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Crystal Structures of Aconitase with Isocitrate and Nitroisocitrate Bound'*

H. Lauble,! M. C. Kennedy,' H. Beinert,! and C. D. Stout*$

and National Biomedical ESR Center, Medical College of Wisconsin, Milwaukee, Wisconsin 53226
Received September 19, 1991, Revised Manuscript Received December 5, 1991

ABSTRACT: The crystal structures of mitochordrial aconitase with isocitrate and nitroisocitrate bound have
been solved and refined to R factors of 0.179 and 0.161, respectively, for all observed data in the range
8.0-2.1 A. Porcine heart enzyme was uséd for determining the structure with isocitrate bound. The presence
of isocitrate in the crystals was corroborated by Massbauer spectroscopy. Bovine heart enzyme was used
for determining the structure with the reaction intermediate analogue nitroisocitrate bound. The inhibitor
binds to the enzyme in a manner virtually identical to that of isocitrate. Both compounds bind to the unique
Fe atom of the [4Fe—4S] cluster via a hydroxyl oxygen and one carboxyl oxygen. A H,O molecule is also
bound, making Fe six-coordinate. The unique Fe is pulled away ~0.2 A from the corner of the cubane
compared to the position it would occupy in a symmetrically ligated [4Fe—4S] cluster. At least 23 residues
from all four domains of aconitase contribute to the active site. These residues participate in substrate
recognition (Argd47, Argd52, Arg580, Arg644, Gln72, Ser166, Ser643), cluster ligation and interaction
(Cys358, Cys421, Cys424, Asn258, Asn446), and hydrogen bonds supporting active site side chains (Ala74,
Asp568, Ser571, Thr567). Residues implicated in catalysis are Ser642 and three histidine—carboxylate pairs
(Asp100-His101, Asp165-His147, Glu262-His167). The base necessary for proton abstraction from C8
of isocitrate appears to be Ser642; the Oy atom is proximal to the calculated hydrogen position, while the
environment of O~y suggests stabilization of an alkoxide (an oxyanion hole formed by the amide and side
chain of Arg644). The histidine—carboxylate pairs appear to be required for proton transfer reactions involving
two oxygens bound to Fe, one derived from solvent (bound H,O) and one derived from substrate hydroxyl.
Each oxygen is in contact with a histidine, and both are in contact with the side chain of Asp165, which

2735

Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037, and Department of Biochemistry

bridges the two sites on the six-coordinate Fe.

Aconitase [citrate (isocitrate) hydrolyase, EC 4.2.1.3] em-
ploys a [4Fe-4S] cluster to catalyze the stereospecific de-
hydration-rehydration of citrate to isocitrate via cis-aconitase
in the second and third steps of the Krebs cycle (Scheme I).
The enzyme has been the subject of biochemical, spectroscopic,
and kinetic experiments for over 40 years [for reviews, see
Beinert and Kennedy (1989), Glusker (1971), Walsh (1979),
Beinert and Thomson (1983), Emptage (1988), Beinert (1990),
and Switzer (1989)]. The mechanism is of interest because
of the involvement of Fe, resident in an Fe-S cluster, and
because of the stereoselectivity of the reactions catalyzed.
Aconitase is the best studied example of a growing class of
enzymes which employ Fe-S clusters in nonredox functions
as, e.g., (de)hydratases. Aconitase has also served as an ex-
cellent system for studying Fe-S cluster substitutions, rear-
rangements, and assembly in vitro (Beinert & Kennedy, 1989).

Key features of aconitase structure and function are acti-
vation by interconversion of a [3Fe—4S] to a [4Fe—4S] cluster
(Beinert et al., 1983; Kennedy et al., 1983; Kent et al., 1982),
direct involvement of the Fe atom inserted, termed Fe,, in
binding substrate (Emptage et al., 1983; Kent et al., 1985;
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Scheme I: Aconitase Reactions
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Werst et al., 1990a,b), coordination of substrate to Fe, via one
carboxyl oxygen (a-carboxyl for isocitrate, 8-carboxyl for
citrate, o or 3 for cis-aconitate) simultaneously with substrate
hydroxyl and H,O fromi solvent (Telser et al., 1986; Kennedy
et al., 1987), exchange of hydroxyl oxygen with solvent (Telser
et al., 1986), and retention on the enzyme of the proton ab-
stracted from Ca of citrate/CB of isocitrate during early
turnover (Rose & O’Connell, 1966). The transition state in
formirig ¢is-aconitate from either citrate or isocitrate is ex-
pected to be a carbanion on the basis of inhibition by nitronate
analogues (Schloss et al., 1980). The kinetic mechanism
requires product displacement by substrate; citrate and iso-
citrate bind by flippihg over about the Ca—Cg bond, requiring
two binding modes for the “acetyl arm” (Cy carboxyl) as well

. as for the intermediate product cis-aconitate (Schloss et al.,

1984). There are at least two catalytic groups on the enzyme,
one for abstracting a proton and one for protonating substrate
hydroxyl to eliminate water (Schloss et al., 1984). Further,
the Fe-S cluster facilitates electron shifts, as the electron
density on Fe, changes upon binding citrate or isocitrate (Kent
et al., 1985; Emptage et al., 1983). The role of the metal in
hydration of the double bond of cis-aconitate is supported by
reactivity of a Co model compound (Gahan et al., 1985).

In eukaryotic organisms, there is dual localization of aco-
nitase in mitochondria and the cytosol (Switzer, 1989). The
primary sequence of the pig heart mitochondrial enzyme has
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FIGURE 1: Polypeptide fold of porcine mitochondrial aconitase with
the [4Fe—4S] cluster and isocitrate bound (heavy lines). N, Ca, and
C atoms of the protein are shown.

been deduced from ¢cDNA (754 amino acids, M, 83000)
(Zheng et al., 1990). The sequences of eight cysteinyl-tryptic
peptides from beef heart mitochondrial aconitase (Plank &
Howard, 1988) show only three differences over 194 amino
acids in comparison to the pig heart protein. The yeast enzyme
is also highly homologous (Gangloff et al., 1990), where all
insertions, deletions, and substitutions are compatible with the
three-dimensional structure.

Recently, it has been recognized that cytosolic aconitase may
be one and the same as the iron responsive element binding
protein (IRE-BP) (Rouault et al,, 1990, 1991). The iron-
regulatory element (IRE) is an RNA stem—loop structure in
the 5’ untranslated region (UTR) of ferritin mRNA (Haile
et al.,, 1989) and the 3’ UTR of transferrin receptor mRNA
(Casey et al., 1988; Koeller et al., 1989). The interaction of
the two mRNAs with IRE-BP is an example of translational
regulation of gene expression (Klausner & Harford, 1989).
The fact that an aconitase-like protein (enzyme) binds re-
versibly to an RNA stem-loop structure raises the possibility
that an aspect of aconitase Fe—S cluster chemistry is involved
in sensing intracellular Fe concentrations and may act as a
molecular switch. Eighteen residues observed in the active
site of aconitase in the available crystal structures are con-
served in the IRE-BP. The high degree of homology between
aconitase and IRE-BP suggests that the IRE-BP is an enzyme,
performing a reversible reaction which has underlying mech-
anistic similarity to that of aconitase (Kaptain et al., 1991).

Two crystal structures of pig heart mitochondrial aconitase
have been solved: the inactive [3Fe—4S] cluster containing
enzyme refined at 2.0-A resolution (Robbins & Stout, 1989a)
and the activated [4Fe—4S] cluster containing enzyme refined
at 2.5-A resolution (Robbins & Stout, 1989b). The molecule
is folded into four domains: the first three are closely asso-
ciated about the Fe~S cluster; the fourth is attached by an
extended linker peptide creating an extensive cleft (Figure 1).
The [3Fe—4S] cluster is coordinated by cysteines 358, 421, and
424. In the activated protein, the fourth Fe (Fe,) is inserted
into the corner of the [4Fe—4S] cubane structure; the fourth
ligand of this Fe is a solvent molecule modeled as water or
hydroxyl in the refinement. ENDOR experiments have shown
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that in the substrate-free enzyme this solvent molecule is a
hydroxyl ion; upon binding substrate the hydroxyl is protonated
to form water (Werst et al., 1990a).

In both of the available crystal structures, a sulfate ion was
observed in the active site in place of tricarballylate, a weakly
binding inhibitor used in crystallization. In this paper, we
report a new crystal form of aconitase which accommodates
substrates and inhibitors. Further, we report the refined crystal
structures of the pig heart enzyme complexed to isocitrate and
the beef heart enzyme complexed with nitroisocitrate, a tight
binding inhibitor (Schloss et al., 1980). [In nitroisocitrate the
B-carboxyl is replaced with a NO, group (see Scheme I
above).] While these structures do not allow us to propose
a complete mechanism, they do provide detailed information
concerning critical aspects of the catalytic mechanism. In
particular, such aspects are the nature of the base which ab-
stracts a proton from Cg of isocitrate and the hydrogen-
bonding network involved in protonation of substrate hydroxyl
and Fe-bound hydroxyl.

EXPERIMENTAL PROCEDURES

Materials. Bovine heart mitochondrial aconitase was pre-
pared as previously described (Kennedy et al., 1983). Porcine
heart mitochondrial aconitase was prepared and provided by
D. Aul and W. E. Brown as for the structure determination
(Robbins & Stout, 1989a). pL-Isocitric acid (trisodium salt)
hydrate and trans-aconitic acid were obtained from Aldrich.
Tricarballylic acid and cis-aconitic acid were from Sigma.
Sodium citrate dihydrate was purchased from Baker, and
()-cis-epoxytricarballylic acid (monopotassium salt) was from
Fluka. All other chemicals and reagents used were of ana-
lytical grade.

Buffers were deoxygenated on a Schlenk manifold by re-
peated evacuation and flushing with Ar and transferred to an
anaerobic glove box (Coy Laboratory Products). Aliquots of
100 mM sodium dithionite in 100 mM Bis-Tris, pH 7.0, were
added immediately prior to use to all buffers to a final con-
centration of 1 mM. Abbreviated designations for the buffer
solutions are as follows, where (n) indicates the different
concentrations of ammonium sulfate used in the crystallization
procedure (n = 0, 2.2 M, 2.6 M, or saturated at room tem-
perature): tricarb(n) buffer = » M ammonium sulfate in 0.015
M or 0.1 M tricarballylic acid, 0.25 M Bis-Tris*HC], and 0.35
M NaCl, pH 7.0; cis(n) buffer = » M ammonium sulfate in
0.1 M cis-aconitate, 0.25 M Bis-Tris-HCI, and 0.35 M NaCl,
pH 7.0; trans(a) buffer = n M ammonium sulfate in 0.1 M
trans-aconitate, 0.25 M Bis-Tris:HCI, and 0.35 M NaCl, pH
7.0; citrate(n) buffer = n M ammonium sulfate in 0.1 M
sodium citrate, 0.25 M Bis-Tris-HCI, and 0.35 M NaCl, pH
7.0; epoxy(n) buffer = n M ammonium sulfate in 0.1 M ep-
oxytricarballylic acid, 0.25 M Bis-Tris-HC], and 0.35 M NaCl,
pH 7.0; isocitrate(n) buffer = n M ammonium sulfate in 0.1
M isocitrate, 0.25 M Bis-Tris*HCI, and 0.35 M NaCl, pH 7.0.

Porcine heart aconitase samples were diluted 3-fold with
a buffer of 15 mM tricarballylate and 60 mM Tris-HCl, pH
7.8, and concentrated under N, using an Amicon cell con-
centrator with a YM30 membrane to remove sucrose and
ampholytes present from the purification procedure. The
procedure was repeated twice, and the protein was concen-
trated to 17 mg/mL. The protein solution was centrifuged,
put under Ar, and transferred into the glove box. The enzyme
was activated by adding aliquots of 100 mM sodium dithionite
in 100 mM Bis-Tris, pH 7.0, and 100 mM ferrous ammonium
sulfate to final concentrations of 2 mM each. Activation was
accompanied by an immediate color change of the solution
from brown to pale yellow. Bovine heart aconitase was pro-
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Table I: Crystallization Experiments with Porcine and Bovine Aconitase?

substrate or

space group

comments?

protein inhibitor (mM)? seed crystals
porcine heart aconitase TC (15) O (ph)
TC (15) M (ph)
TC (15) M (bh)
TC (75) O (ph)
TC (75) M (bh)
C (75) O (ph)
C (75) M (ph)
C (75) M (bh)
1(75) O (ph)
1(75) M (ph)
A (7%) O (ph)
A (75) M (ph)
A (75) M (bh)
ET (75) O (ph)
ET (75) M (ph)
TA (75) O (ph)
TA (75) M (ph)
TA (75) M (bh)
bovine heart aconitase TC (15) O (ph)
TC (15) M (bh)
C (75) O (ph)
C (75) M (bh)
TA (75) M (bh)
NI (0.33)° M (bh)

P2,2,2 single crystals

P2,2,2 showers of small crystals, appear to be orthorhombic
P2,2,2 single crystals

P2,2,2 showers of small crystals, appear to be orthorhombic
P22 showers of small crystals, appear to be orthorhombic
B2 single crystals, tendency to twin

B2 single crystals, tendency to twin

B2 single crystals

B2 low yield of single crystals

B2 tendency to twin

B2 single crystals

B2 tendency to twin

B2 single crystals

seeds crack no crystals

B2 single crystals, tendency to twin

seeds crack no crystals

B2 tendency to twin

B2 single crystals

B2 small crystals, appear to be monoclinic

B2 single crystals

B2 single crystals

B2 single crystals

B2 single crystals

B2 single crystals

2 All experiments were done anaerobically. See Experimental Procedures for details. ® Abbreviations: TC, tricarballylate; C, citrate; 1, isocitrate;
A, cis-aconitate; ET, epoxytricarballylate; TA, trans-aconitate; NI, nitroisocitrate. Concentrations given are for the crystallization droplets after
mixing all solutions. ¢Abbreviations: O, orthorhombic, space group P2,2,2; M, monoclinic, space group B2; ph, porcine heart; bh, bovine heart. ¢All
occurrences of single crystals were established with precession photographs. ¢Protein in 1 mM nitroisocitrate, 60 mM Tris-HCI, pH 7.8, was mixed

in the droplet with 0.015 M tricarb(saturated) buffer.

vided as activated enzyme, 17 mg/mL, in 15 mM tricarbal-
lylate and 60 mM Tris-HCI, pH 7.8, in either 20 mM citrate,
1 mM nitroisocitrate, or in the absence of added substrates
or inhibitors. The citrate-complexed enzyme was activated
with SFe. Activating agents were removed by passing the
enzyme through a gel column.

Crystallization. Aconitase—substrate and aconitase~inhib-
itor solutions were prepared by mixing four volumes of acti-
vated 17 mg/mL protein solutions with one volume of the
standard buffer solutions in the absence of ammonium sulfate,
e.g., cis(0). All of these and subsequent operations were
performed anaerobically at room temperature in the glove box
with an atmosphere of 96% N,, 4% H,, and <1 ppm O,.
Aconitase-substrate and aconitase—inhibitor solutions were
allowed to stand 1 h prior to exposure to ammonium sulfate
in the crystallization procedure.

The crystallization procedure followed that established for
growing orthorhombic crystals of pig heart aconitase (Robbins
et al., 1982; Robbins & Stout, 1985) except that it was done
anaerobically. The glove box was equipped with a microscope
for selection of seed crystals. The procedure uses the vapor
diffusion method and hanging drops. Drops were prepared
by mixing 12 uL of the aconitase—substrate or aconitase—in-
hibitor solutions, e.g., cis(0) above, with 18 uL of the corre-
sponding buffers in saturated ammonium sulfate, e.g., cis-
(saturated) buffer. Drops were placed onto a silicon grease
treated cover slip and microseeded. Seed crystals were washed
and incubated in the corresponding buffer solution in 2.6 M
ammonium sulfate, e.g., cis(2.6 M) buffer, and transferred
in 1.5 uL of this stabilizing solution to the drop. Seed crystals
were usually smaller than 0.05 mm in maximum dimension
and were harvested from other drops anaerobically or from
drops of aerobically grown orthorhombic crystals of porcine
aconitase. In the latter case, the seed crystals were transferred

into the glove box under Ar in a degassed stabilizing solution,
e.g., ¢is(2.6 M) buffer. Seeded droplets were inverted over
1-mL reservoirs of 2.2 M ammonium sulfate in the corre-
sponding buffer, e.g., cis(2.2 M). For data collection, crystals
were transferred and washed with a stabilizing solution of the
appropriate buffer in 2.8 M ammonium sulfate, e.g., cis(2.8
M). Crystals were mounted anaerobically in thin-walled glass
capillaries, which were sealed with epoxy resin.

The results of seeding and crystallization experiments with
porcine and bovine heart mitochondrial aconitase are sum-
marized in Table I. Large single crystals of pig heart aco-
nitase in the orthorhombic space group P2,2,2 invariably
cracked and disintegrated when soaked anaerobically in sub-
strate or inhibitor solutions. However, these crystals as seeds
induced crystallization of activated enzyme—-substrate and
enzyme—inhibitor crystals in a new space group. Crystals were
rhombohedral in appearance and grew over a period of 6 weeks
to 3 months to reach maximum dimensions of 1.0 X 1.0 X 0.2
mm. Precession photography established that the crystals are
monoclinic with the symmetry of space group B2. The unit
cell dimensions are a = 185.5, 5 = 72.0,and ¢ = 73.0 A and
v = 77.7°. For one 83000 dalton molecule in the asymmetric
unit, the volume per unit mass is 2.9 A3 /dalton (57% solvent
content), within the range found to be typical of protein
crystals (Matthews, 1968). The B2 space group was chosen
for comparison to the P2,2,2 unit cell, which has a = 173.6,
b=172.0,and ¢ = 72.7 A and a 2-fold axis parallel to ¢ as in
B2,

Once monoclinic crystals were obtained, they were used as
seeds to induce further crystallization of single monoclinic
crystals (Table I). It was also possible to cross-seed between
pig and beef heart enzymes (Table I). Precession photographs
showed that the crystals were isomorphous regardless of the
species of enzyme used for crystallization or species of enzyme
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Table II: Data Collection with Monoclinic Aconitase Crystals®

structure isocitrate nitroisocitrate test Pt derivative
source pig heart beef heart pig heart pig heart
compound used in crystallization cis-aconitate nitroisocitrate citrate cis-aconitate
compound present in active site isocitrate nitroisocitrate isocitrate (isocitrate)
number of crystals 4 2 1 1
maximum resolution (A) 2.10 2.05 2.66 3.6
total observations 435630 268 600 72828 108074
unique reflections 49211 50902 17023 10178
possible reflections 54710 58710 26829 11143
completeness 89.9% 86.7% 63.5% 91.3%
resolution of last shell of data (&) 2.24-2.10 2.18-2.05 2.83-2.66 3.81-3.60
completeness of last shell of data 54.7% 49.8% 20.2% 55.1%
average I/o(]) for all data 18.9 26.4 26.5 29.3
average I/o(I) in last shell 3.8 5.9 5.5 15.8
Ryymm(F) for all data 6.83% 5.11% 6.43% 5.14%

?Data summarized are for all observations of intensities or |F] greater than 0.0s.

used for the seed crystal. The pig heart enzyme crystallized
only in the P2,2,2 space group when tricarballylate was present
either at low or high concentration, whereas the beef heart
enzyme yielded monoclinic crystals with this inhibitor. All
other experiments yielded the B2 space group (Table I).

Data Collection. Crystals obtained with three of the com-
pounds listed in Table I have been used for data collection:
pig heart enzyme grown in the presence cis-aconitase and
citrate and beef heart enzyme grown in the presence of ni-
troisocitrate. An explanation for the presence of isocitrate in
the cis-aconitate and citrate grown crystals is given under
Results. cis-Aconitate grown crystals were also used for the
Pt derivative data collection. In this case, crystals were soaked
anaerobically in cis(2.9 M) buffer containing 15 mM K,PtCl,
for 3 days.

X-ray diffraction data were collected using a GX-21 rotating
anode generator with a 0.2-mm focal spot and Ni-filtered Cu
Ko radjation. Data were recorded with a Xentronics area
detector and processed with the XENGEN suite of programs
(Howard et al., 1985) implemented on Unix computers at
Scripps. The detector was equipped with a helium cone and
crystals were maintained at 18 °C. Data were collected in
w sweeps with steps of 0.25°/frame using alternate 26 settings
of 25° and 0° to cover high- and low-resolution ranges. The
detector was set at 15 cm from the crystal and 26 0° runs were
used for autoindexing prior to indexing 26 25° runs at the same
¢,w settings. Regions of the crystals were exposed 5-7 days,
and then the crystals were translated in the beam to a fresh
region, allowing two or three regions per crystal to be collected.
Crystals were mounted in two orthogonal orientations to allow
coverage of all unique reflections. Only those reflections oc-
cluded by the beamstop were omitted from the low-resolution
data. Data are summarized in Table IL

Structure Determination. To determine the structure of the
complexes in the monoclinic crystal form, we used the mo-
lecular replacement method and confirmed the result with the
Pt derivative and anomalous scattering from the Fe-S cluster.
The first structure solved was of the pig heart enzyme grown
from cis-aconitate (isocitrate structure in Table II). The
search model was the 2.1-A refined structure of inactive
([3Fe—4S] cluster) pig heart aconitase with sulfate bound in
the P2,2,2 space group (Robbins & Stout, 1989a). The Fe-S
cluster, sulfate, and water molecules were deleted from the
model. Using the MERLOT program (Fitzgerald, 1988) in space
group B2, all atoms of residues 2-754, and 8.0-3.5-A reso-
lution data, the Crowther rotation function gave a peak at
17.00 at « = 0°, 8 = 90°, 4 = 0°. This orientation was refined
with the Lattman rotation function (o = 0°, 8 = 89.9°, v =
0.2°) and used for a translation search, which yielded a 23.4¢

Table III: Pt Derivative of Monoclinic Aconitase

nearest
site? x y z protein atoms distance (&)
1 261A 6614 754 A His692 NE2¢ 4.9
2 69.2 61.9 106.3 His9 NE2 39
3 15.0 44.0 717 His306 NE2? 47
Lys231 NZ¢ 4.8
Glu636 OE2° 5.7
4 50.5 64.5 86.8 His626 NE2 3.2

2 Coordinates are with respect to an orthogonal cell with x along the
a, y along b*, and z along c. ®Histidine residue also ligated by K,PtCl,
in space group P2,2,2 (Robbins & Stout, 1989a). “Residue on a
symmetry-related molecule.

peak at x = 0.13, y = 0.46, z = 0. The rotation—translation
solution was refined with the RMIN program (Fitzgerald, 1988).
The molecule was then broken into two fragments, residues
2-520 and 521-754, and the fragment orientations further
refined with the program INTREF (Yeates & Rini, 1990),
resulting in shifts in the range —0.13°-0.97°. The fragment
of residue 2-520 was then fixed and the fragment of 521-754
refined relative to it, resulting in further shifts of —0.38-0.1°
and —0.5-0.12 A. This refined model was input to the
translation search in XPLOR (Briinger et al., 1989), which
yielded the same solution as obtained with MERLOT.

The oriented, translated, two-fragment model was used for
rigid-body refinement in XPLOR against 8—4-A data. The initial
R factor was 0.331, and the refinement converged at 0.313.
A series of rigid-body refinements was then done at increasing
resolution (3.5, 3.2, 3.0 A) converging at R of 0.224. A 2|F|
~ |F.| map using data in the range 20-3-A resolution showed
clear density for the Fe-S cluster, which had not been included
in the model, as well as density for substrate and indication
of side-chain rearrangements in the active site.

In addition to the R factor and new electron density features,
the validity of the molecular replacement solution was sup-
ported by the anomalous difference Patterson map calculated
with data in the resolution range 20-5 A from cis-aconitate
grown pig heart aconitase crystals. The map showed a single
large peak 2.5 times the noise level in the w = 0 Harker section
at u = 0.31, v = 0.87. The vector calculated from the model
for the center of gravity of the Fe—S cluster is at u = 0.31,
v = 0.86. The molecular replacement solution is further
supported by the Pt derivative data (Table II). A difference
Fourier map using data in the resolution range 204 A showed
four strong peaks for Pt sites, each near putative ligand res-
idues in the 3.0-A resolution refined monoclinic structure
(Table IIT). All sites occurred on the surface of the protein
molecule. The 5-A resolution anomalous difference Patterson
map for the Pt data also showed the Fe—S vector at u = 0.31,
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FIGURE 2: Electron density maps in stereo for mitochondrial aconitase structures calculated with data in the range 20-2.1-A resolution. (a,
top left) 2|F,] — |F] map showing isocitrate bound to the [4Fe—4S] cluster. (b, bottom left) |F, — F| map for H,O bound to sixth coordination
site of a unique Fe of the [4Fe—4S] cluster (Fed, Fe,) in the structure of the porcine enzyme with isocitrate bound. Note in panels a and b
that hydrogens are included in the model for H,O and for isocitrate on the hydroxyl oxygen and on Cg8 atom. (c, top right) Same as in panel
a for nitroisocitrate bound to the [4Fe—4S] cluster. (d, bottom right) Same as in panel b for H,O on Fe4 in the structure of the bovine enzyme
with nitroisocitrate bound. Hydrogen is included in the model for H,O and for the inhibitor on the hydroxyl oxygen but not on the C8 atom
(see text). Panels a and ¢ are contoured at 0.13 of the maximum density, which is on the Fe-S cluster, and panels b and d are contoured at
0.3 of the maximum density, which is on the water molecule shown. Note that in panel a some bonds of atoms not in [4Fe~4S] and isocitrate
are truncated by clipping planes used to make the figure; similarly in panel d some bonds in side chains adjacent to the bound water are truncated.

v =0.87,w=0 at 2 times the background.

Refinement. Refinement of the monoclinic structure was
extended to 2.1 A using data from the cis-aconitate grown pig
heart aconitase crystals (Table II). Positional refinement with
XPLOR was carried out in 13 ranges of increasing resolution
starting at 8.0-4.0 A and finishing at 8.0-2.1 A with an R
factor of 0.231 for all observed data. Water molecules were
included in the model, refined, and edited in 2|F,| — |F | maps
calculated with all data in the resolution range 20-2.1 A in
three passes through the structure, which included checking
and adjusting the conformation of all the side chains. Isotropic
B factors were refined for all atoms, resulting in R of 0.193.
The entire model was then subjected to simulated annealing
refinement (Briinger et al., 1989) starting at 4000 K and
cooling in 25 K steps to 300 K; following positional and B-
factor refinement, the R was 0.188. The water structure was
edited again and B factors were refined, yielding R of 0.184.

Up to this point, the electron density for the substrate had
not been modeled. A 20-2.1-A resolution 2|F,| - |F,| map
showed clear density for isocitrate (Figure 2a) with the correct
2R,3S stereochemistry (Carrell et al., 1970). The initial model
was obtained from a Monte-Carlo search algorithm as part
of a systematic search of binding modes of aconitase substrates
(Goodsell & Olson, 1990) and required only minor adjustment.
For refinement, an idealized model for isocitrate was con-
structed using distances and angles from a small molecule
crystal structure (Carrell et al., 1970), XPLOR energy con-
straints for C-C, C-O, C-H, and O-H bonds and angles, and
charges for carboxyl groups (pH of crystals 7.0, pK,s of iso-
citrate 3.3, 4.7, and 6.4). Hydrogens on the substrate C8 and
hydroxyl oxygen were included in the model as an aid for
interpretation of interactions with the protein. Covalent bonds

were defined for substrate OA2 and OHA to Fe4 of the
cluster, as for the cysteine Sy ligands to the other Fe atoms
of the cluster. Positional refinement with the substrate in-
cluded yielded R of 0.180.

A difference Fourier map using data in the range 20-2.1
A revealed a large peak adjacent to the Fe-S cluster (Figure
2b). This peak was modeled as a H,O molecule on the basis
of the ENDOR data for substrate-bound aconitase (Werst et
al.,, 1990a). Again, hydrogens were included as an aid in
interpretation. The H,O molecule was included as part of
Fe-S cluster constrained to the position of the maximum in
the difference Fourier peak. Positional and B-factor refinement
yielded R of 0.179 for all observed reflections with |Fj| > 0
in the range 8.0-2.1 A.

The model has 6174 non-hydrogen atoms (5815 protein, 9
Fe-S cluster, 13 substrate, and 337 water). The rms deviations
from ideality of bonds and angles are 0.015 A and 3.09°,
respectively. The Ramachandran plot is shown in Figure 3,
and the Luzzati plot is shown in Figure 4a. The overall B
factor for the structure is 21.5 A2 the average B factors of
[4Fe—-4S](H,0) and isocitrate are 14.3 and 15.7 A2, respec-
tively. The following residues have B factors on their Ca atoms
exceeding 40 A2 and are in weak density: 1-2, 342-343,
434-435, 490-492, 498, 501, 509, 514515, 522-528, 718-721,
and 751-754. These regions are exposed loops at the “corners”
of the molecule, the N- and C-termini, or part of the extended
chain leading to and including the hinge/linker region. Of
337 water molecules in the model, 126 have B factors ex-
ceeding 40 A? (maximum 62 A2).

The refined pig heart aconitase structure containing iso-
citrate was used as a starting point for refinement against data
from the nitroisocitrate complexed beef heart enzyme (Table
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FIGURE 3: Ramachandran plot for refined aconitase structure with
isocitrate bound. Glycines are plotted as circles; all other residues
are plotted as crosses. The plot for the structure with nitroisocitrate
bound is virtually identical.

IT). Only the isocitrate and H,O bound to the [4Fe—4S]
cluster were omitted from the coordinates. Rigid-body re-
finement with XPLOR for data in the resolution range 8.0-4.0
A gave R of 0.171. Positional and B-factor refinement in nine
ranges of increasing resolution resulted in R of 0.166 for all
data in the resolution range 8.0-2.1 A. At this stage, the water
structure was edited and updated, and all side-chain confor-
mations were checked and adjusted if necessary, especially
those with high B factors. This process included substituting
the known beef heart sequence changes (P303 — S, V310 —
L, K712 — T) (Plank & Howard, 1988); all three beef heart
residues were clear in a 2|F,| - |F,| map, using data of 20-2.1
A resolution. In this process, three additional residues for
which there are no beef heart sequence data, but which did
have clear density, were substituted: 1597 — S(A), H653 —
F(F), and H692 — N(N). The residues in parentheses are
from the yeast aconitase sequence (Gangloff et al., 1990). All
of these sequence changes were for surface residues; none of
the residues near the active site were changed or appeared to
be different than in the pig heart enzyme. Positional and
B-factor refinement gave R of 0.163.

This model was used to calculate 2|F | — |F| and |F} — |F|
maps with data in the range 20-2.1 A for modeling the ni-
troisocitrate (Figure 2¢) and bound water (Figure 2d). These
atoms were included in the refinement in a manner analogous
to the isocitrate refinement, except that the hydrogen on C8
was omitted. The C8 atom was not constrained to be trigonal,
however. Following positional and B-factor refinement, the
ﬁ is 0.161 for all reflections with |F,| > 0 in the range 8.0-2.1

The structure of the nitroisocitrate complex of the enzyme
consists of 6154 atoms (5812 protein, 9 Fe-S cluster, 13 in-
hibitor, and 320 water). The rms deviations from ideality of
bonds and angles are 0.015 A and 3.03°, respectively. The
Luzzati plot is shown in Figure 4b. The overall B factor for
the structure is 17.7 A% the average B factors of [4Fe-
4S1(H,0) and nitroisocitrate are 10.9 and 15.7 A2, respec-
tively. Thus, even though the structure as a whole has a lower
B factor than the structure with bound substrate, the B factors
for substrate and inhibitor are the same. Only 22 residues have
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FIGURE 4: Luzzati plots for refined aconitase structures with isocitrate
(a, top) and nitroisocitrate (b, bottom) bound. Curves are calculated
with all data in the resolution range 10-2.0 A for rms coordinate errors
of 0.20-0.50 A.

Ca with B > 40 A2 vs 29 in the enzyme with isocitrate bound,
but all are localized within the same regions. A total of 80
of the 320 water molecules have B factors exceeding 40 A2
(maximum 62 A2),

RESULTS

Stereoviews of the active site region of the enzyme with
isocitrate and nitroisocitrate bound are shown in Figure 5,
panels a and b, respectively. All contacts of the substrate and
inhibitor to aconitase are displayed in Figure 6a,b. The
principal results of the structure determinations are as follows.
First, the substrate and inhibitor bind to the enzyme in a
virtually identical manner. Second, coordination to Fe4 (Fe,)
of the [4Fe—4S] cluster is via one carboxyl oxygen and hy-
droxyl oxygen, while an additional H,O molecule binds to this
Fe making it six coordinate (Figure 7a,b). This structure is
in agreement with the structure deduced from spectroscopic
and chemical labeling experiments (Werst et al., 1990a,b;
Telser et al., 1986; Kennedy et al., 1987). Third, the base
involved in the abstraction a proton from C@ trans to the
hydroxyl appears to be a deprotonated serine (alkoxide) which
resides in an oxyanion hole (Figure 8). Fourth, a network
of possible hydrogen bonds surrounds the substrate hydroxyl
and Fe-bound H,O (Figure 9); these would appear to be im-
portant in the mechanism for protonation/deprotonation of
both oxygens. Fifth, specific contacts are made by the enzyme
to each of the substrate carboxyl groups (Figures 5 and 6);
these contacts account for stereoselectivity but at the same time
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FIGURE 5: Stereoviews of the active site regions in porcine (a, top) and bovme (b, bottom) mitochondrial aconitase. The Ca atoms and side
chains of 19 adjacent residues are shown. The substrate isocitrate (a) and inhibitor nitroisocitrate (b) are shown in heavy lines along with
[4Fe—4S] cluster and bound H,0 with hydrogens included as in Figure 2.

are not inconsistent with an alternative positioning of the Cy
carboxyl when citrate is bound. This aspect of the structure
supports the kinetic results that Ca and C8 carboxyls together
with hydroxyl of citrate and isocitrate bind by flipping over
about the Ca—Cg bond, requiring in effect a “migration” of
the Cy carboxyl moiety (Schloss et al., 1984). Interactions
with the substrate are supported by a secondary network of
hydrogen bonds in the active site.

Isocitrate Bound. Prior to supporting each of these con-
clusions with details from the crystal structures, we must first
consider reasons for the observation that only isocitrate is
bound in the substrate cocrystallized enzyme (cis-aconitate
or citrate, Table II). Superposition of aconitase structures
from monoclinic and orthorhombic lattices shows a confor-
mational change of the fourth domain with respect to the rest
of the molecule due to the motion in the hinge/linker region.
The shifts are on the order of 1° rotations and 1-A translations
(INTREF program results above). [A detailed analysis of the
conformational change and comparison of the structure in two
crystal forms will be presented elsewhere.] While the changes
are not large, they raise the possibility that different con-
formers of aconitase exist depending upon the substrate bound.
In other words, one could imagine that crystallization in the
monoclinic form requires trapping of only one conformer into
the lattice. On the other hand, the mother liquor contains
activated enzyme in the presence of excess substrate (Table
I), so it is also possible that the crystals could contain an

equilibrium mixture of more than one substrate.

To determine the substrate composition of the crystals, 27
mg of beef heart aconitase was activated with 'Fe and
crystallized in the presence of citrate using monoclinic beef
heart seed crystals (Table I). Large single crystals (5.5 mg)
were harvested, washed free of dissolved enzyme, and used to
record the Mossbauer spectrum (M. C. Kennedy, H. Beinert,
H. Lauble, C. D. Stout, B. G. Fox, and E. Miinck, unpublished
results). Madssbauer spectra of frozen solutions of aconitase
show two distinct quadrupole doublets attributable to enzyme
with bound substrate. Experiments in which the enzyme was
freeze-quenched rapidly after addition of citrate or isocitrate
indicated that the two species observed represent the complexes
with the individual substrates (Kent et al, 1985). The
Maossbauer spectrum observed with crystals, however, showed
only a single quadrupole doublet, i.e., only one species of the
bound form present with the parameters of the form that is
dominant in the first 35 ms of mixing isocitrate with enzyme
(Kent et al., 1985). Assay of the dissolved crystals showed
that the enzyme had the expected specific activity. Together,
these data support the interpretation of the electron density
(Figure 2a) in terms of isocitrate as the only species bound
to the crystalline enzyme.

The presence of a single substrate in the crystals greatly
simplifies the crystallographic analysis. A detailed study to
determine why only isocitrate should have been bound in the
crystals will be presented elsewhere. However, to further test
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FIGURE 6: (a, left) Summary of hydrogen bonds and short contacts to isocitrate as observed in the crystal structure of porcine mitochondrial

aconitase. Hydrogen bonds are indicated if the donor--acceptor distance is <3.5

A and the angle at the possible hydrogen position is 180°

+ 40°, Contacts <3.5 A to modeled substrate hydrogens (HA and HB) are also indicated. Contacts given for HA include all possible rotomers
of CA-OHA-HA, therefore, specific distances for contacts to the calculated position of HA are not given. (b, right) Summary of hydrogen
bonds and short contacts to nitroisocitrate as observed in the crystal structure of bovine mitochondrial aconitase. Criteria for hydrogen bonds
and contacts are as in panel a. Only the hydrogen on the hydroxy! of the inhibitor is modeled (HA).
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FIGURE 7: Geometry of the Fe4 (Fe,) site in aconitase with isocitrate bound to the [4Fe—4S] cluster. (a, left) 6-fold coordination to Fe4; see
Figure 6 for oxygen atom labeling; Ow is H,O. (b, right) Stereoview of the Fe4 site with bond distances indicated.

the result, a data set was collected from a crystal grown in
the presence of 75 mM citrate (Table II). A 2|F,| - |F | map
was calculated using data 20-3.0 A and refined phases from
the structure with isocitrate bound which were calculated at
the stage prior to inclusion of isocitrate in the model (R 0.184,
above). The map showed electron density in agreement with
the refined isocitrate model. Finally, it is clear from the results
of crystallization experiments (Table I) that the monoclinic
lattice accommodates not only isocitrate but at least four

inhibitors. Therefore, the presence of nitroisocitrate in crystals
grown from the inhibitor is expected on the basis of isomor-
phism with crystals of the enzyme with isocitrate bound.
Comparison of Two Structures. A least-squares superpo-
sition of backbone N, Ca, C, and O atoms for all residues of
the isocitrate- and nitroisocitrate-bound enzymes results in rms
deviation of 0.185 A. Using this alignment, the 22 atoms
(excluding hydrogens) of the [4Fe—4S](H,0) (isocitrate/ni-
troisocitrate) moieties differ by 0.283 A on average. This is
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FIGURE 8: Stereoview of the oxyanion hole in aconitase. All atoms of residues SerSerArg644 are shown giving rise to contacts to OG of Ser642,
the putative base in the reaction. Isocitrate is shown in heavy lines with HA and HB atoms included. Considering tetrahedral geometry at
the OG atom, there are two possible hydrogen bonds from NE and amide of Arg644 as well as the short OG-HB contact. There are also
two additional contacts from NH1 of Arg644 and the Cy carboxyl of substrate.
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FIGURE 9: Stereoview of atoms which are part of a putative proton relay network involving two oxygen atoms bound to Fe4, one derived from
substrate hydroxyl and the other from H,O. Possible hydrogen-bond distances are indicated. However, the hydrogen positions shown are
those resulting from the potential energy function used in refinement as they cannot be deduced directly from the X-ray data. Note the contact
for OB2 to Fe—~OH, (Ow) (2.73 A) and the “cis” configuration of the two carboxyl groups.

no more than random error expected from Luzzati plots
(Luzzati, 1953) for each structure (Figure 4); for isocitrate,
the average error in coordinates is 0.2-0.3 A, and for nitro-
isocitrate it is 0.15-0.25 A. A potentially significant difference
is at the bound H,O molecule which is shifted toward the nitro
group in the inhibitor structure (Ow contacts in Figure 6a,b).
All of the active site residues have the same structure within
random error, and both compounds have equivalent contacts
with the enzyme (Figure 6a,b). Also, ordered water molecules
trapped in the vicinity of the active site are observed at com-
mon positions in both structures. These data show that ni-
troisocitrate and isocitrate bind in a virtually identical manner.
Nitroisocitrate is expected to bind very tightly to aconitase
(Schloss et al., 1980) because, in its carbanion form, it mimics
a reaction intermediate which is trigonal at C8 and which has
greater negative charge on CS carboxyl oxygens (aci-acid
resonance form) (Schloss et al., 1980). We are of course not
sure whether at the pH of the crystals (7.0) this form prevails
when nitroisocitrate is bound.

Fe-S Cluster. The coordination to Fe4 (Fe,) of the
[4Fe—4S] cluster in the enzyme with isocitrate bound is de-
picted in Figure 7. The coordination by nitroisocitrate is
virtually the same. The structure is in agreement with results
from spectroscopic experiments (Kent et al., 1985; Telser et
al., 1986): isocitrate binds Fe via hydroxy! and one Ce car-
boxyl oxygen, and a H,O molecule is bound. On the basis of

ENDOR results (Werst et al., 1990a), both protons on the
H,0 have been modeled in the refinement. Distances and
angles are summarized in Figure 7b and Table IV. Compared
to an ideal octahedral angle (90°), the S-Fe~S angles at Fe4
are expanded by about 10°; at the same time, the average value
(101°) is smaller than the 104° average angle at tetrahedrally
coordinated Fe in other Fe-S clusters (Table IV). O-Fe-S
angles for ligands trans to Fe4 are significantly less than 180°,
reflecting the distortion required by a bidentate substrate
chelate (OA2-Fe4—-OHA angle 68°).

Subdividing the [4Fe—4S] cluster into the Fed4 site and a
[3Fe—-4S] moiety reveals an apparent distortion of the cubane
in comparison to other [4Fe—4S] clusters (Table IV). Re-
straints used in the refinement were the same for all Fe-S
distances and angles regardless of subsite. Fe—S bonds are
slightly longer and Fe-Fe distances are distinctly greater at
Fed, 2.85 vs 2.65 A, showing that Fe4 is pulled away from
the corner of the [4Fe—4S] cubane. Although the difference
of 0.2 A is comparable to the estimated average error (Figure
4), difference Fourier maps calculated with Fe4 at the sym-
metrical position always showed positive and negative density
features indicating displacement of Fe4 away from the
[3Fe—4S] moiety. Consequently, S—Fe~S angles at Fe4 are
compressed, compared to the [3Fe-4S] moiety. The same
trends are observed in the structure of the nitroisocitrate-bound
enzyme. Together, the geometrical factors show that the Fe4



2744 Biochemistry, Vol. 31, No. 10, 1992

Table IV: Geometry of the [4Fe—-4S] Cluster in Aconitase with
Isocitrate Bound and Comparison to Other [4Fe-4S] Clusters

moiety distance/angle no. av range
Fed site*  Fed-S 3 234A 233236A
Fe4-O 3 227A 220-233A
Fed.Fe 3 285A 282-287A
S-S 3 361A 353-3.66A
S-Fe4-S 3 101° 99-102°
O-Fed-S (cis) 6 91° 85-98°
O-Fe4-S (trans) 3 161° 153-167°
0O-Fed4-O 3 740 68-79°
Fe4-S-Fe 6 76° 75-78°
[3Fe-4S8}* Fe-S 9 230A 229-233A
Fe-+Fe 3 265A 264-267A
S-S 3 370A 3.66-373A
S-Fe-S 9 106° 102-110°
Fe-S-Fe 6 70° 69-72°
[4Fe-4S]c Fe-S 12 2274 222-232A
Fe-Fe 6 274X 267-281A
SwS 6 358A 3.49-365A
S-Fe-S 12 104° 103-104°
Fe-S-Fe 12 75° 74-76°
weight
restraints?  Fe-S 12 231 A 500 kcal/mol
Fe--Fe 6 275A 500
S8 6 370A 500
S-Fe-S 12 109° 70
Fe-S-Fe 12 75° 70

¢Includes S1, S3, and S4 (Figure 7). ?Fel, Fe2, and Fe3 ligated by
Cys358, Cys424, and Cys421, respectively (Figure 5). ¢ Average values
for [4Fe—4S8]%* clusters in crystal structures of two electron transfer
proteins and two synthetic inorganic complexes (Carter, 1977).
4Target values for ideal geometry of a [4Fe-4S] cluster used in re-
finement with XPLOR. By comparison, the weights used for C-C bonds
and C-C-C angles were 450 and 70 kcal/mol, respectively.

site is pulled away 0.2 A from the corner of the [4Fe~4S]
cubane, perhaps to satisfy requirement for octahedral coor-
dination in a tetrahedral environment (three sulfurs of [3Fe—
4S]).

14N and 'H ENDOR data for aconitase with and without
substrate bound show signals indicative of a NH-S interaction
to the Fe-S cluster (Werst et al., 1990b; Houseman et al.,
1992). This interaction is not affected by substrate binding
to Fe, (Fe4) and is therefore expected to involve the [3Fe—4S]
moiety. The crystal structure in the absence of substrate
exhibits two potential NH--S hydrogen bonds from Asn258
and Asnd46 (Robbins & Stout, 1989a). Both interactions are
preserved in the presence of isocitrate; the ND2 atom of
Asn258 to the SG atom of Cys358 (3.28 A, N-H-S angle
159°) and the ND2 atom of Asn446 to S1 of the cluster (3.34
A, N-H-S angle 171°). Cys358 SG is bonded to Fel, and
S1 is bonded to Fel, Fe2, and Fe4. Because the latter in-
teraction involves a sulfur bonded to Fe4, the structure suggests
that the Asn258—Cys358 hydrogen bond is responsible for the
observed ENDOR signal.

Oxyanion Hole. The aconitase reaction requires that a
proton be abstracted from Cg8 of isocitrate trans to the hydroxyl
(Ca of citrate); this proton is conserved on the enzyme during
early turnover (Rose & O’Connell, 1966). The crystal
structures suggest that the residue involved in this step is
Ser642 for the following reasons. First, the calculated position
for the hydrogen on Cg of isocitrate is directly juxtaposed to
the OG atom of this serine (Figure 6a). Second, the OG atom
of this serine resides in an environment surrounded by potential
hydrogen bonds from the amide and guanidinium group of
Arg644 (Figure 8). These interactions would stabilize a serine
alkoxide and provide charge balance. Third, SO, binds in
this region of the active site in the substrate-free enzyme
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(contacts from Arg644, Arg580, GIn72, and Ser643), showing
affinity for two negative charges, i.e., the Cy carboxyl of the
substrate and the putative alkoxide. Together, these structural
features argue that a Ser642 alkoxide is the base in the aco-
nitase mechanism, in the sense that it accepts the conserved
proton derived from C8 of isocitrate. We wish to emphasize
that aconitase employs a [4Fe—4S] cluster which can activate
the bound substrate for proton and hydroxyl elimination or
addition.

Water and Hydroxyl on Fe. Substrate-free aconitase has
a hydroxyl ion bound to Fe4 (Fe,) (Robbins & Stout, 1989b).
Upon binding substrate, the hydroxyl is protonated to form
H,0 (Werst et al., 1990a) as the Fe expands its coordination
sphere (Telser et al., 1986). Following or simultaneous with
proton abstraction from Cg of isocitrate (Ca of citrate), the
hydroxyl of substrate is eliminated to form cis-aconitate.
Substrate oxygen derived from this hydroxyl is known to ex-
change with solvent H,O (Telser et al., 1986; Rose & O’-
Connell, 1966). Therefore, both oxygen atoms (OHA and
Ow) bound initially as hydroxyl groups must be protonated,
and presumably also deprotonated, during turnover.

Figure 9 shows the hydrogen-bonding network surrounding
these oxygen atoms. Hydrogens are included for modeling and
refinement, but the distances indicated are for oxygen and
nitrogen. Each oxygen (OHA and Ow) is in contact with a
histidine (His101, His167), and the carboxylate of Aspl65
contacts both oxygens simultaneously. His101 is paired with
Aspl00 and His167 with Glu262 (Figure 5) so that one could
imagine each histidine being positively charged and capable
of donating protons to OHA and Ow. Further, Asp165 is
paired with His147 (Figure 5) so that this carboxylate could
also participate in proton transfer steps important to the
mechanism.

Substrate Recognition. Figure 6a displays the contacts of
aconitase with isocitrate. Altogether, there are 18 potential
hydrogen bonds in addition to two covalent bonds to Fe. All
seven oxygen atoms have specific contacts, and each carboxyl
is paired with at least one arginine. The Ca carboxyl is doubly
hydrogen bonded to Argd52, as is the Cy carboxyl to Arg580
(Figure 5). Arg644 has potential contacts to both of these
carboxylates; in fact, the peptide SerSerArg644 involved in
making an oxyanion hole (Figure 8) makes contacts to each
carboxylate of isocitrate.

These contacts appear to be compatible with binding of
citrate as well. On the basis of the spectroscopic and ste-
reochemical data (Emptage, 1988) citrate is expected to bind
via its C@ carboxyl and hydroxyl such that Ce—H and C8~OH
remain trans and only the acetyl arm is repositioned. A model
for citrate built in this way has no bad contacts; in Figure 5a
this would entail shifting the Cy carboxyl, shown in contact
to Arg580, to the adjacent carbon carrying the hydroxyl group.
Contacts to Arg644 may be lost, but contacts to Arg580 and
GIn72 could still be made. In other words, the enzyme may
need only to “wobble” (as in GU vs GC base pairing) in order
to recognize citrate vs isocitrate. Together these interactions
should be more than enough to account for the stereospecific
activity of aconitase on the prochiral substrate, citrate (Ogston,
1948).

The specific contacts to isocitrate are supported by a network
of hydrogen bonds between side chains in the active site and
surrounding protein atoms. The side chains of Asp100 and
His101, Aspl165 and His147, and Glu262 and His167 are
paired as noted. The carboxylate of Aspl65 also has contacts
to GIn72 (NE2) and the amide of His167. Three possible salt
links are observed between side chains of Glu262 and Argd47,
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Asp568 and Arg644, and Asp568 and Argd52 (Figure 5a).
Interactions involving main-chain atoms include the following
amides: Ser166 (to substrate), His167 (to Asp165), Ser642
(to Thr567), Ser643 (to substrate), and Arg644 (to Ser642).
The following carbonyls are involved in hydrogen bonds:
Ala74 (with Arg580), Cys424 (with Argd52), and Ser571
(with Arg644). A string of Asn side-chain hydrogen bonds
has been observed (Robbins & Stout, 1989a) for residues 170,
258, and 446; in the present structure, Thr 359 intervenes
between Asn258 and Asn446. Aside from the OB2..Ow-Fe
contact, substrate is excluded from solvent. However, the
active site residues listed here have 12 contacts with ordered
H,O molecules in the cleft (Figure 1). A final type of in-
teraction of potential importance is stacking of the side chains
of GIn72 on His101, Asnd46 on His167, and Asp165 on the
C8 carboxyl of isocitrate.

DiscussioN

The focus of this study is the elucidation of the catalytic
mechanism of aconitase. The enzyme employs an Fe-S cluster
and the role of the cluster in catalysis has been the subject of
many investigations (Beinert & Kennedy, 1989). The reac-
tions catalyzed are essential to basic energy metabolism. Our
approach has been to prepare crystals of the wild-type enzyme
grown in the presence of substrates and inhibitors. An inde-
pendent study involves preparation of site-directed mutants
suggested from the crystal structure using the cloned pig heart
aconitase cDNA (Zheng et al., 1990) and assay of these
mutants for activity (Zheng et al., 1992). Together, these
studies are relevant to the mechanism of other dehydratases
as well and may be important to understanding the activity
of IRE-binding proteins, a growing class of recognized regu-
latory RNA-binding proteins (Rouault et al., 1991; Dandekar
et al., 1991).

In this paper we have presented information on the crystal
structures of aconitase in which isocitrate and nitroisocitrate
are bound in the active site. The structures suggest two basic
features of the mechanism: that Ser642 residing in an ox-
yanion hole is the base involved in abstraction of a proton from
C8 of substrate and that a network of interactions constructed
of three histidines and three carboxylates is utilized for proton
transfer steps involving two oxygen atoms bound to Fe, one
derived from substrate hydroxyl and one from solvent.

Proton transfer steps are necessary for both substrate
binding and catalysis. To illustrate these interactions, possible
but speculative reaction schemes are presented. Figure 10
depicts the transition from the substrate-free, hydroxyl-bound,
four-coordinate Fe state (Robbins & Stout, 1989b) to the
substrate- and H,O-bound, six-coordinate Fe state. Proton-
ation of solvent-derived hydroxyl is observed in ENDOR ex-
periments (Werst et al.,, 1990a) maintaining the same net
charge on Fe after substrate binds. Figure 10 assumes that
the proton derived from Ser642 to form an alkoxide is formally
equivalent to the proton added to Fe-OH. To facilitate proton
shifts the histidine—carboxylate pairs could donate/accept
protons as observed in reactions catalyzed by serine proteases
(Sprang et al., 1987), lipases (Schrag et al., 1991), and xylose
isomerase (Whitlow et al., 1991). It is of interest to note that
Pyrococcus furiosus ferredoxin, which has a hydroxyl bound
to its [4Fe—4S] cluster, also has an aspartate residue proximal
in the sequence (Conover et al., 1991).

The model implies conformational change in that OH-/H,0O
must swing from a tetrahedrally bound position to the octa-
hedrally bound position observed. H,O may be able to move
more freely in the Fe coordination sphere than OH~. Repo-
sitioning of bound OH~/H,0 could be facilitated by the side
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FIGURE 10: Schematic representation of the transition from sub-
strate-free aconitase (A) to the substrate-bound form (B). The proton
derived from Ser642 to form an alkoxide is formally equivalent to
the proton added to Fe-Ow to make Fe~OH,. The contact of Fe-OH,
to CB carboxy! of substrate is shown separately for clarity. All three
histidines are assumed to be protonated.

chain of Asp165, providing a hydrogen-bonded path between
the two sites. Because the four- and six-coordinate Fe states
of aconitase are observed in crystals of differing space group,
our data cannot directly address the issue of conformational
change in the protein upon substrate binding.

Figure 11 depicts a possible reaction sequence for isocitrate
to cis-aconitate. The reaction is initiated by a Ser642 alkoxide.
The serine is proposed to have a sufficiently lowered pK, to
be ionized when substrate binds and Fe-OH, is formed. The
geometry of the contacts of Arg644 NE and amide to Ser642
OG is similar to the arrangement in chymotrypsin, where
amides of Gly193 and Ser195 form an oxyanion hole (NN
distances 4.4 and 4.5 A) (Fersht et al., 1973). In aconitase,
Arg644 would provide additional charge stabilization for an
alkoxide; there is also an Arg644 NH1 to OG contact. Ar-
ginines are utilized by carboxypeptidase (Phillips et al., 1990)
and a catalytic antibody (Jackson et al., 1991) to stabilize
reaction intermediates which are oxyanions. In a substrate-free
form of aconitase crystals (Robbins & Stout, 1989a), sulfate
binds to Arg644, Arg580, Ser643, and GIn72, suggesting an
affinity for oxyanions in this region.

Transfer of the proton on C8 to Ser642 creates the aci-acid
intermediate mimicked by the ionized state of nitroisocitrate
(Schioss et al., 1980) (Figure 11b). This intermediate collapses
to cis-aconitate with cleavage of the Ca—OH bond (Figure
11c); protonation of substrate hydroxyl could occur by His101
as depicted (see also Figure 10b) or by Asp165. H,O bound
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FIGURE 11: Schematic representation of the reaction isocitrate —
cis-aconitate assuming deprotonation of Ser642 when substrate binds
and Fe~OH, 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 CS-H bond to the Ca—Cg double
bond, i.e., directly from step A to C with concomitant cleavage of
the Ca—OH bond.

to Fe can then exchange with solvent (Telser et al., 1986),
while release of cis-aconitate may require deprotonation of
bound H,O to maintain a net charge in a reversal of the steps
depicted in Figure 10. Displacement of cis-aconitate by an-
other cis-aconitate molecule in the alternative binding mode
flipped over 180° about the Ca—Cg8 bond (Emptage, 1988),
and reversal of the steps in Figure 11 forms citrate. In the
presence of excess cis-aconitate, the Ser642 alkoxide, pre-
sumably with a relatively high pK,, is the group that retains
the substrate-derived proton (Rose & O’Connell, 1966).
Recently, it has been argued that removal of a proton from
a carbon « to a carboxyl or carbonyl is too difficult for residues
which are bases in enzymes, as the pK;s of these protons are
very high. Consequently, abstraction actually may occur by
concerted electrophilic catalysis (Gerlt et al., 1991). Sucha
possibility has been pointed out to explain the reactivity of the
[Co(en),(OH)(methylmaleato)}* ion, a model compound for
the aconitase reaction (Gahan et al., 1985). In aconitase, the
Fe-S cluster can withdraw electron density (cleavage of Ca—
OH bond), favoring the aci-acid intermediate (Figure 11b).
The existence of this intermediate is supported by inhibition
with the nitronate analogue (Schloss et al., 1980) which binds

Lauble et al.

in a virtually identical manner to isocitrate. The aci-acid would
be stabilized by contact to Argd47 and four hydrogen bonds
from Ser166 and Ser643 (Figure 6a). Nevertheless, the
structure also suggests a means of protonating the C8 carboxyl
as the OB2 atom is within hydrogen-bonding distance of Fe~
OH, (Ow atom) (Figures 6a and 9). Transfer of a proton from
Fe—-OH, to the CB carboxyl (Fe—~OH, + C8-COO~ — Fe-
OH- + CB-COOH), reprotonation of Fe~OH~ (see Figure
10), and a second proton transfer (Fe-OH, + Cf-COOH —
Fe—-OH~ + C8-COOH,*) would create the enolate interme-
diate required for concerted electrophilic catalysis (Gerlt et
al., 1991). The displaced Cg proton would still have to reside
on Ser642. Multiple proton transfers within the enzyme are
implicated by the fact that three or more tritium atoms are
trapped by aconitase exposed to high-activity [*H]water prior
to reaction with cis-aconitate (Kuo & Rose, 1987). However,
proton transfers are also required in the formation of Fe~OH,
(Figure 10).

The carbanion and electrophilic catalysis mechanisms can
be viewed as equivalent if one detail of the structure is con-
sidered valid. In the structure of the enzyme with nitroiso-
citrate bound, the Fe,~OH,«CpB carboxyl distance becomes
0.2 A shorter compared to enzyme with isocitrate bound
(Figure 6a,b; Ow—OB2 and Ow—ON2). The short 2.5-A
distance observed with the inhibitor suggests that this is a
low-barrier hydrogen bond (Cleland, 1992), meaning that the
proton is equally partitioned between both acceptor oxygens.
In other words, the proton may both be transferred to the
carboxyl group and resident on Fe-OH,.

Why does aconitase contain an Fe-S cluster as opposed to
a metal ion bound directly by protein side chains? One ex-
planation would be that Fe coordinated by a [3Fe—4S] “ligand”
is able to undergo the transformations from four- to six-co-
ordination required, whereas other metals, such as Zn or Cu,
or even Fe, bound by a minimum of three protein ligands,
could not expand their coordination spheres to six. The H,O
ligand observed in aconitase with bound substrate is likely to
be derived from the hydroxyl ligand in the substrate free
enzyme; a Fe[3Fe—4S](OH) site (Figure 10a) is preferred over
a tetrahedral Fe site at which a fourth protein ligand must be
displaced. Consequently, H,O is bound in addition to sub-
strate, and the Fe coordination number becomes six. Further,
the [3Fe-4S] “ligand” for Fe in aconitase provides steric
freedom by removing the catalytic Fe 4.9 A from the nearest
protein ligands of the cluster (average Fe4.+Sv distance). The
[4Fe—4S] cluster may also stabilize a carbanion intermediate
more effectively than a single metal ion. Changes in the
electronic environment of Fe in the cluster occur upon addition
of substrate (Emptage et al., 1983; Kent et al., 1985).

The selection of the crystals (or the crystallization medium)
for aconitase molecules with isocitrate bound prevents direct
observation of citrate or cis-aconitate, at least in crystal forms
available (Table I). These states will have to be approached
using crystals grown from nitrocitrate (unpublished results),
trans-aconitate, or a new crystal form. However, one substrate
relevant to the present structure is a-methyl-cis-aconitate,
which is converted only to a-methylisocitrate and not to a-
methylcitrate (Schloss et al., 1984). A model of a-methyl-
isocitrate constructed from isocitrate as observed in the active
site (Figure 5a) has only three contacts of the methyl group
carbon less than 3.5 A to the enzyme: 3.2 A to CG2 of Ile425,
3.3 A to CD2 of Hisl01, and 3.0 A to NE2 of His101; the
latter contact could be relieved by a small shift of this side
chain. Thus the structure accommodates this methylated
substrate. Without crystal structures of the enzyme in the
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presence of other inhibitors (Table I), we cannot speculate
about the inhibition by a-methylcitrate or other compounds.

Mitochondiral aconitase shares a striking homology with
the RNA-binding protein, IRE-BP (Rouault et al., 1991). The
conservation of all residues depicted in Figure 5, as well as
those in sequences flanking active site residues, argues that
IRE-BP is a cytosolic aconitase (Rouault et al., 1991). All
insertions resulting from alignment of IRE-BP onto aconitase
can be accommodated into the structure as expanded loops
between conserved secondary structure elements. This is also
true of the yeast aconitase sequence (Gangloff et al., 1990),
where again all active site residues in the pig heart (iso-
citrate-bound) enzyme are conserved. It should be emphasized
that the structure of the beef heart enzyme with nitroisocitrate
bound presented here is based on homology with the pig heart
sequence, as only 194 residues of the bovine enzyme have been
determined by chemical means (see Experimental Procedures).

Isopropylmalate (IPM) isomerase catalyzes a reversible
dehydration/rehydration step in leucine biosynthesis. The
reaction is equivalent to the aconitase reaction except that the
“acetyl arm” [CH,(y)~COOH] of isocitrate/citrate is replaced
by an isopropyl group. The Salmonella typhimurium enzyme
large subunit (Rosenthal & Calvo, 1990) is homologous to
aconitase and shares 13 of 14 active site residues in the first
three domains (GIn72 becomes His), including the
AspSerHis167 sequence and the Cys ligands; the small subunit
(Friedberg et al., 1985) apparently corresponds to the hinged
fourth domain of aconitase and contains the SerSerArg644
sequence. The IPM isomerase from Mucor circinelloides
(Roncero et al., 1989) is also homologous with aconitase; again
13 of 14 active site residues in the first three domains are the
same. These homologies argue for the importance of the
residues ascribed to the mechanism.

A final point of interest is the similarity in the manner in
which isocitrate is bound by aconitase and isocitrate de-
hydrogenase (IcDH) (Hurley et al., 1991). In IcDH the Ca
carboxyl and hydroxyl are coordinated to Mg?* in the same
way as to the Fe4 site, the Ca carboxyl is doubly hydrogen
bonded to an arginine equivalent to Arg452 and one oxygen
of the Co carboxyl has a contact equivalent to Arg644 (Figure
6a). The Ca hydroxyl, which is oxidized by IcDH, also has
contacts to two aspartates, but unlike Asp165 in aconitase these
side chains are chelates to the metal. Thus, the CaOH(COO")
moiety of isocitrate is recognized in a very similar manner by
two enzymes with dissimilar folds catalyzing different reac-
tions.
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ABSTRACT: Ribosomal RNA molecules within each ribosomal subunit are folded in a specific three-di-
mensional form. The accessibility of specific sequences of rRNA of the small ribosomal subunit of Escherichia
coli was analyzed using complementary oligodeoxyribonucleotides, 6—15 nucleotides long. The degree of
hybridization of these oligomers to their RNA complements within the 30S subunit was assessed using
nitrocellulose membrane fiiter binding assays. Specifically, the binding of short DNA oligomers (hexameric
and longer) complementary to nucleotides 919-928, 1384-1417, 14901505, and 1530-1542 of 16S rRNA
was monitored, and in particular how such binding was affected by the change in the activation state of
the subunit. We found that nucleotides 1397-1404 comprise an unusually accessible sequence in both active
and inactive subunits. Nucleotides 919-924 are partially available for hybridization in active subunits and
somewhat more so in inactive subunits. Nucleotides 1534-1542 are freely accessible in active, but only
partially accessible in inactive subunits, while nucleotides 1490-1505 and 1530-1533 are inaccessible in
both, under the conditions tested. These results are in general agreement with results obtained using other
methods and suggest a significant conformational change upon subunit activation.

Wthin the 2 subunits of the Escherichia coli ribosome, there
are over 50 different proteins and 3 rRNA molecules. It is

tSupported by NIH Grant GM35717 to W.E.H.

becoming clear that the rRNA performs an active role in the
ribosomal function. For instance, TRNA has been shown to
have a role in mRNA placement (Shine & Dalgarno, 1974;
Calogero et al., 1988) and tRNA alignment (Prince et al.,
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