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The actinobacteria of the genus Streptomyces are of immense importance to both ecological and
human welfare. They produce a large number of enzymes and compounds such as antibiotics that have
attracted the interest of industry over recent decades, resulting in their commercial manufacture and
application in many products. Furthermore, Streptomyces is one of the model systems for bacterial
morphological and physiological development. A role for copper proteins and enzymes in the
morphological development and in the production of certain secondary metabolites in Streptomyces
species has been known for some time. This review summarizes the copper proteins and enzymes
identified so far in Streptomyces species, and highlights our current knowledge of the roles some of
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these proteins play in morphological development and secondary metabolite production.
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1 Life cycle and morphology of Streptomyces

The class of actinobacteria contains many members that have
attracted attention over the years due to their diversity, complex
life cycles and production of secondary metabolites. The fila-
mentous Gram-positive soil-dwelling bacterium Streptomyces is
a typical example that has an interesting life cycle, resembling in
certain aspects that of lower eukaryotes such as fungi (Fig. 1).
The reproductive form consists of spores that upon initiation of
development produce two germ tubes, the start of a vegetative
mycelium. Growth in this mycelium takes place through tip
extension and branching resulting in a network of hyphae
(Fig. 1C). Septation at irregular intervals divides the vegetative
mycelium into compartments. The next phase of morphogenesis
consists of the erection of an aerial mycelium. During this
process the vegetative mycelium turns into a substrate mycelium,
providing the nutrients for the aerial hyphae construction. This
step in morphogenesis has many characteristics of programmed
cell death.™ Following the production of the aerial mycelium,
a new phase of cell division takes place where septa are posi-
tioned at regular intervals preparing the separation of the aerial
hyphae in spores. Major players in this event are the proteins
belonging to the SsgA-Like Protein (SALP) family that are
involved in the control of morphogenesis and the correct
assembly of the cell division complexes.® The life cycle is
completed with the maturation of the spores. Once released from
the spore chains and dispersed in the environment, germination
of each spore will result in a new mycelium.

2 Developmental mutants

The various stages of differentiation during growth on solid
media can easily be identified with the naked eye, since the
formation of aerial hyphae gives colonies a white and fluffy
appearance, whereas upon spore formation the color changes
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due to the production of a spore pigment, in general grey
(Fig. 1B).

Over the years many proteins have been identified that are
involved in one of the developmental switches. The b/d mutants
are not capable of producing an aerial mycelium (bald) while the
whi mutants lack the typical spore pigment and in many cases do
not produce spores. Many of the bld mutants are transcription
factors such as bldG® and bldN,” while bldA is directly involved in
translation because it encodes the tRNA for the rare TTA
codon.®*® The bldA mutant demonstrated also a direct link
between the intracellular control of development and proteolytic
activity in the extracellular proteome.

One of the best-known examples of the genes involved in the
switch from aerial mycelium to spore production are the
whiE mutants,' which affect the locus that contains the genes for
the production of the spore pigment that has resemblance to the
polyketides. However, these mutants are from a morphological
point of view not defective. Many other loci that encode
whi genes have been found, but they are in general not as well
characterized as the bld genes.'>"?

An example of a developmental gene not identified through
classical mutagenesis programmes is ssgA4, encoding for a small
protein with unknown function. First identified in S. griseus as
the suppressor of submerged sporulation,'* the orthologue was
later also found in S. coelicolor.’ Disruption of ssgA resulted in
a mutant defective in spore formation but capable of aerial
hyphae production, and therefore ssgA classifies as a whi gene.
Over-expression of SsgA stimulates the septum formation in
liquid-grown cultures demonstrating a function of SsgA in cell
division. Later, a number of paralogues were identified in
S. coelicolor, all somehow active in cell division.'®

The erection of an aerial mycelium requires the hyphae to
break through the surface of the water-layer surrounding the
hyphae. An elegant model for this process has been proposed on
the basis of observations made for mutants of the rodlin and
chaplin genes. The products of these morphogenes create
amyloid-like fibrils forming the hydrophobic environment that is

needed to enable hyphae to have the necessary hydrophilic
nature to become airborne.'”**

3 Secondary metabolites

Concomitant with (or just before) the morphological switch
from vegetative to aerial mycelium, the metabolic development
is initiated with the production of secondary metabolites. These
compounds were probably the main initiators of the scientific
interest in Streptomyces because they comprise a large
percentage of the clinically useful antibiotics, antifungals and
even some of the antitumor agents used to-date. The microbial
secondary metabolites have become very important both from
an economic and a healthcare point of view.?* The onset of the
physiological differentiation in streptomycetes, production of
secondary metabolites, is intimately associated with the start of
morphological development, suggesting that these two
processes share common regulatory elements. As for the
morphogenesis, the physiological differentiation can be moni-
tored easily because some of the secondary metabolites are
pigmented.

The genome of S. coelicolor contains the information for at
least 23 gene clusters predicted to direct the production of a wide
range of secondary metabolites.?’ Not all of these secondary
metabolites have been detected or isolated, suggesting that some
of the synthesis clusters may be dormant/cryptic. The recent
discovery of a master switch, DasR, that controls a large number
of nutrient related processes in Streptomyces including the
production of secondary metabolites, may offer the possibility to
‘wake-up’ these cryptic clusters and produce new secondary
metabolites.?* Understanding the control of the developmental
programme governing the production of secondary metabolites
has been a major effort. Many of the regulatory proteins have
been shown to participate in intracellular and extracellular signal
transduction.?® Among these regulators are factors that provide
a direct link between bioavailability of metals and secondary
metabolite control. Two very recent examples have highlighted
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Fig. 1 A) The life cycle of Streptomyces from spore to spore. Upon germination of a spore two or more germ tubes are produced which grow out in
a dense branched network of vegetative mycelium. When nutrients become limiting, an aerial mycelium is erected that feeds on the vegetative mycelium.
Following the typical curling of the aerial hyphae, cell division takes place with cross-walls formed at regular distances. These compartments finally
maturate into spores that can restart the cycle. B) The left panel shows colonies of vegetative mycelium that are on the brink of producing an aerial
mycelium, illustrated by the patches of white fluffy aerial hyphae. A colony in full development of an aerial mycelium is shown in the middle panel, and
complete sporulation with the typical grey spore pigment is visible in the right panel. C) Cryo-SEM pictures of the three developmental phases of
Streptomyces, vegetative mycelium (left panel), coiled aerial hyphae (middle panel) and spore chains (right panel). The cryo-SEM pictures were kindly
provided by J. Willemse and G. P van Wezel (MBT, LIC Leiden University, The Netherlands).

the role of zinc through the zinc-responsive regulator Zur and
absC.24?

Why these microbes produce secondary metabolites has been
a matter of some debate over the years. Having compounds
around with antibacterial or antifungal activity during the part
of the life cycle that switches from vegetative to aerial growth,
when vulnerable to attack by other organisms does make sense.
However, recently another argument has been put forward that
sheds new light on this issue.?® Davies and coworkers? suggest
that these bioactive compounds in fact are signaling molecules.
The effect of phenazine on colony morphology in Pseudomonas
aeruginosa and that of actinorhodin and undecyl prodigiosin
on the morphology of S. coelicolor lends support to this
hypothesis.?’

4 Other developmental factors

The evidence that secreted molecules and proteins are of
importance for the onset of development and secondary metab-
olite production is accumulating. The best known example is the
bacterial hormone A-factor (2-isocapryloyl-3R-hydroxymethyl-
y-butyrolactone) that was first identified in S. griseus, where it

controls both secondary metabolism and development.?® Several
butyrolactone autoregulators were purified from S. coelicolor.*®
However, these factors do seem to control only secondary
metabolism. Another example of a secreted substance that
somehow has control over development is Factor C from S.
falvofungini.®® Factor C has been shown to be a protein of 34.5
kDa, which, when expressed in a bald, A-factor-deficient mutant
of S. griseus, restores both development (aerial mycelium and
spores) and A-factor production.’!

5 Redox versus morphogenesis

The redox balance in the mycelium and the redox state of the
environment seems to be important for developmental processes.
This is exemplified by the fact that reducing sugars as carbon
source, such as glucose, in general support good growth but are
less suited for obtaining full development/sporulation. However,
non-reducing carbon sources such as mannitol do allow for good
sporulation. Data supporting a significant role for redox control
in morphogenesis has started to accumulate. Several redox
sensors have been identified in S. coelicolor. Rex is a sensor of the
NADH/NAD" redox poise and shown to induce the cytochrome
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bd terminal oxidase operon upon oxygen limitation or inhibition
of respiration through the cytochrome ¢ oxidase.** The rex null
mutant grew poorly and had a delayed development. Another
example is the sigma factor o® that is involved in transcription
regulation in response to disulfide stress. However, the mutant of
this thiol-based regulatory switch does not seem to be affected in
growth, development and secondary metabolism.3

The family of Wbl proteins, of which the S. coelicolor WhiB is
the founding member and one of the best characterized, is also
implemented in redox sensing. The Wbl proteins have only been
detected in actinomycetes and have been shown to play
critical roles in the biology of both Streptomyces and
Mycobacterium.>*** WhiB of S. coelicolor is directly involved in
morphogenesis because it was isolated as a mutant that does not
produce spores.** All members of the Wbl family are small
proteins with many charged residues and four highly conserved
cysteines. In the case of the WhiB-like protein, WhiD, it has been
demonstrated that these cysteines can coordinate a [4Fe-4S]
cluster,® and that this cluster plays a key role in redox sensing.
The biochemical function, however, is a matter of controversy
and debate. Wbl proteins were first suggested to function as
transcriptional regulators, but were later shown to have disulfide
reductase activity.’”-3® However, a recent study with WhiD from
S. coelicolor could not demonstrate disulfide reductase activity.*®

6 Copper and morphogenesis

The transition metal copper has been shown to be of crucial
importance for morphological development in Streptomyces.***!
The copper dependence is restricted to the reproductive growth
phase (aerial mycelium and spores) while vegetative growth
proceeds even under strongly limited Cu-bioavailability*
(Fig. 2). Mutants defective in the Tat (twin-arginine trans-
location) secretory pathway do not or very slowly produce an
aerial mycelium.** Tat substrates are proteins that are secreted in
a folded state and in general have a co-factor such as metal ions.
The large number of putative Tat substrates in Streptomyces,
145-189, suggests that it is used as a general translocation
pathway rather than a specific pathway for cofactor-containing
enzymes.** Development in the tar mutants can be restored by
elevated copper levels. This evidence strongly suggests that
copper proteins are among the secreted proteins/enzymes needed
for development in Streptomyces.

The need for copper ions during morphogenesis is not
restricted to streptomycetes. The GRISEA mutant of the fila-
mentous fungus Podospora anserina has a diminished production
of aerial hyphae and an extended life span. A reversion of this
phenotype to wild-type characteristics is obtained upon addition
of extra copper salts to the medium.** The mutation in GRISEA
turned out to be located in the gene for an orthologue of the
copper-dependent Macl transcription factor of Saccharomyces
cerevisae.*®

7 Copper proteins and enzymes in biology

Copper can exist in either the Cu(1) or Cu(ir) oxidation states and
therefore has oxidative potential, which makes copper an
essential element in proteins involved in electron-transfer
chemistry and in the catalytic oxidation of various substrates in

Fig. 2 Morphological development of Streptomyces lividans is
completely dependent on the bioavailability of copper ions. A) On R5
medium (a complex medium containing yeast extract and glucose as
carbon source) with the addition of the Cu-specific chelator BCDA
(bathocuproin disulfonic acid) development is arrested in the vegetative
growth phase. B) On regular R5 medium, containing about 0.2 uM Cu'*’
2+, development proceeds all the way up to the production of spores that
have the typical grey color of the pigment produced during this phase of
development.

both eukaryotic and prokaryotic organisms. The myriad func-
tions of copper proteins/enzymes are in part dictated by the
coordination geometry of the active site copper ion(s), with
different amino-acid binding motifs often representative of the
class and function of the protein. Historically, copper sites in
proteins have been grouped into three classes based on the
electronic structure and geometry of the copper site; Type 1
(blue), Type 2, and Type 3 (coupled binuclear).*® With the advent
of whole-genome sequencing coupled to structural proteomics,
the discovery of new cupric and cuprous binding motifs in
proteins has expanded the original classification. Currently, there
are seven different types of redox active copper sites found in
biology. These all have characteristic ligand geometries, spec-
troscopic properties and varying cellular functions. The copper
active-site geometries relevant to some of the copper proteins
identified in Streptomyces are depicted in Fig. 3.

Copper, as with other cellular transition metal ions, poses
a threat to the cell in excess. Reduced copper has to be kept under
control, such as is done in a protein environment, as otherwise it
is highly reactive, catalyzing the production of hydroxyl radicals
that can damage the genetic, enzymatic and structural compo-
nents of the cell. This deleterious behavior results in bacteria
having a low cytosolic copper requirement.*” Fluctuations in the

This journal is © The Royal Society of Chemistry 2010
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CopZ CsoR CopC DR1885

Fig. 3 A selection of copper active sites commonly found in biology. A) Redox active copper sites. In the Type 1 site the copper ion is coordinated in
a distorted tetrahedral geometry by two His residues, a Cys thiolate and a weakly coordinating axial Met thioether. In a Type 2 site a mononuclear
copper ion is coordinated by N and/or O ligands arranged in a square planar geometry with a vacant coordination site for a substrate molecule or water
coordination (depicted as a red sphere). In the binuclear Type 3 site each copper is coordinated through three His ligands in a trigonal pyramidal
geometry. This geometry can change upon the coordination of a bridging ligand (red sphere) to distorted tetragonal. The binuclear Cup, site has two Cys
thiolates bridging the copper ions and further coordination from two His residues, a Met and an oxygen of a backbone carbonyl. B) Chaperone and
sensor copper sites. CopZ has bis-Cys geometry commonly associated with binding Cu(1). CsoR coordinates Cu(1) in a trigonal geometry provided by
two Cys thiolates and a His residue. CopC (at pH 4.5) and DR1885 both coordinate Cu(1) in a tetrahedral geometry, utilizing the thioether chemistry of
Met. The Met ligand coordination monopoly is broken in DR1885 by a His residue. At pH7.5 CopC swaps a coordinating Met for a His, resulting in

a coordination sphere identical to that of DR1885.'%*

availability of cytsolic Cu(1) in the cell is safeguarded by proteins
that bind the potentially deleterious cuprous ion and prevent
redox chemistry from occurring.*®>* Proteins specific for Cu(r)
have coordination chemistries that are quite distinct from those
seen in canonical redox active copper proteins and enzymes
(Fig. 3B). Cuprous ions are thiophilic and have a high affinity for
bis-cysteine coordination. In eukaryotes, copper-specific regula-
tors and chaperones have been identified in the strongly reducing
environment of the cytoplasm or in the reducing environment of
intracellular compartments. These proteins have as a minimum
pre-requisite to sequester and transport Cu(1), a CX,C motif.5%%%
In bacteria the major copper trafficking routes are in the less
reducing extracellular (Streptomyces and Bacillus subtilis) or
periplasmic (Escherichia coli) environment.****” The Cys thio-
late chemistry commonly observed for eukaryotic cytosolic Cu(1)
chaperones is still used (e.g. bacterial Scol) but it is noted that
a number of bacterial chaperones bind Cu(1) through thioether
sulfur coordination arising from methionine residues. The thio-
ether group lacks the electrostatic component of a Cys thiolate
and therefore imparts a weaker affinity for Cu(r). As a conse-
quence of this decreased affinity a higher coordination number is
often observed (Fig. 3B).>®

8 A blue-print of copper proteins in S. coelicolor

Knowledge of the various copper binding motifs in biology
enables in silico mining of genome databases to identify putative
copper proteins/enzymes.>® This can subsequently lead to the
identification of the type of systems used by an organism for
copper homeostasis and also provide information as to the type

of enzymatic reactions carried out by the organism which are
unique to copper enzymes. Sequencing of the S. coelicolor
genome has been completed and is considered as a model
organism for the study of Streptomyces development and
secondary metabolite production.®® An inventory of putative
copper proteins/enzymes in the S. coelicolor genomic database
has been undertaken using an analysis of common copper-
binding or copper-associated amino acid motifs and on the basis
of overall protein similarity followed by searching for copper-
binding sequences ‘by eye’. The blue-print of copper proteins
produced is similar to that reported by Andreini et al.> Table 1
summarizes the genes found in S. coelicolor that putatively
encode for a protein or enzyme involved in either binding or
transporting copper. It should be noted, however, that this
inventory is not definitive and that in other Streptomyces
genomes copper proteins may vary. There are also a number of
genes which although identified as containing a known copper
binding motif, it is not as apparent as it is for others, if they are
truly copper proteins e.g. SCO7671 (Table 1).

Using bioinformatics tools to detect export signal peptides and
transmembrane regions, the potential location for a number of
putative copper proteins reported in Table 1 have been identified
(Fig. 4). It is noted that a number of the extracellular putative
copper proteins are predicted to be lipoproteins, where the
N-terminal Cys residue at the +1 position is modified to form
a thioether linkage to a diglyceride of a lipid®*-** (Fig. 4). Despite
this anchorage point, these proteins are known to move location
within the extracellular environment. Of the predicted copper
proteins in S. coelicolor and/or their orthologues in other
Streptomyces species, a number have been subjected to protein
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Table 1 The genes identified in S. coelicolor that putatively encode for copper-containing proteins or enzymes.

Predicted Translocation
Classification SCO # Description of gene product localisation® pathway References
Enzymes 2700 Tyrosinase (melD2) ¢ C — 82
2837 Galactose oxidase-like with a Tyr—Cys crosslinked cofactor M and/or S  Tat 101
3439 A two-subunit multicopper oxidase S Tat —
3440 A two-subunit multicopper oxidase s? — —
6710 Glycosyl hydrolase with a putative Type 1 Cu site S Sec —
6712 A small two-domain laccase; SLAC S Tat 84
7657 A lysyl oxidase (a Cu-dependent amine oxidase-like protein) S Tat —
7671 A chalcone synthase with a Type 1 Cu site signature C — —
Electron transport 2155 Cytochrome c oxidase subunit I, Cug centre M — —
2156 Cytochrome c oxidase subunit II, Cuy centre M Sec —
7674 A high potential cupredoxin; lipocyanin M, lipo Sec 61
Chaperones 1045 CopZ-like Cu chaperone C — —
2701 A tyrosinase chaperone (melD1) C — 82
2730 CopZ-like Cu chaperone C — —
3965 An orthologue of DR1885 (Cu, assembly) M, lipo Sec —
3966 Scol-like Cu chaperone (CcO and possibly SCO2837 assemble) M, lipo Sec —
Metal transport and storage 0860 P-type ATPase with possible involvement in Cu transport M — —
1046 P-type ATPase, with SCO1045 the Cu chaperone M — —
1748 Metallothionein-like protein (23 cysteines) C — —
2731 P-type ATPase, with SCO2730 the Cu chaperone M — —
3964 A putative Cu transporter M Sec —
4053 Similar to 3964; CopC/D similarity/domains/signatures M Sec —
4315 CutC-like (Cu transporter in E. coli) C — —
6117 CutC-like (Cu transported in E. coli) C — —
Transcription regulation 4136 A Cu-responsive transcriptional regulator, CsoR/RenR family C — —

@ The melD2 homolog, melC2, is a secreted protein and Tat pathway substrate. ” 3440 does not have a signal sequence but is predicted to be secreted
together with 3439. ¢ Localization: C(ytoplasm); M(embrane); S(ecreted); Lipo(protein). Protein localization and translocation is predicted with the

SignalP, TatP, LipoP and TMHMM servers.'*!

SCO3965
(Cu chaperone)

SCO3966 SCOB712
(Scot) (SLAC)

5C02837
(radical copper oxidase)

SC02155

oxn SCOTE74

(lipocyanin)
(COX2) :

K ool oo [ty
(CsoR orthologue) @] (meD1)
SC02700
(melD2)
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SCO2730
(CopZ-like)
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SCO1045
(CopZ-like)

SCO0860
(P-type ATPase)

SCo2731
(P-type ATPase)
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(P-type ATPase)
5C03439 & 40
imiRCorpr oxsiew) Extracellular environment

Fig. 4 A cellular overview of copper proteins, enzymes and transporters
found in the cytoplasm and extracellular environment of S. coelicolor.
The cellular locations are predicted on the basis of membrane-spanning
domains or N-terminal signal sequences. Lipoproteins are shown as being
tethered to the membrane. Other putative proteins/enzymes with copper-
binding motifs have also been identified (Table 1) but are omitted from
this cartoon.

chemistry studies. These have afforded insight into the enzy-
mology, active-site structure and chemistry, and in a handful of
cases tertiary structural information is available through X-ray
crystallographic studies. Coupled with some in vivo and proteo-
mics data, snapshots of the role copper and its proteins play in
Streptomyces development and secondary metabolite production
is beginning to emerge.

9 Copper enzymes and secondary metabolite
production

9.1 A multicopper oxidase with phenoxazinone synthase
activity

The phenoxazinone chromophore has been found in various
biological systems and forms the core structure of certain anti-
biotics (Fig. 5A). The class of enzyme responsible for the
biosynthesis of phenoxazinone is a 2-amino-phenol:oxygen
oxidoreductase or more commonly referred to as phenoxazinone
synthase (PHS) (for a recent review of PHS see ref. 65). A PHS
was first discovered in S. antibioticus and for some time was
believed to be essential in the biosynthesis of the phenoxazinone-
containing antibiotic actinomycin, which is a potent anticancer
agent. However, it has been shown that actinomycin production
is still present in a S. antibioticus strain lacking PHS activity.*®
The PHS in S. antibioticus was identified as being a copper
protein with high sequence similarity to laccases and was there-
fore classed as a member of the multicopper oxidase family of
proteins. This has been subsequently confirmed through

This journal is © The Royal Society of Chemistry 2010
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Fig. 5 The biosynthetic pathway for the production of the phenox-
azinone chromophore. A) The reaction catalyzed by the multicopper
oxidase PHS from S. antibioticus involves two two-electron oxidations
with the concomitant reduction of dioxygen to water and a final two-
electron oxidation to yield the phenoxazinone chromophore. B) The
reaction catalyzed by GriF, the tyrosinase-like PHS, from S. griseus.
3-Amino-4-hydroxybenzaldehyde is oxidized by GriF to the corre-
sponding quinone-imine followed by the non-enzymatic conjugation of
the —SH group of N-acetylcysteine. This compound undergoes subse-
quent two-electron oxidation by GriF to its quinone-imine, followed by
non-enzymatic coupling with a second molecule of a quinone-imine to
form the phenoxazinone product, grixazone.

structure determination by X-ray crystallography.®” The reaction
catalyzed by the PHS from S. antibioticus is an oxidative
condensation of two o-aminophenols to yield the 2-amino-
phenoxazinone product (Fig. 5A). The oxidative coupling of the
2-amino-phenol is thought to take place by a series of three two-
electron oxidations with the first two occurring enzymatically,
and the last proposed to occur non-enzymatically.®® This type of
reaction is unique among multicopper oxidase members, which
normally carry out single-electron oxidation reactions.®

Two distinct oligomeric forms of PHS have been identified in
S. antibioticus; a dimer and a hexamer.” The cellular location of
these two forms of PHS is not entirely clear. From our sequence
analysis no export signal is present which would suggest that
PHS is an extracellular protein. However, the occurrence of
a copper enzyme in the cytosolic environment of most bacteria is
unprecedented (see section 9.2). Nevertheless, it is the hexamer
form of PHS which is most active towards substrate,”®”" and it is
the structure of this form which has been determined by X-ray
crystallography. The structure reveals that each monomer

Fig. 6 The X-ray structure of the active hexamer of the multicopper
PHS from S. antibioticus (pdb entry 2G23).” Each monomer of the
hexamer consists of three domains (domain 1 yellow; domain 2 blue;
domain 3 pink). The Type 1 copper site (blue sphere) is located in domain
1 and the trinuclear cluster (brown) is located between domains 1 and 3.
Domains 2 and 3 are connected by a long loop (orange) which is struc-
turally supported by a copper ion (yellow sphere) coordinated by three
His residues.

consists of three Greek key B-barrel or cupredoxin domains
architecturally arranged in a manner that resembles other mul-
ticopper oxidases.®” The hexameric ring structure is centered on
a pseudo-six-fold axis and has a large central cavity of 50 A
(Fig. 6). A Type 1 copper site is found in domain 1 with a tri-
nuclear copper site or Type 4 site (Fig. 3A) located between
domains 1 and 3, where the reduction of oxygen to water occurs.
A unique feature of this particular multicopper oxidase is the
presence of a fifth copper ion (multicopper oxidases normally
have four copper ions). This is located some 25 A from the Type
1 and trinuclear copper sites®’ (Fig. 6). The copper coordination
sphere consists of three His residues arranged in a T-shape-like
geometry with a vacant coordination site. Spectroscopic prop-
erties are consistent with it being a Type 2 copper site. A non-
catalytic role for this fifth copper ion is proposed, and it is
speculated to confer stability to a long loop that connects two
domains which in turn helps to maintain and stabilize the active
hexamer structure.®” Presumably, loss of this copper ion will
therefore coincide with reduced enzymatic activity. Multicopper
oxidases have been identified in the extracellular environment of
S. coelicolor (vide infra) but these do not have homology to the
multicopper PHS identified in S. antibioticus.

9.2 Tyrosinase and a tyrosinase-like protein with
phenoxazinone synthase activity

In many Streptomyces species the tyrosinase gene (melC2) is part
of the bicistronic melC operon.” This operon also contains an
OREF called melC1 which encodes a histidine-rich protein that
acts as a multi-purpose chaperone, delivering copper to apo-
tyrosinase and directing its secretion to the extracellular
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Fig. 7 The initial catalytic steps of the Raper-Mason melanogenesis pathway require the copper enzyme tyrosinase. Hydroxylation of L-tyrosine to
L-3,4-dihydroxyphenylalanine (DOPA) is followed by oxidation to 4-(2-carboxy-2-aminoethyl)-1,2-benzoquinone (DOPAquinone), a reactive precursor

to melanin production.

environment.”>”® Tyrosinase contains a Type 3 copper site
(Fig. 3A) and is the key enzyme in the melanogenesis pathway,
producing melanins in bacteria to humans. Melanins are
heterogeneous light-absorbing polyphenolic polymers with
colors ranging from yellow to black derived from the oxidation
of tyrosine.” Melanogenesis fulfils a number of physiological roles
in different organisms, ranging from spore formation in fungi to
the photo-protection of skin from UV light in humans.””®! In the
melanogenesis pathway, the extracellular tyrosinase is activated
by oxygen and catalyses the hydroxylation of L-tyrosine to
DOPA followed by oxidation to DOPAquinone with concomi-
tant reduction of oxygen to water® (Fig. 7). DOPAquinone is
then converted by a series of enzymatic and spontaneous
conversions to produce the various melanins.

As the completed genome sequences for various Streptomyces
species become available, a bicistronic operon homologous to
melC has been found in all the sequenced chromosomes, and has
subsequently been named melD.3* The melD operon also
contains melD1 which is homologous to the me/C2 gene encoding
for the chaperone protein (Fig. 4). In contrast to melC2, melD2 is
not secreted to the extracellular environment and is therefore
unlikely to be involved in melanin biosynthesis. In S. coelicolor
the lack of melanin production was initially thought to be due to
an inactive tyrosinase gene (SCO2700). However, our current
understanding is that the tyrosinase gene identified in S. coeli-
color is part of the melD operon and is therefore not secreted.®*
melD2 exhibits monophenol and diphenol oxidase activities
typical of an extracellular tyrosinase®* and this therefore suggests
that melD2 is an example of a cytoplasmic copper enzyme. The
occurrence of cytosolic copper enzyme in a Gram-positive
bacterium would be unique, as a metabolic requirement for
copper to cross the plasma membrane into the cytoplasm has not
been documented.*” Further molecular and genetic studies with
melD2 to probe its copper dependence are therefore required.
The present hypothesis for the function of melD2 in Strepto-
myces is based on studies using genetic knockouts and activity
assays, and alludes to a role in protecting the cell from damage by
common plant phenolic compounds by interfering with the
spontaneous ROS-generating quinone-hydroquinone redox
cycle.®?

The Streptomyces species S. griseus possesses both the melC
and melD operons, and in addition has another pair of melCI
and melC2 homologues (griE and girF). These genes are
embedded in the grixazone biosynthesis gene cluster, consisting
of 13 genes whose transcriptional activator is under the control
of the A-factor (see section 4) and phosphate depletion.?® Grix-
azone is a secondary metabolite produced by S. griseus, which
possesses a phenoxazinone chromophore and contains a mixture
of grixazone A and B, with the latter having parasiticide

activity®® (Fig. 5B). Deletion of the griEF locus on the chromo-
some of S. griseus resulted in no production of grixazone but
instead led to the accumulation of 3-amino-4-hydrox-
ybenzaldehyde (3,4-AHBAL) and its acetylated compound®
(Fig. 5B). GriE and GriF display ~50% sequence identity to
MelCl and MelC2, respectively. The Type 3 copper binding
motif has been identified in GriF, and GriE has been shown to
activate GriF activity through the transfer of two copper ions to
assemble the Type 3 catalytic site.®* Unlike true tyrosinases
however, GriF is unable to carry out monophenolase reactions,
but has unique substrate specificities for o-aminophenols to yield
an o-quinone-imine derivative, which is then non-enzymatically
coupled with another molecule of o-quinone-imine to form the
phenoxazinone-containing grixazone®® (Fig. 5B). Thus, despite
quite clear difference in structure and genetic makeup compared
to the multicopper oxidase PHS from S. antibioticus, GriF can
also be termed a PHS. Both these copper enzymes are therefore
potential candidates for biotransformation for use in robust
Streptomyces expression strains for the production of novel
phenoxazinone antibiotics.®

10 Characterizing copper proteins and enzymes from
S. coelicolor

From in silico mining of the completed S. coelicolor genome,
a number of proteins and enzymes have been predicted to require
copper for function (Table 1). To test the in silico predictions
a handful of the corresponding genes have been subjected to
recombinant over-expression in host bacterial systems. This has
enabled the purified proteins to be subjected to structural and
mechanistic studies, affording insight into some novel features
not commonly associated with homologues in other bacteria.

10.1 Small laccase (SCO6712)

Multicopper oxidases, of which laccases are members, oxidise
a variety of organic and inorganic substrates by molecular
oxygen. Reducing equivalents are accepted by the Type 1 copper
site and transferred to a trinuclear cluster, where oxygen is
reduced to water (Fig. 3A and 8). Structural information on
multicopper oxidases is available and reveals these multi-domain
proteins to consist of three cupredoxin-type domains (Fig. 8).
Domain 1 contains the Type 1 copper site and the trinuclear
cluster is located at the interface of domains 1 and 3 (Fig. 8).
Domain 2 connects the other two domains and helps to shape the
access and exit channels to the trinuclear cluster. In S. coelicolor,
SCO6712, was predicted to encode for a multicopper oxidase,
based on the conserved copper binding motifs identified in the
amino-acid sequence. However, sequence alignments with other
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(Type 4 site)

Trinuclear cluster

Fig. 8 Multicopper oxidases. The active site structure of a multicopper oxidase is shown in sticks, with the blue spheres indicating the four copper
atoms. The reduced substrate binds close to the Type 1 copper site and the reducing equivalents are passed to the trinuclear cluster for the reduction of
oxygen. The three domain structure of laccase from Trametes versicolor is shown to the left of the active site (pdb entry IGYC)."*° The three cupredoxin
domains are colored differently and arranged in a manner such that the trinuclear cluster is interfaced between domains 1 and 3. To the right of the active
site is the X-ray structure of SLAC viewed along the approximate 3-fold axis of the trimer (pdb entry 3CG8),% which forms the channel leading to the
central cavity of the protein and subsequent access to the trinuclear cluster. Each monomer is colored differently, and the blue spheres represent the

copper sites.

multicopper oxidases e.g. laccases, revealed that P6712
(P denotes the protein encoded by SCO6712) lacked domain 2,
making it roughly half the size of ‘conventional’ multicopper
oxidases (343 vs. ~600 amino-acids). Machczynski et al®
heterologously expressed SCO6712 in E. coli and found that the
purified protein existed in solution as a dimer with four copper
ions per monomer. Spectroscopic evidence suggested that the
four copper ions are arranged into the canonical Type 1 and
trinuclear sites commonly associated with laccases.®* The dimer
form of the protein displays activity against a wide range of
phenolic substrates as well as with negatively charged non-
phenolic substrates. The activity with phenolic substrates reaches
an optimum at alkaline pH, in contrast to many other multi-
copper oxidases where phenol oxidase activity is measured at
acidic pH.* In the monomer form, no phenol oxidase activity
was detected and disruption of the gene abrogates laccase activity
with phenolic substrates in the growth media,?® strongly sug-
gesting that P6712 is the primary extracellular laccase in
S. coelicolor. P6712 therefore represents a new sub-class of the
bacterial laccase-type enzymes and have been designated SLAC
for Small LACcase.®*

Following on from the initial spectroscopic characterization
and activity assays,® an X-ray structure of SLAC has been
reported.® Unlike the three domain laccases, the structure of
SLAC is a trimer, with each monomer of the trimer consisting of
two cupredoxin-like domains® (Fig. 8). The trinuclear copper
site is placed between domains 1 and 2 of each neighbouring
chain of the trimer, and the Type 1 site is housed in domain 2%
(Fig. 8). In SLAC the coppers of the trinuclear cluster are
coordinated through the Ne? atoms of His residues, in contrast to
the three-domain laccases where the N3' atoms of the His residue
provide the coordination. A large channel formed around the
pseudo-3-fold axis of the trimer is openly accessible to solvent
and leads to the central cavity of the protein (Fig. 8). Such an
openly accessible solvent channel does not exist in the three

domain laccases. A channel leading from the trinuclear site
connects to this central channel and is considered as a possible
entry and exit port for oxygen and water, respectively. The
trimeric organization of the two domains leading to the forma-
tion of a central channel is very similar to the arrangement found
in the trimeric copper enzyme nitrite reductase.®® Subsequently,
SLAC reveals the highest structural homology with this family of
copper proteins. This oligomeric state of SLAC found in the
crystals is reported to be the active form when assayed against
2,6-dimethoxyphenol.®s Neither the dimer nor monomer forms
were found to exhibit activity, and therefore contradicts the
initial characterization of SLAC where the dimer from was
reported to be the active species.®*

On the opposite side to the channel lies a shallow, hydrophobic
trimeric substrate-binding site (~8 Ain depth) in close proximity
to the Type 1 sites. Currently, no ligand of SLAC resembling the
trimeric character of the binding site is known. The substrate-
binding site is relatively small, and interactions with more than
one protein chain are unavoidable even for small ligands.®
Defining the structural constraints for substrate binding is
important for insight into substrate specificity, the unusual pH
dependence of activity with phenolic substrates and for revealing
the true role of this enzyme.

Mechanistically, the oxygen-to-water conversion in multi-
copper oxidases, and in particular laccases, has been extensively
studied.®®*®” The first step in the reduction of oxygen by a four-
electron-reduced laccase consists of two-electron oxidation of the
Type 3 site with concomitant production of a peroxide inter-
mediate, followed by a one-electron step whereby the oxygen—
oxygen bond is broken and an oxygen radical is produced.
A recent mechanistic study of the enzymatic reduction of oxygen
by SLAC has identified a transiently populated species in both
the enzymatic turnover and single-turnover experiments that has
been attributed to a protein radical intermediate®® arising from
a Cu?*-tyrosyl radical formed at the Type 2 site of the trinuclear
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cluster.®® Based on spin-spin distances calculated from EPR
measurements and analysis of the X-ray crystal structure of
SLAC, Tyrl08 at the end of the channel that leads to the
trinuclear cluster is a strong candidate for the protein radical.®5#®
Such an intermediate has not been detected in three-domain
laccases, and it remains to be seen if this is unique to SLAC or if it
is also present in other members of the small laccase family.
Laccases have application as industrial catalysts. One draw-
back, however, is the difficulty in isolating functional glycosy-
lated fungal laccases. SLAC displays resistance to detergents and
has a high thermal stability, which coupled with its high pH
activity optimum for phenolic substrates and its relative ease of
isolation using bacterial host systems make it an attractive
candidate for applied applications.?*#® In this respect SLAC has
been patented by Novozymes, for among others, use in bleaching
processes (Novozymes, Uses of laccase, World Pat. WO
2007/054034, 2007). A further active area of applied investigation
is the employment of laccase-coated cathodes in biofuel cells.
A recent report describing a SLAC-coated cathode revealed that
the current density for enzymatic oxygen reduction at neutral pH
outperforms that of other fungal laccases so far tested.*®

10.2 Lipocyanin (SCO7674)

SCO7674 is predicted to be involved in electron-transfer chem-
istry (Table 1). Over-expression of SCO7674 in E. coli, purifi-
cation and subsequent UV-visible, EPR and NMR
spectroscopies have confirmed the in silico prediction that P7674
is a cupredoxin possessing a Type 1 copper site with Met as the
axial ligand®' (Fig. 3A). The N-terminal amino-acid sequence
reveals characteristics of prokaryotic lipoproteins,®-** with a Cys
residue forming a thioether linkage to a diglyceride of a lipid.®3-6*
These findings, together with the spectroscopic confirmation of
a Type 1 copper site, led to P7674 being named lipocyanin (Ipc).**
Homology searches revealed Ipc to have a high sequence identity
to the amicyanin family of cupredoxins. These proteins function
as redox carriers in Gram-negative bacteria, which rely on
methylamine as an energy source.”® In particular, the copper-
binding loop in Ipc, which contains three of the four copper
ligands, is the same length as in amicyanin. This copper-binding
loop varies in size and sequence amongst members of the
cupredoxin family, and a number of studies have focused on
ascertaining the relative contributions of loop length, amino-acid
sequence and structure in tuning the Type 1 active-site
properties.®>?

One such property of a cupredoxin, and indeed other redox
proteins, is the mid-point redox potential (E,,), which strongly
regulates function. For amicyanin the E, of the Cu(1)/Cu(i)
couple is +280 mV (vs. NHE) and is the lowest reported in the
cupredoxin family with Met as the axial copper ligand.***s
Nevertheless, this E,, is sufficient for amicyanin to transfer an
electron to its substrate at a biologically optimal rate. For Ipc the
E,, has been reported to be +605 mV (vs. NHE) and is so far the
highest E,, for a cupredoxin possessing a ‘classic’ Type 1 copper
site.®! In the absence of an X-ray structure, it is difficult to come
up with a rationale for this elevated potential, although second-
sphere coordination effects have been suggested as possible
factors.®® A recent study with another cupredoxin (Azurin) has
revealed the importance of second-sphere coordination

properties for tuning the E,, beyond the natural range.*® Putative
high-potential cupredoxins have also been identified in
other actinobacteria but their functions remain unknown.®!
In S. coelicolor the surrounding genomic environment of
SCO7674 suggests that Ipc could be involved in oxidation of
a substrate prior to uptake and transport across the membrane
by an ABC transporter.®*

10.3 A radical copper oxidase (SC0O2837)

SCO2837 encodes for a protein with weak sequence similarity to
the fungal enzyme galactose oxidase.®” The latter is a member of
the radical copper oxidase family, which participate in the two-
electron oxidation of an organic substrate and reduction of
oxygen to hydrogen peroxide.”*® The active site contains
a copper ion and a catalytic motif based on a tyrosyl-cysteine
thioether cross-link that forms a stable amino acid side-chain
radical®® (Fig. 3A). In S. coelicolor, SCO2837 occurs within
a central core region of the genome with genes required for
essential cellular functions in close proximity. SCO2837 appears
to form a bicistronic operon with SCO2836, the latter encoding
for a glycosyl transferase which is involved in hyphal tip growth
and morphological differentiation.’®® P2837 is secreted to the
growth medium of S. coelicolor cultures and is found to be
primarily associated with the cell surface, similar to the fungal
enzyme galactose oxidase. P2837 has recently been isolated in
large enough quantities to ascertain preliminary biochemical
data,'®! which reveal the oxidized protein possesses a protein free
radial, that upon one-electron reduction disappears, leaving an
EPR spectrum of a typical mononuclear Cu(1) ion in a tetrag-
onal ligand environment. A biologically relevant substrate is at
present not known; however, kinetic assays demonstrate that the
enzyme preferentially catalyzes oxidation of primary alcohols to
aldehydes, but with quite distinct kinetic properties compared
with the classical galactose oxidase.'® These observations
represent the first characterized example of a prokaryotic radical
copper oxidase. The production of H,O, may provide a hint to
its cellular function, with H,O, known to play an important
role in signaling and fueling extracellular peroxidases in
Actinomycetales.'?

11 Copper trafficking and development

Is has become increasingly well documented in both prokaryotic
and eukaryotic organisms that the uptake and regulation of
copper is a very tightly controlled process. The concentration of
‘free’ copper in bacteria is negligible, and helping to maintain this
level are proteins that serve as Cu(1) chaperones and regulators.
In S. coelicolor putative Cu(1) chaperones have been identified in
both the extracelluar and cytosolic environment (Fig. 4). In
addition a putative Cu(1) sensor protein, that in other bacterial
organisms up-regulates a cytosolic Cu(1) efflux system in
response to Cu(i) stress, has also been identified (Fig. 4). Despite
knowing that copper plays a critical role in the development cycle
of Streptomyces, detailed information is lacking on the molecular
and genetic level regarding the trafficking and regulation of
copper in these organisms. A summary of our current knowledge
in this area is outlined in the following sections.

This journal is © The Royal Society of Chemistry 2010

Nat. Prod. Rep., 2010, 27, 742-756 | 751


https://doi.org/10.1039/b804465c

Published on 06 April 2010. Downloaded by Universiteit Leiden / LUMC on 9/1/2021 3:18:18 PM.

View Article Online

11.1 Tyrosinase and its copper chaperone

The most well documented copper chaperone in Streptomyces
biology is the tyrosinase-specific melCl. This chaperone is
responsible for directing the secretion of tyrosinase (melC2) to
the extracellular environment and for assembling the catalytic
Type 3 copper site.”® Recent insight on the molecular level of
copper ion transfer between a melCl-like protein and a tyrosi-
nase has been revealed through X-ray crystal structure determi-
nation of the complex from S. castaneoglobisporus.'®® The
chaperone protein binds to a surface area of tryrosinase that
would prevent access of substrate to the Type 3 site (Fig. 9). This
suggests that assembly of the active site occurs prior to the
maturation of other parts of the protein. The melC1-like protein
has significant structural homology to the SH2 domain, which
commonly occurs in proteins with a role in a cell signaling, such
as tyrosine kinase.'* Prior to this complex structure, no atomic
resolution information for tyrosinase was available, and the large
body of mechanistic work on this enzyme had been interpreted
through the use of homology models based on the X-ray struc-
tures of other Type 3 copper family members which display
different substrate specificity.'>'% The structure of tyrosinase
revealed features that give rise to variation in substrate specific-
ities amongst Type 3 family members and also inferred a high
degree of flexibility within the Type 3 site during catalysis.'*?
Co-crystals of the complex between tyrosinase and its chap-
erone protein were subjected to different soaking times with
cupric salts.’®® Solving the structures of these crystals led to the
identification of two copper binding sites on the surface of melC1
(Fig. 9). Residues coordinating the copper at the first site are not
well defined due to disorder in the crystal. However, one residue
observed to bind copper at this site is His82, which coordinates
the copper through its side chain Nd atom. From sequence
analysis, other His residues are speculated to be involved in
copper ion binding at the first site. By contrast, the second
binding site on MelC1 is well resolved and also involves His82,
but the copper is now coordinated through the Ne atom of its
imidazole ring. The coordination sphere at the second binding

2" Cu(ll) site
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Fig. 9 Tyrosinase from S. castaneoglobisporus and its chaperone
protein. The X-ray crystal structure of the copper loaded (blue spheres)
tyrosinase (blue) in complex with its melC1-like chaperone protein (gold)
(pdb entry 1WX2).1% Tyrosinase adopts a a-helical structure with a core
fold consisting of a four-helix bundle housing the Type 3 copper site.
The melCl-like protein has a fold homologous to a SH2 domain.
A zoomed-in region of the copper-loaded cupric binding site in the
melCl-like protein (pdb entry 2AHK).'** The ligands to the copper at this
site are indicated. His82 is also involved in binding copper at the first site,
and is therefore considered a critical residue in the sequential transfer of
copper in assembly of the tyrosinase active site.

site is completed by a second His and the thioether of a Met
(Fig. 9). In combination with biochemical data, it is has been
proposed that a sequential mechanism of copper transfer occurs,
whereby the first site transfers its cargo to the second site, with
His82 a key residue, followed by transfer to the apo-tyrosinase.'*®
Delivery of copper to apo-enzymes or proteins outside of the
cytosolic environment in prokaryotes is most often mediated
through chaperones whose ligand sets favor the binding of Cu(1)
ions*® (Fig. 9). MelCl on the other hand has nitrogen donors at
the first and second copper binding sites which favor a higher
affinity for Cu(n) coordination over Cu(1). This suggests that
copper transfer most likely takes place during or after membrane
crossing in the more oxidizing surroundings of the extracellular
environment.

11.2 Copper efflux systems and transcriptional regulators

Given its toxicity and low intracellular requirement for Cu(1),
copper uptake into the cytosol in bacteria is not well character-
ized. Conversely, when copper levels change upon stress condi-
tions, bacteria are known to express efflux systems or in some
cases metallothioneins to expel or sequester potentially delete-
rious Cu(1) ions.' A bacterial metallothionein, specific for
copper, has most recently been identified in the actinobacteria
M. tuberculosis.'® The regulated expression of Cu(l) efflux
systems is controlled through metalloregulatory proteins, that
sense metal availability within their environment. From the blue-
print of copper proteins in S. coelicolor (Fig. 4), a number of
putative proteins have been identified which have been assigned
roles in copper homeostasis based on homologues in other
bacteria.

In the cytoplasm of the Gram-positive bacteria B. subtilis and
Enterococcus hirae, a specific efflux system exists encoded by the
copZ A and the cop YZAB operon respectively, which are induced
upon response to an increase in copper levels.'*'"* CopZ
coordinates Cu(1) via two Cys residues (Fig. 3B) and acts as
a chaperone to CopA, a CPx-type efflux ATPase. In S. coelicolor
two ORFs are identified which encode a CopZ-like protein, both
of which precede a gene for a P-type ATPase (SCO1046 and
SCO02731) (Fig. 4). Another P-type ATPase has been identified in
S. coelicolor (SCO0860) but no CopZ gene precedes it, nor is
there a recognizable copper binding motif nearby. In B. subtilis
the metalloregulatory protein, or metal sensor, controlling the
expression of the copZA4 operon has recently been identified as
YvgZ.''' This is a CsoR (copper-sensitive operon) orthologue
belonging to a new member of metalloregulators originally
identified in the actinobacteria M. tuberculosis.'** In B. subtilis
and M. tuberculosis CsoR acts as a copper specific repressor
binding to the promoter region of a copper efflux operon.!**-!12
Structural characterization of M. tuberculosis CsoR has revealed
a homodimer with a Cu(1)-binding motif consisting of two Cys
residues and one His residue that adopt a trigonal copper coor-
dination geometry (Fig. 3B). The binding affinity per monomer for
Cu(1) has been estimated for the CsoRs from M. tuberculosis and
B. subtilis, with lower limits for K¢, of =10 M~! and =10*' M™!
determined, respectively.>*'13

In S. coelicolor SCO4136 is predicted to encode for a putative
CsoR protein, but from analysis of the gene environment it
appears not to be part of either of the two copZA-like loci, as
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observed in B. subtilis or M. tuberculosis. In fact, the surrounding
genomic environment shows no known (or candidate) copper
resistance genes and instead, SCO4136 is clustered with genes
encoding for proteins that are strong candidates to participate in
inorganic phosphate transport.® Therefore the question arises of
whether P4136 is a copper-specific sensor protein. Identification
from sequence alone as to which metal a sensor protein binds is
notoriously difficult. However, conserved residues at several
signature positions designated W-X-Y-Z have been identified in
the CsoR/RcnR family, of which the latter has a preference for
Ni(m)/Co(1).'****5 For Cu(i)-sensing CsoRs a W-X-Y-Z finger-
print of x-Cys-His-Cys has been identified (where x is any amino-
acid). This signature is present in the P4136 sequence, and despite
not being localized near copper resistance genes P4136 is strongly
favored to bind Cu(1) and act as Cu(1) sensor in S. coelicolor.

A tight link between phosphate availability and development
in Streptomyces species has been suggested,'’® and the biosyn-
thesis of many different types of antibiotics and other secondary
metabolites are regulated by inorganic phosphate.’” It has also
been proposed that polyphosphate sequesters heavy metals,
thereby reducing their intracellular concentration and toxicity."'®
Van Veen'" has shown that the inorganic phosphate transport
system (Pit) in E. coli and Acinetobacter johnsonii can reversibly
transport metal phosphates. Furthermore, in Acidithiobacillus
ferrooxidans elevated copper levels are sequestered by poly-
phosphates and exported via Pit.!?° In S. coelicolor, the genes
SCO4138 and SCO4137 constitute a bicistronic transcript, in
which SCO4138 encodes for a Pit and SCO4137 is an accessory
protein. It is therefore an attractive possibility that P4136 may be
involved in regulating this bicistronic transcript under copper
stress conditions.

A second CsoR orthologue is identified in S. coelicolor,
SC0O0620, which contains a x-Cys-x-Cys W-X-Y-Z fingerprint
and is located in the cytosolic environment. Based on this
fingerprint, P0620 is unlikely to be a Cu(1) sensor, as substitution
of the Cu(1) His ligand has been shown to render CsoR inactive
as a Cu(r) sensor.>* Instead, a function for members with this
W-X-Y-Z fingerprint may be in non-metal sensing of oxidative
stress or antibiotic resistance.'™*

11.3  The role of Scol in copper-dependent development

Bacteria have relatively little control over the passing of metal
ions through pores in the bacterial outer membrane. Thus metal
ions in the periplasm or extracellular space are less well regulated
than in the cytosolic environment. In S. lividans, Tat mutants
that are defective in secretion through the Tat pathway are
blocked in development and cannot switch to the production of
aerial mycelium, but can be rescued through the addition of high
concentrations of copper, strongly implying that enzymes with
copper co-factors and copper-trafficking proteins are involved in
development.

In S. coelicolor, SCO3966 encodes for a protein homologous to
the copper chaperone protein Scol in eukaryotes, which is likely
responsible for the metallation of the binuclear Cup site of
cytochrome ¢ oxidase (CcO). In prokaryotes, Scol also carries
out metallation of the Cu, site, but other roles, including copper
transport to other enzymes/proteins, have been implied. The
ORF immediately downstream of 3966 has similarity to a Cu(1)

chaperone (DR1885) identified in Deinococcus radiodurans.*
This chaperone is unique to bacterial genomes, with a recent
study highlighting its role in the assembly of the Cupy site in CcO
in tandem with Scol in Thermus thermophilus.**'

A very recent study has identified SCO3966 to have a direct
link between development and copper-trafficking in S. /ividans.'**
A null mutant of the copper chaperone Scol in S. /ividans has
a bld phenotype, i.e. the developmental switch from vegetative to
aerial mycelium is blocked, and exhibits no CcO activity
(Fig. 10). This suggests that CcO is essential for development, but
a CcO null mutant (genes for subunit I and II replaced by an
antibiotic resistance cassette) is viable and not defective in
development.’ These different phenotypes point towards
a second chaperone function of Scol in addition to the assembly
of the Cuy, site in CcO. The ability to restore development by the
addition of copper to the Scol variant suggests that a copper
enzyme is a key component in the development pathway in
Streptomyces. At present a chaperone partner for Scol is spec-
ulative, but a strong candidate is the radical copper oxidase

Parent
R5 R5 + Cu

Sco1/SenC null mutant
R5 R5 + Cu

Fig. 10 A role for Scol in Streptomyces development. The parent strain
and the Scol/SenC null mutant were grown on R5 medium (0.2 uM Cu?*)
and RS medium containing 10 pM Cu?*. The null mutant is only capable
of producing an aerial mycelium and spores on this medium when extra
copper is added. This demonstrates that Scol is conditionally required
for morphological development. With sufficiently high Cu** concentra-
tions its activity as copper chaperone is not strictly needed, suggesting
that the metallation of the target enzymes proceeds spontaneously.

This journal is © The Royal Society of Chemistry 2010
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(SCO2837) in which a knockout in S. lividans is unable to be
rescued by elevated copper concentrations.'?* SCO2837 is found
amongst genes encoding proteins that are required for cell wall
and sugar synthesis and therefore important for organism
development.'® The possibility that Scol has other targets in
Streptomyces other than CcO is intriguing, and it remains to be
seen whether this is also the case for other bacterial Sco proteins.

12 Conclusions and future perspectives

From this review of development and natural product produc-
tion involving copper enzymes and proteins in streptomycetes, it
is obvious that very little is known and that further research in
this area is needed. The function of many of the copper enzymes
identified in S. coelicolor is not clear, although most of them have
been assigned to a “protein family” as outlined and discussed in
this review. Furthermore, the copper homeostasis and trafficking
in streptomycetes is to a large extent an unexplored field, and
how both morphological and physiological development are
affected by copper bioavailability remains to be discovered.
Further characterization of the role of Scol will hopefully begin
to address this issue.

The biochemical characterization of the copper enzymes
requires the production of large quantities of protein. In
general, this could be obtained from expression in standard
hosts such as E. coli, although some proteins have been shown
to be expressed poorly or to be expressed only as a pre-protein
lacking the co-factor, in this case copper. Powerful native
expression systems in a Streptomyces host are needed desper-
ately and their development is currently in progress (EV,
unpublished data). A challenge will also be to translate the
in vitro data from emerging biochemical studies with the in vivo
situation. An example touched on briefly in this review is the
radical copper oxidase expressed from SCO2837. This enzyme
has been demonstrated to preferentially catalyze oxidation of
primary alcohols to the corresponding aldehyde but its physi-
ological substrate and function is not elucidated (yet).'*! This is
also the case for SLAC.3*%

From the natural product point of view, studies on Coryne-
bacterium glutamicum suggest that oxidative phosphorylation
and thus the copper-containing CcO provides an attractive
target for improving production of natural products.'?*-12%
Whether this is also the case in Streptomyces remains to be seen,
but preliminary data with CcO mutants in S. /ividans suggest
that it is an interesting approach (E. Vijgenboom, unpublished
data).

An interesting hypothesis has been revived recently by Davies
and coworkers which suggests that most secondary metabolites
are in fact signaling molecules in the microbial habitat and not
(as assumed for some time) waste products or antibacterials,
antifungals ez¢.?*'® This hypothesis is supported by the
demonstrated function of phenazine derivatives in signaling in
P. aeruginosa®™'*" and the effect of sub-inhibitory concentrations
of antibiotics on transcription.'*® Since most signaling molecules
are present in small amounts, different experimental approaches
are needed to detect the low levels of new useful secondary
metabolites. To this end, dedicated expression hosts will have to
be designed to isolate the large quantities of these compounds
needed for their characterization.
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