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ABSTRACT. The conformation of puroindoline-a and -b, two basic lipid-binding proteins isolated from
wheat seedlings, has been studied for the first time by infrared and Raman spectroscopy. The infrared
results show that puroindoline-a and -b have similar secondary structure composed of approximately 30%
a-helices, 30%3-sheets, and 40% unordered structure at pH 7. The conformation of both puroindolines
is significantly pH-dependent. The reduction of the disulfide bridges leads to a decrease of the solubility
of puroindolines in water and to an increase of fhsheet content by about 15% at the expense of the
a-helix content. Raman spectroscopy confirms the structure similarity between the two puroindolines
with little differences in the side chains’ environment. All the disulfide bridges areyguahe-gauche-
gaucheconformation, and the unique tyrosine residue present in both puroindolines is hydrogen-bonded
to water. Raman spectra have been recorded in beth &hd DO media, thus providing additional
information concerning the accessibility of certain residues to water. We have also observed that
puroindoline-a tends to form some aggregates under acidic and high ionic strength conditions. Near-
ultraviolet circular dichroism measurements suggest that the tryptophan-rich domain is involved in this
aggregate formation. Finally, on the basis of a combined infrared and sequence conformational analysis,
we propose a secondary structure assignment for both puroindolines. The results show that puroindolines
exhibit a similar folding pattern with plant nonspecific lipid-transfer protein and some amylase-protease
inhibitors. These proteins could form a homogeneous structural family of plant proteins involved in the
defense against pathogens that are probably derived from a common “helicoidal” protein ancestor.

Puroindolines are water-soluble basic and cysteine-rich is still unknown but their capability to inhibit fungal growth,
proteins of about 13 kDa that have been isolated from wheatin zitro, suggests that they could play a role in the defense
endosperm using Triton X-114 phase partitioning (Blochet mechanism of wheat seeds against pathogens (Marion et al.,
etal., 1991, 1993). Two isoforms named puroindoline-a and 1994). For example, a synergistic inhibitory effect against
puroindoline-b have been purified and characterized. They fungal growth has been observed when puroindolines are
exhibit more than 50% homology in their amino acid mixed with other wheat antimicrobial low molecular weight
sequence (Blochet et al., 1991; Gautier et al., 1994). Puro-basic and cysteine-rich proteins, purothionins (Marion et al.,
indoline-a, the first characterized isoform, contains a unique 1994). Preliminary results using polyclonal antibodies
tryptophan-rich domain (WRWWKWWAK) which is at the  showed that puroindolines are located in the aleurone layer
origin of the name of this protein (from the greek puros for gt the periphery of the endosperm, a location compatible with
wheat and indoline for the indole ring of tryptophan). This the protection of the seed (Dubreil et al., 1994).

sequence is partly truncated in puroindoline-b (WPTK- . - - . . .
: i -~ X S The tight binding of polar lipids to puroindolines (Wilde
WWK). The folding pattern is stabilized by five disulfide et al., 1993 Husband et al., 1995). as also observed for

bridges. L .
. . : . _thionins (Bohlmann & Apel, 1991), could be responsible for
These proteins are synthesized as preproteins. The hlghe[heir membratoxic effects on fungal pathogens. This lipid

molecular weight precursor contains a signal peptide and bOthbindin and the unigue surface properties of puroindolines
extra-small sequences at the N- and C-terminal extremities -, Etahese roteing attractive fc?r n?an food an chemical
of the protein that are cleaved in the mature protein (Gautier o P ) _ o y . .
et al., 1994). This complex maturation of puroindolines is applications. P_uromdo_hr_wes exhibit good foamlng _pro_pertles
probably important for cell routing and expression of their bUtt are fespecEtII)I/. ggfluen; tl(,) ptrevengldest_ablllzatlop c:jf
biological function. The function of puroindolinés vizo protein tfoams by 1pids, a celicale problem in many 100
and chemical formulations (Wilde et al., 1993; Clark et al.,
' This research was supported in part by research grants from the1994; Husband et al., 1995). The secondary structure of
Natural Sciences and Engineering Research Council of Canada (granfpuroindolines has not yet been determined experimentally

to M.P.), the Fonds pour la formation de chercheurs et I'aida a : - : : _
recherche of the Province of Quebec (grant to M.P.), and grants from except in the preliminary comparison of their three

Region pays de Loire and Ministede 'enseignement et de la recherche  dimensional structure with that of a wheat nonspecific lipid-
(grants to D.M). transfer protein (Marion et al., 1994). In order to understand
:Sr)n\%hr(s)irtn’e Eg{/;elSpO“dence should be addressed. the basis of their surface activity and the lipid binding
$ Institut National de la Recherche Agronomique. properties of puroindolines, it is important to study puroin-
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Spectroscopic techniques like infrared, Raman, and circulartemperature-controlled homemade close cell composed of
dichroism spectroscopies are powerful methods for the two CaF, windows. The cell was fitted with a gm Mylar
investigation of the conformation of proteins and allow the spacer in order to allow a constant thickness and a better
gquantitative analysis of their secondary structure content in subtraction of the water contribution from the protein spectra
aqueous solutions (Arrondo et al., 1993; Byler & Susi, 1986; (Dousseau et al., 1989). Infrared spectra were recorded on
Dousseau & Pmlet, 1990; Goormaghtigh et al., 1994 a Bomem DA3-02 FTIR spectrophotometer equipped with
Surewicz & Mantsch, 1988; Williams, 1986; Yang et al., a narrow-band MCT detector. A total of 1000 scans was
1986). Raman spectroscopy, as well as near-ultravioletrecorded at a resolution of 2 ch Data manipulations were
circular dichroism, further provides information on the performed with Spectra Calc (Galactic Industries Corp.,
conformation of disulfide bridges and on the environment Salem, NH). Evaluation of the secondary structure content
of aromatic residues like tyrosine, tryptophan, and phenyl- of the proteins from their infrared spectra was achieved using
alanine. It is well-established that aromatic and basic the method of Dousseau andzB&et (1990). This method
residues are often involved in toxicity of different peptides is based on the comparison, using partial least-squares
(Evans et al., 1989; Menez et al., 1990; Blondelle et al., analysis, of the amide | and Il infrared bands of a protein of
1993). The fact that puroindoline-a exists in both membrane- unknown structure with those of a set reference proteins of
bound and soluble form (Leguernevi®©9?2) is an indicator ~ known three-dimensional structure. The main advantage of
of the toxin role of this protein (Lakey et al., 1994). this method is that it does not rely on band assignments.

In the present study, the conformation of puroindolines  Infrared Spectroscopy: Difference Spectf@TIR spectra
has been studied by infrared and Raman spectroscopies i®f deuterated puroindolines were recorded on a Nicolet
order to determine their secondary structure content and theMagna 550 spectrometer equipped with a narrow-band
environment of certain residues. In conjunction with spec- mercury-cadmium-telluride detector. Spectra were re-
troscopic analysis, predictive methods developed by Garnier,corded at 2-cmt* resolution using 500 scans. The difference
Osguthorpe, and Robson, (GORGarnier et al., 1978),  spectra in the amide | region were all calculated using the
Holley—Karplus (1989), and Gascuel and Golmard (1988) spectrum recorded at & as a reference spectrum. All
have been used to assign the location of secondary structur@pectra were normalized between 1600 and 1700 before
elements with a better accuracy once the overall content ofSubtraction in order to account for any variation of sample
the secondary structure of the protein is experimentally thickness.
established. In addition, we have observed that, in acidic Raman SpectroscopySamples for Raman spectroscopy
conditions and in high salt concentration, puroindoline-a has were transferred into glass capillary tubes (1.8-mm inside
the propensity to form large aggregates. Near-ultraviolet diameter) and placed in a thermoelectrically regulated sample
circular dichroism has also been used to further characterizeholder. Raman spectra were obtained with a Spex Model
the aggregate state of puroindolines. The results obtained1400 double monochromator. A multichanel CCD9000
suggest that the tryptophan-rich domain is involved in the system from Photometric Ltd. (Tucson, AZ) with an EEV

formation of large aggregates. CCD-05-X detector composed of 1152 298 pixels, was
used as described elsewhere (Savoie et al., 1994). Spectra
MATERIALS AND METHODS were composed of 1152 data points covering a spectral region

. ) . . of ca. 2000 cni! recorded with a diffraction gratings of 300
Sample Preparatl(_)n.Puromdollnes were pgrlfled fro_m grooves/mm. The Raman spectra were excited with the
wheat seeds according to the methqd described previouslyg14 5.nm line of an argon ion laser (Spectra Physics Model
by Blochet et al. (1993) and by Wilde et al. (1993). In 5450)  The laser power at the sample was between 75 and

addition, in order to remove salt contamination from puroin- 160 mw. For puroindoline-a in water solution, 10 exposures
dolines, solutions were centrifuged on an Amicon 3000 filter ¢ 120 s were collected and averaged, whereas for puroin-

at 700@ for 1 h. Centrifugations were first done with 150 doline-b, 60 exposures of 60 s were used. Raman spectra

mM NaCl and then with pure distilled water. Puroindolines ¢ o hurindolines, in heavy water solution, were obtained
were finally lyophilized. Solutions of puroindolines were using 60 exposures of 60 s.

prepared in water at a concentration range efl@% by For proteins in water solution, the spectrum of the buffer

weight. The pH of the solutions was measured with a a5 uptracted from that of the protein until the resulting

microelectrode (Microe_lectrpdes Inc., Bedf_ord, NH). T_he spectrum was linear between 1730 and 1800%williams,
reduced form of puroindolines was obtained by adding 19gg)  All spectra were then corrected for the fluores-

dithiothreitol to the so_lution a_Lt a concentration_4—fo|d higher_ cence background with a spline function, smoothed with a
than that of the cysteine residues. For experiments done INSavitski-Golay seven-point function, and finally, normalized

heavy water, puroindolines were first hydrated in an excess using the 1450-cm band due to the methylene bending
of D20 (0.4% in weight of protein) for a few hours and then ., J4e as an internal standard.

lyophilized. Deuterated proteins were hydrated in heavy | jght Scattering. Light scattering was measured with the

water just before their spectra were recorded. Raman system. The intensity of the light scattering was
Infrared Spectroscopy: Secondary Structure Determina- followed with the multichannel detector at the edge of the

tion. Aqueous protein solutions were studied using a Rayleigh line. Samples were cooled by increment 6€1

followed by an equilibrium period of 2 min. After the

1 Abbreviations: 3D, three dimensional; CD, circular dichroism; equilibrium period, the scattering intensity was measured.

FTIR, Fourier transform infrared; GGBS, Gascuel and Golmard basic The concentration of puroindoline-a was 70% by weight
statistical method; GOR, Garnier, Osguthorpe, and Robson method;of protein

HK, Holley—Karplus method; IR, infrared; NMR, nuclear magnetic Lo . . . .
resonance; ns-LTP, nonspecific lipid-transfer protein; RBI, bifunctional ~ Near-Ultraviolet Circular Dichroism. Near-ultraviolet

a-amylase/trypsin inhibitor from ragi. circular dichroism spectra (25850 nm) were recorded with
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Ficure 1: Infrared spectra at 2€C in the amide | and amide Il
regions of (A) native puroindoline-a and (B) puroindoline-b ixCH
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Table 1: Secondary Structure Contents of Puroindoline-a and -b
Determined by Infrared Spectroscépy

o-helix p-sheet unordered
structure (%) (%) (%)
Puroindoline-a
native protein, pH 4 36 27 37
native protein, pH 7 29 30 41
native protein, pH 10 34 27 38
reduced protein, pH 7 9 43 45
Puroindoline-b
native protein, pH 4 40 25 34
native protein, pH 7 32 29 41
native protein, pH 10 29 30 41
reduced protein, pH 7 14 40 45

aThe method of Dousseau and zBket (1990) was used (see
Materials and Methods for details).

1 shows the infrared spectra in this spectral region of
puroindoline-a (Figure 1A) and puroindoline-b (Figure 1B)
at pH 7. Contribution of the water bending vibration at 1650
cm ! was subtracted from these spectra according to the
method of Dousseau et al. (1989). The two major bands,
observed at 1656 and 1547 ciare assigned to the amide

I and amide Il vibrations, respectively. The amide | band
at 1656 cm® is mainly due to thex-helical and unordered
structures (Dong et al., 1990; Arrondo et al., 1993; Goor-
maghtigh et al., 1994a,c).

Band narrowing techniques, like Fourier deconvolution or
second derivative, are efficient to decompose the amide |
band into its overlapping components. As seen in Figure 1,
the second derivative of the amide | band of both puroin-
dolines is composed of approximately four to six compo-

spectra while the dashed curves are associated with the seconghents. The two unresolved components at 1654 and 1659

derivative (15 pts) of the spectra.

a Jobin-Yvon CD6 spectropolarimeter. Protein solutions
were prepared at a concentration of 1 mg/mL in 300 mM
NaCl and their pH values were adjusted with either diluted
HCI or NaOH solution. CD spectra were measured in a high-
quality quartz optical cell of 1 mm path length, and data

were expressed as molar ellipticity per residue in degrees

centimetet per decimole.
Sequence AnalysisAlignment of protein sequences was
carried out with CLUSTAL program from the PC-GENE

cm* are assigned to the-helical and unordered conforma-
tions (Dong et al., 1990; Arrondo et al., 1993; Goormaghtigh
et al.,, 1994a,c). The frequency of the amide | band
associated with the unordered amdhelical structures is still

the object of some controversy. For example, some authors
have suggested that, in@, the lower component is assigned
to thea-helix (ca. 1653 cm?) while the higher component
(ca. 1656-1660 cm?) is associated with the unordered
structure (Arrondo et al., 1993). On the other hand, Dong
et al. (1990) have proposed the inverse for the assignment
of these two bands. Weaker bands at 1674 and 1683 cm

software based on the multiple sequence described by, o attributed to turns anftsheets, respectively (Pelet et

Higgins and Sharp (1988) and using the Dayhoff mutation
data matrix, MDM-78 (Schwartz & Dayhoff, 1978). Sec-

al., 1992; Subirade et al., 1994), whereas bands between 1627
and 1636 cm! are characteristic of amide groups involved

ondqry_structure assignments were done by combining three,, extendeds-sheets (Subirade et al., 1994). For puroindo-
predictive methods: the Garnier, Osguthorpe, and Robson|ine 1, ‘an additional feature is observed at 1620 £niThis

method (GOR; Garnier et al.,, 1978), the Gascuel and
Golmard basic statistical method (GGBS; Gascuel & Gol-

mard, 1988) using the corresponding programs of the PC-

GENE software, and the neural network method of Helley
Karplus (1989) using the CHARMm software. The Holtey
Karplus method (HK) was implemented within Quanta as a
translated neural net.

RESULTS

Infrared Measurements.Infrared spectra of proteins
between 1500 and 1700 cfrare characterized by two major

component, is assigned t@-sheets involving stronger
hydrogen bonding (i.e., intra- or intermolecular interactions;
Arrondo et al., 1988; Clark et al., 1981).

Even though the amide Il region is not as well documented
as the amide | region, it also provides valuable information
on the secondary structure of proteins. Puroindoline-a and
-b exhibit a strong band at 1550 ctand a shoulder ata.
1518 cm’. These two bands are usually attributed to the
o-helical structure, although tyrosine side chains may also
absorb near 1518 crh (Goormaghtigh et al., 1994a,c). In
order to quantify the secondary structure content of puroin-

bands associated with the amide | and Il vibrations. Since dolines, infrared spectra of these proteins have been analyzed
the position and the shape of these bands are sensitive tavith the method of Dousseau andzZetet (1990). As seen

the conformation adopted by proteins, they are useful for

in Table 1, at pH 7, both puroindolines display a similar

the evaluation of their secondary structure content. Figure secondary structure content with approximately 3@%e-
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FIGURE 2: Infrared spectra at 28C in the amide | and amide I Ficure 3: Difference infrared spectra relative to théG spectrum

regions of reduced (A) puroindoline-a and (B) puroindoline-b in for (A) puroindoline-a and (B) puroindoline-b at different temper-
H,0, 150 mM NacCl, at pH 7. The solid curves represent the original atures (as indicated in the corners of the figure). Puroindolines were
spectra while the dashed curves are associated with the secondn solution in DO at pD 4 and 300 mM NaCl. Spectra were

derivative (15 pts) of the spectra. normalized before subtraction (see the Materials and Methods
section).

lices, 30%/-sheets, and 40% of the conformation in an

irregular structure or composed of turns. unordered ang@-sheet structures. Upon increasing the pH

In order to investigate the role of the disulfide bridges on 0 7 10 10, thea-helix content of puroindoline-a increases
the stability of puroindolines, infrared spectra of reduced by about 5% f"t the exp(.anse.of the unordered fsiieet
puroindolines were recorded. After reduction, puroindolines Structures, while for puroindoline-b, the secondary structure
tend to form viscous gels. Figure 2 shows that the disruption '€Mains unchanged. Therefore, the secondary structure of
of the disulfide bridges induces major changes in the infrared Puroindolines is quite sensitive to both the ionization state
spectra. The amide | band is characterized by a major of the side chains and to the presence of disulfide bridges.
component at 16181619 cm! assigned to the presence of Under some conditions, puroindolines tend to form ag-
intermoleculars-sheets since this band has been observedgregates. For example, at pH 4, at high salt concentration
for proteins in an aggregated state (Clark et al., 1981). The (300 mM NacCl), and at low temperature, puroindoline-a
observed shoulder at 1694697 cnt?! is characteristic of  solutions have a “milky” appearance associated with the
the high-frequency component of the antiparafietheets formation of large protein aggregates. This behavior has only
(Arrondo et al., 1993). The simultaneous appearance of thesebeen observed for puroindoline-a. In order to investigate
two components suggests that fhsheets are antiparallel, the conformational changes associated with the formation
as observed for the gluten proteins (Popineau et al., 1994).of aggregates, difference infrared spectra relative to the 5
As illustrated in Table 1, the reduction of the disulfide bonds °C spectrum have been recorded at different temperatures

of puroindolines at pH 7 leads to a decrease ofdHeelix for puroindolines in solution in BD. Difference spectros-
content by about 20% and to a raise of fheheet content  copy is an efficient method to detect small differences
by approximately 15%. between conformational states. As illustrated in Figure 3

The degree of protonation of side-chain residues can alsofor puroindoline-a, as the temperature increases, the com-
affect native protein structure. Therefore, the study of the ponent ata.1620 cn1! (associated with the low-frequency
pH-inducted changes of conformation provides valuable S-sheets) decrease at the expense of the band at 1660 cm
information regarding the role of side-chain residues in the (associated with the-helical structure). As seen in Figure
stability of the native protein structure. Infrared spectroscopy 3, the structural change associated with the increase of
shows that the secondary structure of puroindolines is temperature is gradual rather than cooperative. However,
sensitive to pH. At pH 4, for both proteins, thehelix the isosbestic points at 1643 chtlearly establish that there
content is about 8% higher than at pH 7. This increase inis a two-state equilibrium between the two forms of the
the a-helix content is observed at the expense of both the protein. Similar, but weaker, difference spectra were also
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Ficure 4: Effect of temperature on the Rayleigh light scattering
intensity of puroindoline-a. Puroindoline-a was in solution yOH
at pH 4 in 300 mM NacCl.
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Ficure 6: Raman spectra of puroindoline-a (solid line) and
puroindoline-b (dashed line) at pD 4 in solution in@ 150 mM
NaCl, at 20°C. The assignment of the strongest bands, presented
in the bottom of the figure, has been made according to Lord Yu
(1970), Tu (1982), and Twardowski (1978).

proteins have a homologous structure. It was not possible
to obtain good quality Raman spectra for solutions at pD
higher than 4.

The Raman amide | band of puroindoline-a and -b is
centered at 1655 cm in H,O and at 1648 cmt in DO,
showing that the secondary structure of these proteins is
composed of a significant amount afhelices (Tu, 1982),
in agreement with the infrared results. Three major com-
ponents are observed in the amide Ill region at 1250, 1270,
and 1300 cm!. In D,O (Figure 6), these three bands are
shifted down in the 930950-cnT? region thus confirming
their assignment to amide 1l bands. The two components

NaCl, at 20°C. The assignment of the strongest bands, presentedat 1270 and 1300 cm are assigned to thet-helical
in the bottom of the figure, has been made according to Degrazia conformation since it has been observed in the Raman spectra

et al. (1990), Miura et al. (1988), Tu (1982), and Twardowski
(1978).

of intact muscle fibers (P®let et al., 1978, 1980) and of
the muscle protein myosin (Carew et al., 1975). The

obtained for puroindoline-b even if this protein does not have component at 1250 cm is assigned to the unordered
the same propensity to form large aggregates as puroindolineStructure (Tu, 1982). As shown in Figure 5, puroindolines
a. Difference spectra in the amide | region were reproduc- €xhibit a band near 930 crh which arises from the skeletal
ible, even if the observed structural changes are smaller thanC—C Stretching vibration. This band is also an indicator of

5% in the best case.
Light Scattering. As described in the Materials and

the presence afi-helices (Peolet et al., 1980; Clark et al.,
1981; Tu, 1982).

Methods section, light scattering has been used to character- The two bands at 830 and 850 chare assigned to the
ized the formation of large aggregates in solution of single tyrosine residue of puroindolines. Siamwiza et al.
puroindolines. Figure 4 shows the effect of the temperature (1975) have shown that this doublet is due to the Fermi

on the light scattering of puroindoline-a solution. At low

resonance between the ring symmetric stretching vibration

temperature, puroindoline-a is in a gel state, and therefore,and the overtone of the-8C and C-O stretching vibrations.

the scattering intensity is higher. In NaCl solution, the
transition occurred at 15C and is quite cooperative. This
light-scattering property of puroindoline-a solution was not
observed for puroindoline-b.

Raman MeasurementRaman spectra were recorded in
both HO and QO in order to analyze any difference in the

It is well-known that the Raman intensity rafigd/ls30is an
indicator of the tyrosine environment (Siamwiza et al., 1975).
For a high ratio Kgso/lsso = 2.5), the hydroxyl group of the
tyrosine acts like an acceptor of strong hydrogen bonds. For
a low ratio (ssdlsso = 0.3), the hydroxyl group is a donor
of strong hydrogen bonds. In the case of an intermediate

water accessibility of certain residues. Figures 5 and 6 showratio, the hydroxyl group is both donor and acceptor of

Raman spectra of puroindoline-a and -b in solution y®©H

moderate hydrogen bonds, with water molecules for example.

and DO, respectively. The assignment of several Raman In the case of puroindolines, quantitative evaluation of this

bands is also shown in these figures.

Spectra of both ratio was difficult as an intense tryptophan band at 880'cm

puroindolines are quite similar, thus confirming that these overlaps with the higher component of the tyrosine doublet.
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Qualitatively, the ratidssd/lgso is higher than 1, suggesting S 285 295
that the tyrosine hydroxyl group is exposed to water | A / A
molecules. ~

The presence of disulfide bonds in puroindolines is clearly
revealed by the strong band at 509 ¢ndue to the SS
stretching vibration. Sugeta et al. (1973) have shown that
the frequency of this band is sensitive to the conformation
of the C-C—S—S—C—C sequence. Bands at 510, 525, and
540 cnt! are characteristic of thgauche-gauche-gauche
gauche-gauche-trans,andtrans—gauche-trans conforma-
tion of the C-C—S—S—C—C sequence, respectively. Since
there is only a single and symmetric band at 509 &for
both puroindolines, it appears that all the S linkages are
in the gauche-gauche-gaucheconformation.

Puroindoline-a and -b contain five and four tryptophan
residues, respectively, that give rise to several Raman bands
at 760, 880, 1014, 1340, 1363, 1552, and 1582 cm
characteristic of the indole ring vibration (Tu, 1982). Among
these bands, those appearing at 1363 and 880 ara often -1
correlated to the environment of the indole side chain. A
sharp intense band ag. 1360 cm! is an indication of a
hydrophobic environment for the tryptophan side chains |
(Miura et al., 1988). In the case of puroindoline, the absence h : : . . - .
of a definite peak at 1360 crhsuggests that the tryptophan- 250 260 270 280 280 300 310 320
rich domain of these proteins is partly accessible to water. FREQUENCY (nm)

The frequency of the 880-crh band allows the evaluation F:tGUR_E |71t E_ffeclt ofdter;?p(_arature (irtu:remints Ofeg Ol_n the I(TX;JIF- J
of the strength of hydrogen bonding at theg-Nposition of ultraviolet circular dichroiSm Spectrum or puroindoline-a (A) an

the indole ri%g. Str)(/)ng gE1ydrogen bgonds Ig;\c? toa decreasegggomﬂ()II'\rl':é? (B) at pH 4 (solid ines) and pH 7 (dashed lines) in
of the frequency of this band (Miura et al., 1988). For '

puroindolines, the tryptophan band appears at 879'cm Figure 7 shows the effect of temperature on the near-
indiqating tha't the NH groups of several tr)_/ptophan residues traviolet spectrum of puroindoline-a (Figure 7A) and
are involved in weak hydrogen bonds (Miura et al., 1988). ,rgindoline-b (Figure 7B). The near-ultraviolet spectrum
In DO, the 879-cm' band is shifted tea. 859 cnm*due  of puroindoline-a at pH 4 exhibits a minimum ea. 268
to deuteration of the NH group but does not completely nm associated with the disulfide bonds of the protein (Collins
disappear, suggesting partial deuteration of the indole rings.& Collier, 1985; Woody, 1995). Other minima, assigned to
Therefore, only some tryptophan residues appear to betryptophan residues, are observed at 285 and 293 nm. For
accessible to the solvent. Similarly, the indole ring-breathing puroindoline-a, increasing the pH from 4 to 7 results in an
vibration at 760 cm* in H,O (Figure 5, inset) is partly shifted  important change in the dichroism of the tryptophan region
to 753 cnrt in DO (Figure 6, inset), showing that several (280-300 nm) from a high negative ellipticity to a smaller
tryptophan residues are not accessible to deuteration. Takeupositive ellipticity. These major variations in the ellipticity
chi and Harada (1986) have observed and calculated a similaiof the 286-300-nm region contrast with the slight changes
isotopic effect for the case of model compounds. The observed in the 256280-nm region. While increasing the
tryptophan band ata. 1429 cn?, often used in kinetics  temperature at pH 4 leads to a progressive augmentation of
studies (Miura et al., 1988), is due to a mixed mode of the the ellipicity in the 286-300-nm region, it results in a drop
N1C-Cs symmetric stretching, B bending, and benzene CH  of the ellipticity in the same region at pH 7. In the case of
bending vibrations. This band is downshifted at 1384€m  puroindoline-b, the ellipticity is lower and much less affected
upon deuteration. Figure 6 shows that the intensity of the by pH and temperature variations as puroindoline-a. More-
1384-cn1! band is the same for both puroindoline-a and -b, over, increasing the temperature has the opposite effect on
suggesting that the same number of tryptophan residues arehe ellipticity of puroindoline-b.

accessible to deuteration for the two isoforms. Secondary Structure PredictiorA great structural diver-
Bands characteristic of the phenylalanine residues aresijty exists between the low molecular weight and cysteine-
observed at 1003, 1031, 1204, and 1064 tmHowever,  rich polypeptide found in cereal seeds. Few three-dimen-
none of these bands can be correlated to specific environ-sjonal (3D) structures are known for these proteins. Recently,
ments of the phenylalanine side chains (Tu, 1982). Strobl et al. (1995) have determined the 3D structure of a
Circular Dichroism MeasurementNear-ultraviolet cir- bifunctional a-amylase/trypsin inhibitor from ragi seeds
cular dichroism spectroscopy has also been used in order tqRBI) by NMR spectroscopy. This protein, which is
get more information on the conformation of the tryptophan- homologous to the monomeric and homodimeriamylase
rich domain of puroindoline. Aromatic and cysteine residues inhibitor from wheat seeds, is comparable in size to puroin-
give rise to dichroic bands in the near-ultraviolet region that dolines with about 120 amino acid residues. NMR spec-
are sensitive to the protein conformation and are useful to troscopy has shown that the helical content of RBI is similar
monitor conformational transitions occurring under different to that of puroindolines with approximately 33&helices.
physicochemical conditions (Strickland, 1974; Woody, 1995). Figure 8 illustrates the sequence alignment of these cereal
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Ficure 8: Alignment of the primary structure of (1) RBI, (2) puroindoline-a, (3) puroindoline-b, and (4) wheat ns-LTP. Description of the
alignment of the multiple sequence has been done as presented in the sequence analysis section of Materials and Methods. The location of
the foura-helices (H-H4) of RBI and the wheat ns-LTP, as determined from the 3D structure of these proteins, is also reported in this
figure. Shaded boxes indicate conserved residues that are common to RBI or wheat ns-LTP and one of the puroindolines. The numbering
illustrated given for each sequence does not include blanks and is, therefore, specific to each protein.

Table 2: Assignment of the-Helices for RBI, Wheat ns-LTP, and Puroindoline-a and -b

RBI wheat ns-LTP puroindoline-a puroindoline-b
3D2 HK GGB® GOR 3D¢ HK GGBS GOR align HK GGBS GOR!' align HK GGBS GOR
H1 18-29 5-18 5-10 1-11 1728 19-25 15-33 14-30 18-29 21-32 18-30 22-32
H2 37-51 33-48 34-64 35-48 26-36 30-39 30-40 30-40 49-62 45-60 50-57 50-63 49-60 48-61 48-61
H3 58-65 51-63 51-65 45-56 43-55 44-63 47-57 69-76 70-77 73-78 68-73
H4 87-94 87-97 90-106 92-107 62-68 62-67 62-67 87-100 85-95 85-97 86-97 89-101 8799 86-98 8798

a | ocation of then-helices from NMR spectroscopy (Strobl et al., 19959)ocation of thea-helices considering the secondary structure contents
given by the 3D structure.Location of thea-helices from NMR spectroscopy (Gincel et al., 1994; Petit et al., 1994)cation of theo-helices
considering the secondary structure contents determined by infrared spectroscopy.

inhibitors with the sequence of both puroindoline-a and  Three secondary structure prediction methods based on
puroindoline-b. The wheat nonspecific lipid-transfer protein the primary sequence of amino acids were used in order to
(ns-LTP), another cysteine-rich protein of known 3D struc- localize with the highest accuracy the secondary structures
ture (Gincel et al., 1994; Petit et al., 1994), also exhibits a of puroindolines. The GOR method is an algorithm that
similar secondary structure composition with 569helices determines the propensity of an amino acid to be in an
according to NMR results (Grincel et al., 1994). Although, a-helix, an extended structure, a turn, or a coil structure as
with 90 amino acid residues, the amino acid sequence ofevaluated from the analysis of proteins of known 3D
the wheat ns-LTP is shorter than those of puroindolines andstructures. The conformation of a given residue depends on
RBI, a satisfactory alignment is observed (Figure 8). The the influence of eight residues before and eight residues after
polypeptide backbone of both RBI and wheat ns-LTP is (Garnier et al., 1978; Garnier & Robson, 1989). The
composed of foun-helices connected by loops of variable Holley—Karplus method (HK) is based on a neural network
length. The best sequence fit corresponds todHeelix that recognized three states: helix, sheet and coil. The neural
zones of both RBI and wheat ns-LTP. This homology leads network has been trained on 48 proteins with known 3D
us to propose also the existence of four helices for both structure and uses a window of 17 residues to determine the
puroindolines: residues +28 and 18-29 for H1, 49-62 secondary structure assignment of the central residue (Holley
and 506-63 for H2, 69-76 and 76-77 for H3, and 87100 & Karplus, 1989). The Gascuel and Golmard basic statistical
and 89-101 for H4 for puroindoline-a and puroindoline-b, method (GGBS) is a local and residue-by-residue method
respectively: (Figures 8 and 9 and Table 2). The sequencethat determines the most probable conformational state for
alignment does not allow the determination of the probable each amino acid of the protein using data derived from the
location of the extended structure for puroindolines. The known three-dimensional structure of 62 proteins (Gascuel
zone where thg-sheet structure is found in RBI (residues & Golmard, 1988). Only GOR and GGBS allow for
67—75) does not match with a homologous region of modification of decision constants or parameters in order to
puroindolines as illustrated in Figure 8. obtain the desired secondary structure content (Garnier &
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Robson, 1989; Gascuel & Golmard, 1988) and thus to locateto the a-helix and unordered structures. The spectrum of
with better accuracy the secondary structure elements alongnative puroindoline-b also exhibits a band around 1620'cm
the primary sequence. In the case of puroindolines, the associated with a characterisfiesheet structure specific to
decision constants were thus adjusted to obtain the sameprotein involved in gels or aggregate states (Clark et al.,
secondary structure contents as determined experimentally1981). A similar band at 1620 crhhas also been observed
by infrared spectroscopy at pH 7 (see Table 1). for concanavalin A (Arrondo et al., 1988) and for native

In order to evaluate the accuracy of these three predictive diphtheria toxin (Cabiaux et al., 1989). Nevertheless, our
methods, they have been tested on wheat ns-LTP and RBIJesults are partly in disagreement with the structure prediction
which are proteins of known three-dimensional structure deduced from far-ultraviolet circular dichroism measurements
(Table 2). The decision constants and parameters of theby Husband et al. (1995). These authors obtained 25%
GOR and GGBS methods were adjusted in order to obtain a-helices, 50%g-sheets, and 25% aperiodic structures.
the secondary structure contents given by the 3D structures Despite the presence of five disulfide bridges, the second-
(Strobl et al., 1995; Gincel et al., 1994; Petit et al., 1994). ary structure of both puroindolines is pH-dependent, thus
In the case of wheat ns-LTP, only the GOR method can suggesting structural flexibility. Reduction of disulfide bonds
predict with acceptable accuracy the four helices, while for leads to a significant loss of solubility and a marked decrease
RBI predictive methods give satisfactory results only for the 0f thea-helix content at the expense of thesheet structure.
localization of H2 and H4 helices (Table 2). None of the Spectra of reduced puroindolines are characterized by two
predictive methods used in this work was able to predict the specific bands ata. 1620 and 1695 cnt that clearly
H1 a-helix of RBI (Table 2). These results emphasize the establish the presence of intermolecular antipargHgteets.
fact that these predictive methods have to be used with Our results demonstrate unambiguously that the disulfide
caution. bonds stabilize ther-helical structure in puroindolines and

Location of H1, H2, and H4x-helices in puroindoline-a ~ @ré necessary to maintain the native structure and solubility
and -b revealed by the sequence alignments is confirmed by®f these proteins. The-SS stretching vibration at 509 crh
the different predictive methods except for the bhelix shows that the five disulfide bonds of puroindoline-a and -b
of puroindoline-a, which is not predicted by the GGBS &€ in agauche-gauche-gaucheconformation. It is well-
method. Most of the methods used in this work partly failed Known that this conformation gives relatively short and stable
to predict the existence of the H3 helix. The H3 helix is S—S bonds. Similar results have been observed for the
only predicted for puroindoline-b by the GGBS and HK nonspecific wheat phospholipid transfer proteiri §Deneaux
methods although the last method also suggéstseet for €t al., 1992). _ . . .
the same sequence. Thehelix H3 being a very conserved Raman results provide valuable information on the envi-
sequence between RBI, wheat ns-LTP, and puroindolines,’onment of the aromatic side chains of puroindolines. Both

it is highly probable that an-helix is formed in this part of ~ Puroindolines possess one tyrosine residue of conserved
the polypeptide. position. The Raman doublet associated with this residue

shows that the phenolic hydroxyl group of this tyrosine side

of RBI and wheat ns-LTP clearly reveal lower contents of Ch?i” is_not bounq to a negatively charged carboxylate
pB-sheet or extended structures than those estimated frornreSIOIue of the protein but s rather hydrogen-bonded to water

spectroscopic methods like IR or CD (Strobl et al., 1995; molecules. Therefore, it seems that the tyrosine side chain

Gincel et al., 1994; Deormeaux et al., 1992; Alagiri & Singh, is exposed to the aqueous environment. In pyroindoline-a
1993). The three-dimensional structure of wheat ns-LTP tryp.t(.)phan residues are located in _the region betwgen
does not reveal the existence @fsheets and shows only p05|t|9ns 39 af‘d 4.5 and forms a unique tryptophan-fich
7% S-sheets in the case of RBI, while IR and CD predicted domain. Puromdc_)Ilne-_a has one additional tryptoph_an
af-sheet content of 2630% for both proteins. The precise compared to puro_mdolme-b and lacks two phe_nylalanme
reason for this discrepancy between 3D structure ObtainedreS|dues. These differences can be used to confirm the band

i i t. For example, bands due to tryptophan residues
by NMR spectroscopy ang-sheet contents estimated by IR 25319nMen
and CD spectroscopy is still unknown. It is possible that 2t 880, 1125, 1340, 1363, 1429, and 1552 trare more

protein segments that are not observeg-abeets by NMR mten_sg 'I’F thg S_l?ﬁCt.r um tot];w purom(:oh?he-% thgntlg Ggllf:lt of
spectroscopy give rise to infrared or CD spectra that are PUroindoline-. hisis not the case for tne band a m

o . : as also observed by Miura et al. (1991) for lysozyme. Miura

iltmlclirjrt: tf:_tlaojvi)e?/(grra[[ggaétll;sisr] (3_ sriscc;]m? ct)eni V(\?rtgrgkfg)%?gxi_ et al. (1991) have established that an increase in the intensity
. , e . )

mately residue 7989) of both puroindolines is systemati- of the 760 cm* component might b? ass'gned toa \_/veaker
cally predicted ag-sheet by the GOR and HK methods and hydrophobicity of the tryptophan side chains. Unll_ke the
is located between the H3 and H4 helices as the antiparallelOther tryptophgn bar_lds, the component at 7601th'0h
f-sheet found in RBI (Strobl et al., 1995). The tryptophan- has the same intensity for the two puroindolines, shows that
rich domain is probably formed 'bﬁ—turn or unordered tryptophan residues of puroindoline-b are in a less hydro-

; hobic environment than those of puroindoline-a. As
r re an Id formal ween heli H1 and H2.P . . . o
structure and could form a loop between helices H1 and illustrated in the inset of Figure 6, the splitting of the band

DISCUSSION at 760 cm? resulting from the partial deuteration of the
indole ring clearly establishes that approximately 50% of
The analysis of the amide | and Il bands of the infrared the tryptophan residues are deuterated. Therefore, the
spectra of puroindoline-a and -b indicates that the secondarytryptophan-rich sequence between residues 39 and 45 appears
structure of these proteins is very similar and consists of to be partly accessible to the solvent, according to previous
about 30% a-helix, 30% fS-sheet, and 40% unordered results showing that the maximum of fluorescence intensity
conformation. The amide | band at 1656 ¢nis assigned of puroindoline-a is at about 340 nm (Wilde et al., 1993). It

Concerning other structural elements, the 3D structures
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FiIcurRe 9: Comparison of the predictedhelices for puroindoline-a and puroindoline-b. Helices were predicted from the sequence homology
(Align.) as illustrated in Figure 8 and from the Holleiarplus method (HK), the Gascuel and Golmard basic statistical method (GGBS),

and the Garnier, Osguthorpe, and Robson method (GOR). A sequence consensus is proposed from these methods for both puroindolines.
The conserved residues that are common to both puroindolines are indicated in black along the sequence.

has been shown that the maximum of fluorescence intensitypuroindoline-a. The molten globule state, mainly character-
ranges from 350 nm for tryptophan residues totally exposedized by a loss of asymmetry in aromatic residues, gives flat
to aqueous solvent to 330 nm when tryptophan residues arespectra between 250 and 300 nm (Mitchinson & Pain, 1985).
buried in a hydrophobic environment (Lakowicz, 1986). This is not the case for puroindoline-a, for which dichroic

An intriguing difference between puroindoline-a and -b spectra are observed both at acidic and neutral pH in the
is the propensity of puroindoline-a to form aggregates at low 5—25 °C range. However, the concentration used for near-
pH and at high salt concentration, a property that resemblesultraviolet CD is considerably lower (0.1%) than that used
the so-called molten globule state (Kuwajima, 1989; Goto for vibrational spectroscopy {710%). It cannot be excluded
& Fink, 1989). A molten globule state could, therefore, that, at the concentration used for vibrational spectroscopy,
explain why puroindoline-a, which is a water-soluble protein, protein—protein interactions can stimulate the formation of
can bind polar lipids, as observed, for example, with this particular conformational state. However, near-ultra-
a-lactalbumin in the same conformational state (Kim & Kim, violet CD measurements were also carried out at 10 mg/mL
1986). Preliminary infrared and Raman results on the that gave strictly identical results to those obtained at 1 mg/
aggregate state of puroindoline-a suggest no importantmL (results not shown).
change of its secondary structure. Even though the gel Interestingly, in the case of puroindoline-a, the tryptophan-
formation that occurs for puroindoline-a at low temperature, rich region exhibits high ellipticity in the near-ultraviolet
resulting in the formation of large macroscopic aggregates region, suggesting electric dipetelipole coupling due to a
that scattered visible light, is cooperative (as illustrated in close packing and relatively rigid structure of tryptophan
Figure 4), the temperature dependence of the secondaryresidues (Strickland, 1974). The change of the value and
structure of puroindoline-a, observed by infrared spectros- the sign of the molar ellipticity when the pH is reduced from
copy (Figure 3), is rather gradual. Moreover, a similar 7 to 4 could be due to a close intramolecular packing of the
variation in the secondary structure of puroindoline-b is tryptophan residues resulting in a conformational transition
observed despite the fact that this protein has not thelike from loop to helix. Another hypothesis could be based
propensity to form large aggregates at the macroscopic level.on intermolecular interactions between monomers of puroin-
These results show that secondary structure changes observetbline-a, where the tryptophan-rich domain would be directly
by infrared spectroscopy are probably dissociated from the involved in close contact between monomers without any
gel-forming property of puroindoline-a. Similarly, it has conformational change. Such large variations in the near-
been observed that, f@rlactamase, the secondary structure ultraviolet CD spectra were not observed for puroindoline-
is unaffected by the aggregation state (Goto & Fink, 1989). b, although both puroindolines exhibit an increment in their
An aggregated state is usually the result of the exposure ofa-helix content when the pH is lowered from 7 to 4 (see
hydrophobic residues of the protein, favoring in this way Table 1). It is therefore probable that large variations in
protein—protein interactions. At low pH, aspartic and the ellipticity could be due to intermolecular interaction
glutamic acid residues are probably protonated, thus resultingbetween monomers involving the tryptophan-rich sequence
in electrostatic repulsions between charged basic groups anaf puroindoline-a. In addition, our infrared results show that
leading to a destabilization of the native structure of the the proportion of intermoleculgi-sheets is more important
protein. At high salt concentration, the presence of coun- for puroindoline-b. Therefore, we think that the b-isoform
terions around the basic charged groups reduces thesdas a higher tendency to form small autoassociation structures
repulsions and probably favors a folding pattern. that could prevent aggregation on a larger scale.

To our knowledge, the molten globule state of puroindo-  The tryptophan-rich domain has been suspected to play a
line-a has not been previously reported. Therefore, near-role in the oligomerization of aerolysin, a membranotoxin
ultraviolet circular dichroism measurements have been madesecreted by a Gram-negative bacterium (Buckley, 1992).
in order to detect the existence of a molten globule state of Ahmad et al. (1995) have observed that indolicidin, a
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tryptophan-rich peptide, has the property to self-associate.a common mold a wide range of proteins with different
Interestingly for this peptide, the self-association state inhibitory activities adapted to the different plant predators
coincides with ann vitro hemolytic activity. Similarly, we present in the environment. Such a situation resembles that
have previously observed that the affinity of puroindoline-a observed for immunoglobulins, which are composed of a
for the micellar phospholipid lysophosphatidylcholine is conserved domain, preserving the protein structure, and a
higher than that of puroindoline-b (Husband et al., 1995). highly variable domain involved in specific recognition of
Changes in the near-ultraviolet circular dichroism spectra antigens.
are less pronounced in the spectral region corresponding to
cysteine and phenylalanine residues, suggesting that theACKNOWLEDGMENT
regions of puroindoline where these residues are located are
not directly involved in the aggregation phenomenon. : ) ; . e .
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