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Phenazines produced by members of several bacterial genera are

biologically active metabolites that function in microbial competi-

tiveness, the suppression of soil-borne plant diseases and virulence in

infectious disease. Despite recent progress towards understanding the

biochemistry of phenazine synthesis, the key reactions leading to the

formation of the heterocyclic scaffold common to all phenazine

compounds remain obscure. Pseudomonas ¯uorescens 2-79 contains

seven phenazine (phz) genes that encode components of the pathway

for biosynthesis of phenazine-1-carboxylic acid. A central step in this

pathway involves the condensation of two identical precursor

molecules derived from chorismic acid and is catalysed by the

product of the phzF gene. In this study, recombinant PhzF was

puri®ed and crystallized from PEG 4000/ammonium sulfate/sodium

citrate pH 5.6. The crystals belong to space group P3121 or P3221,

with unit-cell parameters a = b = 56.3, c = 156.4 AÊ . They contain one

monomer in the asymmetric unit and diffract to better than 1.7 AÊ on

synchrotron beamlines. Crystals of seleno-l-methionine-labelled

PhzF have been obtained and SAD data are reported.
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1. Introduction

Naturally occurring phenazines encompass a

group of water-soluble nitrogen-containing

aromatic pigments produced by members of

several bacterial genera including Pseudo-

monas, Erwinia, Burkholderia, Brevibacterium

and Streptomyces (Giddens et al., 2002;

Smirnov & Kiprianova, 1990; Turner & Mess-

enger, 1986). Almost all phenazines exhibit

broad-spectrum activity against Gram-positive

and Gram-negative bacteria as well as fungi

and higher animal and plant tissues (Smirnov

& Kiprianova, 1990). These antibiotic proper-

ties are thought to be a consequence of the

ability of phenazine compounds to undergo

oxidation±reduction transformations and to

act as electron acceptors that interfere with

the functioning of the respiratory chain

(Hassan & Fridovich, 1980). Phenazine

compounds produced by root-associated

¯uorescent Pseudomonas spp. function in the

suppression of soil-borne plant pathogens

(Pierson & Thomashow, 1992; Thomashow &

Weller, 1988). Recent studies have demon-

strated that phenazine production is required

for the generation of pathogenic symptoms in

plants and higher animals as well as for effec-

tive nematode killing by P. aeruginosa

(Mahajan-Miklos et al., 1999; Rahme et al.,

1997). These observations suggest that phena-

zines act as broad-spectrum antibiotics and

pathogenicity factors that may contribute to

the survival of phenazine-producing strains in

natural habitats.

Studies of phenazine-biosynthetic operons

from P. aureofaciens/chlororaphis (Chin-A-

Woeng et al., 2001; Pierson et al., 1995),

P. ¯uorescens (Mavrodi et al., 1998) and

P. aeruginosa (Mavrodi et al., 2001) have

demonstrated that the `core' biosynthetic

pathway consists of seven unique phz genes

that confer the ability to synthesize phenazine-

1-carboxylic acid. The products of phzC, phzD

and phzE are similar to enzymes of shikimic

and chorismic acid metabolism. Together with

PhzF and PhzG, they are absolutely necessary

for phenazine production (Fig. 1; McDonald et

al., 2001). Owing to the lack of sequence

similarity of the Phz enzymes PhzA, PhzB and

PhzF to proteins of known function, however,

the interesting chemistry leading to the

phenazine scaffold is still not fully understood.

With the exception of the isochorismatase

PhzD from P. aeruginosa, which has recently

been described in the literature (Parsons et al.,

2003), structural knowledge of the Phz

enzymes has not been accumulated. We

therefore have embarked on a program aimed

at providing detailed structural insight into

phenazine biosynthesis.

The key step in this pathway involves

condensation of two identical precursor

molecules, most probably 2,3-dihydro-3-oxo-

anthranilic acid (McDonald et al., 2001). The

reaction can be carried out, albeit inef®ciently,
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by the enzyme PhzF alone. PhzF from

P. ¯uorescens is a 278-residue protein that

lacks a detectable sequence relationship

with any protein in the PDB (Berman et al.,

2000). By using the fold-recognition

program 3D-PSSM (Kelley et al., 2000) and

more exhaustive BLAST searches (Altschul

et al., 1997) as well as searches against

HMM-based domain databases (Pfam,

TIGRFAMs), however, it becomes clear that

PhzF exhibits signi®cant similarity to

diaminopimelate epimerases, which belong

to a fold family that, with only two repre-

sentatives (Cirilli et al., 1998; Roper et al.,

unpublished work), is strongly under-

represented in the structural database.

Interestingly, PhzF lacks the conserved

cysteines that are located at the active site of

members of this PLP-independent amino-

acid racemase family, which separates the

enzyme from diaminopimelate epimerases,

and raises unresolved questions about the

exact mechanism of the phenazine-ring

condensation.

We report here the large-scale expression

of recombinant P. ¯uorescens PhzF and the

®rst diffraction data collected from high-

quality protein crystals as an initial step

towards understanding the reaction medi-

ated by PhzF.

2. PhzF overexpression and
purification

A 866 bp DNA fragment containing phzF

from P. ¯uorescens 2-79 was generated by

PCR with the oligonucleotide primers

phzF-up (50-TTT CAT ATG CAC AAC

TAC GTC AT-30) and phzF-low (50-TTT

GGA TCC TTG TAT TGA GCC GTT-30).

The PCR product was digested with NdeI

and BamHI, gel-puri®ed, cloned behind a T7

promoter in the N-terminal His-tag fusion

vector pET-15b (Novagen) and single-pass

sequenced to con®rm the integrity of the

resultant fusion. In pET-15b, the N-terminal

His tag can be removed with thrombin.

However, the cleavage site proved to be

inaccessible and the PhzF fusion protein was

puri®ed from cultures of Escherichia coli

Rosetta (DE3)/pLysS (Novagen) in the

uncleaved form. Brie¯y, E. coli harbouring

the recombinant plasmid was grown at

310 K in Terri®c Broth media containing

100 mg mlÿ1 ampicillin and 34 mg mlÿ1

chloramphenicol to an OD600 of 0.6 and

then induced with 1 mM isopropyl-�-d-

thiogalactopyranoside (IPTG) for 3 h. The

cells were harvested by centrifugation

(30 min, 7000g, 277 K) and suspended in a

buffer containing 50 mM sodium phosphate

pH 8.0, 150 mM NaCl, 5 mM �-mercap-

toethanol and 10%(v/v) glycerol. PMSF

(5 mM) and DNAse I (20 mg mlÿ1) were

added and the cells were disrupted in a

micro¯uidizer. The lysate was cleared by

ultracentrifugation (150 000g, 45 min,

277 K) and then passed through a HiTrap

Chelating HP column (Amersham Bios-

ciences) that had been charged with 100 mM

NiSO4 and equilibrated with the lysis buffer.

The column was washed with the same

buffer supplemented with 20 mM imidazole

on an AÈ KTA Prime chromatography

system (Amersham Biosciences) and bound

proteins were eluted by washing sequen-

tially with buffers containing 50, 100, 200

and 500 mM concentrations of imidazole.

Fractions containing pure recombinant PhzF

were identi®ed by SDS±PAGE, pooled

and concentrated by ultra®ltration to

20 mg mlÿ1 as determined by Bradford assay

(Bradford, 1976). Buffer exchange and

removal of aggregated proteins was

achieved on a Superdex 75 gel-®ltration

column (Amersham Biosciences) run with

20 mM Tris±HCl pH 8.0, 150 mM

NaCl, 2 mM �-mercaptoethanol, 10%(v/v)

glycerol. Recombinant PhzF eluted as a

monomer. MALDI±TOF mass-spectro-

metry analysis of the puri®ed protein shows

the presence of nearly equal amounts of two

species with (M + H)+ masses of 32 048 and

32 224, respectively. This indicates that part

of the protein has been N-terminally

processed (the expected mass after cleavage

of the N-terminal methionine is 32 066),

whereas the heavier species can be attrib-

uted to partial oxidation, probably of the N-

terminal methionine (the expected mass for

the full-length protein is 32 197). The puri-

®ed protein was concentrated to 20 mg mlÿ1

and stored in small aliquots at 192 K.

As molecular-replacement studies using

coordinates of the related protein diamino-

pimelate epimerase were unsuccessful,

experimental phasing using SAD or MAD

was initiated. Seleno-l-methionine was

incorporated into PhzF during inhibition of

methionine biosynthesis in synthetic media

(DoublieÂ, 1997). E. coli Rosetta (DE3)/

pLysS cells bearing pET-15b with 6�His-

tagged PhzF were grown overnight in Luria±

Bertani media supplemented with ampicillin

and chloramphenicol, pelleted and sus-

pended in M9 media amended with

50 mg mlÿ1 ampicillin and 17 mg mlÿ1 chlor-

amphenicol. The culture was grown at 310 K

to mid-log phase (OD600 of 0.8) and amino

acids (lysine, phenylalanine and threonine to

100 mg lÿ1; isoleucine, leucine and valine to

50 mg lÿ1) were added. The culture was

supplemented with 60 mg lÿ1 seleno-l-

methionine and allowed to cool to 292 K

before overnight induction with 1 mM

IPTG. The labelled protein showed puri®-

cation properties identical to the native

enzyme. Incorporation of selenium was

con®rmed by MALDI mass spectrometry.

Figure 1
Biosynthesis pathway for phenazine-1-carboxylic acid in P. ¯uorescens as proposed by McDonald et al. (2001).

Figure 2
Photograph of a native PhzF crystal (approximate
dimensions 0.3 � 0.3 � 0.2 mm).
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3. PhzF crystallization
Initial crystallization conditions were deter-

mined with Crystal Screen and Crystal

Screen 2 from Hampton Research (Jancarik

& Kim, 1991; Cudney et al., 1994). The

protein concentration was screened at 20, 10

and 5 mg mlÿ1 by dilution of the protein

stock with Milli-Q water. The hanging-drop

vapour-diffusion method with drops

consisting of 1 ml protein and 1 ml precipi-

tant solution at room temperature was used

throughout. Conditions that produced

microcrystalline precipitates were optimized

with respect to precipitant concentration

and pH in order to reduce the amount of

nucleation and increase the size and

appearance of crystals obtained. As these

experiments showed a clear preference for

polyethylene glycols in the presence of salts

buffered in the pH range 5.0±5.6, a PEG/Ion

Screen (Hampton Research) buffered with

0.1 M sodium citrate pH 5.4 was carried out.

This illustrated the need to include medium-

sized anions in the crystallization reagent, as

crystals were only obtained with

phosphate, sulfate, acetate and

tartrate salts, whereas the

nature of cations was found not

to be important. Diffraction-

quality crystals were obtained

using a protein concentration

of 5 mg mlÿ1 and a reservoir

consisting of 100 mM sodium

citrate pH 5.6, 200 mM

(NH4)2SO4 and 8±12%(w/v)

PEG 4000. The colourless crys-

tals possess an oblique shape

and grow to dimensions of

0.3 � 0.3 � 0.2 mm (Fig. 2).

4. Data collection

To achieve cryoprotection,

crystals were washed brie¯y in

mother liquor supplemented

with either 10%(w/v) sucrose

and 10%(w/v) xylitol (native

data set) or 30%(v/v) glycerol

(SAD data set) prior to ¯ash-

cooling in liquid nitrogen. A

data set was collected from a

native protein crystal at 100 K

as 145 non-overlapping 10 min

0.5� oscillation images on an

Enraf±Nonius FR591 rotating-

anode generator equipped with

Osmic mirrors and a MAR 345

imaging plate. SAD data from

a selenomethionine-labelled

crystal were collected at 100 K

from 720 non-overlapping 0.5�

oscillations on beamline ID14-EH1 of the

ESRF (Grenoble, France) using a Quantum-

ADSC detector with 1 s exposure time in

three passes per image. As this beamline

cannot be tuned for optimal anomalous data

collection, care was taken to obtain highly

redundant and non-overlapped data, which,

owing to the relatively long c axis of 156.4 AÊ ,

meant cutting back on resolution. All data

were indexed, integrated and scaled with the

XDS package (Kabsch, 1993). The crystals

diffract to better than 1.7 AÊ resolution

(Table 1) and systematic absences reveal

that they belong to space group P3121 or

P3221 with one monomer per asymmetric

unit, corresponding to a VM of 2.26 AÊ 3 Daÿ1

(Matthews, 1968). The SAD data contain a

signi®cant anomalous signal, giving rise to

strong peaks (>5�) in the Harker sections of

the anomalous difference Patterson map

(Fig. 3). However, these peaks are indicative

of only two out of nine possible anomalous

scatterers, which may be because of the non-

optimal wavelength of the beamline used for

data collection. We are nevertheless

currently using these data to determine the

position of Se atoms and derive initial

phases for electron-density calculation.

We are thankful to I. Schlichting and R. S.

Goody for encouraging discussions. The use
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell.

Native SeMet-SAD

Wavelength (AÊ ) 1.542 (rotating anode) 0.934 (ID14-EH1)
Resolution (AÊ ) 20±1.94 (2.06±1.94) 30±1.70 (1.80±1.70)
Space group P32/121 P32/121
Unit-cell parameters (AÊ ) a = b = 56.6,

c = 157.3
a = b = 56.3,

c = 156.4
VM (AÊ 3 Daÿ1) 2.26 2.22
Total measurements 91552 658746
Unique re¯ections 21399 31965
Average redundancy 4.3 (4.3) 20.6 (15.3)
I/�(I) 18.7 (6.7) 27.4 (9.8)
Completeness (%) 95.2 (89.3) 98.2 (91.1)
Anomalous

completeness² (%)
Ð 98.3 (90.9)

Wilson B (AÊ 2) 28 22
Rsym³ (%) 4.6 (19.6) 7.5 (26.8)

² Completeness calculations treat Friedel pairs as separate observa-

tions. ³ Rsym =
P jI�h�j ÿ hI�h�ij=P I�h�j , where I(h)j is the scaled observed

intensity of the ith symmetry-related observation of re¯ection h and hI(h)ii is

the mean value.

Figure 3
Harker section w = 1/3 of the Patterson map calculated with the
anomalous differences of the SAD data (all data included, map
contoured at 3�). The ®gure was prepared with programs from the
CCP4 package (Collaborative Computational Project, Number 4,
1994).


