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

In a previous communication ~ methods of extraction and purification were de- 
scribed of a lipoglycoproteid complex which represents a minor component of tile cell 
wall of E. coli B and shows a specific inactivating effect upon the E. coli-phage T5. 
The active material was obtained in pure form and assumed to function in situ as 
receptor site for the phage named above. 

From a study of the kinetics of interaction between this receptor substance and T5 
it was deduced that I mole of receptor must be equivalent to one mole of phage - -or ,  
in other words, that one particle of the receptor substance could combine with only one 
T5 particle (and vice versa!), rendering the phage particle incapable of infecting a B-cell. 
Taking into account that probably all phages are adsorbed to their host cell by the 
tip of their "tail" as has been shown for phage T2 2, it could be expected that electron 
micrographs of a T5 suspension completely inactivated by adding the specific receptor 
substance, ought to show T5 particles all with one receptor molecule attached to their 
tails. Expectations appeared to be supported by some preliminary electron micrographs 
taken at the Max-Planck-Institut ftir Virusforschung in Ttibingen. A more thorough 
investigation with improved techniques was carried through at the D6partement de 
Biophysique de l'Institut de Physique in Geneva. The results, confirming rather 
strikingly all previous deductions, are given here. 

5IATERI .kLS A N D  M E T H O D S  

Bacleria. Escherichia coli, s t r a i n  B a n d  a m u t a n t  o f  i t ,  res i s tant  to T 5 ( B / I , 5 ) .  
Bacteriophage. Strain  T 5 of  the  co i l -phage  T-series.  
Preparation o/ receptor substance etc. l.c.:. 
Fdectron microscopic techniques. 
(a). l:iltratio*~ method (KELLENBERGER3,4). A o.2~' o s o l u t i o n  of  parlodion  in a m y l - a c e t a t e  is 

poured  on a pre-dried agar  plate  and r e m o v e d  i m m e d i a t e l y .  W h e n  the  a m y l a c e t a t e  e v a p o r a t e s  a 
th in  parlodion film is formed on the  agar.  A smal l  v o l u m e  of w a t e r  spread on the  film wil l  be sucked  
into  the  agar  qui te  rapidly .  A n y t h i n g  suspended  in the  w a t e r  and too  large to pass  through  the  pores 
of t h e  f ihn  will  s t a y  on top  of it. Care should  be t a k e n  to adjust  pH,  salt  c o n c e n t r a t i o n  etc. of the  
agar  gel to the  respec t ive  condi t ions  preva i l ing  in the  suspens ion  to be filtered. After  f i l trat ion and 
f ixat ion  in formal in  vapour ,  the  film is f loated on a so lut ion  of l a n t h a n u m  ni trate  w h i c h  p r e v e n t s  
a n y  w a t e r  from diffusing b a c k w a r d s  to the  surface  of the  film. Fur ther  t r e a t m e n t  as usual .  

Re]erences p. 9. 
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This  m e t h o d  d o e s  n o t  e l i m i n a t e  e l i e c t s  of  su r fac e  t e n s i o n  (m the  o b j e c t s  carr ied  ()il t i le  f i lm,  
b u t  m a k e s  it  u n n e c e s s a r y  to  d i lu te  or w a s h  t h e m  in d i s t i l l ed  w a t e r  in order  to  r e m o x e  s a l t s  o r  o t h e r  
d i f fu s ib l e  m a t e r i a l .  I ; p  to  t h e  l a s t  m o m e n t  t h e  o b j e c t s  s t a y  ill t h e i r  p r o p e r  m e d i u m .  

(b). Igreeze dryi*zg method (\VH,L[AMS'~). O b j e c t s  m u s t  [)e s u s p e n d e d  in a b u t t e r  w h i c h  will OVal)O- 
r a t e  c m n p l e t e l y  in vacuo. Our m a t e r i a l  w a s  t h o r o u g h l y  d i a l y z e d  a g a i n s t  anlll l()l l iulB b e n z o a t e .  T h e  
s u s p e n s i o n  w a s  t h e n  s p r a y e d  o n  a c o l l o d i o n  m e m b r a n e  s u p p o r t e d  b y  a c o o l e d  ( 8o C) m e t a l  p l a t e .  
For  s p r a y i n g ,  a n  " A e r o g r a p h "  s p r a y  penc i l  w a s  f o u n d  to  be  e ( m v e u i e n t .  S u b l i m a t i o n  of ice ~ln(l 
b e n z o a t e  w a s  t h e n  e f t e c t e d  as d e s c r i b e d  b v  \VIt .I . laMs. 

(c). Nhadoze,iJzg..kll p r e p a r a t i c m s  s h o w n  here  w e r e  s l m d o w e d  th~)se of  leig. i a n d  -, w i t h  a 
l ' d - P t - . \ u - a t h ~ y ,  t h e  o t h e r s  w i t h  U()  e. 

(d). F.lec/ron ii~icrosc~@c. 1{ ( i \ .  t y p e  E M I / _ , I ) .  

I 'X PI'; R IMt'; NT.\I~ I~,F~ S U L'I'S 

I. Ts-receptor szd~stance: Micrographs were taken of samples  of the pure material ,  
suspended in buffer, according to two different methods .  Fig. t shows the shadowed 
receptor particles as they are left on the supporting collodion membrane  after the 
suspending liquid has been filtered through it. They  appear as rather flattened spheres  
of more or less uniform diameter,  showing a tendency  to fuse where they lie in chance 
groups. 

Fig. 2 shows the same receptor particles dried upon the collodion membrane  from 
the frozen state.  Thev kee t) a perfect ly  spherical shat)e , and there is no doubt about 
the uniformity  of their size. Diameters  were measured accurately and showed a very  
narrow distribution around a Tnean of 3z.5 m/, .  From sedimentat ion  measurements  in 
the ultracentrifuge a diameter  of 3o. 7 mt,  had been calculated earlier 1. 

2. T5-preparalio~z. In order to obtain clear pictures and unambiguous  results with 
mixtures  of T 5 and its receptor substance it was essential  to use T5-preparations of 
m a x i m u m  tmrity. A combinat ion of differential centrifugation with an application of 

F i g .  z. S u s p e n s i o n  of pure  T 5 r e c e p t o r .  F i l t ra t ion  m e t h o d .  Pnr t i c l e s  f l a t t e n e d  1)y s u r f a c e  tcnsiol~ 
()0,  OOO. 

Rf/l'rc~z~ ~'~ p. 9. 
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Fig. 2. Suspension of pure Ts-receptor. Freeze drying m e t h o d . .  ~)o,ooo. 

Fig. 3. Sample of the highly purified Ts-suspension which has been used in all experiments. Filtration 
method. × 6o,0o0. 
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9 o F i g .  4 a n d  5. S u s p e n s i o n  of  T 5, m o r e  t h a n  9 o i n a c t i v a t e d  b y  a d d i n g T  5 r c c 0 p t o r .  P h a g e  p a r t i c l e s  
a n d  g h o s t s ,  w i t h  reco}) to r  sphere.~ a t t a c h e d  to  ta i l s .  • ~:),~):)o. 
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Fig. 6. Mixed suspension of T 5 and receptor-analogous,  inactive B/ l ,5-substance.  I 'hages  not  in- 
activated. Spheres not a t tached to phage tails. :< 60,000. 
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anti-B-serum to B-T5-1ysates was found to yield very satisfactory T5-preparations of 
high titer, free of T5-ghosts and bacterial debris. The anti-serum precipitates and 
thereby removes amorphous material and small globular particles which resemble 
morphologically those of the T5-receptor substance and may in fact have something 
to do with it (see I ) ISCUSSION) .  

Fig. 3 shows a sample of the T5 preparation used throughout thf~ following experi- 
ments. 

3. Mixtures o/ 7" 5 with T5-receptor substance. 2.47.io H T5-particles in o. o ml of 
Bacto Tryptone were mixed with 2 "units" (definition see l.c. 1) of receptor (in o.I ml 
Bacto Tryptone), which is enough for the titer of active phage particL's ~o drop to 
3" I69 within 45 minutes. Samples of the mixture were then prepared for electron micros- 
copy according to the filtration method. Figs. 4 and 5 represent two out of several 
dozen different micrographs. They all show T5-ghosts and T5-particles, all of which 
have one spherical receptor molecule attached to the tips of their t a i l s - - and  nowhere 
else. Except  in very scarce and dubious cases, two tails attached to the same receptor 
molecule were never found. With mixtures only partially inactivated by adding less 
receptor, the fraction of free T5-particles on the micrographs was always proportional 
to the fraction of still active T 5 as determined by titration. A more direct confirmation 
of the validity of previous ~ assumptions on the mechanism of T5-inactivation by its 
receptor substance, based upon entirely indirect methods, cannot be wished for. 

Furthermore the micrographs give a clear answer to a question which could not 
be answered easily by using indirect methods. I t  had been found 1 that  in Ts-suspensions 
inactivated withTs-receptor  substance, some but not all of the phage-DNA was released 
into the medium. There were two possibilities: either the combination with receptor 
caused all of the T5-particles to eject part  of their DNA, the rest being kept inside 
the protein g h o s t s - - o r  it caused only part  of the T5-particles to lose all of their DNA, 
whereas the rest lost none, in spite of having combined with receptor. From our pictures 
it can be seen that  the latter explanation is the valid one. On the micrographs we see 
empty  ghosts (often with the receptor sphere still sticking to their tails !) and unemptied 
T5-particles, seemingly unaltered, though eqnally adorned with a receptor molecule. 
Whether  this difference in behaviour is due to an inhomogeneity of the T5-potmlation 
or of the "population" of receptor particles remains to be explained. [t may be, for 
instance, that  the triggering capacity of a receptor particle is destroyed more easily 
than the attaching capacity. 

The network of entangled DNA-threads ejected from the ghosted T5 can be seen 
on many  of our micrographs, where it forms a more or tess confluent layer as a back- 
ground. Fo r tuna t e ly - - fo r  our main purpose of clearly elucidating the I :I-relationship 
between receptor and T5-par t ic les-- the  DNA-layer is only occasionally thick enough 
for the phage tails (with attached receptor spheres) to be buried in it completely. 

O r i g i n a l l y  i t  w a s  i n t e n d e d  to  e m p h ~ y  t h e  p o l y s t y r e n e  l a t e x  p r o c e d u r e  6 for  a d i r e c t  c o u n t  of  
r e c e p t o r  m o l e c u l e s  p e r  " u n i t "  u n d e r  t h e  e l e c t r o n  m i c r o s c o p e .  S u c h  a c o u n t  h a d  b e e n  m a d e  e a r l i e r  
b y  m e a n s  of  a t i t r a t i o n  m e t h o d ,  b u t  h a d  y i e l d e d  a v a l u e  w h i c h  a p p e a r e d  t~o  low 1. An  i n t l e p e n d e n t  
w a y  of  o b t a i n i n g  t h i s  v a l u e  w a s  d e s i r a b l e ,  e s p e c i a t l y  s i n c e  it c o u l d  g ive  a n  a n s w e r  to  t h e  q u e s t i ( m  
of  w h a t  f r a c t i o n  of  t h e  p a r t i c l e s  of  a p h y s i c o c h c i n i c a l l y  p u r e  r e c e p t o r  p r e p a r a t i o n  is r e a l l y  r e c e p t o r  
a c t i v e .  H o w e v e r ,  t h e  d i r e c t  c o u n t  \wts u n f e a s i b l e  for  us b e c a u s e  of ~/ii u n e x t ) e c t e d  d a m a g i n g  e l l ec t  
o n  t h e  a c t i v i t y  of  t h e  recept(~r ,  a p p a r e n t l y  e x e r t e d  b y  t h e  D i f c o  T r y p t o n e  m e d i a  g e n e r a l l y  in use  
a t  t h e  G e n e v a  l a b o r a t o r y .  T h i s  e f fec t  is a b s e n t  in l ) i fco  N u t r i e n t  B r o t h  ( s t a n d a r d  m e d i u m  in T i i b i n g e n )  
w h i c h  w a s  n o t  a v a i l a b l e  d u r i n g  t h e  t i m e  ~f (mr  c o l l a b o r a t i o n .  T h e  t r y p t o n e  e I fec t  r e q u i r e s  f u r t h e r  
i n v e s t i g a t i o n .  I t  d i d  n o t  r e a l l y  a l f e c t  tht:  r e s t  ,,f , ,u r  e x p e r i m e n t s  e x c e p t  t h a t  on  t h e  m i < r ~ g r a p h s  

I?c/erences p. 9. 



VOL. 17 (I955) E. coli B-RECEPTOR FOR PHAGE T5 7 

of "12 5 + r ecep to r -mix tu re s  the re  was a lways  a considerable  su rp lus  of free receptor  part icles  which  
had  become inac t ive  in the  suspens ion  before t h e y  h a d  a chance  to combine  wi th  T5-part icles .  

4. Receptor-analogous, inactive lipoglycoproteid /rom B/~,5. The extraction and puri- 
fication of this material which is chemically analogous to the T5-receptor substance 
from B but inactive against T5, has also been described ~. Under the electron microscope 
it looks at first absohltely like the T5-receptor substance. However, exact measurements 
of the diameters of the spheres revealed a somewhat wider distribution of values around 
the mean than was the case with the T5-receptor particles. Also the mean was found 
to be slightly higher, namely 36.5 m/z. The spherical molecules of the B/I,5-substance, 
together with admixed T5, can be seen in Fig. 6. 

5. Mixtures o/1"5 with B/z,5-subst~ance. Mixtures were prepared as described under 3, 
using an amount of B/i,5-substance equal to the amount of receptor substance employed 
in the above case, as judged by the nitrogen content. No inactivation of T 5 was observed 
in 45 minutes. The mixture was then put under the electron microscope after preparation 
according to the filtration method. Tailtips of Ts-particles were seen everywhere to be 
free of attached spheres although the spheres of the B/I,5-substance were scattered 
freely and in large amounts all over the preparation (Fig. 6). I t  may be concluded that 
not even reversible combination occurs between T 5 and the receptor-analogous lipo- 
glycoproteid from B/I,5. 

DISCUSSION 

The observations as such, reported above, may seem too simple and straight- 
forward to need further discussion. However, there are a few additional points which 
ought to be made. First of all one may ask whether the fact that  one receptor sphere 
reacts with only one T5-particle means that such a sphere, though symmetric in shape, 
is nevertheless functionally asymmetric, i.e. carries the actual receptor site as one tiny 
spot on its otherwise inactive surface. This may be so if one considers that in situ the 
sphere is probably imbedded rather deeply into the coli cell wall, showing but a small 
part of its surface to the outer world. Only here then would there be a real need for the 
specific receptor configuration. From a chemical point of view on the other hand, it 
seems somewhat easier to visualize a spherical macromolecule which is also symmetric 
in its micro-structure. But if this were true in our case, then more than one phage 
particle ought to find space for attachment on one sphere--except if the phage particle 
attaching first would somehow change the rest of the sphere's surface in a fraction of 
a second, rendering it inactive against any newcomer! Only if two T5-particles were 
to hit the same sphere at almost the same moment would they have a chance to both 
be fixed. Perhaps the rare cases on the micrographs where one has the impression of 
seeing two (and never more than 2) T5-particles or ghosts sticking to the same sphere 
with their tails, can be interpreted in this way. Since in virus-receptor-interaction there 
are certainly complex and rapidly-occurring events involved on both sides ~, it may well 
be worthwile to look for direct experimental proof of the "changed surface hypothesis". 

This leads to the second point: which way was the DNA actually released from 
the receptor-ghosted T5-particles? Did it really squeeze through the tail and past the 
receptor sphere which in many cases appears to stick still firmly to the ghost's tail tip 
and plug it up rather than open it ? It  does not seem too convincing an assumption. 
Perhaps the sphere does to the phage's protein coat what the phage's tail tip does to 

Re/erences p. 9. 
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t h e  s p h e r e :  i t  a l t e r s  i t s  s t r u c t u r e  ( and  t h e r e b y  i t s  D N A - p e r m e a b i l i t y )  a t  s o m e  d i s t a n c e  

f r o m  t h e  p o i n t  of a t t a c h m e n t .  Sti l l  i t  m u s t  be  sa id  t h a t  a b o u t  ha l f  of t he  g h o s t s  s e e m  

to  h a v e  los t  t h e i r  r e c e p t o r  s p h e r e  in t he  cou r se  of e v e n t s .  T h i s  is p e r h a p s  a s e c o n d a r y  

effect ,  d u e  to  su r f ace  t e n s i o n  or  o t h e r  i n f l u e n c e s  d u r i n g  p r e p a r a t i o n .  U n f o r t t m a t e l y ,  

so fa r  we h a v e  n o t  b e e n  ab le  to  o b s e r v e  a T 5 - p a r t i c l e  j u s t  h a l f w a y  t h r o u g h  t h e  r e c e p t o r -  

t r i g g e r e d  p roce s s  of e m p t y i n g  o u t  i t s  DNA.  T h e  p a r t i c l e s  h a d  e i t h e r  n o t  v e t  b e g u n  or 

f i n i shed  c o m p l e t e I y ,  a n d  one  n e v e r  cou ld  c l e a r l y  see t he  l ) N A - t h r e a d s  on  t h e i r  way  out .  

F i n a l l y ,  a t t e n t i o n  m a v  be  d r a w n  to a c u r i o u s  c i r c u m s t a n c e ;  one  v e r y  r a r e l y  f inds  

in  c r u d e  T 5 - p r e p a r a t i o n s ,  T 5 - p a r t i c l e s  w i t h  an  a t t a c h e d  r e c e p t o r  sphe re .  In  a d d i t i o n  

one  f inds  m a n y  m o r e  g l o b n l a r  p a r t i c l e s  r e s e m b l i n g  T 5 - r e c e p t o r s ,  b u t  free. Are  t h e s e  

i n a c t i v e  r e c e p t o r  pa r t i c l e s ,  r e l e a s e d  f rom t h e  cei l  d u r i n g  lysis  b u t  a l m o s t  ~oo?,', i n ac t i -  

v a t e d  be fo re  an a p p r e c i a b l e  a m o u n t  of t h e  n e w l y  p r o d u c e d  T 5 cot t ld  a t t a c h  to  t h e m  ? 

F o r  s e v e r a l  r e a s o n s  i t  does  s e e m  to us t h a t  some  m e c h a n i s m  spec i f ica l ly  i n a c t i v a t i n g  

t h e  r e c e p t o r  of t h e  r e p r o d u c i n g  p h a g e  be fo re  or  a t  t h e  v e r y  m o m e n t  (ff lysis,  is a r a t h e r  

g e n e r a l  f e a t u r e  in  p h a g e  p r o d u c t i o n .  T h e  s e t t i n g  in of t h i s  r e c e p t o r  d e s t r o y i n g  p roce s s  

m a y  e v e n  a c t u a l l y  t r i g g e r  lysis.  T h e r e  a re  o t h e r  o b s e r v a t i o n s  w h i c h  p o i n t  in  t h e  s a m e  

d i r e c t i o n  a n d  w h i c h  a re  b e i n g  p u r s u e d  fu r the r1 ,  s. 
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SI :MM :k RY 

Electron inicrographs of pure T5-receptor substance extracted froil1 1(. coli B show sphcric~:l 
particles of uniform size. Their diameters correspond exactly to the value obtained from sedimen- 
ta t ion measurements. Micrographs of T5-suspensions inactivated by receptor show tha t  the inacti- 
vation is brought  about  bv the a t t achment  of a single receptor particle to the tailtip of each of the 
inact ivatedT5-part ic les .  Frequently this a t tachment  triggers ejection of the T5-particle's I)NA. 
Obviously the infection mechanisin for '1; 5 is similar to the mechanism found with other tailed phages. 
Particles extracted from the T5-resistant Coli-Mutant B/~,5  have about the same diameter as the 
spheres of active receptor, but  do not at tach to T5-tails and do not inactivate this phage. 

R P_ S 1 31 l:i 

.Nons avons lnesur(,, par  nlicroscot)ie d|ectronique, les dinlellsions des r6cepteurs pour lc 
bact6riophage "1"5: extraits chimiquement des cellules de E. coil B e t  purifids, l.es valeurs obtenues 
correspondent exactement  gl celles ddtermindcs par ultracentrifugations. Nous avons observd que 
le rdcepteur s 'adsorbe sur le phage en se tixant sur l'extrC, mitd de la queue, chaque phage lie prenant  
qu 'une particule de rOcepteur et vice versa. Environ 5 < ) % des phages ainsi inactivds djectent Ieur 
ADRN et en se vidant  donnent  l 'apparence de ghosts. Lo mode d'infection de B par  T 5 semble 
done Otre identique fl celui dtudid pour "1"2, ~ savoir adsorption par  la queue et injection du ADRN. 
Les particules "r6ceptrices" extraites de buctdries rdsistantes au T 5 (B/i ,5), prdsentent des dimensions 
similaires g celles du rdcepteur actif, mais elles ne se fixent pas sur le phage et ne l ' inact ivent  pas. 

ZI~S:\MMEN FASSUNG 

Die Teilchengr0sse der aus E. cell B extrahierten und gereinigten Rezeptorsubstmlz fflr dell 
Phagen T5 wurde elektronemnikroskopisch gemessen und gefunden, dass diese mit  dem aus der 
Sedimentat ionskonstante  sich ergebenden \Vert iibereinstimmt. Elektronenmikroskopische Auf- 
nahmen mit  Rezeptor inaktixierter T 5 Suspensionen zeigen, dass das Phagenteilchen durch die 

Re/eret tces  15. 9. 
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Adsorption eines einzigen Rezeptorteilchens an seine Schwanzspitze inaktiviert  wird. Dabei l~tuft 
h/iufig die Nucleins/iure des Phagentei lchens aus ihrer Proteinhtille aus. Daraus  ist zu schliessen, 
dass auch T5-Teilchen (wie andere geschw/inzte Phagentypen)  infizieren, indem sie sich mit  ihrer 
Schwanzspitze an die rezeptor t ragende Zellwand anheften. Eine dem Rezeptor  chemisch analoge, 
abet inaktive Substanz aus der T5-resistenten Coli-Mutante B/I ,  5 zeigt prakt isch die gleiehe Tei]chen- 
gr6sse wie der aktive Rezeptor,  wird jedoch nicht an die Schwanzspitzen yon T5-Teilchen adsorbiert .  
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