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Previous NMR studies on surfactin proposed two g
r b-turn-containing conformers while recent CD
tudies described b-sheets and a-helices in surfactin.
ince these data were not obtained in the same condi-
ions, the conformation of surfactin was reinvesti-
ated by FTIR spectroscopy, a diagnostic method for
-sheets. In trifluoroethanol, the FTIR spectra of sur-
actin and its diester are compatible with g and/or
-turn(s) and the differences in their CD spectra show
he importance of the Glu1 and Asp5 COOH groups in
tabilizing the lipopeptide conformation. The calcium-
nduced spectral changes of both lipopeptides suggest

first binding of the divalent ions to the surfactin
OOH groups (until calcium-lipopeptide mole ratio
eached 1) followed by bulk conformational changes
at higher mole ratios). In Tris buffer at pH 8.5, the
TIR amide I band shape, without the typical 1610–
628 and 1675–1695 cm21 bands, ascertains the absence
f b-sheets. © 2001 Academic Press

Key Words: conformation; circular dichroism; Fou-
ier transform infrared; surfactin; turns.

Although surfactin (SF) had been discovered about
0 years ago (1), its biosynthesis (2–4), its biological
ffects (5–7) and its interaction with artificial mem-
ranes (8–10) are still on actuality because of its po-
ent applications (11–14). SF is a cyclic lipopeptide
Fig. 1) produced by various strains of Bacillus subtilis.
t was proposed that the two polar groups of Glu and
sp residues of SF could be involved in divalent ion

helation (15–16) since the methylation of these car-
oxyl residues affected its biological and surfactant
roperties (5, 8, 17). The conformation of SF in dimeth-
lsulfoxide (DMSO) was studied by NMR analysis com-
ined with molecular modeling (18). Two conformers
ere proposed: S1 with a single intramolecular hydro-

1 To whom correspondence should be addressed. Fax:. 36 1 209
602. E-mail: hollosi@szerves.chem.elte.hu.
361
onds, two of them corresponding to g-turns. A FTIR
pectroscopy of SF in different solvents ascertained the
resence of a hydrogen-bonded CAO group involved
n a b-turn structure (19). Other studies on SF in
queous solutions showed an increase of the b-sheet
ormation by heating and a Ca21-induced formation of
-helices (13). Since these conformational studies per-
ormed with different methods and with various sol-
ents, our purpose was to reinvestigate the conforma-
ion of SF by using FTIR spectroscopy, a diagnostic
ethod for b-sheets (20, 21) and by CD spectroscopy, a
ethod sensitive for the presence of helices and turns

22–24).

ATERIALS AND METHODS

Materials. Calcium perchlorate (tetrahydrate, 99%), used in ti-
rations, was purchased from Aldrich, 2H2O (99.9%) from Merck
Darmstadt, Germany) and trifluoroethanol (TFE) (NMR grade)
rom Aldrich. Acidic SF was purified from B. subtilis according to
19). SF was methylated on the Glu and Asp residues as in (16). The
urity of SF and its diester (SFDM) was tested by TLC on silica gel
0 in chloroform-methanol-water (65:25:4, v/v/v) and chloroform-
ethanol-30% NH4OH (13:5:1, v/v/v), respectively.

Infrared spectroscopy. FTIR spectra were recorded with a Bruker
FS-55 FTIR spectrometer at a 2 cm21 resolution using 0.20–0.25
m pathlength CaF2 cells. During data acquisition, the spectrome-

er was continuously purged with dry air. The solvent spectrum was
educted from the sample spectrum taken under the same condi-
ions. The contribution in the amide I region of traces of water in
FE (HOOOH deformation band at 1633 cm21) was removed on the
asis of the antisymmetric OOH stretching vibration appearing at
688 cm21 in this solvent. Each FTIR spectrum is representative of
t least three independent measurements. In some cases, the FTIR
pectrum was decomposed into individual bands by the Levenberg-
arqardt nonlinear curve-fitting algorithm as weighted sums of
orentzian and Gaussian functions on the basis of the FSD analysis
f the complex band contour. The concentrations of SF and SFDM
ere 2 mM in TFE or in Tris buffer (10 mM Tris–HCl, pH 8.5)

n 2H2O.

CD spectroscopy. CD spectra were recorded in TFE, TFE-water
1/1, v/v), and Tris buffer on a Jobin-Yvon Mark VI dichrograph
calibrated with epiandrosterone) at room temperature in 0.02 cm
0006-291X/01 $35.00
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ells. The sample concentrations ranged between 0.5–0.766 mM. The
pectra obtained as an average of 3 scans were smoothed by the
avitzky-Golay algorithm (25).

ESULTS AND DISCUSSION

nfluence of Calcium on the CD Spectra
Measured in TFE

SF in TFE shows a CD spectrum dominated by a
road positive band centered at ;218 nm and a nega-
ive one at 198 nm (Fig. 2a). The positive band may
eflect a strong spectral contribution of the np* tran-
ition of D-Leu3 and D-Leu6 residues. Another possible
xplanation is the adoption of gD

inv turns which are in
irror image relationship with gL

inv turns character-
zed by a red-shifted broad negative CD band at the
ame wavelength. Thus, g-turns centered at D-amino
cids are expected to show a positive np* band. SFDM
n TFE has a CD spectrum very different to that of SF
Fig. 2b). The SFDM spectrum shows a broad negative
D band at ;220 nm, with a negative shoulder near
00 nm. Also, a positive band turns up below 190 nm.
he spectral features indicate the presence of b-sheet
onformation and/or b-turn(s), probably of type II,
nd/or gL

inv turn(s) (22). The spectral differences be-
ween SF and SFDM clearly show the importance of
he Glu1 and Asp5 COOH in stabilizing the conforma-
ion of the SF backbone.

The addition of calcium to SFDM gives rise to pro-
ound conformational changes. Increasing calcium con-
entration induced (i) the progressive appearance of a
ositive band centered at 215 nm associated with the
radual disappearance of the broad negative band cen-
ered at 220 nm and (ii) a shift of the negative band
t ;200 nm to 190–195 nm. The presence of an iso-
ichroic point indicates an equilibrium between two
onformers.

The addition of calcium to SF gives rise to more
omplex conformational changes: (i) until the ratio of
alcium to peptide (rCa) reached 1, the CD spectrum of
F correlates with that of SFDM without calcium ex-
ept for the presence of the positive band at ;195 nm,
hile (ii) at rCa higher than 1, the calcium-induced

pectral changes of SF are more similar to those ob-
erved with SFDM. These results indicate that at rCa #
calcium binds the COOH of Glu1 and Asp5 of SF and

t rCa . 1 the ion binding induces SF conformational
hanges as it does with SFDM.

FIG. 1. Primary structure of surfactin. The amino acid numbers
re related to their position in the heptapeptide moiety and the
-hydroxy fatty acid is indicated by bold letters.
362
Measured in TFE

The IR spectrum of SF in TFE (Fig. 3a) shows a wide
and centered at 1730 cm21, while the IR spectrum of
FDM indicates a narrower band centered at 1725
m21 (Fig. 3b). The deconvolution of SF and SFDM
pectra indicates the presence of a component band at
742–1743 cm21, corresponding to the absorbance of
he lactone ring CAO of both compounds and a com-
onent band at 1724–1723 cm21, corresponding to the
bsorbances of the COOH of Glu1 and Asp5 for SF and
he COOCH3 of Glu1 and Asp5 for SFDM. This last
esult is unexpected because ester CAO groups gener-
lly absorb at higher wavenumber than COOH groups.
he only explanation would be that TFE, a hydrogen
ond donor solvent, forms strong hydrogen bonds with
he CAO of the Asp and Glu methylesters in SFDM. In
he amide I region, the asymmetric band deconvolution
ives a main band at 1659 or 1660 cm21 with a high-
requency contribution at 1674 or 1682 cm21 and low-
requency contributions at 1642 or 1653 and 1621 or
629 cm21 for SF or SFDM, respectively. These latter
ands are compatible with both g- and/or b-turn(s) but
ot with the b-sheet structure previously identified by
D spectroscopy.
The addition of calcium to SF in TFE (Fig. 4a) gives

ise to significant changes in the 1750–1700 cm21 re-
ion. The nCO band, corresponding to the absorptions of
oth the lactone ring and the COOH of Glu1 and Asp5,
s shifted to higher frequency at a rCa from 0.75 to 1 and
he nCO band symmetry is lost. Furthermore, the shifts
bserved in the 1600–1500 cm21 region are mostly due
o the COO2 group(s) but the amide II frequency is also
ffected. Both the higher frequency shift in the 1750–
700 cm21 region and the appearance of a shoulder at
1570 cm21 are likely due to binding of calcium to the
OOH group(s). In the amide I region, the Ca21-

nduced changes reflect the peptide backbone modifi-
ations. The dominant band at ;1640 cm21 can be
ssociated with b-turn(s) and the low frequency one at
1630 cm21 is compatible with the presence of C7

-bonding or amide(s) complexing Ca21. Ca21-titration
uggests the formation of a 1:1 SF/Ca21 complex in
quilibrium with uncomplexed SF (presence of an isos-
estic point).
The addition of calcium to SFDM (Fig. 4b) gives rise

o spectral changes until rCa 5 1 and no significant
hifts were obtained after rCa 5 2. Concerning the
actone and ester nCO absorptions, there is only a small
hift to higher frequency. In the amide I region, a main
omponent band appears at 1648 cm21, accompanied
ith a broad high frequency shoulder. The 1648 cm21

and is compatible with weakly H-bonded turn(s). In
he amide II region, the shift to higher frequency of the
ain component band at 1543 cm21 and the shoulder

t ;1560 cm21 reflect also the presence of two types of
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mide groups. These spectral changes suggest bulk
onformational modifications due to the Ca21-binding
o amide groups. Furthermore the FTIR evidence of an
quilibrium between two conformers during the Ca21-
itration of SFDM and SF (presence of an isobestic
oint) corroborates the CD results.

D and FTIR Spectra Measured in Aqueous Solution

The CD spectrum of SF in a TFE/water (1:1, v/v)
ixture indicates that SF undergoes a dramatic con-

FIG. 2. CD spectra of surfactin (a) and surfactin dime
363
ormational change (Fig. 5). The broad positive band
entered at ;218 nm and the negative one at 198 nm in
FE is replaced by a negative band at 222 nm with a
houlder at 198 nm and a positive band at ;190 nm in
he TFE/water mixture. This spectral behaviour can be
nterpreted as the formation of b-sheet micelles. The
hape of the spectrum is unchanged in the presence of
great excess of Ca21 ions (rCa 5 15) except the band

ntensity decreases, which could be interpreted as the
recipitation of the micelles. This is in agreement with
he well-known low solubility of SF at the pH of water.

lester (b) in TFE at different Ca21/peptide ratios (rCa).
thy
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ndeed similar calcium-induced CD spectral changes
ave been observed when surfactin was dissolved in
uffer at pH 7.5 (13).
The CD spectrum of SF in 10 mM Tris buffer (pH 8.5)

oes not exhibit the bands observed when SF was
issolved in the TFE/water mixture but gives a positive
and centered at ;230 nm, a negative band at ;200
m (Fig. 5), looking more like the CD spectrum of SF in
FE (Fig. 2a). The small positive band at ;190 nm

FIG. 3. Curve-fitted FTIR spectra of surfac
364
ould be interpreted if few b-sheet micelles (observed
hen SF is dissolved in TFE/water mixture) are in
quilibrium with the turn containing conformer ob-
erved in TFE. Similar CD spectrum had been previ-
usly observed at a concentration of 0.11 mM in 10 mM
ris buffer at pH 8.3 (11). Addition of Ca21 ions (rCa 5
) gives rise to a CD spectrum looking like that of SF
ithout divalent ion, except for the lower amplitude of

he positive band, showing no precipitation of the li-

(a) and surfactin dimethylester (b) in TFE.
tin
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opeptide (Fig. 5). These calcium-induced conforma-
ional changes in buffer are less important than those
bserved in TFE, indicating stronger interactions
etween the Asp and Glu COO2 with water mole-
ules than between the Asp and Glu COOH with TFE
olecules.
The FTIR spectrum of SF in the Tris buffer is given

n Fig. 6. The most important changes, as compared
ith SF in TFE (Fig. 3a), are the shift of the amide I
and from 1659–1660 cm21 to 1639 cm21, the decrease
f the 1730 and 1537 cm21 bands and the appearance of

FIG. 4. FTIR spectra of surfactin (a) and surfactin dim
365
1570 cm21 band. Similar spectra were obtained when
he SF concentration in Tris buffer was reduced until
.5 mM. The decrease of the 1730 cm21 band and the
oncomitant increase of the 1570 cm21 band can be
nterpreted as deprotonation of the Asp and Glu COOH
26), while the decrease of the 1537 cm21 band corre-
ponds to the H/2H exchanges of NH groups. Further-
ore, the amide I band shape, without the 1610–1628

nd 1675–1695 cm21 bands typical of the presence of
ggregates (27), ascertains the absence of b-sheets in
F dissolved in the Tris buffer.

ylester (b) in TFE at different Ca21/peptide ratios (rCa).
eth
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ONCLUSION

Based on our comparative CD and FTIR spectro-
copic studies in different solvents with or without
a21 ions, SF looks like a chimeric molecule, having the
nique ability of adopting strongly different conforma-
ions depending on the conditions. The differences be-
ween the CD and FTIR spectra of SF and SFDM put
mphasis on the COOH groups of Glu1 and Asp5 in
tabilizing the backbone conformation of the ring. On

FIG. 5. Comparison of CD spectra of surfactin obtained in TFE, T
5) and Tris buffer (at pH 8.5, in the absence or the presence of Ca2

FIG. 6. FTIR spectrum of surfactin in 2H2O
366
he other hand, these carboxyl groups are also respon-
ible for Ca21 binding at low concentration (rCa , 1). In
FE, a structure-promoting solvent, both SF and
FDM exist as a mixture of conformers featuring dif-

erent b and/or g-turn structures. This finding is in
greement with the results of a NMR analysis of the
ackbone conformation of SF in DMSO (18). When TFE
s replaced by aqueous solution at pH 8.5, meanwhile
ur CD studies of SF could be interpreted by the pres-
nce of few b-sheet micelles, the use of FTIR spectros-

H2O (1:1 mixture, in the absence or the presence of Ca21 ions at rCa 5
ns at rCa 5 1).

the presence of 10 mM Tris buffer (pH 8.5).
FE-
1

in
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pectrum, which excludes the presence of significant
mount of conformers with a b-sheet backbone or the
ormation of b-sheet micelles.

The chimeric structure of SF having chelator COOH
roups, fatty acid side chains with micelle-forming
bility and a highly flexible conformation with a cyclic
epsipeptide ring may give an explanation for the bio-
ogical activity of SF. Indeed, the COOH groups can
trongly bind Ca21 or related cations which are essen-
ial for many biological processes. Such a strong bind-
ng of divalent ions by SF explain the inhibition of some
nzymes (cyclic AMP phosphodiesterase, alkaline
hosphatase) which need divalent ions for their activ-
ty (15, 16). Meanwhile, another process, involving a
irect interaction of the highly flexible peptide ring or
he fatty acid side chains with the protein, would ex-
lain the activator effect of surfactin on the platelet
ytosolic phospholipase A2, which does not need Ca21

ons (7).
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3. Likó, Z., Botyánszki, J., Bódi, J., Vass, E., Majer, Z., Hollósi, M.,
and Süli-Vargha, H. (1996) Effect of Ca21 on the secondary
structure of linear and cyclic collagen sequence analogs. Bio-
chem. Biophys. Res. Commun. 227, 351–359
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