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ABSTRACT. The 159 residue Bev 1 is themajor allergen from birch tree pollen. Its natural function is
unknown although it is capable of binding several types of physiologically relevant ligands in a centrally
placed cavity in the protein structure. Here we use circular dichroism and fluorescence spectroscopy to
show that Bev 1 binds to DOPC and DOPG phospholipid vesicles in a pH-dependent manner. Binding
is facilitated by low pH, negatively charged phospholipids, and high vesicle curvature, indicating that
electrostatic interactions and vesicle surface defects are important parameters for binding. Binding is
accompanied by major structural rearrangements, involving an increadesilical structure and a decrease

in S-structure. A bilayer structure per se is not a prerequisite for these rearrangements, since they also
occur in the presence of the micelle-forming lysophospholipids lysoMPC and lysoMPG. Two major bound
states (A and B) with distinct secondary structure compositions were identified, which predominate in the
pH ranges~9.5-6.5 and~5—2.5, respectively. Despite the high content of secondary structure, the A-
and B-states are partially unfolded as they unfold noncooperatively in CD thermal scans, in contrast to
the native state. In addition, the B-state (but not the A-state) shows intermediate proteolysis-resistance
and is able to induce complete leakage of calcein from the vesicles, indicating that this state is partially
inserted into and significantly perturbs the bilayer structure. We conclude that Bés amembrane
binding protein, highlighting a possible biological function of this protein.

A major source of type | allergens in the temperate climate allowing solvent and other small molecules access to the
zone of the northern hemisphere is pollen from early interior of the protein.
flowering trees. More than 96% of patients allergic to tree  The physiological function of Bev 1 is basically
pollen react toward Bet v(1), which is the major allergen  \qknown. Be v 1 has been classified as a pathogenesis-
in birch trees Z). The protein consists of 159 amino acids rg|ateqd protein belonging to the ubiquitous family 10 (PR-
and is colnstltutlvely expressed |n'b|rch tree pollgh Bet 10), implicating that Bev 1 might be involved in the plant
v 1contains a se_\aen sltranded antlpazarl’;lkls_heet thatwraps  gefense against microbial attack or in other stress-related
around a 25 residue long C-terminaihelix (4). Bet v 1 gy ations §, 6). We have shown that Be 1 binds a range
has no dense hydrophobic core I|k_e typlpal globular proteins, amphiphilic compounds (fatty acids, cytokinins, fla-
but harbors a large forked cavity with three openings, vonoids, and sterols) with lowM affinity, suggesting

transport or storage activity’). Ligand binding generally
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line; lysoMPG, 1-myristoyl-2-hydroxgn-glycero-3-[phospho-rac-(1-  of ca. 210 amino acids forming a hydrophobic cavity, which
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SUV, small unilamellar vesicles. (StAR) is predicted to share the same folb)( StAR is
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essential for normal adrenal and gonadal steroidogenesis ircycle. The lipid concentration after extrusion or sonication
mammals, by facilitating the import of cholesterol into was typically 11 mM. All vesicles were allowed to equilibrate
mitochondria 17). It acts exclusively on the outer membrane overnight at 4°C before use, and were used within 6 days
to induce the flow of cholesterol to the inner membrane. of production.

StAR has been shown to form a molten globule at low pH  Far-UV CD MeasurementsFar-UV CD wavelength
(18). This non-native state is able to associate with phos- spectra and temperature scans were recorded on a Jasco J-810
pholipid vesicles in a pH-dependent mannd9)( The spectropolarimeter (Jasco Spectroscopic Co. Ltd., Hachioji
physicat-chemical properties of the bilayer were also found City, Japan) equipped with a JASCO PTC-348W!I temper-
to be important for the interaction as the inclusion of ature control unit. The ellipticity was measured at Z5
cholesterol and negatively charged phospholipids facilitated and six (lysolipids) or 10 (phospholipids) accumulations were
binding to the membranel ). averaged to yield the final spectrum. A 0.1 cm path length

Given the structural similarity between the START domain Cuvette was employed. The protein concentration was 6.9
and Bet v 1, the question arises if the allergen also is capable«M, and the phospholipid and lysophospholipid concentra-
of interacting with membranes. This is highly relevant in tions were 2 mM and 3 mM, respectively. All measurements
view of the unknown natural function of Bet v 1 and its Were performed in 20 mM buffer as detailed above. Thermal
homologues. In this study, we have used synthetic phospho-scans were performed with a scan rate of ‘€h. The
lipid vesicles to explore whether Be 1 is able to interact ~ contribution of buffer and lipid to the measured ellipticity
with biological membranes. Specifically, we have addressedWas subtracted as blank. All samples were allowed to
the following issues: To what extent does the properties of €quilibrate for 30 min prior to measurement. The mean
the bilayer affect a possible binding event? What are the residue ellipticity (MRE) was expressed as deg emol*

consequences on the structure of both the protein and theesidue™ based on molecular masses of 17 405 Da and 159
membrane upon binding? DoestBel associate superficialy ~@mino acids and 17 514 Da and 158 amino acids for Bet v

with or become inserted into the membrane? 1 and Mal d 1, respectively.
We observed a certain amount of turbidity when Bet v 1
EXPERIMENTAL PROCEDURES was mixed with DOPC or DOPG vesicles around pH 4.

. _ _ However, we do not believe that this affects our analysis of
Materials.1,2-Dioleyl-sn-glycero-3-phosphocholine, 1,2-  the CD data, since the wavelength spectra were not signifi-

dioleyl-sn-glycero-3-phosphoethanol-amine, 1,2-diole-  cantly different from those of other spectra in the same pH
glycero-3-[phosphoac-(1-glycerol)], 1-myristoyl-2-hydroxy-  range where the solutions were visually clear. Furthermore,
sn-glycero-3-phosphocholine, and 1-myristoyl-2-hydrexy-  the same types of spectra were obtained with lysophospho-

glycero-3-[phosphoac-(1-glycerol)] were from Avanti Polar  |ipids, where no visible precipitation took place.

Lipids (Alabaster, AL); calcein and pepsin were from Fluka  Thermal scans were analyzed as describ2g). (The
(Busch, Germany); and SBSAGE low molecular weight  content of secondary structure was deconvoluted from the
markers were from MBI Fermentas (St. Leon Rot, Germany). cD wavelength spectra by four methods, SELCON3, CON-
All other chemicals were from Sigma Chemical Co. (St. TINLL, CDSSTR, and K2D, which are supplied by
Louis, MO). Nucleopore track etch filters used for lipid DICHROWEB at http://www.cryst.bbk.ac.uk/cdweb/html/
extrusion were from Whatman (Maidstone, U.K.). Bet V.1 home.html 23). For SELCON3, CONTINLL, and CDSSTR,
(isoform 2801) and Mead 1 (isoform 2620) were purified  poth reference sets 4 and 7 were used, yielding a total of
as described0, 21). Protein concentrations were determined seven different outputs.

spectrophotometrically using molar extinction coefficients  Calcein Release Experimentalcein-containing 50 nm

of 10430 and 17 880 M cm™* at 280 nm for Bet v 1 and  vesicles were prepared by resuspending 40 mg of lipid in
Mal d 1, respectively, as calculated from the amino acid 1.8 mL of 90 mM calcein in Milli Q water. The suspension
sequences2@). For pH titration experiments the following  was subjected to 5 rounds of freezing in liquig Bind

buffers were used: pH 2-43.8, citrate; pH 4.25.1,  thawing in a water bath at 5% before extrusion four times
potassium acetate; pH 6-7.2, potassium phosphate; pH  through 100 nm filters and 10 times through 50 nm filters.
8.1-8.6, TRIS; pH 9.3, borate. Non-entrapped calcein was removed by running the vesicle

Preparation of Phospholipid Vesiclekipids were sus- samples through a Pharmacia PD-10 gel filtration column
pended in Milli Q water by at least 30 s of vortexing, and and collecting the fraction eluting at 56A000xL, which
subjected to 5 rounds of freezing in liquid; lnd thawing gave the largest change in fluorescence signal upon complete
in a water bath at 55C before extrusion on a 15 mL release of calcein by 5% (w/v) Triton X-100. Samples were
thermobarrel extruder (Northern Lipids, Vancouver). Lipid mixed immediately after collection in a final volume of 400
mixtures were dissolved in chloroform and dried on a Speed- 4L containing 1.7uM protein, 50 mM buffer, and &L of
Vac at low pressure for at lea6 h before resuspension in  calcein-containing vesicles. Calcein fluorescence was mea-
Milli Q water and subjection to the freeze/thaw cycle. For sured after 15 min of sample equilibration by excitation at
formation of LUVs, lipid suspensions were extruded 8 times 490 nm, following emission at 495600 nm (slit widths 3
through 100 nm filters (yielding vesicles with a diameter of nm) on an LS-55 spectrofluorometer (Perkin-Elmer) in a 1
100 nm) followed by extrusion 8 times through 50 nm filters cm path length cuvette at Z%.

(vielding 50 nm vesicles) at room temperature. SUVs were Limited Proteolysislnitially, Bet v 1 or Mal d 1 wasmixed
prepared by sonicating lipid suspensions in an ice-bath with with 2 mM (monomer concentration) vesicles or 3 mM

a Sonopuls HD 2070 ultrasonicator (BANDELIN electronic, micelles in 40 mM buffer, and the samples were equilibrated
Berlin, Germany) equipped with a MS73 micro tip mounted for 15 min to allow formation of the different conformational

on a UW 2070 adaptor for 60 min at 35 W with a 50% pulse states. Subsequently, either trypsin or pepsin was added, and
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the samples were incubated for 30 min. The final concentra- acidic pH with a midpoint around pH 3.28). Unfolding
tions of allergen and protease were 1M and 1.8uM, proceeds directly to the unfolded state without a stable
respectively, in a total reaction volume of 28.. All intermediate, as there is a clear isodichroic point around 208
reactions took place at room temperature. Proteolysis wasnm (Figure 1A). The deviations for pH 2.3 below 208 nm
stopped by the addition of &L of 5x SDS-PAGE sample may be ascribed to the reduced quality of the data in this
buffer. Before separation of protein fragments on a 15% tris/ region of the spectrum.
tricine gel, samples were boiled for 5 min. Protein was  This transition is completely unaffected by the presence
detected by staining with Coomassie Brilliant Blue R-250. of 100 and 50 nm zwitterionic (DOPC) vesicles (summarized
NH,-Terminal Amino Acid Sequencings number of  in Figure 1F); however, when we use sonicated DOPC
protease-treated Ber 1 samples were selected for MNH vesicles, we see a clear difference at pH 4.2 and below
terminal amino acid sequencing. Proteolysis was performedcompared to the absence of lipids (Figure 1B). Rather than
as described above. Fragments of B& were separated by @ transition to a random coil-like conformation, a state
SDS-PAGE on 5-15% gradient gels using the glycine/2- appears which is rich in-helical structure, as seen by the
amino-2-methyl-1,3-propanediol-HCI syste@d). For this characteristic minima at 222 and 208 nm. Tduelix rich
analysis, the stacking gel was allowed to polymerize 1 day State is fully developed at pH 3.3. ThustBel is only able
prior to electrophoresis and samples were heated for 3 minto bind to zwitterionic vesicles when the pH is low and the
at 80°C only. After electrophoresis, proteins were transferred vesicles are small.
to a polyvinylidene diflouride membrane (ImmobileR, Betv 1 Binds to Both SUV and LUV Vesicles of DOPG
Millipore) in 10 mM CAPS, 10% (v/v) methanol, pH 11 as The interaction of Bev 1 with membranes becomes even
described25). Samples were analyzed by automated Edman more pronounced in the presence of anionic (DOPG)
degradation using a Procise amino acid sequencer (Appliedvesicles, where a change is evident already below pH 6.5
Biosystems) with on-line phenylthiohydantoin analysis by When using 100 or 50 nm vesicles (Figure 1C). The structure
HPLC. at pH 5.1 resembles that of Be 1 at low pH in SUVDOPC.
1D-NMR ExperimentsAll NMR spectra were recorded ~ However, at lower pH, the ellipticity at 208 nm decreases
at 298 K on a BRUKER DRX600 spectrometer operating at approximately 33%, _vvh|le leaving the _elllpt|C|ty at 220 nm
a field strength of 14.1 T, equipped with a TXI(H/C/N) probe unchanged, suggesting that another kind of structure forms.
with triple-axis gradients. Spectra were processed usingSUV DOPG vesicles reveal structural changes already at pH
XWinNMR 3.6. Three samples were measured:.50Bet 7.2 as the CD spectra exh|p|t_ arthelical profile (Figure
v 1in 50 mM potassium phosphate at pH 7.1,80 Bet v 1D), although with lower ellipticity compared to SUV DOPC
1 in 50 mM potassium phosphate at pH 7.1 containing 25 (PH 3.8-2.4) and LUV DOPG (pH 5.1). At intermediate
mM lysoMPC, and 5«M Bet v 1 in 50 mM potassium pH (5.1-4.2), the spectra are similar to those in LU_V_D_OPG
phosphate/70 mM citric acid at pH 3.9 containing 25 mM &t the same pH, whereas at lower pH (324), the ellipticity
lysoMPC. 1D-NMR spectra of these solutions were measureddecreases. Thus we conclude that there are at least two
using excitation-sculpting water suppressia@6)( In the  different states of Bev 1 bound to vesicles, and that
presence of lysoMPC, where signal intensities were much conformational changes are encouraged by an increase in
lower (particularly at pH 3.9), the spectra were acquired using VeSicle curvature (presumably due to the formation of small
selective excitation of the Hregion from 6 to 9 ppm by an  defects in the vesicle surface, cf. réf§ 30) and an increase
off-resonance Q5 puls€7) of 3.14 ms duration in additon N anionic surface charge, which encourages eIgptrostanc
to excitation-sculpting water suppression in order to minimize attractions at low pH where Be& 1 (pl ~ 5.4) is positively
detrimental effects of the strong lysoMPC signals. Still, 8192 charged. _ _
(pH7.1) and 16 384 (pH3.85) scans had to be accumulated e Binding of Bet 1 to Vesicles Is a Rersible Process.

to obtain spectra. In comparison, 1024 scans (excitation When Be v 1 isinitially brought to low pH in the presence

absence of detergent. the presence of lipids), the CD spectrum at neutral pH is
identical to that of Bev 1 which has not been exposed to
RESULTS low pH (data not shown). This shows that binding of Bet v

o _ . . _ 1 to vesicles and the concomitant structural changes are

The objective of this study was to provide a biophysical completely reversible and do not kinetically traptBel in
analysis of the interaction of Bev 1 with synthetic certain states.
phospholipid vesicles, which constitute model biological ~ The Micelle-Forming Lysophospholipids, LysoMPC and
membranes. We focus on both the size and charge of thel ysoMPG, Also Promote Structural Changes in Bet.
vesicles in conjunction with pH, in view of the fact that all  Binding of Be v 1 to phospholipid vesicles is insensitive to
these parameters are known to play a role for the binding of the lateral pressure in the lipid head group region of the
proteins to vesicles. As spectroscopic technique we use CDpjlayer, since the CD wavelength spectra are unaffected by
rather than fluorescence. Not only is CD more structurally the presence of DOPE, a non-bilayer lipid known to
informative, Beé v 1 contains no Trp residues, only 7 Tyr  encourage negative curvature in the vesicR# (data not
residues, which are rather insensitive to their environment shown). This could indicate that a canonical bilayer environ-
and give very modest fluorescence changes even when Befnent is not a prerequisite for binding and folding. Therefore
v 1 undergoes profound structural changes in connection withwe examined the structure of Be 1 in thepresence of the
unfolding in denaturant2g). micelle-forming lysophospholipids lysoMPC and lysoMPG.

Betv 1 Binds Only to Sonicated DOPC Vesicles and Only Binding to these detergent lipids is clearly enhanced com-
at Low pH.In the absence of vesicles, Be 1 unfolds at pared to the vesicle-forming lipids; clear induction of
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Ficure 1: Far-UV CD spectra of Bev 1 in (A) the absence of lipids at different pH values, (B) sonicated DOPC vesicles, (C) 100 and
50 nm DOPG vesicles, (D) SUV DOPG vesicles, and (E) lysoMPC and lysoMPG micelles. (F) Summary of CD molar ellipticity at 222 nm
as a function of pH. The CD spectra could be recorded down to 190 nm for lysolipid micelles due to reduced light scattering.

o-helical structure is observed at all pH values (up to 9.3), However, this only reflects a shift in the midpoint of the pH
and there is an increase in ellipticity with lowered pH with titration curve in the two detergents. The ellipticity values
a cooperative transition centered around pH 5 (Figure 1E at the end points (pH-8 and pH~3) (Figure 1F) are
NMR spectra of Bev 1 in the presence of lysoMPC also  virtually identical for the two different detergents.
support the occurrence of structural changes and interaction All the observed effects only occur above the cmc of the
with lipids, as discussed below under “The A- and B-States detergents (0.06 and 0.3 mM for lysoMPC and lysoMPG,
Are Partially Unfolded”. respectively, in 50 mM TRIS, pH 8, 28 (32)), indicating
Although both detergents inducehelical structure in Bet  that Beé v 1 needs to bind to an interface rather than to
v 1, titration with varying mole proportions of lysoMPG and amphipathic monomers (data not shown). Titration of Bet v
lysoMPC reveals a ca. 30% increase in ellipticity at pH 5.1 1 with lysoMPC shows that the ellipticity values (shown for
as the lysoMPG mole fraction increases from 0 to 100%. 222 nm in Figure 2) decrease steeply between 0 and 0.5 mM.
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Ficure 2: Titration of Be& v 1 with lysoMPC monitored by Wavelength [nm]

ellipticity at 222 nm and the ratio between ellipticities at 208 and
222 nm. The joined line is the best fit to a binding isotherm. This F
gives an apparent binding constatt of 0.15 + 0.05 mM. The 310% |
stippled line for the ratio data is included to guide the eye. I

—o—lysoMPG pH 7.2: A state |
—&— |lysoMPG pH 3.3: B state

—e—pH 7.2: N state ]
——pH 2.3: D state

Fitting the ellipticity data at 222 nm to a binding isotherm
yields an apparent binding constant of 04®.05uM. An
identicalKy value was obtained using ellipticity data at 208
nm. The ratio of the ellipticities at the two minima (208 and
222 nm) also reveals a plateau around 0.5 mM (Figure 2).
Thus the signal increases smoothly from 0 mM lysoMPC
without any clear breakpoint around the cmc. The interaction
with lysoMPC is not driven by electrostatic interactions, since
the addition of upa 4 M NaCl, which would screen such
interactions, had no effect on the structural changes of Bet
v 1 (data not shown).

Loevvy

The Nonionic Detergent Dodecyl Maltoside Does Not 150' “To00 210
Support Structural Changes in Bet1. The head group

structure of the lipids/detergents must play a very significant , ,

role in promoting Be v 1 membrane binding, since no Ficure 3: Representative CD spectra of different states of Betv 1
. ’ .. in (A) different detergents and (B) different lipids.

structural changes are seen in the presence of the nonionic

detergent d_qdecyl maItOSI(_je ?t PH 7.2 (Figure 3A). Impor- Table 1: Results of Secondary Structure Estimation as Predicted

tantly, addition of the anionic detergent SDS led to an fom Far-Uv CD Wavelength Spectra

o-helical structure, which, however, is distinct from that in

MRE [deg cm? dmol”' residue™]

110 [
B

1 TR |

220 230 240
Wavelength [nm]

lysoMPC, with shifts in the positions of the two minima and S;ff;uféy
reduced ellipticity (Figure 3A). Thus, the structural changes state  content conditions
observed for Bev 1 in the presence of lysoMPC and " 28904 pH 4-10
lysoMPG are not just the results of detergent-mediated 26%p3
unfolding as seen with SDS in other contex38,(34). 47% unorderedI |
. - A 37%a ysoMPC pH 9.5-7; lysoMPG pH 9.5-7;
. Global Analysis of CD V\/@Iength Spectr.a fo_r Identifica- 15%8 Sonicated DOPG pH 7-26.5; sonicated
tion of Common State#\t this stage we find it useful to 48% unordered DOPC pH 2.4
introduce a classification of the “archetypal” states, which B 57%a lysoMPC pH 4.2-2.4; lysoMPG pH 4.2:2.4;
Bet v 1 can form in the presence of the different membrane- %p sonicated DOPG pH 5-14.2; 100 nm DOPG

like environments investigated. Based on a comparison of 35% unordered pH 5.1; 50 nm DOPG pH 5.1

the different CD spectra, we identify four different states _ ®Average of estimates from K2D, SELCON3 (reference sets 4 and

(Figure 3B), which we here term N (native), A, and B, in 7), CONTINLL (reference sets 4 and 7), and CDSSTR (reference sets
! o i 4 and 7). All programs use spectra over the range-31b nm except

addition to the denatured state D. These archetypal CDy2p (200-245 nm). The relative standard deviation on the structural
spectra were deconvoluted using SELCON3, CONTINLL, element prediction is typically -515%. The lowest relative standard
CDSSTR, and K2D to obtain the secondary structure deviations are not associated with a particular structural elefh@he
distribution of Beé v 1 (see Experimental Procedures for crystal structure of Bev 1 shows that the native protein contains
details). Table 1 shows the conditions under which these 2PProximately 28%-helix, 40%/-structure, and 32% othe#

states are formed and their estimated content of secondary

structure. The absolute values of these predictions shouldand the predicted value for the native state. Therefore we
be approached with caution, due to the significant deviation will use the figures in Table 1 as an indication of the trends
between the secondary structure values in the crystal structuren structural changes, rather than as absolute estimates of
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the structural content. Nevertheless, it is clear that A and B
are different from the N state due to the significant increase
in ellipticity and the appearance of two distinct minima ~ PH7.1: N-state
around 207(A)/209(B) nm and 222 nm, which is reflected
in the progressive increase m-helicity and decline of
p-sheet structure (Table 1). The minimum at 208 nm is for
both A and B lower than that at 222 nm. It has been noted
for water-solubleo-helical proteins that a 222/208 ratio ' [ ! j ! ' j j !
greater than 1 is typical of coiled-coiB%, 36) structures,
whereas a ratio smaller than 1 indicates monomeric or
separate helicesS7). Analogous observations can be made  |ysoMPC pH 7.1; A-state
for a-helical membrane proteins in the native state versus
the SDS-denatured statgg]. This suggests that the A and
B states contain an increased amount of fluctuatistelical
structure. In addition to these four states, the state formed
in sonicated DOPG vesicles at pH 2.4 has a distinct spectrum o5 %0 a5 80 75 70 65
which cannot be reconstructed satisfactorily by combining
spectra from the B- and the N-states (data not shown).
However, since it is only formed under a very narrow range
of conditions, it will not be investigated further here. lysoMPC pH 3.9; B-state

It is evident from the deconvolution analysis that in the
bound statest-helical structure develops at the expense of
pB-sheet structure. In the A-state, tlehelical content is
increased from 26% (in the natively folded state) to 37%, . . ; . - . . .
whereas it amounts to 57% in the B-state (see Table 1).

Concomitantly, thes-sheet content decreases from 27% B - — T
(based on prediction) to 15% in the A-state and only amounts 4000 | ——pH7.2
to 7% in the B-state (see Table 1). — | ==— 0.05 mM lysoMPC pH 7.2 ,
Having identified a number of different conformational "g o 3mM lysoMPC pH 7.2
states of Bev 1 in thepresence of different lipids, we next 2 .
sought to characterize these states in terms of (a) their degree & -8000 |- .« oF
of structural mobility and (b) their effect on membrane "5 I AR
structure. £ I <
The A- and B-States Are Partially Unfoldddis evident “g  -8000
from the analysis of the CD wavelength spectra of Betv 1 o,
that the protein undergoes dramatic changes in structure upon 3, I
interaction with the vesicles or micelles. Therefore we wanted =~ £ _1 10* | %2 . 4
to investigate if the bound states are cooperative entities, | & , T o e €. ]
containing dominant tertiary interactions, or if they are I ”.-‘-,,.',"-' - 1
partially unfolded, having lost most tertiary contacts and are = 1.2 10° s e
stabilized primarily by secondary structure. NMR spectra of ' | o et
partially unfolded proteins are much less dispersed than those A S R s
of a native protein and resemble the spectrum of a denatured 300 320 340 360 380
protein 39). Due to increased molecular mobility, unfolded Temperature [K]

states usually show narrower lines in the _NMR spectra than g . xe 4 (A) NMR spectra of Bev 1 in the absence (1024
folded states. 1D-NMR spectra of Be 1 in theabsence  transients accumulated) and presence of lysoMPC (8192 transients
and presence of lysoMPC revealed significant structural at pH7.1 and 16 384 transients at pH3.9 accumulated). (B) Thermal
changes between the native state (pH 7.2) and the two state§cans monitoring the ellipticity of Res 1 at 220 nm atlifferent
found on either side of the transition around pH 5 (B-state concentrations of lysoMPC. The joined curves at 0 and 0.05 mM
. . lysoMPC represents the best fits of the data to a two-state unfolding
at pH 3.85 and A-state at pH 7.2 both in lysoMPC) (Figure 4nsition 08).
4A). Under both conditions there is a clear loss of tertiary
structure, as seen by the decrease in signal dispersionfransition within a relatively narrow temperature range<10
indicating that both the B-state and the A-state are non-native15 °C), whereas a fluctuating conformation will show a more
states. However, this loss of tertiary structure is not coupled gradual loss of structure with increasing temperature. We
to a narrowed line width; in fact, rather the opposite is the tested the thermal stability of Be 1 at pH 7.2 inlysoMPC
case, the line widths of the NMR signals seem to increase. concentrations below (native state) and above (A-state) its
Concomitantly, the signal-to-noise ratio drops. This points cmc. In the presence of monomeric lysoMPCt 8& unfolds
toward reduced molecular mobility as occurs when the with a sharp transition around 6& characteristic of native
protein is bound to a large particle, e.g., a micelle. Bet v 1 (Figure 4B) 28). However, in the presence of
The loss of tertiary structure in the B- and A-states seen micellar lysoMPC, a gradual decrease in signal is observed,
by NMR is corroborated by thermal scans monitored by CD which is not complete at 105C. These data suggest that
(Figure 4B). A native structure will give rise to a sharp the A-state has lost its cooperative nature, thus corroborating
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Table 2: Permeabilization of DOPG Vesicles bytBel under R 7.2, ypein D2 Penen
Different Conditions Measured by Calcein Release buffer only lysoMPC bufferonly  lysoMPC
vesicle size pH state of Betv 1 permeabilization 0 5 12 30 5 12 30 5 12 30 5 12 30 min
50 nm 7.2 N 0
sonicated 7.2 A %
50 nm 51 B 96%

the data obtained by NMR. A non-cooperative loss of
structure is indicative of partially folded proteins with isolated
elements of secondary structure.

The B-State but Not the A-State Is Able To Permeabilize Ficure 5: Proteolysis of Bev 1 at pH 7.2 and 4.2 birypsin and
MembranesThe effect of Bé v 1 binding on membrane pepsin, respectively.
structure and integrity can be analyzed by calcein release
experiments. The fluorescent probe calcein self-quenches a
high concentrations, e.g., when trapped inside vesicles.
Dilution of the probe by leakage from the vesicle lumen will
increase fluorescence. Complete leakage is obtained by the
addition of high concentrations of detergent. There is no
change in calcein fluorescence in 50 nm DOPG vesicles at
pH 7.2 in the presence of Be& 1 (Table 2). This is in
agreement with the finding that no structural transitions of
the native state occur under these conditions. However,
complete leakage of the probe is observed by the B-state
formed at pH 5.1. In contrast, the A-state (formed with
sonicated DOPG vesicles at pH 7.2) cannot induce any Ficure 6: Schematic of the Bes 1 N-, A-, and B-states. The red
significant leakage. Apparently, although both the B- and and yellow structures represent Bet v 1; the black structures
the A-states are non-native, only the B-state perturbs therepresent a phospholipid bilayer.
structure of the bilayer. Nevertheless, under all conditions . — ,
the vesicles retain their overall structural integrity and do able 3. Overview of Data from Limited Proteolysis and

. . . . NH-Terminal Sequencing

not fragment into smaller pieces according to dynamic light

N-state A-state B-state

scattering experiments (data not shown). Betv1 » . NHz-terminal

Limited Proteolysis Indicates Different Conformational _S2¢__PH lipid proteolysis sequence
Flexibility. In order to test the conformational flexibility of N 72 none fully protected nd
the different conformational states ofBel in thepresence ‘713 100 nm DOPG fﬁj:ﬁ;g{:g&% ?]‘é
and absence of lipids, we incubated the protein with trypsin 72 100 hm DOPC fully protected nd
(pH range 7.25.1) or pepsin (pH range 4.3.3) and 7.2 sonicated DOPC fully protected nd
separated the degradation products on Tris/Tricine gels. The 6.5 100nmDOPC  fully protected nd
proteases show different specificities, trypsin cleaving after ?% |100 nmDOPC  fully protected nd

. . . . . ysoMPC fully degraded nd

Arg or Lys residues (18 sites on Bet v 1) and pepsin mainly 7.2 lysoMPG fully degraded/
after Phe, Leu, and Glu (31 sites on Bet v 1). However, in diffuse fragments
both cases there are so many potential cleavage sites that ~14 kDa VasAPQAI
we can assume that any flexible region of the protein will :%lk:;'za &?Egﬁ: N
be cleaved by the protease, allowing us to compare the KoJSPEE
overall effects of the two different proteases. As positive ~4 kDa Kssl SPFE
controls of degradation, we used the conformationally 7.2 sonicated DOPG fully degraded nd
flexible proteins BSA and:-lactalbumin. These two proteins B 51 100nmDOPG pro{gclieDd fragment VENYE +
were degraded under all conditions tested in terms of pH - a \236\PQAI
and lipid species, although the glycerol-containing lipids had 5.1 sonicated DOPG protected fragment
a slight inhibitory effect on pepsin activity (data not shown). _ ~15 kDa GVFNYE
In the absence of lysoMPC at pH 7.2, nativet RBel is g-g Isom’c\:/laFt)eGd DOPG ffHIIy pr?tetctzd Sd
completely resistant to trypsin degradation, whereas at pH 38 IﬁgMPC $O¥e%2%§?rggment :
4.2, the protein is completely degraded by pepsin (Figure ~14 kDa GVFENYE +
5). Although Be v 1 retains its native structure at pH 4.2, N.YETET
the overall conformation of the protein is more dynamicand _ € 3.8 sonicated DOPC fully degraded nd

flexible or a sufficient fraction is unfolded to allow rapid aTrypsin is used in the pH range %3.1; pepsin is used in the pH
degradation. In the presence of lysoMPC at pH 7.2 (A-state), range 4.2-3.8.

the protein is degraded by trypsin resulting in a diffuse

degradation pattern; however, at pH 4.2 (B-state) a well- size (10-15 kDa) depending on the exact conditions used
defined fragment of ca. 13 kDa accumulates. Performing the (see Table 3). The limited proteolysis assay reveals that the
proteolysis experiments using both sonicated and extrudedB-state is better protected against protease attack than the
DOPC and DOPG vesicles yielded similar results, although A-state. One explanation for this could be that the B-state is
the protected fragments from the B-state varied slightly in inserted deeper into the bilayer thus preventing a general
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degradation of the polypeptide chain. This is in agreement vesicles), and it becomes even more pronounced at low pH.
with the calcein release data (Table 2) where only the B-stateln the case of lysoMPC, micelle dynamics and flexibility
releases calcein, due to a severe perturbation of the mem-inake up for lack of charge, but also here low pH unfolding
brane. The NMR data, showing an increased line width and increases the conformational change.

decreased signal-to-noise ratio of the B-state as compared Consequences of Binding on Protein and Membrane
to the A-state (Figure 4A), also support this explanation.  Structure Binding of Bé v 1 to membranes is accompanied

To investigate which part of Bev 1 contacts the by an increase in-helical content at the expensebtrand
membrane in the B-state, we subjected the protected frag-structure, presumably due to the formation of amphipathic
ments to NH-terminal amino acid sequencing. This analysis helices in the lipid interfacial region. Although the bound
revealed the following sequences;VENYE and NYETET forms are highly structured, they are partially denatured in
in lysoMPC pH 3.8; GVFNYE in sonicated DOPG vesicles the sense that they have lost their cooperative nature and
pH 5.1; and GVFNYE and Vs:APQAI in 100 nm DOPG hence have few tertiary interactions. Although we cannot
vesicles. Thus it appears that the C-terminal part of B-state €xclude the existence of other states formed, e.g., in sonicated
Bet v 1 isexposed, while the N-terminal part of the protein DOPG vesicles at low pH, we consider the A- and the
is generally shielded by the interaction with the membrane, B-states the most important as they can be formed both in
though to a lesser extent in large DOPG vesicles. micelles and DOPG vesicles and occur at neutral to

Although proteolysis of the A-state generally led to diffuse Intérmediate pH (from 9 down to 4). _
fragments (Figure 5), in lysoMPG at pH 7.2 four identifiable e cannot exclude that the A-state is an intermediate on
fragments appeared. These fragments were amenable fof'€ pathway to the B-state that does not fully develop because
sequencing yielding MAPQAI and KsdSFPE (Table 3) the optimal “interaction conditions” are not provided (see
indicating that the N-terminus is exposed. However, the size Prévious section). The A-state is lesshelical than the
of the fragments was smaller than expected for the B® B-state, is more sensitive to degradation, which predomi-
and 55-159 fragments implying C-terminal cleavage as well. nantly happens from the N—tc_ermmus, and is not able to induce
The susceptible Lys32Val33 and Lys54-Lys55 bonds are calcein release from the vesicles. Thus, the B-state represents
located in the C-terminal part of the minarhelix and the ~ the fully developed state in the sense that it displays the
middle of 8-strand 3, respectively. These structures do not largest change in structure and that it at least partially
constitute readily accessible cleavage sites in the native statePenetrates the vesicle structure, which may be physiologically
as indicated by the resistance to trypsin degradation in thef€lévant (see below). . o
absence of membranes. This observation shows that the Besides changes in protein structure, the binding event also
protein undergoes a conformational change upon binding toaffécts membrane structure. This was only found for the
the membrane. However, the absence of calcein leakage fronB-State, which is able to cause full release of calcein from
the vesicles (Table 2) indicates that the protein associatestn€ vesicles. Although the integrity of the bilayer is impeded
with the membrane without disrupting its integrity. by the binding of the protein, the overall architecture of the

The Homologous Protein Mai 1 Is Also a Membrane vesicles is intact as revealed by dynamic light scattering

Binding Protein.The Bet v 1 homologue Mal 1 (the major experiments. we do_n<_)t know if _Be/ 1 is bound in a

allergen from apple), which shares 59% sequence homolog)/nonome”C state or if it fo_rms oligomers on the \_/e5|cl_e
to Bet v 1, has the same ability as tBe 1 to undergo surface. However, the retention of over_aII membrane mtggnty
structural changes in the presence of lysoMPG and IysoMPczet‘f’m.S tht?tlwe Ctadn narrow down tl)tf mode Og actmtz.
(data not shown). In addition, it also permeabilizes DOPG numicrobial peptides can permeabiiizeé membranes by
vesicles in the B-state (but to a slightly lesser extent than forming barrel-stave pores, W.h'Ch retain membran_e_ Integrity,
Bet v 1) and not the A-state (data not shown). This indicates or by the carpet model which effectively solubilizes the
that it is the overall fold shared by these two proteins, namely membrane43). Thus the carpet model can be excluded as

an o/p fold with a large water-filled tunnel, that facilitates a possﬂ;le mode .Of activity for Bet v 1. o
binding and structural rearrangements. Functional Implications of Membrane BindinQne of the

most pertinent issues in studying the properties di\Beis
DISCUSSION to understand its biological function. So far different func-
tions have been proposed, the two most important being
Interaction of Betr 1 with MembranesThe far-UV CD RNase activity 10, 11) and general ligand bindin@). Here,
experiments identify several factors that mediate binding of we add a new dimension to the possible functions that Bet
Bet v 1 to membranes: electrostatic attraction, vesicle v 1 could have by showing that it is a membrane binding
curvature (and hence surface cracks/defects), and partiaprotein. The question then arises if membrane binding is
unfolding (at low pH). Bév 1 only binds to DOPC vesicles coupled to ligand binding? For instance, could Bé. pick
with high vesicle curvature and only at very low pH. Since up ligands by binding to the membrane followed by structural
DOPC is zwitterionic, simple electrostatic attraction is not rearrangements, which allow entry of ligand to the cavity?
adequate to induce binding, so under these conditions Bet vBet v 1 binds ligands that may be too bulky to enter the
1 has to be unfolded since binding only starts at a pH where cavity directly via its openings to the protein surface, and
it will normally unfold. Even then binding only occurs when therefore some degree of structural alterations could be
it can attack via cracks/defects on the vesicle surface due torequired for ligand entry. Indeed, for StAR it has been shown
sharp curvature40—42). When the vesicles are negatively that the large C-terminal helix, which creates the floor in
charged (DOPG), electrostatics facilitate binding, which the cavity, is central for membrane and ligand bindifg) (
commences at pH 5.1 (extruded vesicles) and already at pHBy engineering disulfide bonds into the protein that restricts
7 when combined with sharp curvature defects (sonicatedthe mobility of the C-terminal helix, it was shown that the
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ability to bind to both membranes and ligands was elimi-
nated, implying that a structural transition is required for
these activities. Although there are many similarities between
the properties of StAR and Bet v 1, there are also important
differences. StAR is able to form a molten globule at low
pH in the absence of a membrandd); which is not the case
for Bet v 1. Furthermore, although the N-terminal region
63—193 is able to bind to phospholipid membranéd§){ it

is the C-terminal part (the large C-terminehelix) of StAR

that is most intimately in contact with the membrane
according to proteolysis studie4g), whereas for Bev 1 it
seems to be the N-terminus.

One question that remains to be addressed is whether !

ligand binding can influence membrane interaction, i.e., will
ligand-bound Bev 1 act in the same way toward mem-
branes? If the interaction with the membrane has any
biological significance, it may be controlled/triggered by
ligand binding/dissociation. As far as we can tell from our
data, Beé v 1 alone binds reversibly to membranes without
penetration to the other side, but ligand binding could
conceivably facilitate translocation. WhethentBel acts as

a monomer or oligomer on the membrane, its ability to
release calcein could be modulated by ligands, either by
blocking a putative pore formed by the monomer or by
inhibiting oligomerization in the membrane. Such mecha-
nisms could be exploited in signaling pathways during tissue
development from pollen to mature plant. Coincidentally, it
might also provide a mechanism to allowtBel to cross

the mucosal lining and become internalized, facilitating an
allergic reaction. Although speculative, these are important
issues that future studies must address.
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