The efficient production of 1 by S. eryth-
raea mutants TED8 and TER43 proves that
the multienzyme components of modular
PKSs are capable of functioning indepen-
dently (14). In addition, production of 1 by
these strains demonstrates that the attach-
ment of an additional COOH-terminal do-
main has not perturbed the other enzyme
activities in the DEBS1 multienzyme. We
also wished to determine whether an active
thioesterase domain was required for effi-
cient chain termination and cyclization or
whethet the mere presence of an additional
COOH-terminal domain would suffice to
disrupt the normal chain transfer between
DEBS1 and DEBS2 and hence promote ad-
ventitious cyclization. This was done by
mutagenesis of the DNA from eryAlll en-
coding the cyclase domain, so that the ac-
tive site serine residue, Ser3029 (DEBS3
numbering) (3, 12), was altered to an ala-
nine (Fig. 2) (16). The mutant domain was
used to replace the wild-type cyclase do-
main in S. erythraea strain TER43, by re-
combination (Fig. 2), to create strain
TEDS3029A. This strain produced, under
comparable conditions of fermentation, less
than 1% of the amount of triketide lactone
accumulated by strain TEDS, as judged by
mass spectrometry (Fig. 3), providing evi-
dence that the cyclase directly accelerates
chain termination. On a molar basis, the
amount of lactone (10 to 15 mg/liter) pro-
duced by the DEBSI fused to active cyclase
was only slightly less than the amount of
erythromycin produced by the wild-type
strain. In contrast, the unmodified DEBSI1,
even when very highly expressed in S. coeli-
color, has been reported to produce only 1 to
3 mg/liter of the lactone, by unknown
mechanisms (12). Cyclase-promoted cleav-
age is therefore the method of choice to
redirect polyketide synthesis to the forma-
tion of chains of specified length.

We have previously shown that the
NH,-terminal acyltransferase-acyl carrier
protein di-domain of DEBS1 also behaves
as an autonomous functional unit after lim-
ited proteolysis under native conditions
(17), but it remains to be determined
whether this domain may also be relocated
so as to initiate polyketide chain synthesis
at a desired point within a modular PKS.
Meanwhile, the recombinant DEBS1-cycla-
se functional unit is much smaller and more
amenable to structure-function analysis
than the entire PKS, and its study, either in
S. erythraea or in heterologous systems (11,
18), should provide further detailed insights
into the chemistry and stereochemistry of
polyketide chain growth.
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Crystal Structure of a Purple Acid Phosphatase
Containing a Dinuclear Fe(lll)-Zn(ll) Active Site

Norbert Strater,*t Thomas Klabunde,t Paul Tucker,
Herbert Witzel, Bernt Krebst

Kidney bean purple acid phosphatase (KBPAP) is an Fe(lll)-Zn(ll) metalloenzyme resem-
bling the mammalian Fe(lll)-Fe(ll) purple acid phosphatases. The structure of the ho-
modimeric 111-kilodalton KBPAP was determined at a resolution of 2.9 angstroms. The
enzyme contains two domains in each subunit. The active site is located in the carboxyl-
terminal domain at the carboxy end of two sandwiched BaBaB motifs. The two metal ions
are 3.1 angstroms apart and bridged monodentately by Asp'®4. The iron is further co-
ordinated by Tyr'®7, His325, and Asp'®%, and the zinc by His?%®, His®2%, and Asn2°'. The
active-site structure is consistent with previous proposals regarding the mechanism of
phosphate ester hydrolysis involving nucleophilic attack on the phosphate group by an

Fe(lll)-coordinated hydroxide ion.

Purple acid phosphatases (PAPs) catalyze
the hydrolysis of activated phosphoric acid
esters and anhydrides like adenosine
triphosphate at a pH range from 4 to 7 (1).
The characteristic purple color results from
a tyrosine—>Fe(Ill) charge transfer transi-
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tion at ~560 nm. The intensively studied
monomeric mammalian enzymes contain
an antiferromagnetically coupled Fe(III)-
Fe(II) center, whereas KBPAP is dimeric
with an Fe(Ill)-Zn(Il) center in both sub-
units. The physiological function of these
enzymes has yet to be established. In addi-
tion to a hydrolytic function, a role in the
activation of dioxygen by the two-metal
center has been discussed at least for the
mammalian PAPs (2, 3). PAPs have also
attracted considerable interest with respect
to their active site structure in comparison
to other diiron proteins that use a two-
metal-ion mechanism in the activation and
transport of dioxygen.
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KBPAP contains 432 amino acid resi-
dues and five heterogeneous glycosylation
sites per monomer (4, 5). The enzyme
could be crystallized (6) and the three-
dimensional structure has been solved by
multiple isomorphous replacement with
tungstate, a strong inhibitor, bound to the
dinuclear metal center as one heavy-atom
derivative. A model containing residues 9
to 432, the two metal ions, and five N-
acetylglucosamine residues was built from
phase-improved multiple isomorphous
replacement electron density maps and
subsequently refined at 2.9 A resolution in
space group C222,. The present model has
a crystallographic R factor of 19.6% and
shows good stereochemistry (Table 1).

The homodimeric enzyme with a cystine
bridge connecting both subunits (4) was
found to have the shape of a twisted heart
with overall dimensions 40 by 60 by 75 A
(Fig. 1). The two dinuclear metal centers
are 35 A apart and are at the bottom of a
broad pocket formed by both monomers.
Access to the active site is not under the
control of any channels or deep canyons in
the native protein conformation. The disul-
fide bridge (Cys***) is located between the
two long loops in the upper part of the
dimer in Fig. 1. Additional interactions be-
tween the monomers occur primarily be-
tween the helices a5 and between the loops
from residues 253 to 260.

Each monomer consists of two domains.
The smaller NH,-terminal domain is locat-
ed in the lower part of the dimer in Fig. 1
and does not participate in any interactions
between the two monomers or with the
active site. It is ~120 amino acid residues
long and is composed of two sandwiched B
sheets, each containing three antiparallel B
strands. A long, curved B strand (B4)
shields one edge of the sandwich. The func-
tion of the NH,-terminal domain remains
unclear. The COOH-terminal domain con-
taining the active site comprises amino acid
residues 120 to 432 and can be classified as
an a/B-type structure. It has two rather
large mixed B sheets consisting of 6 (B8 to
B10, B20 to B22) and 7 (B11 to B15, B18,
B19) B strands. The two B sheets are sand-
wiched on top of one another. The smaller
sheet has three parallel strands (B8 to B10),
whereas in the larger sheet four strands are
parallel (B12 to B14, B18). Alpha Helices
(al, a2, a4, and a5) connect the parallel
strands. The two sandwiched motifs, each
comprising three parallel B strands and two
helices, are connected by helix a3 and B
strand B11.

All ligands of the dinuclear metal site
are contributed by the amino acid residues
of the loops at the carboxy ends of B
strands B8 to B10 and B13 to B14. The
iron is coordinated by Tyr'¢?, which is
obviously responsible for the charge trans-
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fer band at 560 nm and the purple color,
by the N, of His*?, and monodentately by
the carboxylate group of Asp'*® (Figs. 2
and 3). The zinc is ligated by the N, of
His?®, the N, of His*?3, and the amide
oxygen of Asn?®!. The two metal ions in
the active site are bridged by the mono-
dentate carboxylate group of Asp!'®*. We
carefully considered the more commonly
observed bridging bidentate mode, but the
electron density, the main and side chain
geometry, and the behavior of the residue
during refinement strongly favor the
bridging mode via one oxygen. The re-
fined metal-ligand distances are shown in
Table 2. The metal-metal distance has
been refined to 3.1 A.

As might be expected at a resolution of
2.9 A, the electron density map reveals no
unambiguous indication of water, hydrox-
ide, or oxide ligands in the vicinity of the
two-metal site. However, on the basis of
the observed coordination geometry of the
metal ions, on the reaction path, and on
spectroscopic studies (2, 7, 8), we mod-
eled three exogenous ligands into the co-
ordination sphere of the dinuclear center
shown in Fig. 3: a terminal hydroxo ligand

o

coordinated to iron (Fe-O 1.9 A), a ter-
minal aqua ligand coordinated to zinc
(Zn-O 2.2 °A), and a p.o-hydroxo bridge
(Fe-O 1.9 A, Zn-O 2.1 A). The two ter-
minal solvent ligands are about 2.8 A
apart in this model and therefore within
hydrogen bonding distance. Whereas the
zinc coordination sphere matches a dis-
torted octahedron, the symmetry of the
iron ligand sphere is almost perfectly oc-
tahedral with respect to the angles around
the metal (Fig. 3). Alternative models for
the exogenous solvent ligands (two bridg-
ing, no terminal; one bridging, one termi-
nal; or one bridging, no terminal) have
also been considered. However, the geom-
etry of the coordination sphere around the
metal ions strongly favors the model pre-
sented in Fig. 3.

According to the postulated reaction
path (2, 7, 8) of the PAPs we assume that
the phosphate group of the substrate inter-
acts with the zinc, thereby displacing the
water ligand. This is in agreement with the
results of Aquino et al. (8). By a Sy 2-type
attack of the iron-bound hydroxo ligand, the
alcohol component would be released with
inversion of the absolute configuration at

Fig. 1. Ribbon diagram
(20) of the KBPAP dimer.
The two metal ions are
shown as spheres (Fe
yellow, Zn gray) and the
cystine bridge and the
glycosylated asparagine
side chains are drawn as
ball and stick models.

Table 1. Diffraction data, phasing, density averaging, and refinement statistics for KBPAP (22). Abbre-

viations are defined as follows: d

min

is the minimum Bragg spacing or A\2 sin 8, where X is the x-ray

wavelength and 8 is half the diffraction angle; Rmerge=ZniZilli — (D/Z(l), where [ is the intensity mea-

surement of a particular symmetry-related reflection; R,

so=2lIFenl = IFpllVE|Fs|, where £y and F,,

are the structure factor amplitudes of the native protein and protein complexed with heavy atoms,
respectively. Phasing power = Z(|F(calc)|/Z|E]), where F,, is the structure factor of the heavy atoms
and E (lack of closure error) = |Fp(0bs)| — |Fpylcalc)|. PIP is di-p-iodobis(ethylenediamine)-di-

platinum (1) nitrate.

Unique

Omin ! Completeness R, R, Sites  Phasing
Data A reﬂ&cot?ns (%) r(7‘1’}2')ge (°/z()) (no.) power
Native 2.9 62,025 93.7 9.8
Na,WQ, (1 mM) 3.5 34,686 91.4 108 147 4 1.1
PIP (2.5 mM) 3.5 24,127 63.6 125 186 8 1.0
PIP (1.5 mM) 3.5 20,157 53.1 114 146 4 0.6
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the phosphorus atom (9). The histidines 202

and 296 as well as Arg?>® of the other sub-
unit may interact with the phosphate group
of the substrate (Fig. 2B) in such a way as to
stabilize a pentacoordinate phosphorus tran-
sition state. Other side chains that could
participate in interactions with the substrate
include Tyr®, Hiszgs,oand Glu??®. A small,
polar cavity about 9 A apart from the zinc
ion is found in the region of Tyr?*®, His?*3,
Ser?®, Ser??, and Lys’® from the other
monomer. |[F | — |F.| electron density maps
revealed that this cavity is occupied by a
nonprotein ligand, which may be sulfate
from the isolation procedure or acetate from
the crystallization buffer. It remains to be
shown whether this cavity is part of a bind-
ing site for the still unknown natural sub-
strates, which may also include larger mole-
cules like phosphoproteins.

The active site of KBPAP seems to be
similar to that of the mammalian Fe(III)-
Fe(II) PAPs. After exchange of Zn(II) for
Fe(Il), KBPAP shows nearly identical spec-
troscopic and kinetic behavior to the mam-
malian enzymes (2, 10). Evidence for one

tyrosine and one N,-coordinated histidine
to iron(Ill) and the ligation of one Nji-
coordinated histidine to iron(II) could be
obtained by paramagnetically shifted pro-
ton resonances in nuclear magnetic reso-
nance studies (11). The presence of a car-
boxylate group has been concluded from
nuclear Overhauser and exchange spectros-
copy experiments (12). Additional ligands
could not be unambiguously identified.
Thus, evidence for similarity of the active
site in plant and mammalian PAPs is pro-
vided, despite the lack of any sequence
homology. In contrast, some differences
should also be considered. We cannot ex-
plain why the absorption maximum of the
Fe(III)-Fe(111) KBPAP does not shift from
560 to 515 nm after reduction as observed
for the mammalian enzymes (2). EXAFS
studies on the mammalian PAPs reveal
metal-metal distances of 3.00 A for the
boving spleen enzyme (13) and 3.15 A or
3.52 A for uteroferrin (14). The 3.9 A

metal-metal distance determined for

KBPAP by EXAFS measurements on fro-

zen solutions (15) is not consistent with

Fig. 2. Active site region B
of KBPAP. (A) 2|F | — |F.]
electron density map
contoured at two times
the rms deviation of the
map (stereo view). The
zinc is shown in red and
the iron in blue. Carbons
are colored yellow, oxy-
gens red, and nitrogens
blue. The final |F | — |F.|
maps show that acetate,
which was present in the
crystallization buffer, has
not bound to the metal
cluster. (B) Residues that
might participate in sub-
strate binding. The back-
bone of the other subunit
of the dimer is colored in

gold. The small, polar cavity shown in green was calculated by the program Voidoo (27).
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our x-ray data and even exceeds the error
limit of the crystal structure determina-
tion. Further EXAFS measurements are
under way to reexamine the value deter-
mined with previous data.

The structure and location of the active
site of KBPAP differs considerably from the
diiron proteins hemerythrin (16), ribonu-
cleotide reductase (17), and methane
monooxygenase (18), which are all in-
volved in transport or activation of dioxy-
gen. In contrast to these proteins, the co-
ordination sphere of the dinuclear metal
site in KBPAP comprises, in addition to
histidines and carboxylate groups, one ty-
rosine and one asparagine. Furthermore, the
active site of KBPAP is located at the car-
boxy end of two sandwiched B sheets, -
whereas in the other diiron proteins the
metal core is buried between the a helices
of a four-helix bundle.

Alkaline phosphatase, a trinuclear Zn-
Zn-Mg metalloenzyme with a Zn-Zn dis-

“y His325
-

His286
— ,;,l;"' _:/
/ (5 g%
:« Aspf& @ A
b
_, Tyr167

-

Fig. 3. Model of the dinuclear metal center and
the ligands. The three exogenous solvent ligands
shown in thin lines have been placed solely on
the basis of the observed coordination geom-
etry around the metal ions. The solvent ligands
could not be unambiguously identified by the 2.9
A electron density and are not part of the crys-
tallographic model. Their presence is based on
the proposed reaction path and on spectro-
scopic studies. The figure was prepared with
Molscript (20).

Table 2. Refined metal-ligand distances (in ang-
stroms) for the four subunits (A to D) in the asym-
metric unit.

Metalion Ligandatom A B C D
Zn(ll) Asp'84, Oy, 22 22 23 22
Asn2°?, O,1 22 23 23 22

His286, N_ 21 21 21 24

His323, N 23 23 22 23

Fe(lll) Asp'3®, Oy, 20 20 20 20
Asp'®, Oy, 22 22 22 241

Tyr'7, O 22 21 22 21

His325, N, 24 24 24 25
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tance of 3.9 A, resembles KBPAP in its

two-metal-ion mechanism (19). Al-
though the phosphate ester hydrolysis of
alkaline phosphatase proceeds via a phos-
phoseryl intermediate with retention of
the overall configuration at the phospho-
rus, the functional role of both metals is
similar compared to that of the metals in
the PAPs: One zinc ion primarily binds
and preorients the phosphate group of the
phosphoseryl intermediate for the attack
of the water ligand that was activated by
the other zinc ion. The weaker Lewis-
acidity of zinc(Il) compared to iron(III)
leads to the shift of the phosphatase reac-
tion to the alkaline side.

The first structure of a purple acid
phosphatase presented here forms the
structural basis for understanding the hy-
drolytic action of this enzyme class on
phosphate esters. The results are consis-
tent with the models for the dimetal cen-
ter and with the proposed mechanism on
the basis of several spectroscopic and ki-
netic studies, albeit the detailed structural
and functional relation between the mam-
malian enzymes and the kidney bean PAP
remains to be established.
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Multiple Origins of Lichen Symbioses in Fungi
Suggested by SSU rDNA Phylogeny

Andrea Gargas,* Paula T. DePriest, Martin Grube, Anders Tehler

Phylogenetic hypotheses provide a context for examining the evolution of heterotrophic
lifestyles. The lichen lifestyle, which is the symbiotic association of fungi with algae, is
found in various representatives of Dicaryomycotina, both Ascomycetes and Basidio-
mycetes. A highly resolved parsimony analysis of small subunit ribosomal DNA (SSU
rDNA) sequences suggests at least five independent origins of the lichen habit in disparate
groups of Ascomycetes and Basidiomycetes. Because lichen associations arose from
parasitic, mycorrhizal, or free-living saprobic fungi, neither mutualism nor parasitism
should be construed as endpoints in symbiont evolution.

Lichens are a classic example of symbiosis
[“Zusammenleben ungleichnamiger Organ-
ismen” (1)], with interactions ranging from
mutualistic to parasitic (2). Hyphae of the
fungal symbiont may lie within a matrix of
algal cells, adhere to these cells as appres-
soria, invaginate these cells as haustoria, or
occasionally penetrate cell walls and plas-
malemmae (3). Long-term survival of the
lichen association depends on balanced
growth of the symbionts, yet this balance
does not preclude killing or saprobic diges-
tion of the algal symbiont (4). Lichen-form-
ing fungi represent many diverse lineages of
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Dicaryomycotina (5) that traditionally
have been studied under the rubric of li-
chenology. These lineages are not descend-
ed from a single lichen-forming ancestor,
yet it is not known how many times, and in
which groups, the lichen habit originated.
By examining the phylogenetic position of
lichen-forming fungi relative to saprobic or
pathogenic fungi, we can address a funda-
mental question of symbiont evolution:
whether mutualistic_symbioses are derived
from more parasitic forms (6).

To determine the origins of the lichen
habit, we included lichen-forming fungi
within a phylogenetic analysis of Amastigo-
mycota, members of Eumycota that lack
motile stages. The major lineages of
Amastigomycota—DBasidiomycetes, Asco-
mycetes, and the paraphyletic zygomycetous
fungi (7)—have few comparable morpho-
logical characters to serve as the basis for
phylogenetic hypotheses. For example, the





