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ABSTRACT. Membrane fusion in secretory pathways is thought to be mediated by SNAREs. It is proposed
that membrane fusion transits through hemifusion, a condition in which the outer leaflets of the bilayers
are mixed, but the inner leaflets are not. Hemifusion then proceeds to the fusion pore that connects the
two internal contents. It is believed that the transmembrane domains (TMDs) of the fusion proteins play
an essential role in the transition from hemifusion to the fusion pore. In this work, the structure, dynamics,
and membrane topology of the TMD of Ssolp, a target membrane (t-) SNARE involved in the trafficking
from Golgi to plasma membrane in yeast, was investigated using site-directed spin labeling and EPR
spectroscopy. The EPR analysis of spin-labeled mutants showed that the TMD of Ssolp is a well-defined
membrane spanning-helix. The results also indicate that there is an equilibrium between the monomers
and the oligomers. The oligomerization is mainly mediated through the interactionldtéreninal half

of the TMD, whereas th€-terminal half is free of the tertiary interaction. Additionally, the isotropic
hyperfine splitting values were examined for nitroxide-scanning mutants, and it was found that the hyperfine
splitting values show a V-shaped profile across the bilayer. Thus, hyperfine splitting may be used as an
additional parameter to measure bilayer immersion depths of nitroxide.

Membrane fusion is a widespread process that eukaryoticadvances to the fusion pore that connects the two aqueous
cells use to establish material transport between endomem-contents 24).

brane organelles as well as the secretion from the &Il ( Although soluble parts of fusion proteins play a role in
In secretory pathways, SNAREsare believed to be core  pyinging about the apposition of two membranes leading to
constituents of fusion machinerg<7). Vesicle-associated  the formation of hemifusion, the transition from hemifusion
(v-) SNARESs engage with target membrane (t-) SNARES {0 5 the fusion pore requires the transmembrane domain
form a helical SNARE complex that bridges two membranes (T\vp). For example, when the TMD of SNAREs are
(9-14), facilitating membrane fusion( 8). It has been  gshortened or replaced with lipid anchof(22), the fusion
thought that the SNARE complex provides the necessary freeprocess stops at hemifusion, illustrating the role of the TMD
energy for membrane fusionlq, 15). However, recent i the transition from hemifusion to complete fusion.
experiments suggest that the SNARE complex acts instéads;milarly, hemifusion has been the final product for modified
as a catalyst for the fusion of two membrangs, (17). influenza hemagglutinin (HA) in which the TMD was

SNARE-induced membrane fusion transits through several replaced with a lipid anchor or shortened below the critical
intermediatesX8). There is evidence that it proceeds through length @9). Therefore, it may be generally true that the
an intermediate called hemifusiof9—23), a condition in TMDs of fusion proteins play a critical role in promoting
which the outer leaflets of the two membranes are merged,the formation of the fusion pore.

but the inner leaflets remain intact. In fact, hemifusion has In an initial attempt toward understanding of the role of

been identified for both class | and class Il viral-fusion the TMDs in SNARE-mediated membrane fusion. we
proteins @4—27), suggesting that hemifusion might be a jnestigated the structure and dynamics of the TMD of

common intermediate for many biological fusior28) In Ssolp, a syntaxin-analogue involved in post-Golgi protein
the fusion pathway, the hemifusion intermediate subsequentlytr(,ifﬁcking in yeast, using site-directed spin-labeling EPR

(30). The results show that the TMD of Ssolp is a
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L Abbreviations: SNARES, solublé-ethyimaleimide-sensitive factor ~ th€ TMD—TMD tertiary contacts are limited in th&-
attachment protein receptors; EPR, electron paramagnetic resonanceterminal half, whereas th€-terminal half is free of any
TMD, transmembrane domain; v-, vesicle-associated; t-, target mem- tertiary contact.
brane; POPC, 1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidylcholine; . .
DOPS, 1,2-dioleoyl-sn-glycero-3-phosphatidylserine; MTSSL, meth- ~ One of the important parameters of the EPR spectrum is
anethiosulfonate spin label; IPTG, isoproglyD-thiogalactopyranoside; the hyperfine splitting resulting from electremucleus

LB, Luria-B broth; PBST, phosphate-buffered saline at pH 7.4 with 4; ; ; it ; i ;
0.5% Triton X-100 (v/v); NIEDDA, nickel ethylenediaminediacetic acid; dipolar coupling. The hyperfine splitting of a nitroxide is

GST, glutathionéStransferase; AEBSF, 4-(2-aminoethyl)benzenesulfo- S€NSitive to the polarity of the environmeBtf and has been
nyl fluoride; DTT, dithiothreitol. used, for example, as a qualitative indicator of the location
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of nitroxide in the membrane environmeB8(-35). Because = About 20-fold excess of (1-oxyl-2,2,5,5-tetramethylpyrroli-
the TMD of Ssolp is now shown to be a well-defined nyl-3-methyl) methanethiosulfonate spin label (MTSSL) was
membrane-spanning-helix, its nitroxide-scanning mutants  immediately added to the protein. The reaction mixture was
may serve as an ideal model system to examine the variationleft overnight at £#C. Free MTSSL was removed by washing
of hyperfine splitting across the bilayer. The plot of isotropic  with excess PBS buffer with 0.2% Triton X-100. The proteins
hyperfine splitting versus the residue number shows a were cleaved by thrombin in a cleavage buffer with 0.2%
symmetric V-shaped curve, which may be used as a Triton X-100. Thrombin was not removed from the protein
calibration curve to estimate the immersion depth of nitroxide samples. It was expected that the small amount of thrombin

in the membrane. (3 uM) would not influence the experimental data.
Membrane ReconstitutionLarge unilamellar vesicles
EXPERIMENTAL PROCEDURES (~100 nm in diameter) of 1-palmitoyl-2-dioleoyl-sn-glycero-

3-phosphatidylcholine (POPC) containing 15% 1,2-dioleoyl-
sn-glycero-3-phosphatidylserine (DOPS) were prepared in
a detergent-free cleavage buffer using an extrug@x. The
total lipid concentration was 100 mM. The proteins were
reconstituted into vesicles by the Bio-Beads meth®g):(
The proteins were mixed with vesicles at-d:300 protein-
to-lipid molar ratio. The detergent was removed by treating
the sample with Bio-beads SM2 (Bio-rad), which was
irectly added to the sample in the ratio of 200 mg/1 mL of

Plasmid Construction and Site-directed Mutagen€eBis
DNA sequence encoding SsolpHT (amino acids-13%0
of Ssolp) was inserted into the pGEX-KG vector between
EcoRI and Hindlll sites asN-terminal glutathioneS
transferase (GST) fusion proteiris). To introduce a unique
cysteine residue for the specific nitroxide attachment, native
cysteine 266 of SsolpHT was mutated to alanine. A
QuickChange site-directed mutagenesis kit (Stratagene) wa

used to generate all mutants; DNA sequences were confirmeg, o i o d solution. After 45 min of nutation, the Bio-beads

by the I-owa State-Unlve-r§|ty .DNA sequgncmg fgcmty. were removed from the sample by centrifugation at 100000
Protein ExpressiopPurification, and Spin LabelingThe for 1 min. The same procedure was repeated three times.
expression of recombinant GST fusion proteins was con- Reconstitution efficiency was estimated by determining the
ducted inE. coli Ros_etta (DE3) pL)_/sS (l\_lovagene). The cells protein concentration using EPR before and after reconstitu-
were grown at 37C in an LB medium with glucose (2 g/L),  tjon, For all samples, the efficiency was approximately 70%.
ampicillin (100ug/mL), and chloramphenicol (2bg/mL) To determine the orientation of reconstituted SsolpHT on
until the Asoo value reached 0:60.8. Isopropylp-p-thioga-  the vesicle, we treated the reconstituted protein with 2 mM
lactopyranoside (IPTG) was added to a final concentration trypsin for 1 h. An SDS-PAGE analysis indicated that the
of 1 mM. The cells were grown for four more hours at 18 g501pHT protein was almost completely digested to small
°C. Thecell p_ellets were harvested by centrifugation at 6000 fragments (data not shown), suggesting that a majority of
rpm for 10 min. SsolpHT analogues were oriented toward the outside of the
Purification of GST fusion proteins was achieved with vesicle.
affinity chromatography using glutathione-agarose beads EPR Experiments and Analysi&PR spectra were obtained
(Sigma). Frozen cell pellets were resuspended in a PBSwith a Bruker ESP 300 EPR spectrometer equipped with a
buffer (phosphate-buffered saline at pH 7.4 with 0.5% Triton |oop-gap resonator. The modulation amplitude was set at no
X-100 (v/v), PBST) with 2 mM 4-(2-aminoethyl)benzene- greater than one-fourth of the line width. Spectra were
sulfonyl fluoride (AEBSF) and 5 mM dithiothreitol (DTT).  collected at either room temperature or 130 K in the first-
The cells were broken by sonication in an ice bath. As for derivative mode. At room temperature, the microwave power
SsolpHT, 1% ofn-lauroyl sarcosine was added to the was kept at 1 mW, but it was set a8V at 130 K to avoid
solution before sonication. The cell lysate was centrifuged the saturation of EPR lines. All protein samples contained
at 15 00@ for 20 min at 4°C. The supernatant was mixed 10-15% glycerol as a cryoprotectant. For low-temperature
with glutathione-agarose beads in the resuspension bufferEPR, the capillary sample tubes were plunged quickly into
and nutated at 4C for 120 min. The protein-bound beads |iquid nitrogen for fast freezing.
were washed with an excess volume of washing buffer  For saturation EPR, the gas exchange to the protein sample
(phosphate-buffered saline at pH 7.4) for at least six rounds.was achieved with a TPX tube for the loop-gap resonator.
When washing, 0.2% (v/v) Triton X-100 was added to For individual mutants, power saturation curves were ob-
SsolpHT. The beads were then washed with a thrombin-tained from the peak-to-peak amplitude of the central line
cleavage buffer (50 mM Tris-HCI, 150 mM NacCl, and 2.5 (M, = 0) of the first-derivative EPR spectrum as a function
mM CaCl at pH 8.0) and 0.2% Triton X-100. Finally, the  of incident microwave power in the range of 640 mW.
proteins were cleaved from the resin by thrombin (Sigma) Three power saturation curves were obtained for each mutant
at room temperature for 40 min. AEBSF was added to the after equilibration with (1) M (2) air (&), and (3) N in
protein after cleavage (2 mM final concentration) to inhibit the presence of 200 mM NiEDDA (nickel ethylenedi-
continuous cleavage by thrombin. The protein was stored ataminediacetic acid). From the saturation curves, the micro-
—80 °C with 10% glycerol. wave powetPy; (MW) where the first-derivative amplitude
Cysteine mutants of SsolpHT were spin labeled before is reduced to one-half of its unsaturated value was calculated.
thrombin cleavage. After the cell lysate was incubated with The quantityAP,,, is the difference inP,;, values in the
beads and washed with the PBS buffer containing 0.2% presence and absence of a paramagnetic reagent, which is
Triton X-100, DTT was added to a final concentration of 5 proportional to the diffusion coefficient times the frequency
mM. The sample was incubated at@ for 40 min, and the  of the collision of nitroxide with freely diffusing reagents
beads were then washed six times with an excess volume ofsuch as oxygen and NiEDDA. Thu&P,,, is considered to
the PBS buffer with 0.2% Triton X-100 to remove DTT. be equivalent to the accessibilityy. The immersion depth
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Ficure 1: Primary structure of yeast SsolpHT. SsolpHT contains
Ssolp amino acids 18%290. This polypeptide includes both the
SNARE motif and the transmembrane domain, which are repre-
sented by a cylinder and a rectangle, respectively. Between them
is the linker region that contains amino acids 2265. The spin-
labeled positions are shown below the schematic diagram.
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fusion activity (percentage of wild type)

is calculated on the basis of the reference curves determinec  ©
from a set of lipid molecules spin-labeled at different acyl
chain positions 40).

The iotropic hyperfne spiting fo each spintabeled FUtE 2 Lo e oL e e
mutant was detgrmlned emplrlcall_y by measurlng.the peak- using an in t\)//itro fusionpassay. The perf:)ent fusion activity of the
to-peak separation between the first and center lines of themytant was calculated in reference to the fusion activity of the wild
EPR spectrum. This empirical value should be consideredtype.
as an approximate measure of isotropic hyperfine splitting.

It is expected that isotropic hyperfine splitting is independent nitroxide embedded in the headgroup region of the bilayer
of motional broadening or inhomogeneous line broadening (37, 38) except for K261C, where we observed an extensive
as long as the molecules are not macroscopically oriented.line broadening perhaps due to the tertiary interaction with

the neighboring molecules. The EPR spectra for W267C and
RESULTS L268C are slightly narrower than those of the preceding

Site-Directed Spin-Labeling EPR for the TMD of Yeast POsitions, suggesting that residues following position 267
t-SNARE Sso1{.0 investigate the transmembrane structure €nter into the less viscous acyl chain region. Among those,
of yeast t-SNARE Ssolp using EPR, native residues werePOsitions 269, 270, 272, 273, and 276 manifest broad spectral
replaced one by one with cysteines that were modified with cOmponents, indicative of tertiary contacts most likely with
a nitroxide spin label. The SsolpHT used in this study the neighboring TMDs. Importantly, the presence of two
consisted of amino acids 18290 of Ssolp without the =~ SPectral components suggests that there may be equilibrium
N-terminal regulatory Habc domain. We made 35 single- Petween the monomeric TMD and the oligomeric TMDs.
cysteine mutants of SsolpHT ranging from a.a. 256 through Ve note that the five interacting positions reside within the
290, which include the putative linker region (a.a. 2565)  N-terminal half of the TMD, revealing that the TMBIMD
and the putative TMD region (a.a. 26@80) (Figure 1). The  interaction is mostly confined within the-terminal half of
spin labeling efficiency was greater than 80% for all mutants. the TM_D- _ S
Each spin-labeled mutant was reconstituted into the vesicles The inverse of the central line width is often used as a
made of 1-palmitoyl-2-dioleoyl-sn-glycero-3-phosphatidyl- semiquantitative measure of the tumbling rates of nitroxide
choline (POPC) and 1,2-dioleoyl-sn-glycero-3-phosphati- (39). The line-shape parameter is plotted as a function of
dylserine (DOPS) (molar ratio of 85:15), lipids commonly the residue number in Figure 4'. In this F|gure, it is clearly
used for in vitro studies of SNARE proteins. The functional- demonstrated that residue 259 is located right at the water
ity of the spin-labeled SsolpHT mutants was tested using headgroup boundary. The line-shape parameter for residues
an in vitro fluorescence-fusion assa@6]. All mutants from 260 to 276 remained near 0.24, although there are some

showed at least 57% of the fusion activity of wild-type variations along the sequence. However, we observe a
SsolpHT (Figure 2). significant and gradual increase in the lower half of the TMD,
After the reconstitution of SsolpHT mutants into phos- indicative of the increased dynamics at @eerminal half
pholipid vesicles, the EPR spectra were collected for spin- Of the SsolpHT TMD.
labeled mutants at room temperature (Figure 3). For A256C ~ Transmembrane Structure of SsolpHT TMD Determined
A259C, the EPR spectra are composed of two components,by Accessibility Measurementg/e then investigated the
one sharp (arrow) and the other relatively broad (asterisk). nitroxide-scanning mutants of SsolpHT using the EPR
Because these positions are located near the water Saturation method to determine the topology of the SsolpHT
membrane interface, we expect that the region might be in TMD in the membrane3g, 40). With this EPR method, we
equilibrium between the free and membrane-bound states.measured the accessibility of nitroxide to a water-soluble
Thus, it is likely that the sharp component represents the paramagnetic reagent, nickel-ethylenediaminediacetic acid
subpopulation that is free in solution, whereas the broad (NIEDDA) (Whieppa), to estimate the extent of the seclusion
component represents the subpopulation that interacts withof the spin-labeled site from the aqueous phase. We also
the membrane surface and tumbles slowly in the viscous measured the accessibility of the nitroxide to a nonpolar
headgroup region. paramagnetic reagent, molecular oxyg@fof), to probe the
EPR spectra for R260C to A266C are all broad, indicating immersion into the nonpolar membrane interior.
that the region is fully inserted into the membrane. The extent In Figure 5a, theMepopa and Wo, values for the spin-
of line broadening in this region is prototypical for the labeled mutants of SsolpHT are plotted as functions of the

254 256 258 260 262 264 266 268 270 272 274 276 278 280 282 284 286 288 290 282
residue number of Sso1p



4176 Biochemistry, Vol. 45, No. 13, 2006

Sso1plL268C ‘
Ss01pR257C
Sso01pl269C
Ss01pV270C
Ss01pK258C
Ss01pA259C
Sso1 pF271 c
,ﬂ
Ss01pR260C
Ss01pA272C /\

Ss01pA256C l
Sso1pN262C

*

Sso1pK263C

Ss01pl264C

Ss01pR265C

Ss01pA266C

—
i

Sso01pV275C Sso1pV281C

Zhang and Shin

Ss01pV286C

Sso1pl274C Sso1pV280C

Sso1pV287C

Sso1pV276C Sso1pK288C

Sso1pV282C

Sso1pV277C \ Sso1pV283C

Sso1pV278C \ SS":@M\ Ss01pR290C
Sso1pv279C
\[\/M i l/\/»

Ss01pT289C

Ficure 3: Roomtemperature EPR spectra of spin-labeled SsolpHT transmembrane mutentSPR spectra for A256€A259C are
composed of two spectral components: one sharp (arrows) and the other, relatively broad (asterisks).
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Ficure 4: Dynamic profile across the SsolpHT TMD. The inverse

line width (AH)~1, which reflects the motion of the nitroxide, is

the bilayer. The collision frequency increases again to high
values, showing the re-emergence of the peptide chain to
the solution phase. In contrast, the collision with oxygen is
inversely correlated with the behavior of the collision with
NiEDDA; when theWhieppa values are low, th&Vo, values

are high and vice versa. Such an inverse correlation of
Wiiebpa @andWo, has been considered as strong evidence of
the membrane-spanning peptide. Over the entire range, the
Wiieppa profile and theWo, profile crisscross each other
twice, once near positions 26265 and again near position
284.

For 1269C, 1273C, and V276C, th&/o, values are
noticeably lower than those of other membrane-spanning
residues. It is important to note that these three positions
belong to the group of residues that show a broad spectral
component stemming from tertiary contacts. In the helical
wheel diagram (Figure 5c), these positions (color coded in
red) are lined on one side of the helical surface, revealing

plotted as a function of the residue number with arbitrary units. the interacting surface of SsolpHT TMD.

The inverse line width was calculated from the peak-to-peak width

of the central line. The highAH)~* value reflects the fast motion

and the low AH)~1 value reflects the slow motion. The error bar

Quantitatively, it has been shown that the immersion depth
of nitroxide is proportional to the logarithm of the ratio of

represents the standard deviation of the results from three inde-Whieppa t0 W0,. For individual positions, the immersion

pendent measurements of line width.

depths were calculated by comparing the ratio$\Rfzopa
to Wo, to a standard curve4(Q, 41) and the results were

residue number. Thékieppa Values show the representative plotted with respect to residue numbers in Figure 5b. As
U-shaped curve expected for a polypeptide passing throughexpected, we obtained an overall V-shaped curve with the
the entire bilayer. The collision with NiEDDA starts with  lowest point at position 275, which is located approximately
very high values, indicative of the solvent exposure of the 19 A from the phosphate group near the center of the bilayer.
first few residues. The valley of low-collision frequency in It was also evident that residues 26264 reside near the
the middle reflects the passage of the peptide chain throughboundary between the headgroup region and the acyl chain
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Ficure5: Structural determination of the SsolpHT transmembrane domain with EPR accessibility measurements. (a) Accessibility parameters
Wo2 (A) andWhieppa (a) are plotted as functions of the residue number. (b) Membrane immersion depths vs the residue number. (c) A
helical wheel diagram for the SsolpHT TMD. Positions 269, 270, 272, 273, and 276, which show the tertiary contacts in the EPR spectra,
are marked with asterisks, whereas positions 269, 273, and 276, which show the rafgeadles, are color coded in red. (d) Sequence
alignment between the TMDs of neuronal syntaxin and Ssolp. Positions 269, 273, and 276, which show the tertiary interaction in this
work, match one-to-one to the proposed pore-lining positions in syntaxin.

region, which is located approximately 6 A below the interacting nitroxides and in estimating the percentage of the
phosphate group (0 A). On the other side of the membrane,interacting spins when there is equilibrium between the
residue 284 (proline) sits at the headgrewgyl chain interacting population and the noninteracting populatis).
boundary. Therefore, from the immersion depth data, it The low-temperature EPR spectra taken at 130 K (Figure 6,
appears that approximately 21 residues (from residue 264eft panel) showed the line broadening due to the sgjgin

to residue 284) span the 280 A thick acyl chain region. interaction for all positions except position 270. The Fourier
Considering the geometry of a standardhelix (1.5 Afresi-  spectral analysis revealed that the monomer fraction consists
due), this result supports the idea that the TMD is a of 60, 66, 56, and 68% for positions 269, 272, 273, and 276,
membrane-spanning-helix with some tilt with respect to  regpectively; Figure 6, right panel). The interspin distances

the membrane normal. The tilt angle was estimated to bej, the oligomeric state were estimated by analyzing the

less than 39 although the exact value was difficult to remaining interacting factions, and they were-13 A for
determine. Furthermore, it is interesting to find that the data ) ¢ positions. Thus, the Fourier deconvolution method
appears more scattered in theterminal half of the TMD 501y supports the idea that residues 269, 272, 273, and

than it does in th&-terminal half. This is likely due to the - ; . : .
- ; . . ) 276 participate in the intermolecular interaction between the
TMD=TMD interactions in thé\-terminal half because the TMDs. Position 270 is likely to be a peripheral residue for

tertiary interaction at sgveral residues makes acces:S|b|I|tyWhich the distance between residues is larger than 25 A.
measurements uncertain and leads to larger errors. ) o )
Low-Temperature EPR to Measure Interspin Distances. 10 verify the equilibrium between the monomeric TMD

The EPR line-shape analysis indicated that residues 269, 270and the multimeric TMDs, we collected room-temperature
272, 273, and 276 might have partial tertiary contacts with EPR spectra for residue 273 at three different concentrations
neighboring TMDs; the EPR spectra are composed of two (Figure 7). We found that the broad spectral component

spectral components, indicating that there might be equilib- (arrows in Figure 7), reflecting the oligomeric TMDs,
rium between the monomeric TMD and multimeric TMDs. increased noticeably as the protein concentration was in-
The Fourier deconvolution method2) has proven to be  creased, strongly supporting the idea that the monomers and
powerful in determining the interspin distance between two multimers are in equilibrium.
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Ficure 6: Low-temperature EPR spectra and Fourier deconvolution analysis for spin labeled SsolpHT. Low-temperature absorbance
(integrated) spectra for spin-labeled mutant$ were compared with a noninteracting reference spectrum (....) in the left panel. The dipolar
broadening functions (in Fourier space) are shown in the right panel. The data was fitted with a sum of two Gatsslarikd Fourier

space, the fraction of noninteracting monomers appears as a copstantoffset 42, 43). They-axis offsets were around 60%.

Isotropic Hyperfine Splitting Reflects the Membrane Im- features of the SsolpHT TMD are now determined, the
mersion DepthdOne of the important parameters of the EPR isotropic hyperfine values of the SsolpHT mutants can serve
spectrum is the hyperfine splitting resulting from electron  as a model to explore the relationship between the hyperfine
nucleus dipolar coupling. The hyperfine splitting of a splitting profile across the bilayer and the membrane im-
nitroxide is sensitive to the polarity of the environment and mersion depth. We attempted to plot the isotropic hyperfine
has been used as a means to measure the partitioning of aplitting values of individual positions along the sequence
small nitroxide between water and the membrane, which has(Figure 8). The plot shows an overall V-shaped curve; higher
been used to detect the bilayer phase transitidg). ( hyperfine splitting value as the positions move away from
Furthermore, this parameter has also been used as a qualitathe center of the bilayer. Interestingly, the curve is symmetric
tive indicator of the location of the nitroxide in the membrane and linear in the range of a.a. 26884 which form the core
environment 83, 34, 35, 44). Because the detailed structural helix spanning the acyl chain region of the bilayer. Near the
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splitting can be used as a complimentary measure of the
membrane immersion depth of nitroxide for membrane-

SsOTpHT 273 (300:1) embedded helices

DISCUSSION

The EPR analysis of spin-labeled mutants suggests that
the TMDs of SsolpHT have a tendency to interact with one
another, most likely to form an oligomeric structure. The
results also show that there may be an equilibrium between
the monomeric form and the oligomeric forms in a molar

Sso1pHT 273 (100:1) l ratio of approximately 6:4 at the lipid-to-protein ratio of 300:
1. Interestingly, the EPR line shapes showed that the tertiary
contacts are limited within thB-terminal half, whereas the
C-terminal half is free of such interactions. This result is
consistent with the significant increase in the motional
dynamics in theC-terminal region of the TMD (Figure 4).
Potentially, the interaction between the TMDs would help
the oligomerization of the SNARE complex at the fusion

Sso1pHT 273 (50:1) site. The oligomerization of the neuronal counterpart syntaxin
has also been reported5—47).

Combining the EPR line-shape analysis, accessibility
measurements, and the Fourier-deconvolution analysis, it
seems that residues 269, 273, and 276 are the positions
involved in the tertiary interactions when the TMDs of
SsolpHT gather together. These residues are located on one
side of the helix and form a well-defined interacting surface

FiGUrRe 7: Roomtemperature EPR spectra of spin-labeled SsolpHT (see the helical wheel diagram in Figure 5c). Interestingly,
mutant 1273C The molar lipid-to-protein ratios are given in  the sequence alignment between neuronal syntaxin and yeast
parentheses. The arrows indicate the broad spectral componengsolpHT (Figure 5d) reveals that residues 269, 273, and 276
reflecting the multimers. . - . ’ ’
match one-to-one to the residues in syntaxin that are proposed
16.5 to line the transmembrane porégj.
Oligomerization appears to be generally required for a
16.0 EEE E variety of fusion proteins. For SNAREs, it has been shown
that the coordination of at least three SNARE complexes is
’E [ necessary for successful fusiofg). For influenza hemag-
15.5 1 $ @ Eo { 5{ glutinin (HA), it appears that 46 HA molecules work
* E ¢ { E E' together at the fusion site5(). On the basis of electrical
o measurements, it has been proposed th& $yntaxin TMDs
¢ form a cluster48). In contrast, it has been previously shown
LX) that syntaxin forms dimers in the membrar88)( In the
14.5 E E present EPR, it was not possible to estimate the exact
[) stoichiometry of the oligomeric SsolpHT TMDs, although
partial clustering is clearly demonstrated.
266258 260262264 266 268 270272 274 276278 280 282 284 286 288 200292294 Over the last Several_ years, th_e _EPR saturation method
Residue number of Ssop has proven powerful in determining the structure and

Ficure 8: Profile of isotropic hyperfine splitting across the bilayer t0p0|09¥ of m(.embrane-.bound.p.eptldes and proteins. Al-
for the Sso1pHT TMD. Isotropic hyperfine splitting for each spin- though isotropic hyperfine splitting has often been used
labeled mutant was determined by measuring the peak-to-peakqualitatively to verify membrane insertion of polypeptides,
separation between the first and center lines of the EPR spectrumits entire profile across the membrane was not extensively
The error bars represent the standard deviation of results from threﬁnvestigated. The TMD of SsolpHT is a well-defined
independent isotropic hyperfine-splitting analyses. transmembrane helix and has served as an excellent system
headgroup-acyl chain interface, the curve shows disconti- to determine the full profile of hyperfine splitting. The clean
nuities: one on theN-terminal side (a.a. 263265) and profile in Figure 8 demonstrates that a simple measurement
another near residue 284 on tl@&terminal side. The  of isotropic hyperfine splitting may be useful in assessing
discontinuity at theN-terminal side might indicate that this the immersion depths of nitroxides, in addition to the results
region might not exist as aw-helix, consistent with previous ~ from a well-established EPR saturation method.

results for syntaxin38). However, we note that residue 284

is proline, which is a known helix breaker. Therefore, the REFERENCES

break in the profile near position 284 may be attributed to =\ 5 pejos, . E., Park, H. E., and White, J. M. (2005) The
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acyl chain interface. The results suggest that hyperfine Microbiol. Immunol. 28525-66.
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