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SUMMARY 

Small  l ipoprote in  aggregates  are formed when sodium dodecyl  sulfate-solubi l ized 
membrane  components  are d ia lyzed  agains t  buffer in the absence of d iva len t  cat ions.  
These aggregates  sed iment  as a single peak  in ana ly t i ca l  u l t racent r i fugat ion ,  and  their  
behavior  on sucrose dens i ty  grad ien t  cen t r i fuga t ion  indicates  t ha t  the l ipid is bound  
to the  protein.  Upon dialysis  aga ins t  buffer conta in ing 0.02 M Mg 2+, the  small  pieces 
fur ther  aggregate  to yield s t ructures  having  a membrane- l ike  appearance  in the 
electron microscope.  The collection of larger  aggregates  has been des ignated  Mr' (re- 
aggrega ted  membrane  prime) and has a b u o y a n t  dens i ty  of i . I 8  ~ o.o5 g /cm a. Mr' is 
s imilar  to the  original  membrane  in having  the same prote in  to l ipid ra t io  and the 
same magnes ium to pro te in  rat io.  

I N T R O D U C T I O N  

In  ear l ier  work 1 i t  was repor ted  tha t  the de te rgent  sodium dodecyl  sulfate  
solubilizes membranes  isola ted from M3,coplasma laidlawii, s t ra in  B, and  produces  
separa te  l i p id -de t e rgen t  and  p ro t e in -de t e rgen t  complexes.  I t  was observed 2 tha t  
r emova l  of the de te rgent  b y  dialysis  aga ins t  Mg2+-containing buffer can induce the  
fo rmat ion  of men~branous aggregates  s imilar  to the original  membranes .  Recombi-  
na t ion  of the  pro te in  and l ipid occurs when Mg 2+ is omi t ted ,  bu t  only  smal l  aggregates  
are formed. The na ture  of the  small  l ipoprote in  aggregates  and their  in te rac t ion  in 
the presence of Mg 2+ cons t i tu te  the subject  of this paper .  

* Part of this material has been submitted in partial fulfihnent of the requirements for the 
Ph.D. degree at Yale University. 

** Present address: Cardiovascular Research Institute, University of California Medical 
Center, San Francisco, Calif., U.S.A. 
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MATERIALS AND METHODS 

Membrane isolation 
Growth of M. laidlawii B, introduction of [14C!lipid label, and procedures for 

the isolation of purified membranes have been previously described 1. 

Solubilization and aggregation procedures 
In order to avoid radical alteration of the membrane components 2, sodium 

dodecyl sulfate at a concentration of IO mM was used to solubilize a suspension of 
purified membranes in a 1:2o dilution of/J-buffer (/~-buffer is: NaC1, o.156 M; Tris, 
0.o5 M; 2-mercaptoethanol, o.oi M; in deionized water, adjusted to pH 7.4 with HC1). 
The membrane was at a concentration of approx. 3 mg protein per ml. The solubilized 
material was then centrifuged at 48000 x g for 30 rain and the very small pellet 
discarded. The supernatant was dialyzed for 36 11 against I : 2o fi-buffer with changes 
of buffer every 12 h. No turbidity increase similar to that seen in dialysis against 
Mg2+-containing buffer was seen and centrifugation for 3 ° rain at 48000 x g failed 
to sediment any appreciable amount of material. 

An analysis of the removal of detergent was conducted using 3~S-labeled sodium 
dodecyl sulfate (New England Nuclear Corp.) to produce the initial solubilization of 
the material. Each of the changes of dialysis buffer was analyzed for radioactivity 
and the final dialysate was also analyzed. Progressive release of detergent was ob- 
served; the final dialyzed material contained only 1.7 % of the initial counts. Since 
the material failed to sediment on centrifugation for 30 rain at 48ooo x g, no esti- 
Ination of the proportion of residual detergent bound to menlbrane components was 
possible. 

To investigate the aggregative properties of the dialyzed material in the presence 
of Mg 2-, a solution of dialyzed material was dialyzed against i : 2o/3-buffer containing 
2o mM Mg 2+. After 48 h of dialysis a slight increase of the turbidity of tt~e solution 
appeared, although the increase was small by comparison with that observed in the 
production of reaggregated membrane 2. The dialysis was continued for 36 tl against 
three changes of 1:2o/3-buffer without Mg 2+ in order to eliminate any aggregation 
of a non-specific character and to remove excess Mg 2+. The turbidity was retained 
after the second dialysis. 

Density gradient ceutrifugation 
Linear 4.6 ml 20-45 % (w/w) sucrose density gradients were formed using 

sucrose solutions made up in 1:20/3-buffer. Samples of the dialysate without Mg 2+ 
were layered on the gradients and centrifuged at 40000 rev./min for 3 ° h at 25 ° in 
an SW 50 rotor and Spinco Model L-2 ultracentrifuge, Io drop gradient fractions. 
were bottom-collected, diluted with deionized water, and analyzed for protein and 
radioactivity. 

Analytical ultracentrifugation 
Samples of the material dialyzed without Mg 2+ were placed in 4 ° sector cells. 

and centrifuged at 5074 ° rev./min in a Spinco Model E analytical ultracentrifuge 
at 20 ° and examined using Schlieren optics. Values of Seo,w were obtained from micro- 
comparator measurements of the photographic plates, and the tolerances given reflect 
maximal variation of the fit of the experimental points with a straight line. 
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Electron microscopy 
The procedures used have been described previously 2. In summary,  material 

was fixed with formaldehyde, post-fixed with osmium, stained with uranyl  acetate, 
embedded in araldite, sectioned and post-stained with lead citrate. Tlle sections were 
examined using a Philips EM 2oo electron microscope. 

Assay procedures 
Protein was determined using the Folin phenol method of LowRY el al. a with 

egg white lysozyme as s tandard  (2 × crystallized, Worthington Biochemical Corp.). 
Radioactive samples were dried on planchets and counted on a Beckman low-beta 
thin-window proportional  counter. 

Mg 2+ was deternfined using a Perkin Ehner  model 303 atomic absorption 
spectrophotometer .  Concentrations were read from calibration curves run concur- 
rently with the samples. 

RESULTS 

Formation of small lipoprolein aggregates 
Previous experiments I have shown tha t  tile protein and lipid of tile membrane 

appear  to be separated from each other as a result of detergent solubilization. Almost 
all of the solubilized membrane material remains soluble (i.e. fails to sediment at 
48000 × g) when the detergent is reinoved by dialysis in a low ionic strength, Mg 2*- 
free environment.  

During dialysis in tim absence of Mg 2- a small but  variable fraction of the lipid 
diffused out of the dialysis bag (up to I i  ')'o of the total lipid). In the presence of Mg 2~ 
less than 0. 3 % of the lipid entered the dialysis buffer. The loss of lipid upon dialysis 
in the absence of Mg 2+ m a y  result from the relative instability, of micellar aggregates 
in a low ionic strength environment.  

In order to assess the state of the dialyzed material, sedimentation in sucrose 
gradients was employed. The dialyzed material was layered onto 2o 45 % sucrose 
gradients in sample volumes of o.4 ml. After centrifugation for 3o h at 25 ~' and 
4oooo rev./min in the Spinco SW 5o rotor, fractions were collected and analyzed for 
lipid and protein content.  A typical profile is shown in lrig. I. The major i ty  of the 
lipid and protein present is found in a single peak which has inoved approx. 3o % of 
the way  down the gradient. The lipid and protein curves have almost identical shape 
across the peak, so the protein to lipid ratio is roughly constant.  A small amount  of 
protein is seen trailing the peak and is not apparent ly  accompanied by any lipid. 
The observation of such behavior has been made in a number  of experiments and 
seems to be a consistent proper ty  of the dialyzed material. 

As there is little detergent present in the preparation, it is to be expected that  
the free lipid molecules or micellar aggregates would have a buoyan t  density of no 
greater than tha t  of crystalline t)hospholipid or I.O 5 g/cm a (ref. 4). Since the specific 
gravi ty  of the 2o % sucrose at the top of the gradient is I .O8,  the lipid components  
would not be expected to sediment if they are not bound to material of higher buoyant  
density, and it follows that  the lipid observed in the sedimenting peak must  be bound 
to protein. The constancy of the lipid to protein ratio across the peak suggests tha t  
the binding is reasonably stoichiometric, with the reservation that  not all of the 
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protein present is bound. If a stoichiometric complex is being observed, it is possible 
that  the unbound protein results from depletion of the phospholipid during dialysis 
resulting in insufficient lipid for binding to the protein. 

Failure of the complex to sediment under conditions used to sediment membrane 
fragments may be taken as evidence of small particle size. The lack of turbidity in 
the dialysate is support for this view. Comparison of Fig. I with the sedimentation 
of the components in the presence of sodium dodecyl sulfate shows that  the material 
in the absence of sodium dodecyl sulfate has migrated 3o °o of the distance down 
the gradient while the protein peaks shown at various sodium dodecyl sulfate concen- 
trations (under the same conditions of centrifugation) have migrated only 2o % of 
the distance (see ref. i, Fig. 7, d f). The lipid-protein complex may therefore be con- 
sidered to be larger than the protein sodium dodecyl sulfate complex seen in deter- 
gent solution since its buoyant  density is probably lower. 
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Fig. I. Sucrose dens i ty  g rad i en t  u l t r acen t r i f uga t i on  of small  l ipoprote in  aggregates .  Sed imen ta t ion  
carr ied  out  3 ° h a t  4oooo rev . /min  on a ' -o/ -o 4,~/o sucrose gradient .  Curves for pro te in  (O O) 
and l ipid ( O - - O )  are shown. 

Fig. 2. Sucrose dens i ty  g rad i en t  u l t r a c e n t r i f uga t i on  of a m i x t u r e  of or iginal  m e m b r a n e  and smal l  
l ipopro te in  aggregates .  S e d i m e n t a t i o n  carr ied  ou t  for 8 h a t  35ooo rev . /min  on a 25 5 ° % sucrose 
gradien t .  Curves for p ro te in  ( O - - - O )  and l ipid (O O) are shown. 

To demonstrate that  the dialyzed complex is distinct in behavior from the 
original membrane and does not interact significantly with it, a mixture of membranes 
and dialyzed material was layered onto a 25 5o % sucrose gradient and centrifuged 
at 35ooo rev./min for 8 h. The analysis of fractions for protein and lipid content is 
seen in Fig. 2. The original membrane preparation is presumed to have inoved to 
a position of equilibrium banding and the dialyzed material is not seen to interact 
significantly with the original membrane. 

The analytical ultracentrifuge was employed to determine the size of the lipo- 
protein aggregates seen in the material dialyzed without Mg 2+. The pitfalls which 
plagued such an analysis of the solubilized material should not apply in this case, 
since very little sodium dodecyl sulfate is present and since the system appears to 
contain primarily one type of component, i.e. lipoprotein aggregates. Two kinds of 
information can be der iwd from the sedimentation pattern. First, the character of 
the peak or peaks seen can give an idea of the homogeneity of the svstem. Second, 
an approximate measure of the size of the sedimenting particles can be derived. Four 
preparations of dialyzed material from three purified membrane isolates were ex- 
amined. The pat tern observed is shown in Fig. 3. 
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A single peak  is seen which is skewed toward  the t ra i l ing edge.The sed imenta t ion  
coefficients (seo,w) from separa te  exper iments  are 4.8 ± o.2, 5.4 ± o.4, and  4.4 -E o.5 S. 
The  var ia t ion  in sed imenta t ion  coefficient is considerable,  bu t  m a y  not  exceed the 
confidence limits.  A small  popula t ion  of larger  par t ic les  is thought  to be represented  
b y  the small  i r regular i t ies  in the schlieren line which precedes the main peak. The 
sed imen ta t ion  coefficients are seen to be considerably  higher than those observed for 
the  solubil ized mater ia l  (2. 9 ~3.58) '~, which is in agreement  with the observat ion  made  
of the  re la t ive  sed imenta t ion  of the mater ia l s  in sucrose gradients .  

In  order  to ob ta in  an es t imate  of the size of the small  l ipoprotein  aggregate  
and  some idea of its molecular  weight,  an app rox ima te  calculat ion was made using 
the Svedberg  equat ion  and assuming a spherical  par t ic le  with low hydra t ion  and 
a pa r t i a l  specific volume equal  to the  reciprocal  of the  buoya n t  dens i ty  of the original 
m e m b r a n e  (~. This leads to an es t imate  of 4 ° ~ 4 , \  for the radius  and a molecular  
weight of 16ooo0 ~ 40000. 

Fig. 3. Sedimentation of tile lipoprotein particle in the analytical ultracentrifuge. A sample of 
lipoprotein particles in solution was centrifuged at 5 ° 74 ° rev./min and observed using Schlieren 
optics. Photographs were taken at i0 rain intervals except that the interval between the first 
two photos uas 8 rain. A single sedimenting peak is seen with a sedimentation coefficient of 4.8 S. 
Sinall amounts of larger aggregates may be indicated bv the irregularities in tile line preceding 
the peak. 

Several  a t t e m p t s  were made to visualize the l ipoprote in  par t ic le  using the 
nega t ive  s ta ining technique of BREXNEI~ aN'~) HORXE 7. Samples  of the par t ic les  
(approx.  o.2 mg prote in  per ml) were mixed with equal  volumes of 2 °o solutions of 
phost )hotungst ic  acid neut ra l ized  with KOH.  The mater ia l  was then placed in drops  
.on Fo rmvar - coa t ed  grids and the excess mate r ia l  was b lo t t ed  off with filter paper  
a f t e r  2 rain. The grids were then examined  in the electron microscope. No s t ruc tures  
appear ing  as par t ic les  or sheets were seen in the three a t t e m p t s  using negat ive  
s ta in ing .  I t  is possible tha t  tim concent ra t ion  of part icles  was not  appropr i a t e  or t ha t  
the  unfixed par t ic le  is broken down in the  phosphotungs t ic  acid solution. Another  
poss ib i l i ty  is t ha t  the  s t ruc tures  migll t  b reak  down on d ry ing  since they  are a ppa re n t l y  
s tabi l ized  by  hydrophobic  interact ions.  

Aggregation of the lipoprotei~z particle 
Dialysis  of a solut ion of tile l ipoprotein  par t ic les  descr ibed above  agains t  buffer 

.containing 0.o2 M Mg 2~ results  in an increase of t u r b i d i t y  which is re ta ined  upon 
remova l  of excess magnesium.  Centr i fugat ion of tile d ia lysa te  under  ti le condi t ions 
usua l ly  employed  for tile sed imenta t ion  of membrane  produced  a very  loose pellet ,  
so i t  was decided to increase tile centr i fugal  field used. Samples  of the l ipoprote in  
solut ion and the d ia lvsa te  were centr i fuged in the  Spinco 50 Ti ro tor  a t  35 ooo rev. /min 
for 15 rain. A very  small  pel let  was observed in tile tube  with  the l ipoprote in  solut ion 
and  a larger  pellet  was seen in the tube  conta in ing d ia lyzed  mater ia l .  Both  pellets 
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T A B L E  I 

P A R T I T I O N  OF L I P I D  A N D  P R O T E I N  B E T ' W E E N  P E L L E T  A N D  S U P E R N A T A N T  U P O N  C E N T R I F U G A T I O N  

FOR 3 ° rain AT IOOOOO × g 

T h e  behav ior  of t he  smal l  l ipoprote in  aggrega tes  before and  af ter  dialysis  aga ins t  Mg2+-containing 
buffer  is shown.  

I 0 0  0 0 0  )< g 1 0 0  0 0 0  X g 

supernatant pellet 

No Mg 2+ control  
Pro te in  (nag) 1.51 o.38 
Phosphol ip id  (counts  × lO -6) o.98 o.19 

Mg 2. d ia lysa te  p ro te in  (mg) o.16 1.15 
Mg 2+ d ia lysa te  phosphol ip id  (counts  X IO -6) o.15 o.78 

% in pellet 

2 0  

17 
88 
84 

were translucent and yellow. An analysis of the distribution of protein and lipid was 
performed, and the results are presented in Table I. 

I t  is clear that  aggregation of the lipoprotein material into larger pieces is taking 
place. The sedimentation of a portion of the lipoprotein material may  reflect a certain 
degree of spontaneous aggregation. Since the material had been standing for 2 weeks 
at 4 ° while manipulations of dialysis were being carried out to produce the aggregated 
lipoprotein, a slow spontaneous aggregation might have such an effect. In any event 
it is evident that  the dialysis against Mg ~+ accelerates the reaction. To compare the 
aggregated lipoprotein material with the lipoprotein particle and the original mem- 
brane from which they were derived, the protein and lipid content of three samples 
was determined. The samples were a suspension of the original membrane, a solution 
of lipoprotein particles, and a suspension of the aggregated lipoprotein material 
pelleted at IOOOOO ?4 g. The data are presented in Table II.  

T A B L E  II  

P R O T G I N  TO L I P I D  RATIOS  F O R  V A R I O U S  F R A C T I O N S  D E R I V E D  FROI~I A SINGLI~ P R E P A R A T I O N  

Protein Phospholipid Protein/lipid 
(mg/ml) (counts/ml × ±o -6) (arbitrary units) 

Original  m e m b r a n e  
Small  l ipoprotein  aggrega te  
Mg2+-aggregated ma te r i a l  

2.42 1.58 1.53 
1.81 1.18 1.54 
1.15 o.78 1.48 

The protein to lipid ratios are remarkably constant in the different preparations, 
the only exception being those experiments where there is appreciable loss of lipid 
during dialysis without Mg 2+. To assess the state of the aggregated material, it was 
decided to observe samples in thin section using the electron microscope. Pellets of 
the material were formed by centrifugation at Ioo ooo × g for 15 min, and were then 
prepared for examination with the electron microscope. The appearance of the 
material is seen in Fig. 4- The field is quite uniform and can be interpreted as con- 
taining small pieces of membrane with unit membrane structure visible in favorable 
orientations. 
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Fig. 4- Reaggregated membrane  prime. A pellet of the material  was fixed with formaldehyde, 
post-fixed with osmium tetroxide, and stained with uranyl  acetate and lead citrate. Magnification 
is 14oooo ×.  The scale marker  indicates 5oo ~\. Membranes are approx.  75 :\ in thickness. 
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Bearing in mind the low probability of the appearance of unit membrane 
structure, the electron microscopic image of the aggregated lipoprotein particles may 
be said to be consistent with the assertion that  the material is predominantly com- 
posed of small pieces of membrane. For this reason and because of the compositional 
data presented above, the aggregated lipoprotein material will be referred to as Mr' 
(reaggregated membrane prime), where "pr ime" is to distinguish it from the reaggre- 
gated membrane described in a previous publication 2. More evidence supporting this 
terminology will be developed in the experiments which follow. 

Mr' was centrifuged to equilibrium in a density gradient using tile same pro- 
cedures as were used in similar experiments with the original and reaggregated 
membranes. A sample of membrane was layered onto a 25-5 ° % sucrose gradient 
made in I : 2o ~-buffer, and the gradient was centrifuged for 24 b at 35 ooo rev./min. 
Fractions from the gradient were analyzed for protein and lipid content and the 
resulting data are reported in the next paper in this series s. The reaggregated mem- 
brane prime is seen to be mostly homogeneous with a peak density of r.r8 i 0.0o5 
g / c m  3. Some material of lower protein to lipid ratio appears at positions lust above 
the peak. These slightly heterogeneous elements constitute 15 ° b of the total material 
present and, since no contamination with obviously non-membranous material (such 
as globular aggregates) was seen in the electron inicrographs, the slight heterogeneity 
is not considered to have great significance. The important  point is that  the material 
is mostly of fairly homogeneous buoyant density and that  the mean buoyant  density 
closely approximates that  of the original membrane preparation. 

The magnesium content of each of the different preparations was measured 
using atomic absorption and tile data  appear in Table I I I .  A drop in the amount of 
magnesium present is seen after the original membrane is dissolved and dialyzed to 
produce the small lipoprotein aggregate. The original amount of magneMum appears 
to be restored by the dialysis producing Mr'. 

TABLE i1 [ 

M A G N E S I U M  T O  P R O T E I N  R A T I O S  F O R  V A R I O U S  F R A C T I O N S  F R O M  A S I N G L E  P R E P A R A T I O N  

Magnesium Protein 
(mg/ml) (mg/ml) 
(a) (b) (a)l(b) 

Original membrane 
Small lipoprotein aggregate 
Reaggregated membrane prime 

O . 6 8 "  I O  ,3 0 . 5 2 4  1. 3 .  iO--a  

0 . 3 2 "  I O  a O . 5 1 6  O . 6 '  1 0  - 3  

0 . 5 6 "  1 0  - 3  0 . 4 0 0  I "4" 10- -a  

DISCUSSION 

The principal product of dialysis of sodium dodecyl sulfate-solubilized mem- 
branes against a buffer lacking magnesium appears to be a small lipoprotein aggregate 
of reasonably homogeneous size, which can be aggregated to membrane-like material 
upon dialysis against Mg2+-containing buffer. The existence of these small lipoprotein 
aggregates shows a possible state of the molecular components but is not necessarily 
related to structures in vivo. Nevertheless, the possibility of going from a small 
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aggregate to a nlenlbrane-l ike s t ructure  should be considered in developing models 
for membrane  biosynthesis.  

In  experiments  with aggregation of membrane  components,  the possibility ot 
a dis t inct ion between uni ts  of assembly and subuni ts  nmst  be recognized. The uni t  
of assembly may  be altered upon incorporat ion by  the membrane  in such a fashion 
as to remove it from consideration as a subuni t  in the membrane  structure,  and the 
subuni t  need not necessarily be assembled prior to appearance in the membrane.  

The na tu re  of the involvement  of Mg "+ with the assembly of membrane  is not 
ent irely clear. Certainly Mg '4 is bound during the aggregation process as indicated 
by the rise of Mg 2+ concentrat ion in the material  as the small l ipoprotein aggregates 
combine to form Mr', bu t  whether its inwflvement  is through divalent  bridging, for- 
mat ion of chelate complexes with diphosphat idyl  glycerol, or simple charge neutral i-  
zat ion cannot  be ascertained on the basis of present data. As already noted a certain 
amoun t  of combinat ion  of small l ipoprotein aggregates appears to occur spontaneously 
on prolonged s tanding at 4 °, and it is possible therefore tha t  Mg '~ merely accelerates 
the reaction rather  than  playing a central role. 

The relation of Mr' to the original membrane  and to material  aggregated when 
the init ial  dialysis was done in the presence of Mg 2~ has been the subject  of further 
invest igat ion and is reported in the following paper  s . 
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