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Summary. - In the haemagglutinin (HA) detergent mixtures coexist 
various protein complexes. Using  l 2 5I-HA tracer, gel  chromato­
graphy, and  centr i fugat ion techniques  w e  f o u n d  protein  aggregates 
comprising u p  t o  eight  H A  trimers.  Format ion  of  t h e s e  s t ructures  
s e e m e d  t o  b e  a func t ion  of  t h e  protein  storage m e d i u m  only. By 
contrast ,  special propert ies o f  t h e  de tergent  as well as physicoche-
mical condit ions dur ing  t h e  pro te in /de tergent  interaction h a d  
nearly n o  inf luence.  
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Introduction 

Detergents  are  f requent ly  u sed  fo r  isolation, purification, characterization, 
and  reconst i tut ion of  m e m b r a n e  proteins.  T h e  exact way of  interaction 
be tween  detergents  a n d  proteins  is u n k n o w n .  I t  is o f t e n  a s sumed  tha t  t h e  
protein molecule  gets  inser ted in to  a de tergent  micelle or,  alternatively, t ha t  
detergent  molecules  f o r m  a monolayer  a round  t h e  hydrophobic  domains  of  
protein molecule  (Moeller  et al., 1986). Bu t  it is also possible t h a t  p ro te in /  
detergent  complexes  with several protein  molecules  may  b e  fo rmed .  Struc­
tu res  like t h e s e  were  extensively s tudied by S imons  a n d  coworkers us ing  t h e  
spike proteins  of  t h e  Semliki Fores t  virus (S imons  et al., 1973). T h e  degree  of  
protein aggregation a n d  t h e  na tu re  of  pro te in /de tergent  interaction m a y  
seriously affect  t h e  funct ional  propert ies  of  t h e  protein o r  its reactivity in t h e  
protein/l ipid reconst i tut ion process.  

W e  were  concerned with these  problems w h e n  investigating t h e  incorpora­
t ion o f  functionally intact inf luenza  virus H A  in to  l iposomes by removal  of  t h e  
detergent  f r o m  t h e  prote in/ l ip id/detergent  mixture .  T h e  H A  exhibits  a couple  
of func t ions :  it bears antigenic properties,  media tes  t h e  a t t achment  of  t h e  virus 
t o  t h e  cell surface and  induces  m e m b r a n e  fus ion .  Literature data  as  well as 
results of  o u r  own showed tha t  t h e  reproducibility of  H A  incorporation in to  
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l iposomes was rather poor with respect to the quantity and quality of  protein 
binding (Huang  et at., 1979; Trudel  et al., 1981; Hosaka et al., 1983; Kawasaki et 
al., 1983; Nussbaum  et al., 1987; Stegmann  et al., 1987; Stahn et al.', unpu­
blished).  T h e  reason for  these  observations may be  d u e  t o  differences in t h e  
protein association within t h e  starting mixture  (Helenius  etal., 1981; M i m m s  et 
al., 1981). There fo re ,  we decided t o  analyse various HA/de t e rgen t  mixtures  fo r  
d i f ferent  H A  species by gel filtration and  centr ifugation.  A few data  refer  t o  a 
t r imeric  H A  s t ructure  occurring in detergent  solut ions at neutral  pH ,  e .  g. in 
Tr i ton  X 100 ( D o m s  et a!., 1986), in Lubrol (Ruigrok  et al., 1986) o r  in Lubrol  
PX and  Brij-36 (Flanagan  et al., 1977). W e  investigated t h e  aggregation s tate  of  
H A  in detergents  of  d i f ferent  chemical s tructure.  T h e  results revealed t h e  
coexistence of  several H A  aggregates differing in t h e  n u m b e r  of  H A  trimers.  
T h e  n u m b e r  of  fractions, as well as  their  size, strongly depended  o n  t h e  storage 
m e d i u m  o f  t h e  protein.  Even in solut ions of  t h e  denatur ing  ionic de tergent  
S D S  dif ferent  H A  aggregates were  present  and  only a partial dissociation of  H A  
t r imers  could b e  observed.  T h e  antigenicity of  H A  in mixtures  with s o m e  
nondena tu r ing  detergents ,  tha t  were  investigated with th is  respect,  was n o t  
impaired. 

Materials and Methods 

Haemagglutinin (HA) and n i  l-haemagglutinin (]25l-HA). In f luenza  X73 (H3N2)  v i ruses  were  
g rown in 11-day-old embryona t ed  chicken eggs and  purif ied b y  cent r i fugat ion  a t  102 000 x g in 
suc rose  gradient  (0 t o  60 %). H A  was split f r o m  t h e  vi r ions  by c o n t i n u o u s  f low centr i fugat ion o f  
t h e  virus  suspens ion  (100 mg'/ml) in sucrose  gradient  0 t o  50 %,  conta in ing  1 t o  1.5 % s o d i u m  
deoxychola te  (102 000 x g, fo r  4 hr) .  Sucrose  a n d ,  if necessary,  t h e  de te rgen t  w e r e  r emoved  by 
excessive dialysis. T h e  H A  was s tored  in p h o s p h a t e  bu f fe red  sal ine,  p H  7.2 (PBS) a t  4 ° C  in t h e  
presence  o r  absence  o f  t h e  de te rgent .  

Bromelain cleaved HA (B-HA) was  prepared  according t o  Brand a n d  Skehel  (1972). B-HA was  
s to red  in PBS a t  4 °C.  Radioiodinat ion o f  H A  a n d  B-HA was carried o u t  applying t h e  ch lo ramine  T 
m e t h o d ,  a s  descr ibed (Stahn  et al., 1987). T h e  specific activities o f  t h e  ' -I- tracers ranged f r o m  
0.03 t o  0.3 M B q / / i g .  In every single expe r imen t ,  protein and  t h e  l 2 5 I - t racer  Used were  c o m i n g  f r o m  
t h e  s a m e  batch .  

Determents. All de te rgen t s  were  p roduc t s  o f  S E R V A  (analytical grade)  and  were  u sed  w i t h o u t  
f u r t h e r  purif icat ion.  

Protein/detergent mixtures. A b o u t  0.26 t o  0.43 / / m o l  H A  w e r e  mixed  with  t h e  fol lowing de te r ­
gents :  octyl-glucoside,  sod ium chola te  (Na-cholate) ,  sod ium deoxychola te  (NaDoc) ,  cetyl t r imet-
h y l a m m o n i u m  b r o m i d e  (CTAB) ,  lauroylsarcosinate,  Tr i ton  X 100 (TX 100), T W E E N - 8 0 ,  
C H A P S ,  Lubro l ,  s o d i u m  dodecylsu lphate  (SDS).  Mixtures  wi th  variat ion o f  t h e  de te rgen t  were  
prepared by exchanging  t h e  de tergents .  T h e  rat io o f  de te rgent  t o  prote in  was  always > 6 0 0 0  ( m o l /  
mol) .  A f t e r  at least 16 h r  (4 ° C  and  r o o m  tempera tu re ,  respectively) t h e  mix tu res  were  separated 
by gel chromatography  o r  densi ty  gradient  cent r i fugat ion wi thou t  change  o f  t h e  de te rgent  
concent ra t ion .  Wi th  s o m e  de te rgents  t h e  condi t ions  o f  incubat ion were  changed:  ionic s t rength  
( f r o m  0.001 to  0.15), p l l  ( f rom 7.2 t o  8.5), t empe ra tu r e  ( -200 °C ,  - 2 0  °C ,  4 °C ,  22 °C ,  55 °C),  t i m e  
( f rom 1 h o u r  t o  21 days),  application o f  u l t rasound  ( for  0.5 t o  15 minu tes ) .  
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Gel chromatography. 1 2 5 I-HA/HA- or  l 2 5 I-B-HA/B-HA mixtures  w e r e  separated on Sephadex 
G-150 (0.8 x 50 cm) or on Sepharose 4-B (0.8 x 50 cm), presaturated with 0.2 % bovine  serum 
albumin, respectively. T h e  elution b u f f e r  w a s  0.0066 mol/1 PBS, containing 0.02 % NaN3 and t h e  
s a m e  detergent in a concentration used in the  starting mixture.  T h e  elution peaks w e r e  characte­

r ized by K a v  = — — —  , v e  be ing  the  elution vo lume  of  the  peak, v 0  the  void v o l u m e  and v t  t h e  total 
v t - v 0  

v o l u m e  of  the  column (Determan, 1967). 
Density gradient centrifugation. Protein/detergent mixtures  (containing the  l 2 5 I-protein tracer) 

w e r e  applied on the  top o f  a 5 to 25  °/o o r  10 t o  50 °/o c o n t i n u o u s  suc rose  gradient ,  conta in ing  t h e  
s a m e  type  and  concen t ra t ion  o f  de te rgen t  u s e d  in t h e  mix tu re  and  t h r o u g h o u t  cen t r i fuged  fo r  a 
per iod o f  16 h r  a t  150 000 x g. T h e  gradients  w e r e  f rac t iona ted  a n d  m e a s u r e d  in a gamma-coun te r .  
T h e  sed imen ta t ion  coeff ic ient  o f  each pro te in  peak was  calculated b y  t h e  m e t h o d  o f  M c E w a n  
(1967). 

Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PA GE). H A ,  var ious  H A / d e t e r ­
gen t  mix tu res  a n d  isolated H A / d e t e r g e n t  f rac t ions ,  conta in ing  t h e  appropr ia te  1 2 5 I -HA tracer ,  
w e r e  e lec t rophoresed  according t o  L a e m m l i  (1970) us ing  10 % o r  15 % resolving gels, a t  p H  8.7, 
a n d  3 °/o stacking gels, p H  6.8. T h e  samples  w e r e  hea ted  f o r  3 m i n  in boi l ing wate r  ba th  wi th  t h e  
incubat ion  b u f f e r  (0.1 m o l / l  Tr is -HCl ,  p H  6.8, 4.6 % S D S  a n d  17 % glycerol).  U n d e r  reduc ing  
condi t ions  t h e  b u f f e r  con ta ined  11 % 13-mercaptoethanol. A b o u t  10 t o  20 fj.\ o f  t h e  cooled  samples  
w e r e  applied o n  t h e  s tacking gel. T h e  e lec t rophores is  was  p e r f o r m e d  a t  2 m A  f o r  2 h r  a t  r o o m  
t e m p e r a t u r e  (e lec t rode  bu f fe r :  0.05 mol /1  Tr is -HCl ,  0.38 mol /1  glycine, 1 % S D S ,  p H  8.3). T h e  gel 
was  cu t  in to  5 m m  pieces  immedia te ly  a f t e r  t h e  r u n ,  a n d  radioactivity was  m e a s u r e d  in a g a m m a -
coun te r .  

Electron microscopy. P repara t ions  o f  H A  a n d  H A / o c t y l  g lucoside  mix tu res  w e r e  m a d e  by adsor­
b ing  t h e  samples  t o  ca rbon  films a n d  negative s ta ining wi th  2 % phosphor tungs t i c  acid, p H  6.5, f o r  
3 m i n .  

Single radial immunodiffusion (SRD). Var ious  H A / d e t e r g e n t  mix tu re s  w e r e  analysed b y  t h e  
m e t h o d  o f  Schild  et at. (1975). T h e  an t i -HA s e r u m  A n t i / A / L e n i n g r a d / 3 8 5 / 8 0  (sheep)  was  
ob ta ined  f r o m  Staatl iches Kontrol l ins t i tu t  f u r  Immunb io log i sche  Arzne imi t te l  (Berlin,  
G e r m a n y ) .  

Results and Discussion 

G e l  chromatography of  HA/de t e rgen t  mixtures  using Sephadex G-150 o r  
Sepharose-4B co lumns ,  a n d  centr i fugat ion applying con t inuous  sucrose  
gradients o ř  5 to 25 % or 10 to 50  °/o, respectively, fu rn i shed  separation profiles 
with several peak maxima.  Typical profi les shown in  Figs. 1 and  2 represent  t h e  
separation results  o f  H A / T r i t o n  X 100 a n d  H A / S D S  mixtures .  T h o u g h  diffe­
ring slightly in  size, t h e  peaks appeared a t  t h e  s ame  posit ions irrespective o f  t h e  
special detergent  applied. T h i s  was t r u e  also with respect  t o  differences  in t h e  
incubat ion t ime ,  tempera ture ,  pH ,  a n d  ionic s t rength of  t h e  mixtures  (see 
Materials and Methods). 

T h e  presence o r  absence  of  t h e  de tergent  dur ing t h e  protein  storage proved 
t o  b e  of  critical impor tance  generally fo r  t h e  format ion  of  d i f ferent  protein  frac­
t ions  (Fig. 3). Fract ion A ,  however,  could b e  detected only if t h e  H A  had  b e e n  
s tored in solut ions f r e e  of de tergent  a n d  fraction D arose only f r o m  t h e  
H A / S D S  mixtures  (Figs. 1 a n d  2). Rechromatography of  t h e  fract ions obta ined 
by centr ifugation a n d  vice versa has  proved tha t  t h e  protein  fract ions A ,  B, C ,  D 
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Fig. 2 
Density  gradient cetrifugation o f  l 2 5 I - H A / H A / d e t e r g e n t  mixtures  in t h e  presence o f  deter­

gent 
2-1 Centrifugation profile o f  the separation o f  a H A / T X  100 mixture o n  a 10 - 50 % sucrose 

gradient 
2-2 Centrifugation profile o f  the separation o f  a H A / S D S  mixture o n  a 5 - 25 % sucrose gradient 

I 

r i g .  i 
Gelchromatography o f  , 2 5 I - H A / H A /  

detergent mixtures in the presence o f  
detergent 

1-1 Eiution profile o f  the separation o f  a 
H A / S D S  mixture o n  Sephadex G-150 

1-2 Eiution profile o f  the separation o f  a 
H A / T X  100 mixture o n  Sepharose-4B 

»0 

Scphorow 4 B 
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f rom gel chromatography and f rom density gradient centrifugation were  iden­
tical. T h e  ratio of d i f ferent  protein aggregates in t h e  start ing mixture ,  as well as 
t h e  isolated fract ions were  stable over a period of  a t  least 10 days a t  4 °C. T h e  
e lut ion constants  Kav and  t h e  sed imenta t ion  coefficients  were  calculated fo r  
each individual peak. T h e  results  are  summar ized  in Tab le  1. T h e r e  were  n o  
significant differences be tween  t h e  values de te rmined  f r o m  mixtures  with 
various detergents .  O n  account  of  missing informat ion abou t  t h e  proport ion of  
de tergent  in t h e  H A / d e t e r g e n t  complexes,  t h e  calculation of  t h e  n u m b e r  o f  
H A  molecules  per  complex was impossible.  Average values could b e  esti­
mated ,  however,  by combining  electron microscopy a n d  S D S - P A G E  of  H A  
fract ions a n d  including bromelain cleaved H A  (B-HA) in to  t h e  investigations. 

Electron microscopic s tudies  of  octyl glucoside solut ions of  H A ,  which had  
previously been  s tored detergent  f r ee  for  several weeks,  revealed t h r e e  diffe­
ren t  types  of  protein s tructures:  single rods  and  rods  associated t o  roset tes  o r  
parts  of  rosettes.  According t o  the i r  th ickness  and  length t h e  rods  represent  H A  
t r imers  (Ruigrok  et al., 1986). T h e  separated protein fract ions A ,  B, C ,  D ,  were  
analysed by SDS-PAGE.  A s  es t imated by comparison with marker  molecules ,  
fract ion A a n d  B yielded bands  corresponding t o  H A  t r imer  aggregates, H A  

without 

ZJLÍ octylglucosidf 

Na-cholate 

Na-DOC 

C T A B  

TX 100 

TWEEN 80 • 
CHAPS 

Lubrol  

H A [ % ]  80 H A [ % ]  

. PBS/23rrM chotate - — H A - s t o r a g e  PBS 

Fig. 3 
Dependence of  t h e  H A  aggregation in the  presence of  detergents  on the  protein storage 

medium 
Data obtained by density gradient centrifugation techniques.  -
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Table  1. Elution constants and sedimentation coefficients of separated HA fractions i n  the 
presence of detergent 

Protein G e l  chromatography • 
Centrifugation 

fraction matrix Ka v  Sed. coefľ. (S) 

A Sepharose-4B 0.3 64 ± 6  
B Sepharose-4B 0.5 44 ± 9  
C Sepharose-4B 0.7 12 ± 1 
D Sephadex G-150 "" 0.4 3.1 ± 1.3 

t r imers  and  H A  m o n o m e r s .  Fraction C furn ished  H A  tr imer-  a n d  H A  
m o n o m e r  bands ,  b u t  in fraction D t h e  H A  m o n o m e r s  were  predominant .  
T h r o u g h o u t ,  H A  d imers  were  only slightly measurable .  Quanti tat ive evalua­
t ion o f  t h e  S D S - P A G E  bands  prepared f r o m  differently s tored H A  prepara­
t ions  pointed t o  a m o r e  extensive aggregation of  H A ,  tha t  had  been  stored f r ee  
o f  detergent .  Table  2 lists t h e  quanti tat ion of  mul t imer  and  m o n o m e r  bands ,  as  
de te rmined  by y -measurement .  

N o t  even by admixture  o f  t h e  strongly denatur ing  agents  guanidinhydro-
chloride and  urea,  a fu r the r  dissociation of  t h e s e  H A  fract ions o r  of  t h e  starting 
mixture  could b e  achieved. Applying reducing condit ions,  however,  SDS-
P A G E  furn i shed  monomer i c  HA1 and  HA2 bands  only, irrespective of  t h e  
protein storage m e d i u m .  

B-HA was isolated by digestion of  virus particles with bromelain,  cleaving 
t h e  hydrophobic  domain  of  t h e  H A 2  unit .  In a q u e o u s  solut ions  at p H  7 a n d  in 
t h e  presence o f  T X  100 B-HA exists as  a t r imer.  T h e s e  t r imers,  however ,  are  
unab le  t o  fo rm aggregates like intact H A  t r imers  (Nestorowicz  et al., 1985; 
D o m s  et al., 1986). Accordingly, gel chromatographic s tudies  of  B-HA o n  
Sepharose-4B and  gradient  centr i fugat ion revealed tha t  only o n e  un i fo rm 
protein species was present  in a q u e o u s  solut ions,  as  in t h e  absence  as  in t h e  
presence o f  nondenatura t ing  detergents .  Its e lut ion constant  Kav o n  Sepharo-
se-4B a m o u n t s  t o  0.7 and  its sedimentat ion coefficient  t o  8.9 S. In contrary t o  
H A ,  S D S  yielded completely monomer i sed  B-HA molecules,  as  observed by 
SDS-PAGE.  

In  nondena tur ing  detergent  solution th ree  di f ferent  types of  H A  complexes  
coexist:  t hose  containing apparently intact H A  roset tes  o f 6  t o  8 t r imers  - corre­
spond  t o  fraction A,  t hose  containing 3 t o  4 t r imers  - correspond t o  fraction B, 
a n d  t hose  containing o n e  t r imer  rod only - correspond t o  fraction C.  H A  m o n o ­
m e r s  (fraction D)  may only be  obtained u n d e r  denatur ing condit ions,  for  
example  in S D S  solut ion.  Reequilibration of  any separate H A  fraction did no t  
occur  within a period of  two weeks.  However ,  it s eems  t o  b e  very improbable 
tha t  this  behaviour  is d u e  t o  a high kinetic stability of t h e  complexes  exclusi-
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vely. Considering, additionally, the dif ferent  behaviour o f  H A  and B-HA rather 
suggests,  that some type of  irreversible association between H A  trimers took 
place in the hydrophobic domain of  the  H A 2  subunit.  Thus,  not  even the  appli­
cation of  denatur ing agents  could dissociate t h e  H A  in to  o n e  single un i fo rm 
species as it was possible with B-HA. 

I t  is n o t  clear which type  of  interaction takes  place be tween  t h e  hydrophobic  
domains  of  t h e  H A  molecules .  A similar resistance t o  dissociation towards  S D S  
has  already been  described fo r  o the r  hydrophobically anchored  m e m b r a n e  
proteins,  fo r  example  f o r  t h e  coat  protein of  bacteriophage f 1 (Makino  et al., 
1975) o r  fo r  glycophorin (Silverberg  et al., 1978). T h i s  behaviour  was discussed 
t o  b e  t h e  result  o f  a reduced  a t tachment  of  S D S  t o  a-helical s t ructures .  Bu t  
s o m e  facts point  t o  intermolecular  S-S bridges be tween  H A  t r imers  a n d / o r  
be tween  H A  molecules  within t h e  t r imers:  (i) t h e  resistance t o  eff icient  dena­
tur ing  condit ions,  (ii) t h e  lack o f  reequilibration of  single type associates, a n d  
(iii) t h e  inf luence  of  t h e  storage m e d i u m  o n  t h e  quant i ty  of  d i f ferent  protein 
aggregates. Moreover ,  t h e  reaction yield o f  t h e  SH-group specific reagent  m -
maleinimidobenzoyl-NHS-ester  with H A  was doubled ,  if t h e  protein  h a d  b e e n  
s tored in t h e  presence of  detergent .  Apparently,  t h e  incorporation o f  t h e  deter­
gen t  molecules  in to  t h e  protein  roset te  h inders  H A  t r imers  f r o m  intermole­
cular reactions. 

Finally, w e  examined  t h e  reactivity of  H A  towards specific ant ibodies  in  
di f ferent  solut ions by radial immunodi f fus ion .  A s  a result ,  t h e  antigenicity 
remained  unaffec ted ,  irrespective of  t h e  de tergent  (lauroylsarcosinate, T X 1 0 0 ,  
Na-cholate,  Lubrol ,  and  octylglucoside) a n d  o f  t h e  storage m e d i u m .  O n  t h e  
o the r  hand ,  in t h e  presence o f  SDS,  t h e  precipitation areas, if observed a t  all, 
were  di f fuse ,  indicating a strongly decreased antigenicity. Apparently,  t h e  
presence  o f  nondena tu r ing  detergents  and  t h e  protein  aggregation in  such  
solut ion are  of  minor  importance  fo r  th i s  property of  H A .  Investigations o f  t h e  

• »  

Table 2. Dependence of the HA aggregation on the storage m e d i u m  of the protein, determined by  
SDS PAGE 

H A  preparation Storage m e d i u m  H A  m u l t i m e r s  H A  m o n o m e r s  
(%) (%) 

1 PBS 80 11 
2 PBS 84 11 
3 PBS 82 9 
4 PBS 83 17 
4 PBS/cholate* 67 24 
5 PBS/CTAB* 71 22 

*Na-cholate: 23 m M ;  C T A B :  10 m M  
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reconstitution of  HA into liposomes shall clarify the influence of  HA aggrega­
t ion and  of  HA/de t e rgen t  interaction o n  t h e  efficiency of  protein incorporation 
in to  l iposomes and  o n  t h e  funct ional  properties o f  H A .  T h i s  could b e  of  inte­
rest  f o r  isolation, purification, and  storage n o t  only o f  H A ,  bu t  also of  o the r  
prote ins  of  comparable  shape  a n d  structure.  
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