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equivMent about  ~, v, 0) involves both the hydrogen 
bonds of the t e rmina l  carboxyl  03C504 and both the 
hydrogen bonds of the central  carboxyl  group O5C606. 
The two equivalent  pairs of spirals are t ied together 
in the  a direction by  a pair  of centrosymmetr ica l ly  
related molecules. The second fami ly  of spirals about  
the  screw axes at ¼, v, ½ and  4 a, v, ½ involve the bonds 
03-06 which formed par t  of the first spirals and the 
dimer  type  pair  of 0~-0~. bonds. The successive turns  
of the  second type  of spiral are l inked by  the 0~-07 
hydrogen bonds. 

The r ig idi ty  impar ted  to the crystal  by  this h ighly  
interlocked hydrogen bond system is evidenced by  the 
low value of the tempera ture  factor B. The inter- 
molecular  distances not  involved in the hydrogen 
bonding are well in accord with the accepted van  der 
Waals  radii  for structures of this  type. 
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Cell dimensions and space groups have been determined for twelve alkali citrates and are listed 
with five others determined previously. The pH of the dissolved crystal is used in each case as a 
check on the ionic content of each crystal type. 

The cell constants and  space groups of the alkal i  
citrates l isted in Table 1 have been determined as 
part  of a s tudy  of the structure of the substrates of 
the enzyme aconitase (Nordman, Weldon & Patterson,  
1960a, b). In this paper the alkali citrates are repre- 
sented by  symbolic formulae of the type MnHa-ncit  
in which 'M '  stands for the meta l  and 'cit '  s tands for 
the tri-ionized citrate ion 

- 0 0 C .  CH2. C ( 0 H ) ( C 0 0 - ) .  CH2. COO-. 

* This work has been suppor ted  in par t  by  a grant  (C1253) 
from the National  Cancer Ins t i tu te ,  Public Heal th  Service, 
and in par t  by  an inst i tut ional  gran t  f rom the American 
Cancer Society. 

Present  address:  Jenkins  Labora tory  of Biophysics, The 
Johns  Hopkins  Universi ty,  Baltimore, Md. 

C r y s t a l l i z a t i o n  

The method of crystal l izat ion used in each case is given 
in Table 1. Aqueous salt  solutions were made b y  
allowing 1.0M citric acid to react with weighed 
amounts  of the appropriate  alkali  carbonate. In  some 
cases slow evaporat ion to dryness led to usable crys- 
tals. In  other cases crystals were grown from an 
aqueous citrate solution layered under  either e thanol  
or acetone, i.e., under  hydrophi l ic  solvents in which 
citrate salts are near ly  insoluble (cf. King,  Magdoff, 
Adelman & Harker,  1956). Portions of the solution 
2 c.c. in volume, were layered under  10-20 c.c. of 
the organic solvent in 16 × 150 ram. test  tubes. Crystals 
grew in a week or two in stoppered tubes. 

Using l i thium, sodium, potassium, rubidium,  and  



W A R N E R  E .  L O V E  A N D  A .  L .  P A T T E R S O N  4 2 7  

,,,,-t 

,.o 

v ~  

I,I o 

"~ v 

0 

~ . ~ v  
0 ~ 2  " *  

v ~  

~ v 

v , . ~  

N ~ 

C 

v 

d d d  
o o o 

5 5 5  

d d 
o o 

o~ 

qD b.- ~cO [~  

b.- 0 ~0  qD b . -  
• . . 

~ ~ t ~ ~ 
• ° ° 

II II II II II II 

0 

. ~ . ~  

~ ~ ~ 0  

I;0 u"~ ~ ¢ ~  0 

0 

~ ~ o  o ~ ~ 
.~ ~.~ "~ . 

6 
o 

0 

~ d  
0 o 

) )  ° . - .  

¢'0 ~LO 0 ¢'0 o 

II 

r~ 
+1 "~ 

II 8 

0 

~ -  ~ o 

0 

~ ~ ~ II oO . ~ .  oo ~ ~ ~ 

~ ~ , ~  

~ ~ O0 

0 0 0 ~ "  
~ 0 



428 X-RAY CRYSTAL A N A L Y S I S  OF THE S U B S T R A T E S  OF ACONITASE.  I I I  

ummonium ions, we attempted to make the five 
possible monovalent salts and the fifteen divalent 
salts, including mixed salts of the type lithium rubi- 
dium hydrogen citrate (LiRbHcit). We obtained crys- 
tals of all the monovalent salts, but only six of the 
possible divalent salts. Crystals were obtained of all 
the homogeneous trivalent salts except that  of am- 
monium which is reported to be deliquescent. No 
at tempt was made to crystallize any of the thirty 
possible mixed trivalent salts. 

The ratio of alkali cations to citrate ions in a crystal 
was determined by measurement of the pH of an 
aqueous solution made from it. This procedure is 
justified for a case such as the citrates, in which the 
:pK's are well separated, provided that  the solutions 
are strong enough to insure adequate buffering (cf. 
Table 1). 

The degree of hydration was calculated from the 
observed density and the known ionic content of the 
asymmetric unit. 

In most cases the degree of ionization of the citrate 
ion in the crystals obtained corresponded to that  in 
the solutions from which they were grown. However, 
when a solution of constitution RbgHcit was evap- 
orated, crystals of RbH2cit grew from the resulting 
syrup. In layered preparations the following anomalies 
were observed: 

Liscit grew from Li2Hcit under acetone at 23 °, 
NaHgcit grew from Na2Hcit under butanol at 70 °, 
Na~Hcit grew from NaHgcit under ethanol at 23 °, 
Nascit. 2 H90 grew from Na2Hcit under ethanol at 23 °. 

Cell dimensions were obtained from measurements of 
precession photographs taken with Cu Ka radiation. 
The procedure used in reducing the data and the 
analysis of the errors in the cell constants is described 
elsewhere (Patterson & Love, 1960). 

Crystal density was measured by flotation in mix- 
tures of CHC1s and CH212. The density of the flotation 
mixture was measured by weighing a known volume. 
This volume was determined by means of a 1 c.c. 
hypodermic syringe mounted in a holder with a fixed 
stop for the plunger. The syringe was calibrated by 
weighing the amount of water delivered by it. When 
weighings are carried out in stoppered bottles, they 
are reproducible to about +0.05%. 

Discuss ion  

This survey has revealed four isomorphous pairs. 
They are: 

LiH2cit; NaH2cit, 
Li(NH4)Hcit. H20 ; LiRbHcit.  H20, 
(NH4)2Heit; (NH4)2-xRbxHcit ( x ~  ~), 
Kscit. H20 ; Rbscit. He0. 

The third pair are not isomorphous in the strict sense. 
The cell dimensions of the two salts are very similar 
but the space groups are not the same. They probably 
belong to continuous series of isomorphous salts but 
we have not attempted to prepare other salts of this 
type. 

The collection of three-dimensional X-ray data for 
the structure analysis of the first pair (LiH2cit and 
NaH2cit) is in progress, and structural studies on the 
second and possibly the fourth pair are intended. 
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