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Crystal Structures of Human IPP Isomerase:
New Insights into the Catalytic Mechanism
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Type I isopentenyl diphosphate (IPP): dimethylally diphosphate (DMAPP)
isomerase is an essential enzyme in human isoprenoid biosynthetic
pathway. It catalyzes isomerization of the carbon-carbon double bonds in
IPP and DMAPP, which are the basic building blocks for the subsequent
biosynthesis. We have determined two crystal structures of human IPP
isomerase I (hIPPI) under different crystallization conditions. High
similarity between structures of human and Escherichia coli IPP isomerases
proves the conserved catalytic mechanism. Unexpectedly, one of the hIPPI
structures contains a natural substrate analog ethanol amine pyrophosphate
(EAPP). Based on this structure, a water molecule is proposed to be the
direct proton donor for IPP and different conformations of IPP and DMAPP
bound in the enzyme are also proposed. In addition, structures of human
IPPI show a flexible N-terminal α-helix covering the active pocket and
blocking the entrance, which is absent in E.coli IPPI. Besides, the active site
conformation is not the same in the two hIPPI structures. Such difference
leads to a hypothesis that substrate binding induces conformational change
in the active site. The inhibition mechanism of high Mn2+ concentrations is
also discussed.
© 2006 Elsevier Ltd. All rights reserved.
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Introduction

Isoprenoid biosynthesis is an important biological
pathway. The products of this pathway are extra-
ordinarily various, among which more than 23,000
natural products have been characterized, including
many essential small molecules such as sterols,
carotenoids, ubiquinones etc.1,2 In addition, several
GTPases that are needed to be prenylated are related
to this pathway.2,3 The enzymes involved in this
pathway are of great interest for drug design. For
example, Statins, inhibitors of HMG CoA reductase,
are widely used as cholesterol-lowering drugs.
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Isopentenyl pyrophosphate (IPP): dimethylallyl
pyrophosphate (DMAPP) isomerase (IPP isomerase,
IPPI) is an essential enzyme in the isoprenoid
biosynthetic pathway. It catalyzes isomerization of
the carbon-carbon double bonds in IPP and DMAPP
(Figure 1(a)), which are the basic building blocks in
the following head-to-tail condensation reactions
that produce numerous isoprenoid products.4 In
fact, there are two types of IPP isomerase known in
nature. Type I IPP isomerase has been characterized
long ago5 and exists in most species.6 Type II IPP
isomerase was recently discovered in Archaea and
some eubacteria.6 For human, some compounds
belonging to phosphoantigens, which are γδ T cell
antigens of clinical interests,7–9 are proved to be
inhibitors of type I IPP isomerase.10,11

The reaction catalyzed by Type I IPP isomerase
involves a stereoselective antarafacial transposition
of hydrogen.12 Many studies have been carried out
in order to understand the mechanism of isomeriza-
tion. Protonation/deprotonation mechanism was
supported by many experiments and a carbocation
intermediate was proposed13–15 (Figure 1(a)). It was
also proven by mutagenesis and other experiments
that Cys139 and Glu207 are catalytically critical
d.
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Figure 1. (a) Reaction catalyzed by type I IPP
isomerase. IPP, DMAPP and the carbocationic intermedi-
ate are shown. (b) Structural formula of EAPP and NIPP.

Table 1. Statistics of data collection and model refinement

Data set hIPPI1 hIPPI2

Space group P212121 P1
Unit cell parameters a=55.0 Å, a=41.4 Å

b=63.0 Å, b=43.1 Å
c=74.2 Å c=70.5 Å

α=80.3°
α=β=γ=90° β=90.0°,

γ=68.0°
Resolution range (Å) 50–1.60

(1.66–1.60)
50–2.0

(2.07–2.00)
No. of total reflections 587,258 567,543
No. of unique reflections 33,566 (2355) 56,531(5231)
I/σ 32.2 (3.5) 18.2 (3.8)
Completeness (%) 96.3 (68.7) 94.1 (87.0)
Rmerge (%)a 6.9 (37.3) 9.8 (46.4)
Rwork(%)b/Rfree(%)c 17.3/20.3 22.0/26.2
B factors (A2)

Main-chain atoms 15.9 39.6 (hIPPI2_A)
39.0 (hIPPI2_B)

Side-chain atoms 17.2 41.2 (hIPPI2_A)

1438 Human Isopentenyl Diphosphate Isomerase I
residues in yeast,16,17 corresponding to Cys67 and
Glu116 in Escherichia coli and Cys86 and Glu148 in
human.
Crystal structures of E.coli Type I IPP isomerase

(E.coli IPPI) and its complexes bound with different
substrate analogs have been extensively studied.
Based on these structures, detailed mechanism has
been proposed and supported by mutagenesis stu-
dies.11,18–22 However, sequence alignment shows
that eukaryotic Type I IPP isomerases contain
several inserted fragments and an extra N-terminal
region. Therefore, whether E. coli IPP isomerase
structures and the proposed mechanism are uni-
versally applicable to eukaryotic IPP isomerases
remains unclear, because no IPP isomerase structure
from other organisms is available. More impor-
tantly, in order to develop potential cholesterol
lowering drugs6 or phosphoantigens10,11 against
human diseases, the knowledge of structure and
catalytic mechanism of human IPP isomerase is
necessary. Here we report crystal structures of
human IPP isomerase in two different crystal
forms, one of which is bound with a substrate
analog.
40.8 (hIPPI2_B)
Water molecules 29.2 40.2
Mn2+d 13.2 29.5 (hIPPI2_A)

31.5 (hIPPI2_B)
EAPPe – 36.0 (hIPPI2_A)

34.8 (hIPPI2_B)
Ramachandran plot

Most favored regions (%) 87.8 88.2
Additional allowed regions (%) 12.2 11.8
RMSD of bonds length (Å) 0.008 0.013
RMSD of bond angles (deg.) 1.1 1.3

Numbers in parentheses represent the value for the highest
resolution shell.

a Rmerge=∑|Ii–Im|/∑Ii, where Ii is the intensity of the
measured reflection and Im is the mean intensity of all
symmetry-related reflections.

b Rwork=∑||Fobs|–|Fcalc||/∑|Fobs|, where Fobs and Fcalc are
observed and calculated structure factors, respectively.

c Rfree=∑T||Fobs|–|Fcalc||/∑T|Fobs|, where T denotes a test
data set of about 5% of the total reflections randomly chosen and
set aside prior to refinement.

d This Mn2+ refers to the one coordinated to His40, His51,
His88, Glu146 and Glu148 in both structures of human IPPI.

e The substrate analog bound only in hIPPI2.
Results

Overall structure

The statistics of structure refinements of hIPPI are
summarized in Table 1. The native hIPPI and the Se-
Met hIPPI bound with a substrate homolog are
referred to hIPPI1 and hIPPI2, respectively. There is
one monomer per asymmetric unit in hIPPI1 and
two monomers per asymmetric unit in hIPPI2,
named hIPPI2_A and hIPPI2_B.
The overall structures of hIPPI1 and hIPPI2 are

similar to that of E.coli IPPI except for some
differences discussed below. The core structure of
hIPPI folds into a compact globular domain of α/β
fold as E.coli IPPI, but with some insertions at the
molecular surface (Figure 2(a)). Compared to E. coli
IPPI, the extra C-terminal peptide of hIPPI folds into
an extra α-helix (α7) followed by a β-strand (βJ)
(Figures 2(a) and 3). It was reported that the last
three C-terminal residues YRM would be peroxiso-
mal targeting signal residues.23 These three residues
are located in βJ, which forms a parallel β-sheet with
βG. The side-chains of Tyr225 and Met227 are
involved in hydrophobic interactions between βJ
and the core structure, while the side-chain of
Arg226 forms a hydrogen bond with Glu26.
More interestingly, a substrate analog is found in

the active pocket in hIPPI2 crystal. According to the
annealing omit Fo–Fc electron density map (Figure
4(a) and (b)), this molecule was assigned as ethanol
amine pyrophosphate (EAPP), a natural component
of E. coli cell wall that had been found in the
structure of E. coli ferric hydroxamate uptake
protein bound with lipopolysaccharide (LPS) (PDB
code 2FCP). The EAPP molecule should have been
co-purified with the recombinant hIPPI protein and
leads to insights of the catalytic mechanisms.
In the available substrate analog binding struc-

tures of E.coli IPPI, there are two metal ion binding



Figure 2. (a) Stereo view of superimposition of hIPPI1, hIPPI2_A and E.coli IPPI (PDB code 1NFS). hIPPI1 is colored in
yellow. hIPPI2_A is colored in blue. E.coli IPPI is colored in magenta. EAPP bound in human IPPI2_A is colored in green.
(b) Stereo view of the N-terminal α-helix in hIPPI2_A. The electron density map (2Fo–Fc map) of residues Asp10 to Glu19
is colored in purple and is contoured at 1.5σ. Hydrogen bonds Asp10 OD2 to Asn166 ND2, Gln13 OE1 to Lys74 NE, Gln13
NE2 to Asn166 OD1 and Glu167 OE2 are shown as black broken lines. EAPP is colored in green. Figures 2, 4 and 5 were
prepared using PyMol [http://www.pymol.sourceforge.net].
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sites.19–21 The one required for catalysis exhibits a
distorted octahedral coordination geometry invol-
ving His25, His32, His69, Glu114 and Glu116. The
metal ion was assigned as Mn2+18 or Zn2+,22,24 and it
seemed that the E coli enzyme might prefer Zn2+ for
this site.22,24 Another metal ion binding site parti-
cipates in substrate binding and was assigned as
Mg2+.20–22 In both of the human IPPI structures, the
catalytically essential metal ion is presented in a bi-
pyramid coordination with His40, His51, His88,
Glu146 and Glu148, similar to E. coli IPPI. This metal
ion was assigned as Mn2+ in hIPPI1 and as Mg2+ in
hIPPI2 according to the anomalous diffraction signal
and metal ions added in the expression media and
crystallization solutions (Figure 5(b)).

The N-terminal region

Although the core structures in the two crystal
forms of human IPPI are highly similar, significant
conformational variations are observed in the N-
terminal region (Figure 2(a)). In hIPPI1, the N-
terminal 12 residues seem to be disordered with no
clear electron density. Residues Gln13 to Glu19 exist
as a random coil. The active pocket is in an open
state.
However in hIPPI2, where an EAPP molecule is

bound in the active pocket, the N-terminal residues
(Ile4 to Glu19 in one monomer and His8 to Glu19 in
the other in hIPPI2) show clear electron density with
Asp10-Glu19 folding into an α-helix located over the
active pocket (Figure 2(b)). A number of hydrogen
bonds: Asp10 OD2 to Asn166 ND2, Gln13 OE1 to
Lys74 NE, Gln13 NE2 to Asn166 OD1 and Glu167
OE2, are formed between the N-terminal α-helix
and the core structure (Figure 2(b)). Also, hydro-
phobic interactions formed by Leu9, Val14, Leu17,
Leu41, Ile75, Ile143, and Trp144 also help to stabilize
the N-terminal α-helix. In this situation, the active
pocket is closed by the N-terminal peptide, espe-
cially by the side-chains of Gln13, Leu16 and Glu19.
This substrate-induced open-closed mechanism was
not observed in E. coli IPPI.
Compared to E.coli IPPI, extra N-terminal regions

are widely observed in eukaryotic IPP isomerases
(Figure 3). Residues Asp10, Gln13 and Leu17, which
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Figure 3. Structure-based sequence alignment of IPP isomerases from human (IDI1_HUMAN), rat (IDI1_RAT), A.
thaliana (IDI1_ARATH), Drosophila melanogaster (Q9VDC2_ DROM E), Saccharomyces cerevisiae (IDI1_YEAST),
Caenorhabditis elegans (Q9BI81_CAEEL) and E. coli (IDI_ECOLI). Secondary structure elements in hIPPI2_B are shown
above the alignment. Arrows indicate β-strands and coils indicate helices. Strictly conserved and similar residues are
boxed and marked with red background and red letters, respectively. Conserved residues binding to the catalysis-
required metal ion, H40, H51, H88, E146 and E148 are marked with purple stars under the alignment. D10, Q13 and L17,
which contribute to stabilization of the N-terminal α-helix in human IPPI and are highly conserved in eukaryotic IPPIs,
are marked with blue circle under the alignment. The multi-sequence alignment was done by T-coffee.39 The secondary
structure of human IPPIB was analyzed by DSSP program.40 This Figure was prepared using ESPript.41
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contribute to stabilization of the N-terminal α-helix
in human IPPI, are all highly conserved in other
eukaryotic IPPIs (Figure 3). This indicates that the
unstable N-terminal α-helix in human IPPI, which
becomes structurally ordered only upon substrate
binding, may also exist in other eukaryotic IPPIs.
Previous studies demonstrated lower Michaelis
constants (Km) of eukaryotic IPPIs compared to
their bacterial homologs,25 indicating stronger sub-
strate binding ability for bacterial IPPIs. This
unstable N-terminal α-helix, which lies upon the
active pocket of eukaryotic IPPIs and may apply
some hindrance, could account for their weaker
substrate binding ability.

The active site

Based on previous studies of the catalytic mechan-
ism of E. coli IPPI, some catalysis required residues
could be predicted for human IPPI. These residues
include Cys86, Tyr136, Glu148 and Trp196, corre-
sponding to Cys67, Tyr104, Glu116 and Trp161 in
E. coli IPPI. These four residues are highly conserved
in all IPPIs. In human IPPI, Tyr136 and Glu148



Figure 4. (a) Stereo view of the active site of hIPPI2_A. (b) Stereo view of the active sites of hIPPI2_B. The annealing
omit Fo–Fc map (excluding EAPP, Mg2+, two water molecules coordinated to Mg2+, and the water molecule interacting
with the N3 atom of EAPP in the refinement model) is colored in purple and contoured at 3.00 σ. Water molecules are
shown as red balls. Mg2+ is shown as a green ball. The distances between the water molecule and the N3 atom of EAPP are
labeled. The pictures clearly demonstrate different conformations of the hydrocarbon tail of EAPP in these two hIPPI2
monomers. (c) Stereo view of superimposition of the active site in hIPPI1 (yellow), hIPPI2_A (blue) and E.coli IPPI (PDB
code 1NFS) (magenta). Residues are numbered as in human IPPI. Catalytically critical residues Glu148, Tyr136, Trp196
and Cys86 in human IPPI are labeled. The hydrogen bonds between the diphosphate of EAPP and the side-chain of Ser87
in hIPPI2_A are shown as black broken lines. This picture shows the different conformations of Trp196 and the slightly
different position of Cys86 in hIPPI1 (yellow) and hIPPI2 (blue).
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remain the same conformations in both of the two
crystal forms as in E. coli IPPI. However, Trp196
shows variable conformations (Figure 4(c)). In
hIPPI1, the side-chain of Trp196 is away from the
substrate-binding site, forming hydrophobic inter-
actions with Ile134, Ile152 and Ile200, while in
hIPPI2, which represents the substrate binding
state, the side-chain of Trp196 flips towards the



Figure 5. (a) Stereo view of interactions between EAPP and human IPPI (hIPPI2_B). Hydrogen bonds are show as
black broken lines.Coordination interactions are show as green broken lines.Watermolecules are shown as red balls.Mg2+

is shown as a green ball. (b) Stereo view of the inhibition-related and catalysis-required Mn2+ binding sites in hIPPI1.
Manganese ions are shown as purple balls. Sphere A represents the catalysis-required Mn2+, while Sphere B indicates the
inhibition-related Mn2+. Anomalous difference density is colored in purple and contoured at 4.0 σ. Coordination
interactions to manganese ions are shown as black broken lines. Twowater molecules coordinated to manganese ion B are
shown as red balls.
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active site. This conformation is similar to Tyr161 in
E. coli IPPI, in which Tyr161 was proposed to
stabilize the carbocation intermediate by a cation–π
interaction.21 Besides, the position of the side-chain
of Cys86 in hIPPI2 is nearly the same as that in E.coli
IPPI (PDB code 1NFS), but is slightly different from
that in hIPPI1 (Figure 4(c)).
In hIPPI2, the substrate analog EAPP was identi-

fied in the active pocket with the position and
orientation similar to N,N-dimethyl-2-amino-1-ethyl
diphosphate (NIPP) bound in E. coli IPPI (PDB code
1NFS). Hydrogen bond and coordination interac-
tions are formed between EAPP and the enzyme
(Figure 5(a)). The diphosphate group of EAPP is
stabilized by forming hydrogen bonds with four
highly conserved basic residues Lys36, Arg70, Lys74
and Arg111. An Mg2+ binds to two non-bridging
oxygen atoms of the diphosphate, two water
molecules, one of side-chain oxygen atoms of
Glu115 and the carbonyl group of Cys86 with an
octahedral geometry. These interactions stabilizing
the diphosphate group are similar to those in E.coli
IPPI. Besides these highly conserved residues, the
hydroxyl group of Ser87 (corresponding to Gly68 in
E.coli IPPI) adopts two conformations and both form
hydrogen bonds with the oxygen atoms of the
diphosphate group. Several other residues nearby
may participate in the stabilization of EAPP via
indirect hydrogen bonds, including N-terminal
residue Glu19. For the amino group of EAPP,
interactions are formed between the nitrogen atom
of EAPP with the carboxyl oxygen of E148 and with
one water molecule. This water molecule is further
stabilized by the hydrogen bonds with the two side-
chain oxygen atoms of Asp150.

Discussion

Natural substrate analog EAPP is a potential
IPPI inhibitor

EAPP is similar to NIPP, a strong inhibitor of E. coli
IPPI, with the absence of two methyl groups
(Figure 1(b)). It is identified in lipopolysaccharide,
which is a component of the cell wall outer mem-
brane of Gram-negative bacteria. It seems that
EAPP in hIPPI2 comes from the bacteria used for
protein expression. The crystals of hIPPI2 were
prepared for Se-MAD and the protein was expressed
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in the inorganic M9 media containing 2 mMMgSO4.
Mg2+ is required for IPPI substrate binding, which
explains why this substrate analog was only
observed in hIPPI2 but not in hIPPI1, since the
latter was expressed in the normal LB media. The
binding of EAPP to human IPPI should be quite
stable because it was not lost during protein puri-
fication. EAPP is smaller and simpler than any
known IPPI inhibitors. As a natural compound co-
ming from E. coli cell wall, EAPP is a potential in-
hibitor to be developed to a drug that targets human
IPPI.

Conformation change of the human IPPI active
pocket while EAPP binding

As mentioned before, the conformation of the
active site is different in the two hIPPI structures.
Compared to hIPPI1, the binding of EAPP to the
side-chain of Ser87 causes a slight movement of the
main chain between Cys86 and Ser87. The side-
chain of the critical residue Cys86 thus moves back a
little towards the active pocket (Figure 4(c)). This
retreat may result in space enough for the flipping of
the Trp196 side-chain. So it can be proposed that in
human IPPI, substrate binding would cause con-
formation change of the active site involving move-
ment of the Cys86 side-chain and flipping of the
Trp196 side-chain. This conformation change may
result in a catalytically competent state of the active
site.

Insight into the catalytic mechanism

In addition to the high conservation between the
structures of hIPPI and E. coli IPPI active sites, the
substrate analog EAPP binds to hIPPI in also a very
similar to the way in which NIPP bound in E. coli
IPPI. These data suggest that the catalytic mechan-
isms of human and E. coli IPPIs would be the same or
very similar (Figure 4(c)). Based on the previous
studies on E. coli IPPI, some critical residues for
protonation/deprotonation have been charac-
terized.21 In E.coli IPPI, Glu116 (Glu148 in hIPPI) is
proposed to facilitate hydrogen transfer to protonate
the carbon-carbon double bond in IPP. Cys67 (Cys86
in hIPPI) acts as a nucleophile that removes a proton
from carbocationic intermediate to form a new
carbon-carbon double bond between C2 and C3 of
IPP. This residue is also proposed to protonate the
double bond between C2 and C3 of DMAPP. Cys67
and Glu116 are positioned on the opposite sides of
the substrate, which explains the antarafacial stereo-
chemistry of the reaction. However, the original
proton donor for IPP is not clear yet. Recent studies
indicated that the hydroxyl group of Tyr104 in E.coli
IPPI (Tyr136 in hIPPI) could not be the proton donor
because the Y104F and Y104A E.coli IPPI mutants
still retain∼1% and∼0.1% of catalytic activities.11,26

Glu116 in E.coli IPPI is important in the protonation
step, but whether it is the proton donor for IPP was
doubted because Glu116 should be unprotonated
even in the absence of substrate.21,26 Water molecule
is a possible proton donor but no well positioned
water molecule was found in the active pocket in
E. coli IPPI structures.21

In the structure of human IPPI bound with EAPP
(hIPPI2), a water molecule is observed in the active
site. There are two monomers per crystallographic
asymmetric unit in hIPPI2. Although the dipho-
sphate group of EAPP keeps the same orientation,
the conformations of the tail are different (Figure
4(a) and (b)). In each monomer of hIPPI2, the amino
group of EAPP interacts with a water molecule. In
hIPPI2_B, the distance between the N3 atom and the
water molecule is 2.95 Å (Figure 4(b)), which is
reasonable for a hydrogen bond. But in hIPPI2_A,
the distance is as close as 1.95 Å (Figure 4(a)). It is
possible that when IPP binds the enzyme, the
distance between this water molecule and the C3–
C4 double bond could be close enough for proton
transfer and the water molecule could act as the
direct proton donor. The side-chains of Tyr136 and
Glu148 (human IPPI numbering) could polarize the
double bond and make it easier to accept a proton.
The polarization by Tyr136 and Glu148 may be
essential for the enzymatic activity because the
carbon-carbon double bond is difficult to be proto-
nated under normal conditions. The protonation of
the double bond results in a carbocation intermedi-
ate that could be stabilized by the cation–π interac-
tion with Trp196.
It was found that the eukaryotic IPPIs are more

active than E.coli IPPI, with kcat values of 1.8∼11 s−1

for the eukaryotic IPPIs and 0.33 s−1 for E.coli IPPI.25

The water molecule proposed as the direct proton
donor forms hydrogen bonds with the side-chain of
Asp150. It is noticeable that Asp150 in human IPPI is
quite conserved in the eukaryotic IPPIs but not in
E.coli IPPI (Figure 3). The stabilization of the water
molecule by Asp150 may be the reason for the
increase of the catalytic activities in eukaryotic
IPPIs.
The conformation of the hydrocarbon chain of

EAPP in hIPPI2_B is different from that in hIPPI2_A.
In hIPPI2_B, the C2 atom of EAPP seems to be closer
to the thiol group of Cys86 than that in hIPPI2_A
(Figure 4(a) and (b)). This conformation may
represent the way DMAPP bound to the enzyme
in which it would be easier for the thiol group of
Cys86 to protonate the double bond between the C2
and C3 atoms. The water molecule hydrogen
bonding with the N3 atom of EAPP in hIPPI2_B
may participate in the deprotonation process. The
different conformations of IPP and DMAPP in
which they bind the enzyme may account for the
reversibility of the reaction.

Inhibition of high Mn2+ concentration for human
IPPI

Human IPPI activity is enhanced by increasing
concentration of Mn2+ but decreased sharply at
higher Mn2+ concentrations over 100 μM.27 In the
structure of hIPPI1, a total of eight Mn2+ were found
binding with the protein. Besides the one required
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for catalysis, another ion is also bound inside the
catalytic pocket, coordinated to Glu148, Tyr136,
Aps150 and two water molecules with a distorted
bi-pyramid geometry (Figure 5(b)). This Mn2+

occupies the space for the substrate and prevents
the hydrogen transfer facilitated by Glu148. There-
fore, it may deprive the activity of human IPPI.
However, the binding affinity for the second Mn2+

may be lower than that for the catalytic Mn2+, which
is supported by its low occupancy of 0.2. Therefore it
could not interfere with the substrate binding at a
low concentration of Mn2+. On the other hand, this
inhibition is not observed for E. coli IPPI,27 in which
Cys118 corresponds to Asp150 of human IPPI. The
shorter side-chain of cysteine may result in abolition
of the second Mn2+ binding ability.
†http://xray.bmc.uu.se/hicup/
‡http://davapc1.bioch.dundee.ac.uk/programs/

prodrg/
Materials and Methods

Gene cloning, expression and protein purification

The complete human IPP isomerase cDNA was cloned
from human brain cDNA library (Clontech) by PCR using
5′ CAGTCCATATGCCTGAAATAAACA 3′ and 5′
CACTGCGGCCGCTCACATTCTGTATATTTTCTC 3′ as
primers. The amplified DNAwas cloned into vector p28,
which was derived from pET28b (Novagen). The clone
was sequenced and a mutation was identified, resulting in
a mutant K157M. Based on the hIPPI structures, such
mutated residue is located on the surface of the enzyme
and far away from the active site. The mutant hIPPIK157M
was used in our crystallogrphy studies. Recombinant
human IPP isomerase was expressed in E.coli BL21 (DE3)
with six histidine residues at the N terminus. E.coli cells
were grown in LB media for normal recombinant protein
expression and in inorganic M9 media containing 40 mg/l
selenomethione (Se-Met), 2 mM MgSO4, 0.1 mM CaCl2
and 0.05 μM FeSO4 for selenomethionyl protein expres-
sion. Bacterial cells were grown in LB media with
kanamycin sulfate (50 μg/ml) at 20 °C, induced overnight
with 0.5 mM IPTG, and harvested by centrifugation. The
cell pellet was re-suspended in 20 mM Tris-HCl (pH 7.5),
200 mM NaCl, 1 mM PMSF followed by sonication on ice.
The lysate was clarified by centrifugation and the super-
natant was further purified with a Nickel Chelating
Sepharose™ Fast Flow (Amersham Biosciences) column
followed by gel filtration chromatography with Super-
dex™ 75 (Amersham Biosciences). Final concentration of
both native and Se-Met-substituted hIPPI protein was
15 mg/ml, determined by Bio-Rad Protein Assay. Protein
purity and molecular mass (∼26 kDa) were verified by
SDS-PAGE.

Crystallization and data collection

Initial crystallization conditions for recombinant human
IPP isomerase were screened using Crystal Screen kits I
and II from Hampton research by hanging-drop vapor
diffusion method at 4 °C. The high quality crystals of
native hIPPIwere grown under condition containing 0.4M
MnCl2, 0.1 M sodium cacodylate (pH 6.5) and 20% (w/v)
PEG8000 within seven days (hIPPI1). The Se-Met deriva-
tive crystals (hIPPI2) were grown under condition contai-
ning 0.2 M magnesium acetate, 0.1 M sodium cacodylate
(pH 6.5) and 20% PEG8000. Diffraction data of the two
different crystal forms were collected at a Rigaku R-AXIS
IV++ imaging-plate systemwith a Rigaku FRECu rotating-
anode generator in Institute of Biophysics, Chinese
Academy of Sciences, and processed with DENZO and
SCALEPACK.28

Structure determination and refinement

The crystal grown with 0.4 M MnCl2 was used for
phasing by the SAD method. SHELXD29 was used to find
three Mn2+. Heavy atom refinement and phase calculation
were performed by autoSHARP.30 Automatic model
building was performed by ARP/wARP31 and the final
model was refined to 1.6 Å resolution by Refmac5.32 TLS
refinement33 was performed in Refmac5 with 15 TLS
groups suggested by TLSMD.34 Iterative manual adjust-
ments of the model were finished in Coot.35 The structure
of Se-Met hIPPI was solved by molecular replacement
using Molrep36 and the model was refined to 2.0 Å
resolution by Refmac5. EAPP, metal ions and the active
site water molecule were identified at the latest stage of
refinement according to a series of omit-annealing electron
density maps and anomalous signal analysis. The original
coordinates of EAPP were obtained from the HIC-Up
database† and the EAPP molecule was manually fitted
into the omit Fo–Fc map. The topology and parameter file
of EAPP used for Refmac5 was made by PRODRG‡.37 The
stereochemical qualities of the final models were checked
by PROCHECK.38

Protein Data Bank accession code

The atomic coordinates have been deposited in the
RCSB Protein Data Bank, with the accession code 2DHO
for hIPPI1 and 2I6K for hIPPI2.
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