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Preface

It is an axiom of modern biochemistry that structure determines
function. By understanding the relationship between macromolecular
structures and their functions we can make the connection between the
precise laws of physics and chemistry and the bewilderingly complex
properties of living things. This thesis describes the elucidation of the
structural basis for both the catalytic activity and regulation of an enzyme,
isocitrate dehydrogenase, by means of the most powerful experimental
methodology available: x-ray crystallography. Many testable predictions
have been made based on the structural analysis, some with the aid of
electrostatic potential calculations, and a way has been opened for much
further analysis of structure and function of isocitrate dehydrogenase by
site-directed mutagenesis, theoretical calculations, and x-ray

crystallography.

The introduction to this thesis summarizes the background for work
described in detail in the manuscripts which make up subsequent chapters.
Chapter 2 appeared in the Proceedings of the National Academy of Sciences
(1989) 86:8635-8639, chapter 3 appeared in the Journal of Biological
Chemistry (1990) 265:3599-3602 and is reproduced by permission, and

chapters 4 and 5 will be submitted for publication.

Many colleagues, both in the macromolecular structure group at
UCSF and in Dan Koshland's lab at UC Berkeley, have provided valuable

contributions to this work. The work of Nancy Helmers and Peter Thorsness
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led to the crystallization of isocitrate dehydrogenase (IDH), without which
the structural studies would have been possible. Joe Day, Eric Fauman, V.
Ramalingam, and Julie Sohl have all been involved in the IDH project, and
the work of Antony Dean has been particularly important in the later
stages of this project. The IDH project is a collaboration with the laboratory
of Daniel E. Koshland, Jr., whose group established the regulatory role of
phosphorylation of IDH, and has had a central role in the elucidation of its
regulatory mechanism. Specific acknowledgements are found within

individual chapters.

I would like to thank my colleagues Celia Schiffer, Partho Ghosh,
Stephanie Mel, Janet Finer-Moore, Bill Montfort, Kathy Perry, Cynthia
Wolberger, Michael Shuster, Thomas Eamest, Alok Mitra, Larry Miercke,
Susan Fong, Sally Raguet, and Amir Attaran for insightful crystallographic
discussions and/or making the Stroud lab a fun place to be. I thank Mel
Jones, Dave Herrmann, and Angus McDonald for keeping the x-ray
instruments and computers going, and Julie Ransom, the biophysics
program administrator and foster mother to biophysics students.
Professors Robert Fletterick and Peter Kollman in the biophysics group at
UCSF have made particularly important contributions to my education,
inspiring a continuing interest in using computer simulations based on
physical principles to make the connection between macromolecular
structure and function. A fellowship from the U. C. Regents provided the

bulk of the financial support for my Ph. D. studies.
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Above all, I thank my advisor and friend, Bob Stroud, who has taught
me much about how to do science, and more about why to do science: for the

fun of it.



Abstract

Structural Basis for Catalytic Activity and Regulation of Isocitrate
Dehydrogenase
by

James H. Hurley

Isocitrate dehydrogenase catalyzes the oxidation of isocitrate to a-
ketoglutarate by NAD(P)*, a step in the citric acid cycle, the principal cycle
responsible for extraction of energy from fats and carbohydrates in
aerobic metabolism. X-ray crystallography has been used to investigate the
mechanisms of regulation and catalysis of isocitrate dehydrogenase, and to
explore the evolution of this enzyme. The structure of the free enzyme,
solved by the isomorphous replacement method, showed no nucleotide-
binding fold typical of other dehydrogenases, indicating a distinct

evolutionary history from most other dehydrogenases.

The isocitrate dehydrogenase of Escherichia coli is regulated by
phosphorylation at serine 113, which inactivates the enzyme by
preventing isocitrate binding. Phosphorylated isocitrate dehydrogenase
undergoes minimal structural changes compared to the dephosphorylated
enzyme, and structures of inactive site-directed mutants at residue 113
show essentially no structural changes. In the complex with Mgt
isocitrate, the y-carboxylate of isocitrate is hydrogen bonded to serine 113.
Electrostatic calculations with the Poisson-Boltzmann equation show that

introduction of negative charge at residue 113 has a large effect on the
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clectrostatic component of the free energy of binding of isocitrate.
Inactivation is thus mediated by a combination of direct steric and
electrostatic interactions with the substrate, not by conformational

changes in the enzyme.

A catalytic mechanism for isocitrate dehydrogenase has been
inferred based on the crystallographic structure of Mg*+ isocitrate bound
to the enzyme and kinetic and spectroscopic data. Mg**, coordinated by the
o-carboxylate and hydroxyl oxygen of isocitrate, is an electrostatic catalyst
in both the dehydrogenation and decarboxylation steps of the reaction.
Aspartate 283" (on the second subunit) is probably the base involved in the
dehydrogenation step, and either tyrosine 160 or lysine 230' is probably the
acid which protonates the enolate form of a-ketoglutarate after
decarboxylation. The residues interacting with Mg*+*, a- and B-carboxylates,
and the hydroxyl oxygen are identical in the aligned sequences of
isopropylmalate dehydrogenase, indicating a common evolutionary origin

and catalytic mechanism for these functionally similar enzymes.
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Introduction

The citric acid cycle (Fig. 1) is at the center of aerobic metabolism.
Acetyl groups from the oxidation of carbohydrates and fatty acids are
further oxidized to carbon dioxide by nicotinamide adenine nucleotide
cofactors, which then transfer electrons to the oxidative phosphorylation
apparatus and ultimately provide the energy source for the synthesis of

ATP.

Isocitrate dehydrogenase (IDH) catalyzes one of the major energy-
extracting steps of this cycle, the oxidation of isocitrate to a-ketoglutarate
by NAD(P)* (Fig. 2). In cukaryotes, a mitochondrial NAD*-dependent IDH is
active in the citric acid cycle, and a distinct NADP*-dependent IDH has a
biosynthetic role. In prokaryotes, NADP*-dependent IDH predominates and
is active in the citric acid cycle. The NADP*-dependent IDHs from
prokaryotes and eukaryotes are similar kinetically and share the same
requirement for divalent cations, while the eukaryotic NAD*-dependent
IDH does not require divalent cations and is probably unrelated to NADP*-
dependent IDH. The IDH step of the citric acid cycle is a target for
regulation in both prokaryotes and eukaryotes. In bacteria, IDH is
regulated by phosphorylation by IDH kinase/phosphatase, wheras in
animals, IDH is subject to allosteric regulation. In bacteria, IDH is
inactivated by phosphorylation during growth on acetate in order to shunt
acetyl groups to the glyoxalate bypass (Fig. 1), which generates new

biosynthetic precursors. The work described in this thesis was intended to
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elucidate the regulatory and catalytic mechanisms of the NADP*-dependent

IDH of Escherichia coli.

Protein phosphorylation, in which a kinase transfers the y-
phosphate of ATP to an amino acid residue of a protein, has proved to be a
ubiquitous mechanism for regulation of cellular proteins. Protein
phosphorylation is most commonly at serine, threonine, or tyrosine side
chains, and is normally reversible, with the protein phosphate hydrolyzed
to inorganic phosphate by a phosphoprotein phosphatase. Because post-
translational modifications of proteins such as phosphorylation may be
carried out much faster and with far less energetic cost than synthesis or
degradation of proteins, they provide an efficient means for the rapid
response  of a cell to changing conditions. Reversible phosphorylation
cycles are also capable of greatly enhancing both the magnitude and
sensitivity of the cellular response to changing conditions. Protein
phosphorylation is thus involved not omnly in post-translational regulation,
but mediates regulation at the transcriptional and translational levels as
well. Regulatory protein phosphorylation was first characterized in
glycogen phosphorylase, and today literally dozens of new cases are
reported annually. It has been estimated that from one out of ten to one out
of six proteins are subject to control by reversible phosphorylation.
Examples of protein phosphorylation can be found not only in the
metabolism of carbohydrates, lipids, and amino acids, but in ion channels
of the nervous system, ncurotransmitter biosynthesis, polyamine
biosynthesis, photosynthesis, and transcriptional and translational control,
to name just a few. Perhaps most intriguing are the recent findings that

many oncogene products and growth factor receptors are tyrosine kinases,
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and that protein phosphorylation plays a key role in control of the cell

cycle.

The icd gene of Escherichia coli encoding IDH has been sequenced,
and appears to be homologous only with isopropylmalate dehydrogenase, a
metal-dependent enzyme involved in leucine biosynthesis catalyzing
essentially the same reaction as IDH on a different substrate. Many other
nucleotide binding proteins, most notably the NAD*-dependent
dehydrogenases, have nucleotide-binding domains with very similar
folding topologies. In the most similar cases, such as the lactate
dehydrogenase-like family of NAD*-dependent dehydrogenases, a common
evolutionary history could be inferred from the topological similarity of
the structures. It was therefore of interest to determine whether IDH
possessed such a fold, as this might indicate a common evolutionary origin

obscured by drift in the one-dimensional nucleotide sequence.

To understand the mechanisms of regulation and catalysis, and to
determine the possible evolutionary relationship to other dehydrogenases,
three-dimensional structures of IDH in dephosphorylated, phosphorylated,
and substrate-bound forms were required. The only practical approach to
obtain detailed information on the structure of a IDH, a dimer of identical
416-residue subunits, was x-ray crystallography. X-ray crystallography
was first developed by Laue and Bragg, and first applied to proteins by
Bernal and Perutz. Because IDH showed no great sequence similarity to any
protein of known structure, the only available method was isomorphous
replacement. Several recent advances to crystallographic methodology

proved very useful in the structure determination of IDH: multiwire
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proportional counters for intensity measurement, solvent flattening, and

simulated annealing.

The structure of dephosphorylated IDH was initially determined in
the absence of ligands, and is described in chapter 2. In order to
understand the effect of phosphorylation, the structure of the
phosphorylated enzyme was solved, as described in chapter 3. A complete
understanding of regulation and catalysis required knowledge of the
interactions of substrate and enzyme, and the structure of IDH with Mgt+
and isocitrate bound was solved for this reason. The implications of this
structure for regulation are described in chapter 4, and the catalytic

mechanism is discussed in chapter §.



Figure 1

The citric acid cycle and the glyoxalate bypass, showing the
branchpoint at isocitrate (after C. S. Stueland, K. Gorden, and D. C. LaPorte
(1988) J. Biol. Chem. 263:19475-19479).
Figure 2

Structural formula for the two-step reaction catalyzed by IDH.
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The structure of isocitrate dehydrogenase from Escherichia coli has
been solved and refined at 2.5 angstroms resolution, and is topologically
different from that of any other dehydrogenase. This enzyme, a dimer of
identical 416-residue subunits, is inactivated by phosphorylation at Ser 113,
which lies at the edge of an interdomain pocket that also contains many
residues conserved between isocitrate dehydrogenase and isopropylmalate
dehydrogenase. Isocitrate dehydrogenase contains an unusual clasp-like
domain in which both polypeptide chains in the dimer interlock. Based on
the structure of isocitrate dehydrogenase and conservation with
isopropylmalate dehydrogenase, we suggest that the active site lies in an

interdomain pocket, close to the phosphorylation site.



The isocitrate dehydrogenase (IDH) of Escherichia coli (threo-Ds-
isocitrate:NAD(P)* oxidoreductase [decarboxylating); E.C. 1.1.1.42) is subject
to a unique mechanism of regulatory control. This enzyme lies at a key
branch point in carbohydrate metabolism which is extremely sensitive to
regulation (1-5); it is converted from an active to a completely inactive

form upon phosphorylation (1).

The reaction catalyzed by IDH is a step in the citric acid cycle, and is

shown in equation 1.

1. NAD(P)* + isocitrate --> NAD(P)H + a-ketoglutarate + CO2

The enzyme was shown to be phosphorylated (6,7) and that the
phosphorylation occured on a serine residue (8). Although there is some
loss of activity when Ser 113 is replaced by a number of amino acids (Ala,
Cys, Thr, Tyr), the replacement by aspartic acid causes complete
inactivation (9). Hence, it is the negative charge introduced by

phosphorylation that causes inactivation (9).

There is no significant sequence conservation between IDH and any
of the dehydrogenases for which three-dimensional structures are known.
The sequence of E. coli IDH shows significant conservation only with

isopropylmalate dehydrogenase (IMDH) (9). A preliminary x-ray
10



diffraction pattern has been reported for IMDH (10). Aligned residues of
IDH and IMDH sequences (11-14) are 25 % to 29 % identical, varying among

species.

The structures of dehydrogenases have been the subject of much
interest because the nucleotide-binding domains of many of these enzymes
retain much structural similarity, despite relatively little sequence
conservation, as first observed by Rossmann, et. al. (15). This nucleotide-
binding fold is referred to as the lactate dehydrogenase (LDH) fold, for the
first enzyme in which it was described (16). The same fold has been
described, with small modifications, in many other structures, frequently
in a nucleotide-binding domain. As IDH shows no sequence conservation
with dehydrogenases of known structure, the IDH structure is of interest as

a potential alternative solution to the same evolutionary challenge.

Structure Determination

IDH was purified by a modification of the procedure described by
Reeves et. al. (17) from a strain of E. coli in which IDH was expressed as
described by LaPorte et. al. (18). Crystals were grown in a solution
containing 28 mg/ml dephosphorylated IDH, 34 % saturated ammonium
sulfate, 100 mM NaCl, 35 mM Na2HPO4, 9 mM citric acid and 0.2 mM DTT at pH
5.4 . Crystals grew to a size of 0.8 mm along the largest dimension after two
weeks. Unit cell parameters are a = b = 105.1 A, ¢ = 150.3 A and the space

group is P43212. The asymmetric unit is the monomer; two monomers are

related by crystallographic two-fold symmetry.
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Diffraction was observed to 2.5 A with Cu Ka radiation from a
rotating anode x-ray source at room temperature. All diffraction data were
collected on a Nicolet area detector and reduced with the XENGEN data
reduction package. One isomorphous heavy atom derivative was prepared
by a five-day soak in 1% saturated p-chloromercuribenzenesulfonic acid
(PCMBS). The position of one major site was determined from the heavy-
atom difference Patterson map, with a second site subsequently located
from an error residual map. Heavy atom parameters were refined by the
method of Dickerson (19) and a single isomorphous replacement (SIR)
electron density map was calculated. Crystallographic statistics as a

function of resolution are summarized in figure 1.

Density modification (20), resulted in a dramatic improvement of the
electron density map. The unusually large solvent fraction of 0.73
facilitated the use of density modification in phasing. The phases calculated
by a first round of density modification were fixed and used for further
refinement of heavy atom parameters; a second SIR map was used in new
round of density modification, and a second density-modified phase set was
calculated. 10 cycles of density modification resulted in a final R-factor of

28 % and a mean figure of merit of 0.76.

The main chain was built into a 2.8 A electron-density map as
polyalanine with FRODO (21). Phase combination between a 375-residue
partial structure and SIR phases allowed us to fit amino acid sequence to
the electron density for the entire model. @ PCMBS sites are at Cys 332 and
Cys 405. Refinement then proceeded with alternate cycles of minimization

using PROLSQ (22) and XPLOR (23) and manual rebuilding with the aid of
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(2Fo-Fc)acalc Fourier syntheses. The placement of some 40 residues
changed substantially during refinement; 7 residues were added in the N-
terminal region. (2Fo-Fc¢)acalc maps based on phases calculated after
refinement with PROLSQ after removal of residues in question were used to
test the model; these led to no reconnections. The current model has been
refined by simulated annealing using XPLOR for 1 ps at 20000 K and 0.25 ps
at 3000 K, followed by minimization and manual rebuilding into a 2.5 A map.
The first four residues from the N-terminus have not been placed in
electron density in the current model. The fit of side chains to electron
density (Fig. 2) is generally excellent, and carbonyl oxygens can be seen in
almost all of the map. The crystallographic R-factor is currently 19.7% for
17948 reflections with IFl/c(F) > 3 from 5.0 to 2.5 A (Fig. 1). The r.m.s.
deviations of bond lengths and angles from ideal values are 0.017 A and

3.49, respectively.

The Structure of IDH

Domain structure. IDH consists of three domains: a large a+B
domain, a small a/f domain, and an a/p clasp-like domain involving both
subunits (Fig.s 3,4). The large and small domains are built around a
common 12-stranded B sheet. A very distinct cleft separates the large and
small domains, and except for the sheet they are folded independently, each
with its own hydrophobic core. Two pockets line the cleft between the
large and small domains, one on either side of the sheet. We will refer to
the pockets formed in front of and behind the sheet, as viewed in figure 3,
as the "front" and "rear" pockets. The exceptionally large B sheet is mixed

parallel and antiparallel and comprises 270° of a turn of superhelix, which
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has the normal left-handed sense. 99% of the expected sequence has been

located; IDH is 46 % helical, 22 % sheet, 19 % coil and 12% tum.

The small domain consists of residues 125-157 and 203-317, and is a
typical a/p sandwich structure. The large domain consists of residues 1-124
and 318-416. This domain has a helical subdomain consisting of helices a, j,
k, 1, and m, and a large a/p subdomain, which makes up the rest of the large
domain. Helices a and j are packed against the sheet, hence belonging to

both the helical bundle and the o/p subdomains.

The clasp-like domain is formed by the interlocking about the
crystallographic two-fold axis of the polypeptide segments consisting of
residues 158 through 202 from both subunits (Fig. 5). A flat four-stranded
antiparallel P sheet is formed by two strands from each subunit. A
hydrophobic core is formed only in the dimer by the packing of the helices
against each other and the sheet. The small domain as well as the clasp-like
domain are involved in inter-subunit contacts. Helices h and i form
extensive hydrophobic contacts with helices i' and h' (where the ' denotes
the other subunit). Residues 140 and 234-236, which are in loops and at the

start of the g helix, are also involved in intersubunit contacts.

Phosphorylation site. The phosphorylation site at Ser 113 is on
helix d, at the edge of the front pocket (Fig. 6). Most of the regions of
highest conservation between IDH and IMDH sequences (Fig. 7) are in the
cleft. Strands D, F and G, part of the floor of both pockets, are all at least 50%
conserved. Also highly conserved are helix i and loops 230-234 and 339-347

in the front pocket region, and helix j. Strand N (Fig. 7) is not present in
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IMDH, and strand M is not conserved. Three conserved arginines, Arg 119,
129 and 153, near Ser 113, and His 339, the only conserved histidine, are in
the front pocket. Lys 230', another conserved residue, also points into this
pocket. The rear pocket is highly hydrophobic, and includes residues Tyr
125, Leu 128, Ile 328, Phe 335 and Met 362, similar or identical in IMDH.

Discussion

Topology. The topology of IDH (Fig. 8) is quite distinct from that
described for the known dehydrogenase structures. Best known is the
lactate dehydrogenase-like class, including lactate dehydrogenase (LDH)
(16), malate dehydrogenase (25), alcohol dechydrogenase (26),
glyceraldehyde 3-phosphate dehydrogenase (27), and L-3-hydroxyacyl CoA
dehydrogenase (28). Although the catalytic domains vary in structure, the
nucleotide-binding domains of thesc enzymes all have a very similar
structure, the LDH fold, and all bind the cofactor in a similar manner. The
LDH fold consists of a Bapap motif, with the B strands arranged in parallel
and linked by parallel helices. In the LDH-like dehydrogenases, the motif is
repeated twice, and is also referred to as a "dinucleotide-binding fold"; a
single BaBaBf unit is also referred to as a "mononucleotide-binding fold".
Minor variations, such as the absence of a single helix, occur within this
family. Many other proteins, either nucleotide-binding or with other
functions, are topologically similar to the LDH-like class; an extensive
review of /P topologies is given by Richardson (29). Only NAD(P)*-

binding proteins are discussed here.
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A second group of dehydrogenases has structural similarity to
glutathione reductase (30), and includes trimethylamine dehydrogenase
(31) and lipoamide dehydrogenase (32). These enzymes have only an LDH-
like mononucleotide-binding fold, within a larger parallel sheet. Still less
similar to LDH, dihydrofolate reductase (33) contains an LDH-like
mononucleotide-binding fold within a mixed parallel and antiparallel

sheet.

Nearly all known o/p nucleotide binding domains exploit the partial
positive charges at the N-termini of parallel a helices in binding the
negatively charged phosphate moities of the nucleotide (34). Among the
dehydrogenases, so far only 6-phosphogluconate dehydrogenase (35), an «
helical protein, is outside the a/B class. Beef liver catalase binds NADPH
near the C-terminus of a helix (36), although the function of NADPH in this
system is unknown. The IDH structure contains four a helices in a parallel
arrangement packed on ecither side of a section of parallel B sheet, in a
manner typical of nucleotide binding domains. Although the location of
bound NADP* has yet to be determined, it is possible that the IDH fold has
evolved to provide the same electrostatic enhancement of nucleotide
binding by terminal partial charges of parallel helices enjoyed by the

LDH-like enzyme class.

Although the topology of IDH is quite distinct from that of LDH, part
of the small domain of IDH consists of parallel helices packed on either side
of a parallel section of B sheet, resembling the LDH-like mononucleotide
binding domain. This feature contains the four parallel strands G-J and

helices f-i. If the clasp-like domain and strands K and L were removed, the
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arrangement in the sheet of strands G-J numbered as they occur in the
sequence would be 1, 4, 2, 3. If the connections to strands G and H were
exchanged, the arrangement in the sheet would then be 4, 1, 2, 3. Helices f
and g would then connect strands 1, 2, 3, forming an LDH-like
mononucleotide-binding fold.  Careful inspection of an electron density
map calculated with phases from a model refined after omitting strands G

and H assures us, however, that these connections cannot be exchanged.

To compare the IDH and LDH structures in three dimensions, helices
f and g and strands G-J of IDH, and helices B and C and strands D, A, B and C
of LDH* were superposed by least-squares. The r.m.s. deviation between the
main chain atoms of these 50 residucs is only 2.8 A. The rest of the 152
residues in the small domain of IDH do not superpose well with the LDH
nucleotide-binding domain. Only a few types of supersecondary structure
are common in proteins, and secondary structural elements in o/p
stuctures tend to pack at the same angles in diverse proteins (37).
Topologies of IDH and LDH are dissimilar, and evolutionary relatedness

cannot be inferred solely from similar supersecondary structure.

IDH contains a fold which has not previously been described. Within
the spectrum of topologies of a/B structures in NAD(P)*-binding proteins,
the small domain of IDH is among the most different from the LDH fold. We
expect the overall structure of IMDH to be similar, although probably
lacking a separate clasp-like domain and without the N-terminal loop of
IDH. It is likely that the evolutionary histories of IDH and related enzymes

are different from those of most other dehydrogenases.
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Clasp-like domain. The unusual interlocking clasp-like domain is
based on a P sheet in which both identical polypeptide chains from the
dimer contribute strands. The 60° packing angle of helices with the sheet,
and the hydrogen-bonding of symmetry-related strands make this domain
similar to that formed jointly by the al and a2 domains in the class I
human leukocyte antigen (HLA) (38). Among other examples, the subunit
interface in alcohol dehydrogenase (27) contains two sets of symmetry-

related antiparallel B strands.

Conservation, binding, catalysis and regulation. The
phosphorylation site at Ser 113 (Fig. 6) is sufficiently close to the subunit
interface to allow direct interactions between the phosphoserine and the
other subunit. In contrast to the case of glycogen phosphorylase, in which
the region of the phosphorylation site is well ordered only in the
phosphoenzyme (39), Ser 113 and surrounding residues of
dephosphorylated IDH are well ordered. Ser 113 is on the protein surface,
presumably accessible to IDH kinase/phosphatase. Ser 113 is also at the
edge of the front pocket, compatible with a possible direct phosphoserine-
substrate interaction. There is a cluster of conserved residues in the pocket,
including Arg 119 , Arg 129, Arg 153, Tyr 160, and Lys 230'. The conserved
positive charges suggest a binding site for negatively charged substrates,
and perhaps a means for stabilizing the oxyanion intermediate that is
believed to occur in the IDH reaction. Lys 230' is in the loop 230-234
adjoining the pocket, suggesting that both subunits participate in each
active site. The only conserved histidine, His 339, is also in this pocket, in
the highly conserved loop 339-347, and is a candidate for the acid-base

catalyst normally present in dehydrogenases. The exceptional
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hydrophobicity and the high level of conservation in the rear pocket

suggest some functional importance for this pocket as well.

As demonstrated in glycogen phosphorylase, regulatory covalent
modifications and allosteric control can cause conformational changes that
propagate over large distances (39). Covalent phosphorylation of IDH is
particularly dramatic because the negative charge on the phosphoserine
reduces activity to essentially zero. Whether the regulatory effect is
through a confomational change, a direct charge effect on one or more of
the substrates or a combination of the two awaits the structural analysis of

the phosphoenzyme and complexes with substrate and cofactor.
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Figure 1  Crystallographic statistics. Rc = ZIF5-F.I/ZF(, summed
over 17948 reflections with IFl/o(F) > 3; Fo and F_ are the observed and
calculated amplitudes. native Rmerge, PCMBS derivative Rmerge.
Rmerge = Zllj-<I>//Z<I>, summed over all observations from all crystals.
Of 30209 reflections possible from 25 to 2.5 A, 27951 were measured for
native, and of 21668 reflections possible from 25 to 2.8 A, 20055 were
measured for the PCMBS derivative. The average redundancy of
measurement was 4.25 for the native data set, and 3.0 for the derivative; the
overall unweighted merging R-factor on intensity was .12 for 5 native
crystals and .14 for 3 derivative crystals. <AF>/<F> = IZwlFph-Fpl/ZwFp,
where w = 1/62, and o is the estimated error. Weighting is used so that
<AF>/<F> approximates the true difference in amplitudes, rather than the
increase of Rmerge with resolution. The mean unweighted absolute value
of AF/F between native and derivative data sets is 0.21. 0.1*<FH>/¢ is
the mean absolute value of the PCMBS heavy atom structure factor divided
by the estimated r.m.s. lack of closure error, based on centric reflections
only. Rcyllis = 0.58 for the PCMBS derivative; Rcullis = ZIFpptFpl-
Fhl/ZIthinl, where the .summation is over all centric reflections. PCMBS
statistics are shown for heavy atom parameters refined with phases

calculated by a first round of density modification.

Figure 2  Electron density from a 2.8 A (2Fo-Fc)acalc map for residues
241-246. The three aromatic side chains in the sequence Phe-Lys-Asp-Trp-
Gly-Tyr made this a distinctive marker for assignment of known sequence

to the model. Lys and Asp side chains are not visible in this view.
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Figure 3  Diagrammatic drawing of the IDH monomer. The large a+B
domain containing the N and C termini is to the left, the small o/ domain to
the right, and the clasp-like domain is pointing down. The domains are
scparated between strands E and F. Helices are labelled in alphabetical
order as they occur in the chain, and strands are labelled as they occur in
the two B sheets, from left to right in this view. Roman numerals I and II
designate the front and rear pockets. The shaded rod represents the

crystallographic two-fold axis of symmetry which relates the two subunits.

Figure 4 Carbon o trace of IDH. The phosphorylation site at Ser 113, the
C-terminus at Met 416, the first well-ordered residue in the model, Val 5,

and other residues of interest are labelled in this divergent stereo view.

Figure 5 Diagrammatic drawing of the clasp-like domain, shown

looking down the crystallographic two-fold axis. One subunit is shaded.

Figure 6 Divergent stereo view of the front interdomain pocket of IDH.
Side chains are shown for selected conserved residues and Ser 113. Both

subunits are shown; Lys 230 belongs to the second subunit.

Figure 7  Alignment of amino acid sequences of E. coli IDH and Bacillus
subtilis IMDH. Alignments of IDH to IMDH sequences from Thermus
aquaticus (11), B. subtilis (12), Bacillus caldotenax (13), and Candida utilis
(14) produced similar identities. Two other available sequences, from
Thermus thermophilus and Saccharomyces cerevissiae, were not used, as
they are very similar to the T. aquaticus and C. utilis sequences. Pairwise

sequence alignments using a standard algorithm (24) of IDH and IMDH
26



sequences were modified by hand to eliminate gaps in conserved regions of
secondary structure where possible. Residues which are identical in E. coli
IDH and B. subtilis IMDH sequences are boxed. Secondary structures of IDH
are shown above the corresponding sequence; B strands and a helices are
designated by shaded and solid bars above the sequence, and labelled with
upper and lower case letters, respectively. Numbering is for the IDH
sequence; numbers are included for endpoints of regular secondary

structures.

Figure 8 Schematic diagram of the IDH fold. A table of other protein

topologies is found in reference 29.
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Footnotes

* Main chain atoms of residues 208-221, 239-251, 149-154, 297-302, 223-228

and 275-279 of IDH, and residues 31-44, 53-65, 92-97, 23-28, 48-53 and 77-81

of pig heart LDH, were included in the superposition.
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The structure of the phosphorylated form of isocitrate
dehydrogenase from Escherichia coli has been solved and refined to an R-
factor of 169 % at 2.5 A resolution. Comparison with the structure of the
dephosphorylated enzyme shows that there are no large scale
conformational changes, and that small conformational changes are
highly localized around the site of phosphorylation at serine 113. Tyrosine
160 rotates by 15°, and there is a local rearrangement of water structure.
There is an 0.2 A net movement of loop 230-234, and side chain shifts of 0.2
A rm.s. for isoleucine 159 and lysine 199. The lack of large conformational
changes, the observation of a possible isocitrate binding site close to serine
113 and the demonstration that the phosphorylated enzyme is unable to
bind isocitrate, suggests that this enzyme is inactivated by a direct

electrostatic interaction between the substrate and the serine phosphate.

38



Protein phosphorylation is a wubiquituous post-translation
modification of central importance in the regulation of many cellular
processes (1), with phosphorylation at serine most common (2). Protein
phosphorylation has long been known to have a key role in the control of
metabolism in eukaryotes (1,2), and in prokaryotes as well (3,4). Despite the
importance of protein phosphorylation in many aspects of cellular biology,
only the regulation of one enzyme, glycogen phosphorylase, has
previously been described structurally (5). Recently, the structure of
isocitrate dehydrogenase (threo-Ds-isocitrate:NAD(P)* oxidoreductase
[decarboxylating]; E.C. 1.1.1.42) (IDH) from Escherichia coli , an enzyme
regulated by phosphorylation (4,6), has been determined at 2.5 A resolution
(7). Phosphorylation of IDH, a functional dimer of 416-residue subunits,
regulates the flux of substrate at a key branchpoint in carbohydrate
metabolism (8,9,10,11) in response to changing nutritional conditions

(8,9,12,13).

Phosphorylation occurs at serine 113 (12,14). In the three-
dimensional structure of dephosphorylated IDH serine 113 is found in a
pocket containing a number of positively charged and other polar residues
which show a high degree of sequence conservation with isopropylmalate
dehydrogenase (7). Although not yet solved with bound ligands, sequence

conservation and charge distribution suggest that this pocket is the active
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site (7). Inactivation of IDH by phosphorylation occurs by preventing
isocitrate from binding (15). Previous studies demonstrated that inhibition
of binding is caused by the introduction of a negative charge at position
113 (14). These finding raise the question as to whether the mechanism of
inactivation is through a direct electrostatic interaction between the
phosphoserine and the negatively charged substrate isocitrate, or if it is
mediated by an induced conformational change. To address this question,
we determined the structure of phosphorylated IDH and compared it to the

structure of the dephosphorylated enzyme.

EXPERIMENTAL PROCEDURES

IDH was phosphorylated in vitro by IDH kinase/phosphatase as
described by LaPorte and Koshland (6) and crystals were grown essentially
as for dephosphorylated IDH (7), except at 30 % saturated ammonium sulfate
instead of 34 %. These grew to a size of 0.5 mm along the largest dimension
and were isomorphous with the dephosphorylated crystals. Diffraction data
were collected at room temperature on a Nicolet area detector using a
laboratory Cu Ka rotating anode x-ray source and reduced with the XENGEN

data reduction package.

The structure of phosphorylated IDH was determined by Fourier
difference syntheses, using the dephosphorylated IDH model (7) as a parent
structure. After the addition of water molecules placed in electron density
at sites within 3.5 A of potential hydrogen bond forming groups, the parent
structure was refined using minimization with XPLOR (16). A total of 72

water molecules with B-factors less than 40 have been kept in the current
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model, where B = 81|:<u2>rms, and u is the displacement of an atom about its
equilibrium position. Covalently bound phosphate was located at serine 113
in (Fpho-Fc)acalc and (thO'Fdepho)acaIc Fourier syntheses, with phases
and amplitudes calculated from the dephosphorylated model.
Phosphoserine was built into (2Fg-Fc)acalc electron density with FRODO
(17). The phosphorylated IDH model was refined with an effective solvent
screening function of 20, to avoid an effect due to the lack of a solvation
term in the empirical potential energy function used by XPLOR in which
polar side chains with large B-factors form hydrogen bonds or salt bridges
with nearby groups, although the clectron density clearly indicates that
these side chains project into the solvent. The net charge on the
phosphoserine was set to zero, as with other charged groups. Water 545,
displaced by the covalently bound phosphate group, was removed from the
model prior to refinment with XPLOR. The R-factor of the phosphorylated
model prior to refinement was 22.0 %. Residues 3 and 4, which had not
been placed in the parent structure, were located in electron density for
the phosphorylated structure, probably due to the improved data for
phosphorylated IDH. The phosphorylated structure was refined for four
rounds of alternating minimization and manual rebuilding with the use of
both (Fo-F¢)acalc and (2Fg-Fc)acalc Fourier syntheses. As the final
phosphorylated structure appeared to be superior in quality to the parent
model, the phosphoserine was replaced by serine, water 545 was put back
in the model, and this structure was refined for two rounds of minimization
and rebuilding against dephosphorylated amplitudes to produce an
improved dephosphorylated IDH structure. Crystallographic statistics are

summarized in table I.
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RESULTS

The rms positional change for all main chain atoms (including Cg)
between the two structures is 0.11 A, less than the error in coordinates of
either structure, estimated at 0.20 A rms for Cq positions by the empirical
formula Ar = 0.5Rr of Stroud, where R is the crystallographic R-factor and r
is the maximum resolution in angstroms (a further discussion of this
formula will be published elsewhere). The mean coordinate error is
approximately 0.40 A for all atoms by the method of Luzzati (18). As the two
structures were not solved independently, it is expected that the mean
atomic shift is less than the mean coordinate error. The only significant
positional changes are in the immediate vicinity of the phosphorylation
site, as seen in Fig. 2. The conserved tyrosine 160 rotates by 15° about its Cgq-
Cp bond, causing the hydroxyl oxygen to move by 0.9 A, the largest
movement of any protein atom. Isoleucine 159 moves by up to 0.3 A (at Cy2),
largely as a result of change in main-chain torsion angles, and loop 229-
234 undergoes a small concerted shift, with displacements of 0.1 to 0.6 A.
The entire loop undergoes a mean shift of 0.16 A in the same direction, with
an rms shift of 0.25 A from the dephosphorylated structure. These
movements appear to accommodate the new position of tyrosine 160. These
changes, although similar in size or smaller than the estimated coordinate
error, are clearly seen in (Fpho-Fc)acalc and (Fpho-Fdepho)acalc

difference maps.

Lysine 199, which points into a large internal solvent-filled channel
between the small and the clasp-like domains of IDH, and is in contact with

the loop 229-234, also moves by up to 0.3 A. This internal solvent pocket
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separates the phosphorylation sites on the two subunits, but displaced
residues surrounding each phosphorylation site do not approach each
other by less than 4.0 A. Packing in and around the internal solvent-filled
channel appears too loose to transmit a conformational change from one
phosphorylation site to the other. This is in accord with the absence of
cooperativity in the kinetics for phosphorylation of IDH by IDH
kinase/phosphatase (6). Water 545 is replaced by the covalently bound
phosphate, and there is a local rearrangement of water structure in the
vicinity of residue 113. Water 417 moves by 1.5 A; that this is the "same"
water in both structures is signified by its unusually low B-factor of 10 and
11 in the phosphorylated and dephosphorylated structures, respectively.
The identity of 417 is not well established, but is modeled more reasonably
as a water than as any of the ionic species (ammonium, sulfate, citrate,
phosphate, sodium, chloride) present. The movement of water 417 closer to
the covalently bound phosphate (from 3.9 to 3.4 A) also brings it nearer to
tyrosine 160 (from 4.2 to 3.6 A) and may initiate the other small

conformational changes.

Structural changes are highly localized in the region of the
phosphorylation site (Fig.s 3, 4). Aside from the atoms mentioned above,
ncar serine 113, no protein atom moves more than 0.4 A. The pattern of
atomic shifts between the two structures does not increase with B-factor
(Fig. 5), hence does not follow the pattern expected for shifts due to random
positional errors (a general discussion of mean shift distributions and
coordinates errors will be published elsewhere). The observation that there
is actually a decrease in shift with increasing B-factor is due to the

relatively low average B-factor in the region of serine 113.

43



DISCUSSION

Because of the central importance of protein phosphorylation in
biological regulatory systems, much effort has been invested in
understanding how such covalent modifications alter protein function. In
glycogen phosphorylase (GP), phosphorylation of serine 14 initiates the
GPb to GPa transition, in which long-range conformational changes occur
(5). In this transition, the thermodynamic equilibrium between
conformational states along the activation pathway of the enzyme is shifted
to more active conformations, through effects both at distant allosteric
effector sites and at the active site. In contrast to GP, which is activated by
long-range conformational changes initiated by phosphorylation or
allosteric effectors, IDH is inactivated by phosphorylation through an

effect on substrate binding without any such long-range changes.

The location of the phosphorylation site in a pocket lined with
highly conserved polar side chains, and the lack of a large-scale
conformational change in the unliganded enzyme on phosphorylation,
suggest IDH is inactivated by a direct electrostatic isocitrate-phosphoserine
interaction. Alternatively, in the absence of a large conformational
change upon phosphorylation, inactivation of IDH might proceed through
small conformational changes if they were of sufficiently large energy.
Another possibility is that phosphorylation may prevent an induced

conformational change necessary for substrate binding.
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It may be asked whether lattice forces have prevented a solution-
state conformational change involved in inactivation. Crystal packing
interactions have occasionally had significant effects on protein
structures. As phosphorylation reduces activity by at least three orders of
magnitude (14), inactivation involves a free energy change of at least 4.5
kcal/mol. The lattice interaction energy is likely to be small in crystals of
IDH, as these crystals are quite unstable, dissolving rapidly if placed in the
well solution used in crystallization. It is thus likely that the free energy
difference involved in inactivation is therefore substantially larger than
the lattice interaction energy, hence unlikely that the absence of a

conformational change is an artifact of the crystalline state.

The structure of phosphorylated isocitrate dehydrogenase
demonstrates that an enzyme can be phosphorylated in a functionally
relevant way without a long-range conformational change. Thus the
repertoire of known structural effects of regulatory covalent modification
is increased. The diversity of possible structural effects of reversible
covalent modifications of proteins produced by evolution is undoubtedly

related to the great diversity of biological function of these modifications.
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Figure and Table Legends

Figure 1. Region of residue 113 in positive difference electron density
from a 2.5 A (Fo-Fc)acalc electron density map based on phases and
amplitudes calculated from the dephosphorylated IDH model (7) and
observed amplitudes for phosphorylated IDH. The largest peak, with a peak
height of 20 standard deviations, is for the covalently bound phosphate at
residue 113; the other major peak seen represents the displacement of

water 417.

Figure 2. The environment of residue 113 viewed looking into the front
pocket of IDH. Phosphorylated IDH is shown with solid bonds, and
dephosphorylated IDH with open bonds. Portions of both subunits in the
dimer are shown. Only water molecules which move by more than 0.2 A
between the two forms of IDH are shown. Waters of phosphorylated IDH are
filled black, and waters of dephosphorylated IDH are open. Labelled
residues include the conserved residues aspartates 283' (the prime indicates
the second subunit), 307 and 311; arginines 119, 129, 153; glutamate 336;
tyrosine 160 and lysine 230'. Also labelled are arginine 112, serine 113, and

water 417.

Figure 3. Mean atomic shift between the two forms of IDH as a function
of distance to phosphoserine 113 P in phosphorylated IDH. Shifts are plotted
against the distance to the nearest of the two phosphorylation sites (one

per subunit) in the IDH dimer. The mean shift rapidly decreases with
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distance from the phosphorylation site, approaching the overall value for

the entire molecule at 10 A from site 113.

Figure 4. Mean atomic shift between the two forms of IDH averaged
over ecight residues as a function of residue number. Shifts are plotted
against the central residue in the window of averaging. The largest shifts
are restricted to the regions of residues 113, 160 and 234, close to the

phosphorylation site in three-dimensional space.

Figure 5. Mean atomic shift between the two forms of IDH as a function
of B-factor. B-factors are taken from the phosphorylated structure, but are
similar in both structures. The decrease in the mean shift with B-factor is
contrary to the expected pattern for a distribution of changes due to

random positional errors.

Table 1. Crystallographic statistics for phosphorylated IDH (P-IDH)
and dephosphorylated IDH (IDH). The crystallographic R-factor, Rc = ZXIF,-

FcI/ZF, is summed over all reflections with IFl/c(F) > 1 from 5 to 2.5 A; Fy
and F; are the observed and calculated amplitudes. Rmerge = ZIli-

<I>|/Z<I>, summed over all observations to 2.5 A from four crystals.
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Crystallographic Statistics for IDH

Space Group P43212 a=b=105.1 A c=150.3 A Resolution 2.5 A
Reflections Reflections Observations Rmerge Rc
collected Flo(F) > 1 collected
P-IDH 29667 21162 156365 121 .169
IDH 27951 19945 119034 124 .180
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The isocitrate dehydrogenase of Escherichia coli is regulated by
phosphorylation at serine 113, which inactivates the enzyme by inhibiting
isocitrate binding. In the three-dimensional structure of the enzyme-
substrate complex, isocitrate is hydrogen bonded to serine 113. The
structures of inactive mutants in which aspartate and glutamate replace
serine 113 show no detectable conformational changes from wild-type,
indicating structural changes are not required for inactivation.
Calculations based on the structure of a magnesium-isocitrate complex with
the glutamate 113 mutant show that the change in electrostatic potential
upon introduction of a negative charge by either phosphorylation or site-

directed mutagenesis is sufficient to inactivate the enzyme.
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Phosphorylation, the most common regulatory post-translational
modification of proteins, is of central importance in metabolism, signal
transduction, and many other cellular processes (1). Yet the three-
dimensional structures of both the phosphorylated and dephosphorylated
states are available for omly two enzymes, glycogen phosphorylase (2) and
isocitrate dehydrogenase (IDH) (threo-Ds-isocitrate:NAD(P)* oxidoreductase
[decarboxylating]; E. C. 1.1.1.42) (3,4). Phosphorylation of glycogen
phosphorylase enhances activity by means of long-range conformational
changes (2). An understanding of the structural basis of a very different
response in isocitrate dehydrogenase, complete inactivation by
phosphorylation (5), has been hindered by the lack of knowledge of the
active site. In order to determine the active site and its relationship to the
phosphorylation site, and to account for the effect of introducing a
negative charge at the phosphorylation site, the structure of a complex of

dephosphorylated IDH with magnesium isocitrate was determined.

Inactivation by phosphorylation of Serll3 in IDH is mimicked upon
substituting aspartate (6) or glutamate (8) at this site. In both cases the
binding of isocitrate is inhibited (7,8). To clarify the mechanism of
inactivation, the three-dimensional structures of the unliganded S113D

mutant (6) and the S113E mutant (8) in both the unliganded and substrate-
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bound states were determined and compared with those of the

phosphorylated and dephosphorylated enzymes.

To obtain a crystalline complex of IDH with substrate, IDH crystals
(3) were soaked in ligand-containing solutions. In order to determine
unambiguously the metal binding site, x-ray reflection data were collected
(3) to 2.5 A resolution both for crystals soaked in Mg*+ and Mn*+
containing solutions (Table 1). The metal ion was located at the largest peak
(11 o) in an (Fo(Mn)-Fo(Mg))acalc Fourier difference map, with phases
calculated from the refined structure of free IDH. (Fo(Mn)-Fq(Free))acalc
and (Fo(Mg)-Fo(Free))acalc difference maps showed a large negative peak
(-16 o) at the position of water 417 in the free enzyme, indicating that this
water was displaced in the substrate-bound enzyme. Water 417 was removed
and the Mg*+ ion was placed at the major peak in the (Fo(Mn)-
Fo(Mg))acalc Fourier difference map (Fig. 1). Prior to refinement, an R-
factor of 0.239 was calculated with respect to amplitudes for the Mg
isocitrate complex. This model was then refined (9) to an R-factor of 0.184.
R,S-isocitrate, the biologically relevant isomer (11), was placed in an
(Fo(Mg)-Fc)acalc difference map with amplitudes and phases calculated
from the refined Mg complex model, and the model was refined to a final R-
factor of 0.176. The S113D and S113E mutants were crystallized as for wild-
type (3) and data was collected in the absence of ligands. The aspartate and
glutamate side chains were located in (Fo(mutant)-Fo(wt))acalc difference
map with phases calculated from wild type and the structures were refined
to final R-factors of 0.163 at 2.8 A and 0.179 at 2.4 A, respectively. Crystals of
the S113E mutant were soaked in the same Mg** isocitrate containing

solution used to obtain the wild-type enzyme-substrate complex. The S113E
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enzyme-substrate complex model was built starting from models for free
S113E and the wild-type complex, adjusted with the aid of (Fo(S113E
complex)-Fc(S113E free))acalc and (Fo(S113E complex)-Fe(wt

complex))acalc difference maps, and refined to an R-factor of 0.168 at 2.5 A.

Isocitrate binds in a pocket between the two major domains of IDH, in
which both subunits of the dimer participate (Fig. 2). Hydrogen bonds are
formed between isocitrate and Serl13, Argll9, Argl29, Argl53, Tyrl60,
Lys230' (the ' indicates the second subunit), and two bound water molecules.
Mg++ is coordinated by isocitrate, Asp283', Asp307, and two bound water
molecules in a roughly octahedral manner. The coordination of Mg*+ to the
a-carboxylate and the hydroxyl oxygen O7 of isocitrate positions the metal
ion to play the key role in catalysis (to be discussed elsewhere). Structural
changes from the unliganded enzyme are local, the largest being
movements of the side chains of Arg!l9 and Argl29 by up to 2.1 A in which
the guanidino groups approach each other and the isocitrate molecule

more closely (Fig. 3).

The structures of the Asp113 and Glu!13 mutants show essentially no
structural differences from wild-type IDH, indicating that structural
changes are not required for inactivation. The movements of Tyr160 and
Wat417 observed in phosphorylated IDH do not occur in S113D and S113E.
Tyr160 and Wat417 occupy positions in the S113D and S113E structures of
IDH more similar to the free form than the phosphorylated or substrate-
bound forms. In contrast to results reported for HPr (12), in which similar
shifts in two-dimensional NMR spectra indicated similar structural changes

on phosphorylation or Ser to Asp replacement, structural changes on
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phosphorylation of IDH are not mimicked by the S113D replacement. The
hydroxyl oxygen of Tyr160 in phosphorylated IDH is 0.5 A from the same
atom in the substrate-bound structure, but 0.9 A away from this atom in the
S113D and free structures. The observation that the conformation of Tyr160
in the substrate-bound form is most similar to that in the phosphorylated
form indicates that small conformational changes seen on phosphorylation

(4) are inessential for regulation.

The relative activities of uncharged site-directed mutants at position
113 (6,7,8) can be explained by the observation that the phosphorylatable
serine forms a hydrogen bond with isocitrate. Threonine and alanine are
the least disruptive replacements, with affinity for isocitrate decreased 2-
to 3-fold relative to wild-type, respectively (6). Threonine can still
hydrogen bond, but must rotate due to steric hindrace of Cy by Valll6,
moving the hydroxyl to a less favorable position. Alanine cannot form a
hydrogen bond, but may accommodate a water molecule near the position
occupied by Oy of serine in wild-type IDH. Cysteine, with affinity for
isocitrate reduced 9-fold, is likely to be sterically unfavorable for isocitrate
binding because of the bulk of the sulfhydryl group. Tyrosine, with 115-
fold decreased affinity for isocitrate, will require some adjustment of the
main chain and surrounding regions in the unliganded enzyme, and is also
likely to be sterically unfavorable for isocitrate binding. Lysine, with 80-
fold decreased affinity for isocitrate, is likely to be sterically unfavorable.
Based on relative Kp, values for mutants at residue 113 (8), the loss of the
hydrogen bond with Ser!l13 corresponds to a reduction in affinity for
isocitrate with A(AGpind) = 0.4 kcal/mole. Steric disruption of binding by

lysine and tyrosine side chains, comparable in size to a serine phosphate,
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account for an additional reduction in affinity of A(AGpind) = 2.3 to 2.5
kcal/mole. After a steric contribution of 2.5 kcal/mole is substracted, the
clectrostatic component of A(AGpind) must be at least 0.8 kcal/mole for
S113D, and is probably substantially greater, as the aspartate side-chain is

less bulky than tyrosine or lysine.

Despite the very low affinity of the S113E mutant for isocitrate at
physiological pH and ionic strength, isocitrate binds to this mutant at the
low pH (6.0), high ionic strength (6.9 M), and high isocitrate concentration
(100 mM) used to obtain a crystalline complex. Isocitrate is sterically
accommodated in the active sitc by movements of up to 1.6 A of both the
Glu!l3 side chain and the y-carboxylate of isocitrate (Fig. 3). The y-
carboxylate becomes poorly ordered in the S113E complex, with B-factors
increasing from 32-38 in the wild-type complex to 45-50. O4 of isocitrate is
within 3.0 A of Glu!l3 in the complex, but the geometry is not favorable for
formation of a hydrogen bond by a protonated form of either isocitrate or
Glull3, The unfavorable geometry for isocitrate binding in the active site
of S113E may reflect a reduced affinity for the substrate even under

conditions in which the role of electrostatic interactions is minimal.

To determine whether an electrostatic interaction could account for
the effect of introducing a negative charge at position 113, we used
numerical solution of the Poisson-Boltzmann equation (13) to calculate the
change in the electrostatic free energy of binding of the Mg*t+ isocitrate
complex produced by either phosphorylation or replacement of serine by
aspartate. Magnesium and isocitrate bind to NADP*-dependent IDH as a

complex (14). Calculations were based on the structure of the S113E
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enzyme-substrate complex. Model structures of phosphorylated IDH and
S113D complexed with isocitrate were also built based on the structures of
substrate-bound wild-type IDH, and phosphorylated IDH and S113D in the
absence of substrate. When the Mg*+ isocitrate structure is superimposed
on the phosphorylated IDH and S113D structures to construct a model
complex, distances from the fy-carboxylate of isocitrate to the nearest
phosphate or carboxylate oxygen of residue 113 are less than 2.4 A. When
rotations in main-chain and side-chain torsion angles for residue 113 are
allowed, in a manner similar to that seen in the crystal structure of the
S113E complex, a complex with either the phosphorylated or S113D enzymes

can be accommodated without unreasonably close contacts.

The calculated change in electrostatic free energy of binding of
Mgt++ isocitrate to S113E is A(AGpind) = +21 kcal/mole (Table 2). Calculations
were repeated for alternative model-built structures to determine the
dependence of A(AGpijnd) on structural changes. Models A, B, and C are
based on maximal shifts of residue 113 or isocitrate which move negative
charges as far apart as possible, rotating only the y-carboxylate of
isocitrate and the main chain and side chain at residue 113. A(AGpind) is +5
to +13 kcal/mole in altemate models for phosphorylated IDH and S113D.
These calculations, although dependent on the use of the linearized
Poisson-Boltzmann equation and the assumption that the polarizability of
the protein interior is homogenous and isotropic, show that the change in
electrostatic potential can account for the large observed decrease in

affinity for isocitrate.
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The increase in A(AGpind) for fully ionized isocitrate binding to IDH
with an ionized aspartate or serine phosphate is so large that it must be
asked whether a low level of activity contributed by the protonated forms
of Asp!l3, phospho-Serl13, or isocitrate could be significant. In a
calculation based on the crystallographic structure of S113D the pKj of
Aspl13 was lowered by one unit, to 2.9. The fraction of S113D IDH protonated
at Aspl13 at pH 7.5 is thus less than 2.5x10-3, consistent with inactivation. A
similar calculation for phosphorylated IDH shows the intrinsic pKa values
of phospho-Ser!!3 of roughly 1.0 and 6.3 are lowered to -1.4 and 4.6. The
fraction of phospho-Ser!l3 singly protonated at pH 7.5 is thus less than 10~
3, since one negative charge is still present, A(AG) for isocitrate binding
due to the singly ionized species is one half the value calculated for the
doubly ionized serine phosphate in the linear Poisson-Boltzmann equation.
Based on the potential change calculated for model C, the calculated upper
limit on relative binding contributed by a singly protonated serine
phosphate is less than 1.8x10-3 at pH 7.5, again consistent with inactivation.
The tribasic metal-isocitrate complex is the principal substrate of NADP*-
dependent IDH. Protonated forms of isocitrate are believed to be kinetically
unimportant under normal circumstances (14), but the metal-isocitrate
complex has a pKa of 5.7 (14), and it is likely that a singly protonated metal-
isocitrate complex accounts for the low level of activity (8) remaining for

the S113D and S113E enzymes.

In contrast to the only other well-characterized mechanism for
regulation by phosphorylation, IDH demonstrates that phosphorylation
can act directly at a substrate binding site without inducing large

structural changes. Electrostatic potential calculations based on the
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structure of the enzyme-substrate complex and comparison to results of
site-directed mutagenesis lead to the conclusion that the loss of a hydrogen
bond with isocitrate and a combination of electrostatic and steric
interactions between the serine phosphate and isocitrate are responsible

for inhibition of the enzyme.
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Table 1

All x-ray intensity data were collected with a Nicolet area detector and
reduced with the XENGEN package. Structures were refined with XPLOR
minimization (9) and manual rebuilding into (2Fo-Fc)acalc electron
density maps. Energy parameters were obtained from the CHARMM library
(10) normally used with XPLOR, except van der Waals parameters were

added for Mg*t and improper angles for the two chiral centers of isocitrate

were calculated from the small molecule structure (11). Reryst = ZIFo-
Fcl/ZFo, summed over reflections with IFl/a(F) > 1. Rpmerge = Zllj-<I>/Z<I>,
summed over all observations from all crystals. * Data was collected for
only one crystal each for the Mn*+ complex and both S113E structures;
three crystals each were used for collection of the other two data sets.
Reflections with F/o(F)>1.0 with a low-resolution cut-off of 5.0 A were used

in refinement and R-factor calculation.

Table 2

Electrostatic potential changes A® at each fully charged atom in the Mgt +
isocitrate complex, and the change in electrostatic free energy of binding
for Mg*+ isocitrate A(AGpind), between each model and the wild-type
dephosphorylated enzyme. A(AGpind) = £qjA®j, summed over all full
charges in the Mg** isocitrate complex. "Xtal" refers to the calculation
based on the crystallographic structure of the Mg*+ isocitrate complex
with the S113E mutant. A and B are altemate models for a S113D mutant
complex, C and D are alternate models for a phosphorylated IDH complex. To

test the accuracy of the calculations and their sensitivity to variable
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parameters, a series of trial calculations were made. Our results were
strongly dependent on the value of dielectric constant for the protein
interior, so a value 4 was chosen, at the high end of the range 2-4

normally considered appropriate. A dielectric constant of 80 was used for
the solvent region. Treatment of solvent screening proved essential to
obtain reasonable results; when a dielectric constant of 4 and ionic
strength I = 0.0 M were assigned to all space, the increase in binding
energy calculated in model D was 51 kcal/mole, compared to 13.1 kcal/mole
calculated with a solvent dielectric constant of 80 and non-zero I. The
linearized Poisson-Boltzmann equation was used to calculate the potential
due to the charges on Glull3, Asp!13, or phospho-Ser!13 alone. I = 0.115 M,
the ionic strength of the buffer normally used for IDH activity assays;
changing I to 0.145 M had a negligible effect. No ion exclusion layer was
used for the calculations reported here, but the use of such a layer was
found to have a minimal effect on the solution to the linear equation in
trial calculations. Potentials were calculated by a three-step focussing
procedure: the first calculation used a 6.25 A grid spacing with Debye-
Huckel boundary conditions, followed by calculations on grids with 1.25
and 0.625 A spacings. Repeating the calculation on a 0.30 A grid produced
no further change in the result. The calculated A(AGpind) was identical at
0.625 and 0.30 A, and roughly 10 % larger at 1.25 A. All calculations were
performed on a cubic grid with 65 units per side and iterations continued to
convergence. A(AGpind) calculated from multiple cycles of translational
averaging varied from the mean by less than 2 %. * A(AGpind) = 21
kcal/mole L 1 kcal/mole is obtained by averaging the calculated ZqjA®j = 22
kcal/mole for A®;j at the Glul!3 side chain due to charges on Mgtt isocitrate

and the £qjA®; = 20 kcal/mole for A®; at Mg*+ isocitrate due to charges on
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Glull3, As these two quantitics arc formally equal, the discrepancy is a
mecasure of error in the finite-difference solution to the Poisson-Boltzmann

equation.

Figure 1

A. Isocitrate in electron density from a (Fo(Mg)-Fc)acalc difference map at
2.5 A resolution with amplitudes and phases calculated from a model refined
after including Mg+t but not isocitrate. The map is contoured at 5 o and
superimposed on the refined model of the Mg** isocitrate complex. X-ray
intensity data were collected for IDH crystals soaked for at least three hours
in freshly prepared solutions of 100 mM threo-Ds(+)-isocitric acid
(monopotassium salt) obtained from Sigma, 10 mM of either MgSO4 or
MnCl2, 100 mM NaCl, 35 mM Na2HPO4, 2 mM DTT and 0.02 % NaN3 in 50 %
saturated (NH4)2S04, with pH adjusted to 6.0 with concentrated NH4OH. Local
scaling was used for all map calculations. B. 2.8 A resolution (Fo(S113D)-
Fo(wild type))acalc difference map, contoured at 3.5 o and superimposed
on the refined model of the S113D mutant. C. 2.5 A resolution (Fo(S113E)-
Fo(wild type))acalc difference map, contoured at 5 o and superimposed on

the refined model of the S113E mutant.

Figure 2

A. Schematic drawing of Mg*+ isocitrate bound in the active site of IDH.

Hydrogens are shown for illustrative purposes where hydrogen bonds
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between enzyme and substrate are thought to occur. Dashed lines indicate

likely hydrogen bonds or salt bridges. Water molecules are not shown.

Figure 3

A. Structures of substrate-bound IDH (solid bonds) and
phosphorylated IDH (open bonds). B. Structures of substrate-bound S113E
(open bonds) and wild-type IDH (solid bonds), showing the movements of

the y-carboxylate of isocitrate.
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Space Group: P43212

Unique
Reflections
Possible
Mg complex 30274
Mn complex 30274
S113D free 21721
S113E free 34306
S113E complex 30274

Crystallographic

Statistics

Cell Dimensions: a=b=105.1 A ¢=150.3 A

Unique
Reflections

Collected

29506
13048
20711
27716

26412
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Observations

Collected

111257
31102
89070
67344

62251

Refl.s
Used in

Refinement

19414
12774
19209
18367

Rmerge

0.144*
0.094
0.204*
0.099
0.093



Rcryst rms Abond rms Aangle Resolution

Mg complex 0.176 0.019 A 3.40 25A
S113D free 0.163 0.016 A 3.30 28 A
S113E free 0.179 0.016 A 3.10 24 A
S113E complex 0.168 0.016 A 3.10 25A
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Electrostatic Potential Changes at Substrate

A® (kcal/mole-e)

atom xtal A B C D
01 -2.2 -3.0 -1.0 -1.3 -2.1
02 -1.9 -2.6 -1.1 -1.2 -2.0
03 -7.6 -3.1 -2.0 -2.7 -6.8
o4 -25.4 -2.1 -5.2 -5.2 -13.0
(03] -3.9 -5.7 -2.4 -2.0 -3.7
06 -3.9 -5.9 -3.3 -2.4 -5.1
Mg -1.2 -1.8 -0.8 -1.0 -1.6

A(AGpind) (kcal/mole)

21.0* 7.5 5.8 5.4 13.1
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The structure of magnesium and isocitrate bound to isocitrate
dehydrogenase has been determined at 2.5 A resolution by the Fourier
difference technique and refined to an R-factor of 17.6 %. The metal ion is
coordinated to the a-carboxylate and hydroxyl oxygen (O7) of isocitrate in a
manner suitable for stabilization of the formation of a negative charge on
O7 during both dehydrogenation and decarboxylation steps of the
conversion of isocitrate to a-ketoglutarate. The metal ion is also coordinated
by aspartate side chains 283' (' indicates the second subunit of the dimer)
and 307 and two water molecules in a roughly octahedral arrangement.
Based on the geometry of the active site, the base functioning in the
dehydrogenation step is most likely aspartate 283'. The active site acid
responsible for protonation of C3 of the enolate form of a-ketoglutarate
after the decarboxylation step may be one to the amino acids hydrogen
bonded to the P-carboxylate of isocitrate, tyrosine 160 or lysine 230'. The
observation that the a, p, and hydroxyl moicties, common to isocitrate and
isopropylmalate, are bound by residues identical in both sequences
confirms the common evolutionary origin of the substrate binding sites of

isocitrate dehydrogenase and isopropylmalate dehydrogenase.
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Isocitrate dehydrogenase (threo-Ds-isocitrate-NAD(P)+
oxidoreductase [decarboxylating], E.C. 1.1.1.42 ) (IDH) catalyzes the oxidation
and decarboxylation of isocitrate to a-ketoglutarate, a step in the citric acid

cycle. The reaction occurs in two steps (1):

isocitrate + NAD(P)* -- > oxalosuccinate + NAD(P)H + Ht

oxalosuccinate + H* --> a-ketoglutarate + CO2

NADP*-dependent IDH requires Mgt+, or a transition metal such as Mnt+
or Cd*t for activity. Here we discuss the catalytic mechanism of this
enzyme in light of the three-dimensional structure of a Mgtt isocitrate
complex (2) with the NADP*-dependent IDH of Escherichia coli, a dimer of

identical 416-amino acid subunits.

In the first step of the IDH reaction, the dehydrogenation step, a
proton is removed from the hydroxyl oxygen and a hydride is transferred
to NADP*. A base is expected to abstract the proton from the hydroxyl
group. The pH profile for inhibition by the competitive inhibitor of IDH
oxalylglycine (3) demonstrates a pKj of 5.7, suggesting the presence of an
active site base titrating at this pH. The best-characterized dehydrogenases
feature electrostatic stabilization of the negative charge which develops on
the hydroxyl oxygen in the transition state. Electrostatic catalysis may be

mediated either by an amino acid residue, such as arginine 109 in lactate
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dehydrogenase (4), or a metal ion, such as Zn*+ in alcohol dehydrogenase
(5). The identities of the groups involved in electrostatic and base catalysis

are central questions for elucidation of the IDH mechanism.

In the second step of the IDH reaction, oxalosuccinate is
decarboxylated to a-ketoglutarate by removal of the P-carboxylate. CO2,
rather than HCO3-, is the immediate product of decarboxylation (6). It has
long been believed that Mg*t+-dependent enzymatic PB-decarboxylation of a-
ketoacids is similar to the Mg*+-catalyzed reaction in solution. In a study of
model compounds, the nonenzymatic B-decarboxylation of
dimethyloxaloacetic acid and its ester demonstrated divalent metal ion
catalysis in solution for the carboxylic acid reaction, but not for the ester
(7). It was thus proposed that the metal ion was coordinated by the keto
oxygen and the adjacent a-carboxylate, and stabilized the formation of an

enolate intermediate.

There is substantial spectroscopic and kinetic evidence in support of
the key role of the metal ion for NADP*-linked IDH. EPR and ultrafiltration
binding studies of pig heart showed a 20-fold decrease in the Kd for Mn*+
in the presence of isocitrate, indicating that the principal substrate was
the metal-isocitrate complex (8), and suggesting coordination of the metal
ion by isocitrate on the enzyme. The ESR resonances for Mn*+ changed
markedly in the presence of IDH, with a further change on addition of
isocitrate, further evidence for direct metal-isocitrate coordination on the
enzyme (9). Multinuclear NMR spectra for enzyme-bound 113¢q in the
presence of isocitrate are characteristic of coordination by six oxygen

ligands (10). Distances from a proton relaxation study of Mn*+-isocitrate in
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solution were consistent with bidentate chelation of the metal by the a-
carboxylate and hydroxyl oxygen, although direct data for the enzyme-
bound complex could not be obtained (11). 13C NMR results also showed that
enzyme-bound isocitrate is fully ionized (12). The kinetics of the NADP*-
linked IDH of Salmonella typhimurium (13), closely related to E. coli,
demonstrated that the metal isocitrate complex is the kinetically important
substrate, and suggested that the mechanisms of prokaryotic and
cukaryotic NADP*-linked IDH are likely to be similar. Despite extensive
spectroscopic information on the role of the metal ion, to date there has
been no direct evidence that the metal ion is coordinated by the a-

carboxylate and hydroxyl oxygen of isocitrate on the enzyme.

13C NMR resonances characteristic of the enol form of enzyme-
bound a-ketoglutarate have been observed (12), direct evidence for the
presence of this intermediate. IDH catalyzes the stereospecific exchange of
the B-hydrogen (14), evidence that an acidic group on the enzyme
protonates the enol form of a-ketoglutarate prior to dissociation. The
identity of this group is another key question regarding the IDH

mechanism.

The overall enhancement of metal-catalyzed decarboxylation by an
enzyme has been estimated from isotope effect experiments. The
observation of a 13C isotope effect for the non-enzymatic reaction, but not
for the enzymatic reaction, suggested that for the decarboxylation of
oxaloacetate, the enzyme accelerates carbon-carbon bond scission by
roughly a factor of 108 (15). The 13C isotope effect for the decarboxylation

of oxalosuccinate by IDH at neutral pH is barely measurable (3), suggesting
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a large acceleration in rate for this step in IDH. Based on the pH
dependence of the 13C isotope effect, substrate dissociation is 16-fold
slower than catalysis. The overall rate acceleration thus less than the rate

acceleration for the carbon-carbon bond scission step.

IDH, malic enzyme, and isopropylmalate dehydrogenase (IMDH)
belong to a class of metal ion-dependent decarboxylating dehydrogenases
which catalyze essentially identical reactions for isocitrate, malate, and
isopropylmalate, respectively. Sequences of IDH and IMDH are 25-29 %
identical for aligned residues (16,17). There is no apparent sequence
similarity with L-malic enzyme (18,19). Although D-malate is not the
common biological form, there is an inducible D-malic enzyme in E. coli
(20). The absolute configuration of the biological isomer of isocitrate is R at
Cp (21), as is the absolute configuration of D-malate. The absolute
configuration at Cp is almost certainly R for isopropylmalate as well, as D-
malic enzyme shows some activity with this substrate (20). The
evolutionary relationship of these two a-R hydroxyacid decarboxylating
dehydrogenases IDH and IMDH may be investigated by comparison of

residues found in the active site of IDH with IMDH sequences.

Experimental Procedures

IDH crystals (17) were soaked in ligand-containing solutions . IDH
crystals were soaked for at least three hours in freshly prepared solutions
of 100 mM threo-Ds(+)-isocitric acid (monopotassium salt) obtained from
Sigma, 10 mM of either MgSO4 or MnCl2, 100 mM NaCl, 35 mM NapHPO4, 2
mM DTT and 0.02 % NaN3 in 50 % saturated (NH4)2S04, with pH adjusted to
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6.0 with concentrated NH4OH. In order to unambiguously determine the
metal binding site by Fourier difference mapping, x-ray reflection data
were collected as previously described (17) to 2.5 A resolution both for
crystals soaked in Mgttt and Mn*t containing solutions. The metal ion was
located in the largest peak (11 o) in an (Fo(Mn)-Fo(Mg))acalc Fourier
difference map (Fig. 1), with phases calculated from the refined structure
of unliganded dephosphorylated IDH. Local scaling was used for all map
calculations. The 11 o peak in the (Fo(Mn)-Fo(Mg))acalc difference map
coincided with the largest peak (18 o) in an (Fo(Mn)-Fq(Free))acalc
difference map and a major peak in an (Fo(Mg)-Fo(Free))acalc difference
map. (Fo(Mn)-Fq(Free))acalc and (Fo(Mg)-Fo(Free))acalc difference maps
showed a large negative peak (-16 o) at water 417 in the unliganded
structures. This indicated that molecule 417, which is modeled reasonably as
a water, but could also be some other species (ammonium, sodium, chloride,
phosphate, and citrate are present in the soaking solution for unliganded
crystals), was displaced in the liganded enzyme. Because of the
displacement of water 417, which resulted in negative difference density in
part of the region where isocitrate was believed to bind, the (Fo(Mg)-
Fo(Free))acalc difference map was not useful for placing isocitrate. Water
417 was removed and the Mg+t ion was placed at the major peak in the
(Fo(Mn)-Fo(Mg))acalc Fourier difference map. An R-factor of 0.239 was
calculated with respect to Mg isocitrate amplitudes for this model prior to
refinement. Reflections with F/o(F)>1.0 were used in refinement and R-
factor calculation. This model was then refined with XPLOR minimization
(22) to an R-factor of 0.184. Energy parameters were obtained from the
CHARMM library (23) normally used with XPLOR, except van der Waals

parameters were added for Mg** and improper angles for the two chiral
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centers of isocitrate were calculated from the small molecule structure (21).
An (Fo(Mg)-Fc)acalc difference map (Fig. 2) with amplitudes and phases
calculated from the refined Mg complex model allowed unambiguous
placement of R,S-isocitrate, the biologically relevant isomer (21). After
including isocitrate, the model was refined to a final R-factor of 0.176
(Table 1).

Results

Isocitrate binds in the pocket between the large and small domains
of IDH (Fig. 3), referred to as the "front pocket” (17). Hydrogen bonds are
formed between isocitrate and serine 113, arginines 119, 129, and 153,
tyrosine 160, lysine 230" (where ' denotes the second subunit), and waters
458, 479, 560, 561, and 562 (Table 2, Fig. 4). Asparagine 115, with an N§ - O4
distance of 3.4 A, probably interacts electrostatically with isocitrate but
does not form a hydrogen bond. Waters 458 and 479 are present in the
unliganded structure of IDH (there are water molecules within 1 A of these
in the superposed structures); waters 560-562 are unique to the substrate-
bound structure. Isocitrate is bound in a partially folded conformation; the
C1-C2-C3-C4 and C2-C3-C4-C5 torsion angles are -165° and 107°, with the y-
carboxylate closer to the a-carboxylate than in the extended conformation
found in the small molecule structure of the potassium salt of isocitrate, -

166° and 150°.

Mg+t is directly coordinated by the a-carboxylate and hydroxyl
oxygen of isocitrate, and coordinated by a total of six oxygen ligands in a
roughly octahedral arrangement (Fig. 5). Two ligands are contributed by

isocitrate, O2 of the a-carboxylate and the hydroxyl O7. Two are provided by
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the side chains of aspartates 283' and 307, and two by water molecules 458
and 562. Mg*+ is relatively well-ordered, with B = 27, as are the two Mg++-
bound water molecules 458 and 562, with B = 24 and 28 respectively.

Aspartate 311 is a second-nearest neighbor, 3.5 A from the metal.

There are significant local structural changes in the enzyme on
substrate binding (Fig. 6) . A rotation of the side chain of arginine 129
moves the guanidino group by up to 2.1 A. Arginine 119 also rotates, but
with a net movement of the guanidino group by at most 0.5 A. The Ne of
lysine 230 moves 0.7 A, and tyrosine 160 rotates, moving the hydroxyl
oxygen 0.9 A. The side chain of aspartate 311 moves up to 1.3 A, while the
two aspartates directly coordinating Mg*+ move by no more than 0.4 A. The
rms shift for all main chain atoms (including Cp) between the two
structures is 0.25 A. This is less than the estimated mean coordinate error of
0.4 A in either structure (24), which is expected as the structures were not
independently  determined. No significant structural changes are seen far

from the isocitrate binding site (Fig. 7).

Discussion

The geometry of the Mg*+ isocitrate complex provides direct
confirmation of the key role of the metal ion. The Mg*+ is in a position to
stabilize the negative charge which develops on the hydroxyl oxygen
during oxidation of C2 during the dehydrogenation reaction. The second
step of the reaction, decarboxylation at C3, is also catalyzed by stabilization
of a negative charge which develops at the same oxygen for the enolate

form of a-ketoglutarate. Mgt+, which catalyzes the second step of the
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reaction in solution, appears to play the central role in transition state
stabilization for both steps in the IDH reaction. As postulated by
Steinberger and Westheimer (7), key roles of the enzyme are to determine
substrate specificity and to enhance metal ion catalysis relative to the
solution state. Metal-assisted decarboxylation is greatly enhanced by
binding of the Mg** isocitrate complex to the enzyme, but it is less clear
how the enzyme promotes metal catalysis. Presumably the fixed charge
distribution and inhomogeneous dielectric response in the active site

stabilize charge rearrangements which are found in the transition state.

In addition to electrostatic catalysis, other roles for the enzyme are
to lower the decrease in entropy of the transition state relative to isolated
reactants by binding isocitrate and NADP* together, and to promote
deprotonation at O7 and protonation at C3 by acid/base catalysis. A likely
mechanism for the IDH reaction based on currently available knowledge is
shown in figure 8. Given their proximity to O7, aspartates 283' and 307, and
waters 560 and 562 are possible proton acceptors in the dehydrogenation
step. If the base is the group which titrates at pH 5.7 in pig heart NADP+-
dependent IDH, and if an analogous group is present in the E. coli IDH, the
only candidates which remain are the two aspartates and water 562, which
would have to exist as hydroxide at neutral pH. There are no other groups
in the immediate vicinity of bound isocitrate which are likely to titrate
near pH 5.7 except the metal-bound water molecule 458, which is not
positioned to accept a proton directly from O7. Aspartate 283' is closest to O7,
at 2.6 A, and appears to be in a particularly favorable geometry for proton
transfer. Protonation of aspartate 283' would be syn, which has been

estimated to be up to 104 times more favorable than anti protonation (25).
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The hydroxyl proton points directly away from Mg** when positioned for
transfer to the carboxylate group of this residue. Transfer to aspartate 307
or water 562 would requirc a closer approach of the proton to the metal ion,
which would be sterically and electrostatically unfavorable. The close
proximity of aspartate 283' to two other negatively charged side chains
could account for the increase in the pKa from the intrinsic value for this
residue. Definitive identification of the active site base, however, must
await further experiments. In the second step of the IDH reaction it cannot
be ruled out that o-ketoglutarate has a substantially different mode of
binding from isocitrate which brings C3 closer to some now-unidentified
proton donor. Tyrosine 160 and lysine 230', however, which are hydrogen-
bonded to the B-carboxylate of isocitrate, are favorably positioned to serve

as the acid catalyst which protonates C3 after decarboxylation.

Sequence comparison with IMDH reveals a consistent picture of the
evolution of substrate specificity for the IDH-like class of decarboxylating
dehydrogenases. All residues (119, 129, 153, 160, 230') interacting with the
a, B, and hydroxyl moieties of isocitrate, which are common to isocitrate,
isopropylmalate, and malate, are conserved between IDH and all known
IMDH sequences. Residues interacting with the fy-carboxylate of isocitrate,
113 and 115, are unique to isocitrate and are not conserved with the IMDH
sequences. The two aspartates 283' and 307 coordinating Mgtt are also
conserved in all available sequences. Aspartate 311, a second-nearest
neighbor to the metal, is conserved in all sequences except that of the
extreme thermophile Thermus thermophilus (26), in which it is replaced
by asparagine. There is no homology with the L-malic enzyme sequence,

which is not unexpected given the opposite stereospecificities of the two
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enzymes. We expect it is likely that homologies will be found with the D-
malic enzymes, yet to be sequenced. Given the topological dissimilarity of
IDH to previously characterized dehydrogenases (17), the metal-dependent
decarboxylating dehydrogenases appear to form a family evolutionarily

distinct from other dehydrogenases.
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Table 1

Crystallographic statistics for complexes of IDH with Mg++* isocitrate and
Mn++ isocitrate. The crystallographic R-factor, Rc = ZIFg-F |/ZFy is
summed over all reflections with IFl/c(F) > 1 from 5 to 2.5 A; Fy and F_ are
the observed and calculated amplitudes. Rmerge = Zllj-<I>I/Z<I>, summed
over all observations to 2.5 A. *Data was collected for only one Mnt++
complex crystal; three crystals each were used for collection of the Mgt +

data set.

Table 2

Distances of less than 3.5 A to potential hydrogen-bonding or salt bridge-
forming partners between isocitrate, metal, and enzyme. Atoms names used
follow the Brookhaven protein data bank convention.

Figure 1

Divergent stereo view of the (Fo(Mn)-Fo(Mg))acalc Fourier difference map
at 2.5 A resolution, contour level 5 o, superimposed on the refined model of

the Mg+t isocitrate complex.

Figure 2
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Divergent stereo view of a (Fo(Mg)-Fc)acalc difference map at 2.5 A
resolution with amplitudes and phases calculated from the refined Mg
complex model, contour level 5 o, superimposed on the refined model of the

Mg+t isocitrate complex.

Figure 3

Divergent stereo view of the refined structure of the Mgt+ isocitrate
complex showing the active site. Both subunits are shown, with labelled
residues belonging to the second subunit indicated by a primed number.
Oxygen atoms of isocitrate are labelled following ref. 21, and the metal ion
and residues involved in isocitrate and metal binding are identified. Except

for three waters interacting with isocitrate or Mg**, waters are not shown.

Figure 4

A schematic drawing of the active site of IDH. Hydrogens are shown for
illustrative purposes where believed to participate in hydrogen bonds or
salt bridges. Water molecules have been omitted for clarity. Residues

belonging to the second subunit indicated by a primed number.

Figure 5
Divergent stereo view of the refined structure of the Mgt+ isocitrate

complex, showing the roughly octahedral coordination of the metal ion by

substrate, bound water molecules, and aspartates 283' and 307.
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Figure 6

Conformational changes on substrate binding are shown in this divergent
stereo view of the active site. The substrate-bound structure is shown with

solid bonds, the free enzyme with open bonds.

Figure 7

Mean atomic shift in A between the substrate-bound and free forms of IDH,
as a function of the distance of the atom in the substrate-bound structure
from the nearest of the two bound isocitrate molecules in the dimer.
Distances are measured from the C3 atom of isocitrate. The mean shift
rapidly drops to the overall value by about 10 A from the substrate. The
scatter observed at large distances from the active site is probably due to

the small number of atoms at these distances.

Figure 8

A likely mechanism for the reaction catalyzed by IDH. B is probably

aspartate 283', and A is probably either tyrosine 160 or lysine 230'.
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Crystallographic Statistics

Space Group: P43212 Cell Dimensions: a=b=105.1 A ¢=150.3 A
Unique Unique Observations Refl.s Rmerge
Reflections Reflections  Collected Used in
Possible Collected Refinement
Mg complex 30274 29506 111257 19414 0.144*
Mn complex 30274 13048 31102 --- 0.094
Rcryst ms Abond rmms Aangle Resolution
Mg complex 0.176 0.019 A 3.40 25A
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Possible Hydrogen Bonds and Salt Bridges in the Mg**-isocitrate

Complex
o1 Arg 119 NH1 3.00
(0)] Arg 129 NH1 3.01
@ Arg 129 NH1 3.06
(0 Arg 153 NH2 2.92
(07 Water 458 3.04
(0 Mg 2.24
0/} Ser 113 OG 2.65
(0} Asn 115 ND 3.41
(0] Arg 119 NH2 2.81
(0. Arg 153 NH1 3.01
06 Tyr 160 OH 2.80
06 Lys 230' NZ 2.96
(0} Water 560 3.00
o7 Water 562 2.78
o7 Mg 1.92
o7 Asp 283' OD2 2.69
o7 Asp 307 OD2 2.92
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Mg
Mg
Mg
Mg

Asp 283' OD2
Asp 307 OD2
Water 458
Water 562
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Conclusion

Study of IDH began in an effort to understand the most complex
feature of living things: behavior. Specifically, how does a cell "know" how
to modify its use of nutrients in response to changing external conditions ?
Biochemistry has proved to be a most powerful approach to understanding
biology, and in this case it was shown that the citric acid cycle could be
slowed when IDH kinase/phosphatase phosphorylated IDH in response to
allosteric control by a variety of metabolites, allowing the bacterial cell to
grow on acetate. The science of biophysics arises from the origin of
biological phenomena in the same physical laws that govern the
inorganic world. Biophysics enters the picture when we are no longer
satisfied with knowing which chemical reactions occur in cells, but want to
know also the physical mechanisms by which reactions are catalyzed and
by which they may be switched on or off. It was curiosity to understand the
function of IDH at this more fundamental level that led to the structural

studies.

IDH has proved to be a gratifyingly simple and elegant enzyme for a
graduate student's thesis project. Because this enzyme is not regulated by a
host of different allosteric effectors, I have been able essentially to
complete the elucidation of the structural basis for regulation with the
three structure determinations described in this thesis. The catalytic
mechanism also appears relatively straightforward, and a complete
mechanism can be proposed based on the structure of the enzyme-substrate
complex and the kinetic and spectroscopic results of others. The physical

and chemical reasoning connecting structure and function has been
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satisfyingly - applied to both regulation and catalysis. One other major issue
in the study of any enzyme is the question: how did it evolve ? The
structural work has led to substantial new insights into the evolution of
IDH, distinct from that of most familiar dehydrogenases, but closely related

to that of isopropylmalate dehydrogenase.

Without having been entirely planned, the work on IDH seems to
have fallen into the same pattern and addressed the same issues of
regulation, catalysis, and evolution as the first pioneering crystallographic
studies on enzymes: the "honorary enzyme" hemoglobin, lysozyme,
carboxypeptidase A, chymotrypsin, trypsin, cytochrome C, lactate
dehydrogenase.  Although advances in technology have made such studies
increasingly common, each enzyme has unique features, and appears to
the crystallographer seeing a structure for the first time as a whole new
world in miniature. In short, the process of obtaining the picture seen
here for the structure and function of IDH has been a tremendously

rewarding and informative experience.
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