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most structurally diverse family of natural products

(2). The isoprenoid pathway is found in all organ-
isms, where the molecules perform numerous functions,
including roles as hormones (gibberellins, sterols),
structural components in cell membranes (cholesterol,
hopanoids), photosynthetic pigments (chlorophyll), vi-
sual pigments (retinal), insect pheromones (cis-
verbenol), defensive agents (phytoalexins), electron car-
riers (ubiquinone), and protein modifiers for membrane
targeting (farnesyl and geranylgeranyl diphosphate) (2—
4). Many isoprenoid compounds are currently employed
or under investigation as antibacterial, antifungal, and
anticancer drugs. The carbon skeletons of isoprenoid
molecules are constructed from two 5-carbon building
blocks, isopentenyl diphosphate (IPP) and its isomer
dimethylallyl diphosphate (DMAPP). Addition of IPP to
DMAPP and to a succession of allylic diphosphates of in-
creasing chain length produces geranyl diphosphate
(C10), farnesyl diphosphate (C;5), geranylgeranyl diphos-
phate (C,), and longer polyprenyl diphosphates (5, 6).
These compounds lie at branch points in the isoprenoid
pathway that lead to the huge variety of isoprenoid com-
pounds found in nature (2, 7).

Two orthogonal routes are known for the biosynthe-
sis of IPP and DMAPP. Acetyl CoA is the source of the
carbon atoms in isoprene units synthesized in the me-
valonate (MVA) pathway, whereas glyceraldehyde phos-
phate and pyruvate are used in the methylerythritol
phosphate (MEP) pathway. Animals, fungi, and Archaea
utilize the MVA pathway exclusively. Plants utilize both
pathways in distinct cellular compartments, the MVA
pathway in the cytoplasm and the MEP pathway in chlo-
roplasts. Eubacteria employ either the MVA or MEP path-
way, and in a few cases, both (8).

I soprenoid compounds constitute the largest and
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ABSTRACT Isoprenoid compounds are ubiquitous in nature, participating in im-
portant biological phenomena such as signal transduction, aerobic cellular respi-
ration, photosynthesis, insect communication, and many others. They are derived
from the 5-carbon isoprenoid substrates isopentenyl diphosphate (IPP) and its iso-
mer dimethylallyl diphosphate (DMAPP). In Archaea and Eukarya, these building
blocks are synthesized via the mevalonate pathway. However, the genes required
to convert mevalonate phosphate (MP) to IPP are missing in several species of
Archaea. An enzyme with isopentenyl phosphate kinase (IPK) activity was recently
discovered in Methanocaldococcus jannaschii (M}), suggesting a departure from
the classical sequence of converting MP to IPP. We have determined the high-
resolution crystal structures of isopentenyl phosphate kinases in complex with
both substrates and products from Thermoplasma acidophilum (THA), as well as
the IPK from Methanothermobacter thermautotrophicus (MTH), by means of single-
wavelength anomalous diffraction (SAD) and molecular replacement. A histidine
residue (His50) in THA IPK makes a hydrogen bond with the terminal phosphates
of IP and IPP, poising these molecules for phosphoryl transfer through an in-line
geometry. Moreover, a lysine residue (Lys14) makes hydrogen bonds with non-
bridging oxygen atoms at P, and P, and with the Pg-P, bridging oxygen atom in
ATP. These interactions suggest a transition-state-stabilizing role for this residue.
Lys14 is a part of a newly discovered “lysine triangle” catalytic motif in IPKs that
also includes Lys5 and Lys205. Moreover, His50, Lys5, Lys14, and Lys205 are con-
served in all IPKs and can therefore serve as fingerprints for identifying new
homologues.
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Figure 1. Alternate route in the MVA pathway. In Archaea,
the last two steps in the formation of IPP are reversed.
Phosphomevalonate is decarboxylated to form IP, which is
then phosphorylated to give IPP.

The MVA pathway and the enzymes that catalyze the
steps in the pathway are shown in Figure 1 (9). Four of
the corresponding enzymes-acetoacetyl CoA synthase,
HMG CoA synthase, HMG CoA reductase, and meval-
onate kinase have been identified in Archaea (10). Fur-
thermore, Archaea have a form of IPP isomerase, the
type 2 enzyme, that is genetically unrelated to the type
1 IPP isomerase found in eukaryotes (10). Homologues
for the enzymes that catalyze the last two steps in the
MVA pathway, phosphomevalonate kinase (PMK) and
diphosphomevalonate decarboxylase (PPMD), are gen-
erally missing in Archaea. There is evidence for homo-
logues of PMK and PPMD in species of Sulfolobus, while
homologues for PPMD, but not PMK, have been re-
ported in Halobacteriales and Thermoplasmatales (10).
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However, these PPMD homologues do not align with
Sulfolobus PPMD but rather cluster with bacterial
PPMDs. Smit and Mushiegan have proposed candidate
PMK and PPMD genes in Archaea (11), although these
assignments have not been tested experimentally.

Recently, Grochowski et al. reported that the trans-
lated protein from MJ0044 in Methanocaldococcus jan-
naschii (M)) catalyzes the ATP-dependent phosphoryla-
tion of isopentenyl phosphate (IP) rather than
mevalonate or mevalonate phosphate, and the protein
was assigned as an IP kinase (IPK) (12). This M. jann-
aschii protein and homologous proteins from Thermo-
plasma acidophilum (THA) and Methanothermobacter
thermautotrophicus (MTH) have high catalytic efficien-
cies for phosphorylation of IP (kes/Km =~ 105 M~1 s77)
(13) that are consistent with those of established en-
zymes in the isoprenoid pathway. Moreover, MJ0044
does not cluster with other MJ genes involved in the
MVA pathway, although homologues of MJ0044 are
found in the genomes of representatives from all of the
families in Archaea (13). Grochowski et al. suggested a
variation of the “classic” MVA pathway in Archaea where
mevalonate phosphate is decarboxylated to give IP,
which is then converted to IPP by IPK (12).

In this paper, we present crystal structures of IPKs
from THA and MTH. Structures were obtained for THA
IPK in ternary complexes with the substrates, IP and ATP,
and with the products, IPP and ADP. These structures re-
veal active site residues that participate in the phospho-
ryl transfer reaction.

RESULTS AND DISCUSSION

We have determined structures of IP kinases from
two archaeal species, THA and MTH, with crystals ob-
tained under a variety of conditions. All crystals were
grown in the presence of IP and ATP. The THA IPK
structure was determined by single wavelength
anomalous diffraction (SAD) using crystals of
selenomethionine-substituted protein grown in 0.1 M
citrate buffer, pH 5.0. The asymmetric unit contained
two molecules of IPK, each of which contained IP and
ADP in the active site (IPK-IP-ADP). The apparent pres-
ence of an unphosphorylated IP molecule (substrate)
and ADP (product) did not illuminate the phosphoryl
transfer reaction and will not be included in the discus-
sion. This combination of ligands presumably re-
sulted from hydrolysis of ATP that occurred during
sample preparation and crystallization. This refined
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TABLE 1. Data collection and refinement statistics:

IPK-IP-ATP IPK-IPP-ADP IPK-GOL-ADP
Data collection
Space group 2 2 2
Cell dimensions a=124.31 a=187.10 a=119.67
b = 44.28, b= 4279 b =96.36
c=91.76, ¢ =134.90 c=7243
B = 109.45 B =113.19 B =120.59
Molecules/asu 2 4 2
Wavelength (&) 1.54 0.97887 1.54
Resolution range (&) (outer shell) 29.30-2.00 (2.07-2.00) 50.00-1.99 (2.06-1.99) 30-2.15 (2.18-2.15)
Unique reflections 31,495 65,827 38,177
Rsymb (%) 7.5 (47.5) 6.20 (23.4) 9.1 (45.4)
Completeness (%) 98.0 (95.2) 94.6 (80.9) 92.3 (66.2)
Refinement
Resolution range 29.30-2.00 38.29-1.99 30-2.15
Reacior” (Work/test) (%) 17.6/23.0 19.2/23.4 20.7/26.0
rmsd bonds (A) 0.018 0.019 0.022
rmsd angles (deg) 1.7 1.9 2.0
Ramachandran plot?
Most favored (%) 98.70 97.81 94.02
Allowed (%) 1.30 2.19 5.92
Disallowed (%) 0.00 0.00 0.06

aStatistics for highest resolution shell are in parentheses. °Rym = 2|/ — ())|/21, where / is the observed intensity, and (/) is the average in-
tensity of multiple observations of symmetry-related reflections. “Rezctor = 2|[Fobs| — |Featcl|/ZhkilFobsl, Where Fops and Fyc are the observed
and calculated structure factors, respectively. “Determined by Molprobity (31).

structure was used as a search model in subsequent
molecular replacement solutions of other IPK struc-
tures. THA IPK crystals grown in 0.1 M malonate/imida-
zole/borate (MIB) buffer, pH 7.0, also contained two
molecules of the enzyme in the asymmetric unit, but
each contained the substrates IP and ATP in the active
site (IPK-IP-ATP). In addition, THA IPK crystals grown

in propionate/cacodylate/bis-Tris (PCB) buffer, pH 6.0
contained four molecules in the asymmetric unit where
two molecules contained IP and ATP (IPK-IP-ATP) while
the other two contained the products, IPP and ADP
(IPK-IPP-ATP), formed during crystallization. The pres-
ence of substrate and product complexes in the asym-
metric unit is reasonable given an equilibrium con-
stant for the reaction, Keq = 6.3, for uncomplexed
substrates and products (13). Finally, a structure for
MTH IPK in complex with glycerol and ADP
(IPK-GOL-ADP) was determined. All of these structures
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were refined to Ry values of 23-26% against data
to 2.0-2.15 A resolution. All four structures have ex-
cellent geometry, with more than 95% of the residues
in favored Ramachandran regions. Crystallographic
statistics are given in Table 1.

All of the crystallized proteins of THA IPK included
N-terminal Phe(—1) and Thr(0) residues that were the
remnants of a TEV protease cleavage site. In some
cases, one or both of these residues were visible in the
electron density. Moreover, electron density for residues
Asp(—3) and Pro(—2), also parts of the TEV protease
cleavage site, were found in the asymmetric unit of the
crystal grown in PCB buffer. This asymmetric unit was in-
teresting because of the combination of substrates and
products in the molecules mentioned earlier, as well as
the significant movement of loops in two molecules.
Briefly, molecules A and B contained bound products,
while molecules C and D contained bound substrates
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Molecules A and C and molecules B and D formed
dimers in the asymmetric unit, where each dimmer con-
tained the enzyme-substrate complex in one subunit
and the enzyme-product complex in the other structure.
In molecules C and D, the n1-«A loop was in a confor-
mation different than those in molecules A and B, which
allowed these molecules to make crystal lattice con-
tacts through Tyr17 (Supplementary Figure 1, panel a).
This loop movement resulted in a significant shift in the
side chain position of Lys14, an invariant residue in
IPKs with direct involvement in catalysis that will be dis-
cussed later. Moreover, in molecule D, alternate confor-
mations were found for another catalytic residue, His50
(Supplementary Figure 1, panel b).

An active site water molecule found in enzymes struc-
turally related to IPK was found only in molecules A, C,
and D. The unique characteristics of these asymmetric
unit molecules allowed us to choose molecule A as the
best structure that represents the THA IPK product com-
plex (IPK-IPP-ADP).

The two asymmetric unit molecules of IPK:IP-ATP
were almost identical, and both contained IP and ATP
in the active site. The same is true for the MTH structure,
except that the asymmetric unit molecules contained
ADP and either glycerol or water molecules in the IP
binding site. This glycerol molecule presumably dis-
placed a bound IP molecule when the crystal was be-
ing prepared for cryogenic data collection.

Fold and Quaternary Structure of IPK. IPK belongs to
the amino acid kinase (AAK) family of enzymes that also
includes N-acetyl-t-glutamate kinase (NAGK) (14), the
aspartokinase (AK) N-terminal domain (15), glutamate-
5-kinase (G5K) (16), carbamate kinase (CK) (17), uridine
monophosphate kinase (UMPK) (18), and fosfomycin ki-
nase (FomA) (19). This family is characterized by the
open aPa sandwich fold first observed in E. faecalis CK
(17) and catalyzes the transfer of a phosphoryl group
from a nucleotide to a small molecule acceptor. Depend-
ing on the functional group that is phosphorylated, this
family can be divided into two subdivisions. Enzymes in
the “carboxylate” subdivision catalyze the transfer of a
phosphoryl group to a carboxylate or carbamate group
(NAGK, CK, G5K and AK), while those in the “phosphate”
subdivision transfer a phosphoryl group to a phos-
phate or phosphonate (UMPK, FomA, IPK). THA IPK is
structurally most similar to FomA, where the backbone
rmsd is 2.6 A over 224 residues. Overlap of FomA and
NAGK with THA IPK also aligns their respective sub-
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strates and most of their active site residues, suggest-
ing similar catalytic mechanisms. As expected, MTH IPK
shares high structural homology with THA IPK with rmsd
of 1.9 A over 223 Ca atoms, although sequence iden-
tity is only 32%. These structural comparisons confirm
the correct assignment of THA and MTH IPKs to the AAK
family of enzymes.

The THA IPK structure contains an N-terminal domain
(residues 1-155) that binds IP and a C-terminal domain
(residues 156 —245) that binds ATP. Each molecule of
THA IPK consists of 16 B-strands, eight a-helices, and
two 34, helices interconnected by loops and turns
(Figure 2, panel a). The open aBa sandwich fold formed
by these secondary structures is highly similar to that
of NAGK (74): the same structural elements form the
central B-sheet core (85, B8, B2, B1, B11, B15, B16,
B14) and the two flanking layers of a-helices («C, oA,
aH on one side and aD,aE, aG, oF on the other). Three
B-hairpin turns reside in the N-terminal domain, two of
which form the surrounding walls of the aliphatic tail of
IP (33-B4, B9-B10) and another forming one side of the
IP binding pocket (36-B7). The B3-B4 hairpin tumn of
THA IPK is shorter than that of NAGK but is in the same
closed conformation that allows it to cap the IP binding
site and shield its hydrophobic surroundings from sol-
vent molecules (14). The remaining 312-813 hairpin
turn resides in the C-terminal domain and hovers above
the purine ring of ATP. This B-hairpin is found within
the segment that connects the core B-sheet strands 311
and 14 and is longer than the corresponding segment
in NAGK. The longest helix in THA IPK, aC, aligns well
with «C in NAGK but is one turn longer.

The segment between B14 and oG (residues 189 -
201) in the THA IPK structure is disordered in all mol-
ecules in the asymmetric unit, as evidenced by an unin-
terpretable electron density. This segment contains the
helix, «F, and the aF-aG junction loop that form one side
of the ATP binding site. The corresponding segment in
MTH IPK is missing (204-218), as is also seen in one
molecule of G5K (2J5T) (16), suggesting that the flexibil-
ity of these secondary structures might be important for
the binding and release of ATP.

The THA and MTH IPKs are dimeric in the crystal, con-
sistent with the observed oligomerization state during
gel filtration chromatography (Figure 3, panels a and b).
The dyadic axis is perpendicular to the core B-sheet
that runs across the dimer (16 B-sheets, 8 per sub-
unit). As in all enzymes of this family that catalyze phos-
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Figure 2. Tertiary structure of THA IPK. a) Ribbon diagram of the THA IPK monomer with the
helices and strands labeled. The region that connects 314 and G is disordered in the
crystal and not modeled in the structure. b) THA IPK primary sequence and secondary struc-
tures in the same color scheme as in panel a. The residues are numbered below the pri-
mary sequence. The segment between B14 and oG (which contains «F) is not modeled.

phoryl transfer, each active center is confined to a single
subunit. However, dimer formation may be structurally
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significant since
N-terminal domain loops
surrounding the active
site are anchored to the
other subunit of the
dimer (14).

Analysis of the dimer-
ization surface of THA
IPK using the EBI PISA
(20) server resulted in a
complexation signifi-
cance score of 0.797,
corresponding to a tight
dimer that buries a total
of 3275 A2 of solvent ac-
cessible area between
the two monomers. The
compactness arises from
a total of nine hydrogen
bonding interactions be-
tween residues in the
long interfacial aC heli-
ces of both subunits and
between the aD helix of
one subunit and the B4,
B6, and B9 strands and
the m2 helix of the other.
Eight electrostatic inter-
actions between the aC
helices of the two sub-
units and between the
6 strand of one subunit
and the B7 strand of the
other further stabilize the
dimer. Finally, hydropho-
bic interactions medi-
ated by residues in the
aC, aD, and m2 helices
and the B4, B5, 36, B9,
and B10 strands further
bind the two molecules.

Although essentially
the same secondary
structures are used by
the AAK enzymes in
dimerization, different

quaternary architectures are generated by changing the
angle between the long interfacial helices aC of the
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Figure 3. Homodimers of THA and MTH IPKs. a) THA IPK ho-
modimer, with secondary structures involved in the dimer
interface labeled. b) MTH IPK homodimer. The dyadic axis
is perpendicular to the core 3-sheet that runs across the
dimer and projects toward the viewer.

dimer subunits (16). In the case of THA IPK, the cross-
over point of these helices is found on the fifth turn from
the N-terminus, and the rotation angle around an axis
that penetrates the intersubunit interface perpendicu-
larly at this point is ~220°. In MTH IPK, the crossover
point shifts to the sixth turn from the N-terminus while
the rotation angle remains at ~220°. In NAGK and CK
the crossover points in «C occur in the third turn and
shifts to the fifth turn in G5K, while the rotation angles
are 110° in both NAGK and CK and 260° in G5K (16).
The Active Site. The (IPK-IP-ATP) structures presented
here are the first to show the molecular details of bind-
ing an IP molecule by an enzyme (Figure 4, panel a).
Many characteristics of AAK enzymes have been de-
scribed previously in the discussion of the NAGK struc-
ture, and several of these traits are conserved in both
THA and MTH IPKs. Briefly, the IP (IPP) binding pocket
is located in the N-terminal domain formed by the B2-aB
loop, the aB helix, the B3-B4 hairpin, the N-terminus of
the aC helix, the B8-B9 loop, the B9-10 hairpin turn,
and the B10-«E loop. The aB helix contributes to bind-
ing IP (IPP) through the orientation of the positive end of
the helix dipole and the hydrogen bonding and electro-
static interactions made by the charged His50 residue.
In the FomA structure, the B helix is ordered in the pres-
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Pro59
Val130 (

\

Figure 4. IP and IPP binding sites. a) IP binding site show-
ing the amino acid residues that form the hydrophobic in-
terior of the pocket and limit the chain length specificity of
the enzyme. Hydrogen bonds between active site resi-
dues and the phosphate moiety of IP are shown as broken
yellow lines. A water molecule in the active site is mod-
eled as a red sphere, acting as a hydrogen bonding bridge
between IP and Asp144. b) IPP binding site.

ence of fosfomycin and disordered in its absence (19).
Comparison of AAK enzyme structures revealed that only
the enzymes in the “phosphate” subdivision (UMPK,
FomA and IPK) align their respective oB helices. More-
over, an aligning residue at the His50 position is found
exclusively in these enzymes.

The His50 residue in IPK-IP-ATP poises the bound IP
for nucleophilic attack on P, of ATP by hydrogen bond-
ing with a nonbridging oxygen atom in the terminal
phosphate of IP. In the IPK-IPP-ADP structure, this resi-
due moves slightly to make a hydrogen bond with a non-
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bridging oxygen atom in the IPP terminal phosphate
(Figure 4, panel b), facilitating the reverse reaction. In
fact, in comparing IPK-IP-ATP and IPK-IPP-ADP (rmsd
0.4 A), the slight change in the position of His50 to hy-
drogen bond with the terminal phosphate of the product
is one of the very few coordinate shifts that were ob-
served. In FomA, His58 positions fosfomycin for nucleo-
philic attack on the phosphate donor through hydro-
gen bonding with an intervening water molecule (19).
The corresponding residue in E. coli UMPK, Arg62, hy-
drogen bonds with the terminal phosphates of both
substrate and product and stabilizes P, of ATP through
electrostatic interactions (21). These observations to-
gether with the invariance of this histidine residue in pu-
tative IPK homologues (13) (Supplementary Table S2),
the apparent pK; of 6.5 for THA IPK (6.8 for MTH IPK)
from pH dependence studies (13) suggest that this
His50 may perform direct catalytic roles similar to those
proposed for Arg62 in UMPK, a signature trait of IPKs.

The specificity of IPK arises from hydrophobic resi-
dues that cradle the aliphatic portion of IP and a constel-
lation of conserved residues that hydrogen bond with
its phosphate moiety (Figure 4, panel a). The residues
Met77 and Val73 (aC N-terminus), Val130 and lle140
(B9-B10 hairpin), and Ala53 (aB C-terminus) and Tyr127
(B8-B9 loop) all form the hydrophobic pocket for the
apolar tail of IP. In addition, Leu58 and Pro59 of the
B3-B4 hairpin enhance the hydrophobic surroundings
by capping the IP binding pocket. Notably, the B3-B4
hairpin is found only in the structures of NAGK and IPK.
This motif is in the closed conformation in substrate-
bound NAGK structures (14) as in the IPK-IP-ATP and
IPK-IPP-ADP structures. The side chains of some, if not
all, of these hydrophobic residues may give rise to the
chain length specificity of IPK. Geranyl phosphate,
which is one isoprene unit longer than IP, is a poor sub-
strate for IPK, indicating that the IP binding site cannot
easily accommodate a Cy isoprenoid chain (13).

The phosphate moiety of IP is recognized in the ac-
tive site by structural motifs that are well-conserved in
the AAK family. In IPK:IP-ATP, the three nonbridging oxy-
gen atoms of IP make hydrogen bonding interactions
with the N, of His50, the N atom of Gly45 in the 32-aB
loop, and Asp144 through a bound water molecule
(Figure 4, panel a). This water molecule is found in the
holoenzyme structures of E. coli NAGK (pdb ID 1GS5),
P. furiosis UMPK (pdb ID 2BMU), E. coli UMPK (pdb ID
2BNE), and FomA (pdb ID 3D41). A water molecule in a
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similar position is present in IPK-IPP-ADP (Figure 4,
panel b). The 32-aB loop, which contains Gly45, is one
of the conserved glycine-rich loops in the AAK family and
is thought to stabilize the transition state intermediate
and the phosphorylated product of these enzymes (19,
22). In IPK-IPP-ADP, Gly45 of this loop makes a hydrogen
bond with the P,-P; bridging oxygen atom of IPP. The
other glycine-rich loop, B1-n1, contains Gly8 that stabi-
lizes IPP by making a hydrogen bond with a nonbridging
oxygen atom of its terminal phosphate.

The B10-aE loop completes the structural elements
involved in binding the polar end of IP. This loop con-
tains Ser142, which is conserved in the “phosphate”
subdivision (Thr120 in P. furiosis UMPK, Ser149 in
FomA) (18, 19) and makes a hydrogen bond with the ter-
minal phosphate of the substrates. In IPK-IP-ATP and
IPK-IPP-ADP, the orientation of the side chain hydroxyl
group of Ser142 does not allow a hydrogen bond with
substrates or products (Figure 4, panel a and b). How-
ever, an alternate rotamer could provide hydrogen bond
stabilization as the substrates moved to the transition
state. The positive end of the helix dipole of «E, initiated
by the B10-«E loop, may further stabilize the polar
head of the IP molecule as well as the negatively
charged transition state intermediate, as in other struc-
tures of AAK enzymes.

Thus, the specificity of IPK toward IP arises from a
combination of hydrophobic interactions with the hydro-
carbon tail and hydrogen bonding and electrostatic in-
teractions with the phosphate headgroup to match the
amphiphatic character of IP. This differentiates the IPK
active site from other enzymes in the family whose sub-
strates do not have this intrinsic amphiphathicity, such
as that of NAGK whose active site is laden with both po-
lar and charged residues that interact with the acetyl
and carboxyl groups of NAG.

The location of the ATP binding site in both THA and
MTH IPKs superimpose well with those of NAGK and
other AAK enzymes. Conserved amino acid residues in
these enzymes that have previously been identified to
form hydrogen bonding, electrostatic, and hydrophobic
interactions with the purine ring, sugar, and polyphos-
phate moieties of ATP are also found in IPK. For instance,
the NAGK residues Met214 (purine stacking), Asp181
(ribose 3’-OH binding), Asp162 (polyphosphate posi-
tioning), and Lys8 (phosphate hydrogen bonding) (14)
are also conserved in THA IPK as 11202, Asp164,
Aspl44, and Lys5, respectively. In MTH IPK, the corre-
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(IPK-IP-ATP) and (IPK-IPP-ADP)
provide snapshots of the IPK en-
zyme before and after catalysis,
oo g3’ and suggest an important role for

nspizt LYS14 in stabilizing the transition
$S‘"“ state (Figure 6, panels a and b).
This residue is also conserved in
g A FomA and homologues of IPK (13)

)ii’,!?ﬁe (Supplementary Table S2). An as-

sociative mechanism of phospho-
ryl transfer was proposed for NAGK
(14). The similarity of the overall
fold and the superposition of the

tity is 14%. The bound molecules of THA IPK (IP and ATP) and NAGK (NAG and substrate and nucleotide binding
AMPPNP) align well in the active site. Overlapping active site residues between sites of THA and MTH IPKs with
THA IPK and NAGK are also labeled. Some residues in the IP and NAG binding those of NAGK suggests a similar

sites are also modeled, showing residues that give rise to the specificity of these

two enzymes.

sponding residues are Met220, Asp178, Asp158, and
Lys5. Other ATP-binding residues in THA IPK that super-
impose with similar ATP-binding residues in NAGK are
shown in Figure 5.

The B1-m1 glycine-rich loop that contains Gly8 en-
gages the P and P, of ATP in IPK-IP-ATP through hydro-
gen bonding. These interactions by the conserved Gly8
with the phosphate groups of ATP (@nd with the terminal
phosphate of IPP) are seen for the corresponding resi-
due in other enzymes and reflect a role in phosphoryl
transfer (21, 22). The residues Asp172 and Lys174 form
hydrogen bonds with the 2'- and 3'-OH groups of ATP.
Finally, a hydrogen bond with side chain carboxylate of
Asp164 completes an intricate network of interactions
that secure this end of ATP, thus positioning the
polyphosphate end for nucleophilic attack by IP.

As stated earlier, oF and the loop that connects it to
oG were not modeled in our IPK structures. These sec-
ondary structures contain Phe191, analogous to Trp202
in FomA, which stacks on the adenine ring, and the con-
served DVTGG sequence that make important binding
interactions with the nucleotide seen in other AAK en-
zymes. We suspect that these interactions are more or
less conserved in IPK, although a more complete IPK
structure would be necessary to unequivocally estab-
lish the nature of these interactions. The flexibility and
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mechanism for IPK (Figure 7). In
IPK-IP-ATP, a nucleophilic oxygen
atom in the phosphate group in IP is 2.9 A from the elec-
trophilic P, phosphate atom in ATP and is poised for at-
tack. The products in IPK:IPP-ADP are likewise poised for
the reverse reaction, where the nucleophilic oxygen
atom in Pg of ADP is 2.3 A from the electrophilic Pg phos-
phate atom of IPP.

As in NAGK, the conserved glycine-rich loops B1-m1
and B2-aB of THA IPK, the positive helix dipoles of aB
and «k, the positive charges of Lys5 and Lys205, and
Asp144, which positions Lys5 and Lys205 toward the
polyphosphates, create an environment for stabilizing
the negatively charged transition state (Figure 6, pan-
els a—¢c). A divalent metal ion, Mg?*, further contributes
to stabilization by the same mechanism in addition to
its effect on the orientation of the ATP polyphosphate
(14). In IPK-IP-ATP and IPK-IPP-ADP, a Mg?* ion could not
be assigned to the electron density that superimposes
onto the Mg?* atom in the structure of NAGK. Instead, a
water molecule is assigned to this density since the dis-
tance of the sphere’s centroid to the relevant polyphos-
phate oxygen atoms is more consistent with hydrogen
bonding than with metal coordination. Nevertheless,
product turnover assays using radioactive [*2P]ATP (13)
and Mg?* confirmed the divalent metal ion dependence
of IPK, a well-established characteristic of kinases
(Supplementary Figure 3, panel a) (23). IPK was also ac-
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tive in the presence of Mn2*, Zn?*, Ni?*, Cd?*, and
Co?* (Supplementary Figure 3, panel b).

In IPK-IP-ATP, Lys14 is located within hydrogen bond-
ing distance of the nonbridging oxygen atoms of P,
(3.0A4) and P, (2.8 A) and the Pg-P, bridging oxygen
atom (3.1 A) in ATP. In IPK-IPP-ADP, Lys14 makes a hy-
drogen bond with a nonbridging oxygen atom of Pg (2.7
&) in IPP and the nonbridging oxygen atoms of P, (2.7
A and Ps 3.0 R) of ADP. Interestingly, a corresponding
residue, Lys18, is found in the
(FomA-fosfomycin-AMPPNP) complex (19). However, in
this structure, Lys18 only forms a hydrogen bond with a
P, oxygen atom in AMPPNP, which in tum is not prop-
erly oriented for nucleophilic attack by fosfomycin. The
relative positions of IP and ATP in THA IPK are consistent
with phosphoryl transfer. Thus, in THA IPK, Lys5, Lys14,
and Lys205 form a “lysine triangle” surrounding the
phosphate residues in the substrates of IPKs.

Along with His50, Lys14 is a conserved feature of
the IPKs. These residues may have evolved to preferen-
tially stabilize transition states that contain more nega-
tive charge than those formed during phosphoryl trans-
fers involving carboxylated and carbamated substrates,
thus giving rise to IP kinases. The conservation of these
traits in FomA along with other key catalytic residues
seen in IPK is also consistent with the acquisition of an-
tibiotic resistance toward fosfomycin in Streptomyces
by a lateral gene transfer of an ancestral IPK gene from
Archaea.

Conclusion. The crystal structures of IPK from two spe-
cies of Archaea are highly similar despite their low
amino acid sequence identities, and key catalytic resi-
dues are conserved in both proteins. The catalytic ma-
chinery of Archaeal IPKs is related to that found in other
AAK enzymes except for the incorporation of two addi-
tional residues, His50 and Lys14, in the active site.
These residues appear to orient the phosphate resi-
dues in the bound substrates and are positioned to sta-
bilize the transition state for phosphoryl transfer. More-
over, a catalytic lysine triangle formed by Lys5, Lys14,
and Lys205 constitutes a new catalytic motif in IPKs. The

o

Figure 6. 2F,—F electron density maps of the active sites
of THA and MTH IPKs contoured at 1 rmsd. a) THA IPK ac-
tive site with bound substrates, IP and ATP. b) THA IPK ac-
tive site with bound products, IPP and ADP. The Gly8
residue is obscured by P, of ATP. ¢) MTH IPK active site
with bound glycerol and ADP, showing the putative cata-
lytic residues, Gly8 and Ser9. Putative catalytic residues
are labeled, and water molecules are shown as red spheres.
Ligand omit maps for IP and ATP, and IPP and ADP, can be
found in Supplementary Figure 2, panels a and b.

presence of these key IPK residues in bacterial FomA
suggests that fosfomycin resistance in Streptomyces
was acquired by a horizontal transfer of an Archaeal
gene for IPK genes. Finally, homologues of IPK are found
in the genomes of representatives from all of the fami-
lies of Archaea. Although the existence of a PMD is yet
to be established, it is likely that isoprenoid compounds
are synthesized by the alternate MVA pathway in these
organisms.

METHODS

Crystallization. All crystals of THA IPK were grown by the sit-
ting drop vapor diffusion method at 21 °C using a protein mix-
ture comprising 0.30 mM protein, 1.5 mM MgCl,, 1.5 mM IP, and
1.5 mM ATP that was prepared and incubated for at least 2 h be-
fore crystallization. In all cases the crystals grew to maximum di-
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mensions in about 1 week in drops comprising a 1:1 mixture
of protein and reservoir solutions.
Selenomethionine-substituted THA IPK crystals complexed
with IP and ADP were grown using a solution of 0.1 M sodium
citrate, pH 5.0, and 15% PEG 6000. Crystals grew to maximum
dimensions in about 1 week. The IPK:IP-ATP crystal was grown
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Figure 7. Proposed catalytic mechanism for IPK. Catalytic resi-
dues and selected hydrogen bonds are shown. The “missing”
Mg?* ion is positioned on the basis of overlap with the structure
of FomA.
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using native protein and a reservoir solution of 0.1 M MIB buffer
(2:3:3 molar ratio of sodium malonate, imidazole, and boric
acid), pH 7.0, and 25% PEG 1500. The IPK-IPP-ADP crystal was
obtained using selenomethionine-substituted protein and a res-
ervoir solution of 0.1 M PCB buffer (2:1:2 molar ratio of sodium
propionate, sodium cacodylate, and bis-Tris propane), pH 6.0,
containing 25% PEG 1500. In this case the substrate included
with the crystallized protein was converted and preferentially
bound as product under the crystallization conditions.

Crystals of MTH IPK grew by mixing 2 L of protein (5 mg
mL~! MTH IPK, 5 mM MgCl,, 1 mM ATP) with a precipitant solu-
tion containing 12% PEG 6000 and 2 M NaCl. The active site was
found to contain glycerol and ADP.

Crystal Structure Determination. Prior to data collection, all
crystals were cryo-protected by immersion for 30 s in a modi-
fied reservoir solution that contained 30% glycerol and cooled
by plunging into liquid nitrogen. Diffraction data were collected
at 100 K on a rotating anode source or at beamline 11-1 of the
SSRL synchrotron and processed using HKL2000 (24). The THA
IPK structure in complex with IP and ADP was determined by
single-wavelength anomalous diffraction (SAD) using PHENIX
(25). A total of 45 selenium sites were located and used to cal-
culate initial phases to 1.90 A, and the phase estimates were im-
proved by density modification to generate a readily interpret-
able electron density map. Model building was done using COOT
(26). Refinement used REFMACS5 (27) with the final refinement
cycles performed using PHENIX (25). This refined model was
used to determine all of the other structures by molecular re-
placement using PHASER (28) in the CCP4 suite (29).

The DaliLite server (30) was used to superimpose the Ca at-
oms of two protein structures and measure the rmsd. Molpro-
bity (31) was used for structure validation. PyMol (32) and the
command “Ray” was used to create images of the protein
structures.

Accession Codes: The coordinates of the THA IPK-IP-ATP, THA
IPK:IPP-ADP and MTH IPK-GOL-ADP complex structures have been
deposited in the Protein Data Bank and are listed as 3LKK, 3LL5,
and 3LLY9, respectively.
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