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Biosynthesis of Epimers C2 and C2a in the Gentamicin C

Complex

Yawen Gu,” Xianpu Ni,® Jun Ren,” Huiyuan Gao,” Da Wang,” and Huanzhang Xia*®

Gentamicin is a broad-spectrum aminoglycoside antibiotic
widely used to treat life-threatening bacterial infections. The
gentamicin C complex consists of gentamicin C1, gentamicin
Cla, and epimers gentamicin C2 and gentamicin C2a. At pres-
ent there is a generally accepted pathway of gentamicin bio-
synthesis, except for detailed understanding of the epimeriza-
tion process involving gentamicins C2 and C2a. Here we have
investigated the biosynthesis of these epimers. JI-20B—an in-
termediate in the gentamicin biosynthetic pathway—and its
epimer JI-20Ba were generated by in-frame deletion within

Introduction

Gentamicin, a broad-spectrum antibiotic produced by Micro-
monospora echinospora,”" is a complex mixture of four major
compounds—gentamicins C1, Cla, C2a, and C2—and numer-
ous minor compounds such as gentamicin C2b. Gentamicin
belongs to the group of 4,6-disubstituted 2-deoxystreptamine
(DOS) aminoglycoside antibiotics; its chemical structure con-
sists of the core aminocyclitol moiety 2-DOS, together with
purpurosamine and garosamine linked to positions C-4 and C-
6, respectively. The differences between the four major com-
pounds are to be found in the purpurosamine component
(Scheme 1).

Gentamicin is widely used to treat bacterial infections, par-
ticularly those caused by Gram-negative bacteria.”* Its bacteri-
cidal activity is based on selective binding to the bacterial 16S
rRNA A-site (decoding aminoacyl site) and interfering with
initiation and translation fidelity during protein synthesis. Gen-
tamicin is also used as a therapeutic agent to treat human ge-
netic disorders caused by nonsense mutations.””’

The emergence of multidrug-resistant bacteria®” caused by
antibiotic abuse, together with the lack of new antibiotics,
mean that it is likely that aminoglycosides will continue to be
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genP, which encodes a phosphotransferase that catalyzes the
first step of 3',4'-bisdehydroxylation in gentamicin biosynthesis.
GenB1 and GenB2 are aminotransferases with different sub-
strate specificities and enantioselectivities. JI-20Ba, containing
a 6'S chiral amine, a precursor of gentamicin C2a, was synthe-
sized from G418 by GenQ/GenB1 through sequential oxida-
tion/transamination at C-6'. GenQ/GenB2 catalyzed the synthe-
sis of JI-20B, containing a 6'R chiral amine, a precursor of
gentamicin C2, from G418. GenB2 catalyzed the epimerization
of JI-20Ba/JI-20B and of gentamicins C2a/C2.

in demand because of their low cost and high antibacterial
activity. Unfortunately, gentamicin causes serious side effects
such as ototoxicity and renal toxicity, and this restricts its wide
clinical application. Commercial gentamicin is a mixture of
gentamicins C1 and Cla and the epimers C2a and C2. Surpris-
ingly, it has been reported that C2, which has the same bacter-
icidal efficacy as C2a, exhibits no nephrotoxicity and little cellu-
lar toxicity.® Therefore, the biosynthesis of C2a and C2 as a pre-
requisite for obtaining gentamicin with a particular composi-
tion appears worth investigating. The DNA sequence of the
gentamicin biosynthetic gene cluster (GenBank accession num-
bers AY524043 and AJ628149) in M. echinospora has provided
the basis for determining the complete biosynthetic pathway.”

The established gentamicin  biosynthetic  pathway
(Scheme 1) branches at gentamicin X2, with one branch pro-
ducing JI-20A and Cla and C2b, and the other producing
G418, JI-20B, and C2a, C2, and C1. GenK is a C-6" methyltrans-
ferase that converts gentamicin X2 into G418."” Gentamicin X2
and G418 are converted into JI-20A and JI-20B, respectively,
through coupled oxidation/transamination reactions. GenQ
catalyzes the oxidation of X2 and G418.1""'? GenP catalyzes the
3’-OH phosphorylation step of JI-20A, which is possibly the
first step for C-3' dehydroxylation."?

Recently, four potential aminotransferase-encoding genes—
genB1, genB2, genB3, and genB4—in the gentamicin gene clus-
ter have been reported."” In the formation of JI-20A and JI-
20B, transamination is mainly catalyzed by GenB1, whereas
GenB2 catalyzes the epimerization between C2a and C2; C2a
here is the first product of JI-20B bisdehydroxylation. GenB3
and GenB4 participate in the 3',4’-bisdehydroxylation of JI-20A
and JI-20B.

However, many details in the biosynthetic pathway to genta-
micins C2a and C2 are not fully understood. Thus, it is unclear

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The biosynthetic pathway of the gentamicin complex after gentamicin X2. Biosynthetic enzymes inves-
tigated in this study are marked in bold. The new proposed branch point at G418 and the biosynthetic pathway
for gentamicins C2a and C2 are shown in bold. The functions of the two pyridoxal-phosphate-dependent (PLP-de-
pendent) enzymes GenB1 and GenB2 are revealed in this study. The phosphotransferase activity of GenP previous-
ly demonstrated in vitro was revealed here in vivo. A new pair of epimers JI-20Ba and JI-20B was identified for the
first time in this study.
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Compound G418 is first con-
verted into JI-20B, with the same
6'-chiral carbon as is present in
gentamicins C2a and C2.' In
this study, as expected, in-frame
deletion within genP, blocking
the gentamicin pathway at JI-
20A and JI-20B, resulted in the
generation of the pair of epi-
mers  JI-20Ba and  JI-20B
(Scheme 1). The analysis of me-
tabolites produced by mutant
strains generated by single or
double in-frame deletions in the
genB1, genB2, and genP genes,
together with the results of in
vivo biotransformation experi-
ments and in vitro enzymatic re-
actions, suggest a parallel bio-
synthetic pathway for the
epimer pair C2a/C2, having
branched at G418 (Scheme 1). JI-
20Ba, containing a 6'S chiral
amine, is a precursor of C2a and
was synthesized from G418 by
GenQ/GenB1 through sequential
oxidation/transamination at C-6'.
JI-20B, containing a 6'R chiral
amine, is a precursor of C2 and
was synthesized from G418 by
GenQ/GenB2, whereas GenB2
catalyzed the epimerization of JI-
20Ba/JI-20B and of C2a/C2.

Results

In-frame deletion of genP in
M. echinospora resulted in the
synthesis of JI-20A, JI-20B, and
epimer JI-20Ba

GenP catalyzes 3’-OH phosphor-
ylation of JI-20A. This is possibly
the first step of 3',4-bisdehy-
droxylation in gentamicin bio-
synthesis."”® When we intro-
duced an in-frame deletion in
genP of the M. echinospora wild-
type (WT) strain, the phenotypic
characteristics of the mutant
AgenP strain, including colony

whether other aminotransferases participate in the biosynthe-  color and shape, mycelium morphology, and growth rates,
sis of C2a and C2, whether C2a is the only C2 precursor, were not changed. Metabolites in the medium were then puri-
whether the isomerization of C2a to C2 occurs only in the last  fied, concentrated, and subjected to HPLC analysis to assess
steps, and whether GenB2 can catalyze the epimerization of  gentamicin production. Unlike in the case of the WT strain, the
JI-20B with the same 6’-chiral carbon as in gentamicin C2 to  gentamicin C complex was undetectable in the culture
generate the other conformation. medium of the AgenP strain; however, three new peaks that
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were eluted earlier than gentamicin Cla were detected (Fig-
ure 1A). High-resolution electrospray ionization mass spec-
trometry (HR-ESI-MS) analysis of the three products indicated
that the first peak was JI-20A (C,oH,NsO,, m/z 482.2823), and
the molecular weights of the other two products were equal
to those of JI-20B (C,,H,,NsOy, m/z 496.2979 and 496.2966; Fig-
ure 1F). The chemical structures of the last two products—des-
ignated JI-20Ba and JI-20Bb—were then characterized by 'H,
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Figure 1. HPLC and HR-ESI-MS analyses of fermentation products generated
by M. echinospora WT and mutant strains. A) AgenP and its complementa-
tion strain in comparison with the WT strain. B) AgenPAgenB1 and AgenPAg-
enB2 in comparison with AgenP. C) AgenB2AgenB1 in comparison with WT.
D) AgenB1 and its complementation strain in comparison with WT.

E) AgenB2 and its complementation strain in comparison with WT. F) Genta-
micin-related intermediates produced by mutants AgenP (JI-20A, JI-20Ba, JI-
20B), AgenB2AgenB1 (G418), and AgenB2 (ZL101).
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BC, 'H,'"H COSY, HSQC and NOESY NMR analyses (Figure 2,
Table 1, and Figures S1-S10 in the Supporting Information).

The NMR spectra of compounds JI-20Ba and JI-20Bb were
measured in deuterium oxide (D,0); 'H and "*C NMR spectral
data were assigned by analyses of 'H, "C, 'H,'H COSY, and
HSQC NMR spectra (Table 1). The methyl group linked to C-6’
in JI-20Ba demonstrated a chemical shift 6.=15.11 ppm; the
shift for C-5' at 6. =78.43 ppm was also observed. Meanwhile,
spectral data for C6’-CH; and C-5" in JI-20Bb were observed at
0c=11.31 and 77.06 ppm.

Comparison of the NMR spectral data for JI-20Ba and JI-
20Bb with those reported for C2a and C2,"¥ together with
analysis of HPLC and HR-ESI-MS data, indicated that com-
pounds JI-20Ba and JI-20Bb were epimers with different con-
figurations at C-6'.

The stereochemistry of JI-20Ba and JI-20Bb was analyzed on
the basis of their NOESY spectra (Figure 2, Figures S5 and S10).
The presence of key NOE correlations between C6'-CH; and H-
3’ and H-5" in the structure of JI-20Ba suggested the a-orienta-
tion of the methyl group, whereas NOE correlation between
C6'-CH; and H-4' in the structure of JI-20Bb suggested C6'-CH,
in (-orientation. By the Cahn-Ingold-Prelog rule, we can thus
confirm the absolute configurations of the 6'-chiral carbons in
JI-20Ba and JI-20Bb as S and R, respectively.

To determine whether the in-frame deletion in the genP
gene influenced the functional activity of other genes and was
responsible for metabolic changes in the mutant strain, we
constructed the complementary pEAPP plasmid containing
genP. When pEAPP was introduced into the AgenP strain, the
gentamicin C complex was synthesized, thus indicating that
genP encodes a key enzyme for the 3',4"-bisdehydroxylation of
JI-20A and JI-20B (Figure 1A).

It was proposed that GenP catalyzes the first step of
3',4’-bisdehydroxylation in gentamicin biosynthesis, because
the deletion of genP inhibited the gentamicin metabolic path-
way at JI-20A and JI-20B. A previous study has reported
the isolation of JI-20B and its epimer TPJ-B from M. sagamien-
sis."™™ JI-20Bb with the 6'R chiral amine corresponds to JI-20B,
as was commonly thought. In this study, we have identified JI-
20Ba with a 6'S chiral amine—the epimer of JI-20B—for the
first time. Our findings indicate that epimerization occurs not
only for gentamicins C2a and C2, but also for the intermedi-
ates.

Pyridoxal-phosphate-dependent aminotransferases GenB1
and GenB2 catalyze the biosynthesis of JI-20Ba and JI-20B,
respectively

To examine the synthesis of JI-20Ba and JI-20B, genB1 and
genB2 were separately deleted in the genP mutant, and culture
media were analyzed for gentamicin secretion. The phenotypic
characteristics of the two obtained double mutants—
AgenPAgenB1 and AgenPAgenB2—were not changed. Accord-
ing to HPLC analysis, the JI-20Ba and JI-20B content in the
AgenPAgenB1 culture was 7.2 and 86.1 %, respectively, in com-
parison with 22.5 and 74.1%, respectively, in the AgenP cul-
ture; JI-20B was not detected in the AgenPAgenB2 culture

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. The key NOE correlations and structures of compounds JI-20Ba and JI-20B. NOE correlations of JI-20Ba and JI-20B. The chemical structures of JI-20Ba
and JI-20B, also shown in Scheme 1, show a- and f3-orientation, respectively, of C6'-CH,.

medium (Figure 1A, B and Table 2). A new peak appeared be-
tween JI-20A and JI-20Ba, and its identity was confirmed as
G418. These results suggest that JI-20Ba was synthesized re-
gardless of GenB1 expression. However, when GenB1 was inac-
tive, the production of JI-20Ba decreased. JI-20B was synthe-
sized from G418 only when GenB2 was expressed.

The effect of double deletion of genB1 and genB2 in the bio-
synthetic gene cluster was investigated. The phenotypic char-
acteristics of the AgenB2AgenB1 mutant were not changed.
HPLC analysis of gentamicin secretion in culture medium
showed that the double mutant accumulated G418 and genta-
micin Cla, but not C2a, C2, and C1 (Figure 1C and F), thus in-
dicating that the AgenB2AgenB1 strain synthesized G418 but
not JI-20Ba or JI-20B. These results indicated that GenBland
GenB2 catalyzed the synthesis of JI-20B and its epimer JI-20Ba
from G418. No other aminotransferases in M. echinospora were
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able to substitute the activity of GenB1 and GenB2 in this step.
G418 is the common precursor of JI-20Ba and JI-20B.

The conversion of G418 to JI-20B (and JI-20Ba) is performed
in a two-step oxidation/transamination process. GenQ is a
flavin-dependent dehydrogenase that oxidizes G418 to 6'-de-
hydro-6-ox0-G418."" Purified recombinant GenQ, GenB1, and
GenB2 proteins (Figure S11) were used for enzymatic reactions
in vitro. GenQ/GenB1 catalyzed the conversion of G418 into JI-
20Ba, whereas GenQ/GenB2 catalyzed the conversion of G418
into JI-20B and JI-20Ba (Figure 3 A). Together with the results
obtained by in vivo mutagenesis, these data indicate that
GenB1 directly catalyzed the synthesis of JI-20Ba from G418. In
contrast, the aminotransferase function of GenB2 appeared to
be complex. In the oxidation reactions with GenQ, only G418
was detected as the reaction product. The dehydrogenation
product of G418 is 6'-dehydro-6"-oxo-G418; it is unstable and

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. ">*C NMR and 'H NMR spectral data, proton splitting data, and the key NOE correlations for JI-20Ba and
JI-20B in D,0 (600 MHz). No internal standard was used.

Site JI-20Ba JI-20B
Oc dy (ppm), J [HZ] NOESY o Oy (ppm), J [HZ] NOESY
(ppm) (ppm)
C-1 49,57 3.49 (overlap.) 49,55 3.48 (overlap.)
2 27.82 1.87 (9, J=12.7 Hz, TH) 27.79 1.88 (q, /=127 Hz, TH)
247 (dt, J=4.2,12.5 Hz, 1H) 2.47 (dt, J=4.0,12.2 Hz, 1H)
3 48.41 3.49 (overlap.) 48.29 3.48 (overlap.)
4 83.80 3.70 (t, J=9.6 Hz, 1H) 83.82 3.68 (t, J=9.6 Hz, 1H)
5 68.66 3.86 (t, J=9.6 Hz, 1H) 68.21 3.91 (t, J=9.6 Hz, 1H)
6 74.32 3.76 (t, J=9.0 Hz, 1H) 74.41 3.76 (t, J=9.0 Hz, 1H)
C-1 96.55 5.86 (d, J=3.9 Hz, 1H) 95.95 5.97 (d, J=3.7 Hz, 1H)
2 53.41 3.37 (dd, J=3.0, 10.8 Hz, 53.39 3.40 (dd, J=4.2, 10.8 Hz,
1H) 1H)
3 7247 3.82 (dd, J/=2.4, 10.2 Hz, C-6’-CH; 72.00 3.87 (dd, J=2.7, 9.9 Hz, 1H)
1H)
4 69.93 3.53 (t, J=9.6 Hz, 1H) 69.87 3.47 (t, J=9.6 Hz, 1H) C-6"-
CH,
5 78.43 3.88 (t, /=8.7 Hz, 1H) C-6'-CH; 77.06 3.88 (t, J/=10.2Hz, 1H)
6 47.21 3.75(d, J=9.0 Hz, 1H) 47.43 3.76 (d, J=9.0 Hz, 1H)
c-1” 10145 5.00 (d, J=4.2Hz, TH) 10142  5.00 (d, J=3.6 Hz, TH)
2" 66.26 4.15 (dd, J=3.7, 10.9 Hz, 66.21 4.16 (dd, J=3.7, 10.9 Hz,
1H) 1H)
3" 63.39 3.38 (d, J=10.8 Hz, 1H) 63.33 3.38 (d, J=10.8 Hz, 1H)
4" 69.84 - 69.82 -
5" 68.00 346 (d, J=12.6 Hz, 1H) 67.87 3.45(d, J=12.6 Hz, TH)
3.92 (d, J=12.6 Hz, 1H) 391 (d, J=12.6 Hz, TH)
C-6'-CH, 15.11 1.36 (d, J=7.2 Hz, 3H) H-3, H-  11.31 1.27 (d, J=7.2 Hz, 3H) H-4'
5
C-3"-N-CH; 34.52 2.83 (s, 3H) 34.46 2.83 (s, 3H)
C-4"-CH;  20.96 1.26 (s, 3H) 20.90 1.26 (s, 3H)

Table 2. Percentage contents of the gentamicin C complex and its intermediates in cultures of M. echinospora
wild-type and mutant strains.

Strain Content [%]
JI-20A G418 JI-20Ba JI-20B ZL101 Cla (@) C2a C1

wrt nd. nd. nd. nd. nd. 5.8 427 24.3 27.2
AgenP::genP™ nd. nd. nd. nd. nd. 6.9 44.8 23.1 25.2
Agenp) 34 nd. 22.5 74.1 n.d. n.d. n.d. nd. nd.
AgenPAgenB1™® 43 24 7.2 86.1 n.d. n.d. nd. nd. nd.
AgenPAgenB2™® 44 24.6 71.0 nd. n.d. n.d. n.d. nd. nd.
wTd nd. nd. nd. nd. n.d. 6.4 45.1 24.0 24.5
AgenB19 n.d. n.d. n.d. 6.0 9.7 74 209 306 25.4
AgenB1:genB1Y nd. nd. nd. nd. n.d. 6.9 448 24.1 24.2
wr n.d. n.d. n.d. n.d. n.d. 6.4 453 246 237
AgenB2 nd. nd. nd. nd. 29.4 6.9 nd. 63.7 nd.
AgenB2:genB2“ nd. nd. nd. nd. nd. 6.9 33.8 38.8 20.4

[a] The percentage of each composition was calculated from the HPLC-ELSD analysis shown in Figure 1A by
area normalization. [b] The percentage of each composition was calculated from the HPLC-ELSD analysis
shown in Figure 1B by area normalization. [c] The percentage of each composition was calculated from the
HPLC-ELSD analysis shown in Figure 1D by area normalization. [d] The percentage of each composition was
calculated from the HPLC-ELSD analysis shown in Figure 1E by area normalization. n.d.: not detected.

would be reduced to G418. Without coenzyme or amino

group donor, the reaction did not occur (data not shown).

Given that Neo18, a 6"-oxoglucosaminyl:L-glutamate amino-
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We then determined the sub-
strate specificity of GenB2 with
regard to JI-20Ba and JI-20B (Fig-
ure 3B), by using a-ketogluta-
rate, pyruvic acid, and oxaloace-
tic acid as amino group accept-
ors, and got similar results.
GenB1 catalyzed the deamina-
tion of JI-20Ba to afford G418,
but JI-20B was not a substrate;
however, GenB2 catalyzed the
conversion of JI-20Ba into JI-20B
but not into G418, and that of
JI-20B into both JI-20Ba and
G418. The substrates of Neo18
are  6'-dehydro-6"-oxoparoma-
mine and 6"’-deamino-6""-dehy-
dro-6""-oxoneomycin."® If the
deamination product of JI-20B
were 6'-dehydro-6'-oxo-G418, it
would be unstable and reduced
to G418. Without amino group
acceptor or coenzyme in the de-
amination reaction of JI-20Ba/JI-
20B, only the substrate was de-
tected (data not shown). These
data suggest that GenB2 is the
aminotransferase required for JI-
20B synthesis and its deamina-
tion to afford G418. GenB2 does
not act as aminotransferase on
JI-20Ba.

GenB2 has epimerase activity
and catalyzes the interconver-
sion between JI-20Ba and JI-
20B

In previous experiments, JI-20Ba
was generated by GenB2 activity
both in vitro and in vivo. In vitro,
GenB2 catalyzed interconversion
between JI-20Ba and JI-20B; this
indicates that GenB2 possessed
epimerase activity with the equi-
librium shifted from JI-20Ba to
JI-20B (Figure 3D). The same ex-
periments were performed with
GenB1, but no epimerase activity
was detected. Without the

enzyme and coenzyme, only the substrate was detected in the

attempted epimerization reaction of JI-20Ba/JI-20B (data not

shown).

transferase encoded in the neomycin gene cluster, catalyzes
it is rea-
sonable to assume that the C6’-NH, groups of JI-20Ba or JI-20B
were synthesized and degraded by the same aminotransferase.

the amination/deamination of C-6"" in neomycin,

ChemBioChem 2015, 16, 1933 - 1942
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GenB2 also catalyzes the epimerization of gentamicins C2a
and C2

To allow further examination of the functions of GenB1 and
GenB2 in the biosynthesis of C2a and C2, genB1 and genB2
were separately knocked out by in-frame deletion in the WT
strain. The phenotypic characteristics of the mutants AgenB1
and AgenB2 were not changed. The AgenB1 mutant generated
C2a and C2 in yields of 30.6 and 20.9%, in comparison with
24.0 and 45.1%, respectively, in the WT strain (Table 2), and
also synthesized JI-20B and a new product designated ZL101
(Figure 1D). AgenB2 produced Cla and C2a along with ZL101,
whereas C1 and C2 were undetectable (Figure 1E). Mutant
strains AgenB1, AgenB2, and AgenB2AgenB1 all produced C1a;
this was consistent with a recent study on the functions of
GenB1 and GenB2 in the gentamicin biosynthetic pathway,”
but we did not delve into the functions of GenB1 and GenB2
in gentamicin Cla biosynthesis.

Complementation experiments were also performed. The in-
troduction of pEAPB1 into the AgenB1 mutant restored the
production nearly to the WT levels, whereas the introduction
of pEAPB2 into the AgenB2 mutant led to the production of
gentamicins C1 and C2; this strongly supports a critical role for
GenB2 in the biosynthesis of C1 and C2 (Figure 1D and E). The
introduction of pEAPB1 or pEAPB2 into the WT strain did not
affect gentamicin production (data not shown). In the comple-
mentation experiments, the production was not restored to
the WT levels, because the genes were expressed under the
control of the PermE* promoter, which was likely to result in
reduced expression.

These data indicate that GenB2 was essential for gentamicin
C2 biosynthesis and that C2 and C2a were generated when
GenB2 was expressed. Gentamicin C1 was produced from gen-
tamicin C2 by methylation of C6'-NH,, which is consistent with
the results of a previous study.™”

Figure 3. HPLC analyses of enzymatic products in vitro and biotransforma-
tion products in vivo. A) Aminotransferase activity of GenB1 and GenB2 in
vitro. JI-20Ba was formed from G418 by the coupled reaction of GenQ/
GenB1, whereas JI-20Ba and JI-20B were both formed by the coupled reac-
tion of GenQ/GenB2. JI-20Ba in the second reaction was formed from JI-20B
by GenB2. B) Deamination activity of GenB1 and GenB2 with regard to JI-
20Ba and JI-20B; G418 is the deaminated product. GenB1 deaminated JI-
20Ba but not JI-20B; GenB2 deaminated JI-20B but not JI-20Ba. JI-20B in the
GenB2 + JI-20Ba reaction mixture and JI-20Ba in the GenB2 -+ JI-20B reaction
mixture were epimerization products of GenB2. C) Deamination activity of
GenB1 and GenB2 with regard to C2a and C2; ZL101 is the deaminated
product. GenB1 deaminated C2a but not C2, and GenB2 deaminated C2 but
not C2a. Gentamicin C2 in the GenB2 + C2a reaction mixture and C2a in the
GenB2 + C2 reaction mixture were epimerization products of GenB2. D) Epi-
merization activity of GenB1 and GenB2 with regard to JI-20Ba and JI-20B.
GenB2 catalyzed the epimerization of both substrates and formed a mixture
of JI-20Ba and JI-20B with prevalence of JI-20B. GenB1 did not demonstrate
any epimerase activity. E) Epimerization activity of GenB1 and GenB2 with
regard to C2a and C2. GenB2 catalyzed the epimerization of both substrates
and formed a mixture of C2a and C2 with prevalence of C2a. GenB1 did not
demonstrate any epimerase activity. In control groups, enzyme(s) were not
added to the reaction mixture. F) Biotransformation of C2a by the AgenK
strain (C1a 35.67 %, C2 22.52%, C2b 9.52%, C2a 24.23%, and C1 8.06 %) and
of C2 by the AgenK strain (Cla 36.37%, C2 31.22%, C2b 9.24%, C2a 13.86 %,
and C1 9.31%). The relative amount of each peak product was calculated by
the area normalization method.
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Biotransformation experiments were performed with a
AgenK mutant characterized by high levels of gentamicin C1a
and low levels of gentamicin C2b"” to validate the intercon-
version between C2a and C2 in vivo. When GenB2 enzymatic
activity was assessed in the AgenK mutant, we observed that
C2a was converted into C2 and C1, whereas C2 was converted
into C2a and C1 (Figure 3F), thus indicating that the epimeriza-
tion of C2a to afford C2 is a reversible reaction.

In the enzymatic reactions in vitro, GenB2 catalyzed inter-
conversion between C2a and C2; this indicated epimerase ac-
tivity (Figure 3E)."" The same experiments were performed
with GenB1, but no epimerase activity was detected. Without
the enzyme and coenzyme, only the substrate was detected in
the attempted epimerization reaction of C2a/C2 (data not
shown).

ZL101 is the deaminated product of gentamicins C2a and
c2

We tested deamination of C2a and C2 by GenB1 and GenB2
(when a-ketoglutarate, pyruvic acid, and oxaloacetic acid were
used as amino-acceptors, identical results were obtained).
GenB1 converted C2a into ZL101 but did not demonstrate any
detectable reaction with C2. GenB2 catalyzed the conversion
of C2a into C2 but not to ZL101, and that of C2 into both C2a
and ZL101 (Figure 3C). Thus, GenB2 catalyzes the epimeriza-
tion between gentamicins C2a and C2. GenB1 and GenB2 can
only catalyze the deamination of C2a and C2, respectively, thus
suggesting that ZL101 is the product of deamination of C2a
and C2. Without amino acceptor, or coenzyme, only the sub-
strate was detected in the attempted deamination reaction of
gentamicins C2a/C2 (data not shown).

The molecular weight of ZL101 was 444, according to the
results of low-resolution (LR) ESI-MS analysis (Figure S12). The
peak at m/z 322, which indicated the loss of the purpurosa-
mine ring, further indicated that ZL101 was a gentamicin ana-
logue.™®' A minor component of the gentamicin complex
with the same molecular weight (C,oH3;xN,O,) had been discov-
ered by Bérdy et al. (1977).2 In the present study, HR-ESI-MS
analysis of ZL101 (Figure 1F) indicated that the m/z value of
the protonated molecule (445.2649) is consistent with the mo-
lecular formula.

In the "H NMR spectrum of ZL101 (Figure S13), resonances at
0=5.13 (m, 1H), 494 (d, J=3.6Hz, 1H), 439 (d, /=24 Hz,
1H), 4.23 (m, 1H), 2.67 (s, 3H), and 1.16 ppm (s, 3H) were char-
acteristic of protons 1’ (anomeric proton of the purpurosamine
part), 1” (@anomeric proton of the garosamine part), 5'-, 2''-, 3"'-
N-CH;, and 4”-C-CH; groups of the garosamine part. A multip-
let at 0=1.53 ppm was characteristic of H-2,, in the 2-deoxy-
streptamine ring. Because there is no proton at 6'-C, a 6-C-CH,
singlet at 0 1.75 ppm was not split as in JI-20Ba and JI-20B.
The results of HR-ESI-MS together with the data on fragment
peaks obtained by LR-ESI-MS confirmed the identity of ZL101
as compound -1 discovered by Bérdy et al.*”

We therefore hypothesized that the direct deamination
product of gentamicins C2a and C2 was 6'-deamino-6"-oxogen-
tamicin C2a (or C2), which is unstable and may readily undergo
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reaction between the 6'-carbonyl group and 2’-amino group,
resulting in the loss of one water molecule and the generation
of ZL101. Thus, ZL101 is a stable Schiff base, which was not
metabolized (Scheme 2).

On the basis of these findings, we propose a new parallel
biosynthetic pathway for the epimer pair gentamicins C2a/C2,
which is branched at G418 and regulated by GenB1 and
GenB2, enzymes with differential activity, substrate specificity,
and enantioselectivity. The PLP-dependent aminotransferases
GenB1 and GenB2 catalyze C-6’-amination in JI-20Ba and JI-
20B, respectively, and these are then converted into C2a and
C2, respectively, after 3',4’-bisdehydroxylation. GenB2 also acts
as an epimerase for the pairs JI-20Ba/JI-20B and gentamicins
C2a/C2.

O/ oH GenB2 o o?.|
epimerization
HN HN
OH > OH >
C2a (S) C2 (R)
GenB1 GenB2
PL/PA) deamination (\PLP
PMP & PMP
L-glutamate 0 L-glutamate
2 H,N
o-ketoglutarate NHszNHz a-ketoglutarate
o079
OH
HN
OH >

6'-deamino-6'-oxogentamicin C2a (or C2)

HN
OH \
ZL101

Scheme 2. Proposed synthesis of ZL101. The direct deamination product
of gentamicins C2a and C2 was 6’-deamino-6"-oxogentamicin C2a (or C2).
ZL101 is a stable Schiff base, a product of intramolecular condensation of
6’-deamino-6'-oxogentamicin C2a (or C2).

Discussion

Although the gentamicin biosynthesis gene cluster in M. echi-
nospora ATCC15835 was defined in 2004, the detailed synthetic
mechanism for gentamicin epimers C2a and C2 remained to
be determined. Here, we have revealed a new biosynthetic
pathway for these epimers that branches off at G418; it in-
volves the modification of the 6'-chiral carbon and is mediated
by GenB1 and GenB2 with differential functional activities
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(Schemes 1 and 2), thus suggesting that homologous enzymes
in the same pathway can possess significantly different catalyt-
ic properties.

This biosynthetic pathway for gentamicins C2a, C2, and C1,
containing 6’-chiral carbon, branches at G418. JI-20Ba and JI-
20B are synthesized simultaneously from 6'-dehydro-6"-oxo-
G418. GenB1 is an S-selective transaminase that generates JI-
20Ba, containing a 6'S chiral amine.”’¥ This is then converted
into gentamicin C2a after 3',4’-bisdehydroxylation. GenB2 is an
R-selective transaminase generating JI-20B, containing the 6'R
chiral amine, and this is then converted into gentamicin C2
after 3',4’-bisdehydroxylation (Scheme 1). Furthermore, GenB2
catalyzes the epimerization of JI-20Ba/JI-20B and gentamicins
C2a/C2, which favors the formation of JI-20B and gentamicin
C2a with the 6'R or 6'S conformation, respectively.

The double mutant AgenB2AgenB1 accumulates G418, and
this indicates that only the GenB1 and GenB2 aminotransferas-
es can catalyze G418 transamination. In the double mutant
AgenPAgenB1, G418 was first converted into JI-20B by GenQ
and GenB2, and then a small amount of JI-20Ba was generated
from JI-20B by the epimerase GenB2. In the double mutant
AgenPAgenB2, G418 was converted only into JI-20Ba by GenQ
and GenB1. The presence of G418 in AgenPAgenB1 and
AgenPAgenB2 cultures can be explained by the deficiency in
GenB1 and GenB2 activity, leading to incomplete conversion of
G418 into JI-20Ba or JI-20B.

In the single mutant AgenB1, small amounts of JI-20Ba and
large amounts of JI-20B were converted into C2a and C2, re-
spectively, after 3',4’-bisdehydroxylation. The epimerase GenB2
then performed interconversion between C2a and C2, favoring
C2a. Gentamicin C2 was deaminated to produce ZL101 by
GenB2. JI-20B was not completely converted into C2 and accu-
mulated in the reaction mixture. In the single mutant AgenB2,
JI-20Ba produced by GenB1 was converted into C2a after 3',4'-
bisdehydroxylation, and this was then deaminated by GenB1
to afford ZL101.

Although GenB2 is a bifunctional enzyme, it might not cata-
lyze both transamination and epimerization simultaneously in
vitro. Figure 3B and C shows that when the substrate can be
deaminated and isomerized by GenB2 (e.g., JI-20B and C2),
both reactions occur at the same time; however, when the
substrate can only be isomerized by GenB2 (e.g., JI-20Ba and
C2a), the enzyme solely displays isomerase activity. The explan-
ation might be that GenB2 participation in the isomerization
reaction shifts the dynamic balance, causing conformation
changes in the active site responsible for deamination, so this
cannot then take place even if JI-20B and C2 are generated.

Our findings differ somewhat from another recent study on
GenB1 and GenB2 functions in the gentamicin biosynthetic
pathway."" In the previous study, the results were conflicting.
On the one hand, gentamicin C2a formed from JI-20B was
found in the double mutant AgenB2AgenB1, whereas G418
could not be converted into JI-20B by GenB3 and GenB4 in
vitro, thus suggesting that an aminotransferase other than
GenB1-GenB4 participated in JI-20B generation. On the other
hand, the quadruple mutant AgenB4AgenB1AgenB3AgenB2
was unable to produce JI-20B, thus suggesting that no other
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aminotransferases could catalyze this step. In our study, the
AgenB2AgenB1 mutant accumulated G418 but not JI-20B, thus
confirming that in M. echinospora, no aminotransferases other
than GenB1 and GenB2 could catalyze this step. Although JI-
20Ba and JI-20B are epimers and show the same peak in HPLC,
we separated the two compounds by changing the mobile
phase, to prolong the retention times. GenB1 catalyzed the
transamination of JI-20Ba but not JI-20B. JI-20B was generated
only when GenB2 was expressed, and GenB2 could also cata-
lyze the epimerization of JI-20Ba and JI-20B. JI-20B is probably
another precursor of gentamicin C2.

Conclusion

This study has described a new parallel branch of the gentami-
cin C2/C2a biosynthetic pathway starting at G418, and has
characterized two aminotransferases—GenB1 and GenB2—
with different activity, substrate specificity, and enantioselectiv-
ity involved in this pathway. We have also identified JI-20Ba,
the epimer of JI-20B, for the first time. G418 is the common
precursor of JI-20Ba and JI-20B. JI-20Ba is a precursor for gen-
tamicin C2a biosynthesis, and JI-20B is a precursor for gentami-
cin C2 biosynthesis. The C6-amino groups of JI-20Ba and JI-
20B are formed by aminotransferases GenB1 and GenB2 re-
spectively. GenB2 is a bifunctional enzyme, also possessing
epimerase activity, and catalyzes the epimerization of JI-20Ba/
JI-20B and C2a/C2.

Experimental Section

Bacterial strains and culture conditions: Bacterial strains used in
the study are listed in Table S2. Wild-type and mutant M. echino-
spora ATCC15835 strains were maintained on solid slanting
medium (SSM): soluble starch (1%), MgSO,7H,0 (0.05%), KNO,
(0.1%), NaCl (0.05%), asparagine (0.002%), CaCO; (0.1%), wheat
bran (1.0%), K,HPO,3H,0 (0.03%), agar (1.5%), pH 7.5 at 37°C. To
isolate genomic DNA, the strains were cultivated in ATCC172 liquid
medium for three days. Escherichia coli strains were cultured at
37°C in lysogeny broth (LB) liquid or agar medium supplemented
with apramycin (50 ugmL™"), ampicillin (100 pgmL "), erythromycin
(100 ugmL™"),  chloromycetin (25 ugmL™"), or  kanamycin
(25 pgmL™"), as required. E. coli DH50. served as the host for molec-
ular cloning. Intergeneric conjugal transfer on MS agar was con-
ducted with E. coli ET 12567 (pUZ8002) as the donor, and 2xYT
medium was used for conjugation.

Gentamicin was produced by M. echinospora strains by a two-stage
fermentation. The seed culture was maintained in a 250 mL flask
containing seed medium (30 mL): soluble starch (1.0%), soybean
powder (1.5%), glucose (0.1%), KNO; (0.05%), CaCO; (0.3%),
pH 6.8 at 34°C, 220 rpm, for 36 h. The culture was diluted 1:10 (v/
v) in fermentation medium (30 mL): soluble starch (5.0%), soy bean
powder (3.5%), (NH,),SO, (0.05%), peptone (0.2%), glucose (1.5%),
KNO; (0.05%), CaCO; (0.6%), CoCl,»6H,0 (0.001%), corn starch
(1.5%), pH 7.5 and incubated in a 250 mL flask at 34°C, 220 rpm,
for five days.

Construction of gene disruption plasmids: Primers and plasmids
used in this study are listed in Table S1. The pD2925AgenB1plas-
mid containing genB1 with in-frame deletion was constructed as
follows: B11 and B12 fragments were amplified by PCR from WT
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chromosomal DNA by use of primer pairs P11/P12 and P13/P14, re-
spectively, and sequentially cloned into the plJ2925 plasmid; the
B11-B12 fragment was then inserted into the suicide shuttle
vector pD2925. The pKC1139AgenB2 vector containing genB2 with
in-frame deletion was constructed by inserting two genB2-flanking
DNA fragments into the pKC1139 temperature-sensitive shuttle
vector. B21 and B22 fragments were amplified by PCR with use of
primer pairs P21/P22 and P23/P24 and sequentially cloned into the
pKC1139 plasmid. The pKC1139AgenP vector containing genP with
in-frame deletion was constructed as follows: 11 and 12 fragments
were amplified by use of primer pairs P1/P2 and P3/P4, respective-
ly, and sequentially cloned into the plJ2925 vector; the 11-12 frag-
ment was then inserted into the pKC1139 plasmid. All plasmids
were verified by sequencing.

Construction of gene deletion mutants: E. coli ET12567
(pUZ8002) was transformed  with the pD2925AgenB1,
pKC1139AgenB2, and pKC1139AgenP plasmids. The disruption
plasmids were introduced into M. echinospora through conjugal
transfer from E. coli on MS agar at 28°C for 24 h, as described pre-
viously.?! After overlaying of agar with apramycin (50 ugmL™") and
pipemidic acid (PPA, 50 pgmL™"), incubation was continued for
eight days at 28°C. Single-crossover recombinant colonies were
first selected for apramycin resistance and were then cultivated on
SSM plates without antibiotic at 37°C. The apramycin-sensitive
strains were confirmed by PCR with appropriate primers (Fig-
ure S14) and by sequencing.

The disruption plasmid pD2925AgenB1 was introduced into the
AgenB2 and AgenP strains through conjugal transfer to obtain
double mutants AgenB2AgenB1 and AgenPAgenB1. The disruption
plasmid pKC1139AgenB2 was introduced into the AgenP strain
through conjugal transfer to obtain the double mutant AgenPAg-
enB2 strain. The genomic DNA of the double mutants was ana-
lyzed by PCR with use of two primer pairs (Figure S14).

Complementation of single mutants: The pSPU241 and pEAP1
plasmids were used to construct gene complementation vectors.
The genB1, genB2, and genP genes were amplified from WT chro-
mosomal DNA by use of primer pairs CB1-1/exB1-2, CB2-1/exB2-
2, and CP-1/CP-2, respectively, and PCR products were inserted
into the BamHI and Hindlll sites of pSPU241. The cloned genes
containing the PermE* promoter and To terminator were digested
with Bglll and inserted into pEAP1 to generate pEAPB1, pEAPB2,
and pEAPP. The complementation plasmids were verified by se-
quencing and then introduced individually into AgenB1, AgenB2,
AgenP by conjugation. The plasmids were integrated into M. echi-
nospora chromosomal DNA by site-specific recombination. Com-
plemented exconjugants were identified by erythromycin resist-
ance and confirmed by PCR (Figure S15).

Extraction, purification, separation, and analysis of metabolites
from M. echinospora strains: Fermentation cultures were adjusted
to pH 2.0 with H,S0, (2m) and agitated for 30 min. After centrifu-
gation at 1600g for 10 min at 4°C, the supernatant was neutralized
with NaOH (2 m). Antibiotics were isolated from the fermentation
broth by ion-exchange chromatography with 732NH," ion-ex-
change resin. The anion-exchange column was washed with
double-distilled (dd) H,O until the effluent was colorless, and
bound antibiotics were then sequentially eluted with eight column
volumes of HCl (0.4 m), NH,Cl (0.4 m), a mixture of HCI (0.2m) and
NH,CI (0.62m), and again with ddH,O. The eluates were then
passed through 711H* ion-exchange resin for discoloration, and
antibiotics were eluted with six column volumes of NH,Cl (5%).
The fractions with the activity against B. subtilis were concentrated
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by reduced pressure distillation, lyophilized, resuspended in
ddH,0, filtered through a 0.22 um filter, and analyzed by HPLC per-
formed with an Ultimate LP-C18 column (4.6 X250 mm; Welch Ma-
terials, Inc., Maryland, USA) connected to an evaporative light scat-
tering detector. The mobile phase was trifluoroacetic acid (0.2 m)/
methanol (92:8 or 98:2, v/v) used at a flow rate of 0.6 mLmin ~'.
Production yields for all strains were calculated with the aid of an
external standard. The contents of the components were deter-
mined by area normalization with gentamicin Cla as the standard.
Separation of the components was performed by dissolving lyophi-
lized gentamicin samples in ddH,0 and loading them onto a D152
NH," ion-exchange column; elution with 0.01-2m gradient NH,CI
was monitored by assaying the eluted fractions for anti-B. subtilis
activity. Fractions containing single components were combined,
concentrated by reduced pressure distillation, lyophilized, and ana-
lyzed by MS and NMR.

NMR analysis: All experiments were performed with a Bruker
Avance 600 MHz NMR spectrometer operating at 600.13 MHz ('H)
and 150.90 MHz ("*C) and equipped with the XWIN-NMR software,
version 3.0 (Bruker Analytik, Rheinstetten, Germany). For 'H, “C,
'H,"H COSY, HSQC, and NOESY NMR analyses, JI-20Ba (20 mg) or JI-
20B (20 mg) was dissolved in D,O (500 uL); for 'H NMR analysis,
ZL101 (5 mg) was dissolved in D,O (500 uL).

Biotransformation experiments: The AgenK mutant was cultured
in fermentation medium for 96 h, intermediates of the gentamicin
pathway were then added at the final concentration of 1 mgmL~",
and the culture was further incubated for 144 h at 34°C. Each
experiment was repeated three times. Product extraction, purifica-
tion, and analysis were performed as described above.

Cloning, overexpression, and purification of GenQ, GenB1, and
GenB2: The genB1, genB2, and genQ genes were amplified from
chromosomal DNA of the WT strain by PCR with use of primer
pairs exB1-1/exB1-2, exB2-1/exB2-2, and exQ-1/exQ-2, respective-
ly. PCR products inserted into the Ncol and Hindlll sites of the
pET32a (+) vector were verified by nucleotide sequencing, and the
recombinant and empty plasmids were used to transform E. coli
BL21 (DE3). The recombinant strain BL21-pET32a was used for
blank control.

Transformed bacteria were cultured at 37°C in LB liquid medium
supplemented with ampicillin (100 ugmL~") until the optical densi-
ty at 600 nm was 0.4-0.6. Protein expression was induced with
IPTG (0.2 mm) at 28°C for 6 h. The bacteria were harvested by cen-
trifugation, resuspended in binding buffer [20 mL, Tris-HCl (20 mm),
Nacl (0.5 m), imidazole (5 mm), pH 8.0], and disrupted by sonication
for 10 min with use of a 3 s-on/5 s-off cycle. After centrifugation at
15480¢ at 4°C for 10 min, the supernatant was loaded into Ni-Se-
pharose 6 Fast Flow (GE Healthcare), the column was washed with
washing buffer [Tris-HCl (20 mm), NaCl (0.5wm), imidazole (10-
50 mm), pH 8.0], and His-tagged recombinant proteins were eluted
with elution buffer [TrissHCl (20 mm), NaCl (0.5m), imidazole
(200 mm), pH 8.0].

The purified enzymes were concentrated and dialyzed against
Tris-HCI (pH 8.0, 20 mm) containing KCI (50 mm) and glycerol (10 %)
and stored at —20°C. Purified proteins demonstrated single bands
in SDS-PAGE gels, and these were in agreement with the calculated
molecular weight (MWs) of 63.5, 63.2, and 73.4 KDa (Figure S11).
The blank control strain did not produce target proteins.

Enzymatic assays: The GenQ/GenB1 and GenQ/GenB2 coupled
assay was performed in Tris-HCl (pH 8.0, 20 mm) containing puri-
fied GenQ (30-50 nug), GenB1 (30-50 ug) or GenB2 (30-50 pg),
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G418 (0.4 mm), L-glutamate (2 mm) as a donor amino acid, FAD
(0.8 mm), and PLP (0.4 mm) at 37 °C overnight.

GenB1 and GenB2 deamination was performed in Tris-HCI (pH 8.0,
20 mmMm) containing gentamicins C2 (0.4 mm) and C2a (0.4 mwm), JI-
20Ba (0.4 mm) or JI-20B (0.4 mm), purified GenB1 (30-50 ug) or
GenB2 (30-50 pg), PLP (0.4 mm), and a-ketoglutarate (2 mm), pyr-
uvic acid (2 mm), or oxaloacetic acid (2 mm) as amino group ac-
ceptors, at 37 °C overnight.

The epimerization assay was performed in Tris-HCI (pH 8.0, 20 mm)
containing gentamicins C2 (0.4 mm) and C2a (0.4 mwm), JI-20Ba
(0.4 mm) or JI-20B (0.4 mm), purified GenB1 (30-50 ug) or GenB2
(30-50 pg), and PLP (0.4 mwm), at 37 °C overnight.

In all assays, chloroform was added to the reaction mixtures to
quench enzymatic reactions followed by centrifugation. The super-
natants were analyzed by HPLC.
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