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ABSTRACT. The three-dimensional structure in aqueous solution of SFA-8, a 2S albumin 103-residue protein
from seeds of sunfloweHglianthus anuus..), has been determined by NMR methods. An almost complete

1H resonance assignment was accomplished from analysis of two-dimensional (2D) COSY and 2D TOCSY
spectra, and the structure was computed by using restrained molecular dynamics on the basis of 1393
upper limit distance constraints derived from NOE cross-correlation intensities measured in 2D NOESY
spectra. In contrast with most other 2S albumins, SFA-8 consists of a single polypeptide chain without
any cleavage in the segment of residues-86. The computed structures exhibited an rmsd radius of
0.52 A for the backbone structural core (residues-3Q and 46-101) and 1.01 A for the side chain
heavy atoms. The resulting structure consists of five amphipathic helices arranged in a right-handed
superhelix, a folding motif first observed in nonspecific lipid transfer (nsLTP) proteins, and common to
other 2S albumins. In contrast to nsLTP proteins, neither SFA-8 nor RicC3 (a 2S albumin from castor
bean) has an internal cavity that is able to host a lipid molecule, which results from an exchange in the
pairing of disulfide bridges in the CXC segment. Both 2S albumins and nonspecific lipid transfer proteins
belong to the prolamin superfamily, which includes a number of important food allergens. Differences in
the extension and solvent exposition of the so-called “hypervariable loop” (which connects helices Ill
and IV) in SFA-8 and RicC3 may be responsible for the different allergenic properties of the two proteins.
SFA-8 has been shown to form highly stable emulsions with oil/water mixtures. We propose that these
properties may be determined partly by a hydrophobic patch at the surface of the protein which consists
of five methionines that partially hide the Trp76 residue. The flexibility of the loop which contains Trp76
and the hydrophobicity of the whole environment may favor a conformational change, by which the Trp76
side chain may become inserted into the oil phase.

2S albumins are cysteine-rich water-soluble proteins the hydrophobic protein from soybean, and some cell wall
present in the seeds of a wide range of dicotyledonous plantsglycoproteins. Most 2S albumins appear to function solely
with sedimentation coefficients of approximately 2$ ). as storage proteins, which is consistent with their amino acid
They are small proteins (3215 kDa), with a characteristic =~ compositions and their patterns of accumulation during seed

...CC...CXC...C...C...), and are generally composed of two other activities have been ascribed to some 2S albumins,
different polypeptide chains, of3—5 and ~8—10 kDa, which have been shown to act as antifungal agebisr)
linked by two disulfide bridges. They also have two and inhibitors of serine protease&-(10). This is consistent
additional intrachain bonds, which make the proteins very with a secondary role of these proteins in defense. In addition,
stable and compact. 2S albumins form a family of storage the 2S albumins have been used for genetic engineering, as
proteins belonging to the prolamin superfamiB; 4) that carriers for the synthesis of biologically active peptided (
includes cereal seed inhibitors @famylase and/or trypsin, and to improve the nutritional properties of grain crops by
puroindolines, nonspecific lipid transfer proteins (nsLTPs), increasing their contents of essential amino acid.(The
prolamin superfamily of proteins has also been the subject
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Solution Structure of SFA-8

activity and allergenicity. A global fold was first determined
for the napin Bnlb 18) isolated from rapeseed, and then
for recombinant®N-labeled RicC3 fronRicinus communjs
for which a well-defined three-dimensional structure could
be determined19). The resulting global structure, which
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indirect dimension, respectively, when operating at 600 or
800 MHz. The data matrices were zero filled to duplicate
the number of data points in all dimensions. Resolution
enhancement methods included sine-bell or square-sine-bell
windows with optimized shifts for every spectrum. Baseline

was defined as a four-helix bundle arranged in a right-handedcorrection was applied in both dimensions.

superhelix 20), is shared by other members of the prolamin

The processing of the 2D spectra was carried out by using

superfamily. However, some small differences are observed XWINNMR (Bruker Biospin, Karlsruhe, Germany), and the
between the structures of the different protein families, which spectral analysis, assignment, and cross-peak volume cal-
may relate to their different properties. culations were performed with XEASY29).

The 2S albumins of sunfloweHglianthus annuud..) Proton resonances were assigned by combining informa-
account for approximately one-third of the total salt-soluble tion extracted from 2D experiments, using the standard
proteins in the seed. The major methionine-rich sunflower strategy described in re§0. Data have been deposited in
albumin, called SFA-8, has been particularly interesting to the BioMagResBank databasl) under accession number
one of the contributing laboratories, because of its ability to BMRB-6082.
form highly stable emulsions with oil/water mixturealj. Distance and Angle Constraintdfter the assignment of
SFA-8 contains an unusually high proportion of hydrophobic most proton resonances belonging to both the main chain
residues, including 16 methionines, in a mature protein of and the side chains, the 2D NOESY spectra were analyzed
103 residues. In contrast with other 2S albumins, SFA-8 and to assign as many dipolar cross-correlations as possible. They

other sunflower albumins are not cleavaglantainto large

were converted, after internal calibration, into upper distance

and small subunits but remain as single polypeptide chains.limits with CALIBA (32). The limits were restricted within

SFA-8 exhibits no tryptic, chymotryptic, on-amylase
inhibitory activity in vitro, despite the presence of a putative
trypsin inhibitory site 22). Recently, it has been demon-
strated that SFA-8 may also be allerger#ig, (24), although
this result is in conflict with the low prevalence of sunflower

the range of 2.76.0 A. The strongest sequential HNHN;
connectivity in a helical region was taken to be the reference
for the 2.8 A distance. Finally, after DYANA filtering, 1393
upper limit distance constraints were derived, distributed in
396 intraresidual, 406 sequential, 335 short-range, and 256

seed allergy in countries such as Spain which have highlong-range constraints. Additionally, as the SFA-8 contains
levels of consumption of raw seeds. The ability to prepare eight cysteine residues, four sets of standard upper and lower

highly purified SFA-8, free from any residue heterogeneity,

limits for each identified disulfide bond [2.1/2.0 A foryS

prompted us to determine its three-dimensional structure in (i)—Sy(j) and 3.1/3.0 A for @(i)—Sy(j) and Q@B()—Sy(i)]
aqueous solution by NMR methods and to elucidate the were introduced during the rounds of calculations. The
molecular basis for its emulsification properties and putative distance constraints were supplemented withy14orsion

allergenicity.
MATERIALS AND METHODS

Protein SampleSFA-8 was purified from sunflower seeds
as described in ref@5 and 26. The amino acid sequence
was confirmed by MALDI-tof and Q-tof MS of the whole
protein and specific peptides.

NMR SpectroscopNMR experiments were performed on
samples of~1.0 mM protein dissolved in 95%J@ and 5%
D,O or in a DO solution containing 10 mM sodium
phosphate and TSP, at pH 3.0 in 5 mm NMR tubes. All NMR

angle constraints derived from a qualitative analysis of the
COSY Ho—Hp cross-peaks. No stereospecific assignments
of prochiral protons were introduced in the initial calcula-
tions, and the usual correction for pseudoatoB) (vas
added in all cases. In the final steps, the stereospecific
assignments of p—Hpg' resonances of residues Tyrl2,
Tyr27, Leu28, Arg43, Leu50, Cys62, Met69, Asn72, Trp76,
Met86, Asn89, Leu90, Cys94, and Cys101, thierelsonance

of Pro65, the @ resonance of Leu90, and the@sonance

of Val83 were generated with GLOMSA2) on the basis

of the set of 20 protein structures and interproton distance

spectra were recorded at 308 K on Bruker AV 600 and upper limits.
Bruker AV 800 NMR spectrometers operating at 600.13 and  Structure Calculation.The three-dimensional solution

800.10 MHz for'H observation, respectively. Proton chemi-

structure was determined by simulated annealing combined

cal shifts were referenced to internal trimethylsilyl propionate with molecular dynamics in torsion angle space followed

(TSP). Two-dimensional (2D) COSY, TOCSY (mixing time
of 60 ms), and NOESY (mixing times of 60 and 80 ms)

by a final minimization.
Recently, a high-resolution three-dimensional structure of

spectra were obtained for resonance and NOE assignments:RicC3 has been reported9), which constitutes a suitable
Water suppression was achieved either by selective presaturepresentative structure for the broad family of seed 2S

ration or by including a WATERGATE modul&7) in the

albumin proteins. Although rRicC3 and SFA-8 have a low

original pulse sequences prior to acquisition. Conventional level of sequence identity~20%), we built a three-
pulse sequences and phase cycling procedures were used idimensional (3D) model for SFA-8 with MODELLER 6

all experiments Z8). To test the association state of the version 1 83) by using the 3D structure of rRicC3 as a
sample, one-dimensional (1EH spectra were run at sample  template. The 3D model was used to make a rough screening
concentrations of 1 and 0.1 mM at pH 3.0 and 308 K. No of tentative NOE assignments based only on chemical shifts.
changes in chemical shifts or line widths were observed upon The assignments involving protons separated by a much
10-fold dilution, so we concluded that the sample was larger distance than the upper limit distance were eliminated
monomeric under the conditions described above. in the first round of the NOE assignment automated
The size of the acquisition data matrix for the 2D spectra procedure. In this way, the time-consuming process of NOE
was 2048x 512 or 4096x 512 data points in the direct or identification in the NOESY spectra is greatly alleviated. To
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Ficure 1: Amide—amide region of the 2D NOESY 800 MHz spectrum, with links between sequeritiaHM cross-correlations of helices
la and Ib above the diagonal and helix IV below the diagonal.

ensure that the structure calculation is not biased toward an Disulfide BondsFour disulfide bonds stabilize the three-
incorrect structure, a small set of isolated and unambiguousdimensional structure. The individual covalent links between
NOE peaks were manually assigned from NOESY spectra. the cysteine residues could be determined by careful analysis
An initial structure calculation, followed by automatic peak of the NOE spectra since the distance betwegnofione
NOE assignment using the 3D model and the unambiguousCys and H of the second Cys involved in the same disulfide
distance constraints, was performed with DYANA version bond is within the range of detectable NOE®) Several

1.5 @4) and the algorithms for automatic assignment of inter-cysteine NOE connectivities allowed us to clearly
NOESY spectra, NOAH35) and CANDID @6). On the identify three disulfide bonds: Cys1143)—Cys62(Hx)
basis of the degree of consistency of these initial structures,(SS1), Cys24(ld)—Cys51(H52,H33) (SS2), and Cys52-
an additional set of NOEs could then be assigned and(Ho)—Cys94(H32) and Cys52(I42)—Cys94(H33) (SS3).
subsequently used to calculate a new set of structures. Severatonsequently, the fourth disulfide bond (SS4) must be a
such cycles of structure calculation and NOE assignment Cys64-Cys101 bond. Long-range NOEs between residues
were used to assign the maximum number of NOE peaksin the vicinity of the cysteines (see Figure 3B) confirm the
that were possible. From these distance and angular condisulfide pattern, which also agrees with those determined
straints, a set of 50 structures was calculated using DYANA by peptide mapping of SFA-8(, 42) and analyses of other
version 1.5. All His, Lys, and Arg side chains were treated members of the 2S albumin familyt§, 19, 41).

as positively charged and all Glu and Asp side chains as Secondary Structurefigure 2 summarizes thecHcon-

negatively charged. The 20 structures with the lowest ¢ mational shifts, sequential and short-range NOEs, and NH

DYANA target were refined by energy minimizatian o, change data. The conformational shifts are calculated with
vacuo(200 steps) in the presence of NMR constraints using o eqUAtoM e = 018 — OnaRC, Wheredn RC values

AM:BER? (37). All IDYANAfar_ndhAMBEIR calculationswere 5.0 the shifts corresponding to the random caiB)(
performed on a cluster of eight Intel Pentium Il computers incorporating corrections for the effects of proline and

with the Linux operating system. PROCHECK'NMBSQ oxidized cysteine on the chemical shifts of peptide backbone
was used to analyze the qqahty of the refined structures andnuclei @4). The presence of five helical secondary structure
MOLMOL (39) to prepare images of the molecules. elements was initially indicated by a dense array of charac-
teristic NOEs and by stretches of slowly exchanging
backbone amide protons. All these data support the presence
AssignmentAssignments of backbone proton resonances ©f five a-helices spanning approximately residues-17,
are complete, with the exception of the HN andxH 2230, 49-57, 63-71, and 79-93. Rounds of three-
resonances of Glu44 and Met103. A sample of the sequence-d'mens'on?‘l structure calculations led to more precise limits
specific’H assignment is shown in Figure 1. Further analysis fOr the helices.
of the TOCSY and NOE data permitted a nearly complete  Tertiary Structure.A total of 1393 interproton upper
1H side chain assignment with the only exceptions being distance constraints, corresponding to nonoverlapping and
some distal side chain resonances in arginines and lysinesunambiguously assigned cross-correlations, were used in the
and some side chain NHesonances of asparagines and calculation, as described in Materials and Methods. Figure
glutamines. The percentage of assigned side chain proton3B shows a diagonal plot of NOEs identified in the NOESY
resonances was of 92.5%. All five XxPro bonds present  spectra. The global folding of the polypeptide chain is
in the protein are in thkansconformation, based on intense  uniquely defined due to the large number of NOEs in the
NOESY Xxx(Ho)—Pro(H)*) sequential cross-peaks(@). core of the protein (Figure 3A).

RESULTS



Solution Structure of SFA-8 Biochemistry, Vol. 43, No. 22, 20046979

10 20 30 40 50 60
PYGRGRTESGCYQQMEEAEMLNHCGMY LMKNLGERSQVSPRMREEDHKQLCCMQLKNLDE

A8 ppm

dNN mm el el Seesssssss =
daN - ol N el Sl B =

dNN(i,i+2) —_— —_ p— J—

doN(i,i+3) —_— _—— —_—
dof(i,i+3) —_— —_—
daN(i,i+4) _— _—

NH Exch. ce0ee0e o6 o006
secondary TEEEETS TEEEEEEEE TEETTTBTE
70 80 90 100

KCMCPA | MMMLNEPMW | RMRDQVMSMAHNLP | ECNLMSQPCQM

0.4

02
AS ppm

0.2

0.4

0.6

08

-1.0,

-1.2,

14
dNN il Nl Ball el Bl =
daN . i B S s e e el
dNN(i,i+2) —_ i i y T
doiN(i,i+3) —_——— _—— _—
dof(i,i+3) —_—— _— —
daN(i,i+4) —_— R
NH Exch. © PPPRREeE [o1o] ] @ eeeee ]
secondary IEEBBEEEE BEEVETEEEEEEEE

Ficure 2: Summary of H conformational chemical shifts, short-range NOEs, and slowly exchanging amide protons. NOE sequential
cross-correlations between backbone protons of residues adjacent to prolinedémmidtine protons tfans peptide bond conformation)
are marked with an asterisk.

Statistical details about the quality and precision of the for non-glycine residues lying within the allowed regions in
20 best structures are summarized in Table 1, while selectedhe Ramachandran plot. The structures show good geometry,
structures are superimposed in Figure 4. The final 20 a low DYANA function target, a low AMBER energy, and
minimized structures are fully compatible with the resonance few NOE violations.
and NOE cross-correlation assignments, with no violations Main Chain. The core consists of a globular five-helix
of distance constraints greater than 0.4 A and a maximum motif with a simple “up-and-down” topology, in which the
violation of 0.35 A. The average number of inter-residue helices are arranged in a right-handed superhelix, a folding
distance constraints per residue was 13.5. The average rmsdhotif first observed in nonspecific lipid transfer proteins
from the mean for backbone atoms of the most structured (nsLTPs) 45—48), hydrophobic protein from soybean (HPS),
regions are 0.52 and 1.01 A for all heavy atoms, excluding anda-amylase inhibitors49—51), and subsequently detected
unstructured regions at the N- and C-termini (residuesd in 2S albumins 18, 19). The helices span residues-117
and 102 and 103, respectively) and the region between(helix la), 22-29 (helix Ib), 56-57 (helix Il), 65-70 (helix
residues 31 and 45. Since the constraints are not evenlylll), and 80-93 (helix IV). Helices la and Ib are linked by
distributed throughout the molecule, those regions of the a nonhelical turn, L1 (residues 422). Although Gly10 does
protein that have a larger number of constraints per residuenot show the conventional angles for @afhelical conforma-
are better defined (Figures 3 and 4). tion ( = 162+ 63°, ¢ = —106+ 44°), the hydrogen bond

In conclusion, the resulting structures satisfy the experi- between Glul4(HN) and Gly10(O) is formed in80% of
mental constraints with small deviations from idealized the structures. In contrast, Alal8(HN) hagef —128 +
covalent geometry, with most of the backbone torsion angles8° and a¢ of 47 + 12° and forms a hydrogen bond with
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A Table 1: Structural Statistics of the 20 Best Structures of SFA-8
80 Constraints
distances
intraresidual 396
» sequential 406
= medium-rangei(—j < 5) 335
g long-rangei(— j = 5) 256
vy
5 DYANA
é average minimal maximal
s target function 2.33 1.41 3.10
2 maximal violation (A) 0.29 0.20 0.39
sum of violations (A) 9.40 7.80 11.4
AMBER
mean energy (kcal/mol) —1161
rms deviations from ideal geometry
' | y bond lengths (A) 0.0105
40 5 60 70 80 90 100 bond angles (deg) 2.520
B RESIDUES distance constraint violations
number>0.4 A 0
0.4 A= number> 0.3 A 2
0.3 A= number> 0.2 A 15
maximal violation (A) 0.35
rmsd radius
backbone  heavy atoms
a global (residues 1430 and 46-101) 0.52 1.01
o helix la 0.23 0.84
) helix Ib 0.15 0.49
helix Il 0.21 0.65
helix Il 0.10 0.52
helix IV 0.28 0.80
Ramachandran
favorable regions 95.5%
additional allowed regions 4.5%
disallowed regions 0%

770 20 30 40 50 60 70 - 80 - 80 . 100
RESIDUES of the structures. The hypervariable region is organized
F'GUF)*ESEO(r';‘\)raDASIgb(lég?E Ofr;nt)ra;ensédroﬂ (V‘;girt]e)és(%?;fkr;ﬁalgliggtb around they-turn (Glu73-Met75), which is stabilized by
ray), - , -
?esi)tljue. (B) Diaggonal plc?t o¥ the interpgrotongNOEs. Above they the hydrogen bonc_i fror_’n Met75(HN) to GIU?S(O)' I_n the
diagonal are backboréackbone ¢) and side chairside chain castor bean albumin rRicC3, the hypervariable loop is three
(+) NOEs. Below the diagonal are side chalvackbone((l) NOEs. residues shorter than in SFA-8 and is constituted by two
Disulfide bridges are linked by lines. y-turns. Residues Ser85, His88, and Asn89 in helix IV of
SFA-8 deviate from the helical conformatiop & —75 +
Met15(0) in 13 of 20 structures. The average angle formed 11°, —102+ 3°, and—110+ 3°; ¢ = 12+ 23°, —23 £ 5°,
between these two helices is°7i the 20 final minimized  and—22 + 3°), causing helix bending and breaking of the
structures, as compared to°58 the castor bean albumin  j—j + 4 hydrogen bond interaction. A similar bending is
rRicC3. A long, unstructured loop region (L2) is present seen in the analogous helix in nsLT#7). The intersecting
between helices Ib and Il, encompassing residues Lys30 angles of the axes among helices IV are similar to those
GIn49. Helix Il runs antiparallel to helices la and Ib, while observed in rRicC3. The C-terminus of helix IV shows a
helices la and Il are linked to the bundle formed by helices type | 8-turn between residues 1192 and Asn95, which is
Il and IV by two disulfide bridges, Cys11 (helix laCys62 stabilized by an 11€92(G)Asn95(HN) hydrogen bond.
(helix 1) and Cys52 (helix 11}-Cys94 (C-terminal segment).  Finally, helix IV is followed by a long loop devoid of any
The interhelical loop between helices Il and 11l (L3) exhibits regular secondary structure. This packs against helix I,
a recurrent classical type A-turn conformation between  which is favored by the disulfide bridge between Cys64 (L3)
residues Asp59 and Cys62, with a hydrogen bond betweenand Cys101 (C-terminus). Furthermore, a hydrogen bond
Asp59(HN) and Cys62(0) in all structures. Helices Ill and between Leu96(HN) and Pro91(0) is present in all the
IV run almost antiparallel to each other and are connected structures.
by a relatively short segment comprising residues Leu71 Two intrahelical proline residues, Pro65 and Pro91, break
Met79. This region shows high variability in length and the regulari—i + 4 hydrogen bonding pattern of the ideal
sequence between different members of the 2S albuminhelical structure in helices Il and IV, respectively. Both
family and hence is often termed the “hypervariable region” residues disturb the helical structure without a detectable
(52—54). Residues Leu71 and Asn72 in the C-terminus of change in the helix axis direction.
helix 11l have y angles of—95 4+ 5° and—123 4+ 7° and¢ The volume of the protein as calculated with VADAR is
angles of 21+ 8° and 1+ 6° and are involved in hydrogen 10 951.7 R, a value 20% lower than expected from its
bonds with Met68(0O) and Met69(0), respectively, in 50% molecular weight (14 269.4 &
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Ficure 4: (A) Stereoview of a ribbon representation of the solution structure of SFA-8. (B) Stereoview of the superposition of the 20 best
DYANA structures of SFA-8 after restrained energy minimization.

Side ChainsMost side chains of the hydrophobic residues,  SFA-8 has 13 negatively (Asp and Glu) and 14 positively
including some alanines, are significantly protected from the (Arg, His, and Lys) charged residues. Most of these charged
solvent and point toward the core of the protein. However, residues are located on the surface of the protein and show
Met26, Val38, Leu50, Met53, Met75, lle77, Met84, Met86, high fractional accessibility values. The main exceptions are
Cys101, and Met103 have fractional accessible surface arealis23 and His47, which are packed close to each other, and
of >0.4. The side chains of the hydrophobic residues are Glu73 and Arg80 in the hypervariable loop which show
relatively well packed and well defined conformationally, accessibility values of less than 0.35. The distribution of
resulting in smal; circular variances. Met15, Val38, Met42, charged reS|due§ in the proteln.surface is not uniform with
Met68, Met84, and Met103 display significant variability 2 cluster of negative cha_lrges being located at the confluence
with circular variances of 0.278, 0.401, 0.233, 0.293, 0.174, Of the C-terminus of helix | (Glu16, Glul7, and Glu19) and
and 0.519, respectively, indicating high conformational side the C-terminus of helix Il (Glu73).
chain flexibility. Some clusters of hydrophobic side chains D|ISCUSSION
are present in the core of the protein close to the disulfide
bonds. The largest cluster is formed by the hydrophobic side
chains of helix la, the interhelical loop L1 @db), the
N-terminus of helix Ib, the C-terminus of helix 11, interhelical

Comparison with Structurally Related Proteif&.UST-
ALW (55) was used to perform a multiple-sequence align-
ment of different 2S albumin proteins, including the napin
, - Bnlb and the castor bean albumin rRicC3. The resulting
loop L3 (I1-1ll), the N-terminus of helix Ill, and the  jjignment showed a low level of sequence homology with
C-terminal loop and includes residues Met15, Met20, Leu2l, o\en the cysteine positions being imperfectly aligned, despite
Leus5, LeuS8, Met63, AG6, lle67, and Leu96. Furthermore, {he fact that all proteins share the same pattern of cysteines
three different clusters of hydrophobic residues are presentyng the same arrangement of disulfide bonds. The use of
in the region Where the Side Chains Of the C'termini Of he|iceS more sensitive a|gorithms for mu'tip'e_sequence a“gnments
Ib and Il and the N-terminus of helix IV interact with the  and hidden Markov models such as Pfas6)(showed that
hypervariable loop. One of these involves residues Met26, the SFA-8 sequence belongs to the protease inhibitor/seed
Met29, Met75, and Met79, a second one Leu28, Leu32, storage/LTP superfamily with aB value of 8.2x 1071
Met86, and Leu90, and the last one Met70, Leu71, Met84, Four families constitute this superfamily: 2S albumin seed
and Ala87. Such hydrophobic associations are close to thestorage proteins, nonspecific lipid transfer proteins (nsLTPs),
protein surface. o-amylase inhibitors, and the hydrophobic protein from
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Table 2: Summary of Structural Alignment Statistics

Z score for DALI rmsd (A) aligned @/total Cou sequence identity (%)
ao-amylase inhibitor from maize 5.8 2.9 82/116 24
2S albumin fromR. communigrRicC3) 4.3 2.9 78/125 21
nsLTP from maize 35 2.8 69/93 7
HPS protein 3.1 3.4 60/75 13

A

Ficure 5: (A) Superposition of the solution structures of SFA-8 (1S6D, in green; hypervariable loop in yellow) and RicC3 (1PSY, in blue;
hypervariable loop, in orange). (B) Superposition of the solution structures of SFA-8 (1S6D, in green; hypervariable loop, in yellow), and
the a-amylase inhibitor from maize (1BFA, in blue; fingerloop, in orange).

soybean (HPS). The fold corresponding to this superfamily than in RicC3. Furthermore, helix Ill is 11 residues shorter
is described in the Structural Classification of Protein than in rRicC3, while the hypervariable loop is three residues
database [SCOR()] as “4 helices; folded leaf; right-handed longer. According to th& score of the Dali server, SFA-8
superhelix; disulfide rich”. Furthermore, when the whole is more similar toa-amylase inhibitors than to rRicC3 in
Protein Data Bank was screened with the 3D structure of the arrangement of the-helices, though helix la is not
SFA-8 for fold recognition using the Dali serves), the present ino-amylase inhibitors and the lengths and confor-
highest score was obtained with this superfamily. A summary mations of the segments connecting théhelices differ

of the structural alignment statistics of rRicC3 [1PS9)(, considerably (Figure 5B). A special mention has to be made
theo-amylase inhibitor from maize [1BFA4Q)], the nsLTP of the hypervariable region in 2S albumins, which is an
from maize [LMZM £8)], and the HPS protein [1IHYF50)] extended loop of nine residues in SFA-8, but comprises a
is presented in Table 2. According to these data, the 3D protruding segment of 22 residues with parjfastructure
structure of SFA-8 is more similar to those efamylase in the c-amylase inhibitor of maize. This loop is also present
inhibitors from maize than to those of other 2S albumins. in the a-amylase inhibitor from ragi (Indian finger millet)
This is also in agreement with previous modeling studies (51, 60) and is shifted toward the C-terminus in the
(25). o-amylase inhibitor from wheaQ).

SFA-8 and the recombinant RicC3 have very similar 3D  The pattern of disulfide bonds of SFA-8 is identical to
structures (Figure 5A). Furthermore, in both 3D structures, that in rRicC3 andr-amylase inhibitors but differs from that
the linker region is unstructured and does not interact with in nsLTPs. As in rRicC3, the different orientation of helix
any other part of the protein, indicating that it does not Il in SFA-8 compared with that in nsLTPs, by20°,
contribute to the stability of this family of proteins. The most precludes the formation of an internal cavify9), and hence
important difference between the two proteins is in the binding of lipids. In the case of SFA-8, the absence of an
arrangement of the hypervariable loop and the N-terminus internal cavity is demonstrated by detailed examination of
of helix IV. This region is much closer to helix Ib in SFA-8  the structures as well as application of VOIDO&L); This



Solution Structure of SFA-8 Biochemistry, Vol. 43, No. 22, 20046983

e

Y a N dh

FiGure 6: Stereoview of the hydrophobic patch involving Trp76 (in red) and Met26, Met29, Met75, and Met79 (in orange).
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backbone atoms (N, & C, and O).

observation is consistent with the hypothesis that the patternll and the N-terminus of helix Ib (His23, His47, Leu50, and
of cysteine residue pairing determines whether a hydrophobicMet53). Finally, the largest one, containing the hypervariable
cavity can be formed1Q). loop and helix Ib, is located above and partially covering

Role of Trp76 and Hydrophobic Patches in Determining 11P76 (Met26, Met29, Met75, lle77, and Met79).
Emulsification PropertiesSFA-8 has been shown to be Fluorescence studies of SFA-8 in soluti@®b) show that
highly active in stabilizing oil/water emulsion21). SFA-8 Trp76 (emission peak maximuiay, = 340 nm) is a class Il
is strongly retained on RP-HPLC, which may be explained tryptophan, being exposed to water to a limited extent. This
by the presence of a cluster of hydrophobic residues on theconclusion is in general agreement with the solution structure
protein surface. Furthermore, the presence of a hydrophobicof SFA-8 determined herewith. Under the NMR conditions,
face on the surface of SFA-8 might be an important factor the side chain of Trp76 has a fractional accessible surface
in stabilizing emulsions by providing a mechanism for the area of~0.06, with the indole group located at the interior
initial adsorption of the protein to a wateoil or water-air of the protein and oriented in a plane parallel to the protein
interface through hydrophobic interactior6). surface. Furthermore, hydrophobic residues Met26, Met29,

QUILT (62 was therefore used to detect hydrophobic Met75, and Met79 are packed together, forming a “crown”
patches on the surface of SFA-8, using the 20 final above the indole group of Trp76 (Figure 6). In contrast,
minimized structures. This identified four hydrophobic the fluorescence spectrum of SFA-8 in an emulsion of 20%
regions with solvent-accessible surface areas of-Z8D (v/v) n-hexadecane with an aqueous SFA-8 solution has a
A2 One patch is located at the confluence of the C-terminus peak maximum at 312 nm. This pronounced blue shift of
of helix Ib and the N-terminus of helices Il and IV (Tyr27, the emission peak is characteristic of the Trp76 chromophore
Leu28, Leu32, Met86, and Leu90). A second one involves moving into a more nonpolar environment, i.e., it has
the interhelical space between helix I, helix 1V, and the probably become located in the oil phase following adsorp-
C-terminus (lle67, Met68, Met69, Leu71, Met84, lle92, and tion. The Trp residue is located at the center of a segment
Met97). A third one is located in the external face of helix with no regular secondary structure known as the hyper-
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varible region in 2S albumins. That segment exhibits the the residues in the hypervariable loop of SFA-8 is 0.37,
highest values for the atomic backbone rmsd of the protein versus a value of 0.64 in rRicC3. Also, the His96-Gly97-
with the obvious exception of the 10 N-terminal residues Glu98-Glu99 segment in rRicC3 is directed away from the
and those in the segment of residues-30 (see Figure 7).  protein surface. These conformational differences between
The estimation of th& order parameters of the-N\H vectors the two 2S albumin proteins may account for the fact that
of the backbone3), which can be considered as a measure SFA-8 has a lower allergenicity than rRicC3, since access
of local protein flexibility, indicates that the hypervariable of IgE antibodies to the hypervariable loop is much easier
region in SFA-8 shows the highest mobility among all in RicC3 than in SFA-8.

structural elements (data not shown), in agreement with rmsd
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