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I. Introduction 

Although the presence and function of the Krebs cycle enzyme aconi- 
tase [aconitate hydratase; citrate (isocitrate) hydro-lyase; EC 4.2.1.31 
has been known for over 50 years (I), it is only recently that many of 
the unusual properties of this protein can be understood in molecular 
terms. The enzyme catalyzes the stereospecific conversion of citrate 
to threo-D,-isocitrate via the obligatory intermediate cis-aconitate as 
illustrated in Eq. (1). 

00- - H,O (a) E coo- + H20 COO- 
m-~(cp) coo-, COO- 
coo' +HZO (V) COO- -H,O COO- 

Isocitrate (1) Ciuate cis- Aconitate 
It was shown early on, particularly for the mitochondria1 form of 

the enzyme, that activity lost during isolation could be restored upon 
addition of Fe2+ and reductant. It was only with the discovery that 
aconitase was an Fe-S protein (2) and after evidence had been obtained 
for the existence of 3Fe clusters ( 3 , 4 )  that this phenomenon could be 
explained. Through the application of spectroscopy, especially Moss- 
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bauer (MB) spectroscopy in combination with electron paramagnetic 
resonance (EPR), in addition to chemical methods, it was established 
that the activation process involved the conversion of a [3Fe-4S] cluster 
to a [4Fe-4Sl form (Fig. 1) (5, 6). Furthermore, these studies demon- 
strated that the iron added during this reaction, labeled Fe,, was site 
specific. These discoveries in the early 1980s allowed for the subsequent 
design of a number of experiments to investigate details of the role of 
the cluster in the catalytic mechanism of the enzyme (7). A review by 
Emptage discusses in some detail how knowledge of aconitase has 
developed through the years (8). 

II. Properties of the Fe-S Cluster 

Aconitase and ferredoxin (Fd) I1 of Desulfovibrio gigas were among 
the first proteins that were shown to  contain a 3Fe cluster (4 ). Because 
of its low molecular mass and its stability, Fd I1 of D .  gigus became the 
prime example for spectroscopic characterization of proteins containing 
3Fe clusters (9). Many of the properties originally found in studies on 
Fd I1 were later shown to occur also in aconitase. The l e -  reduced 
[3Fe-4SIo state of Fd I1 was recognized as the simplest cluster state 

FIG. 1. Schematic description of the interconversions of the clusters in aconitase. The 
Cys residues bound to the linear cluster are those at positions 250, 257, 421, and 424. 
Their precise disposition at the cluster is not known (26). (Reproduced with permission 
from Ref. 7. Copyright 1989, Federation of European Biochemical Societies.) 
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that has a substructure with distinct localization of valence (10). Two 
Fe atoms share the extra electron added on reduction, and the third Fe 
remains ferric. The ferromagnetically coupled (S  = 4) ferric-ferrous 
pair containing the delocalized electron interacts antiferromagnetically 
with the ferric ion (S = 3, resulting in a spin system of S = 2, in which 
the extra electron remains localized on two Fe ions. This coupling mode 
is thought to be due to what has become known as “double exchange” 
or “resonance splitting” (10,11). This feature appears to  be an intrinsic 
property of [3Fe-4Slo clusters. An analysis of this phenomenon has 
led to significant theoretical advances in our understanding of the 
electronic structure of the various Fe-S clusters. This has been consid- 
ered and discussed in detail in recent literature (10,12,13). It has also 
been established for Fd I1 that the [3Fe-4Slo form is in fact not EPR 
silent, as previously thought (91, but has a broad signal at low field 
(<lo00 G at X-band) now known to be typical of integer spin systems 
(14). 

As mentioned above, the features originally described for Fd I1 have 
also been observed with aconitase, although usually at  a lower signal- 
to-noise ratio. However, aconitase has a number of properties that make 
it more suitable for the detailed exploration of certain aspects. Because 
of the greater lability of the Fe-S cluster of aconitase, the Fe : S stoichi- 
ometry, namely 3Fe : 4S, could be determined much more convincingly 
for aconitase than for Fd I1 (151, and the conversion between the 3Fe 
and 4Fe forms could be readily followed (6). Because the Fe-S cluster 
in aconitase is more labile and because a reconstitutable apoprotein 
could be prepared (16), it was also possible to incorporate isotopes of Fe 
(6) or S (I 7) or even Se (18) instead of S in the cluster. This was a great 
advantage for spectroscopy. For aconitase it could be shown that Fe,, 
the Fe that was removed by oxidation in the 4Fe + 3Fe conversion, 
was returned to exactly the same position from which it had been 
removed (5,6).  This position is uniquely characterized by a MB doublet 
of 6 = 0.45 and hE, = 0.80 mm/sec as compared to 6 = 0.45 and 
hE, = 1.30 mm/sec for the other three Fe atoms (FeblJ of the cluster. 
These unique MB features of Fe,, along with the fact that aconitase is 
an enzyme whose activity can be readily determined, have been very 
helpful in exploring the cluster properties of aconitase. 

The native form of the active enzyme contains a diamagnetic 
[4Fe-4SI2+ cluster that can be reduced to the EPR-detectable 
[4Fe-4S] + form with the enzyme still retaining 30% activity (19). The 
EPR spectra of this latter form in the absence and presence of substrate 
are dramatically different, thus establishing that there is direct interac- 
tion of the substrate with the cluster. This interaction was specifically 
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narrowed by MB spectroscopy to the ligation of substrate to  Fe, (20, 
21 ). The MB spectrum of enzyme labeled with 67Fe in Fe, gives a single 
doublet with the parameters given above; the spectrum changes upon 
addition of substrate to give two new doublets, with substantially differ- 
ent characteristics (21). These new signals, labeled S1 and S2, were 
interpreted as arising from a change in coordination of Fe, from tetrahe- 
dral to five or six coordinate (20,211, Formally, the [4Fe-4S12+ cluster 
has two Fe(II1) and two Fe(I1) atoms. Spectroscopy indicates that, gener- 
ally in [4Fe-4S12+ clusters, the d electrons are delocalized over the 
whole cluster structure (12,22). However, for the [4Fe-4S12+ cluster of 
aconitase, MB spectroscopy has shown that Fe, acquires distinct ferrous 
character on addition of substrate to the + 2  form, indicating a pro- 
nounced localization of valence at Fe,. Electron-nuclear double-reso- 
nance spectroscopy (ENDOR) cannot give information on the diamag- 
netic +2  form. For the reduced [4Fe-4Sl+ cluster, however, both MB 
(21 and ENDOR (23) spectroscopies indicate a high degree of inequiva- 
lence among the Fe atoms, which becomes even more pronounced in 
the presence of substrate. The + 1 cluster has formally one Fe(II1) and 
three Fe(I1). Two pairs of Fe atoms can be distinguished in the +1 
cluster: a mixed-valence delocalized ferric-ferrous pair (Feb2 and Feb3), 
and a ferrous pair (Fe, and Febl), where the electron added on reduction 
largely resides. The observation of substructures consisting of two pairs 
of Fe atoms is in agreement with findings on other Fe-S proteins 
(24). However, a localization of valence of the magnitude found with 
aconitase has previously not been seen with Fe-S proteins. These re- 
sults from the MB and ENDOR spectroscopic studies on aconitase to- 
gether with theoretical work (13) have contributed to formation of the 
basis for present concepts of the substructure of multinuclear Fe-S 
clusters and are discussed in more detail in Refs. 10, 12, and 13. It 
might be mentioned that it was possible to  deduce from 33S ENDOR 
measurements that the sulfides in the [4Fe-4Sl+ cluster, with and 
without substrate bound, also occur in two distinct pairs, and the spatial 
arrangement between the individual Fe atoms and the sulfide pairs 
could be derived from the 67Fe and 33S ENDOR data (23). This is illus- 
trated in Fig. 2. Finally, aconitase,is able to accommodate a linear 
3Fe cluster (Fig. 1) (25,26). This cluster, which had been previously 
synthesized by Holm's group (271, occurs only in a partially unfolded 
form of aconitase and is not discussed further. 

111.  Interaction of Cluster and Substrate in the Enzymatic Reaction 

Although the aforementioned studies clearly demonstrate the 
involvement of the iron-sulfur cluster in the enzymatic reaction, the 
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FIG. 2. Representation of ENDOR-derived information about the [4Fe-4Sl+ cluster 
of the aconitase enzyme-substrate complex, showing the two pairs of sulfur (S1, and SIP; 
SPa and sza) in relationship to the four inequivalent iron sites, Fe,, Febl, Febz, and Feb3, 
along with the bound substrate. (Reproduced with permission from Ref. 23. Copyright 
1990, American Chemical Society.) 

details of this involvement were obtained primarily by ENDOR studies 
at both X-band (9 GHz) (28) and Q-band (35 GHz) (29,30). The feasibil- 
ity of these studies was established when line broadening was observed 
in the EPR signal of the [4Fe-4SIf form of the enzyme in the presence 
of substrate in 170-labeled water (20). ENDOR measurements were 
made of enzyme in H,O, D20, and 170-labeled water in the presence 
and absence of substrates or inhibitors (28,30). Substrates and inhibi- 
tors were in turn specifically labeled with ,H, I3C, or l’O. The data from 
these experiments yielded a wealth of information, leading to a detailed 
picture of the binding of substrate to cluster. The results of 1 7 0  ENDOR 
spectroscopy of substrate labeled individually in each of the carboxyl 
groups (Table I) indicated binding to the P-carboxyl only (29). Similar 
information was obtained from 13C ENDOR of labeled carboxylates. 
There was no evidence from these experiments for the binding of hy- 
droxyl from substrate. This led to the interpretation that the predomi- 
nant species of substrate bound to the [4Fe-4S] + cluster was cis-aconi- 
tate in the citrate mode (i.e., through the p-carboxyl). To establish 
binding in the isocitrate mode (i.e., through the a-carboxyl), the labeled 
inhibitor nitroisocitrate (l-hydroxy-2-nitro-l,3-propanedicarboxylate~ 
was used. These experiments revealed binding not only to  the a-car- 
boxyl but also to the a-hydroxyl (Table I). From this it was concluded 
that the binding of substrate to cluster involves the formation of a five- 
membered ring of Fe, with a carboxyl and hydroxyl of substrate (Fig. 
2). This allows for the orientation of either citrate or isocitrate to 
enzyme such that the proton lost on reaction is in an identical position 
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TABLE I 

ENDOR RESULTS ON ACONITASE WITH l70-LABELED 
SUBSTRATES OR ANALOG 

Hyperfine coupling 
Added" 1 7 0  labeling (0) constant A, (MHz) 

Citrate 0 

coo- 
Citrate 15 

Isocitrate 0 

Nitroisocitrate 9,13 
coo- 

Nitroisocitrate 9 
m- 

' Note that in the presence of active aconitase any substrate 
added is converted to an equilibrium mixture of the three sub- 
strates. (Reproduced with permission from Ref. 29. Copyright 
1987.) 

for both modes, a requirement established by earlier kinetic and stereo- 
chemical studies (31, 32). 

In agreement with the X-ray structure, these studies also established 
that the fourth ligand to Fe, is not a thiol but rather a hydroxyl from 
solvent. This is the first documented case in which the fourth ligand to 
iron in a cluster is not a Cys or Asp residue of the protein. Furthermore, 
a combination of 'H, 2H, and 1 7 0  ENDOR demonstrated that this hy- 
droxyl is converted to  a water molecule upon the binding of substrate 
to cluster. These results indicate that Fe, is six coordinate in the pres- 
ence of substrate, thus corroborating the earlier conclusions from the 
MB data. 

IV. Crystallographic Structure 

The crystal structure of pig heart mitochondria1 aconitase was solved 
and refined at 2.1 A resolution using data collected aerobically and 
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crystals grown from ammonium sulfate in the presence of tricarbally- 
late, a weak binding inhibitor (33). The structure revealed a [3Fe-4Sl 
cluster and bound sulfate, but no inhibitor, in the active site. Refine- 
ment of the structure relied on primary sequence data for pig heart 
aconitase, 754 residues, 83 kDa (341, and partial sequence data for the 
beef heart enzyme (35). The protein structure is arranged into four 
domains (Fig. 3). The first three from the N terminus are closely associ- 
ated to create a shallow cavity at the Fe-S cluster and active site. Each 
of these domains contains a central p sheet with topology common to 

FIG. 3. The structure of heart mitochondria1 aconitase showing the polypeptide chain, 
[4Fe-4S] cluster, and bound isocitrate. Water and three cysteine sulfurs also bonded to 
the cluster are shown. The protein secondary structure is represented by coils for helices 
and ribbons for strands within p sheets. The N terminus is at the lower right and the C 
terminus is at the upper right. In this view the fourth domain is at the top and the three 
N-terminal domains are arranged from right to left in the lower portion of the molecule. 
(This image was calculated by G. Gippert at Scripps Research Institute using the program 
Molscript written by P. Kraulis.) 
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lactate dehydrogenase. The fourth and largest domain at the C termi- 
nus is tethered by an extended polypeptide chain termed the hinge/ 
linker. This creates an extensive cleft running across the molecule 
between the fourth domain and the first three domains. The Fe-S 
cluster is at the bottom of this cleft. The fourth domain contains a mixed 
p sheet of novel topology. Details of the protein structure are described 
in Ref. 33. 

To assess the [4Fe-4Sl form of the enzyme in the crystalline state, 
the pig heart crystals were soaked anaerobically in ferrous ammonium 
sulfate and sodium dithionite. The refined structure at 2.5 A resolution 
showed that a fourth Fe atom, i.e., Fe,, was inserted into the l3Fe-4531 
cluster isomorphously to  create a [4Fe-4Sl cluster (36). This result 
confirmed the 3Fe + 4Fe conversions observed in aconitase and D. 
gigas Fd I1 by MB and EPR spectroscopy as discussed above. The ligands 
of the Fe atoms in the [3Fe-4Sl moiety in both the 3Fe and 4Fe forms 
are three cysteines; however, the ligand of Fe, is not a cysteine but the 
oxygen atom from a hydroxyl, as observed in ENDOR experiments 
(a water molecule was modeled in the crystallographic refinement). 
Because the 14Fe-4SI cluster was formed by soaking crystals used 
for the original structure determination, a bound sulfate was again 
observed in the active site in place of inhibitor. 

To obtain crystallographic information about the binding of sub- 
strates and inhibitors, pig heart aconitase crystals were used as seeds 
in anaerobic crystallization experiments in which either pig or beef 
heart enzyme was incubated in buffers containing the substrate or 
inhibitor of choice. A new crystal form was obtained that accommodates 
the binding of several compounds (37). (Crystals of the original form 
used for structure determination invariably cracked when soaked with 
substrates or tight-binding inhibitors.) Two structures have been re- 
ported for aconitase in the new crystal form, both refined at 2.0 
resolution (37). Pig heart enzyme was used for determining the struc- 
ture with isocitrate bound. The exclusive presence of isocitrate in the 
crystals was corroborated by MB spectroscopy on a sample consisting 
of many single crystals. Beef heart enzyme was used for determining 
the structure with the reaction intermediate analog, nitroisocitrate, 
bound. The inhibitor binds to  the enzyme in a manner virtually identi- 
cal to that of isocitrate. Both compounds bind to Fe, of the [4Fe-4S] 
cluster via a hydroxyl oxygen and one carboxyl oxygen of the a-carboxyl 
group. A water molecule is also bound, making the Fe six coordinate. 
Thus, the crystal structures confirm the conclusions drawn from EN- 
DOR experiments regarding the binding mode of isocitrate and nitro- 
isocitrate and the coordination state of Fe,. 
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All four domains of aconitase contribute residues to the active site 
(Fig. 4) (37). The residues participate in substrate recognition (Arg 447, 
Arg 452, Arg 580, Arg 644, Gln 72, Ser 166, and Ser 6431, cluster 
ligation and interaction (Cys 358, Cys 421, Cys 424, Asn 258, and Asn 
446), hydrogen bond support of active site side chains (Ala 74, Asp 568, 
Ser 571, and Thr 567), and catalysis (Ser 642). There are also three 
histidine-carboxylate pairs: Asp 100-His 101, Asp 165-His 147, and 
Glu 262-His 167. 

The base necessary for proton abstraction from the P-carbon of isoci- 
trate appears to be Ser 642; the oxygen atom is proximal to  the calcu- 
lated hydrogen position and the environment of this oxygen suggests 
stabilization of an alkoxide (an oxyanion hole formed by the amide and 
side chain of Arg 644). The histidine-carboxylate pairs appear to be 
required for proton transfer reactions involving two oxygen atoms 
bound to Fe,, one derived from solvent (bound water) and one derived 
from substrate hydroxyl (Fig. 5). Each of these oxygens is in contact 
with a histidine and both oxygens through hydrogen bonding are in 
contact with the side chain of Asp 165, which bridges the two sites on 
the six-coordinate Fe. The proton transfers are expected to be required 
for the binding of substrate, as illustrated in Fig. 5, when Fe, expands 

&Nn 

f’/ -% 

FIG. 4. Stereo view of the active site region in porcine mitochondria1 aconitase. The 
cr-carbon atoms and side chains of 19 adjacent residues are shown. The substrate isocitrate 
is shown in heavy lines along with the [4Fe-4Sl cluster and bound H20 with hydrogens 
included. (Reproduced with permission from Ref. 37. Copyright 1991, American Chemical 
Society.) 
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S -Fe 

Eis101 

0-0  His167 
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H 
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0-0  
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FIG. 5 .  Schematic representation of the transition from substrate-free aconitase (a) to 
the substrate-bound form (b). The proton derived from Ser 642 to form an alkoxide is 
formally equivalent to the proton added to Fe-OH to make Fe-OH,. The contact of 
Fe-OH2 to the P-carboxyl of substrate is shown separately for clarity. All three histidines 
are assumed to be protonated. (Reproduced with permission from Ref. 37. Copyright 1991, 
American Chemical Society.) 

its coordination sphere from four to  six and Fe-hydroxyl becomes 
Fe-water as observed by ENDOR (30). Further proton transfer involv- 
ing His 101 is expected to be necessary for cleavage of the C-OH 
bond in the reaction isocitrate + cis-aconitate, as illustrated in Fig. 6. 
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Asp1 65 

I 
Ser6 

.s101 

42 

FIG. 6. Schematic representation of the reaction isocitrate 4 cis-aconitate assuming 
deprotonation of Ser 642 when substrate binds and Fe-OH2 is formed. Formation of 
an aci-acid intermediate (A) and collapse of this intermediate (B) forms the product 
(C). Electron density could also flow from the P-C-H bond to the a-C=C-P double 
bond, i.e., directly from step A to step C with concomitant cleavage of the a-C-OH 
bond. (Reproduced with permission from Ref. 37. Copyright 1991, American Chemical 
Society.) 
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Displacement of cis-aconitate by another cis-aconitate molecule binding 
to Fe, via its P-carboxyl (rather than a-carboxyl) (8) and reversal of the 
steps in Fig. 6 would form citrate. 

V. Studies on Mutants 

With details of the X-ray structure known, and with the availability 
of the cDNA sequence for pig heart aconitase (34), it became possible 
to  study the enzyme by site-directed mutagenesis. Of the 18 active site 
residues identified by X-ray crystallography, 9 have been individually 
changed to other amino acids (38). The mutations were designed to 
have a minimum effect on protein structure, and the codons most fre- 
quently used by E .  coli were chosen to achieve high expression. The 
mutant proteins thus produced have been studied kinetically, examined 
by EPR, and tested for their ability to form tight complexes with sub- 
strate. Native enzyme, when incubated with radiolabeled substrate and 
rapidly desalted on a gel column anaerobically by centrifugation, will 
retain bound substrate. Since all the mutants exhibited essentially 
normal EPR spectra for both the [3Fe-4S]+, g = 2.02, and for the 
[4Fe-4Sl+ substrate-free forms, only those changes observed upon addi- 
tion of substrate to the latter will be discussed. The results of these 
studies are summarized in Table 11. 

TABLE I1 

SUMMARY OF EPR, TIGHT-BINDING, AND KINETIC MEASUREMENTS ON 
ACONITASE MUTANTS 

Substrate Tight Relative K,,, Relative V,, 
Mutant EPR signal" bindingb (isocitrate)c isocitrate --* aconitateC 

Beef heart + + 1.0 1.0 
His 101-Asn - - 3-4 1.3 x 10-3 
Asp 165-Ser - + 3-4 3 x 10-6 
Arg 452-Gln 2 - -1 2.1 x 10-3 
Arg 580-Lys - - 230 1.2 x 10-3 

Ser 642-Thr - +- 1-2 1.7 x 10-4 
Ser 642-Ala + + 2-3 2.6 x 

(+), Refers to a shift of g values from 2.06, 1.93, and 1.86 to 2.04, 1.85, and 1.78 upon 

( + ), Indicates tight binding as described in text. 
Ratio of values measured on mutant versus native enzyme under identical conditions. 

addition of substrate. 

(Adapted from Ref. 38.) 
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Of particular interest are the mutants for Ser 642. Before the 
crystal structure of the enzyme with bound substrate was solved, 
this residue was not considered a likely candidate for being the base 
involved in the proton abstraction from substrate. However, analysis 
of both the Ser 642-Ala and Ser 642-Thr enzymes substantiates the 
conclusion that this is indeed its function (Figs. 4 and 6). Activity 
for both of these mutants drops four to  five orders of magnitude, 
depending on substrate. Although according to Bordo and Argos (39) 
both of these substitutions could be considered “safe,” there are 
obvious differences in the EPR and binding properties for these 
proteins. For the Ser 642-Thr mutant it appears that the added 
methyl group perturbs the active site such that tight binding and 
interaction of substrate with cluster, as determined by EPR, are 
substantially lower than for the alanine mutant. 

Another key residue implicated in the catalytic mechanism is Asp 
165. Analysis of the X-ray model of enzyme with bound substrate shows 
that the carboxylate of this amino acid can form hydrogen bonds to 
both the hydroxyl of substrate as well as to the H20 ligated to Fe, 
(Figs. 5 and 6). Thus this group appears to  be essential for the proper 
orientation of substrate to Fe,. Analysis of the aspartate-to-serine mu- 
tant at this position supports this conclusion. The activity of this en- 
zyme decreases similarly to that of the Ser 642 mutants, and all interac- 
tions of substrate with cluster as detected by EPR are abolished. The 
enzyme, however, still exhibits tight binding. 

Arg 580 has been identified as a key binding residue for the 
y-carboxyl of substrate (Fig. 4). In keeping with the results deduced 
from the X-ray structure are results of the examination of the Arg 
580-Lys protein. This mutant has a K ,  for isocitrate L 30-times that 
of the wild type and has lost the ability to bind substrate tightly (Table 
11). The EPR spectrum in the presence of substrate is identical to that 
of the substrate free form. The increase in K, may account for the 
1000-fold loss of activity for this mutation. The kinetic data also show 
that the citrate -+ aconitate and citrate -+ isocitrate reactions were 
decreased 10-fold and 100-fold, respectively, when compared to the 
isocitrate + aconitate reaction. This may suggest that citrate is bound 
less tightly than isocitrate. Another interesting feature of this mutant 
is that, in contrast to the native enzyme, it is inhibited by the threo-L, 
isomer of isocitrate. Beef or pig heart enzyme give identical activities 
when assayed with either threo-D,-isocitrate, the native substrate, or 
the racemic mixture threo-D,L,-isocitrate (40). The ratio of the rate of 
the D, isomer to the racemic D,L, mixture for the Arg 580-Lys enzyme 
is 2.2. This phenomenon was observed for only two other mutations, 
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His 147-Asn and Arg 447-Lys, for which the above ratio for the veloci- 
ties was 13 and 2.7, respectively. Alteration of the active site caused 
by these mutations obviously allows for the binding of, and subsequent 
inhibition by, the L, isomer. The reason for this, particularly in regard 
to the His 147-Asn mutant, which has over 30% of the activity of the 
wild type, is unclear at this time. 

The only mutant thus far to  give an abnormal EPR signal, i.e., a 
signal not observed with the native enzyme, is Arg 452-Gln in the 
presence of substrate. Arg 452 is in contact with the a-carboxyl of 
isocitrate bound to Fe, (Fig. 4). The Kd for substrate binding to beef 
heart enzyme as measured by EPR is 1 p M  (19) whereas the new signal 
was barely discernible at  a substrate : enzyme ratio of 10 : 1. At  a ratio 
of 80 : 1, this new signal, g = 2.02, 1.91, and 1.76, accounted for only 
50% of the total. Although tight binding was lost for this mutant, the 
K,,, for isocitrate was essentially normal. The 1000-fold decrease in 
activity and the abnormal interaction of substrate with the cluster 
demonstrated by EPR imply that Arg 452 is critical for the proper 
orientation of the carboxyl bound to Fe,. 

As mentioned previously, His 101 most likely plays a critical role in 
the loss of substrate hydroxyl by its ability to  protonate this group 
(Figs. 5 and 6B). His 101 is itself within hydrogen bonding distance of 
Asp 100, thus forming an ion pair with this group (Figs. 4 and 5). The 
mutant enzymes His 101-Asn and Asp 100-Ser both show a 100-fold 
decrease in activity and slight increases in their K ,  values with isoci- 
trate. They differ, however, in that His 101-Asn shows neither tight 
binding of substrate nor an EPR signal indicative of substrate bound 
to the cluster. The opposite is true for Asp 100-Ser. These effects again 
illustrate the importance of those residues in close proximity to the 
cluster for properly orienting the substrate with respect to Fe, and for 
allowing the necessary interactions to occur for the reaction to proceed 
at a normal rate. It is interesting to note that all the mutations made 
thus far, of residues identified as being part of the active site, have 
significantly altered the catalytic properties of the enzyme. 

Although the above discussion has focused on the effects of changes 
within the protein structure, one should not forget the essential role 
of the cluster in the function of aconitase. The loss of Fe, results in 
an enzyme with 0.3% activity, and to date no other metal replacement 
has been found that will restore full activity (41). However, substitu- 
tion of Se2- for S2- results in a viable enzyme that not only has 
activity comparable to the sulfur enzyme but in fact has 1.5 and 2.0 
times more activity for the aconitate + isocitrate and reverse reac- 
tions, respectively (18). 
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VI. Relationship of Cytoplasmic Aconitase to Iron-Responsive Element 
Binding Protein 

Recent developments in the field of iron regulation in cells has focused 
attention on the cytoplasmic form of aconitase. Although its occurrence 
has been known for some time, this form of the enzyme has been 
less well characterized than its mitochondrial counterpart (42). The 
functional significance for its presence in the cytoplasm has never been 
clearly established. It now appears that cytoplasmic aconitase may be 
one and the same as the iron-responsive element binding protein (IRE- 
BP) (43, 441, which is expressed ubiquitously in various tissues and 
species (45).  

IREs are stem-loop structures (46) with a well-defined nucleotide 
sequence; they were first identified in the mRNAs of ferritin (47, 48) 
and transferrin receptor (49). In iron-starved cells, a protein of approxi- 
mate M, 90,000 binds to  these regulatory elements, and thus affects 
translation or stability of the mRNA. A computer search was carried 
out for sequences similar to  the sequence for the human liver IRE- 
BP as determined from its cDNA. This search revealed that there 
is remarkable homology of this protein with pig heart mitochondrial 
aconitase (50,511 and yeast isopropyl malate isomerase (51 ). Of the 18 
residues identified in the active site of aconitase, all are conserved in 
the IRE-BP. 

Interestingly, IREs have also been found in the mRNA of murine and 
human 6-aminolevulinic acid synthase (52,531, an enzyme of the heme 
biosynthetic pathway, and surprisingly in the mRNA of mitochondrial 
aconitase from pig heart (53). Using a partially purified (40%) prepara- 
tion of beef liver cytoplasmic aconitase, Zheng et al. were able to show 
the binding of this protein to  the IRE of mitochondrial aconitase (44).  
This adds to the evidence that cytoplasmic aconitase and IRE-BP are 
identical (43).  It also raises the interesting possibility that the synthesis 
of mitochondrial aconitase is itself regulated by its cytoplasmic counter- 
part! This new development will undoubtedly attract a whole new 
audience of researchers, previously working outside the area, to the 
field of iron-sulfur proteins. 
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