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Abstract

The ability to monitor precisely the hydrophobicity/hydrophilicity effects of amino acid substitutions in both the non-polar and polar
faces of amphipathie-helical peptides is critical in such areas as the rational de novo design of more effective antimicrobial peptides.
The present study reports our initial results of employing the complementary separation modes of reversed-phase high-performance liquid
chromatography (RP-HPLC) and hydrophilic interaction/cation-exchange chromatography (HILIC/CEX) to monitor the effect on apparent
peptide hydrophilicity/hydrophobicity and amphipathicity of substituting simgler p-amino acids into the centre of the non-polar or polar
faces of a 26-residue biologically active amphipatibelical peptide, ¥s;. Our results clearly show that RP-HPLC and HILIC/CEX are
best suited for resolving amphipathic peptides where substitutions are made in the non-polar and polar faces, respectively. Further, RP-HPLC
and HILIC/CEX were demonstrated to be excellent monitors of hydrophilicity/hydrophobicity variations where amino acid substitutions were
made in these respective faces. We believe these complementary high-performance modes offer excellent potential for rational design of novel
amphipathiax-helical biologically active peptides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction due to their possession of a net positive charge resulting from
the presence of excess arginine and/or lysine residues), fac-
The ever-increasing development of bacterial resistance totors believed to be important for antimicrobial activity have
traditional antibiotics has precipitated an urgent requirement been identified: the presence of both hydrophobic and basic
for new antibiotics possessing novel modes of action as well residues, as well as a defined secondary structutee(ix or
as different cellular targets compared to existing antibiotics 3-sheet), either preformed or inducible, and an amphipathic
in order to decrease the likelihood of development of resis- nature, which segregates basic and hydrophobic residues to
tance. Antimicrobial peptides may represent such a new classopposite sides of the molecule in lipid or lipid-mimicking
of antibiotics and their design and structure—activity relation- environmentg1-10]. This amphipathic structural feature is
ships have become an area of active research in recent yearbelieved to play a critical role in the antimicrobial mechanism
[1,2]. From numerous studies on both natural and synthetic  of action, with the hydrophilic (positively charged) domain
helical and3-sheet cationic antimicrobial peptides (so-called of the peptide proposed to initiate peptide interaction with
the negatively charged bacterial surface and the negatively
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the peptide to enter the interior of the membr{d@1-13] orthophosphoric acid and triethylamine (TEA) were obtained
Subsequent bilayer disruption or concomitant channel for- from Anachemia (Toronto, Canada). Sodium perchlorate was
mation in, for example, the bacterial cytoplasmic membrane obtained from BDH (Poole, UK).

may lead to the leakage of cell contents and cell death
[11-14]

For amphipathiax-helical peptides specifically, antimi-
crobial potency depends upon peptide amphipathicity, hy-
drophobicity, and helicity, such features only coming into
play when the helical structure is induced in a hydrophobic
environment such as a bacterial cell membridr®$ or, con-
versely, disrupted in an aqueous environmég{. Clearly,
the ability to monitor the hydrophilicity/nydrophobicity ef-
fects of amino acid substitutions in both the non-polar and
polar faces of potentially useful antimicrobial amphipathic
a-helical peptides is critical in the design process for such
molecules. Reversed-phase high-performance liquid chro-
matography (RP-HPLC) has, in addition to being an ef-
fective separation tool for peptide separations, also proved, 3 LpLC run conditions
to be a useful physico-chemical probe of peptide and pro-
tein structurd17-25] The latter use includes the monitor- RP-HPLC linear AB gradient elution (1% B/min) at a
ing by RP-HPLC of the hydrophilicity/hydrophobicity of the - 1y rate of 0.3 mi/min, where eluent A is 0.05% aq. TFA, pH

non-polar face of amphipathie-helical molecules, due to 5 o ang eluent B is 0.05% TFA in acetonitrile: temperature,
the interaction of this non-polar face (the preferred bind- 55oc

ing domain) with the hydrophobic stationary phase. In-an 1 |c/CEX linear AB gradient elution of 5 mM NaCl
analogous manner, we propose that mixed-mode hydrophilicto 250 mM NaClQ in 60 min at a flow-rate of 0.3 ml/min,
interaction/cation-exchange chromatography (HILIC/CEX) \ here buffer A is 5mM triethylammonium phosphate
may provide the required tool to monitor hydrophilic- (TEAP), pH 4.5, containing 5mM NaCloand buffer B is
ity/hydrophobicity of the polar face of amphipathiehelical 5mM ag. TEAP, pH 4.5, containing 250 mM NaGi(oth

molecules, due to the interaction of this polar face with the 1, ters containing 70% (v/v) acetonitrile at temperatures of
hydrophilic/charged cation-exchange matrix. Although this s>50c of g50C

novel high-performance mode was originally developed in Samples injected onto the columns contained 5-10 nmol
the auth_ors’ Iaboratqry strictly as a novel separation approach ¢ o 5ch peptide. The gradient delay time for the HPLC system
for peptide separationf27-33} subsequently adapted by a5 1.2 min. Samples were dissolved in the starting eluents
other researchers for protein separatif¥s-38] we believe ¢, yoth HPLC modes. Peptide elution order was definitively
that HILIC/CEX can transcend its original development as ggapjished by spiking with individual peptides and individual
simply a complementary separation technique to RP-HPLC ihiections. The reproducibility of the peptide separations in
and aid in the rational design of potentially valuable amphi- \,4ih HPLC modes was confirmed via duplicate (RP-HPLC)

pathica-helical antibiotics. _ and triplicate (HILIC/CEX) runs.
Thus, the present study represents the first report de-

scribing the employment of these complementary separation
modes to monitor the effects on apparent peptide hydrophilic- 2.4. Peptide synthesis and purification
ity/hydrophobicity and amphipathicity of substituting single

2.2. Analytical HPLC columns and instrumentation

RP-HPLC runs were carried out on a Zorbax SB300-
Cs column (150mmx 2.1mm i.d., Gum particle size;
300A pore size) from Agilent Technologies (Little Falls,
DE, USA). Mixed-mode HILIC/CEX runs were carried out
on a poly(2-sulfoethyl aspartamide)-silica (Poly-Sulfoethyl
A) strong cation-exchange column (200 2.1 mm i.d.,
5pm, 300,&) from PolyLC (Columbia, MD, USA).

All analytical HPLC runs were carried out on an Agilent
1100 Series liquid chromatograph.

L- Or p-amino acids into the centre of the non-polar or po- Peptide synthesis was carried out by standard solid-phase
lar faces of a 26-residue biologically active amphipathic synthesis methodology using*-tert-butyloxycarbonyl {-
helical peptide denotedgd; [39,40] Boc) chemistry on methylbenzhydrylamine (MBHA) resin

(0.97 mmol/g) as described previou$hb]. The crude pep-
tides were purified by preparative RP-HPLC on an Ap-

2. Experimental plied Biosystems 400 solvent-delivery system connected
to a 783A programmable absorbance detector. Amino
2.1. Materials acid analyses of purified peptides were carried out on

a Beckman Model 6300 amino acid analyzer (Beckman
HPLC-grade water was prepared by an E-pure water pu- Instruments, Fullerton, CA, USA) and the correct pri-
rification system from Barnstead International (Dubuque, IA, mary ion molecular masses of peptides were confirmed
USA). Trifluoroacetic acid (TFA) was obtained from Halo- by mass spectrometry on an electrospray Mariner Biospec-
carbon Products (River Edge, NJ, USA). Acetonitrile was ob- trometry Workstation (Applied Biosystems, Foster City,
tained from EM Science (Gibbstown, NJ, USA). ACS-grade CA).
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3. Results and discussion ported previously by our laboratory for both amphipathkic
helical peptidef29] and cyclic amphipathig-sheet peptides

3.1. RP-HPLC versus HILIC/CEX of amphipathic [30]. Hence, we believe that HILIC/CEX has excellent poten-

a-helical peptides tial for monitoring the relative hydrophilicity/hydrophobicity

of the polar face of such peptides.

RP-HPLC has proven to be an ideal system for measur-  We believe it is important to distinguish the difference in
ing hydrophobicity, amphipathicity, and associationcof using ion-exchange stationary phasesinanon-HILIC versus a
helical andp-sheet peptidef7,16,20,21,29,30,41-51The true HILIC mode, such a distinction depending on the level of
non-polar face of, for example, an amphipathibelix rep- organic modifierinthe run solvents. Thus, in (1), anon-HILIC
resents a preferred binding domain for RP-HPLC, i.e., this separation, the presence of organic modifier may be simply
face will bind preferentially to a reversed-phase hydropho- required to eliminate non-specific hydrophobic interactions
bic stationary phasgl7,18] Indeed, Zhou et a[17] clearly with the matrix, improve solubility of solutes being sepa-
demonstrated that because of this preferred binding domain rated or perhaps enhance ionic interactions and hydrophilic
amphipathica-helical peptides are considerably more re- effects to improve separation of some of the individual com-
tentive than non-amphipathic peptides of the same aminoponents of a solute mixture. Reports of non-HILIC mode sep-
acid composition. Thus, this preferential binding of the non- arations in the presence of varying levels of organic solvent
polar face of the amphipathic peptides to a reversed-phasenave been reported for various solutes including amino acids
matrix potentially makes RP-HPLC an effective monitor of [56], peptideqd57,58], proteins[59—61] and carbohydrates
the relative hydrophilicity/hydrophobicity of the non-polar [62]. However, our definition of, (2), a separation carried out
face of such peptides. It should be noted that the potentialon an ion-exchanger in HILIC mode is the point at which the
for any non-specific, electrostatic interactions between neg- minimum organic modifier concentration required to reverse
atively charged silanol groups on the hydrophobic stationary the solute elution order of a particular solute mixture relative
phase and positively charged lysine residues in the peptideso RP-HPLC is reached. This minimum concentration will
should be negligible at the RP-HPLC run conditions used depend on the nature and hydrophilicity/hydrophobicity of
in this study (pH 2.0), where any such silanols will be pro- the solute components under consideration. Below this min-
tonated, i.e., neutrgb2,53] Indeed, application of peptide  imum concentration, hydrophilic effects may be present that
standards designed specifically to detect/monitor such non-affect resolution of just some of the mixture components.
ideal behaviour confirmed the column exhibited only ideal However, above this minimum concentration, the resolution
hydrophobic interaction behaviour under the run conditions of all sample components is affected, with higher concentra-
employed53]. tions potentially able to improve the separation still further.

The term hydrophilic interaction chromatography was In fact, at very high concentrations of organic modifier, the
originally introduced to describe separations based on so-HILIC mode is so dominant over the ion-exchange mode that
lute hydrophilicity[54], with solutes being eluted from the apeptide with a greater net positive charge can be eluted prior
HILIC column in order of increasing hydrophilicity, i.e., the to a lesser-charged peptif8,32]
opposite of RP-HPLC elution behaviour. Our laboratory sub-
sequently took this concept a step further by taking advantage3.2. Synthetic peptide analogues based gs V
of the inherent hydrophilic character of ion-exchange, specif-
ically strong cation-exchange, columns by subjecting peptide  Vggs is a biologically active amphipathic-helix with po-
mixtures to linear salt gradients in the presence of high lev- tent antimicrobial, as well as hemolytic, propert[89,40]
els of organic modifier, specifically acetonitrj&/—33] The Such a peptide represents an excellent model to investigate
presence of high levels of organic modifier not only sup- the effects of introducing-amino acids into the centre of
presses any undesirable hydrophobic interactions betweerits non-polar or polar face in an effort to modulate the hy-
the peptides and the cation-exchange mgBB], but also drophilicity/hydrophobicity of the polar and non-polar faces
promotes desired hydrophilic interactions between the pep-of the peptide. The helix-disrupting propertiesmfimino
tides and packing. Separations based on hydrophilicity areacids when substituted into arhelix made up entirely of
thus superimposed on top of those based on charge, resulti.-amino acids is well knowfiL6,63-66] Indeed, our labora-
ing in mixed-mode HILIC/CEX, i.e., such an approach takes tory determined a set of stereochemistry stability coefficients
simultaneous advantage of both the charged character of pepbased on substitution af-amino acids into an 18-residue
tides as well as any hydrophilic/hydrophobic properties they amphipathiax-helix otherwise made up entirely ofamino
possess. Note that in an analogous manner to the non-polaacids[16].
face of an amphipathig-helix representing a preferred bind- Fig. 1shows the sequences of the synthetic peptides, based
ing domain for RP-HPLC, the hydrophilic face of thenelix on the native g3, with substitution positions at position 11
would represent a preferred binding domain for a hydrophilic (denoted S11X peptides, where Serll is being substituted)
stationary phase such as the strong cation-exchange matrixn the hydrophilic face of the amphipathichelix or posi-
employed for HILIC/CEX in the present study. Evidence tion 13 (denoted V13X peptides, where Val13 is being substi-
for such hydrophilic preferred binding domains has been re- tuted) in the hydrophobic face of the amphipatiibelix. For
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Vet Ac-K-W-K-S-F-L-K-T-F-K-S-A-V-K-T-V-L-H-T-A-L-K-A-I-S-S-amide
S11X  Ac-K-W-K-S-F-L-K-T-F-K-X-A-V-K-T-V-L-H-T-A-L-K-A-l-S-S-amide
V13X Ac-K-W-K-S-F-L-K-T-F-K-S-A-X-K-T-V-L-H-T-A-L-K-A-l-S-S-amide
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Fig. 1. Synthetic amphipathie-helical peptides. Top: sequence of “native” peptide, denotgd, @nd sequence of peptide analogues, where X at position 11
(S11X series) or X at position 13 (V13X series) is substituted-hyeu (analogue denoted | etc. for other. analogues)y-Leu (analogue denotedbl. etc. for
otherp-analogues),-Val, p-Val, L-Ala, p-Ala, L-Ser,p-Ser,L-Lys, p-Lys or Gly (denoted G). Bottom left and middle: helical net representations of the peptide
sequences, showing the hydrophilic face of the amphipattielix of the S11X series and the hydrophobic face of the amphipatielix of the V13X
series; the substituted site at position 11 (S11X series) and position 13 (V13X series) is highlighted by a triangle. Bottom right: helical ederebtipr

of the model peptide sequences; the substituted sites at position 11 (S11X series) and position 13 (V13X series) are highlighted by triaegléstiesidu
hydrophilic face are shaded. The closed arc denotes the hydrophilic face; the open arc denotes the hydrophobic face. The helical wheelméptessedatio
on the properties of the-helix of 3.6 residues turn and that each residue will then appearfi@® the adjacent residue on the cross-section ofithelix.

Ac denotes N-acetyl and amide denotes‘@mide.

the S11X peptides, the substitution position (denoted as X11  For the present initial study; andp-amino acids chosen

in the helical net and helical wheel presentation§igf 1) for substitution at position 11 (polar face) or position 13 (non-
was chosen as being as central as possible in the hydrophiligpolar face) of the peptide sequendég 1) represented a
face of the amphipathia-helix, this face being comprised range of side-chain properties: the three non-polar residues,
solely of polar residues, i.e., Thr and Ser residues (contain-Ala, Val, and Leu contain side-chains of increasing size and
ing uncharged, polar side-chains) and Lys and His residueshydrophobicity (A ,Ap<V|,Vp<L_,andlp);Ser(3$, )
(containing basic, potentially positively charged side-chains). contains a small, polar (i.e., hydrophilic) side-chain; and Lys
For the V13X peptides, the substitution position (denoted (K., Kp) contains a positively charged side-chain. Finally,
as X13 in the helical net and helical wheel presentations in the Vg1 analogues substituted with Gly at positions 11 or
Fig. 1) was chosen as being as central as possible in the hy-13 (denoted G) represent the situations where no side-chain
drophobic face of the amphipathichelix, this face being  is present at the centre of the hydrophilic (position 11) or
comprised solely of non-polar residues, i.e., Ala (containing hydrophobic (position 13) faces of the helix.

a small, slightly hydrophobic side-chain), Val (containing a Clearly, in order for both RP-HPLC and HILIC/CEX to be
larger, moderately hydrophobic side-chain), Leu and lle (both effective as monitors of hydrophilicity/hydrophobicity of the
containing bulky, strongly hydrophobic side-chains), and Phe two faces of amphipathia-helices, it is important that (1)
and Trp (both containing aromatic, hydrophobic side-chains). the peptides under consideration must have a high potential to
Overall, the sizes of the polar and non-polar faces of the he-form a-helices; (2) this secondary structure must be present
lix are essentially identical, enabling a good comparison of under the HPLC run conditions employed; and (3) the pep-
the effectiveness of HILIC/CEX and RP-HPLC, respectively, tides must be eluted as single-stranded mononaehelices.

to monitor the hydrophilicity/hydrophobicity of these faces. Vgs1 is known to have a high potential to form anhelix

In addition, these peptide analogues offer a concomitant op-[39,40], as determined by circular dichroism spectroscopy.
portunity to gauge the relative effectiveness of HILIC/CEX The a-helix-inducing properties of trifluoroethanol (TFE)
and RP-HPLC to separate amphipaikibelical peptide ana-  are well documented67,68] Indeed, Monera et a[69],
logues with substitutions made in the polar or non-polar faces when carrying out temperature denaturatiorndielices in

of the amphipathie-helix. the presence of just 30% TFE, demonstrated that TFE not
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only inducesx-helical structure but also stabilizes it. Chen
et al. [16] demonstrated that, even where helix disrupting
Dp-amino acids are substituted inéohelical peptides, high
helicity (generally comparable to theiramino acid substi-
tuted analogues) may still be attained in the presence of 50%
TFE. This was also the case in the present study, with high
helicities for allL- andp-peptide analogues being obtained
in 50% (v/v) TFE (data not shown).

Since all the peptides with- or b- substitutions are max-
imally induced into theirx-helical conformation (with the
exception of Pro) in the presence of a hydrophobic environ-
ment, CD spectroscopy cannot be used to measuce liatix
disrupting properties of the substitutions basedxemelical
structure.

Itis also well documented that non-polar solvents and hy-
drophobic matrices characteristic of RP-HPLC both induce
and stabilizex-helical structurg17,22—24,26]For instance,
aclassic example reported by Blondelle ef2,24]demon-
strated an excellent correlation between the CD ellipticities of
peptides bound to a set ofigcoated quartz plates and their
RP-HPLC retention times. Indeed there is no evidence that
the hydrophobic matrix characteristic of RP-HPLC destabi-
lizes a-helical structure, quite the opposite, in fact. In ad-
dition, the ability of acetonitrile, the organic modifier tradi-

tionally employed for the majority of peptide separations by Fig. 2. RP-HPLC of amphipathia-helical peptides. Column: reversed-
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RP-HPLC[70], to inducea-helical structure in potentially

helical molecules has also been demonstritéd’2]
Excellent examples of the disruption of any tertiary/qua-

ternary structure of amphipathichelical peptides by orga-

phase Zorbax SB300g§150 mmx 2.1 mmi.d.); see Sectich Conditions:
linear AB gradient (1% B/min) at a flow-rate of 0.3 ml/min, where eluent
A'is 0.05% aqg. TFA, pH 2.0, and eluent B is 0.05% TFA in acetonitrile;
temperature, 25C. Bars denote elution ranges for the fiveor b-amino
acid substituted peptides. The sequences of the peptides are sheignlin

nic modifiers has been clearly demonstrated by size-exclu-
sion chromatography of model amphipattitelical coiled-
coil peptides by Lau et aJ72] and Mant et al[73]. Coupled C) andp-amino acid substituted analoguésg. 2B and D)
with similar disruption of such higher levels of peptide when substitutions were made in the non-polar f&ig.(2A
structure, or, indeed, any potential for peptide aggregation,and B) or polar faceKig. 2C and D) of the amphipathic
by hydrophobic stationary phasig,71], the peptides used  «-helix. Clearly, for both tha.- and p-amino acid substi-
in the present study can be confidently expected to be elutedtuted peptides, the peptide mixtures are better separated when
as single-stranded amphipathi¢helices during RP-HPLC.  substitutions are made in the non-polar face (the preferred
Inamanner similar to RP-HPLC, under characteristic con- binding domain for RP-HPLCFig. 2A and 2B, respectively)
ditions of HILIC/CEX (high acetonitrile concentration inthe compared to the polar fac&if. 2C and 2D, respectively).
mobile phase; 70% (v/v) in the present study), the peptide Thus, forL-substitutions in the non-polaFig. 2A) and po-
analogues would also be expected todzbelical, allow- lar (Fig. 2C) faces, the elution ranges for the first and last
ing interaction of the hydrophilic face with the ion-exchange elutedr- or p-peptides (i.e., K to L) were 14.3min and
matrix [29]. Finally, it should be noted that the substitution 3.8 min, respectively; fob-substitutions in the non-polar
sites at position 11 (hydrophilic face) and position 13 (hy- (Fig. 2B) and polar Fig. 2D) faces, these values (i.e.pK
drophobic face) of the peptideBi¢. 1) ensures intimate in-  to Lp) were 12.7 min and 3.4 min, respectively. In addition,
teraction of the substituting side-chain with the ion-exchange the p-substituted analogues were consistently eluted faster
or reversed-phase stationary phase, respectively; concomithan theirL-amino acid counterparts when substituted into
tantly, this is designed to maximize any observed effects on either the polar Table 1 Fig. 2 or non-polar Table 2
HILIC/CEX or RP-HPLC retention behaviour, respectively, Fig. 2) faces of thex-helix, despite the fact that each/n-
when substituting different residues at these sites. substituted peptide pair has the same inherent hydrophilic-
ity/hydrophobicity. This observation can be rationalized as
being due to disruption of the amphipathiehelix follow-
ing introduction of then-amino acid[16,63-66] The over-
all effect on the non-polar face would be a decrease in the
apparent hydrophobicity of this face when the helix is sub-
stituted (on either face) with a-amino acid compared to

3.3. RP-HPLC of amphipathig-helical peptide
analogues of %51

Fig. 2 shows the reversed-phase elution profiles of mix-
tures of the.-amino acid substituted analogu&sy. 2A and
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Table 1
RP-HPLC and HILIC/CEX retention data

Amino acid substitution in polar peptide féce

Amino acid RP-HPLC Atg (D-1)d HILIC/CEX Atg (D-1)d
substitution (tr, min)® (min) (tr, Min)° (min)
S11% S11% S11% S11%
L 48.8 43.4 -54 390.4 36.8 -2.6
v 47.8 41.1 —-6.7 40.4 37.4 -3.0
A 47.3 43.4 -39 43.1 41.3 -1.8
S 42.9 -34 G 42.9 -25
K 45.0 40.0 -5.0 58.6 54.7 -39

a Denotes that amino acid substitutions are made in the polar face (S11X series) of amphipettal peptides shown iRig. 1, X and X5 denotec- or
D-amino acids are substituted at position X of this peptide series.

b Denotes substitution af-Ser withL-Leu, p-Leu, L-Val, p-Val, L-Ala, p-Ala, L-Ser,p-Ser,L-Lys orp-Lys.

¢ Retention times of RP-HPLC and HILIC/CEX runs taken frBigs. 2 and 3respectively.

d Atg =tg, L-substituted analogue mints, p-substituted analogues.

€ tr values for native peptide which has three denotiong; ¥ S11$ = V13V, .

its L-diastereomer and, hence, a decrease in retention timethe amphipathia-helix (Fig. 2D), where A and Lp are co-
of the former compared to the latter. Frorables 1 and 2 eluted and V%, with a hydrophobic side-chain, is eluted prior
subtraction of the RP-HPLC retention time of theamino to Sp, which contains a polar, hydrophilic side-chain. Such an

acid substituted analogues from theiamino acid substi-  observation is likely due to the varying magnitude of disrup-
tuted counterparts produces a retention time differendg)( tion of the preferred non-polar binding domain of the peptide
representing either the disruption of the polar fatab{e % helix when differentb-amino acids are substituted into the

S11X series) or non-polar fac&gble 2 V13X series) by sequence, i.e., differemtamino acids disrupt the non-polar
substitution ofp-amino acids into these respective faces of face to different extents, resulting in the RP-HPLC elution or-
the amphipathie:-helix. dershownirFig. 2D. Itis interesting to note that the elution of
FromFig. 2, peptides were eluted in the order of increas- Vp significantly prior to $ reflects the observation by Chen
ing hydrophobicity of the substituted side-chaih€ S < A et al. [16] that amino acids, such as Val, wifitbranched
<V <L [74]) in the non-polar face for both theandp ana- side-chains showed the greatest reduction in apparent side-
logues, i.e., the elution order for the two peptide mixtures was chain hydrophobicity due to-amino acid substitutions into
the same, except for the relative position of the Gly—analogue the centre of the non-polar face of an amphipathilelix.
(eluted between Kand S in Fig. 2A and between S and Similarly, when substituted into the centre of the non-polar
Ap in Fig. 2B). Also from Fig. 2C, the elution order of the  face of Vg1 in the present study, the presencedfal was the
L—analogues is again in order of increasing hydrophobicity most disruptive of the hydrophobic preferred binding domain
of the side-chain substituted into the polar face ofdtHeelix of thea-helix as measured by RP-HPL@AR, Vp — V| =
(KL <8 <AL <V <Ly), with G now eluted prior to K. —6.1 min) relative to othews-substituted analoguesdble 2.
However, this elution order was not observed for the ana- Interestingly, whem-Val is substituted in the centre of the
logues withp-amino acids substituted into the polar face of polar face of \4g3, it remains the most disruptive-amino

Table 2
RP-HPLC and HILIC/CEX retention data

Amino acid substitution in non-polar peptide féce

Amino acid RP-HPLC Atg (D-1)d HILIC/CEX Atg (D-1)d
substitution (tr, min)° (min) (tr, mMin)° (min)
V13X, V13Xp V13X, V13Xp
L 48.1 43.9 —-4.2 45.5 42.0 -3.5
Vv 40.2 —-6.1 e 40.2 -5.3
A 42.4 38.5 -3.9 443 41.5 —-2.8
S 38.3 34.3 —-4.0 44.3 42.0 -2.3
K 33.8 31.2 —2.6 49.5 49.0 -05

2 Denotes that amino acid substitutions are made in the non-polar face (V13X series) of amphifpeidal peptides shown iRig. 1; X, and X denote
L- Or b-amino acids are substituted at position X of this peptide series.

b Denotes substitution af-Val with L-Leu, p-Leu, L-Val, p-Val, L-Ala, p-Ala, L-Ser,p-Ser,L-Lys orp-Lys.

¢ Retention times of RP-HPLC and HILIC/CEX runs taken fréigs. 2 and 3respectively.

d Atg = tg, L-substituted analogue mints, p-substituted analogues.

€ tr values for native peptide which has three denotiong; ¥ S11$ = V13V, .
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acid with aAtg value even larger than that on the non-polar polar groups at the substitution site), this effect is likely di-

face (Atr, Vp — VL =—6.7 min) (Table J. This suggests that
p-Val can disrupt thex-helix better on the polar face than on
the non-polar face. This was also observedftreu (Atg of
—5.4min on the polar face versusgt.2 min on the non-polar
face) andb-Lys (Atr of —5.0 min on the polar face versus
—2.6 min on the non-polar facej4ble landTable 2. p-Ser
was the only example where thehelix disruption was better
on the non-polar faceXtr of —4.0 min on the non-polar face
versus—3.4 min on the polar face)lébles 1 and 2
Non-polar face substitutions are replacing/al at po-
sition 13. Sincep-Ala, L-Ser, andL-Lys are all more hy-
drophilic thanr-Val, it would be expected that such substi-

minished compared to the situation wheskeys is substituted
into the centre of the non-polar face of the helix and is, there-
fore, able to interact to a greater extent with the hydrophobic
stationary phase. Indeed, the RP-HPLC retention behaviour
of all of the polar face-substituted analogues (with identical
non-polar faces) relative to their non-polar face counterparts,
in terms of the much narrower elution range of the former, as
well as the severely diminished contribution to apparent pep-
tide hydrophobicity of even hydrophobic side-chains, such
as Leu and Val, when substituted in the polar face of the
helix, clearly underlines the presence of a preferred binding
domain for RP-HPLC and represented by the non-polar face

tutions would decrease peptide retention time as observedof the amphipathiex-helix. A similar overall trend can also

(L-Val, tg = 46.3 min;L-Ala, 42.4 min;L-Ser, 38.3 min; and
L-Lys, 33.8 min). SimilarlyL-Leu is more hydrophobic than

be seen for the-substituted analogues, albeit interpretation
is complicated somewhat by the helix-disrupting properties

L-Val and retention time increases to 48.1 min. For all polar of p-amino acids (note, for example, the slight reduction in
face substitutions, the non-polar face remains the same, i.e.retention time for Iy whenb-Leu is substituted in the po-

with Val at position 13 Fig. 1) and polar face substitutions
are replacing.-Ser at position 11. SinaeAla, L-Val, andt-
Leu are more hydrophobic thanSer, it would be expected

lar face Fig. 2D; Table ) compared to the non-polar face
(Fig. 2B; Table 2.

that such substitutions would increase peptide retention time3.4. HILIC/CEX of amphipathia-helical peptide

(as, indeed, was observed in the elution ordeFigf 2C),

even though they do not involve the preferred binding do-

main for RP-HPLC. Note that &-Val to L-Leu substitution

analogues of ¥51

Fig. 3shows the HILIC/CEX profiles of mixtures of the

on the polar face increases retention time and hydrophobicityL-amino acid substituted analoguésg. 3A and C) andp-
by 1.0 min [Table 1), whereas the same substitution on the amino acid substituted analogu&sg. 3B and D) when sub-
non-polar face increases retention time and hydrophobicity stitutions were made in the polar fadeid. 3A and B) or

by 1.8 min {Table 2. This, almost doubling of the effect of
the addition of a single Cfigroup, shows that hydrophobic-

non-polar faceKig. 3C and D) of the amphipathie-helix.
FromFig. 3, for both theL- andp-amino acid substituted pep-

ity is more easily affected by substitution in the non-polar tides, the peptide mixtures are better separated when substi-
face, i.e., the preferred binding domain for RP-HPLC. Fur- tutions are made in the polar face of tiaelix (the preferred
ther, when you increase hydrophobicity on the polar face from binding domain for HILIC/CEX) compared to the non-polar

L-Ser toL-Ala, L-Val, andr-Leu, the overall hydrophobicity

face. Thus, for-substitutions in the polaF{g. 3A; Table J)

of the peptide, as measured by RP-HPLC, is 46.3, 47.3, 47.8,and non-polarFig. 3C; Table 2 faces, the elution range for

and 48.8 min, respectively, i.a.;Leu increases overall hy-
drophobicity by 2.5 min relative to-Ser (Table 1. By com-

the first eluted and last elutadsubstituted peptides were
19.2 (. to KL) and 5.2 min (g to K| ), respectively; fomb-

parison, the same change on the non-polar face accounts fosubstitutions in the polaf{g. 3B; Table 1) and non-polar

a significantly greater effect whereLeu increases overall
hydrophobicity by 9.8 min relative to-Ser (Table 2.

It is also worth noting the elution behaviour of Kela-
tive to analogue G when-Lys is substituted into the non-
polar face of thex-helix (Fig. 2A) compared to the polar face
(Fig. 2C). It has been clearly shown in model random coil
peptides[74] that substitution of a Gly residue by a posi-

(Fig. 3D; Table 2 faces, these values were 17.%(to Kp)

and 8.8 min (\b to Kp), respectively. The Lys analogues,
due to their extra positive charge, are clearly well separated
from the remainder of the peptides in the mixtures. However,
even if one were to exclude these analogues from the elu-
tion range comparison, i.e., only compare peptides of iden-
tical net positive charge, the superior separation of the ana-

tively charged Lys residue leads to a significant decrease inlogues with substitutions in the polar face of théelix is
peptide retention time during RP-HPLC at pH 2.0, exactly still clear: forL-substitutions in the polaf{g. 3A; Table 1)

as observed ifrig. 2A for the amphipathic peptides of the
present study. However, froRig. 2C, K is eluted after the G
analogue when-Lys is substituted into the polar face of the
a-helix. Such anobservationis likely due to theys being in
the centre of the hydrophilic face of the amphipatkibelix,

and non-polarKig. 3C; Table 2 faces, the elution ranges
were 6.0 (L to § ) and 1.2min (. to § ), respectively; for
D-substitutions in the polaF{g. 3B; Table ) and non-polar
(Fig. 3D; Table 2 faces, these values were 6.1p(l0 Sp)
and 1.8 min (lp to Vp), respectively. Concomitant with this

i.e., on the opposite side of the hydrophobic preferred bind- larger elution range for peptide analogues substituted in their

ing domain for RP-HPLC. Although, the positively charged

polar faces Fig. 3A and B) is improved peptide resolution

Lys side-chain still affects peptide retention behaviour (note compared to the analogues with substitutions made in their

its elution inFig. 2C priorto A, V., and L containing non-

non-polar facesKig. 3C and D). Thus, for both- (Fig. 3A)
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Fig. 3. HILIC/CEX of amphipathica-helical peptides. Column: strong
cation-exchange Poly-Sulfoethyl A (200 mm 2.1 mm i.d.); see Section

2. Conditions: linear AB gradient (5 mM NaClo 250 mM NaClQ in

60 min) at a flow-rate of 0.3 ml/min, where buffer A is 5 mM ag. triethylam-
monium phosphate (TEAP), pH 4.5, containing 5 mM Nag#@d buffer B

is 5mM ag. TEAP, pH 4.5, containing 250 mM NaGloth buffers also
containing 70% (v/v) acetonitrile; temperature,°€5 Bars denote elution
ranges for the five.- or p-amino acid substituted peptides. The sequences
of the peptides are shown ffig. 1

andb- (Fig. 3B) amino acid substitutions in the polar face, all
six peptides were satisfactorily separated. In contrast,-for
substitutions in the non-polar fadeig. 3C), S and A_ were
coeluted as wereLand \_; similarly, for p-substitutions in
the non-polar faceHig. 3D), Sp and Lp were coeluted, these
coeluted peptides also being only poorly resolved from A
and G.

FromFig. 3andTables 1 and 2n a similar manner to the
RP-HPLC resultsKig. 2 Tables 1 and @ the p-substituted
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or non-polar face (V13X serie3able 2 by substitution of
Dp-amino acids into these respective faces of the amphipathic
a-helix. Thep-amino acid that was most disruptive to the
hydrophilic preferred binding domain of thehelix as mea-
sured by HILIC/CEX wa®-Val substituted on the non-polar
face (Atr, VL — Vp = —5.3 min;Table 9 andp-Lys substi-
tuted on the polar face\ir, KL — Kp = —3.9 min;Table ).

This is in contrast with the RP-HPLC results wheré/al

was most disruptive of the non-polar preferred binding do-
main whether the substitution was on the polar or non-polar
face. HILIC/CEX could be more sensitive to the ys sub-
stitution on the polar face because of the mixed mode effects.
The lysine residue introduces an additional charge, which af-
fects both ion-exchange and hydrophilic interactions. Inter-
estingly,n-Val was the second best substitution for disruption
ofthe polar preferred binding domain when made on the polar
face (Table ).

Also from Fig. 3, peptides are eluted in the order of
increasing hydrophilicity of the substituted amino acid side-
chain in the polar face for both the (Fig. 3A) and p-
(Fig. 3B) analogues, i.e., L <V <A< S < K. There is no
clear pattern to the elution order of the peptides when sub-
stitutions are made in the non-polar faéég; 3C and D). In
particular, the elution order of thesubstituted analogues is
likely influenced by the degree of disruption of the polar face
by differentp-amino acid substitutions in the non-polar face.

Figs. 4 and Sow illustrate the effect of temperature on
HILIC/CEX of peptide analogues with-substitutions in the
polar face Fig. 4) or the non-polar faceHig. 5). FromFig. 4,
the effect of rise in temperature from 25 to85 produced a
dramatic improvement in the resolution of thesubstituted
analogues, as well as a significant increase in retention time.
AL and G, in particular, illustrate this improvement, being
coeluted at 25C and resolved to baseline at 85. The
greater the increase in retention time of Kvith an extra
positive charge) suggests that the more hydrophilic the sub-
stituted amino acid, the greater the effect of temperature on
peptide retention time in HILIC/CEX, reflecting earlier ob-
servations by this laboratof3]. FromFig. 5 an improve-
mentin resolution on raising the temperature from 25 to®5
can also be seen for the peptides whermibstitutions were
made in the non-polar face, albeit not as dramatic as seen for
the peptides substituted in the polar faBgy( 4). Retention

analogues were again consistently eluted faster than their cortimes have also again increased. The major effect of raising

responding diastereomers in HILIC/CEX. As noted previ-
ously for the RP-HPLC results, this pattern of earlier elution
for the p-substituted analogues is likely due to disruption
of the preferred binding domain (in this case, the hydrophilic

the temperature was to improve the resolution of the coeluted
peptide pairs of §A| and L_/V|.

Although not shown here, raising the temperature from
25 to 65°C for RP-HPLC of these.-substituted peptides

preferred binding domain represented by the polar face of thedid not significantly improve the separation of the peptide

amphipathiex-helix) by ap-amino acid substitution into the
centre of either the polar or non-polar face of the helix. From
Tables 1 and 2in a similar manner to the RP-HPLC results,
subtraction of the HILIC/CEX retention time of tlbeamino
acid substituted analogues from theiamino acid substi-
tuted counterparts again produc&tr values representing
either the disruption of the polar face (S11X serieahle J)

mixtures achieved at the lower temperatufey( 2A and C),
particularly the already excellent resolution of the analogues
with L-substitutions made in the non-polar face ofdhkelix
(Fig. 2A). The major effect was a decrease in retention times
of all peptides in the two mixtures. Thus, we believed that the
similar retention time range of both the andp-substituted
analogues at 25C for RP-HPLC and 6%C for HILIC/CEX
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panel) or 65 C (bottom panel). The sequences of the peptides (SX11 series) 25°C (top panel) or 65C (bottom panel). The sequences of the peptides

are shown irFig. 1

(VX13 series) are shown iRig. 1L

(as well as the clear advantage of employing the higher tem-21 g min for HILIC/CEX, highlighting the greater sensitivity

perature for HILIC/CEXFigs. 4 and pallowed a more valid

of the latter HPLC mode for monitoring substitutions made in

comparison of the effectiveness of these two HPLC modes the polar face. In contrast, RP-HPL&tg range = 16.9 min)

both for resolution of peptide mixtures and as monitors of hy-

drophilicity/hydrophobicity of the non-polar and polar faces,
respectively, of amphipathie-helical peptides.

3.5. RP-HPLC and HILIC/CEX as monitors of
hydrophilicity/hydrophobicity of amphipathic-helical
peptides

Table 3summarizes the effect of amino acid substitu-
tions on the retention behaviour of the native peptidgsV
(also denoted as S1i&nd V13\{). Of interest here is the
relative ranges ofAtg values as determined by RP-HPLC
or HILIC/CEX when substitutions are made in the polar
face (S11§ series) or non-polar face (V13Y of Vegi.
Thus, when substitutions are made in the polar faceAtie

is clearly more sensitive to changes made in the non-polar
face compared to HILIC/CEXAtr range = 9.3 min). Such
results again underline the complementary nature of these
two HPLC modes.

From Fig. 6, this opposing, if complementary, nature of
RP-HPLC and HILIC/CEX is quite clear. Thus, with amino
acid substitutions (whether or p-amino acids) made in the
non-polar face of the amphipathiehelix, peptides are eluted
during RP-HPLC in order of increasing hydrophobicity of the
non-polar preferred binding domain. In contrast, with substi-
tutions made in the polar face of thehelix (whether.- or
D-amino acids), peptides are eluted during HILIC/CEX in or-
der of increasing hydrophilicity (decreasing hydrophobicity)
of the polar preferred binding domain. The results shown in
Fig. 6indicate that RP-HPLC and HILIC/CEX are, indeed,

range as measured by RP-HPLC is just 8.8 min compared topotentially useful monitors of hydrophilicity/hydrophobicity
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Table 3
Effects of amino acid substitutions on the retention behaviour of peptge V

RP-HPLE At (min)

Amino acid substitution HILIC/CEXP Atg (min)

Sll E‘QC — L|_ +25 —60
S —> VL +1.5 -5.0
S — AL +1.0 -2.3
S — K, -13 +13.2
S —Lp Range 8.8 min -2.9 Range 21.8 min -8.6
S — Vp -5.2 -8.0
S — Ap -2.9 4.1
S > -3.4 —-2.5
S — Kp —-6.3 +9.3
Vi3V ¢ — L +1.8 0

Vi — AL -3.9 -1.2
Ve - S -8.0 -1.2
Vi — KL -125 +4.0
Vi = Lp Range 16.9min —2.4 Range 9.3 min -35
Vi = Vp -6.1 -5.3
VL = Ap -7.8 -4.0
V- S -120 -3.5
Vi — Kp —-151 +3.5

2 Denotes that amino acid substitutions are made in the polar face (S11X series) or non-polar face (V13X series) of anophigdathipeptides shown
in Fig. 1

b Denotes change in retention time when an amino acid substitution is made in the polar fate ¢¢ §1,1$ minustg of S11L = +2.5 and-6.0 min in
RP-HPLC and HILIC/CEX, respectively) or non-polar face (egaf V13V, minustg of V13L, =+1.8 and 0 min in RP-HPLC and HILIC/CEX, respectively)
of the amphipathiec-helical peptides shown iRig. 1

¢ Note that denotions S11%nd V13\{ both represent the nativesys peptide.

of the non-polar and polar faces, respectively, of an amphi- lar or non-polar face of ¥51. L-Substituted amino acids were

pathica-helical peptide.

Such potential is highlighted iffable 4 which com-
pares the relative efficacy of RP-HPLC versus HILIC/CEX
for monitoring hydrophilicity/hydrophobicity changes when
substituting.-Ser withL-Ala, L-Val, L-Leu orL-Lys in the po-

RP-HPLC (25°C) HILIC/CEX (65°C)

60

Non-polar Face Substitutions Polar Face Substitutions

55

50,

L-substitutions

45
L-substitutions

Retention time (min)

40 '

o D-substitutions

35

30

pa
<

\ 4

Increasing Hydrophobicity Increasing Hydrophilicity

Fig. 6. Selectivity of RP-HPLC vs. HILIC/CEX of amphipathichelical

peptides. Retention time data taken frdable landFig. 2(RP-HPLC) and
Fig. 3(HILIC/CEX). The one-letter codes on the abscissa denote-tbep-

amino acid substituted into the non-polar face and separated by RP-HPLC at

25°C (left panel) or polar face and separated by HILIC/CEX &at®%right
panel) of the V13X series or S11X series peptides, respectikaly ).

chosen since replacement ofiaamino acid with anothar-
amino acid will have the least effect on helix conformation. In
contrast, replacement of aramino acid with a»-amino acid

will cause disruption of both the polar and non-polar faces of
the helix, no matter which face the substitution is made, the
extent of such disruption being dependent on the particular
p-amino acid[16]. In addition, the Gly analogues were not
included inTable 4since glycine (which is also neither an

or an-amino acid) is a known-helix disrupter, second only

to proline in its helix-disruptive characteristi¢g5]. Thus,
Table 4represents the most valid demonstration of the po-
tential effectiveness of RP-HPLC and HILIC/CEX for moni-
toring changes in the non-polar and polar faces, respectively,
of Vgg1 throughr-amino acid substitutions, i.e., negligible
effect ona-helix structure and a systematic increase in inher-
ent hydrophobicity of either face through substitution of the
polar uncharged Ser with non-polar side-chains (Ala < Val
< Leu)[72] or a large increase in hydrophilicity through its
substitution with positively charged Lys.

From Table 4 for the polar face substitutions on the pre-
ferred binding domain as measured by HILIC/CEX (S11X
series; se€ig. 1), as the hydrophobicity of the substitution
is increased (Ala < Val < Leu), there is a decrease in re-
tention time compared to the Ser-substituted analogug (
of —2.3,-5.0, and—6.0 min, respectively); also, there is a
large increase in retention time for the Lys-substituted ana-
logue (+13.2 min). However, when these same polar face sub-
stitutions are measured by RP-HPLC (non-preferred bind-
ing domain), theAtr values are relatively small (ranging
from just +1.0 min to +2.5min for the non-polar side-chain
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Table 4

Monitoring of effects of the same substitutions on the non-polar vs. the polar face by RP-HPLC and HILIC/CEX

Amino acid® RP-HPLC (pbd) RP-HPLC (non-pbhd) HILIC/CEX HILIC/CEX
substitution Atr(min)° Atr(min)® (pbdy Atg(min)° (non-pbd§ Atg(min)°
S —> L +9.8 +25 —6.0 +12

S — VL +8.0 +15 -5.0 +12

S — AL +3.9 +10 -2.3 0

S — Kp —4.5 -13 +132 +52

a Denotes.-Ser substitution with.-Leu, L-Val, L-Ala, or L-Lys.

b pbd and non-pbd denote preferred binding domain and non-preferred binding domain, respectively.
¢ Atr = retention time of § subtracted from denotadanalogue with which it has been substituted; RP-HPLC and HILIC/CEX retention times taken from

Figs. 2 and 3respectively, andables 1 and 2

substitutions and just 1.3 min for Lys), particularly, when
compared to the significantly larger substitution effects de-
tected by HILIC/CEX. Clearly, and considering the over-
all similar retention time ranges of RP-HPLG-ig. 2
and HILIC/CEX (ig. 3 of these S11X series peptides
(Table 1), Tables 3 and 4lemonstrate thatlLIC/CEX mon-
itors changes in the polar face ogyimore effectively than
RP-HPLC

FromTable 4 for the non-polar face substitutions (V13X
series; se€ig. 1), as the hydrophobicity of the substitution is

bicity can be increased by amino acid substitutions in the
polar or non-polar face of the amphipathiehelix. How-
ever, our results show that, where substitutions have been
made in the non-polar face, RP-HPLC is the best approach
for monitoring such changes; conversely, for substitutions
made in the polar face, HILIC/CEX, which resolves pep-
tides based substantially on their hydrophilic character, was
best suited for monitoring the effect of such substitutions.
Our results provide insights not only into the relative effi-
cacy of RP-HPLC versus HILIC/CEX for resolution of spe-

increased (Ala<Val <Leu), thereis now a significantincrease cific peptide mixtures, but also for gauging the apparent hy-
in RP-HPLC retention time compared to the Ser-substituted drophilicity/hydrophobicity ofi.- andp-amino acids substi-

peptide, withAtg values ranging from +3.9 min for Ala up to
+9.8 min for Leu when substituted into this preferred binding
domain for RP-HPLC (compared to just +1.0 min for Ala and
up to +2.5 min for Leu when substituted in the polar face and
non-preferred binding domain). In addition, a Ser to Lys sub-
stitution now results in a\tg value of—4.5 min (compared

to just—1.3 min for the polar face substitution). In contrast,
HILIC/CEX is proving to be very insensitive to changes in
hydrophobicity in the non-polar face (i.e., its non-preferred
binding domain), as witnessed by its inability to distinguish
between the Ser- and Ala-substituted peptides E 0 min),

as well as the Val- and Leu-analoguestg = +1.2 min for

tuted into the non-polar or polar faces of an amphipathic
helical peptide. We believe these complementary RP-HPLC
and HILIC/CEX methods offer excellent potential for ratio-
nal design of novel amphipathichelical biologically active
peptides, where modulation of the amphipathicity of such
molecules may lead to the development of more effective
antimicrobial agents.
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