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The tcm operon in Streptomyces glaucescens encodes a group of

enzymes involved in the synthesis of the polyketide tetracenomycin

(Tcm) C that exhibits both antitumor and antibiotic activities. Here,

the crystallization and preliminary data characterization of the tcmG

gene product, Tcm A2 oxygenase, which catalyzes the triple

hydroxylation of Tcm A2 to form Tcm C, are reported. Tcm A2

oxygenase crystallizes in two different space groups, both with six

monomers per asymmetric unit, resulting in large unit-cell para-

meters. Synchrotron data have been collected from both the

hexagonal and tetragonal crystal forms to 4.5 and 4.2 AÊ , respectively.

The self-rotation function searches in both space groups suggest the

monomers assemble into a complex with D3 symmetry.
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1. Introduction

Polyketide biosynthesis is responsible for a

large number of biologically active molecules.

In many cases, the activities of these natural

products result from additions or modi®cations

of functional groups after the carbon skeleton

has been synthesized. Tetracenomycin (Tcm)

A2 oxygenase, the product of tcmG identi®ed

within the tcm biosynthetic gene cluster from

S. glaucescens (Decker et al., 1993), catalyzes

the triple hydroxylation of Tcm A2 to form

Tcm C (Shen & Hutchinson, 1994). Tcm C, ®rst

isolated in 1979, has been shown to possess

antibacterial and antitumor activities (Egert et

al., 1992; Weber et al., 1979).

Tcm A2 oxygenase displays limited

sequence homology to other aromatic

hydroxylases whose structures have been

determined, such as p-hydroxybenzoate

hydroxylase (PHBH, 27.4% identity;

Schreuder et al., 1988) and phenol hydroxylase

(PHHY, 25.5% identity; Enroth et al., 1998); all

three hydroxylases contain the ¯avin cofactor

FAD. PHBH and PHHY catalyze the intro-

duction of one hydroxyl, from molecular

oxygen, to an aromatic ring, requiring one

molar equivalent of NADPH as an electron

donor. In contrast, Tcm A2 oxygenase cata-

lyzes the stereospeci®c introduction of three

hydroxyl groups with the concurrent oxidation

of an existing hydroxyl group to a carbonyl

group, requiring two molar equivalents of

NADPH as an electron donor. Furthermore,
18O2-feeding experiments showed that two of

the three new hydroxyl groups originate from

molecular oxygen, while the third is derived

from water (Udvarnoki et al., 1995). These

results suggest a mechanistic analogy among

Tcm A2 oxygenase, the vitamin K dependent

-glutamyl carboxylase (Dowd et al., 1994) and

other oxygenases catalyzing the biosynthesis of

numerous epoxyquinone or epoxysemiquinone

antibiotics (Gould et al., 1996). The atomic

resolution structure of Tcm A2 oxygenase,

therefore, would provide key insight into the

mechanism of these intriguing reactions. This

paper presents the crystallization of Tcm A2

oxygenase, preliminary X-ray data and self-

rotation searches.

2. Materials and methods

2.1. Expression and purification

Tcm A2 oxygenase was expressed in S. livi-

dans containing the pWHM68 plasmid and

grown in R2YENG media. Cells were

harvested and treated as described previously

(Shen & Hutchinson, 1994). Puri®cation was

improved by altering the chromatography as

follows. Resuspended ammonium sulfate cut,

46±57%, was dialyzed against 25 mM Tris pH

8.0 for ion-exchange chromatography on a Q

Sepharose FF column (Pharmacia, Piscataway,

NJ, USA) and eluted with a 0.0±0.6 M NaCl

gradient. Fractions with oxygenase activity

were pooled and brought to 1.5 M ammonium

sulfate by the addition of solid reagent. The

solution was then loaded onto a Poros ET/M

hydrophobic interaction column (PE Biosys-

tems, Foster City, California, USA) and eluted

with a 1.5±0.0 M ammonium sulfate gradient.

Active fractions were then pooled and dialyzed

against 25 mM Tris pH 8.0. A ®nal anion-

exchange puri®cation was performed with

Poros HQ media (PE Biosystems, Foster City,

California, USA), eluted with a 0.0±0.8 M

NaCl gradient. Fractions containing Tcm A2

oxygenase were dialyzed twice against nano-

pure H2O and concentrated to 20±50 mg mlÿ1.
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Before crystallization, purity was con®rmed

by SDS±PAGE and activity assay.

2.2. Crystallization

Tcm A2 oxygenase crystallization was

initially screened at 10 mg mlÿ1 with

commercially available screens (Hampton

Research, California, USA) at both 294 and

277 K using the hanging-drop method

(McPherson, 1976). Condition number 21 of

Crystal Screen I (30% PEG 4000, 200 mM

sodium acetate, 100 mM Tris pH 8.5)

produced balls of needles that were yellow

in colour from the FAD cofactor present in

the enzyme. Increasing the sodium acetate

to 300 mM produced small yellow hexagonal

crystals. These conditions were further

improved upon by substituting sodium

formate for sodium acetate. A wide range of

additives were experimented with to

improve crystal size. Some additives, DMSO

and ethylene glycol, had a bene®cial effect

on the size and diffraction quality of the

crystals. Others, such as ammonium acetate

and ammonium formate, increased the

crystal size but not the diffraction quality.

The largest crystals were obtained using a

2 ml drop of protein mixed with 2 ml of well

solution containing 100 mM Tris pH 8.5,

300 mM sodium formate, 30% PEG 4000

and 2% ethylene glycol. Small hexagonal

crystals appeared within 2±3 d and reached

maximum dimensions of 0.25 � 0.2 �
0.2 mm within 3±4 weeks.

A tetragonal crystal form of Tcm A2

oxygenase was subsequently found by

increasing the sodium formate concentra-

Figure 1
Self-rotation function calculated with the Tcm A2 oxygenase hexagonal crystal form employing data between 15.0±6.5 AÊ resolution and a 20.0 AÊ radius of integration. Self-
rotation searches with � angles of (a) � = 120, (b) � = 60 and (c) � = 180� were used to identify three-, six- and twofold rotation angles, respectively, in the hexagonal crystal.
The sixfold and twofold crystallographic symmetry is evident as very strong peaks in the plots. The plots were contoured starting at one standard deviation with steps of 0.5.
The GLRF program was used to calculate and generate Figs. 1 and 2 (Tong & Rossmann, 1990).

tion to 2.0 M. This condition was optimized

to 100 mM Bicine pH 9.0, 2.0 M sodium

formate and 33% PEG 4000.

2.3. X-ray data collection and processing

Cryoprotection was accomplished by

replacing the mother liquor surrounding the

crystal with Paratone N and then ¯ash-

freezing in liquid nitrogen (Hope, 1990).

Low-temperature data (100 K) was collected

with a MAR345 detector at Stanford

Synchrotron Radiation Laboratory beam-

line 9-1 (SSRL BL 9-1). Initial indexing and

data-collection strategies were determined

using the program MOSFLM. Once

collected, the data were processed with the

programs DENZO and SCALEPACK

(Otwinowski & Minor, 1997). Data from the
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hexagonal crystals were collected at a

500 mm crystal-to-detector distance using

0.3� oscillations. 150 exposures were

collected, resulting in a 45� wedge yielding

93.5% completeness. The best data set was

processed to 4.5 AÊ and contained 28 213

unique re¯ections.

The diffraction quality of the tetragonal

crystal form showed improvement over the

hexagonal form and a 4.2 AÊ data set was

collected. A 90� wedge collected 98.1% of

the data (33 997 unique re¯ections). Data

from the tetragonal crystals were collected

with a 450 mm crystal-to-detector distance

using 0.75� oscillations. Diffraction data

from this crystal form could also be indexed

roughly as face-centered cubic, but data

processed as F23 resulted in poor correla-

tion between the predicted and observed

diffraction positions and in an Rsym greater

than 40%, suggesting pseudo-face-centered

packing (see below). Table 1 lists data-

collection statistics for both hexagonal and

tetragonal crystal forms.

3. Results and discussion

3.1. Crystal forms of Tcm A2 oxygenase

The hexagonal crystal form of Tcm A2

oxygenase was shown to belong to the space

group P6122 (or P6522), with unit-cell

parameters a = b = 237.4, c = 302.8 AÊ .

Assuming six monomers per asymmetric

unit, totaling 4 320 kDa per unit cell, corre-

sponds to a VM of 3.42 AÊ 3 Daÿ1 and a

solvent content of �64% (Matthews, 1968).

While this is inconclusive, because the

Figure 2
Self-rotation function calculated with the Tcm A2 oxygenase tetragonal crystal form employing data between 15.0±6.0 AÊ resolution and a 30.0 AÊ radius of integration. Self-
rotation searches with � angles of (a) � = 180, (b) � = 120 and (c) � = 90� were used to identify two-, three- and fourfold rotation angles, respectively, in the tetragonal crystal.
The fourfold and twofold crystallographic symmetry is evident as very strong peaks in the plots. The presence of the non-crystallographic two- and threefold axes generates
the non-crystallographic fourfold along the a and b axes as seen in (c). The plots were contoured starting at one standard deviation with steps of 0.5.

addition or removal of a monomer from the

VM calculation would have only a small

effect, in the light of the crystallographic

symmetry and self-rotation function (see

below) six monomers per asymmetric unit is

the most likely case. The tetragonal crystal

form is in the space group I4122, with unit-

cell parameters a = b = 234.8, c = 337.0 AÊ .

The tetragonal crystal form also accom-

modates six monomers per asymmetric unit,

VM = 3.23 AÊ 3 Daÿ1, �62% solvent content.

The cumulative intensity distributions

[N(Z) distributions] of both the hexagonal

and tetragonal data sets were plotted using

the program TRUNCATE (French &

Wilson, 1978) from the CCP4 suite (Colla-

borative Computational Project, Number 4,

1994). The results showed little deviation

between the observed and expected weak

re¯ections, which is evidence of non-twinned

single crystals (data not shown).
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3.2. Self-rotation function and

non-crystallographic symmetry

Using the rotation-function program

GLRF (Tong & Rossmann, 1990), a general

self-rotation function was computed with a

number of � angles (60, 90, 120 and 180�) to

test for the presence of non-crystallographic

two-, three-, four- and sixfold axes. A self-

rotation function of the hexagonal data set

with � = 120� suggested three non-

crystallographic axes in the ab plane: along a

and every 60� from it (Fig. 1a). A function

calculated with � = 60� produced the same

results, but with slightly weaker peak heights

(Fig. 1b). If a non-crystallographic threefold

is parallel to the a (and b) axis, the presence

of a crystallographic twofold along these

axes would generate a peak for a � = 60�

function as well. Therefore, we cannot

distinguish the difference between a non-

crystallographic threefold or sixfold axis

parallel to the crystallographic a axis. A

rotation function with � = 180� showed the

expected crystallographic symmetry peaks

as well as the presence of non-crystal-

lographic twofolds every 30� in planes

perpendicular to each of the non-crystal-

lographic three- or sixfolds (Fig. 1c). The

� = 90� calculation showed no signi®cant

symmetry (not shown).

The tetragonal data were probed in the

same manner as the hexagonal data and also

showed a number of non-crystallographic

two-, three- and fourfolds. The rotation

function calculated with � = 180� revealed

distinct non-crystallographic twofold axes

45� between the a and c axes as well as the b

and c axis (Fig. 2a). A � = 120� search

generated four peaks 54.7� from the a, b and

c axes (Fig. 2b), which would correspond to a

body diagonal of a cube resulting in pseudo-

face-centered cubic packing. These non-

crystallographic threefolds are normal to the

non-crystallographic twofold axes, gener-

ating a potential packing of monomers with

D3 point symmetry as observed in the

hexagonal crystal form. This non-crystallo-

graphic 2±3 symmetry combined with the

crystal 422 symmetry would generate a

non-crystallographic fourfold rotational

symmetry along the a and b axes, which is

con®rmed with a � = 90� self-rotation search

(Fig. 2c). A search for a non-crystallographic

sixfold axis (� = 60�) produced no signi®cant

peaks (not shown).

3.3. Cross-rotation functions

A cross-rotation function with either the

PHBH or the PHHY models did not

produce any signi®cant peaks in either the

hexagonal or tetragonal data sets. This

indicates that these models cannot be used

to solve the Tcm A2 oxygenase structure by

the molecular-replacement method and that

the phases must be calculated by other

methods once better diffracting crystals are

obtained.

3.4. Packing of Tcm A2 oxygenase

molecules in the crystal

The presence of two-, three- and sixfold

non-crystallographic symmetry in the hexa-

gonal space group supports the VM calcula-

tion of six monomers per asymmetric unit.

Analysis of the self-rotation functions of the

hexagonal crystals produces two potential

con®gurations of Tcm A2 oxygenase

monomers packing in the asymmetric unit: a

dimer of trimers or a half a dimer of

hexamers. In the ®rst case, the non-

crystallographic threefold axis of the trimer

would be parallel to the crystallographic

twofolds. This arrangement of the mono-

mers will produce twofolds emanating

perpendicular to the threefold every 60�, as

observed in Fig. 1(c). The trimer threefold

and crystallographic twofold compound to

form the non-crystallographic sixfolds

observed. The superposition of the dimers of

trimers in reciprocal space will produce the

appearance of a hexamer and hence three

additional non-crystallographic twofolds.

Further consideration could not rule out

each asymmetric unit containing a dimer of

hexamers. In this case, each asymmetric unit

would contain half of each of the two

hexamers. A twofold relating the asym-

metric units would relate these two halves to

complete the dimer of hexamers. A

crystallographic twofold axis would then be

parallel to the non-crystallographic sixfold

axis. This would produce the non-crystallo-

graphic symmetry observed, three sixfold

axes, associated threefolds and twofold axes

every 30� perpendicular to the sixfolds.

However, this packing is unlikely given the

conclusive D3 symmetry seen in the tetra-

gonal crystal form.

3.5. Conclusions

Observing the large number of monomers

in the asymmetric of both of these crystal

forms was unexpected because original

native gels and size-exclusion chromato-

graphy implied the enzyme exists in a

monomeric form. However, in light of the

crystal packing results, a native gel run on

crystals dissolved in diluted mother liquor

showed evidence of oligomerization up to

hexamers (not shown). Whether oligomer-

ization has signi®cance to the function or

mechanism of the enzyme or is concentra-

tion dependent remains to be seen. In the

future, the structure of this enzyme will shed

light on the complex nature of the Tcm A2

oxygenase and its unique triple hydroxyla-

tion reaction and possible multimeric

signi®cance.
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