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Citric acid was first isolated in a pure form from 
lemon juice by Scheele in 1784 and has been found in 
most plant and animal tissues, often in high concen- 
trations. It accounts for 5% by weight of lemon juice 
and about 0.3% by weight of teeth and bone. Citric 
acid is, however, generally prepared commercially by 
fermentation of a mold that can convert glucose almost 
quantitatively to citrate, On purification, colorless 
crystals are formed which effloresce in dry air; when 
crystals are grown from warm solution, a more stable 
anhydrous form results. This tribasic nontoxic acid and 
its salts are used in a large variety of applications in 
everyday life: in soft drinks and effervescent salts, as 
antioxidants in foods, as a sequestering agent for metal 
binding, as a cleaning and polishing agent for metals, 
and as a mordant in dyeing. Many of these applications 
utilize the good chelating ability of citrate for cations 
such as calcium, strontium, manganese, magnesium, and 
iron. 

This ubiquitous acid and its salts have key physio- 
logical functi0ns.l The citrate ion is an intermediate 
in the later stages of carbohydrate metabolism and is 
found in the cycle that is called the “citric acid cycle” 
or the “Krebs cycle”.2 In this cycle, the oxidation of 
citrate in the mitochondria leads to the production of 
energy. Oxaloacetate is produced and interacts with 
acetyl-coA to regenerate citrate. Other metabolic 
functions of citrate3t4 include its ability to supply acetyl 
groups for biosynthetic pathways (such as when citr- 
yl-CoA is cleaved by cytosolic ATP citrate lyase), its use 
as a hydrogen donor for cytosolic syntheses, and its 
controlling action (activating or inhibiting) on several 
enzymes, including acetyl-coA carboxylase (an enzyme 
needed for lipid synthesis) and phosphofructokinase (an 
enzyme whose reaction is the rate-limiting step in gly- 
colysis). In addition, the chelation of calcium by citrate 
to give an insoluble salt (found in bone) has been con- 
sidered to be of importance in calcium metabolism. 

The citrate ion has posed several interesting stereo- 
chemical problems for biochemists through the years, 
and therefore has been an ideal candidate for three- 
dimensional structural studies. A description of such 
studies, by X-ray techniques, together with a discussion 
of the way in which they can be used to gain an un- 
derstanding of the mechanisms of action of enzymes 
that act on citrate, forms the subject of this Account. 
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General Features of the Citrate Ion 
The formula of the citrate ion is shown in I, the 

numbering used here in 11, and a general perspective 
in 111. There are no asymmetric carbon atoms in citric 
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acid or its anion, but if they are viewed as in I, the 
carboxymethyl group (-CH,COO-) which lies toward 
the top of the page can always be distinguished from 
the lower carboxymethyl group by its relationship to 
the central hydroxyl and carboxyl groups; these two 
carboxymethyl groups are designated pro-R and pro-S, 
respectively, in the R / S  system.6 However, the pro- 
chiral anion or acid can be made asymmetric by sub- 
stitution of one of the hydrogen atoms in the methylene 
groups by another atom or group. The resulting ana- 
logue, such as hydroxycitrate, fluorocitrate, or me- 
thylcitrate, contains two asymmetric carbon atoms, and 
hence four isomers can exist. In biochemical systems, 
the “parent-numbering” system6 (which relates the 
analogue to its “parent” compound) is useful, because 
certain substitutions, as, for example, of hydrogen by 
fluorine, may alter the R / S  designation of a carbon 
atom. 

The three-dimensional structures of citric acid718 and 
its monohydrateeJO and of several salts11-26 have been 
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Figure 1. (a) Chelation in a complex nickel citrate illustrating an ionized hydroxyl group with three nickel cations around it. All 
bonds in the citrate ion are black. Nickel-oxygen contacts are open bonds. Note the tetrahedral coordination of the hydroxyl group, 
O(7) .  (b) Chelation in an antimony citrate (Sbcit(1) and Sbcit(I1)). The backbone from C(l)  to C(5) is black. Note the two different 
backbone conformations, extended (left-hand side) or with one end turned in (right-hand side). (c) Citric acid and its monohydrate 
and their mirror images superimposed on each other. The backbone is black. Note that the variation in conformation is slight for 
the central a-hydroxycarboxylic acid group and great for the terminal carboxyl groups. 

studied by X-ray diffraction methods. There are four 
ionizable groups in citric acid (three carboxyl groups, 
pK1 = 3.13, pKz = 4.76, pK3 = 6.40,z6 and a hydroxyl 
group with a value of 11 or greater for pK4).z7 In the 
solid state, it is found that the central carboxyl group 
(a to a hydroxyl group) is ionized first, then the two 
terminal carboxyl groups, and finally the hydroxyl 
group. NMR studiesz8 indicate that this order of ion- 
ization is generally found in solution as well. Although 
the pK, for the ionization of the hydroxyl group is high, 
the existence of an ionized hydroxyl group is clearly 
seen in two of the three anions in a nickel citrate com- 
plexaM In these the hydroxyl group is surrounded tet- 
rahedrally by three different nickel cations at approx- 
imately equal distances, as shown in Figure la. This 
completes tetrahedral coordination around 0(7), leaving 
no possible place for a hydroxyl hydrogen atom. 

There are two conformations of citrates that are to 
be found among the structures determined to date, as 
shown by the examples in Figure lb,c and tabulated in 
the list of torsion angles in Table I. The backbone of 
citrate, from C(l) to C(5), may be fully extended (T1 
and T2 both near 180’) in a planar zigzag or else one 
terminal carbon atom (C(1) or C(5)) may be swung 
around (T1 or T2 near k60’). 

The C(3)-C(6) bond is typically longer than the value 
(15) B. Sheldrick. Acta Crvstalloer.. Sect. B. B30.2056-2057 (1974). 
(16) N. Gavrushenko, H. L: Carrei, W. C. Stallings, and J. P. Glusker, 

(17) W. C. Stallings, C. T. Monti, R. C. Job, and J. P. Glusker, un- 
Acta Crystallogr., Sect.  B ,  B33, 3936-3939 (1977). 

published observations. 
(18) K. Korff, W. C. Stallinas, Jr., H. L. Carrell, and J. P. Glusker, 

unpublished observations. 
(19) E. A. Piercy, W. C. Stallings, Jr., H. L. Carrell, and J. P. Glusker, 

unpublished observations. 
(20) I. F. Burshtein, G. A. Kiosse, A. B. Ablov, T. I. Malinovskii, B. 

M. Shchedrin, and N. V. Rannev, Dokl. Akad. SSSR, 238,90-93 (1978). 
(21) C. K. Johnson, Acta Crystallogr., 18, 1004-1018 (1965). 
(22) J. P. Glusker and H. L. Carrell, J. Mol. Struct., 15, 151-159 

(1973). 

638-640 (1973). 
(23) H. L. Carrell and J. P. Glusker, Acta Crystallogr., Sect. B,  B29, 

(24) J. Strouse, S. W. Layten, and C. E. Strouse, J. Am. Chem. SOC., 
99, 562-572 (1977). 

(25) D. MastroDaolo, D. A. Powers, J. A. Potenza, and H. J. Schuaar, 
Inorg. Chem., 15,*1444l1449 (1976). 

(1949). 

(1964). 

(26) R. G. Bates and G. D. Pinching, J. Am. Chem. SOC., 71,1274-1283 

(27) A. E. Martell, Ed., Spec. Publ.-Chem. SOC., No. 17, 477-481 

(28) R. B. Martin, J. Phys. Chem., 65, 2053-2055 (1961). 

of 1.511 A normally found for a C(sp3)-C(spz) bond. 
The average value for the C(3)-C(6) bond in citrates 
is 1.544 A, 8 estimated standard deviations larger than 
the expected value. This lengthening of a carbon- 
carbon bond is reminiscent of the “polymethine state” 
described by Kulpez9 for spz carbon atoms. It implies 
the same charge (presumably a slight positive charge) 
on C(3) and C(6), as expected from theoretical calcu- 
l a t i o n ~ . ~ ~  A possible resonance form would contain no 
bond between C(3) and C(6), or even a bond between 
O(5) and O(7). The locations of bonding electrons and 
lone pair electrons are being investigated by low-tem- 
perature, high-resolution studies18Jg with the aim of 
analyzing the bonding in this C(3)-C(6) bond. 

The central hydroxyl and carboxyl groups lie in a 
plane perpendicular to the plane of the backbone, 
C(2)-C(3)-C(4) (i-e., T13 is small). This coplanarity of 
the a-hydroxycarboxylic acid or a-hydroxycarboxylate 
grouping, which occurs in spite of the resultant close 
approach of O(5) to 0(7 ) ,  was noted originally in a study 
of tartrates3I and seems to be a general observation. 
Theoretical studies3z suggest that, for isolated molecules 
or ions (in vacuo), intramolecular hydrogen bonding 
between the hydroxyl hydrogen atom and one of the 
oxygen atoms of the central carboxyl group &e., be- 
tween O(5)  and O(7)) stabilizes this planar conforma- 
tion. Such a hydrogen bond is observed experimentally 
in citric acid but is bifurcated,8 i.e., the hydroxyl hy- 
drogen lies almost equidistant between the a-carboxyl 
group, 0(5), and an oxygen atom of another molecule. 
In both anhydrous citric acid and the monohydrate the 
hydroxyl hydrogen atom lies out of the plane of the 
a-hydroxycarboxylic acid grouping (torsion angles H- 
0(7)-C(3)-C(6) = 37’ (anhydrous) and 20’ (mono- 
hydrate)). In metal chelates the cation lies near the 
position of this hydrogen atom, implying that the a- 
hydroxycarboxylate group is planar in citrates because 
this facilitates its action as a bidentate chelating group. 

(29) S. Kulpe and S. Dihne, Acta Crystallogr., Sect. B,  B34, 

(30) D. Zacharias, J. P. Glusker, R. Guthrie, and T. Dyott, unpubbhed 

(31) G. A. Jeffrev and G. S. Parrv, Nature (London), 169,1105-1106 

3616-3623 (1978). 
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(32) M. D. Newton and G. A. Jeffrey, J. Am. Chem. SOC., 99, 

2413-2421 (1977). 
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Figure 2. Tridentate chelation in (a) ferrous citrate, (b) potassium dihydrogen isocitrate, and (c) rubidium ammonium fluorocitrate. 
The manners in which these anions are involved in the suggested mechanism of action of aconitase are indicated for comparison. 

However this coplanarity is not always possible for 
steric reasons. In sodium P-fluoropyr~vate,~~ which 
crystallizes from water as a gem-diol, there are two 
hydroxyl groups a to the carboxyl group; these lie with 
HO-C-C-0- torsion angles of 23.5 and 36.5', respec- 
tively. A similar nonplanar a-hydroxycarboxylate group 
occurs in an acetylcitric anhydride d e r i ~ a t i v e . ~ ~  

Each of the seven oxygen atoms of citrate can serve 
as a ligand to metals. This metal coordination can be 
monodentate, bidentate, or tridentate and, in the last 
two cases, generally involves the central hydroxyl and 
carboxyl groups (O(7) and O(5)). Magnesium,21 man- 
g a n e ~ e , 2 ~ - ~ ~  and ferrous24 citrates form an isomorphous 
series of crystals (Le., the structures are identical except 
for the presence and size of the metal ion) in which the 
citrate acts as a tridentate chelate (Figure 2a). The 
chelation of a complex antimony citrate20 is shown in 
Figure lb. NMR studies are consistent with similar 
structures for manganese and ferrous citrates in solu- 
t i ~ n . ~ ~  

Citrate Analogues 
Several analogues of citrate have been studied crys- 

tallographically. These are an i ~ o c i t r a t e , ~ ~  two hy- 

(33) T. J. Hurley, H. L. Carrell, R. K. Gupta, J. Schwartz, and J. P. 
Glusker, Arch. Biochem. Biophys., 193,478-486 (1979). 

(34) J. J. Villafranca and A. S. Mildvan, J. Biol. Chem., 247,3454-3463 
(1972). 

(35) D. van der Helm, J. P. Glusker, C. K. Johnson, J. A. Minkin, N. 
E. Burrow, and A. L. Patterson, Acta Crystallogr., Sect. E,  B24,578-592 
(1968). 

droxycitrates,36 two fl~orocitrates,3~-~@ an anhydride 
derivative, and some cis-40 and t r a n ~ - a c o n i t a t e s . ~ ~ * ~ ~  
The latter two are dehydration products of citrate or 
isocitrate. 

Isocitrate has the hydroxyl group on C(2) rather than 
C(3) and therefore contains two asymmetric carbon 
atoms resulting in four possible stereoisomers. The 
absolute configuration of the naturally occurring isomer, 
the anion of (+)-isocitric acid, has been established by 
X-ray crystal log rap hi^^^ (as well as chemical and en- 
zymatic) techniques. The structure of the potassium 
dihydrogen illustrated in Figure 2b, surprisingly 
shows that the central carboxyl group, not the terminal 
a-hydroxycarboxylic acid, is ionized. When hydroxyl 
groups are present on both C(2) and C(3), as in the 
hydroxycitrates, there are again four isomers, and their 
absolute configurations have also been established.m94 

(36) W. C. Stallings, J. F. Blount, P. A. Srere, and J. P. Glusker, Arch. 

(37) H. L. Carrell, J. P. Glusker, J. J. Villafranca, A. S. Mildvan, R. 

(38) H. L. Carrell and J. P. Glusker, Acta Crystallogr., Sect. B ,  B29, 

(39) W. C. Stallings, C. T. Monti, R. K. Preston, J. F. Belvedere, and 

(40) J. P. Glusker, W. Orehowsky, Jr., C. A. Casciato, and H. L. Car- 

(41) J. M. Dargay, H. M. Berman, H. L. Carrell, and J. P. Glusker, 

(42) H. L. Carrell, Acta Crystallogr., Sect. E ,  B29,2082-2088 (1973). 
(43) A. L. Patterson, C. K. Johnson, D. van der Helm, and J. A. 

(44) J. P. Glusker, J. A. Minkin, C. A. Casciato, and F. B. Soule, Arch. 

Biochem. Biophys., 193,431-448 (1979). 

J. Dummel, and E. Kun, Science, 170, 1412-1414 (1970). 

674-682 (1973). 

J. P. Glusker, Arch. Biochem. Biophys., 203, 65-72 (1980). 

rell, Acta Crystallogr., Sect. E,  B28, 419-425 (1972). 

Acta Crystallogr., Sect. E,  B28,1533-1539 (1972). 

Minkin, J. Am. Chem. Soc., 84, 309-310 (1962). 

Biochem. Biophys., 13,573-577 (1969). 
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Table I1 
Average Distances and Angles in Citratesa 

Distances, A 
C( 1)-C( 2)  and C(4)-C( 5) 1.511 
C( 2)-C( 3) and C( 3)-C(4) 1.536 

1.544 
1.433 
1.257 C-0 ionized carboxyl 

C=O carboxyl group 1.216 
C-OH carboxyl POUP 1.314 

C( 3 )-C( 6 1 
C(3)-0(7) 

Angles, deg 
C(l)-C(2)-C(3) and C(3)-C(4)-C(5) 113.3' 
Cf 2HX3kCf4) 109.0 
c( 2 j-c(3 j-ci6 j and c(4)-c(3)-c(6) 110.1 
C( 2)-C( 3)-0(7) and C(4)-C(3)-0( 7) 109.4 
C( 6)-C( 3)-O( 7)  108.8 
ionized carboxyl group, 0-C-0 123.9 

c-c-0 11 8.0 
nonionized carboxyl group, O=C-OH 123.6 

c-c=o 123.4 
113.0 C-C-OH 

a No correlation with ionization state could be found 
for any of these values. Values for RbH,cit, LiH,cit, 
Co(cit), and Sb(cit) and the tetraionized citrates have not 
been included in these averages because the precisions of 
the analyses are not high (esd - 0.02 A ,  1"). Estimated 
standard deviations for individual studies averaged here 
ranged from 0.002 to 0.008 A and 0.1 to 0.5". 

The two fluorocitrates studied are the rubidium am- 
monium salt of the racemate of one pair of i s o m e r ~ ~ ~ ~ ~  
and the (-)-benzylmethylamine salt of an ester of a 
resolved isomer.39 The latter study, together with data 
on the absolute configuration of (-)-benzylmethyl- 
amine,& established the absolute configuration of this 
isomer and of its naturally occurring enantiomer. One 
of the major points of interest for the metal salt of the 
racemate was the fact that the fluorine atom took part 
in the rubidium coordination sphere, excluding the 
central carboxyl group from this sphere (shown in 
Figure 2c). It was also found that the conformation of 
the fluorocitrate was very similar to that of the analo- 
gous hydroxycitrate. No evidence of F-H-0 hydrogen 
bonds was found in any of the fluorocitrates studied by 
X-ray techniques. 

Citrate Enzymes 
The structural features of the citrate ion that have 

just been described can be used to determine the 
stereochemistry of the interaction of citrate and its 
analogues with enzymes. Such studies have led to the 
formulation of hypotheses on the mechanisms of the 
enzymes involved. The enzymes considered here are 
aconitase, which can cause both isomerization and 
dehydration of citrate, citrate synthase, which catalyzes 
the stereospecific formation of citrate from acetyl-coA 
and oxaloacetate, and the two citrate lyases, which 
catalyze the cleavage of citrate to give acetate and ox- 
aloacetate. All are active in major metabolic pathways 
in cells. 

Aconitase may be considered as both an isomerase 
and a hydratase because it interconverta three sub- 
strates-citrate, isocitrate, and cis-aconitate.@ It is the 
second enzyme in the Krebs cycle, and it catalyzes the 
removal of both a hydrogen atom and hydroxyl group 

(45) M. A. Bush, T. A. Dullforce, and G. A. Sim, J. Chem. SOC. D, 
1491-1493 (1969). 

(46) J. P. Glusker, Enzymes, 3rd Ed., 5,413-439 (1971), and referencee 
therein. 
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ci t rate isocitrate 

Figure 3. Comparison of the conformations of the sodium di- 
hydrogen citrate and potassium dihydrogen isocitrate anions. 
These are viewed with respect to the best plane through the 
terminal carboxyl groups. The bonds involved in the hydration 
or dehydration process are black and the hydrogen atom ab- 
stracted from each in the aconitase reaction is indicated by #. 

enzyme-bound Cis-acon11at8 enzyme bound c ~ s - a ~ o n i l a l e  

‘citrate-like’ ConformaUon ‘~soci t rate  like’ conlormalion 

Figure 4. Conformations of enzyme-bound cis-aconitate showing 
“citrate-like” and “isocitrate-like” conformations. Note that a 
water molecule and the central carboxyl group have interchanged 
positions on the coordination sphere. 

from citrate. The hydrogen atom of citrate that is re- 
moved is the pro-2Sj3R hydrogen atom4’ (the pro-2S 
hydrogen atom on the pro-3R carboxymethyl group, 
asterisked in 111). This information, combined with the 
known absolute configuration of isocitrate 
indicates that a trans addition of the elements of water 
to cis-aconitate has occurred. Addition to the double 
bond in one way gives citrate, in the opposite way gives 
isocitrate. 

The hydrogen atom which is abstracted from either 
citrate or isocitrate by the enzyme aconitase is retained 
by the enzyme48 and is either added back again to the 
same face of the double bond of cis-aconitate to give 
citrate or is added to the opposite face to give isocitrate. 
Thus, as pointed out by O g ~ t o n , ~ ~  the plane of the 
double bond of cis-aconitate must rotate during the 
enzymatic reaction. Otherwise, the hydrogen atom re- 
tained by a side chain of the enzyme could not reach 
the other side of this plane without some exchange with 
the environment in the process. 

Information from X-ray studies has been used to  
analyze this problem.% When the shapes of citrate in 
sodium dihydrogen citrate and isocitrate in potassium 
dihydrogen isocitrate are suitably compared, as shown 
in Figure 3,  on the assumption that the enzyme binds 
the ends of the two carboxymethyl groups, the hydrogen 
atom abstracted by the enzyme is similarly located for 
both anions. Furthermore the metal chelation indicates 
that, since the metal position is fairly constant when 

(47) S. Englard, J .  Biol. Chem., 235, 1510-1516 (1960). 
(48) I. A. Rose and E. L. O’Connell, J.  Biol. Chem., 242, 1870-1879 

(49) A. G. Ogston, Nature (London), 167,693 (1951). 
(50) J. P. Glusker, J. Mol. Biol., 38, 149-162 (1968). 

(1967). 

in-plane Q, 9 in-piane 
\ 

dt 

c 
out-of-plane 

(b) maleate 
fu l l y  i on i zed  

(a) cis-aconitate 

pa r t i a l l y  i on i zed  

Figure 5. (a) Dipotassium cis-aconitate hydrogen (not fully 
ionized) showing that both carboxyl groups lie in the plane of the 
double bond (db) and that there is a tight, symmetrical internal 
hydrogen bond between them. The metal ion binds to the central 
and other terminal carboxyl group. (b) Disodium maleate (fully 
ionized) showing one carboxyl group in the plane of the double 
bond and the other carboxyl group out of this plane. The metal 
chelation is similar to that proposed for aconitase binding. 

the abstracted hydrogen atom position is fixed, chela- 
tion (to ferrous iron) may be part of the mechanism. In 
the “ferrous wheel” mechanisms0 (shown in part in 
Figure 4) it is proposed that all three carboxyl groups 
of citrate are held on the enzyme (since none of the 
three monoesters of citric acid are active)51 and the 
substrates (citrate or isocitrate) chelate to the ferrous 
iron via two carboxyl groups and a hydroxyl group. 
Removal of the elements of water gives enzyme-bound 
cis-aconitase in one of two conformations referred to 
as “citrate-like” and “isocitrate-like”, respectively 
(Figure 4). These two conformers differ by the inter- 
change of the central carboxyl group and a water 
molecule on the coordination octahedron of the ferrous 
ion. The hydrogen atom that is abstracted is added 
again from the same side chain (such as glutamate or 
aspartate) in the active site of the enzyme to the en- 
zyme-bound cis-aconitate intermediate to give either 
hydroxy acid again. The anion conformations and the 
chelation proposed are the same as those found ex- 
perimentally and illustrated in Figure 2a,b. Side chains, 
such as arginine, would provide likely groups for at- 
tachment of terminal carboxyl groups of citrate to the 

The addition of water occurs in a trans 
fashion perpendicular to the plane of the double bond 
of the cis-aconitate intermediate; thic plane rotates 90’ 
as shown in Figure 4, and predicted earlier.49 

The mechanism has some symmetry in that one 
carboxyl group must be coplanar with the double bond 
of the enzyme-bound cis-aconitate, while the other is 
rotated out of this plane. In the formation of both 
citrate and isocitrate, the hydroxyl group adds to the 
carbon atom adjacent to the carboxyl group that is 
coplanar with the double bond and the abstracted hy- 
drogen atom is added in a trans fashion to the other 
carbon atom. After this feature had been prop~sed,~’ 
the structures of two diionized maleates were report- 
ed;55956 they showed that when both carboxyl groups are 

(51) S. R. Dickman and J. F. Speyer, J. Biol. Chem., 206,67-75 (1954). 
(52) M. J. Adams, A. Liljas, and M. G. Rossmann, J .  Mol. Biol., 76, 
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ionized, one is coplanar with the double bond and the 
other is out of the plane, as shown in Figure 5. cis- 
Aconitate may be considered to be a derivative of ma- 
leate with one hydrogen atom replaced by a 
-CH,COOH group and therefore it is an adequate 
model for enzyme-bound cis-aconitate. In both cis- 
aconitate and maleate a short internal hydrogen bond 
is formed between the two carboxyl groups if only one 
carboxyl group is ionized.*O NMR studies of an active 
aconitase-ferrous-citrate bridge complex and an inac- 
tive aconitase-manganous-citrate bridge complex5‘ gave 
metal-to-citrate distances in agreement with the 
above-proposed mechanism involving chelation.50 

The enzyme can distinguish between the two 
-CH2COO- groups of citrate. When citrate is bound to 
aconitase, if O(7) and O(5) are “recognition points”, the 
binding is asymmetric since the backbone lies through 
C(3) which is attached to O(7) but not O(5). Therefore, 
when citrate binds the “wrong way”, hydrogen atoms 
on C(2) or C(4) are not in the correct position to be 
abstracted by a fixed group in the active site of the 
enzyme. This phenomenon has been described by 
Ogston as “three-point a t t a ~ h m e n t ” , ~ > ~ ~  a principle first 
applied to the interaction of asymmetric drugs with 
receptorss0 but not extended to prochiral molecules 
until Ogston’s work. The three points are 0 ( 7 ) ,  0(5), 
and the appropriate hydrogen atom on C(2). An ex- 
ample of such differentiation by “three-point” attach- 
ment has been studied crystallographically and spec- 
troscopically.61 

Gawron62 reported that the spectrum of aconitase was 
characteristic of a non-heme iron protein, and, more 
recently, Beinerts3 found that aconitase is a high-po- 
tential iron protein containing an iron-sulfur center. It 
is not clear whether the role of this iron-sulfur group 
is structural, catalytic, or regulatory. There is, however, 
a lack of correlation of the activity of aconitase with the 
extent of irreversible damage to this iron-sulfur center, 
as manifested by the exposure of the iron to water.64 

One good way to find out how aconitase works and 
to establish the role of the iron-sulfur group is to de- 
termine the crystal structure of the enzyme. Unfortu- 
nately aconitase is an unstable enzyme and can function 
only in a reducing environment, and this has caused 
problems in preparing crystals. The cell dimensions for 
some twinned crystals have been reporteds5 as a = 
174.1, b = 72.0, c = 72.8 A, and further studies are in 
progress in the laboratories of Gawron, Sax, and 
Glusker to try to obtain crystals of a higher quality for 
a complete X-ray structure determination of the pig 

(55) M. N. G. James and G. J. B. Williams, Acta Crystallogr., Sect. 
E .  B30. 1257-1262 (1974). 

’ (56)’W. J. Town and R. W. H. Small, Acta Crystallogr., Sect. B, B29, 

(57) J. J. Villafranca and A. S. Mildvan, J. Biol. Chem., 246,5791-5798 
1950-1955 (1973). 

(1971). ~ - - .  -,_ 
(58) A. G. Ogston, Nature (London), 162,963 (1948). 
(59) A. G. Ogston, Nature (London), 181, 1462 (1958). 
(60) L. H. Easson and E. Stedman, Biochem. J., 27,1257-1266 (1933). 
(61) J. P. Glusker, H. L. Carrell, R. Job, and T. C. Bruice, J. Am. 

Chem. SOC., 96,5741-5751 (1974). 
(62) 0. Gawron, M. C. Kennedy, and R. A. Rauner, Biochem. J., 143, 

(63) F. J. Ruzicka and H. Beinert, J. Biol. Chem., 253, 2514-2517 
(1978). 

(64) C. T. Monti, J. P. Glusker, and A. S. Mildvan, unpublished ob- 
servations. 

(65) J. Lee, S. C. Chang, K. Hahm, A. J. Glaid, 0. Gawron, B. C. Wang, 
C. S. Yoo, M. Sax, and J. Glusker, J. Mol. Biol., 112, 531-534 (1977). 

717-722 (1974). 

heart enzyme. The enzymes from yeastsa and Candida 
ZipoZyticas7 have also been purified and the formation 
of crystals reported. 

Much more structural information is available for 
citrate synthase. This enzyme regulates entry into the 
Krebs cycle and causes formation of citrate from ox- 
aloacetate and acetyl-coA. Crystallographic studies on 
the pig heart enzyme@ and the chicken heart enzymes9 
(two forms, one grown with ATP present) and for the 
higher molecular weight enzyme from E. have 
been made. The structure of the pig heart enzyme, at 
3.5-A resolution,68 has revealed a structure rich in a- 
helices but with a disordered region (probably the 
N-terminal end). Further studies are in progress in 
Huber’s laboratory. 

Effects of Citrate Analogues on Citrate 
Enzymes 

The citrate analogues, particularly fluorocitrate and 
hydroxycitrate, are excellent probes for the active sites 
of citrate enzymes, particularly since each analogue has 
four stereoisomers. Peters and ~ o - w o r k e r s ~ ~ ~ ~ ~  showed 
that the toxicity to animals of fluoroacetate, found in 
certain plants, is due to its enzymatic conversion, by 
citrate synthase, to fluorocitrate. The fluorocitrate acta 
as an inhibitor of aconitase. As a result, energy pro- 
duction is affected, and citrate accumulates and binds 
calcium, thereby making it unavailable. Kun73 sug- 
gested that the toxicity of fluorocitrate is caused by ita 
inhibition of the tricarboxylate carrier protein. 

Kun74 showed that only one isomer is a strong in- 
hibitor and inactivator of aconitase. The absolute 
configuration of this was shown, by X-ray 
studies, to be 2R,3R, as illustrated in Figure 2c. Thus 
citrate synthase can act on both fluoroacetyl-CoA and 
acetyl-coA in the same manner. Thus the isomer of 
fluorocitrate that inhibits aconitase has the fluorine 
atom on the acetate-derived end (pro-S) of modified 
citrate, whereas aconitase acts on the other end (oxal- 
oacetate-derived, pro-R) of citrate. The inhibitory 
isomer is initially a linear competitive inhibitor of 
aconitase, indicating that the fluorocitrate competes 
with citrate in the active site but this action is followed 
by a time-dependent inactivt~tion.~~ Presumably, then, 
the fluorocitrate chelates enzyme-bound metal in the 
same manner that it chelates rubidium in its sa1t,37p38 
as shown in Figure 2c. This type of binding cannot be 
productive, however, because there is no hydrogen atom 
available for abstraction. Also, the central carboxyl 
group sticks up toward the proton-abstracting site. As 
a result, some interaction with the active site, such as 
hydrogen bonding or alkylation via the central carboxyl 
group, occurs so that productive binding of substrate 
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can no longer take place and therefore the enzyme is 
inactivated. 

Another set of interesting analogues are the hydrox- 
ycitrates. Two of the four isomers occur naturally in 
plants.75 Their interactions with citrate enzymes are 
different from those of the fluorocitrates. None of the 
four isomers of hydroxycitrate is a substrate for citrate 
synthase, even though one of the analogous fluoro- 
citrates is a substrate. However, the hydroxycitrates 
bind to the citrate lyases (bacterial citrate lyase and 
cytosolic ATP citrate lyase) and behave as substrates 
or inhibitors. The shapes of the active sites of these 
lyase enzymes can be “mapped” by a consideration of 
the shapes of the hydroxycitrates, and some explanation 
of the catalytic and binding activities p r ~ v i d e d . ~ ~ , ~ ~  

Each hydroxycitrate isomer has two hydroxyl groups 
and three carboxyl groups from which one to three of 
these groups may chelate to the enzyme-bound mag- 
nesium ion. One isomer of hydroxycitrate ((2S)-(pnci3-) 
is inactive in bacterial citrate lyase, presumably because 
it binds in a “wrong” or unproductive way. Bacterial 
citrate lyase is active only when it is “activated” by 
acetylation. When the activated enzyme binds citrate, 
acetate is lost, but, as a result of the catalysis, cleavage 
of this citrate to acetate occurs, leaving regenerated 
“activated” enzyme. However, if hydroxycitrate binds 
in an unproductive manner, the acetyl group is lost; but 
activated enzyme is not regenerated as the intact hy- 
droxycitrate leaves. Unproductive binding can there- 
fore, in itself, be inhibitory.76 ATP citrate lyase (citrate 
cleavage enzyme) is very strongly inactivated by one 
isomeP ((4S)-(pncit)-) and, presumably, as this isomer 
binds, one carboxyl group sticks up and interacts with 
a protein side chain in the active site. The exact nature 
of this interaction is not known, but it could be similar 
to the interaction proposed for fluorocitrate in aconi- 
tase. This isomer of hydroxycitrate is of particular 
interest because its inhibition of ATP citrate lyase re- 
sults in an inhibition of cholesterol and triglyceride 
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syntheses in vivo.78 Thus it may have important 
medicinal uses. 

Other analogues are also good probes for citrate en- 
zyme activity. X-ray structural studies on the me- 
thylcitrates (substituted on the methylene group), some 
of which occur naturally,7w1 and on a nitrocitrate which 
is a very powerful inhibitor of aconitase and may mimic 
the transition-state geometry of ~ i t r a t e , 8 ~ $ ~ ~  have been 
initiated. 
Conclusions 

Studies of the mechanisms of enzyme-catalyzed pro- 
cesses involve many chemical and biochemical studies. 
One very important part of our understanding of en- 
zyme activity must come from a detailed knowledge of 
the three-dimensional structures of both the enzyme 
and its substrates and inhibitors. The stereochemistry 
of the active site is then known. This information can 
then be combined with NMR, spectroscopic, binding, 
and catalytic activity studies to give a complete picture 
of the catalytic process. In this Account the usefulness 
of detailed stereochemical studies of enzyme substrates 
and inhibitors in suggesting mechanisms of action that 
can be tested has been emphasized. 
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