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ABSTRACT. myalnositol-1-phosphate synthase (mIPS) catalyzes the first step in the synthesisyof
inositol-1-phosphate. We have solved and refined the structure of the mIPS from the hyperthermophilic
sulfate reduceArchaeoglobus fulgiduat 1.9 A resolution. The enzyme crystallized from poly(ethylene
glycol) in theP1 space group with one tetramer in the asymmetric unit and provided a view of the entire
biologically active oligomer. Despite significant changes in sequence length and amino acid composition,
the general architecture of the archaeal enzyme is similar to that of the eukaryotic mIPSatoharomyces
cerevisiae and bacterial mIPS fronMycobacterium tuberculosisThe enhanced thermostability of the
archaeal enzyme as compared to that from yeast is consistent with deletion of a number of surface loops
that results in a significantly smaller protein. In the structure ofAh&ulgidusmIPS, the active sites of

all four subunits were fully ordered and contained NABnd inorganic phosphate. The structure also
contained a single metal ion (identified as)dn two of the four subunits. The analysis of the electrostatic
potential maps of the protein suggested the presence of a second metal-ion-binding site in close proximity
to the first metal ion and NAD. The modeling of the substrate and known inhibitors suggests a critical
role for the second metal ion in catalysis and provides insights into the common elements of the catalytic
cycle in enzymes from different life kingdoms.

Inositol plays an important physiological role in a very presence of the metal ion8)( The sequence similarity would
wide range of organisms. In eukaryotes, inositol as a suggest a common catalytic mechanism with the well-studied
component of phosphoinositides constitutes a critical elementyeast mIPS. However, the demonstrated dependence of the
in signal transduction pathwayd,(2). In bacteria and  archaeal enzyme on metal ions suggests that the catalytic
archaea, molecules containing this moiety are involved in mechanism of archaeal mIPS is significantly different from
the response to external stre§s 4). The only knownde that of the eukaryotic homologues.
novo biosynthetic pathway of inositol synthesis involves the  Biochemical studies have suggested the general outline
conversion ofp-glucose 6-phosphate (G-6*Pjp L-myo of the catalytic reactions| 7, 8). mIPS initiates the reaction
inositol-1-phosphate (I-1-P), followed by hydrolysis of I-1-P by binding the acyclic tautomer of the G-6-P. This linearized
to myoinositol by inositol monophosphatase. Production of glucose is oxidized to 5-keto-G-6-P with concomitant reduc-
I-1-P by myainositol-1-phosphate synthase (mIPS) is both tion of NAD™. Both the 5-keto-G-6-P and the NADH are
the rate limiting and committed step in inositol biosynthesis tightly bound by the enzyme. Subsequent enolization of the
(5). oxidized substrate and intramolecular aldol cyclization yield

mIPS has been cloned from many species including the second tightly bound intermediatayc2-inosose-1-
insects, plants, yeast, human, and the hyperthermophilicphosphate. Reduction of the inosose compound by the bound
archaeorArchaeoglobus fulgidudUnlike the eukaryoticand ~ NADH produces I-1-P and regenerates NADThe yeast
bacterial mIPS, the enzyme frof fulgidusis exceptionally ~ enzyme is activated by ammonium ions that are thought to
thermostable and its activity is absolutely dependent on the help stabilize the transition state for cyclizatid). (The fact
that theA. fulgidusmlIPS is not activated by NH but by
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NAD* and dgtolP, an inhibitor that mimics the linearized collected at Rice University using a Rigaku H3R rotating
G-6-P, has provided the most detailed view of the mIPS anode generator with an R-AXIS W+ imaging plate
active site. An initial report described two structures of the detector. The data were indexed and reduced using Crystal
yeast enzyme. One with only partial occupancy of NAD Clear software (MSC-Rigaku) in thel space group with
had 60 residues disordered (35409) that became ordered unit cell dimensions 62.77, 83.94, and 91.79 A and 65.79
in the second structure with the inhibitor bound. This 72.43, and 74.98 The best crystals diffracted to ap-
disordered structure was used to argue for “induced fit” by proximately 1.9 A resolution and gave a data set ap-
the substrates where it was thought the enzyme refolded toproximately 74% complete WitRmerge = 0.045.
encapsulate the substrate0). The M. tuberculosismIPS Structural Solution and Refinemeldie initially attempted
clearly showed density for the NADin the absence of a  to solve the phase problem by using MIR and MAD methods.
substrate analogué ). It also contained bound metal ions A single Fé* derivative was highly nonisomorphous (dif-
that were putatively identified as Zn A subsequent, more  ferent cell dimensions and high inters&e,qd, and crystals
thorough examination of the yeast mIPS structures with from the protein labeled with selenomethionine diffracted
reduced and oxidized forms of NADdentified a metal ion very weakly and appeared to have a different space group.
that appeared to help anchor the NAR12, 13) in an Fortuitously, at the time, we initiated the heavy-atom work;
analogous position to that in thHd. tuberculosisenzyme.  the structure of yeast and thish tuberculosisnIPS enzymes
However, neither the yeast nor the bacterial mIPS enzymeswere published 40, 11). Thus, we were able to solve the
are inhibited by ethylenediaminetetraacetic acid (EDTA), phasing problem by a combination of a single heavy atom
implying that if it is a divalent metal ion, then that ion is  with molecular replacementl). A truncated polyalanine
not critical for catalysis. model derived from the yeast structure was used as the probe
To resolve the mechanistic controversy concerning metal structure {7). The initial refinement was carried out by
ions and to investigate further the details of the mechanism simulated annealing methodology as implemented in CNS
for mIPS, we have solved the structure of mIPS from the (18). The model was then refined using Shelx-28)( The
thermophilic sulfate reducek. fulgidus A comparison of manual rebuilding sessions were carried out with XtalView
theA. fulgidusmIPS structure with those of the enzyme from (20) on a Linux workstation.
S. cereisiae (10) andM. tuberculosig11) provides unique Sequence and Structural AlignmerAgong with previous
insights into the catalytic mechanism and allows us to sequence alignments of mIPS from different specied(),
formulate unifying principles for catalysis by this class of we have carried out the structural alignment of known
enzymes. The structure obtained forfulgidusmIPS also  structures in Sequoi2{). Sequoia uses an iterative proce-
helps to define a role for metal ions in the catalytic dure to expand the initial alignment by fulfiling the
mechanism of this particular mIPS. Significant structural prespecified geometrical conditions for the extension to
changes as compared to the yeast mIPS also highlightproduce a sequence alignment as well as structural super-
features responsible for the thermostability of the archaeal position.
enzyme. Modeling and Electrostatic Field Calculatioithe initial
energy optimization was carried out in CNS. The final stages
MATERIALS AND METHODS of the modeling were carried out in Quanta (Accelrys, Inc).
Materials.NAD*, G-6-P, andnyoinositol were purchased 1 he electrostatic field calculations were done in GRASP.
from Sigma. All other chemicals used were of reagent grade. Visualization of the structures and the electrostatic field was
Expression and Purification of mIP&ecombinant plas- used to locate the most probable binding site for a second
mid pBC/IPS1 containing thé\. fulgidus sequence was ~Metalion. _ .
transformed into BL21(DE3)pLysS cells and overexpressed 1hermostability of A. fulgidus and E. coli mIPEhermo-
and purified as described previousl§)( Pure mIPS was sfcablhty of A. fulgl_dusmIPS was mvestlgated by short-time
dialyzed against 50 mM Tris at pH 7.5, with 1 mM EDTA, Single-concentration assays. The half-life of the enzyme for
and then concentrated to 20 mg/mL. Protein concentration the 10Ss of activity was estimated at 98 in 50 mM Tris-
was measured bfoso [USINg esg0 (0.1% wiv) = 1.149] as HCl at pH 8.0. Subsequently, the influence of 1 mM cofactor
well as by the Lowry assaylf). Enzyme activity was NAD™ and 5 mM G-6-P on the thermal stability of the
checked by thé'P NMR assay as described previoudy.(  €nzyme was investigated. Similar studies were carried out
Expression of the recombinant yeast mIPS was similar to O recombinant yeast miPS (L. Chen and M. F. Roberts,
that of the archaeal enzyme; protein was purified-86% unpublished results) at 5%.
with two chromatographic steps (Q-sepharose Fast Flow
followed by phenyl sepharose columns). RESULTS AND DISCUSSION

Crystallization.Purified, pooled, and concentrated enzyme  Structure Solutiomersus Quality of the DatéSeveral data
was crystallized from two separate stock concentrations: 8.0sets were collected, and the one with the highest resolution
and 16 mg/mL. Crystals, obtained directly from the HR110 and lowesRyergevalues was selected for the refinement (see
Hampton Screening kit, grew from HEPES at pH 7.5, 2% Table 1 for statistics of the data collection and structure
(v/v) poly(ethylene glycol) (PEG) 400, 2.0 M ammonium refinement). The data set of 92 869 reflections selected for
sulfate, and 30% (w/v) PEG 1500 in a 1:1 combinatid®( the refinement was 74% complete to 1.9 A resolution. The
The mIPS crystals appeared after 2 weeks and grew slowlycompleteness in the lower resolution shell was also limited
to full size (0.5x 0.4 x 0.4 mm) in approximately 3 weeks. with the highest completeness of 87% at around 3.0 A.

X-ray Data Collection.Crystals were mounted in glass Because the different data sets had significantly different cell
capillaries directly from the crystallization wells. Data were dimensions, merging of data sets to improve completeness



Crystal Structure of Archaeahyclnositol-1-phosphate Synthase

Table 1: Data Collection and Refinement StatisticsAoffulgidus
mIPS

resolution (A) 1.90
number of total reflections 92 869
completeness (%) 74 (87)
Reyn? 0.045
space group P1

a=62.77,b=183.94, c=91.79
o =65.798 = 72.43,y = 74.98

cell dimensions (A)

R/Rree™d 0.216(0.213)/0.266(0.269)
averageB factor (A?) 35.77

number of water molecules 1019

rmsd of bond lengths (A) 0.005

rmsd of bond angles (deg) 27.517

rmsd dihedrals 1.168

rmsd impropers 1.621

number of residues 1568

aThe highest completeness is reported at 3.0 By,m = (3||I| —
[/ |1, where | is the observed intensity aflllis the average
intensity obtained from multiple observations of symmetry-related
reflections.R = (3 ||Fobd — |Fcall)/(X|Fobd)- @ Rree = (||Fobd —
|Feal)/(3 |Fobd), where reflections belong to a test set of 10% randomly
selected dataRyee is reported in parentheses.

resulted in unacceptable increasesRifge The structure
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ion (putative K') that is directly ligated by the NAD
molecules in analogy to the mIPS from other species. We
have labeled this “structural” metal ion 1. A postulated
“catalytic” metal ion 2 was not detected in the electron-
density maps.

The model backbone as well as side-chain geometries fall
fully within the acceptable range for structures at this
resolution 22). The Ramachandran pla23) indicated that
83.4% of the residues were in the most favored region, 14.8%
in the allowed region, and 1.6% in the generously allowed
region, with only 0.6% in the disallowed positions. Despite
low completeness (74%), the quality of the electron-density
maps for the bulk of the protein was fully acceptable,
resulting in high map model correlation coefficients, while
for residues exposed to the solvent, especially in the
dinucleotide-binding domain, it was significantly weaker.
That fact limited our ability to reliably model more solvent
molecules and identify uniquely additional solvent elements.

Description of the Structure of A. fulgidus mIPS and
Comparison to Other mIPSs: Monom@&he archaeal mIPS
enzyme forms a homotetramer (Figure 2) that is similar to
the structures from other species. The monomers are

was solved by molecular replacement using a trial structure organized into two distinct domains. The first is the dinucleo-
of a polyalanine tetramer that was derived from a truncated tide-binding domain (residues-218 and 332 393) that can
model of the yeast enzyme. The solution was unique andbe loosely defined as having a Rossman fold. This domain
coincided in orientation with a general outline of the envelope is formed by a centrgs sheet surrounded hy helices and
obtained from a single derivative after implementation of a extended loops. A second, catalytic or tetramerization domain
solvent-flattening procedure. The solution obtained was (residues 219331) is mostly composed of an extensj¥e
optimized by rounds of rigid-body refinement and simulated sheet that is exposed at the tetramerization interface and
annealing as implemented in CNS. The lower completenessflanked with two helices at the solvent-oriented surface.

was responsible for difficulties in tracing the more mobile
fragments of the models.

Quality of the Final ModelThe resulting quality of the
structure is slightly impaired by the lack of complete data.

There are a total of nine helices and two extengiaheets.

For comparison, the yeast enzyme has the monomers
organized into three domains: (i) a dimerization domain with
mainly N- and C-termini interactions creating a dimer

Nevertheless, the quality of the structure can be describedinterface, (i) a NAD-binding domain having a Rossman

as good as judged by the factor, quality of the maps, as

fold, and (iii) an interfacial tetramerization domain. Thus,

well as the stereochemistry of the final model. Figure 1 shows the archaeal m_IPS exhibits significant reorganization of the
an example of the electron density at the active site of the monomer architecture when compared to the larger eukary-

monomer C. The finaR factor calculated on reflections
stronger than 4 (F) was 0.215, and that calculated on all
reflections was 0.218 with aRgee Of 0.27 (19).

The final model contains 1568 residues and 1016 water

molecules. The NAD cofactor and inorganic phosphate were

found at the four active sites and refined with full occupancy.

We have also found and refined in subunits Bl &ha metal

otic mIPS enzyme. The description of the secondary structure
and alignments with the yeast enzyme can be found in Table
2.

The NAD"-binding domain ofA. fulgidusmIPS encom-
passes an extensive five-strangksheet surrounded by six
o helices. The dinucleotide-binding domain contains the
N-terminal 6 residues that form the first strand of ftheheet

Thr231 | | {’:F231 )
: #" Lys367
Lys278 "-:—' Lys278
# 1 NAD+ Thr228 ,l! v ﬂAD+
e Lys306 ~ -m,‘ T ~ Vg
i Asp261 , ! Asp261
Asp332 's ’ Asp332 _a-..
i ;2/
o K+ 7‘\ e ~ ;; ¥ |<+
Asp304 _') \ 3 : Asp304 T |
-“\ Al lless -‘\’“"\‘ lle58
Glu 57

Glu 5?

Ficure 1. Active site of the subunit C of the refined modelAffulgidusmIPS. The NAD cofactor, a metal ion, and phosphate moiety
are covered with theR2, — F. electron-density map phased with the refined model contoured aivdelél.
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in the absence of the substrate. The folding of this fragment
was linked with the activation event and substrate encapsula-
tion (10). The substrate-induced folding was suggested in
the yeast mIPS to control the folding of two helices and
pB-sheet strand. In theéA. fulgidus mIPS structure, the
homologous stretch of residues 26316 is folded. However,

it should be remembered that (i) the archaeal mIPS is
optimally active at 90°C and at room temperature, where
data were collected, this protein is likely to be more rigid
than the yeast enzyme, and (ii) inorganic phosphate, a critical
portion of the substrate, is bound in this site.

There is an unusual distribution of charged residues in this
fragment. Helix 263-285 has a number of positively charged
residues directed toward a large cavity in the interior of the
protein. This cavity in the yeast enzyme has been identified
as the active sitelQ). This region ofA. fulgidusmIPS has
more charged residues (5 negatively and 7 positively
charged) than in the corresponding fragment of the yeast
enzyme (4 negatively and 4 positively charged). The ac-
cumulation of charged residues directed toward the interior
of the protein is most likely responsible for unfolding of this
fragment observed in the yeast enzyme. The excess of the
positive charge inA. fulgidusmIPS is neutralized by the
negatively charged phosphate group, which is present in the
archaeal protein; it is the inorganic phosphate that most likely
stabilizes the folded conformation observed in the crystal
structure. It is worth mentioning that the enzyme is denatured
tetramer. Note the extensive tetramer interface as well as amuch more rapidly (and at lower temperatures) in buffers
substantially reduced dimer interface. (B) View of the tetramer not containing inorganic phosphate (K. Neelon and M. F.
rotated by~45°. . .

Roberts, unpublished observations).

followed by the NAD -binding domain (residues-711). The Tetramer.The archaeal mIPS homotetramer is built of a
eight helices of this domain are formed by residues 2@, dimer of dimers (Figure 2). The dimer is formed by the
64—75, 80-92, 124-137, 159-163, 164-174, 182-193, hydrogen-bonded symmetric complementation oftlsheet
and 208-218. Residues 376392 form the C-terminal helix ~ of the tetramerization domain (residues 24881). Residues
9. 228-243 and 276-284 form two interfacial helices that are

In the initial structure of the yeast mIPS, a stretch of at the adjacent monomer interfaces and anchored to the
residues in the tetramerization domain was found unfolded tetramer interface.

Table 2: Comparative Mapping of Secondary Structure Elements (SSk)figidusmIPS (AfIPS) Compared t8. cereisiae mIPS (SclIPS)
by Structural and Sequence Alignment

ScIPS AfIPS SSE deletion/insertion/comrion
1-65 none S sheet deletion, central domain
66—95 1-27 stand/helix commadn
94—103 none strand deletion, NAD-binding donfain
104-114 28-38 strand/coil/ helix commadn
115-129 none strang/turn/strand deletion, NAD-binding domain
130-161 39-71 coilf/1o helix/strand
coil/helix common
none 72-75 helix insertion, NAD-binding domain
162—-206 76-120 coil/helix/coil common
207-213 none coll deletion, NAD-binding domain
214-231 121-138 helix common
232-235 none helix deletion
236—-382 139-287 strands(4)/coil(3)/helix(4) common
383-393 none coil deletion
394-460 288-354 strand(3)/coil(3)/helix(1) comm®én
460-476 none strang/turn deletion, tetramerization domain
477-518 371392 coil(2)/helix(2) common
518-533 none coiff/10 helix deletion, tetramerization domain

a|nsertions are defined as sequence segments in AfIPS that do not align with ScIPS. Deletions are defined as gaps in alignment in AfIPS relative
to ScIPSP This region is flanked by & turn in ScIPS that is not in the same conformation as in AfIPS, where the region is a coil (even though
the sequences align welpAn insertion in the Rossman fold of the ScIPS that is not present in AfIRSS. cereisiae, the coil is in a¥4 helix
conformation.® This region is helical in both structures.




Crystal Structure of Archaeahyclnositol-1-phosphate Synthase Biochemistry, Vol. 44, No. 1, 2002217

Table 3: Interactions of Inorganic Phosphate and NAfith the Table 4
Protein (Distances in Angstroms) Comparison of Volume, Surface Accessible Area (SAA),
subunit and Number of Interfacial Solvent Accessible Residues (SAR)
for S. cereisiaeandA. fulgidusmIPS Enzymes
interaction A B C D — -
S. cereisiae A. fulgidus
metaxgg?,((ﬁ)ODZ 278 288 volume (A3)2 188 942 157 950
Nic O,P 276 245 total SAA ({&Z)a 72 310 (0.507) 73222 (0.673)
Nic O, 591 301 hydrophobic SAA (&) 18 362 14 400
Wat, 286 273 polar SAA (A)c 21851 17 329
phosphate moiety : ' charged SAA (&) 32097 41 493
OlFL)ySSOG NZ 324 362 327 361 tetramer  dimer  tetramer  dimer
O.P Nz analysis by residués
Glu230 N 2.56 2.98 3.04 2.45 hydrophobic (SAR) 144 94 120 38
Gly229 N 2.62 2.68 2.77 2.67 polar (SAR) 128 80 116 16
Thr231 N 3.09 286 311 3.39 charged (SAR) 127 76 108 30
O3|F_)y’\31278 NZ 273 3.96 4.38 3.42 Comparison of the Buried Area and Number of Interfacial
Thr231 0G1 3.10 284 3.26 284 Solvent Inaccessible Residues
O.P OG1 for S. cereisiaeandA. fulgidusmIPS Enzymes
Lys367 Nz 3.61 2.68 2.52 3.12 S. cereisiae A. fu|g|dus
NAD moiety - -
adenine ring tetramer dimer tetramer dimer
N1A Tyrl85 OH 312 323 282 285 buried area at interfaces P&
NsA Gly7 N 336 338 330 361 5686 11301 10500 4960
NeA Throg O 2.69 250 264 268 number of residues buriéd
NeA Wats 3.47 3.27 hydrophobic 24 30 56 26
ribose sugar (adenine) polar 36 14 40 10
O,A Glu57 Ok 3.57 3.69 2.98 2.63 jonic 128 4 8 2
phc?:s)‘hggizcg\éﬂzi/n’\g)z 250 348 337 405 a Calculations were performed with GRASP=raction of the buried
O,A lle1l N 3.13 3.44 3.33 3.14 solvent accessible area to the total solvent accessible‘aCedculations
phosphate (nicotinamide) are based on PDB generated with surface_plot.inp in CNS, and
O,P Wat, 359 257 interfaces are reported as tetramer and averaged dimer interfaces.
O,P Val12 N 3.13 3.05 3.23 3.33 d Interfacial interactions identified by Dimplot and are reported as AB/
ribose sugar (nicotinamide) CD. ¢ Calculations for the buried surface area at interface are based on
0;Alal48 O 2.50 2.40 3.11 2.63 GRASP.! Calculations done for residue numbers and the buried surface
0, Thr150 OG1 2.90 2.90 3.03 2.33 area are based on output from CNS buried_surface.inp. Dimer interfaces
05 Thr150 OG1 3.31 3.08 3.03 2.54 are averaged AB and CD.
NAD ring
Cs Gly226 O 3.30 3.24 2.80 3.21 ) ) ..
N; Thr228 OG1 278 276 266 3.68 domain present irS. cereisiae mIPS has separated the
07 Olphosph 3.48 438 456  3.96 tightly bound monomers in the dimer, significantly weaken-

ing its interface. The tetramer interfaceAn fulgidusmIPS

The root-mean-square deviation (rmsd) between the fouris more extended with a larger contact area (Table 4). The
subunits ofA. fulgidus mIPS (0.49 A on all 392 @) reduced dimer interface is due mainly to deletions at the N-
suggests that the tetramer is almost perfectly symmetric@nd C-terminal regions of tha. fulgidusmIPS sequence
within the accuracy of the data. Nevertheless, there arerelative to yeast mIPS. An interesting feature of the tetramer
numerous features of the model that suggest that the subunitsnterface is a symmetrical network of hydrophobic interac-
are not identical. One such feature is the turn between strandgions that connects all four active sites (Figure 3 shows
three and four in th@ sheet of the tetramerization domain. hydrophobic contacts, defined by a cutoff of 4.0 A, across
Subunits A and D have a type-lI left-handed turn, while in the tetramer interface). Most likely, this coupling is respon-
subunits B and C, the same turn appears to be a type-I right-sible for direct communication between the dimers, as
handed turn. suggested by anticooperative binding of metal ions. The

This asymmetry of subunits is particularly visible at the analysis of quaternary interfaces, i.e., the dimerization and
dinucleotide-binding site (the residues interacting with the tetramerization interfaces, was further carried out with
NAD* and R ligands are listed in Table 3). Only two of Dimplot (24). In A. fulgldusmIPS, the_ tetramer bu_rles the
four subunits have “structural’ metal ion 1 bound at the Surface area of 10 500°AThis constitutes approximately
active site. Along with the absence of metal ions in subunits One-third of the total surface area (33 009 Af a monomer
A and D, there is a difference in the conformation of the and results in a significantly higher ratio of buried to total
NAD". There are also subtle differences in the NA@mide ~ surface area than in the yeast structure, where 11 700 A
nitrogen and phosphodiester oxygen when comparing NAD surface area at the dimer interface and 600G uxface area

in monomers A and D, as previously observed in the yeast at the tetramer interface are buried. In yeast, this constitutes
mIPS structure with NADH bound. only 22% of the total surface area of a monomer.

The interfaces between the monomers are significantly A detailed analysis of the interfaces reveals differences
altered inA. fulgidusmIPS compared to the yeast mIPS with in the types of residues directly involved in intersubunit
looser interactions at the dimer interface and stronger at thecontacts (Table 4). For both the A/B and C/D dimers, the
tetramer interface (Figure 2). The loss of the N-terminal yeast mIPS tetramer has 32 ionic and 22 hydrophobic
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contacts at the tetramer interface and 36 ionic and 44 A
hydrophobic contacts at the dimer interface. In contrast,
fulgidus mIPS has a total of 36 ionic and 16 hydrophobic
contacts at the dimer interface and 42 ionic and 132
hydrophobic contacts at the tetramer interface. The
tuberculosismIPS has 22 ionic and 12 hydrophobic contacts

at the dimer interface and 32 ionic and 64 hydrophobic
contacts at the tetramer interface. The archaeal mIPS has
dimer interface similar to that d¥l. tuberculosisnIPS. Both
proteins have shorter primary sequences than yeast mIP<
that results in diminished dimeric interactions as described =
above. Therefore, the most important interface in those two &
mIPS molecules is the tetramer interface.

Comparison of Aailable mIPS StructuresTo gain ad-
ditional insights into the conservation patterns between
sequences of the proteins representing different kingdoms,
we carried out primary sequence alignment for the mIPS
from two Pyrococcusspecies,Thermotoga maritimaAra-
bidopsis thalianahuman, andPichia pastoris as well asA.
fulgidus and S. cereisiae. The shorter bacterial species B C
clustered together with characteristics distinct from eukary-
otic sequences. The number and the conservation pattern fo
the charged residues was distinctly different for the archaeal
and eukaryotic sequences. Other motifs have been noted ani
described previously10Q).

A structural superimposition oA. fulgidusmIPS onS.
cerevisiae or M. tuberculosignIPS is shown in parts A and
B of Figure 4 along with the resulting sequence alignment
(Figure 5). Superimposing the core residues resulted in 329
structural equivalents with an rmsd of 1.69 A; superposition
with 382 total matches resulted in an rmsd of 2.32 A. There
were a number of major deletions compared to the yeast
structure (summarized in Table 2). One of the prominent
deletions was the loss of 160 residues of yeast sequence fron
both the N and C terminus that contribute to the dimer
interface. This deletion is responsible for the reduced dimer
. . ) 150 - 180 116-129
interface of theA. fulgidusmIPS. Another large deletion
occurred within the NAD-binding domain. InA. fulgidus FicUrRe 4: Superimposition oA. fulgidusmIPS monomer (in red)
mIPS, part of an insert to the dinucleotide-binding domain °" (A) S. cereisiae monomer (in blue) and (BM. tuberculosis
. . . monomer (in green). Note the major structural deletionAin
corresponding to yeast residues-AM3 was missing. The fulgidusmIPS compared to the yeast enzyme.
two major insertions inA. fulgidusmIPS compared td/.
tuberculosisare shown in Figure 4B and are detailed below.

A direct correspondence between the active-site residuesparentheses) was found: Thr228(Ser323), Gly229(Gly324),
in A. fulgidusmIPS and residues in the yeast structure (in Thr230(Thr326), Asp261(Asp356), Lys274(Lys369), Lys278-
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SC itsvkvvtdkctykdnelltkysyenavvtktasgrfdvtptvqdyvikldlkkpek 65
3 b Tt T te 15

AF MKVWLVGAYGIVSTTAMVGARAIERGI-========= A=--PKIGLVSEL======== 37
SC LGIMLIGLGGNNGSTLVASVLANKHNVefqtkegvkqP--NYFGSMTQCstlklgid 120
MT VRVAIVG-VGNCASSLVQGVEYYYnad-========= dtstVPGLMH=-========= 51

AF ====————- PHFEgieKYAPF~-SFEF~-GGHEIRLL~~~sNAYEAAKEHwelnrHFDRE 81
SC aegndvyaPFNS11-PMVSPnDFVV-SGWDINNA---~DLYEAMQORS~~~-~-qVLEYD 167
MT —-emmm————— vrfgpyhvR-DVKFvVAAFDVDAKkvgFDLSDAIFAsenntikiad- 95

AF ILEAVKSDLEGIVARKGTAL--nc-gSGIK-ELgdiktle----- geglSLAEMVSR 129
SC LQORLKAKMSLVKPLPSIYYpdfi-aANQD-ERanncinldekgnvttrGKWTHLQR 222
MT ----VAPT--NVIVQRGPTL--DGiGKYYAdtielsdae----===—cce—-e-u pvD 129

AF IEEDIKSFA----DDETVVINVASTEPLPNYSEEYHGSLEGFERMIDEDRKEYASAS 182
SC IRRDIQNFKeenaLDKVIVLWTANTERYVEVSPGVNDTMENLLOSIKNDH-EEIAPS 278
MT VVQALKEAK====vd==VLVSTLPVGS@=====———eece e e e —— e ———— EAD 154

AF MLYAYAALKLGLPYANFTPSPGSaIPALKELAEKKGVPHAGNDGKT--GETLVKTTL 237
SC TIFAAASILEGVPYINGSPONTF-VPGLVQLAEHEGTFIAGDDLKS--GQTKLKSVL 332
MT KFYAQCAIDAGVAFVNALPVFIAsDPVWAKKFTDARVPIVGDDIKSqVGATITHRVL 211

AF APMFAYRNMEVVGWMSYNILGDYDGKVLSARDNKESKVLSKAKVLEKMLG=======~ 287
SC AQFLVDAGIKPVSIASYNHLGNNDGYNLSAPKQFRSKEISKsSVIDDIIAsndily- 388
MT AKLFEDRGVQLDRTMQLNVGGNMDFLNMLE 262
AF ====- YSPYSITEI-QYFPSLVDNKTAFDFVHFKGFLGKLMKFYFIWDAIDAIVAAP 338
SC ndklgkKVDHCIVI-KYMKPVGDSKVAMDEYYSELMLGGHNRISIHNVCEDSLLATP 444
MT DVHIGPSDHVGWLDDRKWAYVRLEGRAFGDVPLNLEYKLEVWDSPNSAG 316
AF LILDIARFLLFAKKKG======-eeccccee-- vkGVVKEM-AFFFKSPM=----dtNV 374
SC LIIDLLVMTEFCTRVSykkvdpvkedagkfenfyPVLTFL-SYWLKAPLtrpgfhPV 500
MT VIIDAVRAAKIAKDIrg-—--———=—=—==———————- IGGPVIPASAYLMKSPP----EqlP 353
AF INTHEQFVVLKEWYSNlKk-===--eeeeeee-- 392

SC NGLNKQRTALENFLRLliglpsqgnelrfeerll 533

MT —-———- DDIARAQLEEfiig---—-—-————————- 367

KEY:

Identity

Homologous classified as: polar, charged or hydrophobic
Substitution in crucial active site residues
Conserved active site and phosphate binding site residues

Lower case indicates insertion or lack of sequence identity or homology.

Ficure 5: Structural sequence alignment done in Sequoia using the available three-dimensional struétufelgioius M. tuberculosis
andS. cereisiaemIPS enzymes. Identical residues are in red; homologous residues, in blue; and active-site residues, in green. The residues
not present in the crystal structures are highlighted in orange.

(Lys373), Lys306(Lys412), Asp332(Asp356), and Lys367- was also different from what was observed in the yeast
(Lys489). Most of those residues are conserved, while othersenzyme. For example, Asp259 M fulgidusmIPS corre-
are highly homologous. sponds to position 354 in the yeast enzyme where it is Asn.
Additionally, the comparison indicated several residues, Asp259 is located at the beginning of a short helix leading
such as Asp259 in thA. fulgidusmIPS sequence, that are to the crucial 267287 helix that was found unwound in
distinct for archaeal, bacterial, or eukaryotic mIPS enzymes. the absence of the substrate in yeast mIPS. The electrostatic
The number of positively and negatively charged residues field at the active site is also influenced by the presence of
found in the vicinity of the active site in the archaeal enzyme numerous negatively charged residues in the first domain.
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A series of glutamate residues (Glu24, Glu36, Glu41l, Glu44,
and Glu52) in the vicinity of the active-site cavity of the
archaeal mIPS do not have corresponding acidic residues in
other species.

Several mIPS have higher sequence homology both at the_l_hr231
N-terminal region and around residue 150. This region
constitutes a solvent-accessible loop that is conserved in yeasys27s
andA. fulgidusenzymes but not th#l. tuberculosismIPS
(see Figure 4). This highly charged and solvent-accessible
loop has a significant influence on the solubility in the mIPS
from Pyrococcus abyssi{25).

A number of aspartate and lysine residuedintubercu-
losismIPS had counterparts in the fulgidusmIPS. These
include Asp261(Asp220), Asp304(Asp241), Lys227(Lys186),
and Lys306(Lys243) where ti\. tuberculosisnIPS residue
is shown in parentheses. There were three interesting feature
in the archaeal mIPS that did not occur in the bacterial mIPS.
(i) A gap in theA. fulgidusmIPS occurred where the bacterial
mIPS has an insertion in the Rossman motif. (i) A large
inserted sequence in the archaeal mIPS (residues 12%)
corresponds to a loop in the yeast mIPS structure that isFIGURE 6: General view of theA. fulgidusmIPS active site of
conserved among several eukaryotic mIPS sequences. (iii)mgpaﬂri%?\rigsiggvvﬂr::%of d;gg{%%“ﬁ&ggﬁg?& tigﬂeﬁﬁgsr;eas
A sol_vent-acces_able region of the _dlr_lucleotlde_-bmdmg well as residues Asp332 and Asp304.
domain from residues 150 to 180 that is involved in crystal
contacts is only present in the archaeal enzyme. This region In the direct vicinity of the NAD, a large peak was found
of the dinucleotide-binding domain that is poorly conserved in the difference electron-density map that was subsequently
in other bacterial mIPS may aid in conformational changes modeled as a metal ion. Possible candidates for this metal
necessary during substrate binding. Particularly, residuesion included the activating metals ¥n Mg?", and Zi",
148-150 come into direct hydrogen-bonded contact with as well as monovalent cations such as WaK*. The final
NAD*. Additionally, residues 152154 and 201203 that step in the purification of this mIPS involved dialyzing the
are in direct van der Waals contact in neighboring strands protein against EDTA, a step that led to low enzyme activity
contain the sequence Pro-X-Pro that usually is associatedunless the assay mix was supplemented with"ZMn?",
with structural strain. As a result, residues 13%8 have or Mg®" (6). However, A. fulgidus has high ¢1 M)
higher than average temperature factors and appear to be&oncentrations of intracellularK(27), and binding of K
partially disordered. All those above-mentioned residues arecould be critical to the structure and function of mafy
also structural neighbors of the interfacial helix 2687 fulgidus enzymes. The identity of the crystallographically
that was found unwound in the yeast enzyme. observed metal ion was assigned by careful examination of

Phosphate and Metal-lon Binding in the AgiSite.The resulting B factors, map quality, and finally the expected
clustering of negative and positive residues gives rise to acoordination obtained from refinements with different metal
highly polarized and charged active siteAnfulgidusmIPS. ions. The coordination number (4 or 5) as well as the
The cluster of negatively charged amino acids is important distances to protein side chains and water ligands in the range
for the metal-ion binding and the cluster of the positive amino of ~2.4—3.0 A seemed to be consistent with potassium ions.
acids for coordination of the phosphate group of substrate The refinement confirmed the identity oftKions in both
G-6-P. In Figure 6, the NAD-binding pocket is depicted monomer B and C sites, with occupancy refining to 100%
with “structural metal ion 1". Details of residues that and comparable temperature factors with that of the sur-
coordinate NAD are in Table 3. NAD interacts directly rounding atoms. The cation in monomer B (and C) is
with several residues at the active site. Serl149 is in closecoordinated by the NAD phosphate, nicotinamide O7,
enough proximity to interact with the NADpyrophosphate ~ Asp304, and water 1602 in a distorted tetrahedron that would
oxygens, and Asp261 is only 2.63 A from nicotinamide be acceptable for K It cannot be excluded that monovalent
ribose hydroxyls. llell contributes a backbone interaction cations compete with divalent cations for coordination at this
stabilizing the adenine portion of the NADmoiety. The metal-ion/NAD"-binding site.
difference electron-density maps suggested that a tetrahedral Detailed refinement of models for yeast akid tubercu-
moiety was bound at the opposite site of the NABInding losis mIPS enzymes revealed metal ions in these crystal
pocket. The omit difference electron-density maps confirmed structures. In the yeast enzynf2(13), the distances from
the presence of an inorganic phosphate anion bound at thehe amide carbonyl of the nicotinamide ring as well as
N-terminal end of second interfacialhelix of the tetramer- ~ phosphate oxygens of NADto the metal ion were around
ization domain (243257), a typical motif for phosphate- 2.0 A, suggesting that the bound ion was a divalent metal
group binding 26). Stabilization by the dipole moment of ion such as M§" or Zr?". Furthermore, EDTA treatment
an o helix is the most common motif used for binding removed the metal ion from the enzyme. Reduction of NAD
phosphate groups, and, in fact, two helices of the dinucleotideto NADH in the yeast enzyme appeared to influence the
binding domain are directed toward the pyrophosphate groupaffinity of the protein for the metal ion. IM. tuberculosis
of NAD. mIPS, the tetrahedral coordination suggested a boudd, Zn

Ala100 ¢

Ser149
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but the refinement resulted in 50% occupancy. The confor- 12 . . , ,
mation of cofactor NAD is likely to be critical for the
enzymatic reaction. If, indeed, the tetramer exhibits negative A
cooperativity and only half of the subunits have filled metal-
binding sites, the applied symmetry to thk tuberculosis
mIPS structure would indeed produce 50% occupancy. The
flexibility of NAD * and NADH in this region could allow

the cofactor to exist in different forms, thus controlling
catalysis.

In the A. fulgidusmIPS structure, the distances between
the NAD' carbonyl amide moiety of the nicotinamide ring
and the NAD phosphate oxygens vary in the different
subunits (Table 3). Differences between the four NAD
molecules in thé\. fulgidusmonomers clearly correlated with
the presence of a metal in a particular subunit. Distances
were longer in subunits with K (~4.4 A) than in the
subunits without metal ion~3.9 A). In all of the subunits,
these distances were longer than required for a direct
hydrogen-bond distance between the amide and the phos-
phate moiety. The rmsd between the NADolecules in
the different subunits oA. fulgidusmIPS showed comparable
variation to that seen in bacterial and yeast mIPS structures.

On the other side of the nicotinamide ring, there is a
charge-coupled system of Asp225 and Lys367. In three
subunits, the carboxyl group of Asp225 is in hydrogen-
bonding distance to C6 of the nicotinamide ring. The C4,
C5, and C6 carbon atoms are involved in direct interactions
with acceptor groups such as Thr228, carbonyl of Gly226 I ]
and the headgroup of Asp225, respectively. This suggests 0 20 0 © ” 100 126
that these residues are critical to catalysis and are involved
in strict control of protonation of NAD. In fact, Lys367

amino group hydrogen bonds to both the carbonyl of Ser266 FIGURE 7: (A) Temperature dependence of mIPS activil) A.
and Asp225. fulgidusmIPS (3 min assays; data from r&f. (O) S. cereisiae

. . . mIPS (7 min assays). (B) Thermal stability @)(A. fulgidusmIPS
Thermostability of A. fulgidus mIPS. A. fulgidusPS has preincubated at 98C andS. cereisiae mIPS preincubated at 55

previously been shown to be very thermostalelev(ith an °C in the absence) and presence of 1 mM NAD(O) or 5 mM
optimal specific activity of~90 °C (short-time single-  G-6-P ().

concentration assays). In contrast, the yeast mIPS exhibited

thermal stability only up to~55 °C (Figure 7A). The half- 2). The last loop is an especially interesting case in which a

Specific Activity (umol min™ mg™)

Relative Activity

Incubation Time (min)

life for the loss of activity by théA. fulgidusmIPS at 98C short deletion is accompanied by introduction of an aspartate
in 50 mM Tris-HCI at pH 8.0 was-40 min (Figure 7B). (Aspl139 inA. fulgidug that directly stabilizes the turn by
Although maximal specific activity was detected at 85 internal hydrogen bonding to the backbone atoms at the turn.

for the yeast enzyme, in the absence of added substrate or The increased ratio of buried to total surface area may
cofactor, the enzyme quickly lost activitifg ~ 5 min) when also contribute to the much higher thermal stability of the
incubated in 50 mM Tris-HCI at pH 8.0 and 5& (Figure A. fulgidusmIPS @). An example of these buried interfacial
7B). The cofactor NAD alone at 1 mM did not provide interactions (Figure 3) include the hydrophobic triad Trp328
any protection from heat inactivation, while 5 mM G-6-P in and Phe326 from monomer B interacting with Phe324 in
the incubation mixture helped to stabilize the enzyme (Figure monomer A. Complementary interactions occur in subunit
7B). A, where Trp328 and Phe326 are interacting with monomer
There are several structural features that can be implicatedB Phe324.
in the significantly greater thermostability of the archaeal = Mechanistic Aspects of the Structure: Electrostatics
enzyme. The analysis of amino acid content shows an Suggest a Second Metal-lon-Binding Site in A. fulgidus mIPS.
increased amount of Ille and Lys residues and much lower The occupancy of metal ions and possible competition
content of Asn, GIn, and Ser residues, changes consistenbetween mono- and divalent cations brings into question the
with trends observed for other thermostable enzyna@&s ( role of metal ions in catalysis$). In the absence of added
The most interesting observation is the pattern of chargedmetal ions to the recombinaat fulgidusmIPS, the specific
residues that stabilize a number of the turns inAh&ilgidus activity was 26-30% of the maximum activity. That
mIPS structure. Shortening of external loops has beenobservation could be consistent with partial occupancy of a
suggested to enhance protein thermostabifif),(and many metal ion near the NAD molecule. However, it cannot be
external loops imA. fulgidusmIPS are indeed shortened or K*, because there is a change in the catalytic rate in the
deleted relative to yeast mIPS (see Figure 4A). Examples of presence of EDTA. The first step of the reaction that
complete elimination or significant shortening of the loops transforms G-6-P into 5-keto-G-6-P has an initial rate at 85
include several in the dinucleotide binding domain (Table °C much slower (0.00179) in the presence of EDTA than
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FicurRe 9: Model of linearized G-6-P (green, with NADN purple)
docked in the active site &. fulgidusmIPS showing C4, C5, and
phosphate of G-6-P. Two metal ions are positioned as described in
the text.

bacterial species contribute to this field. This highly negative
electrostatic potential suggests that more than one metal may
be coordinated in the presence of NARnd G-6-P at the
active site.

_ [ In S. cereisiae mIPS, the aspartate residues conserved
FIGURE 8: Comparison of electrostatic surface images of archaeal With A. fulgidusmIPS (in parentheses), Asp410(Asp304) and
and yeast mIPS active sites. (A) fulgidusmIPS (upper panel).  Asp438(Asp332), show much less contribution to the anionic
(B) S. cereisiae mIPS (lower panel). Please note the much more electrostatic potential than their archaeal counterparts. This
negatively charged (less blue and more redfulgidusmIPS active may be due in part to positioning of crucial Lys residues.
site. For example, the mobile Lys412 side chain points inward
and is located-4.2 A from Asp438 and Asp410 and is only
3.78 A from Lys439. What seems to be most important is
that the active-site negative charge is dissipated by the loss
of the negative charge, with Asn354%n cereisiaereplacing

in its absenceki, ~ 8 s1). This indicates that the first step,
as well as the cyclization, is kinetically impaired in the
presence of EDTA. Additionally, NADH production ap-

peared biphasic with EDTA preser@)(Finally, the produc- Asp259 residue irA. fulgidus The adjacent Asn355 and

tion %f I(;lfn |sfp;evenéed unless mdMEZ+’ ﬁr MQZ; arli b Ans354 side chains in yeast mIPS and nearby Arg160 and
zgi\gng rﬁetal?iotnessitee istﬁzugr%ﬁigal tm?;ts ere should be aArgl98 shield the active site from divalent cations leaving
] N ) Asp356 as an isolated negative charge. The net result of these
The metal ions observed crystallographically in #e  changes is that the yeast active site does not have an anionic
fUlgidUS mIPS appear to have limited contact with the pocket formed near the cofactor and substrate.

substrate, hence their influence cannot explain the experi-  Modeling of Substrate/Reaction Intermediates anduAtti
mental results described above. Furthermoré, vl not ing Metals in the Actie Site of A. fulgidus mIPSThe

be chelated by the EDTA, so that it cannot be the ion whose cajculated electrostatic potentials far fulgidusmIPS led

loss is reflected in the slow first step of I-1-P formation with s to model substrates or the first reaction intermediate in
EDTA present. Modeling of the active-site electrostatic the active site in the presence of the cofactor and activating
environment of both yeast and. fulgidus mIPS was  metal jons. The phosphate group of G-6-P was superimposed
undertaken to obtain insights into other possible binding sites gy the inorganic phosphate found in the crystal structure,
for divalent cations that would be unique to the archaeal gnd the extended carbon chain of linearized sugar was
enzyme. The electrostatic field was calculated for these two extended toward the NADmolecule reaching to the metal-
structures in GRASP after all ligands were removed. The pinding site. Only the linearized form of glucose could be
surrounding of the active sites in both enzymes are visualizedgocked at this site: the cyclic form of G-6-P collided with
in Figure 8. surrounding residues. The C5 hydroxyl of G-6-P was oriented
As seen in Figure 8A, thé. fulgidusmIPS active site  toward the NAD", suggesting a direct proton transfer. Before
clearly exhibits a strong anionic pocket where the conserved energy optimization of the protein with G-6-P docked, &'Zn
Asp residues are located. The electrostatic potential is muchion was modeled into the site of the crystallographic
more negative than that present in the yeast enzyme.potassium ion. During energy optimization with linearized
Numerous negatively charged residues not necessarily di-G-6-P present, the ion moved1 A.
rectly located at the active site contribute to this potential.  Subsequently, the acyclic 5-keto-G-6-P intermediate was
For example, the previously discussed glutamate residuesmodeled in the presence of NADH and inclusion of two
located at the N-terminal region that are conserved amongactivating Z#™ metals. As shown in Figure 9, the “structural”



Crystal Structure of ArchaeahyclInositol-1-phosphate Synthase Biochemistry, Vol. 44, No. 1, 2002223

metal ion 1 was close to the putative Mgin the yeast The aldol condensation/cyclization step can occur only
NADH-bound structure 3). Its role is likely to correctly after a large conformational change that brings the C1 closer
orient the NAD'/NADH and induce necessary polarization to the C6 and the phosphate grod8) The archaeal mIPS

in it to prepare for the first protonation step. The second is proposed to use the second metal ion to provide the
metal-ion site of théA. fulgidusmlIPS is close to a putative  necessary stabilization of the negative charge on OL1.

NH4"-binding site of the yeast enzym#3). A second ZA" Additional stabilization comes from lysine residues in the
ion, the “catalytic” metal ion, had an optimal position near vicinity (Lys306 and Lys278, both close to the O1). One or
substrate O1 and had ligands coming from the NAR both can also contribute to the final OH regeneration at this

water molecule, Asp304 in direct coordination sphere, and position.
possibly Asp332. The polarization imposed by this second  The last step is the reduction of the inosose compound by
cation is likely to be important for ring closure and direction  NADH. In this step, a direct hydride transfer would protonate
proposed by Geiger et allg). The location of the second  C5. The results of our modeling support numerous biochemi-
metal ion varied depending on whether G-6-P or an cal reports that there should be a retention of configuration
intermediate was included in the energy minimization. Such at this position. The charge relay system of Asp225 and
a location agrees with the changeable position for the secondLys367 might help to regenerate a hydroxyl group at this
metal ion found in xylose isomerasgdj. position.

The modeling also highlights several other residues that
appear critical for binding of the substrate and cofactor CONCLUSIONS
NADT. Lys274 appears to be a key residue in the stabiliza-
tion of O5 during enolization, being located only 3.68 A
from the NAD'. Leu257 is coplanar with the closed ring of
the product and could help to stabilize binding of inositol or
glucose moieties. Lys306 may work in concert with Asp332
and aid in positioning the acidic residue so that it can interac

Using X-ray crystallographic techniques, we have deter-
mined the structure of the first archaeal mIPS. The structure
is similar in ternary as well as quaternary organization to
the eukaryotic mIPS, despite the smaller size of the subunits
,[(44 versus 60 kDa). Factors contributing to thermostability
with a metal ion. of the archaeal mIPS include shortened mobile loops relative

to both eukaryotic species and an interlocking network of

Catalytic Mechanism for mIP®n the basis of modeling hvdrophobi id tthe tet interf lts similarit
of substrates and intermediates at the active site for both the/'YA'OPNODIC resiaues at ine tetramer intertace. 1s simiiarity

archaeal and yeast enzymes, we can propose a mechanisi? the mIPS _fromM. tqber(_:ulossunderllnes common
for A. fulgidusmIPS that is highly confluent with current structqral mOt'f.S across I|fe klngo!oms and suggests that the
views on yeast mIPS. Certain characteristics of both enzymesevomt'on"Jlry o'r|g|ns of this prote|'n are npt SO ancient. )
are the same, and they allow us to draw clear parallels The A. fulgidus mIPS crystallized with each subunit
between both reactions. The presence of the multiple- containing inorganic phosphate and two of the four contain-

conserved lysine residues, the NARand a crystallographi- ~ iNg & monovalent metal ion most likely to be"KThe
cally observed metal ion create a reference frame for the differences in NAD conformation in sites with K versus
catalytic events. those sites without the ion suggest that the enzyme may

The reaction commences when the proton is lost from the exhibit negative cooperat_ivity in its activity. Inde_ed_, this can
C5 hydroxyl of G-6-P. It is most likely transferred to Lys274 P€ se€en in NADH formation when the enzyme is incubated
(Lys369 in yeast). Asp225 (Asp320 in yeast), positioned With G-6-P and NAD in the presence of EDTAS).
nearby, could accept the proton in a relay fashion as The presence of a metal ion and inorganic phosphate
characterized before in the yeast enzyme. This deprotonatiorsuggested a unique mode of modeling the substrate at the
makes the oxidation of G-6-P at the C5 position relatively active site. Although details of the mechanism require further
easy because the reactive C4 of the nicotinamide ring of work, there are common mechanistic elements for mIPS from
NAD™ is positioned for a direct hydride transfer. The creation €ukaryotic, bacterial, and archaeal organisms. The substrate
of a ketone at position C5 allows for some conformational Phosphate group occupies a very similar position in each of
rearrangements and Subsequent enolization at theQB5 the mIPS structures. A Single metal ion is bound to the
bond. For the enolization step to occur, Lys367 or Lys489 carbonyl moiety of the nicotinamide ring and provides
in yeast acts as a base withdrawingra-R proton from the polarization necessary for the first proton-transfer step of
C6. A proton-withdrawing role of the phosphate group in the reaction. The presence of a monovalent metal ion is
this step may also need to be considered. According to thisconsistent with difficulties in its identification in eukaryotic
model, the developing negative charge on the enolate oxygersPecies and resistance to EDTA.
would be stabilized in the archaeal enzyme by Lys274 and Divergence in the mechanism between the archaeal and

Lys367. eukaryotic mIPS occurs with the use of a second metal ion.
All of those steps as well as the subsequent aldol In the archaeal enzyme, it is used to stabilize the transition
condensation require significant suppression of tkg qf state of the cyclization step by interacting with the oxygen

the participating amino groups of four crucial lysine residues on C1. In the eukaryotic enzyme, this role is most likely
(274, 278, 306, and 367) at some point during the reaction. served by the monovalent activator NHThus, we suggest
The role of those charged residues was clearly demonstrated two-metal-ion mechanism for the archaeal mIPS: one metal
by the mutagenesis experiments reported by Geiger’s groupion is critical for proper positioning of NADand substrate,
(13). The much smaller but more negatively charged archaealand the other metal is critical for stabilization of the negative
enzyme may not offer a positive enough electrostatic charge on O1 during the aldol condensation (cyclization).
environment for the subsequent step to progress. This would An element that is common to all mIPS enzymes is the
be provided by an additional divalent cation. participation of numerous lysine residues at the positively
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charged corner of the active site. We postulate that either 14.Lowry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J.
Lys306 or Lys274 participates directly in cyclization An
fulgidus mIPS. Single-site mutants of the archaeal protein
should test the details of the proposed catalytic mechanism.
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