A ammean  [Applied and Environmental GENETICS AND MOLECULAR BIOLOGY
SOCIETY FOR

microsiotoay |[V] iCrObiO|09y® o.)

Check for
updates

Transcriptional Studies on a Streptomyces clavuligerus oppA2
Deletion Mutant: N-Acetylglycyl-Clavaminic Acid Is an
Intermediate of Clavulanic Acid Biosynthesis

R. Alvarez-Alvarez,® A. Rodriguez-Garcia,® Y. Martinez-Burgo,® J. F. Martin,? P. Liras®

2Department of Molecular Biology, Faculty of Biological and Environmental Sciences, University of Ledn, Ledn,
Spain
PInstitute of Biotechnology of Ledn, INBIOTEC, Ledn, Spain

ABSTRACT The oppA2 gene encodes an oligopeptide-binding protein similar to
the periplasmic substrate-binding proteins of the ABC transport systems. How-
ever, oppA2 is an orphan gene, not included in an ABC operon. This gene is lo-
cated in the clavulanic acid (CA) gene cluster of Streptomyces clavuligerus and is
essential for CA production. A transcriptomic study of the oppA2-null mutant S.
clavuligerus AoppA2:aac showed changes in the expression levels of 233 genes
from those in the parental strain. These include genes for ABC transport systems,
secreted proteins, peptidases, and proteases. Expression of the clavulanic acid,
clavam, and cephamycin C biosynthesis gene clusters was not significantly af-
fected in the oppA2 deletion mutant. The genes for holomycin biosynthesis were
upregulated 2-fold on average, and the level of upregulation increased to 43-fold
in a double mutant lacking oppA2 and the pSCL4 plasmid. Strains in which oppA2
was mutated secreted into the culture the compound N-acetylglycyl-clavaminic acid
(AGCA), a putative intermediate of CA biosynthesis. A culture broth containing
AGCA, or AGCA purified by liquid chromatography-mass spectrometry (LC-MS), was
added to the cultures of various non-CA-producing mutants. Mutants blocked in the
early steps of the pathway restored CA production, whereas mutants altered in late
steps did not, establishing that AGCA is a late intermediate of the biosynthetic path-
way, which is released from the cells when the oligopeptide-binding protein OppA2
is not available.

IMPORTANCE The oppa2 gene encodes an oligopeptide permease essential for
the production of clavulanic acid. A transcriptomic analysis of S. clavuligerus
AoppA2::aac in comparison to the parental strain S. clavuligerus ATCC 27064 is
reported. The lack of OppA2 results in different expression of 233 genes, includ-
ing genes for proteases and genes for transport systems. The expression of the
clavulanic acid genes in the oppA2 mutant is not significantly affected, but the
genes for holomycin biosynthesis are strongly upregulated, in agreement with
the higher holomycin production by this strain. The oppA2-mutant is known to re-
lease N-acetylglycyl-clavaminic acid to the broth. Cosynthesis assays using non-clavulanic
acid-producing mutants showed that the addition of pure N-acetylglycyl-clavaminic acid
to mutants in which clavulanic acid formation was blocked resulted in the recovery of
clavulanic acid production, but only in mutants blocked in the early steps of the
pathway. This suggests that N-acetylglycyl-clavaminic acid is a previously unknown
late intermediate of the clavulanic acid pathway.
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TP-binding transport cassettes (ABC) are ubiquitous systems typically consisting of

(i) a periplasmic substrate-binding protein, OppA, with high substrate specificity in
Gram-negative bacteria, (ii) two hydrophobic integral membrane proteins, OppB and
OppC, containing at least six membrane-spanning domains, with their N- and
C-terminal ends located in the cytoplasm, and (iii) two ATP binding cytoplasmic
proteins, OppD and OppE, which provide the energy to transport the substrate by ATP
hydrolysis (1). In Gram-positive bacteria, the OppA subunit is located on the cell
surfaces and is anchored in the membrane by a lipophilic acyl residue (2). Some of these
ABC-type systems are involved in peptide transport and play important roles in
Gram-positive bacteria, such as cell wall recycling (3), signaling at the onset of Bacillus
subtilis sporulation (4), and aerial mycelium formation in Streptomyces species (5, 6). In
Streptomyces coelicolor, the BIdK transporter imports an extracellular signaling molecule
that governs aerial mycelium formation through the lantibiotic-like peptide SapB (5, 7,
8). A similar system is present in Streptomyces griseus (9). Genes for ABC transport
systems are normally clustered and coordinately expressed, as occurs in Salmonella
enterica serovar Typhimurium (10) or in the S. coelicolor BIdKABCDE cluster (5). How-
ever, isolated genes encoding OppA subunits are occasionally found in bacteria with-
out the cognate genes encoding the OppBCDE subunits.

Streptomyces clavuligerus produces the B-lactamase inhibitor clavulanic acid (CA).
This compound is formed by the condensation of arginine and glyceraldehyde-3-
phosphate by the N2-(2-carboxyethyl)-arginine synthase (CeaS2), encoded by ceaS2
(also named pyc [11]). Cyclization of N2-(2-carboxyethyl)-arginine by the B-lactam
synthase (Bls), encoded by bls2, results in deoxyguanidine-proclavaminic acid forma-
tion. This compound is transformed through several enzymatic steps into (3S,55)-
clavaminic acid, N-glycylclavaminic acid (NGCA), (3R,5R)-clavaldehyde, and finally
(3R,5R)-clavulanic acid (12) (Fig. 1). Most of the genes encoding enzymes for the steps
leading to NGCA (ceaS2, bls2, pah2, cas2, and gcaS) and the gene involved in the final
step of clavulanic acid biosynthesis (car) have been characterized; however, the func-
tions of several genes essential for CA formation (oppA1, cyp, orf12, orf13, orf14, oppA2,
orf16) and located in the CA cluster are still unknown.

Two genes encoding orphan oligopeptide-binding proteins, oppA1 and oppA2, are
located in the S. clavuligerus clavulanic acid gene cluster (13, 14) (Fig. 1A). These orphan
OppA proteins are likely to be substrate-binding proteins rather than components of a
complete ABC transport system, since the oppB-to-oppE genes, forming the corre-
sponding ABC transport system, are not located close to oppAT or oppA2. However,
genes for complete ABC transporter systems are present elsewhere in the S. clavuligerus
genome. OppA1 and OppA2 are both essential for CA production but appear to have
different substrate-binding specificities and functions, since they cannot replace each
other when expressed in the other gene-disrupted mutant (15).

Crystal structures of the oligopeptide-binding proteins complexed with tripeptide
and tetrapeptide ligands have been obtained (16). The crystal structure of S. clavuligerus
OppA2 binds di- or tripeptides containing arginine, a CA precursor, and arginine-
containing complex molecules (17). Since all the oppA2 mutants studied secrete the
arginine-derived peptide N-acetylglycyl-clavaminic acid (AGCA) (14, 15), we hypothe-
size that this compound might be a ligand for OppA2 and an intermediate of the CA
pathway. Therefore, it was important to know whether the lack of CA formation was
due to an effect of OppA2 on the transcription of the clavulanic acid biosynthesis genes
or to a role of OppA2 in the cellular localization of AGCA and its conversion to
clavulanic acid.

The characterization of the OppA2 function was hampered by the recent finding
that the mutant S. clavuligerus oppA2::aph (15), now renamed S. clavuligerus oppA2::aph
pSCL'w, contains lower copy numbers of plasmids pSCL2 and pSCL4 in the mycelium
than the wild-type S. clavuligerus strain ATCC 27064 (18). Plasmid pSCL4 (1.8 Mb) is an
important reservoir of secondary metabolite gene clusters, whereas pSCL1 (11 kb) and
pSCL2 (120 kb) are not so well described (19). Therefore, a new strain with oppA2
deleted, but carrying standard copy numbers of plasmids pSCL1, pSCL2 and pSCL4, was
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FIG 1 Clavulanic acid gene cluster and pathway. (A) Clavulanic acid gene cluster. Filled arrows represent genes encoding enzymes of the pathway
and the transcriptional cluster activator, ClaR. Open arrows represent genes with unclear functions. Note that some genes with unknown
functions—oppA1, cyp-fd, orf12, and oppA2—are essential for clavulanic acid biosynthesis. The locations of genes oppal and oppA2 are indicated
above the diagram. (B) Clavulanic acid biosynthesis pathway. The names and chemical structures of the intermediate compounds are given. The

enzymes and genes involved in each step are shown.

constructed (18) and is designated S. clavuligerus AoppAZ2::aac (referred to as S. clavu-
ligerus AoppA2::aac pSCL4™ in reference 18). Both S. clavuligerus oppA2:aph pSCL'ew
and S. clavuligerus AoppA2::aac overproduce the yellow antibiotic holomycin, which is
encoded by the holomycin gene cluster (20, 21).

This work presents a transcriptomic study of S. clavuligerus AoppAZ2::aac to elucidate
the effect of the oppA2 mutation on the expression of the CA biosynthesis genes and
to prove, through cosynthesis assays, that AGCA is an intermediate in the clavulanic
acid pathway.

RESULTS

Characteristics of the oppA2 gene and its encoded protein. The oppA2 gene,
located in the clavulanic acid gene cluster, encodes an oligopeptide-binding orphan
protein similar to those of ABC systems. OppA2 has 562 amino acids and possesses 75%
and 81% identity with the homologous OppA2 proteins from Saccharomonospora viridis
(WP_015787617.1, Svir_33430) and Streptomyces flavogriseus (WP_014152681.1,
Sfla_0541), encoded by genes located in the clavulanic acid clusters of these actino-
mycetes (22). The amino acid identity between OppA2 and OppA1 (SCLAV_4192), also
located in the S. clavuligerus clavulanic acid gene cluster, is 49%, whereas the amino
acid identity decreases to 29 to 41% when OppA2 is compared with other oligopeptide
transporters, such as those encoded by SCLAV_3976 (BIdKB), SCLAV_4035, and
SCLAV_4406, all of them genes located in complete ABC transporter clusters in the S.
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clavuligerus genome, suggesting that OppA2 is a protein specific for clavulanic acid
biosynthesis.

Transcriptomic analysis of S. clavuligerus AoppA2::aac compared to its parental
strain, S. clavuligerus ATCC 27064. A comparative transcriptomic analysis of S.
clavuligerus AoppA2::aac and the parental strain S. clavuligerus ATCC 27064 was carried
out to determine the effect of OppA2 on gene transcription. Three percent of the genes
analyzed showed statistically significant differences in their expression (233 genes of
the 7,589 present in the microarray). Those genes with M, values (binary log values of
the differential transcription between the mutant and the wild-type strain) greater than
2 or less than —2 for at least one of the sampling times and with statistically significant
changes in expression levels (Benjamini-Hochberg [BH] false-discovery rate-corrected P
value, <0.05) were considered in the study. The differentially expressed genes were
classified as follows: (i) 28 genes encoding transport component systems, secreted
proteins, peptidases, or proteases, (ii) 10 regulatory genes, (iii) 45 genes located in
secondary metabolite gene clusters, (iv) 79 genes with diverse functions, and (v) 71
genes encoding hypothetical proteins (see Table S1 in the supplemental material).

Genes encoding transport systems, secreted proteins, proteases, or peptidases
whose expression is affected in the oppA2 mutant. The lack of the orphan peptide-
binding protein OppA2 upregulates 12 genes encoding components for transport
systems (Table 1) in the S. clavuligerus AoppA2::aac mutant at the three sampling times
used and downregulates SCLAV_0928, a divalent metal ion/citrate complex secondary
transporter. Six of the upregulated genes encode members of ABC transport systems. The
clustered genes SCLAV_2953 and SCLAV_2954, coding for a peptide transport system,
showed the highest upregulation (5.1- and 5.8-fold, respectively). Likewise, the changes in
the expression of genes SCLAV_1661 to -1663, coding for an ABC transport system,
increased steadily in the oppA2 mutant strain, as high as 9-fold over expression in the
control strain (Fig. 2). A group of 15 genes differentially transcribed in the oppA2 mutant
encode secreted proteins, proteases, or peptidases (Table 1). All these genes were up- or
downregulated in S. clavuligerus AoppA2:aac at least 4-fold at some sampling time. Three
of these genes (SCLAV_3505, SCLAV_p1084, and SCLAV_p1085) encode peptidases of the
S1/S6 family. The last two genes (as well as SCLAV_p1086 and SCLAV_p1087, encoding
hypothetical proteins) are located upstream of res2, in the clavulanic acid paralogous gene
cluster, and showed 32- and 26-fold-higher expression, respectively, in the oppA2 mutant
than in the wild-type strain in the early-exponential phase (Fig. 3A). The role of these
peptidases in the CA paralogous gene cluster is unknown, but their strong upregulation
suggests a linkage between OppA2 and the CA paralogous gene cluster. A strong upregu-
latory transcriptional effect was observed for a gene encoding the ATP-dependent Clp
protease subunit (SCLAV_0526 [Fig. 3B]) and the adjacent SCLAV_0527 gene (not shown),
especially at stationary phase (40-fold increase), but no significant effect was observed for
genes encoding other components of the Clp complex (SCLAV_1784 to SCLAV_1786). Also
upregulated were the genes encoding the extracellular neutral protease (SCLAV_4112 [Fig.
3C]) and the subtilisin-like protease (SCLAV_p0750), which were expressed at some sam-
pling times at levels 10.1- and 6.4-fold higher than those in the wild-type strain, respectively
(Table 1). Coregulated expression of independent substrate-binding proteins and secreted
proteins has been described previously (23).

Transcription of antibiotic biosynthesis gene clusters in the strain lacking
OppA2. S. clavuligerus oppA2-null mutants do not produce clavulanic acid, behave like
the wild-type strain in relation to cephamycin C production, and produce large
amounts of holomycin (14, 15). The expression of the genes encoding these antibiotics
was analyzed in the wild-type strain and the mutant S. clavuligerus AoppAZ2::aac.

Clavulanic acid and clavam gene clusters. The lack of OppA2 completely blocked
clavulanic acid production in the mutant S. clavuligerus AoppA2:aac (Fig. 4A, left). The
transcription of oppA2 was null in the oppA2 deletion mutant (Table 2); however, the
expression of the upstream gene (orf16) that is cotranscribed with oppA2 (24) was not
significantly affected. Similar expression of orf14 in the wild-type strain and the oppA2
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TABLE 1 Genes differentially transcribed in S. clavuligerus AoppA2:aac and S. clavuligerus ATCC 27064

Applied and Environmental Microbiology

BH false-discovery rate-corrected

Mo P value Fold change?
Gene and category Product 225h 465h 60h 225 h 46.5 h 60 h 225h 465h 60h
Transport systems
SCLAV_0398 Cobalamin/Fe3*-siderophore transport 0.76 2.33 0.38 533E—01 3.88E—03 7.79E—01 1.70 5.04 1.30
system permease
SCLAV_0928 Divalent metal ion/citrate complex —0.05 0.05 —213 9.87E—01 9.73E—01 447E-02 1.04 1.04 4.37
secondary transporter
SCLAV_1661 ABC transporter integral membrane protein ~ 1.71 235 3.15 3.10E—03 2.19E—04 3.50E—-06 3.28 5.09 8.86
SCLAV_1662 ABC transporter ATP-binding protein 149 2.50 3.19 2.03E—03 9.62E—06 1.47E—07 281 5.64 92.16
SCLAV_1663 ABC transport system transmembrane 1.31 2.40 3.15 2.63E—03 4.26E—06 7.21E—08 247 5.28 8.89
protein
SCLAV_2323 Putative permease of the major facilitator 0.24 2.06 0.17 9.17E—01 1.04E—02 9.25E—01 1.18 4.17 1.12
superfamily
SCLAV_2953 ABC transporter-related protein 234 1.31 1.14 1.23E—05 4.16E—03 1.24E—02 5.07 248 2.21
SCLAV_2954 ABC transporter-related protein 2.53 1.03 0.49 1.23E—05 2.70E—02 4.27E-01 5.78 2.05 1.40
SCLAV_3442 Integral membrane transport protein 0.40 2.63 0.38 856E—01 6.77E—03 8.32E—01 1.32 6.19 1.30
SCLAV_4876 Major facilitator superfamily transporter 0.49 2.53 0.10 7.75E—01 3.43E—-03 9.61E—01 1.40 5.79 1.07
SCLAV_5031 Putative glutamate ABC transporter 0.96 2.29 0.14 490E—01 1.24E—02 9.48E—01 195 4.89 1.10
permease
SCLAV_5717 Putative cation efflux system protein 0.88 225 0.26 5.09E—01 9.39E—03 8.78E—01 1.83 4.77 1.20
SCLAV_p1593 Ferric enterobactin transport system; 0.34 222 0.82 8.68E—01 9.39E—03 4.65E—01 1.27 4.67 1.76
permease FepG
Proteases and peptidases
SCLAV_0526 ATP-dependent Clp protease, proteolytic 2.30 2.80 534 8.67E—03 1.88E—03 545E—07 4.92 6.96 40.45
subunit
SCLAV_3418 Protease inhibitor protein —-205 —0.83 —337 1.28E-01 5.28E-01 6.45E—03 4.13 1.78 10.36
SCLAV_4112 Extracellular small neutral protease 2.82 334 1.92 1.28E—02 3.37E—-03 9.85E—02 7.07 10.10 3.78
SCLAV_5431 Subtilisin-like serine protease 0.01 2.07 1.07 9.98E—01 3.36E—02 3.99E—01 1.01 419 2.10
SCLAV_p0399 Chymotrypsin-2-like protease -090 —216 —0.09 5.18E—-01 147E—-02 9.67E—01  1.87 4.48 1.06
SCLAV_p0750 Subtilisin-like protease 2.68 1.86 1.37 6.30E—03 4.34E—02 2.03E—01 641 3.64 2.59
SCLAV_2331 Peptidase S58 DmpA 0.43 231 —042 829E-01 9.86E—03 7.93E-01 1.35 4.97 1.33
SCLAV_2381 Peptidase 0.68 2.26 0.32 6.08E—01 4.89E—03 822E—01 1.60 479 1.25
SCLAV_3505 Peptidases of the S1/56 family, 1.52 1.67 233 2.87E—01 1.18E—01 4.16E—02 2386 3.18 5.04
chymotrypsin/Hap
SCLAV_5212 Glutamyl endopeptidase Il —237 —076 092 1.71E-03  3.01E-01 2.88E—01  5.18 1.70 1.90
SCLAV_p1084 Peptidases of the $1/56 family 4.99 0.54 0.59 1.84E—04 7.36E—01 7.84E—01 31.82 1.45 1.51
SCLAV_p1085 Peptidases of the 51/56 family 4.69 0.80 0.46 524E—04 5.84E—01 849E—01 25.80 1.74 1.38
Secreted proteins
SCLAV_1071 Putative secreted protein —-159 —371 —037 1.73E—01 5.01E—04 8.42E-01 3.01 13.07 1.29
SCLAV_p0575 Putative secreted protein 2.09 0.83 0.03 3.13E—02 3.85E—-01 9.88E—01 4.26 177 1.02
SCLAV_p1196 Secreted protein —230 —441 —2.85 1.15E-01 148E—03 3.15E—02 4.93 21.29 7.21

aThe transcription values in S. clavuligerus ATCC 27064 are taken as 1.0.
bShaded values correspond to genes that were downregulated at the indicated times.

mutant (Table 2) was also observed, ruling out the possibility that oppA2 deletion
exerted a polar effect on orf14 expression; this was also confirmed by complementation
experiments of the oppA2 mutation (see below). The BH false-discovery rate-corrected
P values of <0.05 for the 18 genes of the CA cluster indicate that there were no
significant transcriptional differences due to the lack of OppA2 (Table 2). In summary,
all the evidence indicates that the OppA2 protein does not exert transcriptional control
on the CA gene cluster, although the mutant did not produce CA (Fig. 4A, left).

No significant differences in the transcription level of the chromosomal clavam gene
cluster (SCLAV_2922 to SCLAV_2929) or of the pSCL4-located clavulanic acid paralo-
gous gene cluster (SCLAV_p1070 to SCLAV_p1082) were observed (Table 2), although
the expression of SCLAV_p1079, encoding the transcriptional regulator Cvm7P, in-
creased 4.1-fold at the exponential-growth phase.

Cephamycin C gene cluster. The differences in the expression of 16 genes (pcbR to
pbp74; SCLAV_4198 to SCLAV_4215) of the cephamycin gene cluster between the two
strains were quite low; on average, 1.5- and 1.3-fold increases in transcription at the
early-exponential and exponential phases, and 2.3-fold decreases at the stationary-
growth phase, were observed (Table 2). The most affected genes were those coding for
isopenicillin N epimerase, deacetylcephalosporin C hydroxylase, and C-7 cephalosporin
hydroxylase (cefD, cefE, cmcl), which were downregulated 5- to 7-fold at the stationary-
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FIG 2 Transcriptomic pattern of the SCLAV_1660-to-SCLAV_1664 gene cluster. (A) Organization of the genes in the cluster. (B)
Transcriptomic levels (Mg values) of the genes SCLAV_1660 to SCLAV_1664 in S. clavuligerus ATCC 27064 (open circles) and S. clavuligerus
AoppA2::aac (filled circles). Vertical lines show standard deviations.

growth phase. This slight effect of OppA2 on the expression of the cephamycin C genes
agrees with the similar levels of cephamycin C production by the oppA2 mutant and the
wild-type strain that were observed in this work (average, 80% production with respect
to the wild-type strain at the different sampling times), and by other authors (14, 25).

The lack of OppA2 strongly upregulates the holomycin gene cluster. Holomycin
is not detectable in cultures of the wild-type strain, S. clavuligerus ATCC 27064, whereas
S. clavuligerus AoppA2:aac, as also reported for other oppA2-null mutants, produced
large amounts of holomycin (15) (see Fig. S1 in the supplemental material). This also
occurs in strains carrying oppA2 but lacking plasmid pSCL4 (18, 26, 27). In this work, the
expression of the genes for holomycin biosynthesis (him) in S. clavuligerus ATCC 27064
and S. clavuligerus NoppA2::.aac, with oppA2 deleted, is compared; in addition, the S.
clavuligerus pSCL4~ mutant, which carries a normal oppA2 gene but lacks plasmid
pSCL4, and the double mutant S. clavuligerus AoppA2::aac pSCL4—, which lacks both
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FIG 3 Transcriptomic patterns of genes encoding peptidases and proteases in S. clavuligerus ATCC 27064 (open
symbols) and S. clavuligerus AoppA2:aac (filled symbols). (A) Transcriptomic levels (M, values) of SCLAV_p1084
(circles) and SCLAV_p1085 (squares), encoding type S1/S6 peptidases. (B) M, values of SCLAV_0526, encoding the
ATP-dependent Clp protease. (C) M, values of SCLAV_4112, encoding an extracellular neutral protease. Vertical
lines show standard deviations.
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FIG 4 Effects of the oppA2 complementation in S. clavuligerus oppA2::acc[pAV11-oppA2]. (A) Production
of antibiotics by S. clavuligerus ATCC 27064 (open circles), S. clavuligerus AoppA2::aac (filled circles), S.
clavuligerus oppA2:acc[pAV11-oppA2] (triangles), and S. clavuligerus AoppA2::aac[pAV11] (squares). (Left)
Production of clavulanic acid; (right) production of holomycin. (B) HPLC analysis of AGCA formation by
the distinct strains. The name of each strain is given beside the HPLC pattern. The AGCA peak is indicated
by an arrow. (C) Mass spectra of imidazole-derivatized AGCA (left) and of underivatized AGCA (right).

oppA2 and plasmid pSCL4, were included in the study (Table 3). All the him genes were
upregulated in the three mutant strains. The upregulation was higher at the exponen-
tial phase of growth, coinciding with the holomycin production phase, and also at the
stationary phase in the double mutant (Fig. S1).
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TABLE 2 Transcriptomic data for genes of the clavulanic acid, cephamycin C, clavam, and clavulanic acid paralogous gene clusters in

S. clavuligerus AoppA2::acc versus S. clavuligerus ATCC 27064

Applied and Environmental Microbiology

BH false-discovery rate-

[/ corrected P value Fold changec
Gene cluster and gene Gene function? 225h 465h 60h 225h 46.5 h 60 h 225h 46.5h 60h
Clavulanic acid gene cluster
ceaS2 Carboxyethylarginine synthase —-0.16 0.14 —1.19 9.17E-01 8.70E—01 4.02E—02 0.90 1.10 0.44
bls2 Carboxyethyl-arginine B-lactam synthase 0.02 0.19 —1.01 991E-01 8.20E—01 9.73E—02 1.01 1.14 0.50
pah2 Proclavaminate amidinohydrolase 0.14 0.48 —1.46 9.48E—01 5.56E—01 4.78E—02 1.10 1.39 0.36
cas2 Clavaminate synthase 2 —0.08 0.29 —1.35 9.70E—01 6.97E—01 3.07E—02 0.95 1.23 0.39
oat2 Ornithine N-acetyltransferase 0.44 —0.03 0.09 6.22E—01 9.69E—01 9.37E—-01 1.36 0.98 1.07
oppAl Substrate-binding protein —-0.13 017 —1.38 9.50E—01 8.72E—01 5.28E—02 0.91 1.13 0.38
claR Transcriptional activator ClaR 0.57 0.01 —1.16 7.06E—01 9.97E—01 1.96E—01 1.49 1.00 0.45
car Clavaldehyde dehydrogenase —0.24 —0.07 —1.23 9.15E—01 9.58E—01 2.22E—01 0.85 0.95 0.43
cyp Cytochrome P450 0.16 0.08 —1.89 9.31E—01 9.44E-01 7.41E-03 1.12 1.05 0.27
fd Ferredoxin 0.10 0.23 —1.82 9.54E-01 7.77E—01 4.98E—-03 1.07 117 0.28
orf12 Putative transpeptidase, B-lactamase-like —0.23 030 —1.11 896E—-01 7.43E-01 1.53E—01 0.85 1.23 0.46
orf13 Putative acetylserine/cysteine exporter 0.85 —0.06 0.10 2.85E—01 9.50E—01 9.48E—01 1.81 0.96 1.07
orf14 GNAT-like —-136 —1.19 -0.82 6.69E—02 6.76E—02 3.14E—01 0.39 0.44 0.57
oppA2 Solute binding protein —746 —733 —557 1.18E—04 1.82E—04 4.02E—03 0.01 0.01 0.02
orf16 NAT-like protein 0.01 0.30 —193 9.98E-01 7.84E—01 2.14E—02 1.01 1.23 0.26
gcas N-Glycyl-clavaminic acid synthetase —-0.11 —0.05 -223 9.62E—01 9.70E-01 6.62E—03 0.93 0.97 0.21
pbpA Penicillin-binding protein (PBP) 0.45 0.11 —0.05 267E—01 7.96E—01 9.52E—01 1.37 1.08 0.97
pbp2 Penicillin-binding protein 0.15 —0.07 —022 633E—01 7.84E—-01 3.22E-01 1.11 0.95 0.86
Avg (except oppA2) —0.38 —0.36 —1.34 1.01 1.00 0.5
Cephamycin C gene cluster
pcbR Penicillin-binding protein 0.10 0.22 0.00 8.70E—01 4.26E—01 9.99E-01 1.07 1.16 1.00
pcbC Isopenicillin N synthetase 0.17 0.10 —1.79 9.35E-01 9.37E-01 1.88E—02 1.12 1.07 0.29
pcbAB N-8-Aminoadipyl-cysteinyl-p-valine synthetase 0.57 0.11 —2.81 7.39E—01 9.38E—01 3.85E—03 1.48 1.08 0.14
lat L-Lysine-e-aminotransferase 0.28 0.42 —2.56 9.25E—01 7.65E—01 1.74E—02 1.21 1.34 0.17
blp B-Lactamase inhibitory protein-like 1.51 1.21 0.21 1.57E—01 1.72E—01 9.15E—01 2.85 231 1.16
orf10 Secreted protein 0.53 —0.13 —0.83 451E—-01 8.62E—01 1.14E—-01 1.45 0.91 0.56
ccaR Positive regulator 1.04 0.36 —0.13 1.07E—02 3.79E—01 8.64E—01 2.05 1.28 0.91
cmcH 3’-OH-methylcephem-O-carbamoyl transferase 0.37 0.22 —245 8.49E—-01 8.63E—01 5.67E—03 1.29 1.16 0.18
ceff Deacetoxycephalosporin C hydroxylase 0.63 0.83 —243 792E-01 5.10E-01 3.80E—02 1.55 1.78 0.19
cmc) Protein of the methoxylation system 0.57 0.66 —2.88 8.19E-01 6.20E-01 138E—02 149 159 0.14
cmcl Cephalosporin hydroxylase, Cmcl 0.59 0.61 —2.23 7.84E-01 6.17E—01 3.57E—02 1.51 1.52 0.21
cefD Isopenicillin N epimerase 0.60 0.55 —2.63 8.14E—-01 7.09E-01 291E—02 1.52 147 0.16
cefE Deacetoxycephalosporin C synthetase 0.81 0.63 —1.79 6.73E-01 6.09E-01 1.11E—01 1.75 1.54 0.29
pcd Aldehyde dehydrogenase 0.38 0.22 —1.46 7.06E—01 7.49E—01 8.07E—03 1.30 1.17 0.36
cmcT Fourteen-domain transmembrane protein 0.56 0.66 —0.94 4.63E—01 1.92E—01 9.00E—02 1.48 1.58 0.52
pbp74 Penicillin-binding protein —0.05 -0.01 -038 9.55E—01 9.79E—01 291E-01 0.97 0.99 0.77
bla B-Lactamase —0.02 017 046  9.90E—01 7.84E—01 438E—01 0.99 1.12 137
Avg 0.51 0.40 -1.45 1.48 1.36 0.5
Clavam gene cluster
cvm9 DNA-binding protein 0.01 —0.09 —0.38 9.94E—01 8.70E—01 3.79E—01 1.01 0.94 0.77
cvmeé PP-dependent aminotransferase-like —0.87 —0.28 0.06 3.84E—-01 7.76E—01 9.71E—01 0.55 0.82 1.04
cvm5 F420-dependent methylenetetrahydromethanopterin  0.36 1.45 0.06  845E—01 5.80E—02 9.75E—01 1.28 2.73 1.04
reductase
cvm4 Alpha/beta hydrolase —049 —0.27 -059 3.81E—-01 561E—01 2.06E—01 0.71 0.83 0.67
cas1 Clavaminate synthase 1 0.07 2.03 —0.01 9.82E—01 3.76E—02 9.96E—01 1.05 4.10 0.99
cvm] Aldo/keto reductase 0.46 —044 —0.10 3.02E—-01 1.98E—01 8.93E—01 1.38 0.74 0.94
cvm2 Hypothetical protein —032 —0.77 -—0.98 8.37E—01 257E—01 2.07E—01 0.80 0.59 0.51
cvm3 Flavin reductase-like protein —-061 098 030 6.91E-01 229E-01 8.51E-01 0.65 1.98 1.23
cvm7 AfsR-family transcriptional regulator 0.1 0.68 079  9.32E-01 1.19E—-01 1.02E—01 1.08 1.60 1.73
cvmll1 Putative translocator 0.05 —0.22 0.18 9.62E—01 5.70E—01 7.55E—01 1.03 0.86 1.13
cvmi2 Putative transcriptional regulator 0.20 0.17 0.22 8.08E—01 7.18E—01 7.22E-01 1.15 1.13 1.16
cvm13 B-Aspartyl-peptidase —122 —028 022 177E-02 640E—01 8.08E—01 043 083 1.16
cvmH LanU-like protein -0.11 049 —0.74 9.50E—01 4.15E—01 2.58E—01 0.93 1.40 0.60
cvmP Arginine deiminase-like protein 0.56 084 099 4.03E—01 6.96E—02 4.62E—02 1.47 1.79 1.98
cvmG Hypothetical protein 0.07 0.19 0.28 9.55E—01 7.15E—01 6.64E—01 1.05 1.14 1.21
Avg —0.12 030 0.02 097 143 1.08
Clavulanic acid paralogous
gene cluster
SCLAV_p1069 Dehydratase —0.04 —0.07 026 9.86E—01 9.49E—01 844E—01 0.97 0.95 1.20
SCLAV_p1070 Aminotransferase 0.26 1.71 037  9.21E-01 572E-02 830E-01 1.19 3.26 1.29
SCLAV_p1071 YjgF-type family regulator —0.04 0.8 —0.42 9.81E—-01 8.18E—01 5.96E—01 0.97 1.13 0.75
SCLAV_p1072 Serine hydroxymethyltransferase 0.15 —0.22 —0.17 932E—-01 8.06E—01 8.96E—01 1.11 0.86 0.89
ceaS1 Carboxyethyl arginine synthase 1 1.82 1.18 0.78  6.35E—02 1.72E—-01 5.23E—01 3.52 2.27 1.71
bls1 B-Lactam synthetase isoenzyme 1 —046 —0.07 -—047 550E—01 9.28E—01 453E—01 0.73 0.95 0.72
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BH false-discovery rate-

M2 corrected P value Fold changec
Gene cluster and gene Gene function? 225h 465h 60h 225h 46.5 h 60 h 225h 465h 60h
pahl Proclavaminate amidinohydrolase 0.00 0.74 —0.45 9.98E—01 3.45E—01 7.12E—01 1.00 1.67 0.73
oat1 Putative glutamate N-acetyltransferase 0.60 0.57 —0.27 8.15E—01 7.02E—-01 9.14E—01 1.52 1.48 0.83
cvmé6P PP-dependent aminotransferase-like 0.37 0.39 —0.19 6.51E—01 4.14E—01 8.19E—-01 1.29 1.31 0.88
cvm7P Putative transcriptional regulator 0.21 2.05 0.45 9.14E—01 4.47E—03 6.82E—01 1.16 4.14 1.37
SCLAV_p1080 Two-component system sensor kinase —081 —064 —043 4.22E-01 3.90E—-01 7.03E—01 0.57 0.64 0.74
SCLAV_p1081 Response regulator receiver protein —0.06 0.32 0.08 9.62E—01 5.09E—01 9.37E—01 0.96 1.25 1.06
SCLAV_p1082 Response regulator-like in TCS 0.60 1.03 0.64 550E—01 8.73E—02 4.25E—01 1.52 2.05 1.56
Avg 0.2 0.55 0.01 127 169 1.06

aPP, pyridoxal phosphate; TCS, two-component systems.
bThe transcription values in S. clavuligerus ATCC 27064 are taken as 1.0.
“Values shaded in gray correspond to downregulated genes at the indicated times.

In S. clavuligerus AoppA2:aac, the increase in the transcription level of the himM
gene, encoding a LuxR-type regulator, was 3.2-fold at the early-exponential phase. In
this strain, the average global transcriptional increase of all him genes at all the
sampling times was 2-fold. The highest changes were detected for himK, encoding a
thiosterase (8.3-fold); himH, encoding a major facilitator superfamily (MFS) transporter
(3.7-fold); and himL, encoding a condensation domain (3.4-fold) (Table 3).

TABLE 3 Effect of the lack of OppA2, the lack of the pSCL4 plasmid, or the lack of both pSCL4 and OppA2 on the transcription of the

hlm genes for holomycin biosynthesis?

BH false-discovery rate-corrected

M, P value Fold change

Mutant Gene 225h 465h 60h 225h 46.5 h 60 h 225h 465h 60h Gene function®

S. clavuligerus DoppA2:aac himA 093 0.59 0.58 8.1E—01 8.2E—01 8.7E—01 1.90 1.51 1.50 Acyltransferase
himB 1.19 1.54 0.48 6.9E—01 3.5E—-01 8.8E—01 2.28 292 1.39 Acyl-CoA dehydrogenase
himC  0.72 0.62 039 85E-01 7.8E—01 9.1E-01 1.64 1.54 1.31 Thiosterase
himD  0.76 0.25 0.58  8.3E—01 9.2E—01 8.5E—01 1.69 1.19 1.49 Oxidoreductase
himE  0.79 0.41 063 8.4E—01 8.8E—-01 8.5E-01 1.73 1.33 1.54 NRPS
himF  1.34 0.42 045  7.5E-01 9.0E—01 9.2E—01 2.52 1.34 1.37 Cys-decarboxylase like
himG 056 0.18 0.47 9.0E—01 9.5E—-01 8.9E—-01 1.48 1.13 1.39 Globin
himH  1.91 0.98 0.53  44E-01 6.3E—01 8.8E—01 3.76 1.97 1.45 MFS transporter
himl 1.44 0.83 0.68 6.7E—01 6.9E—01 8.3E—01 2.72 1.78 1.60 Thioredoxin reductase
himK  0.50 1.93 3.07 9.1E-01 2.5E-01 1.3E-01 1.42 3.80 8.35 Thiosterase domain
himL 1.77 0.61 037 1.8E—03 2.7E-01 6.7E—01 3.42 1.52 1.29 Condensation domain
himm ~ 1.67 0.42 0.15  6.8E—03 5.4E—-01 9.1E—01 3.18 1.33 1.11 LuxR-type regulator

S. clavuligerus pSCL4~ himA  3.60 4.01 278 127E—02 434E—-03 3.95E-02 1213 16.12 6.84 Acyltransferase
himB  2.44 3.01 099 647E—02 1.62E—02 4.75E—01 542 8.03 1.99 Acyl-CoA dehydrogenase
himC  3.72 4.49 223 4.72E—03 6.43E—04 6.86E—02 13.19 22.44 4.69 Thiosterase
himD  3.52 4.08 230 6.29E—03 1.34E—-03 547E-02 1145 16.92 4.92 Oxidoreductase
himE  4.06 4.80 299 338E-03 5.13E-04 1.89E-02 16.62 27.79 7.94 NRPS
himF 433 517 324 1.06E—02 1.96E—03 4.05E—-02 20.15 36.11 9.42 Cys-decarboxylase like
himG  4.23 4.87 309 263E-03 5.09E-04 1.67E-02 1877 29.15 8.53 Globin
himH 337 5.10 3.87 1.51E—02 3.10E—04 3.21E—03 1031 34.35 14.64 MFS transporter
himl 3.57 5.46 3.84 891E-03 1.22E-04 3.01E-03 11.84 44.08 14.28 Thioredoxin reductase
himK  2.05 2.57 116  149E—-01 4.82E—-02 4.11E-01 4.14 5.93 2.24 Thiosterase domain
himL  0.82 1.18 126  6.94E-02 6.63E—03 3.00E-03 1.77 2.26 2.40 Condensation domain
himM  0.88 1.75 125 7.32E—-02 3.78E—04 5.98E—03 1.84 3.36 2.38 LuxR-type regulator

S. clavuligerus DoppA2:aac pSCL4~  himA  6.17 3.03 706  440E—-02 7.10E-01 7.80E—02 7216 8.16 133.56  Acyltransferase
himB  5.14 2,67 4.90 340E—02 9.20E—01 7.70E—02 3530 6.38 29.88 Acyl-CoA dehydrogenase
himC  5.69 3.25 6.10  5.10E—-01 5.50E—01 7.80E—02 51.78 9.49 68.76 Thiosterase
himD 573 292 5.79 4.50E—01 5.80E—01 9.80E—02 53.21 7.56 55.47 Oxidoreductase
himE  6.24 3.30 6.75 480E—02 4.60E—01 9.60E—02 7548 9.86 108.00 NRPS
himF 7.2 3.97 753 470E—02 6.90E—01 1.30E—01 138.63 15.64 185.17  Cys-decarboxylase like
himG  5.64 3.21 6.10 7.20E—03 4.00E—01 240E—01 49.88 9.24 68.39 Globin
himH  4.77 2.89 6.54  7.20E—01 200E—01 3.40E—01 2735 7.39 92.89 MFS transporter
himl 4.49 3.24 7.13 8.60E—01 1.90E—01 1.60E—01 2247 9.47 140.36  Thioredoxin reductase
himK  3.61 2.23 416  6.70E—01 9.30E—03 2.20E—01 1223 4.71 17.89 Thiosterase domain
himL 1.79 1.29 241 3.20E-01 230E—03 1.30E-01 345 244 5.30 Condensation domain
hlmM  1.89 1.16 3.00 340E—02 390E—01 330E-02 3.70 2.24 8.02 LuxR-type regulator

aThe hImA-to-hImM genes correspond to SCLAV_5267 to SCLAV_5278 in the StrepDB database. Values for the mutants are given relative to those for S. clavuligerus

ATCC 27064, taken as 1.0.

bAcyl-CoA, acyl coenzyme A; NRPS, nonribosomal peptide synthetase; MFS, major facilitator superfamily.
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The lack of plasmid pSCL4 resulted in a greater effect on him gene expression than
seen with the oppA2-deleted strain (Table 3). In S. clavuligerus pSCL4~, the average
transcriptional level for the 12 him genes, considering all the sampling times, was
12.6-fold higher than that in the wild-type strain, and himF and himl (encoding a
cysteine decarboxylase-like protein and a thioredoxin disulfide reductase) were the
most affected genes (36- and 44-fold increases, respectively).

A synergistic effect on holomycin biosynthesis was observed for the lack of pSCL4 in
an oppA2-null background. The expression of himM increased to 8.2-fold at 60 h, and the
average expression of all the genes in S. clavuligerus AoppA2::aac pSCL4A~, considering all
sampling times, was 43-fold, with hImF and himl transcription expression levels increasing
to 185- and 140-fold at 60 h, respectively (Table 3). This additive effect of the lack of OppA2
and plasmid pSCL4 on the transcription of him genes fits well with the level of holomycin
production by strains lacking either pSCL4 or OppA2 and by the double mutant (18) (Fig.
S1 in the supplemental material).

Characterization of S. clavuligerus AoppA2::acc[pAV11-oppA2], a strain com-
plemented in oppA2. All strains lacking OppA2 release the peptide N-acetylglycyl-
clavaminic acid (AGCA) (14, 15). To confirm that the release of AGCA and the differences
on clavulanic acid and holomycin production were due to the lack of OppA2, and not
to an indirect effect on the transcription of orf14, located downstream of oppA2, the S.
clavuligerus AoppA2:acc mutant was complemented with plasmid pAV11-oppA2. As
shown in Fig. 4A, the complemented strain S. clavuligerus AoppA2:acc[pAV11-oppA2]
restored clavulanic acid production (left panel) to 85% of the level of S. clavuligerus
ATCC 27064 and reduced holomycin production to levels similar to those of the
wild-type strain (right panel). The AGCA peptide was extracted from the broth of the
three cultures. High-performance liquid chromatography (HPLC) analysis of imidazole-
derivatized AGCA extracts showed the presence of a single peak absorbing at 311 nm,
with a retention time (Rt) of 18.3 min, in S. clavuligerus AoppA2::acc extracts (Fig. 4B), as
described previously for AGCA (14). The level of AGCA in cultures of S. clavuligerus
DoppA2:.acc[pAV11-oppA2] was reduced to 13% of the level in the noncomplemented
strain, and AGCA was almost undetectable in extracts of the wild-type culture broth.

Purification and characterization of AGCA. To confirm that the peak with an Rt of
18.3 min was AGCA, this compound was purified from S. clavuligerus AoppA2::aac broth.
The purified compound, when derivatized with imidazole, gave a mass spectrum
identical to that published previously (14), with a major fragment of 254 m/z (Fig. 4C,
left). To avoid interference by imidazole with the interpretation of the fragments, the
mass spectrum of underivatized AGCA was obtained (Fig. 4C, right); AGCA showed a
major peak of 297.10 m/z corresponding to the AGCA molecule, and a fragment of
255.07 m/z, which might correspond to the molecule lacking the -COCH; group.

Clavulanic acid cosynthesis by nonproducer strains. Clavulanic acid could not be
detected in the broth or the mycelium of S. clavuligerus AoppA2::aac. Since the lack of
OppA2 prevented CA biosynthesis but did not exert a significant effect on the expres-
sion of the clavulanic acid gene cluster, a study was carried out to determine whether
the lack of CA production by S. clavuligerus AoppA2:aac was related to the AGCA
release reported for oppA2 mutants (14, 15). To assess whether the AGCA could be used
by other CA-negative mutants to produce clavulanic acid, cosynthesis assays were
carried out with S. clavuligerus AoppA2:aac and the non-clavulanic acid-producing
strains S. clavuligerus pyc:aph, S. clavuligerus RFL35, S. clavuligerus cyp:aph, S. clavulig-
erus oppAl:aac, and S. clavuligerus orfl4::aac (a medium-dependent nonproducer
mutant). Solid cosynthesis assays, in which the strains never came in contact, resulted
in an almost undetectable inhibition halo, which was observed only in the strip carrying
the plates seeded with S. clavuligerus AoppA2:aac and S. clavuligerus pyc:aph (not
shown). Since the diffusion of intermediates in cosynthesis in solid medium might limit
the complementation studies, cosynthesis assays were carried out using the liquid
medium method, as summarized in Table 4. Clear clavulanic acid formation was already
observed at 20 h of growth when S. clavuligerus pyc:aph or S. clavuligerus RFL35 was
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TABLE 4 Cosynthesis assays in liquid SA medium@

Strain (gene mutated)®

Cosynthesis

assay? Donor Receptor Clavulanic acid bioassay resultc
1 S. clavuligerus AoppA2::acc (oppA2) S. clavuligerus pyc:aph (ceaS) ++++

2 S. clavuligerus NoppA2::acc (oppA2) S. clavuligerus RFL35 (bls2) ++++

3 S. clavuligerus AoppA2::acc (oppA2) S. clavuligerus orf14z:aph ~ —————

4 S. clavuligerus AoppA2::acc (oppA2) S. clavuligerus cyp:aph (cyp) 0 0—————

5 S. clavuligerus AoppA2::acc (oppA2) S. clavuligerus oppAT:aph (oppA1)  —————

6 S. clavuligerus cyp:aph (cyp) S. clavuligerus pyc:aph (ceaS) = —————

7 S. clavuligerus cyp:aph (cyp) S. clavuligerus RFL35 (bls2) —————

8 S. clavuligerus pyc:aph (ceaS) S. clavuligerus DoppA2:acc (oppA2) —————

9 S. clavuligerus RFL35 (bls2) S. clavuligerus AoppA2:.acc (oppA2) —————

aAssays 1 to 5 were also carried out using mixed cultures of both strains. The complementation results in the bioassay were identical.

bDonor strains were from spent sterile supernatants; receptor strains were from growing cultures.

¢++++, positive cosynthesis; ————— , negative cosynthesis. CA bioassays of each separated strain were always negative. None of the strains shown in this table
produces clavulanic acid by itself. All the strains produced cephamycin C.

cocultured with S. clavuligerus AoppA2::aac (Fig. 5A). CA formation in mixed cultures
was maximal at 60 h of growth and reached about 37% of the level produced by the
wild-type strain. Conversely, mixed cultures of S. clavuligerus AoppA2:aac with S.
clavuligerus cyp:aph, S. clavuligerus orf14::aac, or S. clavuligerus oppAT::aac did not result
in clavulanic acid production (Fig. 5B, assays 6, 8, and 10). The inhibition zone produced
by CA in the mixed cultures (Fig. 5B, assays 2 and 4) was clearly different from the small,
diffuse inhibition zones due to holomycin (Fig. 5A, assays 6, 8, and 10), an antibiotic
produced only by S. clavuligerus AoppA2::aac, which was very weakly active on Klebsiella
pneumoniae growth. Mixed cultures of S. clavuligerus AoppA2::aac with S. clavuligerus
cyp:aph, S. clavuligerus orf14:aac, or S. clavuligerus oppA1::aac did not produce clavu-
lanic acid (Fig. 5B, assays 6, 8, and 10).

The bioactivity shown in Fig. 5B (assays 2 and 4) suggested that a metabolite was
transferred from a donor strain and converted to clavulanic acid by an acceptor. The
donor and acceptor strains in the cosynthesis assays were characterized by interchang-
ing the culture broth between pairs of strains. Spent filter-sterilized broth from S.
clavuligerus AoppA2::aac cultures was added to the mycelium of each of the non-CA-
producing strains, and the cultures were kept growing for 24 h. No bioactivity was
detected in unsupplemented cultures of any of the strains (Fig. 5C, assays 1, 3, 5, and
7). A clear inhibition zone was observed in supplemented cultures of S. clavuligerus
pyc:aph and S. clavuligerus RFL35 (Fig. 5C, assays 2 and 4) but not in supplemented
cultures of S. clavuligerus cyp::aph and S. clavuligerus orf14::aac (Fig. 5C, assays 6 and 8).
The reciprocal assay in which filter-sterilized broth of either S. clavuligerus pyc::aph or S.
clavuligerus RFL35 was added to S. clavuligerus AoppA2::aac mycelium (not shown) did
not result in CA formation, thus confirming that S. clavuligerus AoppA2::aac was the
donor strain and S. clavuligerus pyc:aph or S. clavuligerus RFL35 was the converter
strain.

The intermediate released by the donor strain S. clavuligerus AoppA2::aac and taken
by the converter strains might be AGCA, which is released into the broth by the former
strain. Indeed, cultures of S. clavuligerus pyc::aph or S. clavuligerus RFL35 did not form
clavulanic acid when supplemented with the broth of a strain that did not accumulate
AGCA, such as S. clavuligerus cyp::aph (not shown).

Production of clavulanic acid by cultures supplemented with pure AGCA. To
confirm that AGCA was responsible for the CA production, pure AGCA was added at 1
mM to cultures of the different non -CA-producing strains used in this work. AGCA itself
did not show bioactivity in the clavulanic acid assay (Fig. 5DIII), nor was the typical yellow
color due to holomycin production formed in the cultures (not shown). It can be observed
that the wild-type strain produced similar levels of clavulanic acid in the absence of AGCA
and after AGCA supplementation (Fig. 5DI and lI), indicating that the endogenous supply
of this intermediate is not limiting for CA production under the conditions used in this work.
CA was not produced by cultures of S. clavuligerus AoppA2:aac, S. clavuligerus cyp:aph, or
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FIG 5 Clavulanic acid cosynthesis by nonproducer strains. (A) Liquid culture cosynthesis. Shown is clavulanic acid production
by S. clavuligerus ATCC 27064 (open circles), S. clavuligerus AoppA2::aac (filled circles), S. clavuligerus pyc::aph (filled triangles),
and S. clavuligerus RFL35 (open triangles), as well as by cocultures of S. clavuligerus pyc:aph and S. clavuligerus AoppA2::aac
(filled squares) and cocultures of S. clavuligerus RFL35 and S. clavuligerus AoppA2::aac (open squares). (B) Bioassays of the 60-h
samples of the pure liquid-medium cultures of the strains used in the assays for which results are shown in panel A (left side)
and cocultures of the same strains with S. clavuligerus AoppA2::acc (right side). The strains used in the culture are S. clavuligerus
pyc:aph (assays 1 and 2), S. clavuligerus RFL35 (assays 3 and 4), S. clavuligerus cyp:aph (assays 5 and 6), S. clavuligerus orf14::aph
(assays 7 and 8), S. clavuligerus oppAT:aac (assays 9 and 10), and S. clavuligerus ATCC 27064 (assays 11 and 12). Notice the large
inhibition zone due to CA formation (assays 2 and 4) and the small diffuse inhibition zones (assays 6, 8, and 10) due to the
effect of holomycin on the Klebsiella-seeded plates. (C) Cosynthesis by addition of filtered sterile broth of S. clavuligerus
AoppA2::.aac. Shown are results of bioassays of the 60-h samples of the pure liquid-medium cultures of strains (left side) and
the effects of adding 50 ml of the filtered sterile spent broth of an S. clavuligerus AoppA2::acc culture (right side). The strains
used are S. clavuligerus pyc:aph (assays 1 and 2), S. clavuligerus RFL35 (assays 3 and 4), S. clavuligerus cyp:aph (assays 5 and
6), S. clavuligerus orf14:aph (assays 7 and 8), and S. clavuligerus ATCC 27064 (assays 11 and 12). (D) Clavulanic acid production
by cultures supplemented with pure AGCA. (I) Unsupplemented cultures; (Il) cultures supplemented with AGCA (1 mM); (lll)
pure AGCA (1 mM). The strains used were S. clavuligerus ATCC 27064 (WT), S. clavuligerus AoppA2::aac (oppA2), S. clavuligerus
orf14:aph (orf14), S. clavuligerus cyp:aph (cyp), S. clavuligerus RFL35 (B-Is), and S. clavuligerus pyc::aph (pyc).

S. clavuligerus orf14:aac (Fig. 5DII). However, S. clavuligerus pyc:aph and S. clavuligerus
RFL35 cultures recovered the ability to produce clavulanic acid after AGCA supplementa-
tion (5DII) and produced about 40% of the CA produced by the parental strain, confirming
that these two early-blocked mutants still have the enzymes for the conversion of AGCA
into clavulanic acid.

DISCUSSION

OppA periplasmic proteins are important in chemotaxis and virulence due to their
substrate-binding and transport abilities as part of ABC systems (23, 28). In addition,
ecto-ATPase activity (29) or chaperone-like functions in protein folding (30) have been
described for these proteins.
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Hitherto, the role of OppA2, essential for clavulanic acid biosynthesis, has been
unclear. In this study, additional information about this oligopeptide permease has
been obtained through transcriptomic analysis, cosynthesis assays, and complementa-
tion studies.

The expression of 233 genes was significantly affected by the lack of OppA2. The
holomycin gene cluster (hIm) was overexpressed, whereas the expression levels of
clavulanic acid, cephamycin C, and clavam gene clusters were not affected. The high
expression levels of the him genes in S. clavuligerus AoppA2::aac, which lacks OppA2
but has standard copy numbers of plasmids pSCL1, pSCL2 and pSCL4, are independent
of the effect of the lack of the megaplasmid pSCL4, as shown in S. clavuligerus pSCL4~
and described previously (18). This suggests two different mechanisms of him gene
cluster activation. The upregulation of the himC, himE, and himF genes, encoding
biosynthetic enzymes, and of himH, coding for an MFS transporter, probably responds
to the overexpression of the LuxR-type regulator encoded by hImM. But the expression
of hImM itself might be controlled by other negative regulators. The overproduction of
proteases and peptidases in the oppA2 mutant (Table 1) might trigger a proteolysis
activity which inactivates negative regulators controlling the holomycin gene cluster,
thus releasing holomycin formation. A similar phenomenon generates morphological
and physiological differentiation in S. coelicolor in response to alterations in the
synthesis of the ATP-dependent protease Clp (31).

The oppA2 transcript dropped to background levels in the oppA2 mutant, but the
expression of other clavulanic acid biosynthesis genes remained unaffected; therefore,
the lack of the OppA2 protein itself must be responsible for the CA-null production. The
CA pathway in the oppA2 mutant must be functional up to the formation of N-glycyl-
clavaminic acid (NGCA), by condensation of glycine and clavaminic acid (Fig. 1), since
all the genes involved (ceaS2 to gca$S) are transcribed. The N-glycyl-clavaminic acid
synthetase (Gca$S) does not use N-acetyl-glycine as a cosubstrate (32) to form N-acetyl-
glycylclavaminic acid (AGCA); therefore, the AGCA molecule must be generated by
acetylation of NGCA (32). The protein encoded by orf14 (SCLAV_4185) is a member of
the GCN5-related N-acetyltransferases (GNAT) and carries NAT domains; however, it
should act downstream of AGCA formation, since the addition of pure AGCA to the
orf14 mutant does not result in clavulanic acid cosynthesis.

AGCA is structurally similar to N-acetyl-glycyl-arginine, one of the arginine-derived
peptides that has been reported to be bound by OppA2 (17). Thus, OppA2 might bind
AGCA, carry it to the correct position in the cell, and translocate it to the next enzyme
of the pathway, which is determining for the proper conversion of AGCA to clavulanic
acid. In the absence of OppA2, the AGCA peptide is released to the medium (14, 15).
The positive cosynthesis by S. clavuligerus AoppA2::aac and either S. clavuligerus pyc:
aph or S. clavuligerus RFL35, in which these mutants blocked in the early steps of the
pathway act as converters (receptors), indicates that the AGCA released by S. clavulig-
erus AoppA2:aac (the donor strain) can be bound and correctly located by the OppA2
protein of the receptor strain and then is processed by the enzymes of the late steps
of the pathway, which are functional in the two converting receptor strains, to form
clavulanic acid (Fig. 6). The CA-null mutants S. clavuligerus cyp:aph, S. clavuligerus
orf14:aac, and S. clavuligerus oppAT:aac are unable to form clavulanic acid from AGCA,
suggesting that the steps involving the formation of CA from AGCA are affected in
these mutants.

To proceed to form CA, the N-acetyl-glycyl group from AGCA must be released by
an oxidative deamination in enzymatic steps that are still obscure. The final step of the
pathway is the reduction of the C-5 aldehyde group of clavaldehyde by the clavalde-
hyde reductase (33) to produce clavulanic acid.

In summary, the existing evidence suggests that clavulanic acid is formed through
a modified peptide intermediate, AGCA. This peptide is bound by the OppA2 protein
and is probably delivered to a membrane-bound complex formed by the late enzymes
of the biosynthetic pathway with the final formation and secretion of clavulanic acid.
When pure AGCA, or AGCA present in the broth of the oppA2 mutant, is added to
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S. clavuligerus pyc::aph (ceaS2)
S. clavuligerus RFL35 (bls2)
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FIG 6 Scheme for clavulanic acid biosynthesis. The model explains the performance of the donor strain, S. clavuligerus AoppA2:aac, on the right and the
performance of the receptor strains, S. clavuligerus pyc:aph (with ceaS2 disrupted) and S. clavuligerus RFL35 (with bls2 deleted), on the left. The compound
transferred in the cosynthesis and the pathway for clavulanic acid formation are shown. Notice the presence of a functional OppA2 protein in each of the

receptor strains.

cultures of a receptor strain, the functional OppA2 protein of this converter strain binds
AGCA from the medium and proceeds with the formation of clavulanic acid.

MATERIALS AND METHODS

Strains and culture conditions. The wild-type strain S. clavuligerus ATCC 27064 was used as the
control and parental strain. S. clavuligerus AoppA2:aac is an oppA2 deletion strain in which the oppA2
gene is replaced by an apramycin resistance cassette; S. clavuligerus pSCL4~ carries the wild-type oppA2
gene but lacks the pSCL4 plasmid; S. clavuligerus AoppA2::aac pSCL4~ is a double mutant in which the
oppA2 gene is replaced by an apramycin resistance cassette and the pSCL4 plasmid is lacking. The origin
and characteristics of the Streptomyces strains used in this work are shown in Table 5.

The strains were grown at 28°C and 220 rpm in 100 ml of tryptic soy broth (TSB) medium to an optical
density at 600 nm (ODg,,) of 5 to 8. A volume of 5 ml was taken, and the mycelium was washed with
a 0.9% NaCl solution and was used to inoculate 500-ml baffled flasks containing 100 ml of starch-
asparagine (SA) medium (34); the cultures were incubated during growth at the same temperature with
shaking. Growth was estimated by measuring the DNA concentration using the diphenylamine assay
(35).

In AGCA-feeding experiments, the strains were grown in TSB medium for 24 h. These cultures were
used to inoculate 25-ml flasks containing 5 ml of SA medium with an initial ODg,, of 0.25. After 36 h,
AGCA was added to a final concentration of T mM. Samples for clavulanic acid bioassays were taken at
60 h of culture.

Complementation of the oppA2 deletion. A DNA fragment (2,063 bp) containing the oppA2 gene
with its promoter was amplified by PCR using primers CP-oppA2D (ACCGACACCGATCAGAAGAG) and
CP-oppA2R (CACCACAGCAGTGTCCAGTC), sequenced, and cloned into the EcoRV site of the conjugative-
integrative plasmid pAV11 to produce pAV11-oppA2. The EcoRV site is located downstream of the
anhydrotetracycline-inducible promoter tcp-830. Plasmid pAV11-oppA2 was introduced into S. clavulig-
erus AoppA2:acc by Escherichia coli conjugation, and the complemented strain S. clavuligerus AoppA2:
acc[pAV11-oppA2] was selected by apramycin and hygromycin resistance. As a control, the S. clavuligerus
NoppA2::acc[pAV11] strain, lacking the oppA2 gene, was constructed. The presence of oppA2 in the
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TABLE 5 Characteristics of the Streptomyces strains used in this work
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Strain

Characteristic(s)

Plasmid content

Origin or reference(s)

S. clavuligerus ATCC 27064

S. clavuligerus AoppA2::aac

S. clavuligerus pSCL4~

S. clavuligerus AoppA2:aac pSCLA™

S. clavuligerus
AoppA2::acc[pAV11-oppA2]

S. clavuligerus AoppA2::acc[pAV11]

. clavuligerus pyc::aph

. clavuligerus RFL35
. clavuligerus cyp:aph

Control strain

oppA2 deleted; apramycin resistant;
previously named S. clavuligerus
AoppA2::aac pSCL4™

Lacking plasmid pSCL4

oppA2 deleted; apramycin resistant;
lacking plasmid pSCL4

oppA2 inserted in plasmid pAV11 to
complement the oppA2-deletion in
the parental strain; apramycin and
hygromycin resistant

oppA2 deleted; apramycin, thiostrepton
resistant

ceaS2 disrupted; kanamycin resistant

blS2 deleted; thiostrepton resistant

cyp disrupted; kanamycin resistant

Standard copy no. of pSCL1, pSCL2, pSCL4
Standard copy no. of pSCL1, pSCL2, pSCL4

Lacking plasmid pSCL4; standard copy no.
of pSCL1 and pSCL2

Lacking plasmid pSCL4; standard copy no.
of pSCL1 and pSCL2

Standard copy no. of pSCL1, pSCL2, pSCL4

Standard copy no. of pSCL1, pSCL2, pSCL4
Standard copy no.
Standard copy no.
Standard copy no.

of pSCL1, pSCL2, pSCL4
of pSCL1, pSCL2, pSCL4
of pSCL1, pSCL2, pSCL4

. clavuligerus orf14::aph
. clavuligerus oppAT:aac

orf14 disrupted; kanamycin resistant
oppAT disrupted; apramycin resistant

Standard copy no.
Standard copy no.

nunonououn

of pSCL1, pSCL2, pSCL4
of pSCL1, pSCL2, pSCL4

ATCC
18

18

18

This work

This work

11, 36
43
25
25
15

complemented strain was confirmed by PCR and sequencing of the amplicon. When required, the
complemented strains were grown in the presence of anhydrotetracycline (10 pg/ml).

Antibiotic production. Antibiotics were assayed from culture supernatants. The clavulanic acid
concentration was quantified using Klebsiella pneumoniae ATCC 29665 as described previously (11, 36).
Controls without penicillin G in the bioassay were always carried out to confirm that the inhibition zone
was due to clavulanic acid. Holomycin was quantified by bioassays using Micrococcus luteus ATCC 9341
or by HPLC as described by de la Fuente et al. (37). Cephamycin C was tested by bioassays using
Escherichia coli Ess22-31, which is supersensitive to B-lactam antibiotics (38).

Purification and characterization of AGCA. Streptomyces clavuligerus AoppA2::aac was grown in SA
medium for 48 h as described above. The collected broth (total volume, 1,000 ml) was filtered and
concentrated to a final volume of 5 ml. The concentrated broth (100 ul) was analyzed by preparative
HPLC using a SunFire C,4 column (10 um; 10 by 150 mm; Waters). As the mobile phase, acetonitrile (A)
and water containing 0.05% trifluoroacetic acid (TFA) (B) were used under isocratic conditions, 35% A and
65% B, with a flow rate of 5 ml/min. The location of the sample containing AGCA (Rt, 4.5 min) was
determined by collecting samples every 0.5 min, derivatizing them with imidazole (39), and then
performing HPLC analysis (Rt of imidazole-derivatized AGCA, 18.3 min) and mass spectrometry as
described previously (14). Samples were collected from 50 HPLC runs and were lyophilized to obtain 11.8
mg of pure AGCA.

HPLC-MS analyses were done in an Alliance chromatographic system coupled to a ZQ4000 mass
spectrometer using an Atlantis T3 column (3 um; 2.1 by 150 mm; Waters, Milford, MA). Samples (10 ul)
were injected and were eluted with 0.1% formic acid in water for 4 min, followed by a linear gradient
from 0 to 40% acetonitrile over 16 min at 0.2 ml/min. MS analyses of the underivatized AGCA were
carried out by electrospray ionization in negative mode, with a capillary voltage of 3 kV and a cone
voltage of 10 V. AGCA was detected by selected ion recording at m/z 297.

Cosynthesis studies. To study clavulanic acid formation by cosynthesis between S. clavuligerus
AoppA2::.aac and other non-clavulanic acid-producing mutants, two types of experiments were done.
First, for solid-medium cosynthesis, the tested strains were grown in close physical proximity, but not in
contact, on SA plates for 36 and 48 h. Clavulanic acid formation was detected by a bioassay of a 5-cm
strip of the solid culture carrying the ends of each strain culture and the empty central space. Control
strips carrying each of the tested strains separately were included in the bioassay. Second, for liquid-
medium cosynthesis, S. clavuligerus AoppA2::aac (A) and the strain to be studied for cosynthesis (B) were
grown separately in 100 ml of TSB medium as described above. The mycelia were washed with 0.9%
NaCl, and 2.5% (vol/vol) of each strain mycelium was used to jointly inoculate 500-ml baffled flasks
containing 100 ml of SA medium. The mixed cultures were grown for 60 h.

To determine the donor and converter strains in clavulanic acid cosynthesis experiments, S. clavu-
ligerus AoppA2::aac (A) and the strain to be studied (B) were grown separately in 100 ml of SA medium
for 36 h as described above. From each culture, 50 ml was filtered under sterile conditions through a
0.45-um-pore-diameter filter; then the filtered spent broth of strain A was added to the culture of strain
B, and vice versa, keeping a final 100-ml volume for each culture. The strains were allowed to grow for
an additional 24 h. As a control, separated cultures (strains A and B) were used, in which no interchange
of the supernatant was performed.

RNA extraction and purification. RNA was extracted from samples taken at the early-exponential,
exponential, and stationary phases of growth (22.5, 46.5, and 60 h). An additional sample of the wild-type
strain was taken at 36 h. For RNA isolation, samples from S. clavuligerus ATCC 27064, S. clavuligerus
DoppA2:.aac, S. clavuligerus AoppA2::aac pSCLA—, and S. clavuligerus pSCL4~ cultures in SA medium were
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taken at 22.5 h, 46.5 h, and 60 h and were stabilized with 2 volumes of RNAprotect Bacteria reagent
(Qiagen) for 5 min, and finally 150 ul lysozyme (30 mg/ml) in Tris-EDTA (TE) buffer was added to the
stabilized mycelium pellet of 1T ml of culture samples. After 10 min, 600 ul buffer RLT (Qiagen) with
B-mercaptoethanol was added to the samples, which were then mixed by vortexing, transferred to
Lysing Matrix B (MP Biomedicals) microtubes, and processed in a FastPrep instrument (MP Biomedicals)
with the following program: 30 s at 6.5 m/s; 1 min at 0°C; 30 s at 6.5 m/s; 1 min at 0°C. One volume of
phenol-chloroform-isoamyl alcohol was added to the extracts, and the aqueous phase was applied to
RNeasy minikit columns (Qiagen) according to the manufacturer’s instructions. RNA preparations were
incubated with DNase | (Qiagen) to eliminate DNA contamination. The RNA was spectrophotometrically
quantified in a NanoDrop ND-1000 UV-Vis spectrophotometer (Thermo Scientific), and its integrity was
determined using a Bioanalyzer 2100 instrument and the RNA 6000 Nano LabChip kit (Agilent Technol-
ogies). Only RNAs with RNA integrity values above 7.0 were used.

Microarray procedures. Agilent microarrays with a format of 8 X 15K were designed previously (40)
to target a total of 7,589 S. clavuligerus loci, including 5,710 chromosomal and 1,581 pSCL4-coding
sequences. Nucleic acid labeling, hybridization and washing conditions, image scanning, and statistical
analysis were performed as described previously (40). Briefly, RNA preparations were labeled with
Cy3-dCTP and were hybridized altogether with Cy5-labeled genomic DNA (gDNA), used as the common
reference; fluorescence signals were detected with an Agilent G2565BA scanner and were quantified with
Feature Extraction software (Agilent), and the signal values normalized and processed with the limma
package (41) in the R environment (42). The M, value, the normalized binary log of Cy3/Cy5 net
intensities, is proportional to the abundance of the transcript for a particular gene (40). The M,
transcription values (GSE data sets) of the six experimental conditions were compared using three
contrasts, mutant versus wild type, corresponding to the three growth times studied. For each gene and
comparison, P values and M, values were calculated from biological duplicates. M. values are binary log
values of the differential transcription between the mutant and the wild-type strain (positive and
negative values indicate upregulation and downregulation, respectively). The Benjamini-Hochberg (BH)
false-discovery rate adjustment was applied to the P values, so a result was considered statistically
significant when the BH-corrected P value was < 0.05.

Accession number(s). The microarray data used in this work have been deposited in the National
Center for Biotechnology Information (NCBI) Gene Expression Omnibus database under accession
numbers GSE66683, GSE92399, and GSE99917.
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