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HlSlbsensillvily differenlml scarming ealonmelry has been used to examine the interaction of bee venom mdittin with 
ditmlmitoylphosplmtldylchohne fused unilamdlar resides,  Experiments were performed under conditions for which 
nmhtlan in solutlon is eidmr monorrmn¢ (in low sat 0 or tetrameric (in high salt). It was found Lllat nndcr both sets of 
condltmns melillhn abolishes the prelransihon at a relatively high lipld-to-l~'otein molar incubation ratio, R, (about 200) 
and that at mtermed,a~e values of  R~ it broadens the main transition profile and reduces the transition enthMpy. This 
provides evidence whmh suggests that melnt~n is at least partially ln.~l~ed rote the apolar region of the bilayer. Evident 
at low values of R,  are two pewits in the lipid thermal tranmfion profiles~ which may arise from a heterogeneous 
popolatmn of lipid vesicles formed through fusmn induced by mdittin, or by lipid phase separation. For those profiles 
which exlfibited only one peak, l~anmtion enllmlp~s, normaUz~l to those of the hpid in the absence of the protein, are 
plot~ted vs the bound protein-to-lipid molar tabus for the experiments performed under the eonditinns which glve 
monomeric and telramenc mehttm in solution. These plots yield straight hnes~ the slopes of whick give Ilbe number of 
hpid molecules each protein molecule excludes front partie,patmg in the phase transaion. Those w e r e  farad to be 
9.9 + 0 7 and 41 + 0.5 for monomeric and tetramorie melittin~ respectively. The results are discussed in terms of 
pessi~e models for the bmdmg of melittin to phosphnllpld vesmles For almplo hexagonal packing of lipid molecules, 
incorporatton as an aggregate ~s favored when mehthn is telranmrie m solution, w ~  incorl~rafien as a mommer  is 
favored when mdittin is mnnomerle in solufim~ For low-salt solutions, ~ ,demm is obtained for the eonm'bation of free 
melittin to lipid fUSlOn¢ p~I'hal~ b) the [urination of protein bridges between appos~  vesicles 

lntrodueOan 

Mehttm is a small pepUde of 26 anuno-aetd restdues 
that consututes approx 50% of the dry wmght of bee 
venom [1] A considerable amount of work, using a 
number of dffferectt expenmemal teehmques (e g ,  
steady-state and trine-resolved tluorometry [2-7], NM R  
18-11L ESR [12,13] and CD [8,14-16]), has been per- 
formed m an attempt to elucidate the effects whJch tlus 
protein has on phosphohptd membranes Of interest are 
the conformation and state of  aggregatton of the p~otem 

Ab?,rewatmns DPPC dtpldnmo}lphobphattdykhohne, FUVs, rased 
uat amell~r vesldeb R,, hpld-to-melaun molar mcubauort ratta Tin, 
Itptd-phaz¢ trxnsttlon temperature 
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in membranes, as well as the effect that the protein has 
on the propertms of the hptd acyl chums Such mforma- 
tlon Js essential for acluevmg an understanding of the 
aetlvtty of th ~ . protein as a natural texan and may Mso 
be useful for gatrang insights rote structures and 
processes (such as stgnM pepttdes, membrune proteins, 
me.mbran¢ i'uston and pore fotmataon) whteh are of 
more gener~ ~, btoloDcal tmportance 

Dlffer~#~al scanmng calorimetry Js a powerful inch- 
tuque that Mows the direct measurement of the thermo- 
dynanue properttes of  ]lptd ve~]eles Such measurements 
can reveal the extstence of dtstmct subpopulattons within 
the hptd sample and the extent to wtuch bound proteins 
affect its thermodynamic hehavmr In the present study. 
we report the results of an t  systematm investagaUon of 
the effects of mehttm on fused umlamellar vest¢le$ of 
the zwtttenomc phosphohptd. DPPC, for a number of 
different hptd-to-protem molar ratios, made using 
bagh-sensRt~ty dtfferanttal seanmng eMonmetry Me.a- 
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surements have boon made under conditions for wbaca 
the protect, IS monomanc or tetramenc in solutmn m 
order to explore the effect of protein aggregauon on the 
hptd thermotroptsm The results of the present study 
shed hght on the state of aggregation of membrane- 
bound mehttm, a subject which Is curremly under de- 
bate [11,17-19] They also show that the protein ex- 
hibits a much gloater affimty for the vesicles when tt ~s 
tetramenc m solution Furthermore, for monomenc 
mehttm in solution, the free protein appears to make a 
contribution to mehttm-mduced vesLcle fusion, perhaps 
through d',e formation of protein budges between up- 
posed ~estcles 

Materials and Methods 

DPPC was obtained from Avanta Polar Llptds 
(31tmmgham AL), wl'ale mehttm was obtmned from 
ICN (Cleveland~ OH) Both were used vathout [urth~ 
punfmatton Buffers used were 50 mM Tns /10  mM 
F..DTA (pH 7) or 50 mM Tns /10  mM EDTA/2  M 
NaCi (pH 7) as noted For the mehttm concentrations 
used m these experiment& EDTA at a concentration of 
J.0 mM is sufficLent to chromate the acuwty of any 
re .dual  phosphohpas¢ A z m the sample (Ref 20 and 
Bradnck and Gcorghtou, unpublished observauons) All 
buffers were prepared from triply dtstdled v,~ier 

Lipid concentratmns of the scanned samples ~ r e  
determined by a modified Bartlett phosphate assay as 
desm'lbed by Mannettl  |21] TypLeaily, the hpld con- 
centratton was about 2 mM For each value of R, an 
mdlvtdual sample was prepared by adding mehttm to 
¢¢slcles m a procasely measured volume from a 2 mM 
stock solnuon of the protein &ssolved m the same 
buffer as was used to make up the hpid sample (t e ,  low 
or bagh salt as noted) For the loweSt ratio used (R, = 
20), the concentration of mehttm (0 1 raM) was low 
enough for the protein to be tn the monomenc form m 
the absence of salt [3] After the addthon of mehttan, the 
pro tem/hptd  samples were incubated for 30 rrun at 
51°C m order to allow for bmdm 8 of the protein to the 
hpld ve~eles and thear subsequem murphologmal 
ohanges~ 

The vestele prepaxataons used m these experiments 
were FUVs, winch were prepared essenualiy as de- 
scribed by Schullery e t a l  [22] DPPC dissolved m 
chloroform was dried under mtrogen and vacuum desic- 
cated for 24 h to remov© any ~mmnmg solvent The 
dried hptd was then hydrated above T m with 50 mM 
Tris/10 mM EDTA (pH 7) buffer and vortexed to give 
a d~slxraon v a t h a  concentration of 50 m g / m l  The 
&spm'slon was then someated to clearness m a Labora- 
tory Supphes batb saturator and canto[uSed at 15000 
× g for 60 nun above the tran~Uon temperature to 
remove any remaining mttltdamell~r ve~leles. The sam- 
rated vesicles were subsequently incubated at 4 ° C  for I 
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week before use This low-temperature incubation re- 
duces the ve~lcle~ to f~e  and produces a homogeneous 
population of single tarncllar restates wnh a dtam0ter of 
approx 900 A [23t 

To obt,un F U ~  m a basra-salt buffer the vesr=.les 
were prepared as lust described in addmon, after the 1 
week incubation at 4~'C, a 5 ml solution of 10 mg/ml  
FUVs was dialyzed overmght at 55°C agaLnst 4 ! of 50 
mM Tn~/10 mM EDTA/2 M NaCl {pH 7) buffer For 
mdlvadua| scans, ahquots of tins hpld stock ,,~ere diluted 
to the desired concentration 

Calonmemc measurements were performed v, ath a 
bh~.rocal MC[ or Mtcroca| MC2 differential scanPmg 
calonm~t¢~ The sensmvtty and precision of the MC1 
calornnetrm unit were unproved by the use of two 
separate Kelth1¢y amphflerS connected to the heat 
capamty and temperature outputs of the mstnh~ent 
Each taler, mawr was interfaced to an IBM PC through 
a Data Tran,,latmu DT-SO5 A / D  converter for auto- 
matte data collectmn and processing Data were col- 
It. -ted at 0 03 C ° mtet~als and stored for subsequent 
analys~s All the calorimetric scans were performed at a 
scanmng rate of 20 CO/h 

The fraction of mehttm bound to FUVs was de- 
tenmncd u~ng two dtfferem methods This mformatLon 
web f l c c e s ~  in order to obta.m from R, the molar 
ratio of bound mehttm to hpld Samples having various 
values of R, v.e~= prepared as described a b o ~  In the 
first method, th "y were then cenmfnged at Tra for 0 5 h 
at 6 5 0 0 0 × g  Followmg this. the s a m #  tubes we~ 
removed and maintained at T= whde the aqueous por- 
tions were egtracted For samples prepared Ln low-salt 
burrer, the aqueous portion corr~ponds to the super- 
natant, whmh was quite easdy drown off For samples 
prepared in high-salt buffer, the vesicles float and form 
a fdm on the surface of the solution In order to avoid 
disturbing the film, portions of the aqueous phase were 
removed by pxercmg the side of the centrifuge tube with 
a hypoderrme needle and drawing off the sampF, vnlh a 
synnge The concentration of mehttm m the aqueous 
phase was detenmned by me.asunng the fluorescence 
intensity of the sample at 3:50 t-fin, with excttataon at 280 
nm The e.,xcttataon and eratssion hundredths were both 
1O nm Th~ was compared ,oath the fluorescence inten- 
sity of an aqueous solution of known mehttm con- 
centration to deterrmne the unknown concentrauon 
The unknown samples were diluted as necessary m 
order to adjust their absorbances so as to mmutam 
proporttonaltty between fluorescence intensity and con- 
centration The aqueous portions were also assayed for 
phosphate, as de, scribed above, to detemune how much 
hpld there was m them G~von the total amounts of hpld 
and mehttm m the samples, as well as the hpid and 
mehtun m the aqueou~ portions, we calculated the 
hptd-to-grotem molar ratios of the pellets In doing thus, 
we took rote account the fact that the absolute flue- 
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rescence intensities of free and bound mehttm differ at 
350 nm We assumed that the molar ratio m the pellet 
was akq the rauo of meltttm bound to the hptd m the 
supe,'xaatant agd t.alculated the amount of f-.a~ me!,.tt,~ 
based on tlus In no case did the fraction of bound 
mehltm differ from the uncorrected vatue (baaed simply 
on the total amount of mehttm m the supernatant) b~ 
mole than 10% 

In the second method, we deterrmned the fraction of 
hound rnehttm by measunng at the lipid Tra the fluo- 
rescence amsotropy of mehttm .n hpld sampleq pre- 
pared as described above The amsotropv, r, ts g~ven by 

lv'v ~ I;  n { l g v / l ~ r l  ) 
r = lvv +21VH(/llv /]llli) {]L) 

where V and H stand for vertical and honzontal orien- 
tation, respectively, and the first subscript refers to the 
exotatmn polar'Lzer, wtule the second subscript refers to 
thL enus~lon polarizer For a system eonslstmg of free 
and bound hgand, the amsotropy of the sample is easdy 
s~.own to be g]~,en b~ 

elcfqrr f + ebcbqbr b 
r : (2) 

t / t i q l  + ehchql, 

where r, q, e and c are the emassmn amsolropy, fluo- 
re,,ct.nce quantum yteld, molar absorption coefficient 
and molar concentration of the hgand m the sample. 
subscripts b and f refer to bound and free hgand, 
respecttvely Also, the fraction of bound hgand, fb, is 
gwen by 

/b - ~*/", {3) 

where c, - c b + e r It follows from Eqns 2 and 3 that 

( c r / % ) ( r - - r f )  

1~ = { q ~ / q r ) ( r t _ r ) + t t r / % } (  r rt ) (4)  

Samples were exoted at 297 nm m order to maxtmme 
the fluorescence amsotropy of mehttm Etmb$ion was 
observed at 335 nm A bandwidth of 10 nm was used 
for both the excRaUon and ermsston monochromators 

We found the value of r e m low.salt solutmn to be 
0 049 We obtained a value for r b m low-salt solution m 
the following way First, we measured r for R~ = 200, at 
wluch mehttln ls 95~ hound as Judged from our centn- 
fugatlon data (see Results) We theax used Eqn 4 to 
calculate a value of 0 190 for r b It was necessary to 
obtam r b m tMs way because, e v e n  at R, = 1000, meht~ 
tin is not completely bound as calculated usmg our 
binding data Thus, tt was difficult to obtain a sample 
whteh contmned completely bound mehttm and which 
hdd a measurable fluorescence mtenstty The alterna- 
twe, wluch would have been to use a much higher 
concentration of mehttm would haee reqmred the use 

of a much higher hp]d concentration, for which there 
would have been a concomttanlly large increase m the 
amount of scattered light For flus reason tt was also 
d,fLeult to deterrmne el,, ~o that we took e b to be 
approxtmately equal to el, as was prewously estabhshed 
re, small umlamellar vesicles [5] 

We deterauned the value of q b / q t  to be 1 74 for 
low-salt sohittons The fluorescence spectrum for hound 
melittm was corrected for sc0tlered hght as was prevt- 
ously described 151 A hpld /pro tem sample with an 
mcubattOn rat, to of R t = 200 was used to deternunc the 
bound spectrum The quantum yield so obtained was 
corrected for the fraction of mehttm that was actually 
free m solution (see above) 

For raSh-salt sohilions, we obtmned values of 0 0ST, 
0 141, and 1 70 for rl, r b and q b / q t ,  respectively A 
hpld /pro tem sample with an meubatton ratto of R, = 
200 was used to obtain r b and qb here, as well We 
note, however, that m hJgh-sah solutions, me.httm ts 
completely bouud at t~s  ratio (see Results) so that, 
unlike the ease of the low-salt sohittons, no correetmn 
had to he made for partial binding 

When deterrmmng the contribution of hpld scatter- 
mg to the polarized fluorescence signal, a correctmn was 
apphed for the reduetton m the turbtthty of FUVs 
induced by mehttin (Such a reduction was prevtously 
reported for multdamellar vesmfes [20] ) This correction 
was determined by eompatang the mtensmes of hght 
scattered by the meht tm/hp td  sample and by a hptd- 
only solu~ton at 540 rim, at whteh wavelength mehttm 
does not fluoresce 

All fluorometnc measurements were made on a spee- 
trofluorometer, prewously descnbed [ 2 4 ]  All absorp- 
non measurements were made on a Vanan Car~ 2200 
spectrophotometer 

Results 

Results from our measurements of the spectflc heats, 
Cp, for heating scans of DPPC FUVs mcubated wtth 
mehmu at vanous values for R, are shown m Figs 1 
and 2 Fig 1 depicts Cp as a f-notion of temperature for 
experiments performed m a low-salt buffer, whale FIg 2 
shows the same for experiments performed m the pres- 
ence of 2 M NaCI The ftrst panel (A) m each figure 
shows the transition profile for vesicles tn the absence 
of mehttan Irt the case of a low-salt solution (Fig 1), 
the value of the transmon enthalpy was found to be 8 3 
kcal /mol  Tlus ts in excellent agreement with the prcva- 
ously reported value of 8 4 kcal /mol  for this quantity 
[25] Moving through the figure from left to right, one 
can see from the next panel (B) that for R, = 193 the 
hptd pretransttmn has been abohahed and the maxb 
mum specific heat and the enthalpy have been reduced 
An approramate doubhn~ of the amount of mehttm 
(R, = 107, panel C) causes a further reduetion m the 
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Pzg I Plots of Ihe specific brat, Cp (for h~aUn$ scans) as a f~nct~on 
of letup°mime fo~ D]~[aC FUVs rot.abated with mebttm at the 
following hp~d-to-protem molar ratzos R, m Iow-sah buffer (A) 0 
(B) 193 (C) 107, (D) 33 and (E) 20 The temperature ~calc for each 
panel extends from 30 to ~O°C All of the profiles have ill° same 
vertical scale Me~uremen~ were made on a Mtcrocal MC1 lugh. 
sensmwty &fferentml scarmmg calorimeter, Lhe data were collected dl 
005 C ° mtervala by an IBM PC eq.mppM w~th a Data Translauon 
DT-805 A/D convener The scanmng tale was 20 C° /h  ~ buffer 
was 50 mM Tns/lO mM EDTA (pH 7) prepared m triply d~st|lled 

water 
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Fig 2 PIo~s of the specd'~ h:at Cp (fo~ kedtm~ ~ans) as a funL;tlon elf 
temperature for DPPC F1.J'v mcubtted ~mth mehtun at the followiug 
bpld-to-pr0tem mol~ ratLos R, In hlgh-sah buffer (A'~ 0 (B} 162 [C) 
46, (D) 24 and (E) 20 The ~empcrature scale for each panel ¢xten,:I5 
from ~D tO ~O°C A]| of the m~ufdes ha~e the b.~rue xertlcal scale 
Measu~em~.nls wt.re made on a N~.crocal MCT_ hJgh-~en,~m~ty dlf- 
ferentml scanning calorimeter the data were collected at 005 C ° 
iillerval~ bY an IBM PC equ,l~wd path a Data Translauon DT-805 
A/D converter The scanning r~ e wa~ 20 C° /h  The buffer wa,~ ~0 
mM Tns/10 mM EDTA/2 M NaCI (pH 7~ prepared m tnplv 

dm~tlled watar 

sperafic heat  and en tha lpy  The  translo.on proh le  is std[ 
d e a r l y  symmetrical ,  however The fourth panel  (panel  
D,  R, = 33) continues the t rend ~ the reduct ion m 
specific hea t  wi th  moreasmg mehtl.Ln concentrataon 
There Js also a conconntan t  reduct ion m the cooperat tv-  
Ity of  the t ransiuon,  which is ewdenced by the broad-  
e m n g  of the t ransi t ion prof'de There has  been ht t le  
change m the transttaon enthalpy,  however, bet',~een t lus  
(R ,  = 33) and  the previous mcubatzon r a u o  (R ,  = 107) 
(Indeed,  they b o t h  possess approx imate ly  the same 
mola r  rat io of bound  protem-to-hptd ,  see below ) Wtthan 
exper imenta l  error, the t r a n s m o n  tempera ture  remmns  
unchanged  through panel  D One also observes the 
appearance  of a shou[der on the low-tempera ture  side 
of  the peak  This  shoulder  seems to be  centered at  
approx  dO 7 ° C  (as  judged  from a larger-scaled plot  of 
the profde,  not  shown) and  has  an  area equal  to  abou t  
one-third tha t  of the total  p rofde  area The f inal  panel  
(E) depic ts  the t ransi t ion profz[e for .R~ = 20 The  pnn-  
c tpal  peak  is now at  40 5 ° C and  appears  to cor respond 
to the shoulder  which was  seen m the preceding profde  
( D )  In  facL the height  of  this  peak  seems to have 
remained undmumshed  wi th  the a d d m o n  of more  meht -  
tm  and  is located at  the same (or a shghdy  lower) 
tempera ture  To  the n g h t  of the new peak  ts wha t  
remmns of the once pr inc ipa l  peak,  s td l  centered at  
approx  41 7 ° C ,  bu t  wbach has  been .so reduced m 
cooperat tvt ty as to be spread  out  over  a range of abou t  
10 C ° 

F,g  2 shows the same type of progression for *.he 
case of protein and  hp~d m :he presence at" 2 M NaC1 
~,~ .t:,e_fo,'p the fi~-st panel  (A) ~ v ~  the translUon profile 
for the pure hp td  m the absence of  meh t tm A value of 
"~ 6 k c a l / m o t  was  obta ined for the enthalpy of the 
t ransi t ,on under  these conchUons, as compared to  8 3 
k c a l / m o l  m the absence of .~dt Also, the temperature  
corresponding to the peak was found to have increased 
shght ly  to 42 7 ° C, as was the temperature  of  the pre- 
t r ansmon  (from approx 3 5 ° C  m the case of  low salt  to  
approx.  3 7 ° C  here) Clearly, the prew, ence of  sal t  at a 
]ugh concentra t ion has  had  an effect on the behavior  of 
the hptd,  wluch includes the dynamzcs of the acyl chums 
as well  as  interact ions at  the headgtoups,  with wlueh the 
p re t r ansmon  is assoc |a ted The  next panel  to the n g h t  
(B) shows that  the prelranst t ton has been abohshed by  
the t ime one  reaches R,  = 162.. The adchhon of meht t ln  
has  a lso reduced the height of  the profde and the 
enthalpy of  the t ransnton No  effect is  observed on the 
width  of  the t ransdton,  however. The huddle  profi le 
(panel  C, R~ = 46) cont inues the trend of the reduct ion 
of peak  height ~t'ld enthalpy w'tth mc~easmg meh t tm 
concentra t ion.  The peak  has also become broader,  which 
reflects a decrease m the coOp~'aUvLty of  the hpld phase  
t ransi t ion One a lso  notes the appearance  of a shou |der  
on the peak, centered at 4 0 ° C  This  shoulder  was first 
seen m profi les for molar  ralLOS of  R , = 6 5  (dam not  
shown) For  R,  = 24 (panel D)  the peak  height  has  
again been reduced and the prof i le  has  become much  
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Fig 3 Pl0~ of th~ transition enth~dpy Aff vS bound proi=.n-to-hp=d 
tnolar r,tho P/L for DPPC FU~'~ meUbaled v,~th nmhttm at various 
hp~d-to-protem molar ratios Th~ buffer v, as 50 n~d Tns/10 mM 
ED']rA (pH "7) prepared m reply &sulled wate~ The enthalpl~ have 
beer- normahzed to that of th~ vesicles zn the ahgeR¢¢ of protein, 
da ,~=83 kcal/mol The str'?A~3t inle represents the ~I fit to the 
data for a v-intercept equal tO umty The ~1o~, which g~v~ the 
oumb~r of boundary kptd molecules per protean n~eeule, wa~ de- 
terouned to be 99~0 7 Prottao/hptd sampleg f~r ~hmh the pro(des 
cr..~btted more than a single peak (R ~ 30) ~,,ere exeladed from dm 
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Fig 4 Plot of the translllOq entha]py.dH vs boimd protem-lo-hpid 
molar rauo P/L for DPPC F'UV:. J£¢ubated with mellttln at various 
hpld to-protein mol&r ratios The buffer was 50 mM Tns/10 mM 
EDTA/2 M ~.~oCI (pH 7~ prepped In tnplj &std]ed water The 
enthaIp~es have been normalized to that ~f the v~mles in the absence 
of protean. /tHa = 6 6 kcal/mnl The strmgh~ hne r01~0~llts 4h4t [}e~t 
fit to the data for a v.lnlero,pl equ M to umty The slope, which glve~ 
the number of boundary hF~ld molr~ul~ per protein molecule', w~ 
deten'amed to be 4 1 ± 0 5  I:rotem/hp~d samples for whmh the pro- 
files cxlubzted more th~n a single peak (R, .g 40) w~c excluded from 

th~ ~aph. 

b roade r  Finally,  the above  charac tens t tes  a re  fur ther  
accen tua ted  m the last  p rorde  (panel  E, R , ~ 2 0 )  In  
fact, the degree of  change f rom the p rewous  profde  ~s 
qmte  p ronounced  consadenng  the small c h a n g e  m the  
incubat ion  ra t io  ( f rom R,  = 24 to  R ,  = 2 0 ) ,  the p n n -  
o p , d  0 e ,  original)  peak  has been  great ly  reduced m 
height  ( ahhough  not  ~gmf lcan t ly  broadened) ,  while the  
peak  on the low- tempera ture  side has increased ~ts 
cont r ibu t ion  to  the  overal l  profile ln te res tmf ly ,  the  
tugh- tempera tore  peak  was  s ic( ted to  43 5 ° C ,  M u c h  
amoun t s  to a n  increase of  a lmost  1 C ° relative to the 
t ransaaon  tempera ture  o f  the free hp id  in )ugh sdlt 

In order  to determine whether  the calor imetr ic  scans  
were reversible, we  also per formed cool ing  scans  fol-  
lowed by  heat ing scans on  the same samples,  lo t  a wMe 
range  o f  values for  R, m low- a n d  tugh-saIt  solu tmns  
(pro(des not  shown)  We found  tha t  m the case o f  the 
h~gh-sa)t samples,  the c a l o n m e t n c  scans  were  reverslhle 
for  the whole range  o f  incuba t ion  ra t ios  R~ used m our  
s tudy  The scans were also reversable for low-sah  sam-  
pies a n d  R,  ~> 30 In the ease of  the low-salt  samples  for  
R, _< 30, hea t ing  scans a lways  gave a s~mpler, less s t ruc-  
turext t r a n s m o n  pro(de  t han  did  the cool ing scans  (The 
la t ter  showed a smaller  peak  on  the  low-temperature  
side of the mare  t r ans t aon  profile ) 

Figs 3 a n d  4 show the t r a n s m o n  enthalples,  A H ,  
normahzed  to the  enthalptes of the free hptd ,  / t H  e, 
plot ted  w the cor respond ing  b o u n d  protem-to*hptd  
molar  ratios,  P / L ,  for  the low- and  ]ugh-sal t  exphrt- 
meats ,  respe.¢ttvely The cor responding  values for  3 H  0 
were found  to be  8 3 a n d  6 6 ken t / r ee l  In  the ease o f  
Fig 3, the results f rom the  low-sal t  b ind ing  exper iments  
were used to corr¢¢~ the m o l a r  incuba t ion  rat ios R,  fc, r 

the presence o f  free pro te in  m o r d e r  to  o b t a m  the mola r  
rat ios  o f  b o u n d  m e h t t m  to hptd Fig 5, which shows the 
pereent, lge o f  b o u n d  meh t tm  as  a funct ion  o f  R ,  fo r  
samples  m low-salt  solut ion,  was  used to  c a r r y  ou t  dus  
correc t ion  * The  c, lus tc rmg of  points  m Fig 3 a t  a 
protcm-to=hptd  mola r  ra t io  of abou t  0 01 ]s due  to the 
f,lcl that ,  below a n  incuba t ion  ra l to  of  R = -  100, the  
hp td  vesicles r ap id ly  a p p r o a c h  being sa tu ra ted  with 
m e h t t m  to the m i n i m u m  hpg l - t o -bound -p ro t em mola r  
r a t m  of  93 N o  ¢o r r ecnon  of  the  mcubaUon rat ios  was 
necessary  m the case o f  Fig  ~-, as m h tgh-sah  so luuons  
we  have  found  tha t  meh t tm  ts complete ly  h o u n d  over  
the  range  of  values shown.  A~ can  be  seen, the  tow- a n d  
l~gb-~alf ~dta are  fi t ted qmte  well b y  s t rmght  lines a n d  
can  be  modeled  b y  the e q n a u o n  [28] 

"['he solid hne shown in Fig. 5, which Ib s~en to fit the data qmle 
well, was obtmned from a Scatehard-plot analys~ of the data 
Values of K = (2 4 -4- 0 d) ] 0 6 M - 1 aigl n = 93 -- 20 were obtame.d 
for the binding eonMant and the number of hpLdS per m~htun 
binding sac, respecuve]y These vMu~ ~¢ of the same order el 
magratude as those obtained for other mehnm/bptd systems 116,26| 
We nolo that at low hpld-to-pmtem molar tncuba"on taue~, R,, 
mehtUn forms nonvest0ular stru-'tate~, [27] which presumably have 
a different el(italy for mellttm than do FUV~ Therefore~ the 
bmthng cannot be ~sumed m be r ~ r s l b h  a~l th~ descnptton 
shoaid he considered as bea~ o;Jy tJhenamenologlcal Tire data 
were obtained from mdlwduat .~mpies prepared wah the desLred 
values of R; (as were the sampl~ used in the calo~umemc me~slJxe- 
m=nts), not from a single hp]d sampM that was tllmted with 
me]ram Consequently, these cons|derettons m no way affect the 
data analysis which yzeld~ the number of boundary hp~ds per 
protein or the presentatmn of the data m Fig 3 
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where (~,) is the average number of boundary lipid 
molecules per protein molecule and P/L ts the molar 
ratio of hound protean to hpld Least-squares fits to the 
data using tlus mode[ gave values for the slope of 
9 9 + 0 7 and 4 l + 0 5 lipid molecules per pmtcm mole- 
cule for low- and high-salt conditions, respectively 
(Data for mehttin-to-hpld ratms which rx.htbitcd two 
peak~ in the transfllon profiles, R, ..< 30 for low-salt and 
R, _< 40 for lugh-salt solutions, were ex~lbded from Figs 
3 ?nd 4 and from these calo~latmns ) 

Di~usslon 

Ptewous work has shown [hat mehttm exerts a strong 
perturbing lnfltmnce on the order and dynarmcs of the 
lipid acyl ~ n s  [7~29,301 Mehttm llas also been re- 
ported to possess fusogentc actiwty [31-34], the rate of 
which was recently shown to be strongly dependent on 
the state of a:g~,regatton of the protein in solutaoa [33] 
The effects of the protein are quite strong and seem to 
stem not only from the threct perturbm$ influence that 
~t has on the hp~d molecules m ~ts ~mmechate vtcm~ty 
but also from its abihty to mduce large-scale slructt~ral 
reorgam~atton of hp~d vesicles 

In the present work we show that the addition of 
mehttm at low values of R, to FUVs composed of the 
zwtttrnom~ phospbohptd DPPC results m transmon 
profiles whLmh haw two peaks We note that FUVs of 
.~w~ttenom,- phosphohpMs have been report¢d to un- 
do'go fusion m the presence of mehttm [311 Also, 
multtlamellar and small umtametlar yes,des of zvm- 
tcrtomc phosphohtnds have been shown through elec- 
tron rmcroscopy, hght ~attenng and gel filtration [27] 
to form a heterogeneous population of vesicles and 
nonvesleular structures for values of R~ smaller than 30 
In dus heterogeneous d~stnbuUon, new structures, 
formed through the fusogeme propertaes of the protein, 
were found to coexist with the remaining nonfused hpld 
vesicles The exastrnce of tho dmtinct peaks seen for 
small values of R, m the therrnodynanuc profiles pre- 
sented here (Figs. 1 and 2) may be the result of mehttm 
having induced only some of the vestries to fuse and so 
produced a heterogeneous population of hpld vesicles 
winch ~mhthtt diff. 'me melting behaviors An alterna- 
tive rxplartatton for the ongm of tl~s phenomenon ts 
phase separatmn In the ve.~cles used here, whmh were 
composed of st single type of hpid, this corresponds to 
the segregation of membrane-bound mehttm into pro- 
tern-rich domains m the bdayer, with the eoncotmtant 
formation of proton-poor domains The various do- 
mares w~th their thfferent local hpM-to-p~otrm ratios 
would presumably exlubtt different hptd melting pro- 
files On the basts of these data we are not able to 

eh,~n~e he~:ween tht~ hypothesis and that based on the 
forrnat~on of heterogeneous qtrhc~.r.~ ~- '.U, roug.~ ,%31.~,1 
We are attempting to addre~ this ~ssue through ongoing 
work m our laborator~ We note that two studms whmh 
included calorimetric measurements, obtmned data for 
lo~w hpld-to-mrhttm molar runes and tetramcnc rneht- 
tin in ~olution which the authors have interpret-d as 
exhibiting mellttm-mduced phase separaUon Bernard 
et al [4] for aegauvely charged dtmyn~toylpbosphaudm 
and multllamel~ar vesicles, and more recently, Baten- 
burg et ai [26] for dlelmdoylphosphattdylethanolarmnc 
~ultdameilar vesicles 

In companng the fusogemc properties of mehttm in 
the cases of low- and lugh-salt sotutmn% it ts of mler~t 
to note that a recent sludy [33] has reported a much 
lmghef rate of fusion for the latter_ This may indmat¢ 
that the mechanisms of fusmn are also thlferent For the 
lugh-sah soluhons used m tee present study, mehttan ts 
almost completely bound for values of R, at least as 
low a~ 25 (the lowest raho we have used here), whereas 
for low-salt solutions ~t i~ ~ssenttaily bound for R 
~alues down to about 100 (100 is approyamately the 
rmmmum molar ratto of hpid to bound protein, this can 
easily be deduced [rem ~he data presented m Fig 5 ,~ 
Consequently, the evolution of the thermal trarmtton 
profiles as R~ dexrreases for the former solutions (Fig 2) 
stems cxt.luslvely from the eff~t of hound mehtUn, 
whereas for the latter solutions (Fig 1) free mehttm 
appears to make a contnbutmn as ~ell for R, ~< 100 if 
mehtun which is [rt.~ in solution plays a rote in vvslclc 
fusion, then tMs proces~ presumably becomes more 
efficient as the amount of fre~ mehttan increases for 
values of R, progres~ve|y IoweX than I00 Tlus eouM 
explain why the low-salt profiles continue to evolve [or 
R, ~< 100, even though the ratm of hI:ld to bound meht- 
tm remains virtually unchanged. A plausible mechamsm 
for the enhancement of fusmn by frye mLhttin m~.y be 
the format_ton of protein bridges bet-,~eem apposed 
vesicles "Flus could be aecomphshed by the anchonng 
of the posmvely charged N- and C-tomato of the pro- 
tern on the outer surfaces of the two bflayers This typ~ 
of mechanism (l e. budge formation) has been sug- 
gested to cnptain ho','~ the CaZ-%mduced tuston oI 
charged vesicles is facihtated by the adrenal medullary 
protein synexm [35] and aIso how poly(L-lysme) causes 
the fuston of ves,-cles composed of chpalrmtoylphospha- 
adylglycgrol [36] 

In prqoartag the hpid/mehttan samples used m this 
study we have observed that for low values of R~ (less 
than about 30) the tow-sah samples show a conmderahle 
increase m tt.rhldlty when they are allowed to warm 
above T., Tlus suggests that for samples ~ t h  R, _< 30 
the thsco~dal and/or  other nonvestcular structures 
formed through the fasogeme properties of mehttm [27] 
may coalesce to form larger structures when the sample 
temperature ts allowed to pass above T~ Such a tran~a- 
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Fig 5 Plot of  the percent of total rnchttra added wMch ts bound to 
DPPC FUVs m 50 mM T n s f l O  mM EDTA (pl t  7) buffer at  4 t ¢ C ,  
~s a function of the hp]d-io-protem molar mcubatton [aim R, Open 
Ltred~ denote values obtained using uttracentn fugaUon, whereas clo~cd 
carcles ,senate values obtmned using fluorescence amsotropy (see 
M~ttcrt~ and Methods) These data tvere used with the molar mcuba 
tmn thUDS R, to obtain the molar xalto of btmnd mehttm to lipid for 
lhe data prt~ent~l m r ig .  3 Also shtxa-a as the be.st fit to the data  
(sohd hne) wlueh wa~ generated using the appareni values for the 
brooms constant ( K =  24 10 6 M ~) and the number of hptds per 
protein hmdm:~ ~.lte (93) obiaaned "~a a computer analy~as of the data  
(s~¢ [xrs~ footnote) The data and ~,urv¢ arc for a lipid anne.eat.rattan of  

1 raM 

non from nonvestcular to vesicular structures was previ- 
ously observed for mehttm incubated wtth DPPC multi- 
lameUar vestries at low hp~d-to-meh*'jn molar ratios 
[37] Our calorimetric measurements made on low-salt 
samples reveal that the transmon profiles are reversible 
for R, _>. 30 and srreversthle for R ~  30 (see Results) 
The nonvcslele-to-vesmle lraOhltion may be the source 
of this "trreverstinhty" for the latter ratms It may he 
argued that the seanmng rate used m these experiments 
(20 C " / h )  is too fast for this process, winch is taking 
place in addmon to the melting of the hptd acyl chains, 
to ~dequately approximate equlhbrmm thermody- 
narmcs Scanmng at 10 C ° / h ,  the slowest rate possible 
for the MC2 nueroealonmeter, did not stgmfleantly 
change the malting behavior, however Ahernatlvely, the 
soanples may be sho~mg true lrreversxbthty or hyster- 
e,t~-hke behavior, so that the types of structure one 
ends up vath (m, for mst~_mce, passing through Tm) may 
depend on those with wlueh one started Coneemmg 
thts latter p0sstblhty, however, we observed that for 
repeated heating and cooling scans performed on the 
same sample, there was very htlle thfference between 
scans having the same direction m temperature change 

For all values of R,, lrrcvers~bthty was not observed 
m the heating and cooling scans made on high-salt 
samples ~'12".~ ~. may bc the result of the salt runs ha'nng 
stainhzed the structures ~hlch were formed Ihreugh 
mehtun-mduced fun,on, so that upon pasmag through 
the hp~d T,~ they do not coalesce, urdlke what we 
suggest may be tht. ease for the low-salt samples with 

small values of R, In tlus respect, we did not observe a 
stgraheant change m the tunbtdity of Ingh-sah samples 
~ath low values of R, when they were cycled through 
the hptd transition temperature Tins ts m contrast to 
the behavior of the lov,-sah samples An allernauve 
explanaUon for the difference m rcverstbthty seen be- 
tween the low- and Ingh-sah samples ts that fumon as 
reduced by tetramenc mehttm may lead to structures 
that are inherently more stable than those that are 
ton'ned through rnonomer-mduced fusion With regard 
to this latter hypothesis, monomene and tetramene 
mehttm have been reported t331 to cause greatly differ- 
eat rates of vesicle fusion Tins suggests that they may 
also have thfferent fusion meehamsms, wMeh may lead 
to different Mfucture2. being formed m the two cases 

There has been considerable dis~ssmn concermng 
the conformation and state of aggregation of mem- 
brane-hound melitttn beveral models for the former 
have been considered, including the wedge [38,39], the 
trans-membrane a-hchx [39] and an a-hehx with its axis 
parallel to the btlayer surface [40] These models all 
a~sume that the protmn exists as a monomer when 
bound to the memhrane Con~ctmg conelusmns have 
been reached, however, eoneermng the state of agsrega- 
lion of mehttm m hpJd vesicles [17-19] These studies 
have used the technique of resonance energy transfer 
and have reported very different findings for mehttm 
bound to dlmynstoylphospha*tdylchohne small un- 
llamellar vesicles Hermetter and Lakowtcz 118] have 
concluded that bound mehttm ts monument in the 
presence and in the absence of 2 M NaCl, whereas 
Vogel and Jdhmg [17] have concluded that it ts tetra- 
merle m the absence of 2 M NaCt Talbot ¢t at 1191 
have found that the slate of aggregation of membrane- 
bound mehthn depends on the salt concentration 
Low-salt solution.s were found to have mehttm bound as 
a monomer, wlule solutions which cantina 0 5 M NaCI 
were found to have mehttln bound as a monomer and 
mixed ohgome~s Vogel and Jahnlg [17] have also pre- 
sented a model for the tetramer that consists of four 
bent a-hehees (the mehttm monomers) wht-h are ap- 
proximately parallel voth one another and wlueh are 
oriented so that the hydropinhc anuno-actd residues are 
on the reside of the tetramer (winch may serve as a 
channel or por¢. [41,421) The hydrophf~blc residues are 
on the outs,de and are exposed to the apolar interior of 
the bllayer rote which the aggregate ts embedded (see 
Fig 10. Ref. 17). AS was pomted out by Talbot el aL 
[19], the dlffern-g results of the three resonance energy 
transfer studies [17-19] regarthng the state of aggrega- 
non of membrane-bound mehttm may be due to dif- 
ferences tit the types of protein modification made 

In addition Io the above resonance energy transfer 
studies, Slamslawski and guterjans [11] have used t3C- 
NMR to mvesttgate the conformauon and state of 
aggregation of membrane-bound mehttan They have 
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studied the binding of tetramerlc mehttm * (labeled 
wtth two 12C-methyl groups e~ch at I)~tne residues 7, 2I 
and 23) to dtmyristoylphosphaBdylehobne umlamellar 
vesicles Under these condtttons, they report that meht- 
tin brads as a monomer having the wedge conformation 
Considering the disagreement that esu~ts between the 
results of these studtes [11A7-19 l, all of wluch used 
ehelmcally modified mehttm, tt would be ot great inter- 
est to obtain reformation about the state of aggregation 
of nonmothfled mchmn m hptd vesicles, The results of 
the pre~nt  study prowde such reformation ~hich is 
discussed below 

The shape of the n.hehcal monomer may be ap- 
proximated by a cylinder which has a radius of 5 J~ [43] 
and a length that would just span the btlayer [17] Its 
cross-sectional area is thus almost tdenttcal to the 
headgroup area of DPPC above the transition tempera- 
ture [44] For hexagonal packing of the hptd molecule% 
one would therefore expect th,a for a mehttan monomer 
wlllch ~pans the bdayer each protein molecule would be 
surrounded by 12 hptd molecules (sot m ea~.h leaflet of 
the btlayer) The protein would presumably prevent all 
12 hptd molecules from participating m the phase tran~ 
sit,on, so that 12 would be the prethcted number ot 
boundary hp~ds tn tins ease In contrast to this, the 
model proposed by Vogel and Jahmg [17] for the mem- 
brane-bound tetramer suggests that the protein aggr.':- 
gate would be surrounded by approx 20 hptd molecules 
(ten m each leaflet of the bdayer), or five hpld mole- 
cules per protein molecule Our results show that for 
high-salt solutions m winch mehttm is, tetramene each 
bound protein moleaule removes between four and l'tve 
hptd molecules from partxctpatmg m the phase ffansl- 
t.ton This fmdrag ~s m good ~greeme.nt ~nth our predic- 
teen wlneh ts based on the tetramer model of Vogel and 
Jahmg For other models of the membrane-burred 
monomer, mehttm would still possess boundary hp~ds 
much greater m nmnher than that which we have found 
for the high-sell solutions For the wedge model, each 
half would seem to be m contact w~th sex hptd mole- 
cules Also, for a moqomer only parttafly embedded 
mid the bflayer, the hydrophobtc segment would be 
surrounded by six hptds and} m addmon, the segment 
bound to the membrane surface would perturb the hptd 
molecules beneath tt Thus, despite the diff~rent possi- 
ble conformations [or a m~mbrane-bound monomer, 

* Unhk¢ the present study and thmle, of R©rs. 17-19 th¢~ aathotx. 
have oblame, d tetramcn¢ md~ttm m sdulatm b~ using a very high 
o~ll~nlxatmn ot mcltnm in a low*salt soluUon With reslxxt to tim 
dtffere¢¢~-~ toiu¢. ~[fo~t$ may play a role m the binding of mehttm to 
vesR,¢, oy shielding charges on the b.pzd arm on the protein The 
lagh mehttm cun¢=ntratlons ne~[¢d tO ensure a mehlun tetramcr tn 
low.salt solutmn, however would have no.ess~tated our usm 8 ex- 
tremely high hl~M coneentratto~ (up to about 500 raM) These 
po~e Serious techm~.al diffmultms that prevented the quantification 
of these ¢fr~ts  m lh© present ~tudy 

there l~ a ~tgmfmant difference between thgar predicted 
number of boundary hptds anJ that predicted by the 
tetramcr m xl¢l * The fact ~hat our value for the num- 
ber ot bom,darv hplds ts shghfly lower than that predtc~ 
ted by the latter may he due to stmphfymg assumptions 
made about the sizes and packing of the lipid and 
protein tnt~lecalt.~, and to the presence of some higher- 
order mel,tttn ol~gomers winch WOuld setWt, to l o w e r  

some~ hat the ,'ne~ured number of boundary hp~ds per 
protein ~ lransmerahrane mehttin hexamer, for exam- 
ple, would posse~ 24 boundary hp~ds (12 m each leaflet 
ot the bllayerL or fvur hp,ds l:er protein molecule That 
our mfelenee regarding the state of aggregation of 
hptd-bou¢td mehttln differs somewhat from that of 
Talbot et al [19], who found monomers and rmxed 
ohgomers at a conce0~ratton of 0 5 M NaC1, may be 
due to differences in the salt concentration used For 
the concentrauoa of mehttm used m ge l  19, the pro* 
tern l~ 11ot completely tetramenc m solution at 0 5 M 
NaCI. v, hereas for the mehttm and salt (2 M NaC1) 
coneemratton~ used tn the present study the prote, n 
completely tetramen¢ '.n ~olutlon [3] 

In , ontrast to the above, the results of our expert- 
meats tn low-salt sohittons where mehttm ts monument 
sugge,ts that mehttm binds to hp~d vesmles as a mono- 
mer under these eondttmn~ This is ewdeneed by the 
good agreement between oar value for the number of 
t, oardary hptds per protein (ten) and the number prt~- 
dtetrd by the different models (approx 12, depending 
on 'he degree o[ uxserllmt of the protein into the bi- 
t ay~ r ) 
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