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Global chain properties of an all
L-�-eicosapeptide with a secondary �-helix
and its all retro D-inverso-�-eicosapeptide
estimated through the modeling of their
CZE-determined electrophoretic mobilities

Several global chain properties of relatively long peptides composed of 20 amino acid
residues are estimated through the modeling of their experimental effective electrophoretic
mobilities determined by CZE for 2 < pH < 6. In this regard, an all L-�-eicosapeptide,
including a secondary �-helix (Peptide 1) and its all retro D-inverso-�-eicosapeptide
(Peptide 2), are considered. Despite Peptides 1 and 2 are isomeric chains, they do not
present similar global conformations in the whole range of pH studied. These peptides
may also differ in the quality of BGE components chain interactions depending on the pH
value. Three Peptide 1 fragments (Peptides 3, 4, and 5) are also analyzed in this framework
with the following purposes: (i) visualization of the effects of initial and final strands at
each side of the �-helix on the global chain conformations of Peptide 1 at different pHs and
(ii) analysis of global chain conformations of Peptides 1 and 2, and Peptide 1 fragments in
relation to their pI values. Also, the peptide maximum and minimum hydrations predicted
by the model, compatible with experimental effective electrophoretic mobilities at differ-
ent pHs, are quantified and discussed, and needs for further research concerning chain
hydration are proposed. It is shown that CZE is a useful analytical tool for peptidomimetic
designs and purposes.
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� Additional supporting information may be found in the online version of this
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1 Introduction

At present, CZE is a useful analytical tool, which together
with spectroscopy methodologies, provides the characteriza-
tion of peptides synthesized via structure–function strategies
for peptidomimetic purposes [1–9]. In this regard, CZE is
a rapid and reliable technique providing experimental effec-
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tive electrophoretic mobility �
exp
p of peptides and proteins at

well-defined BGE properties such as temperature T, electrical
permittivity �, viscosity �s, ionic strength I, and pH ([10–15]
and citations therein). Apart from the high capability to sep-
arate peptides and proteins, CZE is able to provide valuable
information concerning chain conformations, electrokinetic
properties as well as the quality of BGE components chain in-
teractions of proteins and peptides at different pHs through
the appropriate modeling of their effective electrophoretic
mobilities [16–35].

This work shows that CZE may be useful in the pep-
tidomimetic framework, where for instance non-L-�-amino
acids are typically introduced into the natural L-�-peptide
amino acid sequence (AAS). In these regards, developments
of peptide hormones, peptide neurotransmitters, antimicro-
bial peptides, peptide inhibitor of HIV-1, peptide inhibitor
of �-amyloid oligomerization, and peptide subunit vacci-
nate have been proposed, for instance as described in [1–6].
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In fact, many works demonstrated that incorporation of
D-�-amino acids in the target peptide AAS has enhanced its
affinity as ligand of biological receptors and also increased its
resistance to proteolysis degradation [5, 7]. A wide range of
case studies with favorable results were found and also some
exceptions were reported confronting this strategy, mainly
when the parent L-peptide adopted �-helical conformation
in the bound state [8, 9]. Although we have no intention to
enter into more details on this aspect of the subject, it is
clear that the developments of drugs able to mimic natural
L-�-peptides are invoking relevant isomerization proper-
ties associated with the corresponding retro-D-�-peptide,
D-enantiomer (inverso peptide), and retropeptide isomers.
These considerations may be even more complex when the
parent L-�-peptide is large enough to show a tendency to
form a secondary structure, such as the case study reported
in [1] involving Peptides 1 and 2, where an �-helix is ob-
served at pH 2.3 (see also Section 2.1). Within this brief
context, this work has the purpose to estimate global chain
properties at different pHs of the following peptides studied
in [1] (see also Supporting Information Table 1): (i) the all
L-�-eicosapeptide DDALYDDKNWDRAPQRCYYQ forming
a secondary �-helix from 6th to 13th amino acid residues (des-
ignated Peptide 1), (ii) the corresponding all retro-D-inverso-
�-eicosapeptide QYYCRQPARWNKDDYLADD of Peptide 1
(designated Peptide 2), (iii) the fragment of Peptide 1 where
the last Y is missing (designated Peptide 3), (iv) the fragment
of Peptide 1 where the terminal strand RCYYQ is absent (des-
ignated Peptide 4), and (v) the fragment of Peptide 1 where
the initial strand DDALY is absent (designated Peptide 5).
Peptide 1 is within the group of immunogenic peptides that
react with the coat protein of human immunodeficiency virus
HIV-1 gp120 in biochemical assays [1,36–38]. The proposal is
carried out on the base of our previous works concerning the
modeling of �

exp
p of peptides and proteins [19, 21, 22, 24, 26,

27, 29, 31–35].
This paper is organized as follows. Section 2.1 presents

the data-processing procedures of experimental effective elec-
trophoretic mobilities of peptides reported in [1] and studied
here. Section 2.2 describes briefly both the electrophoretic
mobility model used and the associated theoretical back-
ground, in addition to Supporting Information, to analyze
then the resulting global properties of Peptides 1–5. In this
section, physical concepts are presented to the extent they are
able to apply to polyampholyte–polypeptide chains in general,
to allow then the introduction of appropriate chain structural
considerations that make clear distinctions between peptides
and proteins. One important new concept described in this
work is that different conformational substates may exist
within basic chain conformational regimes already described
in [29,31]. This result is then effectively validated though the
experimental and theoretical analyses of Peptides 1 and 2.
In fact, Section 3 presents and discusses the main confor-
mational differences between these peptides by taking into
account that they have most of their electrokinetic properties
quite similar. Concluding remarks and proposals for further
research are provided in Section 4.

2 Materials and methods

2.1 Data processing of peptide experimental

effective electrophoretic mobilities

Peptides 1 and 2 have the same number of amino acid
residues N = 20 in the AAS (Supporting Information Table 1).
Their average hydrophobicity index evaluated through the
method used in [35] are reported in Supporting Information
Table 1 indicating they have a moderate hydrophilic nature.
Their �

exp
p values at I = 10 mM and 25�C within the range 2

< pH < 6 are taken directly from the fitted curves provided
in [1]. Supporting Information Table 1 shows that the pI es-
timations corresponding to the null value �

exp
p = 0 obtained

from either model calculations or experimental data fitting
curves are quite close. Here data from the curve �

exp
p versus

pH in a range around the pI are avoided as a consequence of
the rather low peptide effective charge number Z obtained.
This result is more evident when the charge regulation phe-
nomenon is considered, which moves the near molecule pH,
designated pH*, closer to the pI value, thus differing from
the protocol or bulk pH [19, 33]). In fact, Z is clearly lower
than the titration or wild effective charge number Zw, and
Z = Zw = 0 at pH = pI only. With these considerations,
one avoids experimental errors associated with �

exp
p for pH

values approaching the pI (see also Section 3). Here, the ef-
fective charge Z = Z+ − |Z−| is calculated from the positive
Z+ and negative Z− charge numbers in the chain, respec-
tively, using pH∗ = pH + e2 Z/{4��aH(1 + 	aH) ln(10)kBT}
[19, 21, 22, 24, 35]. Also emphasis is given on the fact that the
charge regulation phenomenon is suppressed at the pI where
pH* = pH = pI. In these expressions, e is the elementary
charge, kB is Boltzmann constant, aH is the equivalent Stokes
hydrodynamic radius as defined in [21,26,29], NA is Avogadro
constant, and 	 = (2e2 I NA103/�kBT )1/2 is the Debye–Hückel
parameter. In the calculation of pH∗, the effect of small charge
perturbations coming from electrostatic interactions among
ionizing groups are neglected due to the difficulty in estimat-
ing average relative distances among them (see discussion on
this aspect in [21, 26, 29]).

From the phenomenological point of view, Peptides 1 and
2 present different effective electrophoretic mobilities in the
low range of pH (mainly below pI ≈ 4.27) despite they are iso-
meric chains, while for pH > pI their mobilities tend to con-
verge [1]. These experimental results clearly indicate the high
sensitivity of CZE methods to detect different structural char-
acteristics between a natural L-�-peptide and its retroinverso
isomer in the framework of molecular mimicry. In addition
from [1, 37], it was clear that both Peptides 1 and 2 included
a secondary �-helix structure at pH 2.3 in several solvents
and aqueous BGE. These results were demonstrated through
NMR and circular dichroism spectroscopy methods. There-
fore, these works are providing a challenging problem, which
basically consists in the need to explain these experimental
findings from the structural point of view of peptide chains,
for instance through the modeling of their electrophoretic
mobility to infer then peptide global properties [1, 25].

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com



Electrophoresis 2013, 0, 1–7 CE and CEC 3

2.2 Theoretical model and definitions applied to

Peptides 1–5

For the present analysis, peptides are characterized through
the model described in our previous works, mainly in
[19, 24, 26, 27, 29, 31]. Supporting Information provides a
summary of the model used and a list of symbols with the
corresponding units. Here, the integration of physical con-
cepts and definitions associated with peptide conformations
are presented. In this regard, the electrophoretic mobility
of many peptides and proteins may be described along the
Hückel branch of Henry theory valid for relatively small hy-
drodynamic particles with rather low electrical charge [32,35].
Thus, ion polarization relaxation is negligible [29] as long
as (e
/kBT ) < 5/2 and 	aH < 3, for 1–1 symmetric BGEs.
Here 
 is the particle zeta (electrokinetic) potential [35]. The
model input data include, for instance, BGE properties, pep-
tide AAS, and �

exp
p , and then the model solution provides

many output properties; mainly aH, Z, and �. In fact, these
peptides may have different shapes defined through the fric-
tion ratio � = fo/ f [21, 29], where � is evaluated in relation
to the friction factor fo = 6��saH of the equivalent spherical
model [27] and the actual friction f = 6��sao Ngf of the trans-
lating particle expressed through the hydrated chain fractal
model [29, 31, 32, 35] involving the friction fractal dimension
g f (see expressions below and Supporting Information). An-
other possible phenomenon to be evaluated is the BGE slip
at the peptide–particle surface when � > 1 [35]. When the
BGE does not slip at the particle surface, � is in addition
designated asphericity [35], and spherical and aspherical par-
ticles yield � =1 and � �=1, respectively. We found in gen-
eral that 1/2< � <3/2 for peptides and proteins, depending
mainly on AAS and protocol properties. Further it was re-
cently shown that for 1< � <3/2, a partial or total BGE slip on
the particle surface may exist [35] for spherical particles with
slip length bslip = �s/(�slip + �s/aH), where �slip is the slip
coefficient.

Concerning the number of water molecules H = 18�/M
per chain, the actual hydrated particle volume must equal
the equivalent sphere volume 4�a3

H/3. Here M refers to
peptide molar mass and � = {(aH/ac)3 − 1}vp/vw (water
mass/peptide mass) is the particle hydration, where ac is the
peptide compact radius (Supporting Information Table 1)
defined in [21] and vp and vw are the chain- and water-specific
volumes, respectively. A hydration function H in terms of
peptide amino acid compositions and electrical charges of
weak ionizing groups is necessary to correctly close the
model. This function is composed of two parts as indicated
in the expression for H provided in Supporting Information.
One part evaluates the sum of hydrations of each amino acid
residue on the AAS by considering their nonpolar, polar, and
ionizing polar natures [24, 29], while the other part desig-
nated Hd considers the number of water molecules captured
by the chain structure in certain conformational states. For
instance, Hd may be positive for chain conformations oc-
cluding water and negative for rather closed conformations
squeezing out water molecules residing around amino acid

residues [27,33–35]. In general, Hd was taken null mainly for
proteins around their native states and for polypeptide chains
with less than 50 amino acids residues [26,29]. The appropri-
ate values for Hd are dependent in part on protocol pH. An
important physical aspect concerning chain hydration is that
for a given �

exp
p involving either peptides or proteins, Hd = 0

and � <1 implies the minimum � value obtained from the
model, while the same �

exp
p with Hd > 0 and � =1 gives the

maximum hydration value physically admissible for spher-
ical particles. These results have been validated previously
[21, 22, 27, 35]. Conversely, when a given �

exp
p yields � >1

with Hd = 0 for both spherical and aspherical particles (BGE
slip or stick at these particle surfaces may apply, respectively
[35]) Hd < 0 is required to obtain � =1 thus giving a min-
imum hydration as long aH ≥ ac is satisfied [21, 35]. Some
peptides assumed as spherical particles cannot give a solu-
tion in this last case because unphysical results are obtained
when aH < ac [21]. At present, our preliminary results indi-
cate that a physical state of hydration between minimum and
maximum values allowed by the model may exist on the ba-
sis of adding a thermodynamic constraint associated with the
minimized electrical free energy of the charged chain (see
also analyses in [22, 39]).

In this framework, the peptide AAS is considered
as a chain of beads with a number average radius a0

[26,27,29,31,32] calculated from van der Waals radii of amino
acid residues [33–35] (see also [25, 28, 30] for a more general
approach). This chain of beads allows one to evaluate global
chain properties, electrokinetic chain states, and the associ-
ated global conformational regimes of peptides with the data
output of the model. Therefore the electrical state of peptides
is described through Z, Z+, Z−, and the total charge number
ZT = Z+ + |Z−| is calculated at pH* (see [19, 26, 29, 35] and
Supporting Information). The resulting chain packing fractal
dimension gp = log N/log(aH/ao) ≤3 [27] indicates that for
gp = 3, the peptide has the compact volume 4�a3

c /3 with
aH = ac and � =0. In general, gp is associated with linear,
plane, and spatial distributions of amino acid residues of
the chain when this parameter increases [27]. In addition, a
polyampholyte chain may be in the random coil (RC) regime
when the effective � = |Z| /N and total � = ZT/N charge
number fractions are low enough to find this chain around
Gaussian conformations [29, 31]. Under this physical situa-
tion, chain entropy tends to keep the string of beads in a
disordered state, and from the basic theory of neutral poly-
mers, the estimation of the RC chain gyration radius is
Rg ∝ LC(1−gf )

N Ngf [32], where the Flory-theta condition is ob-
tained for gf = 1/2 belonging to the unperturbed chain state.
Here CN is the Flory-characteristic ratio associated with local
chain flexibility of a few interconnected bonds (short range
intramolecular interactions) each one of length L ≈ 3.8 Å
(distance between two consecutive C� in the backbone chain
designated virtual peptide bond). Further, gf quantifies the
quality of BGE components chain interactions [31, 32] giv-
ing 1/3 < gf < 1 (large range intramolecular interactions
are involved). For gf < 1/2, poor BGE components chain
interactions are obtained and a fully collapsed and perhaps
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insoluble chain at gf ≈ 1/3 is generated, mainly for pH ≈
pI. On the other hand, for gf > 1/2, good BGE components
chain interactions yield a rather “unlocked chain structure”
including self-avoiding random strands at gf ≈ 3/5. Since
these equations describe the basic conformational states of
the RC regime for quite low effective and total charge num-
ber fractions, other conformational regimes may exist as a
consequence of chain destabilization due to electrostatic in-
teraction effects. Typically, one finds the polyelectrolyte (PE),
hybrid chain (HC) and collapsed globule (CG) regimes as de-
scribed in [29]. In fact, in most of our previous results, mainly
for proteins (high N) [27,31], gf values obtained were the “ex-
pected ones” according to different conformational regimes
found by these chains as pH changed. Next, we will observe
that this aspect is not necessarily and generally valid for pep-
tides, where the number of amino acids residues is relatively
lower. It is then clear that gf values are indicating the type of
“substates” at which a polyampholyte chain may exist within
a given conformational regime, as discussed and illustrated
in Section 3. It is also observed that combining � and f yields
g f = 1/gp − log�/ log N, and for � ≈ 1 the friction fractal di-
mension is the inverse value of the packing fractal dimension,
gf = 1/gp [26, 29]. In this context, it is clear that approximate
critical values of � and � must be provided to establish when
the RC regime becomes destabilized evolving to different con-
formational regimes due to the effect of intrachain electro-
static interactions. The scaling laws of critical � and � were
described in [40] and citations therein for gf = 1/2 (the Flory-
theta condition). More recently, these results were renormal-
ized for gf �= 1/2 in [29]. Thus, two basic states for destabiliza-
tion of a polyampholyte RC are found. One is the CG regime
applicable for � > 1/uN(1−g f ) due to the fluctuation-induced
electrostatic attractions among pairs of opposing charges, and
the other is the PE regime applying for � > 1/

√
uN(1−g f /2)

due to the overall Coulombic repulsion between either posi-
tive or negative effective charge numbers. Parameter u = lB/L
compares Bjerrum length lB = e2/4��kBT with the charac-
teristic bond length L [29]. Here, changes in � due to hy-
dration effects are neglected (see details in [27, 29, 31]). In-
teresting is, in particular, the existence of transitions from
either PE or CG regimens to the HC regime where chain
hybrid zones (HZs) appear interconnected by chain strings
[29, 40]. These HZs have been associated with the nucle-
ation and formation of secondary structures when polyam-
pholyte hetero chains of amino acid residues were consid-
ered, such as proteins and large peptides [29, 31]. The HC
regime is found for

√
�/N < � < ux�y and � > 1/uN(1−gf ),

with x = 1/2(1 − g f ) and y = (1 − g f /2)/(1 − g f ) (see Fig. 1
in [29,31]). In this regard, by taking into account the number
of amino acid residues per chain blob being around (u�)−2

[40] and the relatively high values of u = lB/L found for pep-
tides and proteins (u ≈ 2–6 depending on electrical permit-
tivity within chain domain [29]), the blob size is close to the
characteristic chain length L for typical total charge fractions
of these analytes. This specific result for natural polypeptides
is important for visualizing HZs as partial chain conforma-
tions with a tendency to form secondary structures involving

Figure 1. Friction fractal dimension gf as a function of pH. Sym-
bols (�) and (◦) refer to Peptides 1 and 2, respectively, modeled
as aspherical particles. Symbol (*) indicates pI = 4.27 for both
peptides. Peptide code numbers are reported between parenthe-
ses. Dashed lines show approximate transitions from one con-
formational regime to another one. Also, PE, HC and CG refer
to polyelectrolyte, hybrid chain and collapsed globule regimes,
respectively.

direct interactions of several amino acid residues and also
clusters of them near the HC–CG transition [29, 31].

Before analyzing the peptides under study here, it is
important to point out that the experimental protocol used
to obtain �

exp
p has a BGE with a low ionic strength [1]

and hence screening effects of electrostatic forces may be
neglected [29].

3 Results and discussion

We found that model results of Peptide 3 were almost the
same as those of Peptide 1. In fact, �

exp
p values of these pep-

tides [1] were not significantly at variance because their AAS
differed in one Y residue only. Therefore, Peptide 3 is not
analyzed further here. Supporting Information Tables 2–9
present numerical results of main global, electrokinetic, and
hydrodynamic properties of Peptides 1, 2, 4, and 5 as obtained
from the modeling of their �

exp
p at different pH values. One

conclusion concerning numerical results reported in these
tables was that �

exp
p values discarded around the pI in Sec-

tion 2.1 were systematically yielding gf and � out of phys-
ical ranges allowed by the theoretical framework described
through 1/3 ≤ gf ≤ 1 and Hd = 0 with 1/2< � <3/2, or Hd

�= 0, aH ≥ ac with � =1 (see definitions in Sections 2.1 and
2.2). In these regards, the estimation of global chain proper-
ties defined in the theoretical model requires the experimen-
tally determined electrophoretic mobilities measured by CZE
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at well-defined conditions (pH, ionic strength, viscosity, and
temperature of the BGE).

3.1 Aspherical particle model

Supporting Information Tables 2 and 3 show that Peptides 1
and 2 present the same electrokinetic properties (Z, ZT,
pH*, �, and �) when the model uses aspherical particles
(Hd = 0 and � <1 giving minimum hydration, or � >1 for
maximum hydration). Furthermore, the same hydration (� or
H), Stokes hydrodynamic radius (aH), and consequently pack-
ing fractal dimension (gp) are found due to the dependence of
these last properties with the effective and total charge num-
bers (Supporting Information). These results are expected
because Peptides 1 and 2 have the same amino acid residues.
Nevertheless from these tables, the main differences between
these two peptides are found in their friction ratios and hence
friction fractal dimensions giving a clear distinction between
peptide conformations through gf values, remarkably for 3 <

pH < pI. In fact, Fig. 1 depicting gf as a function of pH shows
that within the range 2 < pH <3, both peptides are in the HC
regime, where the formation of HZ and also the generation
of a secondary structure are found. These results are con-
sistent with NMR and circular dichroism experimental data
reported in [37,38] at around pH 2.3. In the HC regime, Pep-
tide 1 has a gf higher than Peptide 2 indicating that the friction
coefficients of these particles are not necessarily equal (dif-
ferent qualities of their BGE components chain interactions)
although their changes with pH follow quite similar pathways
until around pH 3 where both peptides enter the CG regime.
Then for pH > 3, Peptide 1 evolves by increasing gf above 1/2
indicating conditions of good BGE components chain inter-
actions and the formation of CG conformations with rather
“unlocked” structures as the pH tends to the pI. Thus, Pep-
tide 1 could be approaching the pI from the positive effective
charge number side (Fig. 1) by keeping the secondary struc-
ture with the initial and terminal strands wrapping it to form
the expected CG conformations. Although in the HC regime,
calculations indicate that Peptides 1 and 2 have formed the
�-helix expected, a different trend of gf values of Peptide 2
from those of Peptide 1 for 3 < pH < 4.27 is observed clearly
in Fig. 1. In fact, Peptide 2 presents a friction fractal dimen-
sion that evolves decreasing below gf ≈ 1/2 until gf ≈ 1/3 is
reached at a pH still lower than the pI = 4.27. This result in-
dicates that the BGE components chain interactions are very
poor in this regime for Peptide 2 chain, which tends to get
“rather insoluble” before the pH reaches the pI value. Here
one would expect the absence of the �-helix formed previ-
ously in the HC regime for 2 < pH < 3, thus presenting
quite strong CG conformations involving intrachain interac-
tions and composed directly of disordered chain bonds. For
pH > pI, the conformational behaviors of both Peptides 1
and 2 are again quite similar, what is consistent with the fact
that their electrophoretic mobilities start to converge within
some experimental scattering errors as also noticed in [1].

Figure 2 illustrates � as a function of pH for Peptides 1

Figure 2. Friction ratio � as a function of pH. Symbols (�) and
(◦) refer to Peptides 1 and 2, respectively, modeled as aspherical
particles. pI = 4.27 for both peptides. Dashed lines show approxi-
mate transitions from one conformational regime to another one.
Also, PE, HC and CG refer to polyelectrolyte, hybrid chain and col-
lapsed globule regimes, respectively.

and 2. Here one visualizes that Peptide 2 may present par-
tial or total slip between BGE and particle [35] where � >1
for 3 < pH < 4.27, as a consequence of the poor BGE com-
ponents chain interactions already described in Fig. 1. The
model provides bslip ≈ 0.21, 1.82, and 4.06 Å for pH 3, 3.25,
and 3.5, respectively, indicating BGE partial slips satisfying
consistently bslip < aH [35]. From the discussion concerning
Figs. 1 and 2, one infers that Peptides 1 and 2 differ sub-
stantially in their conformations within the positive effective
charge number side approaching the pI, despite they are iso-
mers. On the other hand for 2 < p H <3, they have similar
HZs and perhaps secondary structures, but they do not have
conformations necessarily equal due to differences in the
qualities of their BGE components chain interactions found
(Fig. 1 and Supporting Information Tables 2 and 3).

Figure 3 and Supporting Information Tables 4 and 5
show that Peptides 4 and 5 (fragments of Peptide 1) have
similar gf evolutions with pH as that of the parent Peptide
1 in the HC regime for 2 < pH < 3, where the �-helix is
expected to be formed. Thus, Peptides 4 and 5 tend to emu-
late the response of Peptide 1 for pH changes below pH 3.
Furthermore for pH > 3, Peptide 4 follows the same trend as
Peptide 1 due in part to their similar pI values (3.97 and 4.27,
respectively) while Peptide 5 presents a plateau in a range
a little above pH 3 as following Peptide 1 and 4 responses,
but its higher pI around 6 is acting like an “attractor,” per-
haps first unwinding the �-helix and then collapsing at pI,
where gf ≈ 1/3 involving very poor BGE components chain
interactions. These results of Peptide 1 fragments indicate
the functions played by the initial and terminal strings of the
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Figure 3. Friction fractal dimension gf as a function of pH. Sym-
bols (�), (◦), (�), and () refer to Peptides 1, 2, 4, and 5, re-
spectively, modeled as aspherical particles. Symbol (*) refers to
peptide pI values. Peptide code numbers are reported between
parentheses. Dashed lines show approximate transitions from
one conformational regime to another one. Also, PE, HC and
CG refer to polyelectrolyte, hybrid chain and collapsed globule
regimes, respectively.

parent peptide in order to control the appropriate pI value in
peptidomimetic designs. Moreover, Peptides 1, 2, and 4, hav-
ing almost equal pI, present a friction ratio tending to values
greater than unity in Supporting Information Fig. 1, yielding a
BGE slip on the particle [35] for pH values a little higher than
their pIs. For instance, Peptide 4 presents bslip ≈ 0.28 and
1.94 Å for pH 4.75 and 5, respectively, indicating BGE partial
slips satisfying consistently bslip < aH [35]. These results also
show that the conformation of Peptides 1, 2, and 4 achieved
near their pI values from the negative effective charge
number side is a strong CG similar to that obtained for Pep-
tide 2 from positive effective charge number side. More gen-
erally this section showed that the all L-�-eicosapeptide and
its all retro-D-inverso-�-eicosapeptide studied here could have
similar conformations in the HC regime for 2 < pH < 3 and
also in a zone of the CG regime defined for pH > pI where
the collapsed secondary structure was not expected and rather
good BGE components chain interactions prevail with gf ≈
3/5 for pH 5–6. Relevant to this aspect is that the basic part of
the titration curve depicted in Supporting Information Fig. 2
(a–g) cannot reach the HC regime at pH 6. This figure de-
picts a set of �–� plots to illustrate the pathway of Peptide 1
evolution, passing through different conformational regimes
for the experimental range of pH values, validating the transi-
tions reported in Figs. 1–3. In fact, we found from the model
results that Peptides 1, 2, 4, and 5 had their PE–HC and HC–
CG transitions for very similar values of pHs at around 2 and

3, respectively (Figs. 1–3 and Supporting Information Figs.
1, 3–6).

3.2 Spherical particle model

Supporting Information Tables 6 and 7 show that Peptides 1
and 2 present different electrokinetic properties (Z, ZT, pH*,
�, and �), particle hydration (� or H), Stokes hydrodynamic
radius (aH), and consequently packing fractal dimension (gp)
when the model uses spherical particles (� =1 requiring Hd

> 0 for maximum hydration or Hd < 0 for minimum hy-
dration). Despite these differences in property values as a
consequence of forcing the hydrated particle to have spher-
ical shape, Supporting Information Tables 6 and 7 indicate
that the main differences between the two peptides are again
associated with gf values. These results once more involve
clear distinctions between Peptide 1 and 2 conformations
mainly for 3 < pH < pI. Nevertheless, for this case involving
spherical particles the friction ratio is unity and gf = 1/gp.
Consequently, different gf and also gp values are obtained due
to a significant change of aH from one peptide to another at
each pH. Thus, Supporting Information Figs. 3 and 4 show
aH and gf as a function of pH for Peptides 1 and 2. Concern-
ing the change of aH from one peptide to another at each pH,
we found similar qualitative results as those reported in [1],
where by assuming these peptides as spherical particles, the
Stokes hydrodynamic radius of Peptide 1 was higher than that
of Peptide 2. These results are consistent with the fact that the
difference in �

exp
p values depends inversely with Stokes hydro-

dynamic radii when the analytes are spherical particles with
equal effective charges [19,21,22,24,26,29,31–35]. Neverthe-
less, the sizes of these particles in [1] are higher than those
reported here in Supporting Information Table 8 due mainly
to differences in the calculation of peptide effective charges.
In fact, our model takes into account the charge regulation
phenomenon.

Supporting Information Fig. 4 shows clear distinctions
between Peptide 1 and 2 conformations through the gf values
mainly for 3 < pH < pI. This figure also shows that within
the range 2 < pH < 3, both peptides are in the HC regime
as described in Section 3.1. Supporting Information Figs. 5
and 6 and Supporting Information Tables 9 and 10 show that
Peptides 4 and 5 have a similar gf evolution with pH as that
of the parent Peptide 1 in the HC regime for 2 < pH < 3,
where the �-helix is expected to be formed. In general, the
same conclusions as those of Section 3.1 are obtained once
more for 2 < pH < 6.

Finally, peptide diffusivity D = kBT/{6��ao Ngf } may be
evaluated with gf values obtained for both aspherical and
spherical particles, as provided by the model at the running
protocol conditions [29]. Thus, it was found that the diffusivi-
ties of Peptide 2 are greater than those of Peptide 1 in almost
the whole experimental range of pH by a maximum factor
of either 1.63 at pH 3.5 for aspherical particle and 1.37 at
pH 3 for spherical particle. This aspect is also relevant in the
peptidomimetic framework.

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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4 Concluding remarks

Peptides 1 and 2 differ substantially in their conformations
within the CG regime for the positive effective charge number
side approaching the pI, despite they are isomers. On the
other hand for 2 < pH < 3, they have similar HZs and hence
secondary structure in the HC regime, although differences
in the qualities of their BGE components chain interactions
are evident. These results indicate the importance of the pH
value at which the synthesized peptide for peptidomimetic
purposes must satisfy the structure function strategy. It is
also relevant to point out that the estimation of global chain
properties evaluated in this work requires the experimentally
determined electrophoretic mobilities measured by CZE at
well-defined conditions (pH, ionic strength, viscosity, and
temperature of the BGE).

From this study, it is clear that a definite state of peptide
hydration between minimum and maximum values allowed
by the model may exist. In this regard, further research should
provide a thermodynamic constraint for the model, probably
associated with the minimum electrical free energy of the
peptide chain.
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