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sodium dodecylsul fa te ,  4% lauryl  alcohol and  82% 
water .  The specimen was con ta ined  in a th in-wal led  
capi l lary ,  and  was t a k e n  wi thou t  ro ta t ion .  The 
s t ruc tu re  was therefore  no t  ' s ingle-crystal ' ,  but  was 
a s t r ic t ly  cyl indr ica l ly  or ien ted  'powder '  specimen. 
This  p a t t e r n  type  was predic ted  for s t ruc tures  SSR,  
RP1S and RPoS, and  could occur for very  special and  
mdike ly  ro ta t ions  of SSP1, SS(RD), SS( RP1), SS( RPo), 
DDR, and DPoR. 

Conc lus ions  

[t can I}e seen from the  above  examples ,  t h a t  some 
in fo rma t ion  abou t  the  s t ruc tu re  of mesomorphic  
phases can be der ived  f rom the i r  d i f f rac t ion  pa t t e rns .  
I t  is obvious  t h a t  one can be more specific abou t  the  
classif icat ion of the  s t ruc tu re  if one can prepare  bo th  
"powder'  and  ' s ingle-crystal '  specimens.  In  addi t ion ,  
s t a t i o n a r y  and  ro t a t i ng  sample t echn iques  will help 
t() d is t inguish similar  s t ructures .  I t  is somet imes  
possible to or ient  mesomorphic  sys tems by flow into  
a capi l la ry  tul)c, or by  centr i fuging in a capi l lary.  
Occasional ly  the  conta iner  itself (e.g. a capil lary)  will 
influence the  o r i en t a t i on  of the  specimen.  Since m a n y  
()f the  mcsomorphic  phases have  high viscosities, 
t ime will usual ly  aid the  o r i en ta t ion  process. 

I t  is also obvious t h a t  a comple te  d e t e r m i n a t i o n  
of the  s t ruc tu re  of a n y  phase  mus t  include s t ruc tu re  
fac tor  ca lcula t ions  so t h a t  p red ic ted  and  observed 
in tens i t ies  may  be compared.  As men t ioned  above,  
the  present  discussion comple te ly  ignores the  molec- 
u lar  s t ruc tu re  factor,  and  its inf luence on the  in tens i ty  
d i s t r ibu t ion  in reciprocal  space. 

The help and  encouragemen t  of m a n y  colleagues at 
Proc te r  and  Gamble  has been deep ly  apprec ia ted .  
Special t h a n k s  are due Mr R. E. K a m m a n n ,  wh() 
did the  a i r -brush  a r t  work, and  to Mr C. W. Hand ,  
present ly  a t  H a r v a r d  Unive r s i ty  Gradua t e  School,  
who helped wi th  m a n y  of the  drawings.  
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Egg-white lysozyme ehlori(te when crystallized at  pH 4.5 from solutions containing the ions 
Ta6Cll~+ and Nb6Cli~+ forms crystals containing these complex ions in the amount~ of approximately  
one ion per molecule of lysozymc. These crystals have the same space group (P4x21) and approx- 
imately the same cell (timensions as those of lysozyme ehlorMe alone. 

Tw()-dimcnsional and three-dimensional Pat terson diagrams (drain. =5  ;~k) in(ticate tha t  these 
ions occupy one set of eight-fold general positions in the unit  cell and establish the coordinates of 
the ion (:enters. There is good evi(lencc tha t  the large complex ions cruise a significant al terat ion 
in the configuration of the protein molecule. Some implications of these fin(lings are discussed with 
respect to further inv(~stigati()ns of the crystals. 

1. In troduct ion  

Egg-white  iysozyme has m a n y  proper t ies  t h a t  re- 
c o m m e n d  it as a subjec t  for X - r a y  inves t iga t ion ,  
among  t hem being its  low molecular  weight  (about  

. . . . . . . .  

* Deecase(t. Nov(;ml)er 11, 195S. 
~ (?ontribution No. 2812 from the Gates and Crellin Labo- 

r ~torios of ('hemistry. The work des('ribed in this article was 
SUl)ported prin('il)ally by a (~ollll'~t(.l (XOrll'-22(l(();5)) between 
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14,700), its re la t ive  s t ab i l i t y  and  homogene i ty ,  its 
a v a i l a b i l i t y  in h ighly  pur i f ied form, and  the  ease wi th  
which it  can be crystal l ized.  Crystals  of the  chloride 
grown a t  pH  4.5 are especial ly  s table  and  yie ld  X- r ay  
pho tog raphs  wi th  reflect ions ex tend ing  to a m i n i m u m  

. . . . . . . .  
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spacing of about 1.7/~. Unfortunately ,  they  have high 
symmet ry  (tetragonal) with 8 molecules in the unit  
ceil, which is a disadvantage both in the collection of 
adequate  quant i ta t ive  X-ray  data  and in the inter- 
pretat ion of these data.  

The first X-ray  diffraction studies of egg-white 
]ysozyme chloride were made by  Palmer  (1948), who 
has reported the following data  for wet crystals grown 
at pH 4-5" 

Tctragonal,  a=79 .1  +0-1, c = 3 7 . 9 + 0 " 2  A ,  
Dm=1"233,  Z = 8 .  

Space group P4121 (or P4321). 

He also described an air-dried form which is tetragonal  
and apparen t ly  has the same space group as the wet 
form, but  smaller cell dimensions (a = 71.2, c = 31.4 _~). 
X-ray  measurements  of these air-dried crystals were 
used to derive a value (l 3,900 _+ 600) for the molecular 
weight of the anhydrous,  chloride-free protein (Palmer, 
Ba l lan tyne  & Galvin, 1948). Later, complete three- 
dimensional  in tens i ty  data  extending to a m i n i m u m  
spacing of 5.7 /~ were collected and used for the 
computat ion of the three-dimensional  Pat terson flmc- 
t ion of the air-dried crystals (Corey, Donohuc, True- 
blood & Palmer,  1952). At tempts  to interpret, these 
da ta  led to no significant informat ion about  the 
structure of the protein molecule. 

An investigation* of wet lysozyme chloride crystals 
was begun in 1951 in collaboration with Dr Palmer  
in the lat)oratories of the Western Uti l izat ion Research 
and Development  Division, Depar tment  of Agri- 
culture, All)any, California. In  this  invest igat ion two 
sets of Cu Koc in tens i ty  data  were collected from 
oscillation photographs of wet lysozyme chloride 
crystals and were used to calculate a three-dimensional  
Patterson plot (drain.=4"0 ~) and a two-dimensional 
Pat terson projection onto (001) (dmi. .=2.0 A). Both 
of these plots were similar  in their  general features 
to the corresponding plots derived from air-dried 
crystals;  their  wealth of addit ional  detail  was likewise 
uninterpretable  in terms of the structure of the crystal. 

The present invest igat ion was begun in 1957; it 
comprises an a t t empt  to determine the structure of 
egg-white lysozyme chloride by the use of isomor- 
phous series of crystals containing heavy  atoms. 
This paper is a brief report of the progress tha t  has 
so far been made and of the course of the current work. 

2. Experimental 

(i) The complex chlorides of tantalum and niobium 
The introduction of heavy  atoms into proteins so 

as to form t ruly  isomorphous series of crystals which 
are necessary for a direct solution of the phase-angle 
problem will depend for its success upon properties 
that  are peculiar to cach individual  protein. In  1956 

* This earlier investigation was supported in part by a 
grant from the John Simon Guggenheim Memorial Foundation 
t.o one of us (R. ]3. C.). 

Prof. L. Paul ing called to our a t tent ion the complex 
ions Ta6Cl~z + and Nb6C1 ++ which are identical  in 
charge and so near ly  identical  in dimensions that  
crystals which differ only in containing one or the 
other of them might  be expected to be precisely 
isomorphous throughout  their  structure. Pre l iminary  
experiments  in which crystals of lysozyme chloride 
were grown in the presence of these ions showed that  
they  were indeed incorporated into the crystals and 
produced striking and consistent changes in the X-ray 
patterns.  

The configuration and dimensions of these complex 
ions of t an ta lum and niobium were determined by 
Vaughan,  S turd ivant  & Paul ing (1950) by  X-ray 
diffraction studies of concentrated alcoholic solutions 
of the chlorides Ta6Cl14.7H20 and Nb6ClI4.TH20. 
Both ions comprise six metal  atoms si tuated at the 
corners of a regular octahedron and twelve chlorine 
atoms occupying peripheral  positions along the radial 
perpendicular  bisectors of the edges of the octahedron. 
The structure of these ions is s h o ~  in Fig. 1. 

7- 
7 - - - - ~ ; , . 4 ~ j  ~ / 

/ 

Fig. 1. A drawing showing the configuration and dimension.< 
of tile complex ions Ta6Clle ++ and NbGCI12 ++. Small shaded 
spheres represent the metal atoms at corners o f  a n  octa- 
hedron; unshaded circles represent chlorine atoms, l)imen- 
sions are in Angstr6m units. 

Two batches of Ta6CI,4.7H~_O were prepared for 
our use, one by Dr Herber t  Segall and one by Mr 
Albert  Hybl ,  both using the method of Lindner  & 
Feit  (1924). The compound was obtained in the form 
of microscopic crystals;  in bulk it appears to be black, 
but  separate crystals viewed under a microscope 
appear  as t iny  green hexagonal  plates. 

The compound Nb6Ch4.TH20 is more difficult to 
prepare than  the corresponding t an ta lmn  compound;  
it was first preparcd and described by Harned  (1913). 
The material  used in our experiments was made by 
Prof. Harned  during a visit  to these Laboratories in 
1956 (Harned, Paul ing & Corey, 1960). 
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(ii) Preparation of crystals 
The crystal l izat ion of lysozyme at pH 4.5 has been 

described by Alderton, Ward  & Fevold (1945). Most 
of the lysozyme used in our investigations was iso- 
electric egg-white lysozyme purchased from Armour 
and Company;  portions were checked for chromato- 
graphic homogenei ty  (Tallan & Stein, 1953) by  Dr 
W. A. Schroeder in these Laboratories.  Some X-ray  
da ta  were taken from crystals prepared from lysozymc 
purchased from the Worth ington  Biochemical Cor- 
poration. In tens i ty  data  collected from crystals 
derived from the two sources showed excellent quan- 
t i ta t ive agreement.  

Crystals of lysozyme chloride were grown from 
solutions containing 3% of the protein and 5% of 
sodium chloride; they  were buffered at p H  4.5 with 
0.09M acetate. Characteristic tetragonal  b ipyramida l  
crystals were obtained at room temperature.  

Crystals of lysozyme chloride containing Ta6Cli!., + 
were grown at pH 4.5 (0.09M acetate buffer) from 

O /  solutions containing 3/o of the protein, about  0.04 
g.ml. -1 of NaCl, and an amount  of Ta6C114 such tha t  
the molar ratio of complex ion to protein was 1:1. 
The crystals were green in color and resembled 
crystals of lysozymc chloride in face developmcnt.  
They grew readi ly at room temperature.  

The crystals containing Nb6CI+~ + did not grow 
readi ly at room temperature.  After considerable ex- 
per imentat ion,  sat isfactory crystals were obtained 
from solutions main ta ined  at 5 °C. and pH 4.5 (0.09M 
acetate buffer) containing -~/o')'~°~ of lysozyme, about  
0-023 g.ml.-~ of NaC1, and sufficient Nb6CI,4 so tha t  
the molar ratio of complex ion to protein was l : l .  
The crystals were l ight green in color and al though 
they  grew more slowly they were similar in size and 
habi t  to those containing Ta6CI~2 ~-. 

(iii) Isomorphism and unit-cell dimensions 
As a quant i ta t ive  measure of the degree of iso- 

morphism of the three tsqaes of crystals, the unit-cell  
dimensions were determined from three crystals of 
each type, powdered sodium chloride (a0=5"6402 A; 
Swanson & Fuyat ,  1953) being used as reference 
substance. Measuremcnts on Weissenberg photographs 
of the positions of about  20 selected hO1 reflections 
were used together with the measured positions of the 
superimposed sodium chloride lines to calculate the 
dimensions of the a and c axes of the unit  cell by a 
least-squarcs procedure. The average values of the cell 
dimensions derived for the three types of crystals are 
listcd below, together with thcir  s tandard  deviat ions 
calculated from the spread of values obtained from 
the three crystals of each type. 

(iv) Crystal densities and the number of complex ions 
in the unit cell 
The densities of crystals of lysozyme chloride and 

lysozyme chloride containing the complex ions of 
t an ta lum and niobium were determined by the flota- 
t ion method in mixtures  of chlorobenzene and bromo- 
benzene. The averages of six determinat ions  of the 
densi ty  of each of the three t )Tes of crystals are listed, 
together with their s tandard  deviations, in the fol- 
lowing tabulat ion.  

Density 
Crystal (g.ml. -1) s.d. 

Lys HCI 1.2320 0.0019 
Lys + Ta~C112++ 1.3009 0.0046 
Lys + Nb6Cl~2 ++ 1-275I 0.0043 

Based on the dimensions reported by Vaughan,  
S turd ivant  & Paul ing (1950) and an assumed van  der 
Waals  radius for chlorine of 1.8 A, a sphere tha t  
would just  contain the complex ion Ta6Cl~.~ + would 
have the volume 557 A a, equivalent  to the volume of 
18.6 water molecules (volume of one water molecule 
taken at 30 Aa). Accordingly, the presence in a uni t  
cell of one Ta6Cl~ + ion would be expected to cause an 
increase in weight equal to the weight of the ion 
minus  the weight of 18.6 water molecules, namely,  
0-01956 x 10 -19 g. The increase in weight of the uni t  
cell of a crystal containing Ta6Clli:2 + over tha t  of a 
crystal of lysozyme chloride alone Call be calculated 
from the volumes of the unit  cells and  the crystal  
densities;  it  is 0.16651 × 10 -~9 g., equivalent  to 8.5 
Ta6C17, ~- ions. A corresponding calculation of the num- 
ber of Nb6Clre + ions in the uni t  cell of crystals con- 
ta ining the niobium complex yields the number  8.4. 
(The s tandard  deviations associated with these num- 
bers are 1.1 and 1.5, respectively.) 

If, as indicated by  the qual i ty  and reproducibi l i ty  
of the X-ray  photographs,  Ta6CI~a + and NbsCI+, + fill 
definite positions in the crystals, the results of these 
calculations indicate tha t  these complex ions m a y  
occupy one set of general eight-fold positions, corre- 
sponding to a molar ratio of the complex ion to 
lysozyme of 1 : l .  

(v) Collection of intensity data 
For the collection of X-ray  in tens i ty  data  from 

protein crystals precession photographs often have 
advantages over Weissenberg photographs:  indices of 
reflections are immedia te ly  obvious, specific pat terns 
are more readi ly recognized, and the rectil inear ar- 
rangement  of reflections makes possible the use of a 
microdensitometer  for the measurement  of intcnsities. 
Our first photographs of crystals of lysozyme chloride 
containing t an ta lum and niobium were precession 

Crystal % (A) s.d. (A) c 0 (A) 

Lys HC1 79-11 0.13 38.21 
Lys + Ta6C112++ 80.06 0-26 37.33 
Lys + Nb6Cl12 ++ 80"07 0"09 37.15 

s.d. (A) 17 (A 3) s.d. (A 3) 

0.05 2.39I x 105 0.006 × 105 
0.06 2.393 0.012 
0-07 2.382 0.006 
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photographs taken with Cu K a  radiat ion with a 
crystM-to-film distance of 9.0 cm. and a precession 
angle of 17 ° (dmin.=2"7 ~?~). Precession photographs 
have continued to be useful for pre l iminary  inspection 
and confirmation of the ident i ty  of crystals, and for 
obtaining quant i ta t ive  data  for zero-layer reflections. 
However, because of the 80 A dimensions of the unit  
cell, we have not found precession photographs 
practicable for recording a significant body of general 
three-dimensional  data.  Most of our X-ray in tens i ty  
da ta  have been obtained from Weissenbcrg photo- 
graphs as described in the following paragraphs.  

Crystals about  0"3 to 0"7 ram. in diameter  were 
sealed in thin-walled glass capil lary tubes which also 
contained some mother  liquor. They were photo- 
graphed with Cu K~ radiat ion in Weissenberg cameras 
with a crystal-to-film distance of 5.73 cm. Photographs 
of the hk0 and hOl zones were taken with mult iple  
films and the intensit ies of the reflections were meas- 
ured visual ly  by  comparison with calibrated in tens i ty  
scales prepared from a series of exposures of a single 
reflection from similar crystals. 

The intensities of 632 non-equivalent  h/c0 reflections 
(min imum spacing, 1.8 .~) were obtained from two 
~Veisscnberg photographs made from two different 
crystals of lysozyme chloride, one grown from re- 
(rystal l ized egg-white lysozymc obtained from the 
Worthington Biochemical Corporation and the other 
from lysozyme obtained from Armour and Company. 
The intensities of both photographs were cst imated 
by two or more independent  observers. After ap- 
propriate correlation and scaling, the values of F ") 
calculated from the est imates made from a partic,~lar 
photograph by different observers were in good agree- 
ment.  Data  from the two photographs also showed 
go()d agreement. Corresponding h/c0 intensi ty  data  
were ot)tained from crystals of lysozyme chloride con- 
raining the complex ions Ta6Cli!; -= and Nb6Cli~ +, 
respectively. 

The intensit ies of 615 hO1 reflections from crystals 
of lysozyme chloride containing Ta6C1 ++ (min imum 
spacing, 1.7 x~) were est imated in a similar manner,  
as were corresponding hOl reflections obtained from 
crystals of lysozyme chloride containing Nb6Cli.; ~. 
These data  were also correlated and converted to 
average relative values of F 2 for the two types of 
crystals. 

In a similar  fashion, three-dimensional  in tens i ty  
data  from crystals containing the ions Ta6Cli~,, + and 
Nb~Cl~ -t were collected from e(tui-inclination Weisscn- 
berg photographs of layer lines 1 to 7 about  c. Values 
()f F 2 for different levels in l were correlated by 
comparison with corresponding data  from hO1 photo- 
graphs. 

We should remark here tha t  crystals of lysozyme 
chloride grown from the same solution were f requent ly  
f()und to give rise to X-ray  pat terns tha t  differed 
sl ightly in the relative intensities of certain reflections. 
Therefore, it was necessary to test all crystals which 

were to be used as a source of quant i ta t ive  three- 
dimensional data,  either of lysozyme chloride or of 
lysozyme chloride containing a complex ion, to make 
certain tha t  they  were of the form tha t  would yield 
the common, or "standard',  X-ray pattern.  Before 
taking an upper-level Weissenberg photograph, a 
pre l iminary  zero-level photograph with the crystal 
oscillated over a selected range was always taken and 
compared with a ' s tandard '  photograph. Crystals 
mounted for oscillation around the a axis were checked 
t)y taking pre l iminary  hkO precession photographs. 

3. P o s i t i o n s  of the  h e a v y - m e t a l  ions  

(i) Two-dimensional difference Patterson projections 

Because of striking differences between photographs 
of lysozyme chloride and those of lysozyme chloride 
containing the ion ~" Ta6CI,,,., it was hoped tha t  the 
positions of the complex ions would be readily found, 
even from prel iminary  two-dimensional data  derived 
from the two types of crystals. However, inspection 
of several Pat terson projections on (001) based on 
early precession photographs failed to define the x 
and y coordinates of the ions. This failure can probably 
be t, 'aeed to the high symmet ry  of the crystals which 
tends to obseu,'e the contr ibut ion of the heavy ions. 
The first information at)out the positions of the heavy- 
metal  ions was obtained from a p, 'el iminary two- 
dimensional  difference Pat terson projection on the 
uv plane. 

Although X-ray  data from protein crystals do not 
meet the requirements  necessary for the successful 
application of Wilson's statistics (Wilson, 1942), we 
nevertheless used this method in an a t t empt  to bring 
data  from Weissenberg photographs of crystals con- 
taining t an ta lum and niobium, respectively, approx- 

I /  ~ 1_ 
0 2 

Fig. 2. A plot of a difference Patlerson (.FLTal 2-  !FLN b 2) 
proje(.ted onto (00l): dmin. = 5 ?~. 
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imately  to  the same scale. Relat ive values of F~h~.o) 
for 98 reflections extending to a minimum spacing of 
5 ~ were used. The resulting difference Pat terson 
diagram, based on the coefficients (~;FLT~i"--IFLN~Ie), 
could be in terpreted as indicat ing the presence of eight 
heavy-meta l  octahedra  with centers in the eight-fold 
general positions of P4~21, with x=0-342,  y=0.048 .  
Conspicuous maxima at  ½, 0 and ½, ½ at  first suggested 
tha t  addi t ional  ions might  occupy a set of four-fold 
special positions with x = y =  ~, but this possibility 
was not  supported by later determinat ions  of the 
number  of ions in the uni t  cell (see Pa r t  2, above) 
and inspection of the three-dimensional Pat terson 
diagram described below. 

These ten ta t ive  x and y coordinates were used as 
a basis for fur ther  ad jus tment  of the relative values 
of F~0) for the crystals containing the different ions. 

1 
0 

:Fig. 3. A plot of the difference Patterson projected onto (010). 
The maxima labeled A and B are identified in the text. 

In  the final stage of bringing these values close to the 
absolute scale, s t ructure factors corresponding to 

,~2 d~(.r~,-_~-u) were calculated for reflections with spacing 

V - - - - ~ -  1 V - - - . ~ -  1 

0 

' !  ( \ :-, / ," 
. /  ~ i :" "---~ ~ \ x/ / 1  .., :, , , .-., : >---. 

/ / i  I ~ - - f - ' ~  ~ \ ' \  . /  i 

...'/C ,- "- .... ,"-'-",-', ~ o,~) 
, ,,,. , ilk./:S._. '.,"L./ ( 
\ ( '( ", .---, k "-' / : ~ ,  ,'t I ~-// .-' ) < 

[~ ~ I )'-, ,--W °~') " "'" 
! \ I \ z - \  / ~ \  
2 

(a) (b) 

A C 1 5 - - 7 5  

oo½ 

. . . . . .  .~ ,1  ~ - - - -  . - - "  - -  - - - - ~ '  f %  \ k ~ 

'.,i " 
oo( 

UV (0 

11 

,N 

[ f  ~ " - -  

- - ~  I I 
11 0 

Fig. 4. Sections through the three-dimensional differonce Patterson. 
(a) Horizontal section w= 0.20; (b) section w---- 0"30; (c) diagonal vertical section u =v. 
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greater  t han  5 ~. A specific orientat ion was assumed 
for the meta l -a tom octahedron;  the scattering powers 
of the metal  a toms were taken  from the Internationale 
Tabellen zur Bestimmung yon Kristallstrukturen (1935) 
and were corrected for anomalous dispersion (Dauben 
& Tcmpleton, 1955). Scaling factors were then applied 
to the two sets of observed values of F~t,~o) so as to 
fit their differences, /]Fo, to the calculated values 
described above. 

These new 'absolute '  values of F~,~0) were used for 
a recalculation of the difference Pa t te r son  P(u, v), 
a plot of which is shown in Fig. 2. In  this figure the 
positions marked  with a plus sign ( + )  represent  vec- 
tors between ions s i tuated in the eight-fold general 
i)ositions with x=0 .342 ,  y=0 .048 ,  the coordinates 
derived from the original difference Pa t te r son  projec- 
t ion; vectors between corresponding ions with x =  
0.347, y = 0 . 0 5 0  are represented by t)oints marked  
with a n  ( X ) ,  m o s t  of which appear  to t)e s i tuated 
closer to positions of max imum vector density. 

Correspondingly adjus ted  values of F e for 80 h()l 
reflections with a minimum spacing of 5 ~ were used 
for the calculation of a difference Pa t te r son  projection 
on the uw plane (Fig. 3). In te rp re ta t ion  of this projec- 
t ion led to the assignment  of the value z=0 .335  to 
the third coordinate of the ions in eight-fold general 
positions. 

(ii) Three-dimensional difference Patterson vector 
diagram 
General confirmation of the coordinates as- 

signed to the centers of the complex ions was ob- 
ta ined from a three-dimensional difference Pa t t e r son  
(]FLT~] ~ -  JFLN~I ~) calculated from 625 reflections with 
a minimum spacing of 5 _~. The calculation was made 
over one-eighth of the uni t  cell a t  intervals A u =  
Av = 0.02, Aw = 0.05. Two typical  horizontal sections, 
a t  w = 0 . 2 0  and at  w=0 .30 ,  and the diagonal vertical 
section u = v  are shown in Fig. 4. In  Figs. 3 and 4 
the m a x i m u m  designated by A corresponds to the 
interact ion u = v = x - y ,  w = 1 -  2z, tha t  designated by 
B to u = v = x + y ,  w = 2 z - ½ .  Aside from the max ima  
associated with the positions of the ions, most  of the 
vector densi ty  is s i tuated near the corners of the cell 
octant  where the horizontal,  vertical,  and diagonal 
mirror planes of the Pa t te r son  d iagram intersect. 
A t t empts  to associate these max ima  with addit ional  
ions in special or general positions in the crystal  were 
unsuccessful. They  probably  represent  residual protein- 
ion interactions accentua ted  by the s y m m e t r y  of the 
l )at terson diagram. 

4. T w o - d i m e n s i o n a l  F o u r i e r  projec t ion  of 
l y s o z y m e  ch lor ide  c o n t a i n i n g  TaaCl+~ + 

Although the s t ructure  has no center of symmet ry ,  
the projections onto (001) and (010) are centro- 
symmetr ic ,  and accordingly the positions of the com- 

plex ions are sufficient to determine the signs neces- 
sary for electron densi ty  projections. 

We first calculated values of /JFTa-Nb--the dif- 
ference between the s t ructure  factors of a Ta6Cl+a + ion 
and a Nb6CI~., + ion- - for  all 102 hkO reflections and 
84 hOl reflections out to a spacing of 5 _&. For  this 
calculation the complex ions were placed in eight-fold 
general positions with their centers at  x=0 .347 ,  
y = 0 . 0 5 0  and z=0 .335  and with their  four-fold axes 
oriented parallel to the three crystallographic axes;  
an empirical t empera ture  factor  with B equal to 
30.6 A 2 was applied. The magnitudes and signs of 
A F T a - ~  thus calculated, when compared with the 
observed magni tudes  of IFLTd and ]FLNb!, served to 
estat)lish the signs of FLTa for the zonal data .  Elec- 
t ron densi ty  projections onto 010 and 001 were then 
calculated; they  are shown in Fig. 5. Like most  other 
two-dimensional projections for protein crystals, these 
projections fail to provide any  information about  the 
protein molecule, and, a t  this resolution, they  could 
not be expected to contain any  information about  the 
orientat ion of the complex ions. 
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Fig. 5. Fourier projections of electron density of lysozyme 
chloride containing Ta6C112 ++. (a) The projection onto 010. 
Contours are drawn at interwds of 4 e.A -2 beginning with 
the 20-electron contour which is dashed. The crosses in- 
dicate tile l)ositions of the ions at (0.347, 0.050, 0.335) and 
(0"450, 0.847, 0-585). (b) Tile projection onto 00l. Contours 
are at intervals of 2 e.A -2 beginning with the 10-elcctron 
contour (dashed). The prominent peaks are ions at (0.347, 
0.050, 0.335) and (0.050, 0.347, 0.665). 

A quant i ta t ive  comparison was made between the 
calculated differences AFTa-Nb and the corresponding 
observed differences in s t ructure  factors. With 
IAF[o = ]]FLTa[ + IFLNb]], the discrepancy factor  

R =  Z(I / JF]o- IAFI~) / (ZIAF[o)  

is 0.26 for the 186 )~k0 and hO1 reflections. Bearing in 
mind tha t  the terms l i f o  are differences between two 
observations, this factor is satisfactorily small and 
gives s trong support  to the conclusions t ha t  the 
crystals containing Ta6Cll+.., + and Nb6Cl% + ions are 
indeed isomorphous and tha t  the centers of the 
complex ions have been correctly located. 

I f  crystals of plain lysozyme chloride are t ru ly  
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isomorphous with those containing the complex ions, 
it should be possible to make a similar comi)arison 
between calculated and observed contributions of the 
heavy ions, and to assign signs to the zonal reflections 
of lysozyme. Accordingly, a t tempts  were made to 
adjust  the scale of the lysozymc hydrochloridc data  
so as to bring the magni tudes  of [FL[ into approx- 
imate  average agreement  with the magni tudes  of 
F]L'ra]o +_ ]F'rad~jlo+ +[c. These a t tempts  were unsuccess- 
ful. Crystals of lysozyme hydrochloride, thus, are not 
isomorphous with those containing the complex ions, 
the ions apparen t ly  causing a significant al terat ion 
in the cortfiguration of the protein molecule. The 
unit-cell dimensions listed in Par t  2 above sccm to 
give some confirmation to this conclusion. 

5. D i s c u s s i o n  

The work thus far seems to have established certain 
facts about  crystals of lysozyme chloride containing 
the ions Ta6Cli~:2 + or Nb6Cli'.i I, and to have left several 
fundamenta l  questions in doubt.  

We have strong evidence tha t  the configuration of 
the molecule of lysozyme in crystals of the hydro- 
chloride differs significantly from its configuration in 
crystals containing the large t an t a lum and niobium 
ions. These two types of lysozyme crystals, those tha t  
contain t an ta lum or niobium complex ions and those 
tha t  do not, are therefore to be regarded as struc- 
tura l ly  different species. 

From the first type  of crystals, i lfformation m a y  be 
sought by  two procedures. Since the use of only a 
single pair  of isomorphous crystals gives rise to am- 
biguities in the phase angles, a logical approach 
would be the introduct ion into these crystals of 
addi t ional  ions of other heavy elements ill order to 
resolve the ambiguit ies.  Thus far, we have not been 
able to obtain crystals containing other ions in addi t ion 
to those of t an ta lum or niobium. ]n  the meant ime,  
we have been exploring the i)ossibility of ol)taining 
informat ion about  the configuration of the protein 
molecule direct ly from the single pair  of isomorphous 
crystals. The results are a l ready somewhat  encourag- 
ing. I t  is clear tha t  any  studies of these crystals must  
be concerned with the specific orientation, or lack 
of orientation, of the complex ions and tha t  this 
question will become more and more impor tan t  as 
a t tempts  are made to derive the positions of the atoms 
of the protein molecule from high-resolution data.  

Invest igations of the second type of crystals, those 

of lysozyme chloride alone, will require the incorpora- 
tion of other simpler heavy atoms or ions. Much 
effort has been spent in a t tempts  to achieve the 
desired conditions; recent experiments  have been 
encouraging, but more work will bc necessary before 
definite s ta tements  can 1)e made as to their usefulness. 

The authors wish to express their  thanks  to Prof. 
]Anus .Pauling for suggesting the use of the t an ta lum 
and niobium complex ions and for his interest in these 
investigations. Most of the crystals were grown and 
photographed by Mrs M. L. La~wence, Mrs W . B .  
Kamb,  Miss M. E. Hovauessian,  and  Miss S. W. Wil- 
l iams;  densi ty  measurements  and chemical analyses 
were made l)y Mrs Lawrence and Mrs P. Clauscr. 
X-ray  intensit ies were measured by Mrs Y. Meier, 
Mrs L. Samson, and Mrs J. Stroll. Many of the cal- 
culations were made by  Dr D. M. Burns, Dr F . J .  
Ewing, Mr R. E. Long, and Mr H. D. Nathan.  Mr 
Crellin Paul ing assisted in the preparat ion of the 
niobium complex. Miss L. Casler prepared the Fourier 
plots and made the illustrations. Miss A. K imba l l  
assisted with the data  processing and the preparat ion 
of the manuscript .  
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