Biochemistry2007,46, 13929-13937 13929

Puroindoline-b Mutations Control the Lipid Binding Interactions in Mixed
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ABSTRACT. The interactions have been investigated of puroindoline-a (Pin-a) and mixed protein systems
of Pin-a and wild-type puroindoline-b (Pint) or puroindoline-b mutants (G46S mutation (Pin-bH) or
W44R mutation (Pin-bS)) with condensed phase monolayers of an anionic phosphalipid (
dipalmitoylphosphatidytl-glycerol (DPPG)) at the air/water interface. The interactions of the mixed
systems were studied at three different concentration ratios of Pin-a:Pin-b, namely 3:1, 1:1 and 1:3 in
order to establish any synergism in relation to lipid binding properties. Surface pressure measurements
revealed that Pin-a interaction with DPPG monolayers led to an equilibrium surface pressure increase of
8.7 & 0.6 mN ntl. This was less than was measured for Pin-a:Pin{®.6 to 13.4 mN m?), but was
significantly more than was measured for Pin-a:Pin-bH (4.0 to 6.2 my or Pin-a:Pin-bS (3.8 to 6.3

mN m~1) over the complete range of concentration ratio. Consequently, surface pressure increases were
shown to correlate to endosperm hardness phenotype, with puroindolines present in hard-textured wheat
varieties yielding lower equilibrium surface pressure changes. Integrated amide | peak areas from
corresponding external reflectance Fourier-transform infrared (ER-FTIR) spectra, used to indicate levels
of protein adsorption to the lipid monolayers, showed that differences in adsorbed amount were less
significant. The data therefore suggest that Pin-b mutants having single residue substitutions within their
tryptophan-rich loop that are expressed in some hard-textured wheat varieties influence the degree of
penetration of Pin-a and Pin-b into anionic phospholipid films. These findings highlight the key role of
the tryptophan-rich loop in puroindolirdipid interactions.

Puroindolines are basic, cysteine rich, water soluble for their potential antimicrobial and antifungal activity
proteins found in the seed endosperm of wheat (Maticum (1, 9-11).

aestvum) (1, 2), and are the major constituents of friabilin  |n hexaploid wheat varieties the gene coding the puroin-
(3), the group of proteins that is found bound to the surface golines is linked to theHardnesslocus Ha) on the short

of water washed wheat starch. They exist as two isoforms, 3rm of chromosome 5D1@, 13), which has been shown to
puroindoline-a (Pin-§ and puroindoline-b (Pin-b), which  control endosperm texture. The texture of the endosperm is
exhibit 55% homology in their sequence, and share lipid fundamental to the milling quality of wheat and defines its
binding properties that are attributed to a tryptophan-rich end use; hard milling wheat is more suitable for bread,
structural loop enclosed by a disulfide bon&-€). This  \whereas soft milling wheat is suitable for cakes and biscuits.
loop is a unique feature of the puroindolines and features aThe wheat wild-type is soft textured, and hard wheat varieties
domain containing 5 tryptophan residues in Pin-a in the contain either null forms or mutated forms of the genes
sequence WRWWKWWK, which is truncated to 3 tryp- controlling the expression of Pin-a and Pin-b. This was first
tophan residues in Pin-b in the sequence WPTKWWK. The reported by Giroux and Morrislé), who discovered a G46S
puroindolines have attracted particular attention for their point mutation on the Pin-b genBifib-D1H of several hard
role in determining wheat endosperm textug 7, 8), varieties, which occurred within the tryptophan-rich loop
an important end-use quality parameter for wheat, and (enclosed by a disulfide bond between C29 and C48 in Pin-
b). The expression of this Pin-b mutant in wheat was later
" This work was supported by the U.K. Biotechnology and Biological demonstrated to have a causative role in the hard texture of
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surrounding protein matrix within the endosperm, whereas as a modification of the procedure first reported by Kooijman
in soft wheat varieties the adhesion is weak. Localization et al. (24).
studies of the mature starchy endosperm show that both Wheat flour (480 g) was mixed with PEK buffer (0.05 M
puroindolines are present in the protein matrix and, critically, sodium phosphate, pH 7.6, 5 mM ethylenediaminetetraacetic
at the interface between this matrix and starch granidgs ( acid, 0.05 M KCI; 2.4 drf) at 4°C for 1 h. Once centrifuged
18). It has been suggested that the presence of puroindolineg350@), 10 min) the pellet was extracted with 4% (v/v) Triton
on the surface of starch granules could be lipid mediated X-114 in PEK buffer (1.2 drf) at 4 °C for 2 h. After
(6), since this interface has been shown to contain lipid centrifugation (13008, 10 min), the pellet was discarded
membrane remnant&9), and because the puroindolines can and the pH of the supernatant was adjusted to 4.5 with glacial
be extracted from the wheat endosperm only by using acetic acid. Carboxymethylcellulose (CMC, 24 g) was added
detergentsX), which suggests that they are lipid-bouimd to the Triton X-114 solution, and this was stirred &t@for
vivo. 12 h. After centrifugation (130@f) 10 min), the pellet was

In a recent paper2Q), we demonstrated that the Pin-b washed with 0.05 M acetic acid solution (800%m2). The
wild-type found in soft textured wheat varieties and two sSupernatant and pellet were both retained for further steps
mutated forms of this protein found in hard textured wheat to yield Pin-a and Pin-b as described below.
varieties (having either a G46S substitution or W44R  Pin-a. The supernatant TX-114 solution was heated to
substitution) show different behavior during adsorption at 30°C for 30 min, and the resulting solution was centrifuged
the air/water and condensed phase anionic phospholipidat 1300@ for 10 min. The detergent rich phase was mixed
monolayer interfaces. In particular, mutated Pin-b forms with a 1:3 ether:ethanol (2.4 djnand stored at-20 °C for
exhibited reduced insertion within anionic phospholipid ~18 h to allow the protein to precipitate. The solution was
monolayers. Here the behavior of Pin-a at these interfacesthen centrifuged at 130@0for 10 min, and the pellet was
is examined together with the effect of the presence of thesethen washed twice and dried in air. The dried pellet was
three Pin-b forms on the adsorption behavior. Pin-a and Pin-bthen redissolved in 0.05 mol acetic acid solution and then
are found colocalized on the starch surface in wheat anddialyzed against this (2 5 dn¥) at 4 °C for 48 h prior to
Pin-b has recently been shown to control Pin-a starch bindinglyophilizing.
in the wheat endospern2y). Therefore, the effect to which Pin-b. The CMC pellet-bound proteins were eluted with
the Pin-b mutants found in hard wheat varieties affect Pin-a 1 M NaCl in 0.05 M acetic acid (160 cinat 4°C for 1 h.
activity compared to that of wild-type Pin-b will give further ~ Following filtration to remove the CMC, 28 g of NaCl was
information on the biochemical causes of wheat endospermadded to the filtrate. After mixing fal h and centrifugation

texture. (1300@, 10 min), the pellet was dissolved in 0.05 M acetic
acid (40 cnd) and dialyzed against 0.05 M acetic acidx2
MATERIALS AND METHODS 5 dn¥, 48 h), then lyophilized.

) ) ) i Cation Exchange Chromatographyeparation of the

Materials.L-o-Dipalmitoylphosphatidydll-glycerol (DPPG,  roindolines from the crude protein extracts was then carried
synthetic purity>99%) was purchased from Avanti Polar ot ysing a preparative Mono-S HR 16/10 cation exchange
Lipids (Alabaster, AL) and was used without further coymn (Pharmacia Biotech UK, Buckinghamshire, U.K.)
purification. Stock solutions (1 g drf) of DPPG were  anq a BjoCad Sprint perfusion chromatography system
prepared in HPLC grade chloroform (Sigma-Aldrich, Dorset, (Gjobal Medical Instruments, Minneapolis, MN). The sample
U.K.) and stpred at room temperature, with 1:2 dllut_lons _of was prepared by dissolving lyophilized crude protein (60 mg)
these solutions being used experimentally. Puroindoline i, 25 cn? of 0.05 M ammonium acetate 25% (vIv)
proteins were extracted from wheat flour and purified using 5cetonitrile pH 5.5, heating at 30 for 30 min prior to
Triton X-114 phase partitioning and chromatographic tech- centrifugation (3508, 10 min) and filtration.
niques as described in the next section. All other chemicals  The cMc-bound and unbound protein fractions were
were sourced from Sigma-Aldrich and were of the highest o ted over a gradient of 0.68 M ammonium acetate, pH
purity available. 5.5, 25% (v/v) acetonitrile. The flow rate was constant at 3

For surface pressure measurements, protein solutions (0.m min~%, and the absorbance was monitored at 280 nm.
g dni3) were prepared in phosphate buffer solution £iNa  The Pin-a fraction was eluted from the CMC-unbound extract
HPQ, and NaHPQ, at total ionic strengthl = 0.02 M) at at 0.4 M ammonium acetate concentration, and the Pin-b
pH 7 using UHQ grade water. For ER-FTIR spectroscopy, fraction was eluted at 0.6 M ammonium acetate concentra-
protein stock solutions (0.1 g drf) were prepared in BD tion. Fractions were dialyzed against deionized water (§ dm
phosphate buffer solution at pH 7 £ 0.02 M). Solutions  for 48 h, refreshed every 24 h) and lyophilized. The purity
used in ER-FTIR spectroscopy experiments were preparedand identity of the lyophilized Pin-b fraction was confirmed
24 h in advance to allow sufficient +D exchange Z2). using SDS-PAGE (25) and capillary electrophoresig3).
Mixed puroindoline solutions were prepared from stock The proteins were stored at20 °C until used.

single protein solutions and allowed to equilibrate at room  Surface Pressure Measuremerfairface pressure mea-

temperature fol h prior to experimentation. surements were carried out using a polytetrafluoroethylene
Puroindoline Purification Pin-a was extracted and purified (PTFE) Langmuir trough (94 22 x 5 mm), and the surface
from the Claire wheat variety. Wild-type Pin-b (Pir-p pressure monitoredia a Wilhelmy plate surface pressure

Pin-bH (G46S substitution) and Pin-bS (W44R substitution) sensor (Nima Technology, Coventry, U.K.). To create lipid
were extracted and purified from the wheat varieties Claire, monolayers at the air/water interface, the PTFE trough was
Hereward and Soissons, respectively. The procedure usedilled with 7.5 cn? of 0.02 M phosphate buffer (pH 7). Five

is detailed below and was that described by Bawl. (23) microliters of lipid solution (0.5 g dr¥) was spread at the
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air/water interface and Compressed using a single_ b"_imer tOTabIe 1: Surface Pressure Changes for Puroindoline Interactions
a surface pressure of 22 mNfnThe compressed lipid films  with Lipid and Air/water Interfaces

were monitored via pressurer)(vs time measurements to
check the stability of these films. A 0.5 émmample of the

surface pressure change/mN'm

- . - - puroindoline

appropriate 0.1 g dn? puromdollne solqtlon was then a_tdded type/mix DPPG airlwater
to the aqueous subphase to give a final concentration of 6—— 87500 603
g cnr3 (0.46uM). Change in the surface pressure as aresult "2 0. 11.6+0.
of puroindoline adsorption was monitored by plotting surface ~ Pin-b+ . 10.6+ 1.0° 12.8+0.12°

i i i 1:3 Pin-a:Pin- 10.3+ 0.8
pres?ur(tafvs t;rr:el, I;(Z%%ng_ thEe Igllyt()a( comp;essmn (area) 11 PinacPin.b- 7sl 13.04 0.2
constant for a total o min. Equilibrium surface pressure 31 Pin-a-Pin-k- 99105
changes were measured in triplicate experiments as the i
difference in surface pressure at equilibrium (nominally at Pml-'bSHPin-a'Pin-bH 75'9&'5 i-g 124+ 0.1
= 260 min) and surface pressure of the lipid film before 1:1 Pin-a:Pin-bH 5.9 05 11.64 0.3
introduction of protein to the aqueous subphase. One way 3:1 Pin-a:Pin-bH 3.8 0.3
analysis of variance was performed to test for differences in Pin-bs 6.35 100 1154 0.3
the surface pressure change dat at 0.05, followed by 1:3 Pin-a:Pin-bS 53 1.0
the determination of least significant difference by the Tukey 1:1 Pin-a:Pin-bS 4305 127+ 0.5
test also atp < 0.05 @6). Analysis of variance was 3:1 Pin-a:Pin-bS 5.80.1

performed within selected groups of data to test the effect 2Data previously reported in ref(). ® Significant differenceff <
of mixing Pin-a with each Pin-b variant in turn, as well as 0.05) with respect to surface pressure changes for Pin-a as a single

to determine any differences between the different mixed protein within column ¢ Significant differencegf < 0.05) with respect
systems to surface pressure changes for constituent Pin-a and Pin-b proteins as

. single proteins within columrt Significant differencef < 0.05) with
FTIR Spectroscop¥ER-FTIR spectra were recorded using  respect to surface pressure changes for Pin-bH as a single protein within
a ThermoNicolet Nexus instrument (Madison, WI) fitted with  column.

a monolayer/grazing angle accessory (Specac 19650 series,

K'ent, U.K), a mercury cadmium telluride detector, and an correct for water vapor, ¥0 and HOD spectra were scaled
air dryer to purge the instrument of water vapor and carbon gnq gyptracted against each protein spectrum. The degree
dioxide. Lipid—protein interactions were analyzed by ex- ot subtraction depended on absorption time and H/D

ternal reflectance using the _method.described by éiaal. exchange. The HOD spectra were recorded during the purge
(27). The accessory was equipped with a PTFE trough (Sameqf the air/liquid sample area prior to addition of the lipid
dimensions as that used for surface pressure measurementsyy, (27). No further processing was carried out.

and barrier for the preparation of compressed lipid layers.

Qg(sspetctrfa were recorded a’ila ;egolutmndgf Czjl*érm:jher?_ CIrecorded using a deuterium triglyceride sulfate detector.
Interférograms were collected, co-added, and ratio-€0pyain solutions were made to a concentration of 2 mgfcm

against the buffer. (154 3 -
. : umol dm~3) in D,O phosphate buffed & 0.02 M, pH
During each experiment, 7.5 éraf D,O phosphate buffer — 7y'54 biaced in a Specac Omni liquid cell (Specac, Kent,

S = 0'82 'I\</I pH 7d) was placed in the groggr;tand”the'single U.K.) fitted with CaF, windows and a Mylar spacer to give
eam background spectra were recorded aiter aflowing time, path length of Gim. Spectra were collected as interfero-

for thde_ sat;nplke chargber to purgefz(Bi and %Q.3$ft_edr grams at 4 cm! resolution, where 64 interferrograms were
re?or_ Ing acdgr%un r?pgcza*“ﬁr? a0'5d9h m*= ipi ollected, co-added and ratio-ed against a background
solution was added to the buffer surface and then compresse pectrum of the buffer solution.

:joettehr?nirr)lreegiﬁsri]r?d szfrf;nclz ﬁegzﬂﬁfﬁzgsﬂ?:;%nggsgg% | The Fourier self-deconvolution process was performed on
9 P . Pfhe amide | peaks of the protein spectra using the instrument

scans were taken to ensure the stability of the lipid film and software. The bandwidth was kept constant for each spec-
checked via the observation of the symmetric and asymmetric . o
trum. The resulting bands are not “real” and therefore solely

CH; stretching of the lipid chain at 2854850 cn1! and used as a qualitative comparison tool
2924-2916 cmt, respectively. A 0.5 cfhsample of a 0.1 q P :
g dm3 protein solution was then added to the agueous ResyLTS
subphase without disturbing the lipid monolayer, to give a
final concentration of 6.2ag cm 2 (0.48uM). Spectra were Puroindoline Adsorption to the Air/Water Interfacéhe
continuously taken from the moment of protein introduction adsorption to the air/water interface of Pin-a alone and Pin-a
to the system for the initial 15 min of the experiment mixed with Pin-bt+, Pin-bH or Pin-bS was monitored by
followed by 1 spectrum per 15 min thereafter. Spectra were surface pressure measurements and ER-FTIR spectroscopy.
recorded for a total of 260 min. The interaction of the protein These experiments were performed with the aim to charac-
with the lipid monolayer was observed via monitoring the terize the surface activity of Pin-a, and any changes in its
amide | band at approximately 1650 chand the lipid acy! surface activity brought about by the presence of Pin-b
chain vibrations (approximately 2920 and 2850 ¢ém proteins in solution. A comparison of the surface activity of
Protein adsorption to the bare air/water interface was carriedthe three differing Pin-b proteins has been reported previously
out using the above method without the presence of the lipid (20), and is summarized by the surface pressure data shown
monolayer. in Table 1.

All spectra were corrected for complete removal of the  Figure 1A shows the surface pressure isotherm (surface
H,O and HOD peaks from the amide spectral region. To pressure vs time) for the adsorption of Pin-a at the bare air/

FTIR transmission spectra of protein solutions were
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Ficure 2: (A) Surface pressure isotherms and (B) integrated amide
| peak areas recorded during adsorption to the air/water interface
from 1:1 mixed puroindoline (Pin-a:Pin-b) solutions. The solid line
represents Pin-a:Pin# the dashed line represents Pin-a:Pin-bH,
and the dotted line represents Pin-a:Pin-bS.

1750 1700 1650 1600 1550 bS (1:1) and Pin-a:Pin-bH (1:1) gave equilibrium surface
wavenumbers / cm? . ~ pressure increases of 12470.5 mN n1* and 11.6+ 0.3
Ficure 1. (A) Surface pressure isotherms, (B) integrated Pin-a mN m-L, respectively. One way analysis of variance revealed

amide | peak area plots, and (C) corresponding raw Pin-a amide | S .
band spectra, all recorded during the adsorption of Pin-a to the that there were significant differences among the data,

air/water interface. The dotted lines in C show the shift in the peak although only for the Pin-a:Pin-bS mixed system was there
maxima of the amide | band during the adsorption process from a significant difference to the behavior of both Pin-a and
1645 cm* to 1648 cmit. Pin-bS. In the other mixed systems the behavior was
apparently dominated by one isoform.
water interface. Surface pressure was observed to increase ER-FTIR spectroscopy enabled a comparison of the
rapidly due to Pin-a adsorption after an induction period of relative amounts of protein adsorbed at the interface as shown
9 min, giving an overall surface pressure increase of 1.6  in Figure 2B. The three mixed Pin-a:Pin-b systems in all
0.3 mN nT. Induction periods in surface pressure isotherms cases gave an amide | band with a peak maximum at 1643
do not necessarily indicate an absence of adsorption, andem- (spectra not shown), which showed no significant shift
50% molecular surface coverage of protein at the air/water during the adsorption process. The amide | peak area (an
interface can be required before a change in surface pressurghdicator of adsorbed amount) of protein at the interface was
is detectedZ8). Indeed, Figure 1B shows the corresponding revealed to be dependent on the Pin-b type. The mutant forms
plot of the integrated amide | peak area vs time for Pin-a of Pin-b mixed with Pin-a yielded the greatest adsorption
adsorption to the air/water interface that shows evidence of (peak area), with approximate|y equa| final peak areas for
Pin-a adsorption during the surface pressure induction period.pin-a:Pin-bS and Pin-a:Pin-bH. Pirrbmixed with Pin-a
Figure 1C shows the amide | band spectral region raw datayielded a final peak area that was 25% less than those for
recorded at various time points from 0 to 260 min after Pin-a the mutants. Although the final amount of protein seen at
was introduced to the solution Subphase. The initial amide | the air/water interface for adsorption from Pin-a:Pihdvas
band showed a peak maximum at 1645 ¢nwhich was  apparently less than for the mutant mixtures, this did not
shifted to 1648 cm' at about 30 min after Pin-a addition, coincide with a reduced equilibrium surface pressure change
indicating an increased-helix content. for this adsorption process.

Figure 2A shows the surface pressure isotherms for protein  Puroindoline Adsorption to Anionic Phospholipid (DPPG)
adsorption to the air/water interface from the three mixed MonolayersFigure 3A shows the surface pressure isotherm
Pin-a:Pin-b systems (all 1:1 ratio of each protein). For each recorded after the addition of Pin-a to the aqueous subphase
of the mixed systems there was no induction period prior to in the presence of a DPPG monolayer. The interaction of
the observation of a surface pressure increase, which was irPin-a with this monolayer resulted in an equilibrium surface
contrast to the behavior of Pin-a as a single protein. pressure increase of 8% 0.6 mN n1?, with the surface
Adsorption of Pin-a:Pin-# (1:1) yielded an equilibrium  pressure isotherm exhibiting two steps as previously observed
pressure increase of 130 0.2 mN n1?, while Pin-a:Pin- for the interaction of wild-type Pin-b with DPPG monolayers
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Ficure 3: (A) Surface pressure isotherms, and (B) integrated pea
area plots of &) amide | band (1650 cni) and @) DPPG CH
asymmetric stretch (2920 cry from ER-FTIR spectra recorded
during the interaction of Pin-a with condensed phase monolayers

of DPPG. I - .
systems exhibited similar surface pressure isotherms at each

(20). The first step reached a steady state afterapproximatelyprotein ratio, as well as both yielding significantly lower

10 min, and the second step, which is associated with theequlllbrlum surfape pressure -increases t(.) P'”'aiﬂ"?'b
majority of the surface pressure increase, commenced afteSyStems at all ratios of the constituent proteins. Analysis of
approximately 20 min and reached equilibrium 150 min variance _showe_d thz_it ther_e was no S|_g_n|f_|cant effect of
after Pin-a introduction. Figure 3B shows the corresponding MXing Pin-a with Pin-i-, i.e., the equilibrium surface
data from ER-FTIR spectroscopy. The increase in amide | pressure .changes. at the three ratios Of P|n-a:FP1.nAlere
peak area also shows a distinct two-step adsorption isothern{'0t Significantly different to those for Pin-a or Pir-bas
over similar time scales. No change to the lipid acyl,CH single proteins. In contrast, when mixed with Pin-bH or Pin-

stretches was observed, suggesting no significant change irPS there was a signjficant reduction in the .equilibr.ium surfage
orientation and order of the lipid layer during protein Pressure change with respect to the constituent single proteins
adsorption. at all protein ratios except 1:1 Pin-a:Pin-bH, which was not

Figure 4 shows the protein amide | band for Pin-a in significantly different to Pin-bH, 1:3 and 3:1 Pin-a:Pin-bS,

solution (Figure 4A) and adsorbed at the air/water interface WNich were not significantly different to Pin-bS. At certain

with and without the presence of a DPPG monolayer (Figure Pin-a:Pin-bH ar_1d Pin-bS ratios, a decrease .in surface pressure
4B). Pin-a shows a similar secondary structure when ad- @S observed in the surface pressure profiles after 150 min,

sorbed to the lipid film as when in solution, with the bands PUt no corresponding decrease in the amide | peak area was

at 1644 cm* showing structural elements which agree with ©Pserved in ER-FTIR spectra (Figure 6). It is therefore
those reported by Le Bihaet al. (29). The final adsorbed suggested that these phenomena in surface pressure data were

structure at the air/water interface shows differing secondary @ssociated with a rearrangement of the protein at the lipid
structure to that for Pin-a in solution or at the lipid interface, Interface, with protein inserted being excluded from the
being predominantly-helix in structure, with the contribu- ~ condensed phase lipid monolayer film and moving to become
tion of both the random coil and-sheet elements being adsorbed below the monolayer.
lower compared to those for both the solution and lipid  Figure 6 shows the corresponding plots of the integrated
adsorbed structure. amide | band and Clpeak areas (associated with the protein
Figure 5 shows the surface pressure isotherms for theand lipid acyl chain regions respectively) against time during
adsorption of the three mixed Pin-a:Pin-b systems to DPPGthe adsorption of mixed puroindoline systems to DPPG
monolayers at different ratios of each protein, namely 1:3, monolayers. During all experiments there was no change in
1:1 and 3:1. The equilibrium surface pressure changesthe bands associated with the DPPG monolayer, with the
recorded in these isotherms are summarized in Table 1. All lipid CH, asymmetric stretch maintaining a consistent peak
puroindoline mixes and ratios showed evidence of insertion area of approximately 0.13, suggesting no loss of lipid from
into the DPPG monolayers, as evidenced by surface pressurghe interface. At the 1:3 and 1:1 Pin-a:Pin-b ratios (Figures
increases. Pin-a:Pintbgave the highest equilibrium surface  6A and 6B, respectively) there was little apparent difference
pressure increase at each ratio, with the increase at a 1:1n the final equilibrium adsorption of protein at the interface,
ratio being the highest overall. The Pin-a:Pin-b mutant albeit that there were some differences in the rates of
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Ficure 5: Surface pressure isotherms for the interaction of mixed Pin-a:Pin-b systems with condensed phase DPPG monolayers. Differing
puroindoline ratios of (A) 1:3, (B) 1:1 and (C) 3:1 Pin-a:Pin-b are shown in the respective plots. The solid line represents Pix;ahRin-b
dashed line represents Pin-a:Pin-bH, and the dotted line represents Pin-a:Pin-bS.
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FIGURE 6: Integrated peak areas of th®)(lipid CH, asymmetric stretch (2920 crf and protein amide | band (1650 c#) recorded
during the interaction of Pin-a:Pintb(solid line), Pin-a:Pin-bH (dashed line) and Pin-a:Pin-bS (dotted line) at three differing Pin-a:Pin-b
ratios, (A) 1:3, (B) 1:1 and (C) 3:1 Pin-a:Pin-b.

adsorption and therefore the shapes of the adsorptionthat Pin-a is less surface active in agreement with surface
isotherms. pressure data reported by Biswetsal. (30). This difference
The most defined differences in adsorption across the threein surface activity between Pin-a and Pin-b may partly be
Pin-b types were noted for the 3:1 Pin-a:Pin-b mixed systemsdue to Pin-a undergoing conformational change during this
(Figure 6C). At this ratio Pin-a:Pin-bH showed the most rapid adsorption process as revealed by ER-FTIR spectra (Figure
adsorption, reaching equilibrium within 40 min of protein 4), leading to an increase um-helix content accompanied
introduction at a larger peak area than reached at the othelby a relative loss of random coil ag@isheet compared to
ratios studied. Pin-a:Pindbgave a similar equilibrium amide  the solution structure of the protein. In contrast, Pin-b was
| peak area to Pin-a:Pin-bH, which again was higher than at shown not to undergo a significant structural shift during its
the other ratios for this system; but the absorption processsurface adsorption, but did conversely show an increase in
was much slower, the two step process not reaching -sheet content at the lipid interfac20j. The difference in
equilibrium adsorption until 240 min after introduction of behavior between Pin-a and Pin-b may be related to
the puroindolines to the solution subphase. Pin-a:Pin-bS differences in the structure of these isoforms, particularly
exhibited rapid adsorption over the first 10 min, followed the variation in the tryptophan-rich loop. However, this is
by slow adsorption, which did not appear to reach equilib- uncertain given the lack of knowledge on their three-

rium within the experimental time period. The generally dimensional solution structures, of which a better under-
higher adsorption of protein from 3:1 Pin-a:Pin-b mixed standing is neededy).
systems may have been due to the excess of Pin-a present

a’Lthls r?jt'? asls_the alc:ifsorbegsmounts were similar to thosedoes not appear to undergo structural change, with the lipid
observed for Pin-a (Figure 3B). adsorbed and the solution structure appearing similar, and

The final amide | peak maxima of the lipid adsorbed pgjix sheet and random coil components of the secondary
puroindolines were similar for each system at each ratio (datag,,cture being approximately similar to those reported by

not shown) with 1:3, 1:1 and 3:1 Pl_n-a:Pln-b having maxima | ¢ gihanet al. (29) (Figure 4). The adsorption of Pin-a to
at 1641, 1642 and 1643 ctirespectively. The peak maxima. e jinid interface was shown by both ER-FTIR spectroscopy
were between fche range .Of. values far Pin-a and Pin-b ong syrface pressure measurements to odeua two step
|nd|y|dually, which show lipid adsorped amide | peak adsorption process, that was similar to that observed for Pin-
maxima at 1644 and 1640 cr respectively 20). b+ adsorbing to the same lipid interface. Although Pin-a

When adsorbing to the anionic DPPG lipid interface, Pin-a

DISCUSSION apparently shows a higher final amount of adsorbed protein
at this interface according to integrated amide | peak areas
Pin-a Interactions at Air/Water and Lipid Interfaceat than was observed for wild-type Pin-b, it conversely shows

the bare air/water interface, Pin-a showed slower adsorptiona lower amount of insertion into the monolayer, as indicated
and a significantly lower equilibrium surface pressure than by the surface pressure measurements (Table 1). It is thus
has been observed for wild-type Pin20), which indicates suggested that Pin-a shows a larger amount of adsorption
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1 10 20 30 40
EVGGGGGSQQCPQERPKLSSCKDYVMERCFTMKDFPVTWP

2 EVGGGGGSQQCPQERPKLSSCKDYVMERCFTMKDFPVTWP
3 EVGGGGGSQQCPQERPKLSSCKDYVMERCFTMKDFPVTWP

50 60 70 80
TKWWKGGCEHEVREKCCKQLSQIAPQCRCDSIRRVIQGRL
TKWWKSGCEHEVREKCCKQLSQIAPQCRCDSIRRVIQGRL
TKWRKGGCEHEVREKCCKQLSQIAPQCRCDSIRRVIQGRL

90 100 110
1 GGFLGIWRGEVFKQLQRAQSLPSKCNMGADCKFPSG

2 GGFLGIWRGEVFKQLQRAQSLPSKCNMGADCKFPSG
3 GGFLGIWRGEVFKQLQRAQSLPSKCNMGADCKFPSG
FiGure 7: Primary structure amino acid sequences of (1) Pip-(2) Pin-bH mutant (G46S) and (3) Pin-bS mutant (W44R) based on

sequence analysis by Gautigral. (2). The tryptophan-rich loop is highlighted in bold in each protein and is formed by a disulfide bond
between C29 and C48.

under, rather than into the lipid monolayer, with the majority Pin-a singularly. In fact, in all cases of 1:1 mixed puroin-
of the adsorbed protein remaining in solution (thus retaining doline adsorption to the bare air/water interface, an amide |
its solution secondary structure) either interacting with the peak with a maximum of 1643 crh was observed, which
anionic head group of DPPG or aggregating with other Pin-a may suggest that the large structural change apparent during
molecules. Since the surface pressure and ER-FTIR data bottPin-a adsorption does not occur when Pin-a is mixed with
reveal two steps to the adsorption process, it is suggestedPin-b.
that the initial step is monodisperse single protein adsorption The data for the interaction of mixed puroindolines with
into the film and the second step is aggregation around theseDPPG lipid monolayers reveal differing lipid binding
inserted proteins, giving aggregated bodies of Pin-a within, behavior as a result of the single residue substitutions within
but mainly under the DPPG monolayer, as was reported by the tryptophan-rich loops of Pin4h Pin-bH and Pin-bS. The
Dubriel et al. (4). The reason for the difference in insertion extent of lipid monolayer penetration (indicated by surface
to anionic lipid monolayers between Pin-a and Pin-b remains pressure increase in Figure 5) was significantly less for the
unclear, although the relative higher insertion of Pin-b into Pin-a:Pin-bH and Pin-a:Pin-bS mixed systems in comparison
anionic lipid monolayers does agree with previously reported to Pin-a:Pin-g at all Pin-a:Pin-b ratios. In contrast, ER-
data that suggested Pin-b has a higher affinity for anionic FTIR spectroscopy data (Figure 6) did not show major
phospholipids than Pin-a5). The differing tryptophan  differences in the amounts of protein adsorbing from the
content in the tryptophan-rich loops of Pin-a and Pin-b will different mixed systems at 1:3 and 1:1 Pin-a:Pin-b ratios.
cause this important structural element of Pin-a to be Although there were some differences in adsorption rates
inherently more hydrophobic than that of Pin-b, which may according to Pin-b type at the 3:1 Pin-a:Pin-b ratio according
explain why a higher final amount of Pin-a adsorbs at the to ER-FTIR spectroscopy, these did not correlate to the
lipid interface. The higher antimicrobial activity of Pin-b  behavior exhibited in surface pressure data. This suggests
compared to Pin-a noted by Capperelftial. (32) may be that amount of puroindoline insertion to DPPG monolayers
related to the observed differences in anionic lipid insertion was not dependent on amounts of protein adsorbed below
ability, with Pin-b better able to permeate microbial mem- the monolayer. ER-FTIR spectra indicated that in all cases
branes than Pin-a. both Pin-a and Pin-b adsorb to the lipid monolayer, since
Mixed Puroindoline System$he adsorption from mixed the peak maximum of the amide | band of the mixed
1:1 Pin-a:Pin-b solutions to the air/water interface showed puroindolines at the lipid interface is at the midpoint between
distinct differences to the behavior of the constituent proteins. that of Pin-a and Pin-b as single proteins. This appears to
The data in Figure 2 demonstrated a dependence of theexclude the possibility that the differences in lipid monolayer
adsorption from each mixed system on the Pin-b type presentpenetration observed were linked to an exclusion of either
and a comparison of surface pressure changes between mixedrotein from the interface.
and single protein systems (Table 1) suggests synergistic The equilibrium surface pressure change for mixed Pin-
activity. Pin-bS is the least surface active of the three Pin-b a:Pin-bt+ was similar to that of Pin-b as a single protein
types studied here2() and has similar surface activity to at all Pin-a:Pin-B- ratios, yet the equilibrium surface pressure
Pin-a; however, Pin-a:Pin-bS was more surface active thanchanges for Pin-a mixed with either of the Pin-b mutants
either Pin-bS or Pin-a. In terms of equilibrium surface were less than those measured for either the Pin-b mutants
pressure increase and rate of increase, the Pin-a:Pin-b as single proteins (see Table 1) or Pin-a. It is therefore
system exhibited similarity to the isotherms observed for Pin- suggested that the combination of Pin-a with these mutants
b+ as a single protein, although the final absorbed amountleads to an inhibition of lipid monolayer insertion, with the
(indicated by amide | peak area) was significantly less than protein adsorbing mainly under the lipid film with only a
for any other mixed puroindoline system. Adsorption from very small amount of the protein penetrating into the film.
Pin-a:Pin-bH solutions gave adsorption trends and equilib- This inhibitory effect would imply synergistic activity
rium surface pressure changes similar to those observed folbetween Pin-a and the Pin-b mutants, and highlights different
Pin-a as a single protein. This may suggest the dominancebehavior between puroindolines obtained from soft wheat
of Pin-a in this system, although no significant shift in the varieties (Pin-a with Pin-b) and puroindoline types present
amide | peak maximum was seen as had been observed foin hard wheat varieties where Pin-b is present in a mutated
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form (Pin-a with Pin-bH or Pin-bS). Indeed, it is interesting 8.
to note that the Pin-a:Pin-b mutant mixed systems exhibit
very similar lipid binding interactions in terms of equilibrium
surface pressure increases.

The data presented here and in previous wagl provide
in vitro evidence that single residue substitutions within the
tryptophan-rich loop of Pin-b (Figure 7) have a significant
influence on the interaction between puroindolines and lipids
in the presence of Pin-a as well as in its absence. This 11.
influence of Pin-b mutations is not as significant for
adsorption to the air/water interface, which highlights the
key role of the tryptophan-rich loop in puroindoline-lipid
interactions and especially in the adsorption-insertion process
to lipid interfaces. As discussed in our earlier wog0),
the G46S mutation in Pin-bH introduces a more polar serine
residue that is more likely to participate in hydrogen-bonding 13-
side-chain interactions and is also more bulky than glycine,
resulting in a net loss of conformational freedom in the
tryptophan-rich loop that may hinder lipid layer penetration.
In the case of the W44R mutation in Pin-bS, the substitution 14
causes an increase in positive charge and a reduction to the
hydrophobicity of the loop. The basic arginine residue is
more likely to interact with the polar head group of the lipid,
thus favoring adsorption instead of lipid layer penetration.
Since the interaction with a synthetic model lipid has been
studied, it is not possible to conclude on the precise 16.
mechanisms involved in the relationships between puroin-
dolines and endosperm hardness. However, the results
presented here do suggest a significant role of pretid
and protein-protein interactions in determining the hardness
character of the wheat endosperm, and further suggest that
the levels of puroindolines found on the surface of starch g
granules in the wheat endosperm could indeed be lipid
mediated ).
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