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Structural Comparison in Solution of a Native and Retro
Peptide Derived From the Third Helix of Staphylococcus
aureus Protein A, Domain B: Retro Peptides, a Useful Tool for
the Discrimination of Helix Stabilization Factors Dependent
on the Peptide Chain Orientation
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Abstract: A peptide fragment corresponding to the third helix of Staphylococcus Aureus protein A, domain B,
was chosen to study the effect of the main-chain direction upon secondary structure formation and stability,
applying the retro-enantio concept. For this purpose, two peptides consisting of the native (Ln) and reversed
(Lr) sequences were synthesized and their conformational preferences analysed by CD and NMR spectro-
scopy. A combination of CD and NMR data, such as molar ellipcitity, NOE connectivities, Hx and NH chemical
shifts, 3J,y coupling constants and amide temperature coefficients indicated the presence of nascent helices
for both Ln and Lr in water, stabilized upon addition of the fluorinated solvents TFE and HFIP. Helix formation
and stabilization appeared to be very similar in both normal and retro peptides, despite the unfavourable
charge-macrodipole interactions and bad N-capping in the retro peptide. Thus, these helix stabilization
factors are not a secondary structure as determined for this specific peptide. In general, the synthesis and
confirmational analysis of peptide pairs with opposite main-chain directions, normal and retro peptides,
could be useful in the determination of secondary structure stabilization factors dependent on the direction.
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INTRODUCTION

Over the past few years, the use of peptides with
inverted chirality (enantiopeptides) has received
much attention on account of their greater stability
against degradation by proteases, probably the most
severe limitation to the use of normal peptides as
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therapeutic agents. The so-called ‘retro-enantio’
concept [1-3] is especially attractive in that it
combines the use of D-amino acids (for the formation
of enantiopeptides) with a reversal of the ‘direction’
of the peptide chain backbone (retro-peptides). This
reversal simply involves constructing a new peptide
in which, if the native sequence has ‘i’ amino acids,
amino acid ‘i’ is placed at position 1 of the new
peptide, amino acid ‘i-1" at position 2 and so on
until amino acid 1 of the native peptide occupies
position ‘i’ of the retro peptide. If the retro-enantio
concept is applied to the construction of new
peptides based on the sequence of a native bioactive
peptide, the result is a peptide that combines
inversion of configuration at the « carbon atoms of
the constituent amino acids with the reversal of the
direction of the peptide backbone. The overall effect
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is to create a peptide having the same topological
distribution as the native one but at the same time
having a strongly enhanced stability to proteases.

The generality of the retro-enantio concept has
recently been questioned [4, 5] Although the concept
is probably valid for small peptides with a large
degree of flexibility, it is doubtful that it can be
applied in the cases of larger molecules having
pronounced conformation preferences. The key to
the in-depth study of this question is the detailed
investigation of the changes in conformation
brought about by application of the retro-enantio
concept to peptide molecules. Assuming that the
systematic inversion of configuration of the constit-
uent amino acids (except Ile and Thr) of a peptide
molecule leads simply to enantiomeric confirma-
tions, the comparison of the conformation of pep-
tides and their corresponding retro-sequences
becomes the key issue.

Apart from its interest in attempting to define the
scope of the retro-enantio concept, the conforma-
tional analysis of peptides and retro-peptides is also
relevant in other areas. The conformation of peptide
molecules in general and, more specifically, their
tendency to adopt a given secondary structure such
as a-helices or fi-sheets, is determined by two sets of
factors: (1) the amino acids that make up the
sequence and (2) the relative order of these amino
acids (review for helices [6]). Concerning point (1), it
is well known that certain amino acids statistically
favour the adoption of certain secondary structures.
In point (2) various factors such as electrostatic
interaction between charges, dipole interactions and
so on come into play. However, the contribution that
each of these considerations makes to the overall
three-dimensional structure is not clear cut. It is
obvious, nonetheless, that a given peptide in its
‘wild’ and ‘retro’ versions are indistinguishable with
regard to their amino acid compositions; (point (1)
above). In this paper, the usefulness of the compara-
tive conformational analysis of normal and retro
peptides for the study of the factors that stabilize
secondary structures, without interference from
differences in amino acid composition between
peptides, are discussed for the first time.

As a model to investigate the effect of backbone
orientation on helical conformation and stability, we
have used the peptide segment 38-59 of the domain
B (DB) of Staphyloccocus aureas protein A (SpA).
SpA is known to be a virtually universal immuno-
globulin (IgG) binding protein. X-ray crystallography
of the complex, SpA-IgG fragment Fc, showed two
antiparallel helices formed by the N-terminal part,
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but a low electron density in the C-terminal part
(residues 38-59) attributed to peptide flexibility or
structural disorder [7]. Nevertheless, solution stu-
dies of the isolated domain B [8] showed a well-
defined, three helix bundle with a hydrophobic core
formed by the apolar faces of the slightly amphiphi-
lic helices, helix I 9-19, helix II 26-37 and helix III
42-55 (Figure 1). Helix III is flanked by two prolines,
which serve as helix start and stop signals. Further-
more, the N-terminal Pro preceding residue is
Asp38, known to be a good N-capping residue and
able to interact favourably with the partially posi-
tively charged N-terminus (charge-macrodipole in-
teraction). In addition, the C-terminal Pro following
the Lys residue interacts favourably with the
macrodipole at the carboxy terminus. In conse-
quence, helix III from Asp38 to Lys59 in isolation
was expected to form a helix in solution. Reverting
this sequence results in unfavourable charge-macro
dipole interactions of the amino (Lys) and carboxy
(Asp) residues and a poor N-cap residue (Lys). These
unfavourable interactions should give, in principle,
a lower helical content for the retro peptide com-
pared with the normal peptide, if these factors are
important for helix stabilization. In the present
work, we present the synthesis and conformational
analysis by CD and high field NMR of SpA DB 38-59
in its native and retro forms and study the effect of
sequence reversal on helix stabilization.

Figure 1 (A: Solution structure of Staphylococcus aureus
protein A, domain B. Only the peptide backbone is shown.
Helices I and II are shown in light grey, helix III in dark
grey. (B) Primary sequence of helix III and its representa-
tion in the helical wheel.
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MATERIALS AND METHODS

Peptide Synthesis and Purification

The native (Ln) and retro (Lr) peptides, sequence 38—
59 of Staphylococcal protein A domain B, were
synthesized automatically on an Applied Biosystem,
model 430A, according to the standard Boc strategy
for solid-phase synthesis using a ‘small-scale rapid
cycle’ (SSRC) protocol. For trifunctional amino acids
the following derivatives were used: Boc-Lys(CI-
Z)OH), Boc-Ser(Bzl)OH, Boc-Asp(cHex)OH, Boc-
Glu(cHex)OH. The peptides were assembled on a p-
MBHA resin (loading =0.81 mmol/g resin) using a
single symmetrical anhydride coupling step with 10
eq. of Boc-protected amino acids and 5 eq. coupling
reagents (DCC, HOBt). After capping the liberated
amino termini with a mixture of acetic anhydride/
pyridine (1:1), the peptides were cleaved from the
resin and simultaneously deprotected by single step
acidolysis with anhydrous HF and anisole as
scavenger, yielding the C-terminal peptide amides.
Crude peptide products were precipitated with
diethyl ether, centrifuged or filtered, dissolved in
10% aqueous acetic acid and lyophilized. Peptides
were purified to homogeneity (>95%) by reversed-
phase (Vydac C18) medium pressure liquid chroma-
tography; (RP-MPLC), applying an increasing
amount of ACN/H50 (0.05% TFA) as eluent. Purity
was determined by RP-HPLC (Nucleosil C18, linear
gradient 5% ACN to 65% ACN (0.036% TFA) in
20 min, flow rate 1 ml/min; Ry(Ln)=11.4 min;
Ri(Lr) = 12.0 min) and capillary zone electrophoresis
(CZE). The purified peptides were characterized by
amino acid analysis and mass spectrometry (elec-
trospray and MALDI) prior to the NMR experiments.

Circular Dichroism

Circular dichroism spectra were recorded on a
JASCO-720 spectrometer controlled by a standard
PC computer equipped with the JASCO software
package J-700. Optical cells with a path length of
0.1 cm were placed in a thermostable cell holder and
temperature was regulated by a thermostat, model
Neslab, with an accuracy of 0.3°C. The concentra-
tion of the peptides were in the range of 80 pm, as
determined by quantitative amino acid analysis, and
they were dissolved in 3 mm potassium phosphate
buffer containing 15 mm KF at pH 5. The effect of
cosolvent titration was determined for TFE from 0%
to 100% in 15% steps and, additionally, for 18%
HFIP. Temperature dependence was measured for
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all solvent systems from 278 K to 348 K. Three
scans between 190 and 260 nm in a step size of
0.1 nm, were recorded and an average value of the
three scans taken.

CD was expressed as mean residue ellipticities
[Ol, in deg cm?/dmol!, which is related to the
molar elipticity A¢ by [B], =(3298 x Ag)/N, where N
is the number of residues.

NMR Spectroscopy

Samples were prepared using a concentration of
2mM peptide in 600 pl containing 150 mM phos-
phate buffer and 0.01 mMm NANj; dissolved either in
(A) 85% Hy0/15% D50, (B) 65% H>0/25% ds-
hexafluoroisopropanol (HFIP)/10% D>O or (C) 50%
H50/50% d3-trifluoroethanol (RFE). Ph was ad-
justed to 5.2 using small aliquots of 0.1N sodium
hydroxide or phospheric acid. Dioxane was used as
internal standard.

'H-NMR spectra were recorded on a Varian VXR-
500 unit equipped with a shielded triple resonance
gradient unit. A 90 degree pulse was generated
applying a 12.4 ps pulse at a transmitter power of
56 dB and the transmitter on-resonance on the H,O
signal. 2D-homonuclear NMR spectra were recorded
in phase-sensitive mode using the States method for
quadrature detection in the & dimension. DQF-
COSY [9] and clean-TOCSY [10] were recorded with
a MLEV-17 spin-lock sequence [11] at a mixing time
of 80 ms, and NOESY [12,13] were recorded with
mixing times of 100 s, 200 s and 400 ms to evaluate
spin-diffusion effects. Mixing times were varied
randomly by 10% to avoid zero-quantum effects.
ROESY [14] spectra were acquired at low mixing
times (80-120 ms) to differentiate between ROE
connectives and chemical exchange peaks. Solvent
suppression was achieved for TOCSY and NOESY/
ROESY using a WATERGATE sequence [15] and
presaturation of 1.5s for the DQF-COSY. The
acquisition time for two-dimensional spectra was
in general set to 0.2 s, followed by a recovery delay of
1.6 s. A spectral width of 5000 Hz was used in both
dimensions containing 2048 to 1024 data points.
Usually 24 to 32 scans for 256 increments were
recorded to achieve sufficient resolution. Spectra
were processed with the Varian built in software
package VNMR on a SUN-SPARC work station. Zero-
filling or linear prediction of the t1 dimension results
in a matrix of 2 x 4 K, which was baseline corrected
in both F1 and F2 dimensions and multiplied by
either a shifted Gaussian or sine-bell function prior
to the Fourier transform.
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Approximate SJNH_Hl coupling constants were
measured after analysing the corresponding 1D
slices from resolution enhanced DQF-COSY spectra
with a 4 x 1 K real data-point matrix. Temperature
coefficients of the amide protons were extracted from
high resolution 1D or fast-TOCSY (256 increments
containing eight transients with 2048 data points
each) in 5 K intervals from 278 K to 308 K.

RESULTS

Circular Dichroism of Fragment 38-59 (Ln) and its
Retro Analogue (Lr)

The far-UV CD spectra of both Ln and Lr peptides
(Figure 2 in aqueous solution at pH = 5.3 exhibited a
strong minimum at 200 nm, accompanied by a
small shoulder at 222 nm, characteristic for largely
disordered conformations with residual or nascent
helices. Upon addition of the structure-stabilizing
cosolvents TFE or HFIP [16-18], a stronger absorp-
tion was observed for the minimum at 222 nm, a
maximum emerged at 190 nm and the minimum
above 200 nm exhibited a shift to higher wave-
lengths. Additionally, both minima at 222 and
200 nm increased in intensity with increasing TFE
concentration. Thus, the resulting CD spectra at
50% TFE or 18% HFIP reflect the characteristics of
an o-helix with the typical minima at 208 and
222 nm, accompanied by a maximum at 198 nm
([19] and references cited therein). The occurrence of
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an isodichroic point at 203 nm for both Ln and Lr is
compatible with a two-state conformational equili-
brium between unordered and helical structures.
The concentration dependence (between 0.08 and
1.0 mM) of the minimum at 222 nm was linear (data
not shown), excluding aggregation phenomena,
often observed for hydrophobic or amphipathic
peptides such as the present one. Thermal dena-
turation studies (data not shown) showed a linear
decrease in ellipticity at 222 nm with increasing
temperature, consistent with a cooperative transi-
tion between the folded and the unfolded state. The
recovery of ellipticity by recooling to 278 K indicated
the reversibility of the folding process and allowed
irreversible thermal denaturation to be excluded.

In water, the calculated helicity (using
%helicity = 100 X [@455/—39,500 deg cm?/dmol x
(1 —2.57/n)], n=22 number of peptide bonds [20])
for the native peptide Ln was higher than for the
retro peptide Lr (Ln 25%; Lr 12%). In contrast, a
maximum of =~ 60% helicity was reached for both Ln
and Lr upon addition of 50% TFE or 18% HFIP.
Thus, CD results suggest structural similarities in
the presence of cosolvents but differences in the
absence of cosolvents.

NMR

Association or aggregation phenomena as a reason
for secondary structure formation can be excluded
both from NMR and CD concentration dependency
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Figure 2 CD spectra of the cosolvent titration of Ln (A) and Lr (B) at 5°C. The TFE and HFIP percentages (by vol.) used were
the following: 0%, 15%, 30%, 45%, 60%, 75%, 90%, 18% HFIP. Insets represent the molar ellipticity at 222 nm of the

cosolvents titration for Ln (open bars) and Lr (closed bars).
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studies. As mentioned above, CD spectra of Ln and
Lr in the concentration range of 80 uMm to 1 mMm did
not change in the absence and presence of cosol-
vents. NMR showed the absence of amide line
broadening or of significant changes in the
chemical shift at 3 mM concentration when com-
pared with 0.3 mM concentration. Additional evi-
dence for the presence of single monomeric species
derived from the temperature dependency of the
amide chemical shifts, which were linear between 5
and 30°C.

Assignments were done using the standard two-
step procedure [21, 22] by a combination of 2D
homonuclear through bond TOCSY and through
space NOESY or ROESY experiments. Spin diffusion
effects leading to three spin NOE connectivities were
excluded by checking the presence of the same
NOES observed at low mixing times in the NOESY or
ROESY spectra.

NMR of the Native (Ln) and Retro (Lr) Peptide in Water

The 'H-NMR spectra of both native and retro
peptides in aqueous solution show a small chemical
shift dispersion for both amide and H” region, as
typically observed for very flexible peptides (Figure
3). The assignment was complicated by the presence
of slow cis-trans rotational isomerism about the
Xaa-Pro tertiary amide bond. ROESY spectra were
recorded to differentiate between chemical exchange
peaks arising from slow cis-trans isomerism and
pure ROESY cross-peaks, which occur in opposite
phases. Nevertheless, the absence of amide chemical
shift degeneration made the unambiguous assign-
ment for the major, all-trans conformer, based upon
the aN(i,i+ 1) connectivities possible (Tables 1 and
2). Additionally, a region of continuous but low-
intensity NN(i,i+ 1) and SN(i,i+ 1) NOEs from Ala43
to Ginb56 confirmed the prior assignment. The two
Pro residues were assigned by their characteristic
NOE connectivities «N(Pro,Xaa+ 1) and odé(Xaa,
Pro + 1) for the trans or ax(Xaa,Pro+ 1) for the cis
conformer.

The presence of continuous NN(i,i+ 1) (Figur4A
and B) and some «N(i,i+ 2) NOEs (Figure 4) suggest a
nascent helix, defined as an ensemble of turns over a
range of residues [23]. Long range and further
medium range NOEs, as typically observed for highly
ordered structures, were clearly absent.

Further evidence for nascent helices was derived
from the small but significant upfield shift of the H”
protons when compared with ‘random coil’ values
from Wishart ([25] and references cited herein). As
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shown in Figure 6, a succession of helix-specific
negative values is observed throughout the sequence
from GIn41 to GIn56. Additionally, a three to four
residue periodicity of the H* and NH (data not
shown) chemical shift deviations for both Ln and
Lr point to the presence of an amphiphilic helix. The
strongest deviation from ‘random coil’ values were
observed for the polar residues. Glu48, Asp54 and
Asnb3, and the lowest deviation for the apolar
residues Leu46, Ala49 and Leub2. The interpreta-
tion of the alteration of the chemical shift deviation
of the Pro adjacent residues GIn41l, Ser42 and
GIn56, Alab57, located on the apolar face of the
schematic amphiphilic helical wheel (Figure 1), is
not clear.

The use of other conformationally sensitive para-
meters such as amide temperature coefficients,
helpful for identifying hydrogen bonds [26-29], or
2Jnn. coupling constants, which gives information
about ® dihedral angles ([30,31] and references cited
there), has been reported in the literature to give
additional support for the presence of nascent
helices. In such case, amide temperature coeffi-
cients have been used to calculate solvent protection
factors per residue (Pf), assuming a linear depen-
dence between completely solvent-shielded (O
p-p.b./K) and completely solvent-exposed (values
from [32]) amide protons. The native peptide Ln
shows a mean solvent protection Pf of 55%, derived
mainly from the 12 residues Leu45 to GIn56 with the
exception of the two acidic residues Glu48 and
Aspb54. In contrast, in the case of the retro peptide Lr
only eight residues from Leu45 to Leu52 (with the
exception of Lys50) are involved in hydrogen bonds,
giving a Pf of 44%. Thus, both Ln and Lr contain
amide protons involved in hydrogen bonds in the
central part of the molecules starting with Leu45,
but differ in the relative stability and length of this
hydrogen bonded array. The observed 3N, COU-
pling constants were in the range of 7 Hz. This value
is in general attributed to non-ordered, flexible
peptides, although recent statistical studies on the
¢ /¥ distribution of helices in proteins contained in
the Brookhaven database [33] show a range of
possible; ®-angles (—45° to —100°) corresponding
to 3Jyu, coupling constants between 3 and 9 Hz.

The results presented so far could provide a very
demanding test for theoretical or semi-empirical
secondary structure prediction algorithms. Such a
comparison between the experimental (H* chemical
shifts) and calculated helicity was performed with
the recently developed algorithm AGADIR [34-36].
AGADIR is based on the two-state helix—coil approx-
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Figure 3 2D-homonuclear TOCSY, amide-alkyl zone of (A) Ln and (B) Lr in water. Ln at 10°C and Lr at 5°C. Spin system

connectivities are indicated by continuous lines.
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Table 1 Chemical Shifts (5°C) and Amide Temperature Coefficients (ANH/AT) of Ln in Water and 18% HFIP
(italic) at pH=5.2

Residue NH Ho Hp1 Hp2 Hy Others ANH/AT
(p.p-b./K)
Asp 38 8.40 n.d. 2.85 7.8
7.94 4.99 2.87 2.78 5.6
Pro 39 4.50 2.25 2.00 1.87 3.79 3.63
4.47 2.34 2.05 2.08 3.92
Ser 40 8.91 4.51 3.94 3.92 5.8
8.77 4.57 4.05 3.96 5.1
Gln 41 8.81 4.38 2.13 2.03 2.41 8.6
8.92 4.35 2.17 2.10 2.45 7.5
Ser 42 8.48 4.39 3.95 3.91 5.1
8.25 4.32 3.94 4.2
Ala 43 8.44 4.23 1.43 6.5
8.12 4.15 1.48 2.6
Asn 44 8.38 4.60 2.84 5.1
7.94 4.52 2.87 2.9
Leu 45 8.12 4.21 1.78 1.59 0.93 0.87 2.0
7.86 4.17 1.80 1.71 0.90 0.88 3.2
Leu 46 8.18 4.28 1.70 1.58 0.93 0.87 2.6
7.99 4.10 1.77 1.68 1.61 0.87 4.6
Ala 47 8.05 4.20 1.45 X
7.91 4.08 1.53 X
Glu 48 8.15 4.21 2.10 2.52 6.2
7.90 4.15 2.20 2.54 1.3
Ala 49 8.12 4.21 1.45 4.4
8.59 4.03 1.52 4.5
Lys 50 8.10 4.22 1.83 1.75 1.45 1.65 3.2
8.48 3.98 1.96 1.74 1.58 1.46 1.66 4.8
Lys 51 8.13 4.21 1.83 1.44 1.77 2.0
7.83 4.10 2.03 1.74 1.45 1.68 0.4
Leu 52 8.22 4.31 1.69 1.57 0.93 0.87 3.1
8.35 4.14 1.82 1.74 0.91 0.86 5.4
Asn 53 8.41 4.65 2.84 2.6
8.41 4.46 2.82 5.9
Asp 54 8.41 4.65 2.84 4.5
8.49 4.57 2.98 2.90 4.7
Ala 55 8.22 4.28 1.42 3.1
7.99 4.27 1.54 1.1
Gln 56 8.25 4.31 2.11 1.98 2.39 4.1
7.86 4.33 2.22 2.08 2.50 2.45 6.4
Ala 57 8.30 4.57 1.37 6.8
7.91 4.55 1.45 2.7
Pro 58 4.50 2.25 2.00 1.97 3.85 3.85
4.47 2.34 1.94 2.08 3.85 3.66
Lys 59 8.58 4.24 1.83 1.78 1.48 1.70 8.0
8.34 4.34 1.91 1.82 1.54 1.74 9.1

imation of the classical Zimm-Brag theory and takes
into account most of the sequence-dependent fac-
tors for helix stabilization. AGADIR has been suc-
cessfully used in the prediction of total helicity, as
well as helicity on a residue basis of a variety of
molecules. Figure 6 represents, for both Ln and Lr, a
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comparison between calculated (AGADIR) and ex-
perimental helicities (from H”* chemical shifts).
Calculation suggests a central helix from Gln41 to
Ala56, in good agreement with the experimental
results. Nevertheless, AGADIR predicted differences
between Ln and Lr in both location of the helix
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Table 2 Chemical Shifts (5°C) and Amide Temperature Coefficients (ANH/AT) of Lr in Water and 18% HFIP

(italic) at pH=5.2

Residue NH Ho Hp1 Hp2 Hy Others ANH/AT
(p.p-b./K)
Asp 38 8.83 4.46 2.78 2.73 5.8
8.25 4.69 2.83 2.78 3.3
Pro 39 4.41 2.32 1.90 2.01 3.87 3.64
4.30 2.38 1.94 2.13 2.04 3.61 3.85
Ser 40 8.41 4.57 3.88 6.3
7.98 4.83 4.06 3.99 1.1
Gln 41 8.42 4.30 2.01 2.10 2.39 7.2
7.72 4.46 2.32 2.13 2.52 <1.0
Ser 42 8.30 4.42 3.90 4.7
8.24 4.36 4.07 4.4
Ala 43 8.22 4.33 1.43 4.4
7.70 4.26 1.49 <1.0
Asn 44 8.35 4.67 2.85 2.78 5.0
8.32 4.49 2.96 2.82 4.3
Leu 45 8.06 4.29 1.69 1.61 0.93 0.88 3.9
8.79 4.08 1.80 1.68 0.90 6.0
Leu 46 8.06 4.29 1.69 1.61 0.93 0.88 3.5
8.36 4.16 1.93 1.61 0.91 5.4
Ala 47 8.20 4.27 1.42 3.7
8.07 4.16 1.61 2.5
Glu 48 8.35 4.20 2.02 2.39 4.8
8.44 3.94 2.79 2.64 2.40 2.182 4.4
Ala 49 8.29 4.25 1.43 4.1
8.19 4.08 1.57 7.5
Lys 50 8.23 4.22 1.80 1.69 1.43 6.7
7.79 4.08 2.00 1.90 1.70 1.40 2.1
Lys 51 8.14 4.22 1.83 1.69 1.42 4.2
8.05 4.07 2.03 1.96 1.73 1.43 4.1
Leu 52 8.17 4.28 1.72 1.61 0.94 0.87 4.8
8.08 4.22 1.85 1.74 0.96 0.91 3.2
Asn 53 8.41 4.63 2.83 2.72 5.1
7.96 4.52 3.00 2.86 <1.0
Asp 54 8.35 4.59 2.78 2.67 5.5
8.18 4.46 2.85 2.79 1.9
Ala 55 8.54 4.26 1.40 7.4
8.16 4.15 1.51 4.3
GIn 56 8.30 4.39 2.13 2.00 2.38 4.1
8.27 4.23 2.22 2.45 1.2
Ala 57 8.46 4.28 1.41 7.6
8.43 4.23 1.61 4.7
Pro 58 4.47 2.30 2.00 2.02 3.78
4.51 2.38 2.02 2.10 3.85
Lys 59 8.34 4.57 1.80 1.70 1.48 7.6
7.82 4.52 1.88 1.80 1.79 1.59 5.6

(Ln = Ser40-Asnb53; Lr = Ser42-Ala56) and total he-
lical amount, calculated over the whole sequence
(Ln=7.4% vs. Lr =4.0%). NMR showed, in contrast,
only marginal differences between Ln and Lr and, for
both a higher helicity at the C-terminus than at the
N-terminus.

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

NMR of the Native Peptide and its Retro Analogue in
Fluorinated Cosolvents

For both native and retro peptide, 18% HFIP was

selected as solvent for examining the effect of
cosolvent addition on a residue basis by NMR. This
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Figure 4 2D homonuclear NOESY, amide-amide zone of (A) Ln and (B) Lr in water and (C) Ln and (D) Lr in 18% HFIP (down
level). Sequential assignment in the NOSEY spectrum is only given for the major conformer. Non-sequential medium range
NOEs are indicated by squares with corresponding amino acid numbering.

solvent was shown from prior CD studies to stabilize
the helical content significantly. The helix-stabiliz-
ing effect of 18% HFIP, both in Ln and Lr, is similar
to the effect of 50% TFE. The differences between
both physico chemically different solvent systems
and their influence on the conformation on a residue
basis by NMR have now been compared.

The presence of 18% HFIP did not change the
amide of H* chemical shift dispersion but did give a
larger number of NOEs, thus facilitating in principle

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

the assignment and secondary structure analysis.
On the other hand, addition of this cosolvent
provokes an increase in peak intensities of the
second set of signals derived from cis-trans isomer-
ization to nearly equal intensities. Nevertheless,
unambiguous assignments for both sets of signals
were made following the general procedure de-
scribed above for aqueous solutions.

A high number of helix characteristic strong
sequential NN (i,i+ 1) and medium range NN(i,i+ 3),
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308 HAACK ET AL.

Ni-Ni+| Tk kX Ni-Ni+ T
— e — — — S — — — e —
Ni-Ni+ — Ni-Ni# _
Ni-Ni+ Ni-Ni+
Ni-Ni+ Ni-Ni+
@i-Ni @i-Ni
8 — N )

ai-Ni+ e — @-Nit S N S e S— — — — —
oi-Ni+ i-Ni+
00-Ni+; 0i-Ni+

H O «i-Ni+ ai-Ni+

2 Bi-Ni+ — S — Bi-Ni+ — — —
— e —— —

others| others?
others2| others?2]
od-Pi+ oi-Pi+:

DPSQSANLLAEAKKLNDAQAPK

KPAQADNLKKAEALLNASQSPD

Ni-Ni+ e S S—— —

Ni-Ni+1 — e m— —
i-Ni+ — e — — — —— — — —
Ni-Ni+2 — NiNit] m— —— " m—— J—
— —
Ni-Ni+3 e Ni-Ni+ e —
Ni-Ni+d e _____ Ni-Ni+4
0d-Ni+l —— — — — — — o — oi-Nit
0i-Ni+2 ai-Ni
o N3 —_— N
18% HFIP i i = s
Bi-Ni+x e Bi-Ni+
othersl ] others
others2 others:
od-Pit3 o-Bi+ _—

DPSQSANLLAEAKKLNDAQAPK

KPAQADNLEKKAEALLNASQSPD
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overlap.

aN(i,i+ 3), af(i,i+ 3) NOEs were observed from Leu45
to GInb6 in the presence of 18% HFIP (Figure 4 C
and D), which are consistent with stabilized helical
conformations for both Ln and Lr. Ln show in 50%
TFE similar NOE connectivities to those observed in
18% HFIP for the central region from (data not
shown) Leu45 to GIln 56, but contain additional
NOEs in the N-terminus, extending the helical
segment from Ser40 to GInb56. Calculation of the
total helical amount by the mean relative intensities
of the sequential NN(i,i+ 1)/aN(i,i+ 1) NOEs [37]
gives for Lr 55%, for Ln in 18% HFIP 60% and for
Ln in 50% TFE 63%.

The presence of a stabilized helical conformation
for the Ln and Lr was confirmed by a significant
upfield shift of the H”* protons, compared with
aqueous solution, as shown in Figure 7. Clearly four
helical turns with a three to four residue periodicity
were observed for Ln in the presence of 18% HFIP:
GIn41-Leu4b, Leu45-Glu48, Glu48-Leu52 and

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

Leub52-GIn56. Thus, HFIP only stabilized the helix
already presented in water and did not induce
additional conformational features. Especially
strong upfield shifts, in comparison with these
observed in water, were observed in the second and
third helical turn spanning the putative Glu48-
Lysb51 salt-bridge. The tendency of HFIP to stabilize
the helix already present in water was even more
marked for the retro peptide Lr. All residues in the
helical segment showed an upfield shift of at least
0.15 p.p.m., with the exception of Leu52. No regular
periodicity of three to four residues was observed for
this peptide, pointing to a less amphipatic helical
conformation. Furthermore, Glu48 changes from a
local minimum (-0.16 p.p.m.) for Ln to a local
maximum (—0.40 p.p.m.) for Lr, pointing to differ-
ences in the putative salt-bridge Glu48-Lys51. The
comparison of the H”* chemical shift deviation
between the two binary mixtures containing 50%
TFE and 18% HFIP solvents was very interesting,
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Figure 6 Comparison of the residue helicity of Ln and Lr based upon experimental H* chemical shift deviation and
calculations applying AGADIR as algorithm. Ln is represented by circles, Lr by squares. Calculated values are given in open
symbols, experimental values in the inversed mode indicated by closed symbols. Experimental residue helicities are

calculated supposing —0.38 p.p.m. as 100% helical.

showing a similar helical content by CD. As depicted
in Figure 8, both solvent systems influence the
secondary structure globally and locally on a residue
basis in a very similar way, supporting the CD
results. Finally, a good correlation of calculated
helical content between CD and NMR data was
found. The total helical contents of Ln and Lr were
37% (50% TFE and 18% HFIP) and 40% (18% HFIP),
respectively, based upon the H* conformational
shifts using the equation %bhelix=ZX(AJH")/
(n x —0.38), where —0.38 p.p.m. was taken to be
the value for 100% helix and n, the number of amide
bonds, is 22.

DISCUSSION

The present study was undertaken to examine the
relationship between the effect of changes in the

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

macrodipole direction and conformation. Further-
more, two known structure-stabilizing solvents, TFE
and HFIP, were compared.

The model used in the present study derived from
helix three, sequence 38-59, of Staphylococcus
aureus protein A, domain B (SpA DB). This last
helix consists of a slightly amphipathic helix (Figure
1), if one considers the amide side chain of Asn and
GIn as hydrophobic residues. The hydrophobic face
is slightly disturbed by the hydrophilic residue
Ser42. The hydrophilic face contains two possible
salt-bridges in i+ 3 spacing formed by Glu48-K51
and K51-Aspb4. Calculation of the amphiphilic
profile using different scales revealed two maxima
at Leu45 and Leu52 and one minimum at Glu48 or
Ala47, depending on the scale used. Two peptides
representing the native (Ln) and the reversed or
inverted sequence (Lr) of SpA DB (Figure 1) were
synthesized and its conformational preferences
analysed by a combined study of CD and NMR.

JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 299-313 (1997)



310 HAACK ET AL.

¢ ©
[\V)
1t 11 ] i1 | L1 1 l 11 1 1

A8 Ho [ppm]
o

-0.1

-0.2

-0.3

Cea s by b v by

-0.4 S I N SN Y S SO SN IR B EO By EO S B S E B
DPSQSANLLAEAKKLNDAQAPK
amino acid

Figure 7 Effect of HFIP upon the conformational sensitive H* chemical shifts of Ln (O) and Lr (@). Lr is shown from the
carboxy to the amino terminus for comparison reasons.

I

o
—
RS B A

Ad Ha [ppm]

1
o
N
NSNS SRR TUE N BN S S B A

S04 T T T T T T T T T T T T T T T T T T T T
DPSQSANLLAEAKKLNDAQAPK
amino acid
Figure 8 Differences of Ln H”* chemical shifts between 50% TFE (circles) and 18% HFIP (squares) at 5°C, pH=5.3.

© 1997 European Peptide Society and John Wiley & Sons, Ltd. JOURNAL OF PEPTIDE SCIENCE, VOL. 3, 299-313 (1997)



STRUCTURAL COMPARISON OR NATIVE VERSUS RETRO PEPTIDE 311

In general, CD and NMR studies showed in water
a nascent helix for both Ln and Lr, throughout the
sequence from GIn4l to GIn56. These nascent
helices were clearly stabilized upon addition of
cosolvents and specified as an amphiphilic helix,
shown by CD and NMR. The close relation of 18%
HFIP and 50% TFE for several conformationally
sensitive  NMR parameters such as NOEs and
chemical shift deviation, in both absolute helical
content and location of the helix, suggests a similar
mechanism for helix stabilization upon addition of
these fluorinated cosolvents. Earlier studies sug-
gested that the differential solvation effect depends
upon the highly hydrophilic nature of the peptide
backbone [38], theoretical [39]). Thus, the use of
mixed solvents should satisfy the optimal balance
between electrostatic effects (favoured in organic
solvents) and hydrophobic effects (favoured in
water). A recent study from Kemp and coworkers
[18] suggested destabilization of the unfolded state
as the major driving force for the stabilization of
nascent structure at low percentages of TFE. Thus,
HFIP as cosolvent seems to disfavour the unfolded
state more strongly than TFE, therefore inducing
enhanced helicity.

The high helicity in fluorinated cosolvents was
expected for the native peptide. Ln but was some-
what unexpected for the retro peptide Lr. Helix
stability is normally viewed as the sum of different
internal, or sequence-dependent, factors listed be-
low (recently reviewed by Chakrabartty and Baldwin
[6]) together with external factors such as tempera-
ture, solvent, pH, salt composition and concentra-
tion. The sequence-dependent factors are the
intrinsic tendencies of amino acids to adopt a helical
conformation and to form an N-terminal capping
motif, side-chain backbone and side-chain to side-
chain interactions such as salt-bridge formation, nn-
stacking of aromatic residues or hydrophobic stabi-
lization by residues spaced by i,i+3 or i,i+4 and,
finally, charge-helix dipole interactions.

Comparative conformational analysis of different
peptide sequences has been very useful in the
identification of the stabilizing helical factors men-
tioned above. However, by this approach it is in
general very difficult to weight the relative impor-
tance of each of these factors, especially because of
the fact that the intrinsic tendency of each residue to
adopt a helical conformation is, frequently, the
dominant factor in the entire process. We think that
a comparison of the conformation of a normal and a
retro sequence represents a general approach to
circumvent this problem, because both peptides

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

contain the same residues in the same order but in
a different orientation with respect to the macro
dipole; thus, the sum of the intrinsic tendencies of
each amino acid to adopt a helical conformation is
identical in both peptides. In addition, in our
particular case, the postulated salt-bridges exist
for both Ln and Lr, one in a favoured (Ln Glu48-K51
and Lr K51-Asp54) and the other in an unfavoured
(Lr Glu48-K51 and Ln K51-Asp54) orientation with
respect to the macro dipole, thus contributing
identically to the total helical amount. Nevertheless,
strong differences occurred at the N- and C-termini.
Whereas Asp38, in Ln, represents a good N-terminal
helix capping motif, Lys59, in Lr, is considered to be
a poor N-cap. The same residues contribute as well
to the charge-macrodipole term in an opposite way.
The negatively charges Asp38 interacts favourably
with the partial positive amino terminus in Ln and
unfavourably with the partial negative carboxy
terminus in Lr, whereas the positively charged
Lysb9 interacts favourably with the partial negative
carboxy terminus in Ln, and unfavourably with the
N-terminus in Lr. In summary, it was expected that
Ln would show much higher helicity than Lr,
especially in the presence of non-polar solvents,
such as 18% HFIP or 50% TFE, enhancing the ionic
interactions as charge-macrodipole once. This gen-
eral trend was confirmed quantitatively by CD
measurements and on a residue basis applying
the AGADIR [36] algorithm, which shows a higher
total helicity for Ln than for Lr in water. However,
the NMR results show equal helicity for Ln and
Lr in both helical content and location of the helix
on the sequence, despite the unfavourable interac-
tions in Lr. These results strongly suggest that,
among the different factors that govern the tendency
of a given peptide sequence to adopt a helical
conformation, N-capping and charge-marcodipole
interactions are not the determinants of the ten-
dency of the present peptide derived from the third
helix of SpA DB to adopt a helical conformation. For
this particular peptide it seems to be clear that
helicity derives mostly from the appropriate side-
chain interactions, especially from charge or hydro-
gen bond interactions of the amino acid pairs
Glu48-Lysb1 and Lysbl-Asp54, both in ii+3
spacing.

In conclusion, retro peptides and their normal
counterparts can serve as conformational tools to
discriminate between orientation dependent, such
as capping for helices, and orientation independent,
such as intrinsic helicity of each amino acid,
secondary structure stabilizing factors.
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