52 Biochemistry2005, 44, 52—61

Structure off-Purothionin in Membranes: A Two-Dimensional Infrared Correlation
Spectroscopy Study

Julie-Andre Richard’ Isabelle Kelly* Didier Marion§ Michéle Augerf and Michel Peolet**

Département de chimie, Centre de Recherche en Sciences eidrigedes Macromolules, Uniersite Laval,
Quebec, Canada G1K 7P4, and Institut National de la Recherche Agronomiqué, dinitecherche sur les pratees végeales
et leurs interactions, BP 71627, 44316 Nantes cedex 03, France

Receied July 21, 2004; Résed Manuscript Recee¢d October 22, 2004

ABSTRACT. Two-dimensional infrared correlation spectroscopy has been used to investigate the structure
of B-purothionin, a small basic protein found in the endosperm of wheat seeds, in the absence and presence
of dimyristoylphosphatidylglycerol (DMPG) membranes. To generate the two-dimensional synchronous
and asynchronous maps, hydrogeleuterium exchange of the protein amide protons has been used as
an external perturbation. This method has allowed us to separate the different secondary structure elements
and side chain contributions in the regions of amide I, I, ahtdhds to determine that the relative order

of deuteration of theg-purothionin protons is as follows: turns, asparagines, and lysinesordered
structure and tyrosine f-sheet> a-helices and arginines. The results also indicate that the protein
undergoes significant changes both in secondary structure and in deuteration in the presence of DMPG
bilayers. The helical content @gFpurothionin is higher in the presence of the lipid, and the relative order

of deuteration is as follows: lysines and arginiressparagines angsheet> unordered structure and
o-helices. The inversion in the deuteration order of the arginine residues is assigned to a change of the
degree of association of the protein in the membrane. In addition, the results reveal that the part of the
protein containing the tyrosine residue interacts with the lipid membrane. Our results combined with
those previously published suggest that the toxicitg-piurothionin is more associated with the formation

of functional channels in cell membranes rather than with a lytic phenomenon.

Purothionins are small~5 kDa) disulfide-rich basic  bacteria, yeast, and fung8) animals 9), cultured mam-
proteins found in the endosperm of wheat seeds. Threemalian cells 10, 11), and insect larvael@). To determine
different isoforms of purothionins have been identified, which characteristics of purothionins are associated with their
namely,al-, a2-, andg-purothionin (). Their structure, toxicity, various studies have been performed. Wada et al.
stabilized by numerous salt bridges, intramolecular hydrogen (13) have proposed the involvement of positive charge in
bonds, and four disulfide bridges, has been determined bythis toxicity. They have observed that a decrease of the
NMR spectroscopy q) and X-ray diffraction 8, 4). As positive charge leads to a reduction of the toxicity, in
crambin, it can be represented by the Greek capital IEtter  proportion to the number of modified groups. It has also been
The vertical arm consists of two antiparaltelhelices, and demonstrated that crambin, which has no positive charge
the horizontal one contains a region of extended conforma- unlike the other thionins, does not show any toxicity to
tion and a short antiparallgtsheet 8). These proteins have  various organisms( 14). The single tyrosine residue present
an amphipathic character. The hydrophobic residues arein purothionins is also believed to play a major role in the
mainly found at the outer surface of the twohelices, toxicity. When it is chemically modified (nitration or
whereas the hydrophilic ones are mainly located at the inneriodination), a decrease, even a loss, of the toxicity is observed
surface of thd™ and at the outer surface of the corner of the (13). On the basis of these observations, it has been
T (5, 6). concluded that the positive charge of the protein plays an

An important feature of all purothionins is their toxicity, important role in the interaction with the negatively charged
which could reflect a direct role in plant defensé).( cell surface and that the toxicity of purothionins depends on
Purothionins appear to be toxic to many organisms such asthe state of the tyrosine residu&3j.

It was shown that the toxicity of purothionins is mainly
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> CI~ for the low-conductance channels and G+ Na" Several studies on proteins and peptides have been realized
for the high-conductance channels, indicating that they using two-dimensional infrared (2D-IR) correlation spec-
correspond to cationic and anionic channels, respectit@ly (  troscopy. For example, 2D-IR spectroscopy has allowed the
18). To understand the formation of these channels, the investigation of correlations between amide |, amide Il, or
interaction between purothionins and lipid membranes hasamide Il bands 29, 30) or between bands in the mid- and
been investigated by several groups. Huang etl8). ljave near-IR regions31—33). It has also been extensively used
studied the interaction betwedtyrularia thionin, an ana- to gain insight into the sequence of events occurring during
logue of purothionins, and large unilamellar vesicles (LUV) protein denaturation induced by temperati84<39), pres-

of dipalmitoylphosphatidylglycerol (DPP&by differential sure @0), or pH (41). Finally, it has also been applied to the
scanning calorimetry (DSC). This study suggests that the analysis of the kinetics of the hydrogedeuterium exchange
interaction between the thionin and the lipid could involve of protein amide protons to obtain information about the
a two-step mechanism. First, the protein adsorbs to thesolvent accessibility of protein secondary structure elements
bilayer surface through electrostatic interactions and then (29, 30, 42, 43). One important advantage of the last
penetrates the hydrophobic bilayer region through a mech-technique is that the use of different exchange time domains
anism driven by the thionin tryptophan. The interaction can be very efficient in separating fast and slow kinet$}.(

between DMPG bilayers anfétpurothionin has been inves-  |n this study, we have studied the structuresegurothio-
tigated by*'P NMR and infrared spectroscopg(). The  nin by 2D-IR spectroscopy using hydrogeteuterium
results indicate that the organization of the lipid bilayer is exchange as the external perturbation. Its secondary structure
not significantly affected by the presencebpurothionin  and the deuteration order of the different structure elements
and that the protein decreases the rate of lateral diffusion ofhayve been determined in the absence and presence of a model
DMPG. On the other hand, the results also demonstrate the||p|d membrane of dimyristoy|phospha‘[idy|g|ycero|, an an-
existence of an electrostatic interaction between DMPG andjgnic lipid found in the cellular membrane of bacteria. Since
p-purothionin and a partial insertion of the protein in the the three-dimensional structure pfpurothionin is already
lipid membrane. known @), the study of its structure by 2D-IR spectroscopy
Infrared spectroscopy has been widely used to study theis useful in verifying the efficiency of 2D-IR spectroscopy
secondary structure of proteins from the analysis of the amidecoupled with hydrogendeuterium exchange to study the
bands. More specifically, the shape and frequency of the conformation of the protein and the accessibility of the amide
bands due to the amide A-B300 cm?), | (~1650 cm?), bonds. This method has also allowed us to determine which
Il (~1550 cnt?l), and Il (~1400-1200 cnt?) vibrations part of the protein interacts with the lipid membrane.
have been shown to be sensitive to the protein secondary
structure. However, a main limitation of this technique is EXPERIMENTAL PROCEDURES
that the amide bands due to the different secondary structure . o )
elements¢-helices S-sheets, turns, and unordered structure) ~ Materials Dimyristoylphosphatidylglycerol (DMPG) was
strongly overlap so that the analysis of amide bands is oftenPurchased from Avanti Polar Lipids (Alabaster, AL) and used
difficult. Fortunately, resolution enhancement tools such as Without further purification/3-Purothionin has been extracted
Fourier deconvolution allow to distinguish the components and purified as described previousB0j.
present under broad absorption bands and to discriminate Methods For the study of3-purothionin, approximately
between secondary structures{24). 250 ug of protein in solution [5uL at 5% (w/v) in a 150
More recently, Noda has developed a spectral analysismM NacCl solution (pH 7.0)] was deposited on an attenuated
method called two-dimensional correlation spectrosc@py ( total reflection (ATR) germanium crystal (50 mm20 mm
26). The aim of this technique is to emphasize in-phase and x 2 mm, 45), dried, and placed in a sealed cell in which a
out-of-phase correlations between spectral intensity variationsstream of nitrogen, bubbling inJ® (CDN Isotopes, Pointe
occurring at different wavenumbers that are induced by the Claire, PQ), was passed continuously over the surface of the
application of an external perturbation on the studied system.crystal to carry out the deuteration. For the study of the
Although two-dimensional (2D) correlation spectroscopy has DMPG—j-purothionin complex, a dispersion containing 10%
first been introduced in the study of the dynamic spectra (W/v) of the phospholipid in a 150 mM NaCl solution was
generated by small-amplitude deformation of polym@ (  prepared by heating this dispersion at a temperature of 40
28), Noda proposed in 1993 a generalized formalism °C and cooling itin liquid nitrogen. This cycle was repeated
allowing one to produce synchronous or asynchronous 2D five times. The pH was adjusted to 7.0. Volumes of the
correlation maps from systematic variations of spectra S-purothionin solution and the DMPG dispersion were then
induced by different types of external perturbations and mixed to obtain a lipid:protein molar ratio of 30:1. Then, 40
waveforms 26). The main advantage of this technique is «L of the complex was deposited on a germanium crystal,
that it allows an enhancement of the spectral resolution by dried, and placed in the sealed cell. All spectra were recorded
spreading the overlapping bands over a second dimensiorvith a Nicolet Magna 550 spectrometer equipped with a
(28). In addition, from the analysis of the sign of the narrow-band MCT detector. A total of 250 scans were
correlation peaks in the 2D maps, this technique may allow averaged for the reference spectrum and 16 scans for the

a better band assignment and the establishment of a sequencgmple at a resolution of 2 cth For each experiment, 350
of events during a physical or chemical process. successive 16-scan spectra were recorded. The-1BB2D

cm ! region was truncated and corrected for the baseline

! Abbreviations: DMPG, dimyristoylphosphatidylglycerol; 2D-IR, using a straight line fop-purothionin and a fourth-order

two-dimensional infrared; ATR, attenuated total reflection; H/D, Polynomial for the lipid-protein complex. Deconvolved
hydrogenr-deuterium. amide | bands were obtained using the technique of Griffiths
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involves mostly the stretching of the amide=O group (76~
85%) (@5), the amide | band shifts by onty10 cnt? toward
lower wavenumberafter H-D exchange. On the other hand,
the amide Il band, which is mainly due to the in-plane Nl
bending vibration (46:60%) coupled with the €N stretch-

ing vibration (18-40%) of the peptide bondtp), shifts by
~100 cm?! toward lower wavenumbers by the D
exchange. Spectra of Figure 1A also reveal the presence of
two bands at 1606 and 1582 chthat increase in intensity
with time. These bands are due to the asymmetric and
symmetric vibrations of €N bonds of the guanidinium
group of the arginine residues that shift upon deuteration
from 1633 and 1673 cm to 1606 and 1582 cm,
respectively 46, 47).

ol B s Figure 1B shows the difference spectra obtained as a
,j,’-a function of deuteration time, by subtracting from each
oy 'Y ST o b spectrum of Figure 1A the spectrum recorded just before
g i‘*\ P2 / A the beginning of the deuteration process. As can be seen,
£ o0 FACER / . the spectral changes occurring uporiBlexchange are more
2 \ / \,“ / clearly seen in panel A. The changes observed are due to
3 ’%,;y! W the shift to a lower wavenumber of the amide | and Il
163‘0 i “)\,3? vibrations of the different secondary sructures as well as of
-0.21 kl“g \’?K vibrations of some side chains. Since some of these bands
I are broad and unresolved, it is difficult to assign them
T - T y - T J unambiguously. For example, the broad negative band with
1700 1630 1600 1550 1300 1450 1400 minima at 1690 and 1668 crh could be assigned to the
Wavenumber (cm) superposed decrease in the intensity of the amide | bands of
Ficure 1: (A) ATR and (B) difference infrared spectra of amide groups involved in3-sheets (the high-frequency

p-purothionin as a function of the deuteration time=)(, (- --)

15, (- —) 30, (-~ —) 40, and (-} 50 min, component occurring around 1690 cfy) and in other

secondary structures such as turns, unordered structure, and
helices 21, 42, 45, 48) as well as to the decrease in the
intensity of bands due to the arginine (1673 émand
asparagine (1678 crh) side chains46). The positive band

at 1637 cm? is assigned to the amidé Vibration since its
intensity increases with deuteration. As in Figure 1A, the

i i two bands due to the arginine residues at 1606 and 1582
Synchronous and Asynchronous Correlation Calculations -1 410 clearly observed in the difference spectra. In

Two-dimensional synchronousbj and asynchronousk) addition, it is easily seen that the intensity of the amide I

correlation maps were calculated using the generalizedy,n4 around 1545 cri decreases while that of the amide

formalism of Noda 26) as described by Nabet andZaéet II" band (1437 cm?) increases during the deuteration process.
(29). The dynamic spectra used for the calculations were Finally, the small shoulder observed at 1517 éron the

obtained by subtracting from each spectrum of the series thepggafive amide Il band is due to the deuteration of the single
spectrum recorded just before the beginning of the de“tera'tyrosine residue of-purothionin @7).

tion process. For botﬂ-purothmn_ln and the Ilplfiproteln . The percentage of amide protons that are exchanged during
complex, the correlation ca!culanor_ns were qamed out USING the deuteration can be determined as a function of time from
the 36 spectra recorded during the first 15 min of deuteranon.the ratio of the areas of amide Il and amide | bands. As

In thedcase OT purgS-pzuzrothionin, caICLcljlagor}s wsre also' seen in Figure 2, the amide Il:amide | intensity ratio indicates
carried out using the 22 spectra recorded after deuterationy, o+ 9094 of the amide protons gi-purothionin (1) are

for 50—58 min. All these calculations were carried out using ; ; ;
. ' exchanged after deuteration for 200 min. Figure 2 also
Mathcad 7 (MathSoft Inc., Cambridge, MA). 2D correlation o\ o415 that the kinetics of the deuteration process is very

maps were plotted using the visualization software Transform fast at the beginning and slows after deuteration-ds5
(Research Systems Inc., Boulder, CO). min

2D-IR SpectraThe deuteration gf-purothionin has been
studied for two time domains: one at the beginning of the
deuteration process {5 min), to follow the rapidly
exchanging protons, and a second one after 50 min-$80
min), to probe the slowly exchanging amide groups. These
spectra of -purothionin recorded as a function of the time domains are highlighted on the deuteration curve shown
deuteration time. As can be seen, uponBlexchange, the in Figure 2. Figure 3 shows the synchronod®) @nd the
intensity and position of the amide bands are strongly asynchronousW¥) correlation maps obtained f@rpurothio-
affected. The most intense absorption band occurs near 166Min for the first 15 min of deuteration. On the synchronous
cmtand is due to the amide | vibration. Since this vibration map, autopeaks appear only when the corresponding infrared

and Pariente4d), with a narrowing parameter) of 5.45

and a smoothing parameter of 75% for the pure protein and
81% for the lipid-protein complex. All spectral manipula-
tions were performed with Grams (Thermo-Galactic Indus-
tries Corp., Salem, NH).

RESULTS AND DISCUSSION
Deuteration off3-Purothionin

ATR SpectraFigure 1A shows a series of infrared ATR
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0.50 to thep-sheet structure, while turns and unordered structures
give rise to peaks at 1670 and 1656 ¢nrespectively 21).
0.40 From the sequence of deuteration of the different peaks listed
in Table 1, one can conclude that turns and asparagine and
lysine side chains are the first elements to be deuterated.
The characteristic wavenumber positions of turns are 1670
cm ! in the amide | region and 1443 crhin the amide I
region. Those of lysine residues are 1628 and 1531'cm
o and are due to the asymmetric bending vibrations of the
D%hnu H lysine NHst groups #6). In the tertiary structure of
™80 ololnoboooooooooooa B-purothionin shown in Figure 4, turns and lysine residues
0.00% 0 30 Do 160 200 are localized in accessible regions, four lysine residues of
six being found in turns and unordered structure. The
N . . accessibility of these amide and side chain protons could
Ficure 2: Kinetics of deuteration fof-purothionin and the . .
DMPG—j3-purothionin @) complex. T)igtime regior?s)studied by €xplain why they are rapidly exchanged. The unordered
2D-IR spectroscopy are boxed. structure is the next one to be deuterated, and its characteristic
wavenumbers are 1656, 1540, and 1454 tnfthe absence
bands are modified by deuteration, such as the amide | (16700f regular hydrogen bonds for this secondary structure most
cm™b), Il (1534 cn1?), and It (1437 cm?) bands. On the  likely allows the amide protons to be exchanged more easily
other hand, the sign of the cross-peaks allows us to determinghan those ofx-helices orj-sheets.
the relative direction between the spectral variations. A In the 2D asynchronous map, the peak at 1517 cim
positive cross-peak will appear if two variations are in the assigned to the tyrosine residu€r). The exchange rate of
same direction (the intensity of two bands increases or the tyrosine appears to be similar to that of the amide protons
decreases simultaneously), and a negative cross-peak wilbf the unordered conformation. The cross-peak associated
appear if two variations are in opposite directions (one band with this amino acid is quite strong even though there is
increases in intensity while the other one decreases). Theonly one tyrosine residue jf-purothionin. The presence of
strongest peak of the synchronous map is observed in thethis cross-peak shows that the proton of the tyrosine residue
amide Il and amide llregions at 1534 and 1437 ctp is easily exchanged even though it is buried in the pair of
respectively, since the amide Il vibration is much more a-helices (Figure 4)3). Results obtained by visible Raman
strongly affected by the deuteration of the amide groups thanspectroscopy have also shown that tyrosine 13of
the amide | vibration. The negative cross-peak observed atpurothionin is hydrogen bonded to water molecul®).(On
1534 and 1437 cnt is due to the fact that the amide 1l band the other hand, from the results obtained with ultraviolet
at 1534 cm' is replaced by the amide’ Iband at 1437 cmt resonance Raman spectroscopy, it was suggested that the
upon deuteration of the amide protons. However, the tyrosine residue of botd1- andj-purothionins is constrained
synchronous map in the amide Il and amideréigion does in a hydrophobic pocke5(). The peak at 1507 cm could
not display a clearly resolved spectral contribution for the be due to the presence of tyrosinate since it has been shown
different conformations present in the protein. The presencethat the ionization of the tyrosine hydroxyl group results in
of a negative cross-peak at 1635 ¢ntorrelated with the  the shift of the 1517 crt band toward a lower wavenumber
1660-1700 cnt! amide | region indicates that this feature (45, 47). However, results obtained by fluorescence spec-
is due to the amide Vibration and is most likely due to the  troscopy have shown that andg-purothionins contain no
deuteration of thef-sheet strand gf-purothionin @1). significant ground-state tyrosinate and that the 345 nm
As seen in Figure 3, the asynchronous correlation map fluorescence emission is generated by excited-state proton
contains several well-resolved peaks showing that indeed thetransfer 61). The precise assignment of the 1507 érpand
resolution is enhanced in 2D-IR spectroscopy. Asynchronousis thus still unclear.
peaks develop only if the variation of the spectral intensities  The -sheet is the third secondary structure to be deuter-
at wavenumbers; andv, are out-of-phase (i.e., delayed or ated. The wavenumber positions associated with this structure
accelerated). Noda has shown that by combining the sign ofare 1700, 1635, 1531, and 1443 ¢n(21). 5-Sheet protons
the peaks in the synchronous and asynchronous maps, it iare more difficult to exchange than those of unregular
possible to determine the sequence of the spectral variationsstructures because of the presence of strong hydrogen bonds
(26). Table 1 summarizes the main correlation peaks in f-sheets. The latest protons to be exchanged during the
observed in the asynchronous map of Figure 3, their initial deuteration period are those of the backbone of the
assignment based on the existing literature on infrared a-helices and of the arginine side chains. The amide II
spectroscopy of proteins and amino acids and the chrono-vibration of theo-helices appears at 1544 cinwhile the
logical order of deuteration of each component of the amide Il band is observed near 1433 ©h(21). No
correlation peaks. As can be seen, the calculation of the characteristic peaks due to thehelices are observed in the
asynchronous correlation maps results in a significant amide | region on this asynchronous map. As forksheet,
increase of the spectral resolution as first mentioned by Nodathe presence of hydrogen bondscirhelices explains why
(26, 28). For example, several peak maxima are observed inthe deuteration is slower than for the other structures. Peaks
the amide | region between 1600 and 1700 &nfPeaks at  due to arginine side chains are observed at 1666 dor
1677, 1666, and 1625 crh are assigned to the three the nondeuterated side chains and at 1580 and 1602 cm
asparagine, four arginine, and six lysine side chains, respec{or the deuterated ones. According to the crystal structure
tively (46). The peaks at 1635 and 1700 chare assigned  of -purothionin (Figure 4), the arginine residues at positions

S

(95

(=4
i

S
i
=

*e0e ,
: .o
o ML Y A,

Aamide n / Aamide 1
=)

IS4
—_
(=1

1

Deuteration time (minute)



56 Biochemistry, Vol. 44, No. 1, 2005 Richard et al.

A v 1454 31 | B
1 700Ny 1656 sai 1507
1670 1677 1566 1544”1517
14004 | | L L7
14503 0 :{ m 0
T ] ]
= 15007 1=
s 15503 0 1 < —
£ 7] == f 1 Z
5 1 |am = = i > = g
S 16001 : . — 3
- ] o ] gy o 5=
z ] [em].” P — 1 z L
1650 TR : ) g8 2
HeKI(=2 T s Sil=<
1700~ 0] = K
S S N I S - MR BN sl merartfl I et
1700 1650 1600 1550 1500 1450 1400 1700 1650 1600 1550 1500 1450 1400

Wavenumber 31 (emr") Wavenumber v, (cm™')

Ficure 3: (A) Synchronous and (B) asynchronous 2D correlation specifapoirothionin obtained for the first 15 min of deuteration. The
white peaks are positive, and the gray peaks are negative. The spectra above the correlation maps are the difference spectra (final spectrum
— initial spectrum). The intensities of the peaks in the asynchronous map are on the order of 2% of those in the synchronous map.

K45

Table 1: Assignmestof the Cross-Peaks Found on the
Asynchronous Correlation Map of Figure &, (a-helices;f,
f-sheet; t, turns; u, unordered structure)

faster exchanging  slower exchanging

region component (cm') component (cm?)
amide Famide | 1677 (Asn) 1666 (Arg)
1700 (3) 1666 (Arg) -
1656 (u) 1666 (Arg) K32
1625 (Lys) 1666 (Arg) )
1670 (1) 1580 (Arg)
1670 () 1602 (Arg)
1635 3) 1580 (Arg)
1635 3) 1602 (Arg)
amide Iamide Il 1517 (Tyr) 1544d) K23
1507 (tyrosinate?) 1544
1531 §3 and Lys) 1580 (Arg) R19
1531 (3 and Lys) 1602 (Arg) e eeee—— E——
amide Famide I 11(?72(?((,1\:;/3 11?28 ((LLJJ)) KsceK R R2Rc20K R-K KoreK
amide Il—amide Il 1454 (u) 1433 ) o5 10 1718 23 30 32 4l 45
amide I—amide II 1507 (tyrosinate?) 1433 Ficure 4: Primary and three-dimensional structurggiurothionin
1454 (u) 1544 ¢) showing the location of the twa-helices (red) and of thg-sheet
1443 (t orp) 1580 (Arg) (yellow). The structure was designed using Rasmol from the crystal
1443 (t otf) 1602 (Arg) data deposited in the Protein Data Bank (entry 1HBP). The single
amide Famide II 1628 (Lys) 1433¢) tyrosine (yellow) residue and the lysine (green) and arginine (blue)
1656 (t) 1433 ¢) residues are also highlighted in both the one- and three-dimensional
1676 (Asn) 1433¢) structures.

aFrom refs21, 28—31, 40, 45-48, and61—-63.

study, the protein solution is first spread and dried on the

10 and 17 are constrained in helix H1 and should be less9ermanium ATR crystal, it appears that the structure obtained

accessible to HD exchange4).

is similar to that in single crystals. The relatively good

From these results, we can therefore conclude that the@ccessibility of the tyrosine residue to deuteration is in good

agreement with the fact that this residue plays a key role in

relative order of deuteration of thpurothionin protons is
as follows: turns, asparagines, and lysirresunordered
structure and tyrosine B-sheet> a-helices and arginines. Membranesi).

This is in good agreement with structural data showing that To confirm that the amide protons of thehelices are
turns and most lysine residues are exposed to the solvenamong the last ones to be exchanged, 2D correlation maps
while the antiparallel helices containing half of the arginine were calculated using a series of spectra recorded at a longer
residues are strongly packed together to form a bundle deuteration time. Figure 5 shows the synchronous and
(Figure 4). Furthermore, in the crystal lattice, packing of the asynchronous maps obtained from the spectra recorded after
protein molecules in tetramers involves leucit@dder type deuteration for 5658 min. As can be seen, these maps are
interactions between the first helices of two proteins and also strikingly different from those shown in Figure 3. On the
the two arginines found in these helicey.(Since, in our synchronous correlation map, an autopeak is observed at

the toxicity of purothionin and in the interaction with lipid
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Ficure 5: (A) Synchronous and (B) asynchronous 2D correlation spectfapafrothionin obtained after deuteration for-588 min. The
white peaks are positive, and the gray peaks are negative. The spectra above the correlation maps are the difference spectra (final spectrum
— initial spectrum). The intensities of the peaks in the asynchronous map are on the order of 1.5% of those in the synchronous map.

1664 cm! that we assigned to the deuteration of the  These results clearly show that valuable information about
a-helices. Although this wavenumber is high compared to the accessibility of the amide group and side chain protons
those normally found in the literature-L650-1655 cn? can be obtained from the combined used of 2D-IR spectros-
(21, 52)], it is known that shorter helices give rise to amide copy and H-D exchange.
| bands at higher wavenumber5|. For example, helices
containing 8-10 residues and-57 residues should have
amide | bands at 1663 and 1668 chwvespectively. This is ATR SpectraFigure 6A shows a series of infrared ATR
the case fop-purothionin where the two antiparallel helices spectra of the DMP&-purothionin complex (30:1 molar
are composed of 12 (residues ¥8) and 7 residues (residues ratio) recorded as a function of the deuteration time. As for
22—28) as shown in Figure 4. Furthermore, it has been found the pure protein (Figure 1A), the amide I, Il, and bands
that the amide | band due to tloehelices of proteins such  are affected by HD exchange but to a lesser extent. Indeed,
as rhodopsin and bacteriorhodopsin are located at 1885 ( the amide | band shifts by only2 cnr? toward lower
and 1659 cm? (54, 55), respectively. It is therefore reason- wavenumbers compared to 10 chior pure-purothionin.
able to assign the peak found at 1664 ¢éno a-helices. In In addition, the curve for the HD exchange kinetics
Figure 5, we can also see that the amide Il band is centeredobtained for the DMPG -purothionin complex [Figure 2
at 1545 cm* compared to 1534 cm (see Figure 3) at the  (®)] shows that the deuteration level achieved in the case
beginning of the deuteration process. The amide Il band is of the complex is lower than that gFpurothionin. Indeed,
thus shifted toward higher wavenumbers, approaching thosethe ratio of the areas of the amide Il and amide | bands
attributed to then-helices {1550 cni? (21, 45)]. indicates that only 50% of the protein amide protons are
Cross-peaks associated with the arginine side chains areexchanged after deuteration for 150 min for the complex
also observed at 1605 and 1582 ¢ran the 2D synchronous  compared to 90% for purg-purothionin. Therefore, the
map of Figure 5. The fact that the arginine side chains are presence of DMPG partially prevents the exchange of the
still deuterated after 50 min could be explained by their amide protons of-purothionin, suggesting that some parts
distributions along the structure gfpurothionin. Figure 4  of the protein interact with the DMPG membrane. To
shows that two arginine residues are in helix H1 (arginines emphasize the spectral changes induced by the deuteration,
10 and 17) while the two others are in turns well exposed to the difference spectra obtained by subtracting from the
the solvent (arginines 19 and 303)( Thus, the most  spectra of Figure 6A the spectrum recorded just before the
accessible arginines would be exchanged first, whereas thebeginning of the deuteration are plotted as a function of the
arginines less accessible and stabilized by intramoleculardeuteration time in Figure 6B. The most interesting feature
bonds would be exchanged later. This hypothesis could of these spectra is that the main bands affected by thBH
explain why the cross-peaks of arginine side chains are exchange are those of arginine side chains at 1610 and 1584
present all along the deuteration process. cm2. This suggests that when the protein is bound to DMPG,
Figure 5 shows that the asynchronous correlation map it adopts a position relative to the membrane or has a different
calculated after deuteration for 50 min is essentially devoided tertiary structure, resulting in an increased level of deuteration
of significant cross-peaks, thus revealing that the protons of of the arginine side chains.
a-helices and of arginine side chains are exchanged at the Another interesting feature seen in Figure 6A is that the
same rate. A weak and noisy asynchronous correlation mapshape of the amide | band for the lipigirotein complex is
has also been observed by Nabet aridoRe 29) for different from that off3-purothionin in the absence of lipid
myoglobin after deuteration for 1 h. (Figure 1A). Indeed, there are clearly two components for

Deuteration of the DMPG 5-Purothionin Complex
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Ficure 6: (A) ATR and (B) difference infrared spectra of the FIGURE 7: (A) Deconvolved infrared spectra in the region of the

DMPG—g-purothionin complex (30:1 molar ratio) as a function amide | band forg-purothionin ) and for the DMPG-f-

of the deuteration time: =) O, (- - -) 15, < - —) 30, (— - - —) 40, purothionin complex (- - -). (B) Difference between the infrared

and ¢-+) 50 min. spectra of the DMP&j-purothionin complex ang-purothionin
before the deuteration process.

the protein in the presence of DMPG, suggesting a perturba-
tion of the secondary structure. To emphasize these changesand 1584 cm! due to the arginine guanidinium dominates
the amide | bands gi-purothionin recorded just before the the synchronous map of the lipigbrotein complex, while
beginning of the deuteration in the absence and presence othe correlation peaks between the amide Il (1540%rand
DMPG were Fourier deconvolved. The resulting spectra amide Il (1445 cmt) bands are much weaker. Moreover,
presented in Figure 7A show that the intensity of the the peak at 1635 cm assigned to the amidévibration of
component at 1664 cm, assigned to the-helices, relative  theS-sheet is absent. All these observations are in agreement
to that of theS-sheet band at 1633 crhis higher when with the ATR difference spectra shown in Figure 6, namely,
B-purothionin is bound to DMPG. For a better comparison that deuteration is less important for the DMP& purothio-
of these two spectra, the difference spectrum was calculatedhin complex and that the deuteration of the arginine residues
by subtracting the spectrum @gfpurothionin from that of is easier when the protein is bound to the lipid membrane.
the complex. As can be seen in Figure 7B, the interaction This suggests that the protein interacts with the lipid bilayer
of DMPG andg-purothionin results in the clear increase in in such a way that the accessibility of the guanidinium
the absorbance of the band at 1664 émssigned above to  protons of the arginines is enhanced compared to that of the
short helices at the expense of that of the 1653*chand, pure protein, thus facilitating the deuteration of the arginine
usually assigned ta-helices 21, 52) and of thes-sheet band  side chains. This could be due to a difference between the
at 1633 cm™. This result reveals that the secondary structure state of association of the protein in the presence of
of f-purothionin is affected by the presence of DMPG and phospholipids and in the solid state. The crystal structure of
that two different populations ak-helices may be present J-purothionin shows that the protein molecules associate into
in the lipid—protein complex. clusters and can form tetramers stabilized by hydrophobic
2D-IR Spectra.To obtain more information about the and hydrophilic interactions3f. The binding of the protein
interaction between the protein and DMPG and about theto DMPG could lead to the disruption of this cluster
structure of the bound protein, we have studied the DMPG association, making some arginine residues more exposed
S-purothionin complex by 2D-IR correlation spectroscopy. to the solvent, especially arginines 10 and 17 of helix H1
Figure 8 shows the correlation maps obtained for the first (Figure 4). The binding with the DMPG membrane could
15 min of the deuteration process. The synchronous cor-also cause a partial opening of thgpurothionin structure,
relation map is similar to the correlation map presented in favoring the exchange of the guanidinium protons.
Figure 3 for the pure protein and leads to the same The asynchronous correlation map presented in Figure 8
interpretation concerning the relative order of spectral contains fewer cross-peaks than that presented in Figure 3
variations. However, the relative intensity of some of the for the pure protein. This suggests that the interaction of the
peaks is strikingly different. For example, the doublet at 1610 protein with the lipid membrane prevents the exchange of
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Table 2: Assignmentof the Cross-Peaks Found on the suggested by Wada et alld). Furthermore, infrared and

Asynchronous Correlation Map of Figure &, (a-helices;, NMR spectroscopy results have shown that the electrostatic
B-sheet; t, turns; u, unordered structure) interactions betweefi-purothionin and DMPG at high lipid:
faster exchanging  slower exchanging protein molar ratio result in the decrease of the extent of
region component (cm?) component (cmb) lateral diffusion of the lipid in the fluid phase and in the
amide —amide | 1624 (Lys) 1610 (Arg) increase in the gel-to-fluid phase transition temperat2@g (
1624 (Lys) 1582 (Arg) The asynchronous correlation map also indicates that the
igég Exgg igg;g H—D exchange next affects the asparagines ang-tteeet.
1595 ( Arg) 1675 (Asn) Finally, the last structures to be exchanged are the unordered
amide I—amide 11 1582 (Arg) 1546d) structure and thex-helices. The fact that the unordered
1602 (Arg) 1544 ¢) structure is one of the last structures to be deuterated, even
amide -amide Il 1676 (Asn) 154%() though it is not involved in hydrogen bonds, suggests that
amide -amide If iggg Eﬁ:gg iigg§8: 33 this part of the protein interacts with the lipid membrane.
amide amide I 1676 (Asn) 1438 or u) From these results, we can therefore conclude that the relative

order of deuteration gf-purothionin bound to DMPG is as
follows: lysines and arginines asparagines angsheet>
unordered structure andthelices. An interesting feature of

e asynchronous correlation map is the absence of the cross-
peak associated with the tyrosine residue at 1517 cfrhis
is in agreement with previous studies that have suggested

aFrom refs21 and45—47.

protons of some amino acids and secondary structures. Tabl
2 presents the assignment of the cross-peaks observed in th
asynchronous map of the DMP€B-purothionin complex
T oo oy 1 ETaCon etween e Hrcsine resdu ghotion
observed at 1595 and 1582 chand at 1595 and 1611 cth 2" lipid membranes3(13, 58).

are not included in this tablg_since.vv.e belieye that these weak~oNCLUSIONS

peaks are not due to specific arginine residues but rather to

a change of the width of the arginine bands with deuteration.  2D-IR correlation spectroscopy with hydrogeseuterium
Spectra simulations performed by Czarne&#6)(as well as exchange as the external perturbation was used in this study
in our laboratory %7) have shown that small change in width to investigate the structure @gfpurothionin in the absence

for strong synchronous bands can give rise to such a regularand presence of DMPG and to determine the chronological
pattern in the asynchronous maps. The results of Table 2sequence of the deuteration of the different conformations
show that the arginine and lysine residues are the first and of some of the side chains. For the protein alone, the
components to be exchanged. However, unlike in the relative order of deuteration is as follows: turns, asparagines,
asynchronous correlation map of the protein in the absenceand lysines> unordered structure and tyrosires-sheet>

of lipid (Figure 3), the peaks due to the lysine residues are a-helices and arginines. In the presence of DMPG bilayers,
much weaker. Since these residues are positively chargedthe level of deuteration off-purothionin is significantly

it is likely that they interact with the negatively charged reduced and the arginine residues are the first structural
DMPG molecules, therefore limiting the exchange of their elements to be exchanged. The relative order of deuteration
protons. The interaction between the negatively charged cellthen becomes the following: lysines and arginines
surface and the purothionin lysine residues has already beerasparagines arngisheet> unordered structure anghelices.
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Furthermore, no correlation peak due to the tyrosine residue
was observed for the lipidprotein complex, suggesting that
the part of the proteins containing the tyrosine residue
interacts with the negatively charged DMPG membrane. The
results also indicate that there is an increase inotheelix
content of-purothionin upon binding to the lipid membrane.

These significant differences observed in the deuteration
of amide bonds and side chains upon lipid binding suggest
a significant change in the protein structure and in the degree
of association of the protein molecules. Previous NMR and
infrared results have shown that the bilayer structure of
DMPG is not significantly affected h§-purothionin and that
electrostatic interactions exist between the lipid and the
protein R0). These results also demonstrated that the protein
is partially inserted into the lipid membrane, thehelices
and theS-sheet having tilt angles of approximately°&ghd
30°, respectively, relative to the bilayer normal. The insertion
of the protein in the membrane could lead to the formation
of hydrophilic channels to allow the passage of ions and
water molecules as suggested from electrophysiology mea-
surements on natural membrangs, (L6). Since the arginines
are more accessible to deuteration when the protein is bound
to the lipid membrane, it is likely that they are involved in
the structure of the hydrophilic channel. On the other hand,
the nonaccessibility of the tyrosine residue suggests that this
residue is turned toward the lipid phase and contributes in
anchoring the protein into the membrane. The significant
increase in protein helicity in the lipid environment has
already been observed for the binding of other proteins and
peptides to phospholipid membraneS9); Finally, the
formation of a functional protein channel into the membrane
is compatible with previous observations showing the
absence of major changes in the lipid organizati@f).(
These results confirm previous biological studies showing
that the toxicity of purothionins is first based on changes in
membrane permeability and not in a lytic activity. Lysis
could be a secondary step that can be due to osmolarity
changes leading to cell leakage. This phenomenon most likely
occurred with liposomes containing large fluorescent mol-
ecules 60).
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