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THE STRUCTURE OF CRYSTALS OF 

PURIFIED MAHONEY POLIOVIRUS* 

I~ :U,qSELL L.  S T E E R E  AND F R E D E R I C K  J.. S C H A F F E R  

Vimts Laboralory, Universily o/Cali/ornia, Berkeley, Cali/. (U.S,-I .) 

The first c rys ta l l i za t ion  of the  M E F - I  s t ra in  of Type  2 pol iovirus  was repor ted  by 
ScH'~_~,v~.;i~ .\yD Sc::wv.mox in 19551. Subsequen t ly  the  crystaUizat ion of Coxsackie 
virus  ~ and Types  I and  3 P oliovirusa ha \ ' e  been repor ted .  This paper  is concerned with 
the  s t ruc ture  of c rys ta ls  of Type  I (Mahoney strain) pol iovirus.  

Crys ta l l iza t ion  of tile virus  occurred spon taneous ly  in a h ighly  purif ied and 
concen t r a t ed  suspension.  The source and puri f icat ion of the Mahoney  s t ra in  pol iovirus 
was ident ical  to tha t  descr ibed by  S(:H~VF, I{DT AND SCH.XFFER a. As ment ioned  in the 
descr ip t ion  of tha t  tmrif icat ion procedure,  considerable  virus  could be recovered from 
the " insoluble  res idue"  from the second u l t racent r i fuga t ion .  The crys ta l l ine  virus 
dc:;cribed here was der ived from such mate r ia l  from four large pools represent ing 
264 li ters of original  t i ssue-cnl ture  tluid. The residue fract ion was ex t r ac t ed  several  
l imes with pH <) saline (o.88.11 NaC1, 0.04 J I  Na.,HPO4, ad jus t ed  to p H  9) and the 
ex t rac t s  were combined  and clarified at IOOO g for 30 min. The  virus  was then pel le ted 
at  IOO,OOO g for 2 h and the pellets were suspended  in phosphate-sa l i lm (o.oi .1[ 
N a f l - t P ( ) ,  o . I i  3 [  NaCI, p H  ca. 7.5) by  rocking overnight  in the  cold. The resul t ing 
suspension was clarified at  6ooo g for IO min. The clarified p roduc t  represented  about  
I I m g  of virns ma te r i a l  (as e s t ima ted  b y  ni t rogen a) in 2.04 ml of suspension.  In lmr i ty  
as e s t ima ted  b y  the u l t rav io le t  sl)ectruln , it compared  f avorab ly  with the best  p repara -  
t ions prev ious ly  repor ted .  

The p repa ra t ion  was set as ide in a s toppered  Pyrex  test  tube  at  4 ° for storage.  
\Vhc~l examined  a p p r o x i m a t e l y  one year  la te r  a large number  of crystals ,  m a n y  of 
them near ly  perfl 'ct  in form, were observed on the walls and  in the bo f tom of the tube.  
The crys ta ls  r tmged in ~dze from a few microns up to abou t  0. 4 min in d iameter .  : \  
g roup of the larger crys ta ls  on the wall of the tube  are shown in Fig. I.  

l ;ecau~c of tlw ava i l ab i l i t y  of nnnaerous well-formed crys ta ls  several  exper iments  
were t)erformed to e lucidate  their  na tu re  and s t ructure .  

l~io-assay, pH am? Hltraviold absorp/io. 

A small  number  of ervs ta ls  suspended in mothe r  l iquor  were wi thdrawn from the 
st(~ragc tube.  They  were eolh 'cted by  centr i fugat ion,  and  the mothe r  l iquor  was 
removed  aim its pH de te rmined  to I)/' 7-3. These crys ta ls  were dissolved with some 
difficulty in pH ,~ s.tlim'. "l'hc results  ,,f ul t ra \ iolu~ absorpt ion  m(,asurtqm.nls aml 

*This inv~'stiaation was supp, wtcd b\ grnnts I'1-{~1/i tht, Natimml ]",undation f,}r lnfanlih' 
I ' a r a l x s i s  ;rod 1hi '  Nati~m;ll  t , 'am'cl-  ] l l :q i l l t lo  ~,l 111~' Nati~, lml [ l l s l i t l t l t , s  ~lf I h , a [ I h ,  [ l l i | { ' d  5t;ll~,>; 
l ' n b l i c  I h ' n l t h  .%'vxice. 

le,,/c,.c,,.s p. 2.1,). 
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TABLE I 
INEFECTIVITY AND ULTRAVIOLET ABSORPTION OF MAHONEY CRYSTALS AND RELATED MATERIALS* 

u.g. absorption specilio 
In/ectivity ratio inJectivity 

plu/ml E~6o plu/ml 
E2Bo unit E~6o 

O r i g i n a l  p r e p a r a t i o n  5.6.  lO 10 i .67 i .6- IO 9 
(p r io r  to  s t o r a g e )  

Disso lved  c r y s t a l s  2. 3 • Ios  i .69 i .2. i o  a 
M o t h e r  l i q u o r  ,5.0" to  9 1.7o 2.7" to 8 

See  r e f e r e n c e s  i a n d  3 for  m e t h o d s ,  i n f e c t i v i t i e s  e x p r e s s e d  as  p l a q u e - f o r m i n g  u n i t s  (pfu) 
e x t i n c t i o n s  (El  are  for  a i c m  l i gh t  p a t h .  

bio-assay  presented  in Table  I show a loss of a p p r o x i m a t e l y  9 ° % of the  in fec t iv i ty  
dur ing  the one-year  s torage period.  The  low to t a l  in fec t iv i ty  of the  dissolved crys ta ls  

is a t t r i b u t a b l e  to the  small  number  
r emoved  for assay.  The  difference 
in specific infect ivi t ies  of the crys ta l -  
line and  mo the r  l iquor  fract ions may  
be due to more  r ap id  inac t iva t ion  in 
the  crys ta l l ine  form, or to inac t iva-  
t ion dur ing  solut ion of tim crystals .  
The difference in to ta l  u l t rav io le t  
absorp t ion  of the original  p repara -  
t ion and ti le mother  l iquor  indica tes  
t ha t  about  1/3 to 1/2 the p repa ra t ion  
was crysta l l ine .  

lqg .  ~. P o l i o v i r u s  c r y s t a l s  on i , lside wal l  
of t e s t  t u b e .  x too.  

Fig.  2. P o l i o v i r u s  c r y s t a l  r e m o v e d  fi:om 
t e s t  t u b e  a n d  m o u n t e d  on glass  m i c r o -  

scope  slide, x 8o. 

lqg ,  3. Model  of c r y s t a l  bu i l t  ol p l a s t i c  
ba l l s  g lued  t o g e t h e r  in p a c k i n g  of a face-  

c e n t e r e d  c ,  be. 

Visual ol~servalion,~ an,~! manipulalio~l,s 

"Hie crysta ls  \vert  found to l)c qui te  fragile upon handl ing,  tending to fracture 
into ex t r eme ly  small  crvstal! i tes.  \Vith care, however,  a few were teased loose from 
the wall of the test tube  below the l iquid surface ai ld were t ransferred along with a 
small volmne of mothe r  l iquor to microscope slides with no observable  damage  to 
thei r  s l ruc ture .  They  were moun ted  inside a small r ing of s topcock grease and a cover 
slip was pressed down careful ly from at)or:: to make  good con tac t  with the grease and 
the l iquid iaside the grease t in / .  Care was t aken  to p reven t  crushing of the crystals .  
A crysta l  isolaled and mounted  in this manner  is shown in Fig.  2. Most of t i le man ipu-  
lat ions and observat ions  were made in the cold room at 4 ~. Mounted  crys ta ls  lost the  

/(eh'r~'~lce~ p. 24(;. 
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sharpness of crystalline edges within one hour at  20 ° to 25 ° , and regained it upon 
chilling. This tempera ture  effect became irreversible, however, after a few cycles, the 
crystals failing to redevelop. 

Measurement o/inter/aeial angles 

Several crystals were isolated for measurement  of the angles between the 
numerous faces in order to allow a description of the crystals to be made. These 
crystals were placed on glass slides, the mother  l iquor removed,  a drop of D u P o n t  
"Duco  waterproof  clear cement"  placed over each crystal, and a cover slip pressed 
down on top. The cement  was allowed to harden overnight  and interfacial angles of 
three crystals were measured* within 24 h before appreciable disintegration of the 
crystals had occurred. 

For  the crystal  which had the most  suitable faces for measurement,  six faces were 
measured and it was presumed that  the crystal was resting on a seventh face parallel 
to the slide. 

The faces fall into the following zones (each zone including faces parallel to a 
common  direction) : 

1 , 3 , 7 , 6  

2 , 3 , 4 , 5  
1 , 2 , 5 , 6  

Disposition of these zones closely approximates  (within 2 ° ) requirements for: Face 
I, 2, 4, 5, 6, 7 = Octahedron,  ( I I I )  of isometric system. Face 3 = Cube, (Ioo) of 
isometric system. Interfacial  angles measured:  six octahedron-to-cube angles of 55 ° 
(~: 2) [theoretical angle ~ 54 3/4°1 • These are the angles between cube face 3 and the 
six octahedron faces. Six octahedron- to-octahedron angles average 7 ° 1/2 ° ( ~  3) 
[theoretical angle is 7o 1/2°]. 

In  a second crystal two octahedron-to-cube angles were measured and found 
to be 54 ° and 55 °. For  the third crystal  two octahedron- to-octahedron angles of 7 °0 
and three octahedron-to-cube angles of 5 I°  to 55 ° averaging 54 ° were measured. 

Most of the crystals failed to exhibit  any  birefringence whatsoever  when placed 
between crossed nicol prisms. One large crystal  (o.2 x o.3 mm and o.o9 mm thick), 
however, did exhibit  a very  low birefringence, o.ooi or less. 

The above measurements  and observations are in as good agreemcnt a,~ can be 
expected for the following: 

The crystals are isometric or nearly so. The habit  is octahedral  (m i) with minor 
development  of the cube faces (IOO). Crystals are distorted in shape bv overdevelot>- 
ment  of some octahedron and suppression of some cube faces. 

fudc.v o~ re~faction** 

A single well-developed crystal  was placed on a gelatin-coated glass slide and the 

• \Ve a re  m i l c h  i n d e b t e d  to  P r o f e s s o r  F. J .  TURNI;-R of t h e  Geo logy  l ) c p a r t m e n t  OH t h i s  c a m p u s  
for  m a k i n g  t h e s e  m e a s u r e m e n t s  a n d  i n t e r p r e t i n g  t h e  r e su l t s .  ~ l e a s u l - e l q l e n t s  w e r e  l l l a d e  on a l . i c tz  
u n i v e r s a l  s t a g e  a t t a c h e d  to  a p e t r o g r a p h i c  m i c r o s c o p e .  T h i s  p e r m i t s  m e a s u r i n g  i n t e r r a c i a l  a n g l e s  
a n d  o b s e r v i n g  z o n a l  r e l a t i o n s  on  v e r y  s m a l l  c r y s t a l s :  b u t  p r e c i s i o n  is r e l a t i v e l y  h)w, b e i n g  } 2" 3" 
for  a l l  i n t e r r a c i a l  ang le s .  

• * W e  a r e  i n d e b t e d  to  Dr. CHARLES M. (;-ILBERT (:,f t h e  Geoh)gy  D e p a r t m e n t  of t h i s  c a m p u s  for 
h i s  a s s i s t a n c e  in t h e  d e t e r m i n a t i o n  of t h i s  i n d e x  of r e f r a c t i o n  b y  t h e  s t a n d a r d  t ) e t r o g r a p h i c  
t e c h n i q u e  of g r a i n  i m m e r s i o n  u s i n g  i m m e r s i o n  oi ls  of v a r i o u s  refracl~ive ind ices .  

l?e/ere~tces p. 246. 
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mother  liquor removed leaving the crystal  adhering firmly to the slide. This crystal 
was allowed partially to dry  by  s tanding exposed for 1/2 h in a 4 ° cold room. Various 
immersion oils were applied until the index of refiaction was determined. Slide and 
crystal were thoroughly washed with CCI~ between applications of the different oils. 
As measured at 4 ° in this manner tile index of refraction of the p01iovirus crystal was 
1.53.5 • 0.003. One must remember, however, that the crystal was only partially 
dried in the cold and that the amount of water present in the crystal is unknown. 
These measurements,  consequently,  are of doubtful  significance. 

[tl.ternal structure by electron microscopy 

In order tha t  the detailed internal s t ructure of the crystal  might  be determined, 
several crystals were placed in a drop of inother liquor on a small brass block, rapidly 
frozen and prepared for electron microscopy following slight modifications of the 
procedure of ~TEF, I~I "5. 

Electron micrographs of replicas of fractured crvstais show the arrangement  of 
the virus particles within the crystal  lattice (Fig. 4). The predominant  plane in this 
micrograph shows the square packing to be associated with a cube face (IOO) (A-Fig. 4)- 
Visible in the same micrograph are planes tilted with respect to the (IOO) plane and 
showing the close packing of the octahedron face ( IH)  (B-Fig. 4)- In  a few pla,'es this 
crystal was fractured also along the (iIO) plane (C-Fig. 4). Of ~he five crystals for 
which replicas were obtained four were fractured along a ( I I I )  plane (Fig. 5) and 
only one was fractured in such a manner  that both the (IOO) and the ( I I I )  faces 
w e r e  visible. 

In order to obtain a measurement  for particle diameter within tim crystalline 
array,  a SUSlx:nsion of l)ow polystyre.ne latex lot 58o(; with a diameter of 259 m/* G 
was sprayed o~to th-, surface of a replica of one of the crystals fractured along the ( i i i )  
plane. Electron micrographs were taken in which the latex particles were super- 
imposed on the ret)licated crystal  areas. In this manner  the length of a row of io or 
more virus particles could be compared with the diameter  of the latex particles. The 
average diameter of the Mahoney strain of poliovirus as determined in this manner  
is 27. 3 ~ 1.4 m/x, a value which is in good agreement with other values obtained 
for this virus v. 

Across the width of the micrograph (l:ig. 4) approximate ly  3o levels withip tile 
crystal are represented. In the original mierograt)h from which this portion was 
>.elected, a total of 55 levels were connted. 

I)ISCUSSION 

Since the individual particles of the Mahoney strain of poliovirus are spherical or 
nearly so 7, it is not  surprising that  crystals which develop in suspensions of the 
purified virus appear  to be of the isometric system, as deduced from the lack of 
detactable bireflingence in most  crystals and the closeness of measured interfacial 
angles to the theoretical values. The small amount  of birefringence observed in one 
c~ vstal could resull from a slight strain or distortion or from discontinuities such as 
that  observed at l)-Fig. 4. l;r~;m the mt,asuren/ent of interfacial angles and from visual 
observation of nmnerous crystals, the crystal hal)it was determined to l)e octahedral  
with minor developnwnt of cul)e faces. Additional faces were observed on some crystals. 

l¢c/crcll(c,~; p. 24f). 
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Fig. 4- Electron micrograph of a replica of a fractured, frozen crystal of poliovirus showing various 
planes within the crystal and a discontinuity. A, the cube (too) plane; I3, tile octahedron (I I ~) 

plane; C, the (i~o) plane; and D, the discontinuity. × 30,000. 
Fig. 5. Electron micrograph of a replica of a frozen crystal of poliovirus fractured along the octa- 

hedron (111) plane only. x 18o,ooo. 
Fig. 6. Model constructed of plastic balls with tile packing of a face-centered cube. Planes marked 

A, B, and C correspond with those in Fig. 4. 

Electron micrographs were ob ta ined  of fractured crystals in which cube (IOO) and 
octahedral  ( i i i )  planes were clearly demonstra ted.  Using a pr int  of a micrograph 
showing good reproduct ion of a ( I I I )  plane, similar to tha t  of Fig. 5, three intersect ing 
lines were drawn through a single particle in such a m a n n e r  tha t  they cont inued  
through the center of lines of particles on either side of the original. The angles 
between adiacent  lines all measured 60 °. Fur the rmore  the lengths of lines to the far 
edge of the 3oth particle in each of the six directions were equal. F rom these measure- 
ments,  it was de termined tha t  the particle packing within  the crystal  has the space- 
latt ice of a face-centered cube. Such measurements  would be incompat ible  with a 
body-centered cube. 

Models of the crystal  have been constructed using small plastic balls packed in 
the form of a face-centered cube. I t  was possible in this m a n n e r  to bui ld  up an octa- 

References p. 246. 
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hedron  with  cube faces (Fig. 3) cor responding f avo rab ly  wi th  those of the  pol iovirus  
c rys ta l  (Fig. 2). Fu r the rmore ,  by  cont inuing  the  deve lopmen t  of cer ta in  rows of 
par t ic les  the  three  faces as seen in A, B and  C of Fig.  4 were able  to  be shown in the i r  
same respect ive  posi t ions  (A, B and  C of Fig.  6). 

I t  is of in teres t  t ha t  when pol iovirus  c rys ta ls  frozen in mo the r  l iquor  are f rac tu red  
t hey  t end  to f rac ture  pre fe ren t ia l ly  along an oc tahedron  ( I I I )  plane or a long a cube 
(Ioo) plane,  there  being only smal l  por t ions  (C-Fig. 4) where clean f rac tures  along a 
( i i o )  p lane are observable .  The  ma jo r  ex te rna l  faces of the  pol iovi rus  c rys ta l s  should 
have  par t ic les  a r ranged  in the  ( I I I )  and  the  (IOO) planes.  This  cont ras t s  wi th  the 
observa t ions  of LABAW AND WYCI,;.OFF 8 in thei r  recent  s tudies  of the  ex te rna l  surfaces 
of southern  bean  mosaic  virus  crysta ls .  They  found t h a t  the  largest  flat  p lanes  of thei r  
crys ta ls  were the  (IIO) planes.  The  par t ic le  pack ing  of bo th  types  of c rys ta ls  appears  
to  be the  same (face-centered cubic), the  closest possible 3-d imensional  packing  for 
spher ical  objects .  

X - r a y  c rys t a l l og raphy  should  ex tend  our  knowledge of the  s t ruc ture  of pol iovi rus  
c rys ta ls  and  m a y  yield informat ion  concerning the s t ruc ture  of the  vi rus  par t ic les  
themselves.  Such s tudies  might  prove  pa r t i cu l a r ly  in te res t ing  in view of the  recent  
work of KLUG, FINCH AND FRANKLIN 9 wi th  the  c rys ta l s  of t u rn ip  yel low mosaic  virus,  
the  par t ic les  of which are  of comparab le  size wi th  pol iovirus  bu t  were found to be 
packed  in such a manne r  t ha t  t hey  lie wi th  thei r  centers  a t  the  la t t i ce  poin ts  of a 
body-cen te red  cubic uni t  cell. 
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SUMMARY 

Crystals of Mahoney strain poliovirus have been exanlined to determine their crystal struc- 
ture. I t  was concluded from these studies that the crystals were isometric or nearly so with habit 
being octahedral with minor development of the cube faces; and with unit packing, within the 
crystals, being that of a face-centered cube. 

Electron micrographs of fractured crystals showed virus particles in cube (ioo) and octa- 
hedron (L t ~) faces and also a few surfaces fractured along the (1 io) plane. The size of the particles 
within the crystal, as measured in a (III) plane, was found to be 27. 3 3- 1. 4 m/~. 

A value of 1.535 ~ 0.003 was determined for the index of refraction, but this is of doubtful 
worth because the degree of hydration of the crystal was unknown. 
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