
hydrophobic styrene-resin matrix in association with the
presence of peptide segments.

Another objective of this study was to verify the relation-
ship between the swelling properties of the peptide-resins and
the polarity of the medium, measured either by the dielectric
constant or by the (AN�DN) parameter. Analysis of Fig-
ure 2 shows better correlation with the (AN�DN) scale than
with ε. Therefore, the amphoteric character of the sum of
the solvent’s Lewis acid and Lewis base properties (in a 1:1
proportion) seems to yield a more adequate parameter with
which to monitor solute-solvent interactions. In contrast, the
macroscopic parameter ε yields a worse fit of the solvation
behavior, since only electrostatic interactions are taken into
account, while the alignment of the solvent and the solute
dipoles is not considered.[25]

These findings thus endorse the appropriateness of the
amphoteric (AN�DN) parameter for scaling polarity and
are in accordance with the concept that the ‘‘two-parameter
scale’’[26] is better than the ‘‘single-parameter’’ one, as dem-
onstrated,[17] for instance, when the Dimroth-Reichardt Et30
solvent term[27] or Hildebrand�s solubility parameter δ[28]

were also compared. With this novel (AN�DN) acid-base
polarity scale (or ‘‘amphoteric constant’’), which ranges from
zero to 129,[17b] the slightly reduced swelling capacity of the
mixed solvents 21 and 22 (Figure 2) can be interpreted in
terms of the strength of association between their two com-
ponents. The strong electron acceptor TFE tends to associate
with a strong electron donor (DMF or DMSO) and not with
the solute (peptide chains inside the bead), thus inducing less
swelling. Such self-neutralizing effects of components are
known, and characterize heterogeneous solvents.[21] When
the chain-chain interaction is strong, the reduction in the
swelling capacity of solvents 21 and 22 is more pronounced,
as already demonstrated for other peptide-resins containing
aggregating sequences.[17] In analogy to this effect, the re-
duced solvation capacity of DMF relative to 20% DMSO/
NMP towards the aggregating resin-bound TM-12 sequence
might therefore be credited to a much weaker chain-chain
disruption capacity of the former polar aprotic solvent. Col-
lectively, these findings reinforce the assumption that, under
some circumstances, additional factors such as the character-
istic inter- or intramolecular association forces of solute mo-
lecules must be taken into account when the appropriate con-
cept of solvent polarity is to be applied. Efforts to clarify this
issue are currently in progress.

Solvation and Degree of Chain Motion � The Spin Labeling
EPR Approach

The pronounced difference in the swelling of TM-12-resin
in DMF and in 20% DMSO/NMP can be analyzed in the
light of the EPR data. A more strongly immobilized peptide
chain population appears in DMF. Conversely, chain mobil-
ity is higher (narrower lines) and essentially constant
throughout the TM-34 sequence elongation in 20% DMSO/
NMP. The use of the Wo or the h�1/h0 parameters to assess
the dynamics of labeled sites proved to be appropriate. For
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the TOAC-labeled TM-12-resin, a more pronounced vari-
ation in peptide chain mobility was seen in DMF (Table 3).
The Wo term, which encompasses the contribution of the
more and the less immobilized components, ranged from 2.4
to 3.6 G. In addition, the peak height ratio h�1/h0 varied
from 0.07 to 0.43. This, and other spectral findings, provide
evidence of the potential of spin labeling EPR for examina-
tion of the dynamic properties of neighboring labeled sites in
the polymer network. Clearly, the potential of this approach
extends to the optimization of, for instance, combinatorial
chemistry methods, which depend on appropriate polymeric
materials for chemical reactions.

Spin labeling EPR has been widely used, especially in the
study of biological systems.[29] Different spin labels have been
employed,[30] varying in the way in which they are introduced
into the system under study: either by covalent binding, as
in the case of proteins or nucleic acids, or by physical inter-
calation, as in the case of micelles and bilayers. With regard
to the TOAC probe, a variety of applications have been de-
scribed,[31] including study of the structure-function relation-
ships of partially[14b,32] or fully[33] biologically active peptides,
of the conformation of model segments,[34] and of membrane
protein fragments,[35] and also fluorescent peptides making
use of the nitroxide’s quenching effect.[12d,32,36] More re-
cently, a second type of paramagnetic amino acid probe con-
taining an alternative pyrrolidine-type structure (POAC) was
also reported in the literature.[37]

Concerning SPPS, these results demonstrate the relevance
of investigating the solvation behavior of peptide sequences
by the combination of bead swelling studies with EPR spec-
tral analysis. The study of the kinetics of coupling demon-
strates the importance of peptide chain freedom for this poly-
mer-supported technique. As expected, coupling was faster
in 20% DMSO/NMP than in DMF. Moreover, emphasizing
the direct relationship between these factors, the most prom-
inent contaminant at the 16-residue stage was a peptide with
deleted Leu13 and Ala16 residues (identified by mass spectro-
metry and amino acid analysis).

Although nearly four decades have elapsed since the incep-
tion of SPPS,[1] the assembly of long, aggregating peptide
sequences is still a challenge, with unknown factors preclud-
ing the complete control of this method. The inherent com-
plexity of such heterogeneous products, typically represented
by transmembrane segments, still leaves questions to be an-
swered. The difficulties involved not only in the chemical
synthesis itself, but also in the appropriate purification strat-
egy have already been addressed.[19,38] Various strategies to
improve the critical coupling step have been proposed, invol-
ving different acylation components,[39] solvent sys-
tems,[16,23,24] addition of chaotropic agents,[40] increase of the
temperature,[41] or the use of alternative protecting groups to
avoid aggregation.[42] For the relevant issue of purification of
insoluble fragments, different sequence-dependent ap-
proaches have been already proposed.[43]

In order to explain each degree of expansion of the net-
work, it was recognized early in the polymer field that the
swelling effect is subject to rules involving different thermo-
dynamic properties.[16a,44] The combined approach described
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here, focusing on the stepwise monitoring of the growth of a
long, hydrophobic transmembrane sequence, may represent
a valid and useful strategy by which: i) to improve knowledge
of the chemical processes occurring throughout the complex
polymeric network, and ii) to facilitate the planning of al-
ternative experimental conditions for the successful synthesis
of difficult peptide sequences.

Conclusion

Solvent-dependent variation in the physicochemical char-
acteristics of the polymer backbone was monitored during
the chemical elongation of a resin-bound 34-mer transmem-
brane fragment (TM-34) of the B2 bradykinin receptor. The
solvation behavior of peptide-resins containing minor TM-
34 segments was gauged by measuring the swelling of beads
and the degree of chain motion by means of EPR spectra
obtained by labeling the peptides with the paramagnetic am-
ino acid 2,2,6,6-tetramethylpiperidine-1-oxyl-4-amino-4-
carboxylic acid (TOAC). Pronounced chain aggregation in
DMF at the 12-mer stage of the sequence was observed
either by the prominent shrinking of beads or by the appear-
ance of a significant amount of strongly immobilized chain
population in this solvent. Accordingly, a slower coupling
reaction and a lower yield of the synthesis was observed in
DMF than in the mixed solvent 20% DMSO/NMP, which
induced constant and optimized solvation throughout the
TM-34 assembly in the resin. In addition, a more complete
swelling investigation of two resin-bound segments of the
TM-34 sequence (TM-12 and TM-24) allowed the potential
of the simple sum of the solvent electron acceptor and elec-
tron donor properties, in 1:1 proportion, to be confirmed
as an optional and sensitive polarity scale. In summary, the
combined bead solvation-chain motion study developed here
seemed to be sensitive and valuable not only for overcoming
possible difficulties in some resin-supported reactions but
also for enhancing knowledge of multiple factors that may
govern the complex polymer network solvation phenom-
enon.

Experimental Section

General Remarks

Materials: Reagents and solvents for solid-phase peptide synthesis
were of analytical grade and used from recently opened containers,
without further purification. Boc-amino acids were purchased from
Bachem (Torrance, CA), and the following side chain-protected am-
ino acid were used: Asp (β-OcHex), Cys (MeBzl), Glu (γ-OcHex),
Ser (Bzl), Thr (Bzl), Trp (For), and Tyr (2-Cl-Z).

Methods. Peptide Synthesis: TM-34 was synthesized manually by
standard Boc-chemistry on a methylbenzhydrylamine-resin
(0.34 mmol/g). The synthesis scale was 0.5 mmol/g, and the Boc pro-
tecting group was removed from the amine group with 30% trifluo-
roacetic acid in DCM (30 min), followed by washings with iPrOH
containing 2% anisole and 10% DIEA in DCM for deprotonation
of the peptide amine function. Coupling was performed with a 2.5-
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fold excess of Boc-amino acid/TBTU/HOBt (1:1:1) in the presence
of excess DIEA (5 equiv.) in DMF or 20% DMSO/NMP. Re-
couplings were performed under similar conditions when needed. All
couplings were monitored by qualitative ninhydrin test and when
positive, acetylation was performed with 50% acetic anhydride in
DCM (15 min). Small aliquots of several shorter resin-bound TM-
34 fragments were cleaved from the resin in HF/o-cresol/DMS/EDT
(8.5:0.5:0.5:0.5,v/v). The reaction time was 90 min at 0 °C and the
excess HF and scavengers were eliminated under vacuum. The pep-
tide-resins were washed with ethyl acetate and dried, and the pep-
tides were extracted with 5 to 50% acetic acid in water and lyophil-
ized. Details of peptide synthesis yields, purification and analytical
characterization by HPLC, amino acid analysis, and mass spectro-
metry were published previously.[19] Crude peptides characterization:
TM-8 ESI-MS: m/z � 905.92 [M � H�]. C40H63N11O13 (906.01):
calcd. AAA: Asp 2.49 (3); Thr 1.08 (1); Ala 1.26 (1); Ile 2.20 (2); Phe
0.97 (1); TM-12 ESI-MS: m/z � 1407.16 [M � H�]. C68H94N16O17

(1407.59): calcd. AAA: Asp 3.25 (3); Thr 1.15 (1); Pro 0.96 (1); Ala
2.04 (2); Ile 1.85 (2); Phe 1.75 (2); Trp 0.92 (1); TM-16 ESI-MS: m/
z � 1735.06 [M � H�]. C82H118N20O22 (1735.96): calcd. AAA: Asp
3.01 (3); Thr 0.97 (1); Ser 1.04 (1); Pro 0.93 (1); Gly 1.01 (1); Ala
3.03 (3); Ile 1.91 (2); Leu 1.09 (1); Phe 2.11 (2); Trp 1.03 (1); TM-
20 ESI-MS: m/z � 2190.05 [M � H�]. C104H156N24O28 (2190.53):
calcd. AAA: Asp 4.00 (4); Thr 1.04 (1); Ser 1.09 (1); Pro 0.97 (1);
Gly 1.00 (1); Ala 3.11 (3); Ile 2.45 (3); Leu 3.18 (3); Phe 2.00 (2); Trp
0.92 (1); TM-24 ESI-MS: m/z � 2502.06 [M � H�]. C118H180N28O32

(2502.90): calcd. AAA: Asp 4.11 (4); Thr 1.08 (1); Ser 1.00 (1); Pro
0.96 (1); Gly 1.93 (2); Ala 4.77 (5); Ile 2.79 (3); Leu 4.00 (4); Phe
2.07 (2); Trp 0.98 (1); TM-28 ESI-MS: m/z � 2949.90 [M � H�].
C139H209N33O38 (2950.39): calcd. AAA: Asp 5.24 (5); Thr 1.13 (1);
Ser 0.95 (1); Pro 0.99 (1); Gly 2.70 (3); Ala 4.80 (5); Ile 3.57 (3); Leu
4.59 (5); Tyr 0.95 (1); Phe 2.01 (2); Trp 0.99 (1); TM-34 ESI-MS: m/
z � 3792.18 [M � H�]. C173H256N40O52S2 (3792.32): calcd. AAA:
Asp 5.30 (5); Thr 2.27 (2); Ser 1.36 (1); Glu 1.15 (1); Pro 0.95 (1);
Gly 3.31 (3); Ala 6.04 (6); Val 0.88 (1); Ile 3.50 (4); Leu 4.72 (5); Tyr
0.75 (1); Phe 2.30 (2); Trp 0.84 (1).

Measurement of Peptide-Resin Swelling: Swelling studies of the nar-
rowly sized bead populations were performed as published else-
where[16a,17,45] after the resins had been dried under vacuum using
an Abderhalden-type apparatus. Briefly, 150 to 200 dry and swollen
beads of each resin, allowed to solvate overnight, were spread over
a microscope slide and measured directly with an Olympus model
SZ11 microscope coupled with Image-Pro Plus 3.0.01.00 version
software. The values of bead diameter distribution were estimated
by geometric means and geometric standard deviations as pub-
lished elsewhere.[46]

EPR Studies: EPR measurements were carried out at 9.5 GHz in a
Bruker ER 200 spectrometer at room temperature (22 � 2 °C) in
Wilmad flat quartz cells. Labeled peptidyl-resins were pre-swollen
overnight in the solvent under study. The magnetic field was modu-
lated with amplitudes less than one-fifth of the line widths, and the
microwave power was 5 mW to avoid saturation effects. Details of
the procedure for TOAC�labeling of resins have been reported.[15]

Yield of the Coupling Reaction: The TM-12-resin (50�100 µmol) was
elongated with the subsequent residue of the sequence (Boc-Leu-
OH, 2.5 equiv.), in a reaction vessel thermostatted at 25 °C, by the
BOP (2.5 equiv.)/DIEA (5 equiv.) coupling method in DMF or 20%
DMSO/NMP (0.2 m for Boc-Leu-OH and BOP, and 0.4 m for
DIEA) as solvent. The rate of rotation of the reaction flask was
20 rpm. The acylating reagents were dissolved in the solvent under
investigation and added to the reaction vessel containing peptide-
resin pre-swollen in the same solvent. The yield of coupling was
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monitored by the picric acid method[47] and each experiment was
performed in duplicate.

Abbreviations: Abbreviations for amino acids and nomenclature of
peptide structure follow the recommendations of the IUPAC-IUB
(Commission on Biochemical Nomenclature (J. Biol. Chem. 1971,
247, 997). Other abbreviations are as follow: AAA: amino acid ana-
lysis; Boc � tert-butyloxycarbonyl; Bzl � benzyl; BOP � benzotria-
zol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate;
2-Cl-Z � chlorobenzyloxycarbonyl; CD � circular dichroism;
DCM � dichloromethane; DIEA � diisopropylethylamine; DMF �

N,N�-dimethylformamide; DMS � dimethyl sulfide; DMSO � di-
methyl sulfoxide; EDT � ethanedithiol; EPR � electron paramag-
netic resonance; EtOH � ethanol; HFIP � hexafluoro2-propanol;
HOBt � 1-hydroxybenzotriazole; Fmoc � 9-fluorenylmethyloxycar-
bonyl, HPLC � high-performance liquid chromatography; For �

formyl; IR � infrared; MeBzl � methylbenzyl; MeOH � methanol;
NMP � N-methylpiperidinone; NMR � nuclear magnetic reson-
ance; β-OcHex � cyclohexyl; iPrOH � 2-propanol; SPPS solid-
phase peptide synthesis; TBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate; TEA � triethylamine;
TFA � trifluoroacetic acid; TFE � trifluoroethanol; TOAC �

2,2,6,6-tetramethypiperidine-1-oxyl-4-amino-4-carboxylic acid.
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