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Abstract Ansamitocin P-3 is a potent antitumor agent produced
by A. pretiosum. A deletion mutant of A. pretiosum was
constructed by deleting the asm?2 gene, a putative transcriptional
repressor. The deletion mutant showed a 9-fold enhanced
ansamitocin P-3 productivity. The response surface method
with central composite design was employed to further optimize
the culture medium composition for ansamitocin P-3 production
by the deletion mutant. The concentrations of four medium
ingredients, dextrin, maltose, cotton seed flour, and yeast
extract, which have been reported as major components for
ansamitocin production, were optimized through a series of
flask culture experiments. The optimum concentrations of the
selected factors were found to be dextrin 6.0%; maltose 3.0%;
cotton seed flour 0.53%; and yeast extract 0.45%. The
maximum titer of ansamitocin P-3 was 78.3 mg/l with the
optimized composition, about 15-folds higher than the
unoptimized titer of 5.0 mg/l obtained with YMG medium.

Key words: asm2 deletion mutant of Actinosynnema pretiosum,
ansamitocin P-3 production, medium optimization, central
composite design, response surface method

To date, improvement of Actinomycetes strains to obtain
high-titer cultures is usually achieved by random mutagenesis
and selection techniques. However, recent advances in
Actinomycete molecular biology, and knowledge of antibiotic
biosynthetic pathways and gene clusters, offer genetic
engineering as an alternative approach in a targeted manner.
Engineered Streptomyces strains have been constructed,
in which gene dosage has been increased by introducing
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extra copies of genes encoding pathway enzymes [41], gene
expression has been enhanced by introducing positive-
acting, pathway-specific regulatory genes [50, 57], or cell
growth and fermentation properties have been improved
by adding foreign protein genes such as a bacterial hemoglobin
gene, vhb [4, 40]. In each of these cases, genetic engineering
has resulted in a significant overproduction of the desired
metabolite, demonstrating the utility of this recombinant
DNA approach for strain improvement. Following the
genetic engineering of a superior production strain, the
fermentation conditions including the medium composition
need to be reoptimized to fully exploit the increased
potential of the strain developed. The conventional method
of media optimization involves changing one factor while
keeping all other factors at a fixed level, which is both
laborious and time consuming, and the optimum levels are
not always reliable [2, 9, 14]. The application of a statistical
experimental design approach for the optimization of
nutritional factors is one of the recent techniques that have
been successfully applied to the production of various
bioproducts [1,6, 12,13, 17,24,27,30-32,34,37,38,42,
43, 45,47, 48, 51, 52].

Ansamitocin P-3, a potent antitumor compound, belongs
to the family of maytansinoids [11], which were originally
isolated from African plants [33]. A microorganism producing
maytansinoids was subsequently isolated and originally
classified as a Nocardia species, but later redesignated as
Actinosynnema pretiosum ssp. pretiosum ATCC 31309.
Furthermore, a mutant strain, Actinosynnema pretiosum
ssp. auranticum ATCC 31565, was derived from ATCC
31309 by mutagenesis [3, 19, 22]. Maytansinoids have a
potent antitumor activity when delivered in conjugate
forms with tumor-cell binding agents [35, 36]. These
conjugates have pharmaceutical potential for the treatment
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of various cancers. A few reports have appeared on the
metabolic and physiological properties and the purification
of maytansinoids from the fermentation broth of mutant
Actinosynnema  pretisoum ATCC 31565 [18, 22, 58].
Recently, the maytansinoids biosynthetic gene cluster from
Actinosynnema pretiosum ATCC 31565 has been cloned,
sequenced, and analyzed [59]. In addition, several potential
regulatory and transport genes have been identified. The
functions of many of these genes in ansamitocin biosynthesis
have been probed by gene inaction or heterologous expression
experiments [10, 26, 44, 56, 59].

In this study, a mutant of Actinosynnema pretiosum was
constructed by deleting the asmZ2 gene, one of the putative
regulatory genes. Then, medium composition was optimized
for ansamitocin P-3 production by this mutant, by employing
a statistical method, the response surface methodology
(RSM) with central composite design (CCD) [8, 28].

MATERIALS AND METHODS

Strains

A. pretiosum ssp. auranticum ATCC 31565 was obtained
from the American Type Culture Collection. E. coli strains
of DH10B (Stratagene, CA, U.S.A.) and ET12567/pUZ8002
[39] were used throughout the study as a routine cloning
host and a transient host for E. coli—A. pretiosum intergeneric
conjugation, respectively.

Construction of the asm2 Deletion Mutant

Isolation of total genomic DNA of 4. pretiosum and
Southern blotting analysis were carried out as described
elsewhere [59]. General cloning procedures and DNA
manipulation were performed according to Sambrook and
Russel [53]. A 2.34-kb Pstl-EcoRI DNA fragment carrying
the aac(3)IV gene for apramycin resistance and the RK2
replication oriT origin was extracted from p(0J446 [5],
blunt-ended by treatment with Klenow enzyme, and cloned
into pBluescript KS-/(Scal, Sspl) to create pHGF9050 as a
gene-replacement vector. To truncate asm2, the 0.69-kb
Kpnl-Xhol and 0.87-kb EcoRI-Xhol DNA fragments that
carry the N-terminus of asm2 (64 aa) and the C-terminal
part of asm2 (7 aa), respectively, were ligated into a 1.56-kb
Kpnl-EcoRI fragment (Fig. 1). The assembled fragment
was then cloned onto pHGF9050 to generate pHGF9422,
in which the 195-620" nucleotides of asm2 were replaced
by 28 nucleotides of 5'-ATACCGTCGACCTCGAGGTC-
GACGGTAT-3', which were introduced with the cloning
linker (Fig. 1). pHGF9422 was transformed into E. coli
ET12567/pUZ8002 through electroporation and selected
with apramycin on LB agar plates. A transformant colony
was picked and grown in LB medium containing apramycin
(50 mg/1), chloramphenicol (25 mg/l), and kanamycin (50 mg/l)
at 37°C for 12 h. Cells were then collected, washed with
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Fig. 1. Organization of asmZ2 and part of the ansamitocin gene
cluster. i

The locations of ORF5 identified in the region are shown as arrows. The
internally deleted region of asm2, which was replaced with 28
oligonucleotides, is shown below (connoted with HGF091) in comparison
with the wild-type strain. The green bar gives the region labeled with *P-
dCTP to probe the extracted genomic DNA and validate the expected Sall
fragments from the wild-type (0.77 and 1.54 kb) and the HGF091 (1.88 kb)
strains, respectively.

3%x5 ml 2xYT, mixed with 5 ml of log-phase fresh culture
of A. pretiosum, and plated onto YMG plates supplemented
with 10 mM MgCl,. The YMG medium contained 0.4%
yeast extract, 1% malt extract, and 0.4% glucose at
pH 7.3. After incubation at 37°C for 16 h, the plates were
overlaid with 1 ml of distilled water containing 1 mg of
apramycin and 1 mg of nalidixic acid, and cultivated at 30°C.
Exconjugants attributed to the homologous recombination
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Fig. 2. Southern-blotting analysis.

The total genomic DNA prepared from the 4. pretiosum wild-type and the
asm2 mutant HGF091 was treated with the Sall restriction enzyme,
separated by electrophoresis on a 0.8% agarose gel, and blotted onto a
nylon membrane. The signals revealed by the **P-labeled probe are
indicated.
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between the delivered pHGF9422 and A. pretiosum were
detectable in 2-3 days. The individual conjugants were
selected and transferred onto YMG broth for three more
rounds of relaxed cultivation. A dilution series of the
harvested mycelia was prepared and plated again on
nonselective YMG agar plates. After sufficient growth, these
colonies were replicated on YMG agar plates containing
apramycin. Colonies growing on the nonselective, but not
on the selective agar plates were isolated, and the total
genomic DNA was prepared and analyzed by Southern
blotting (Fig. 2) to determine whether the asm2 gene had
been replaced by its corresponding inactivated version or
the colony was a revertant to the wild-type. The mutant
was designated as HGFGO091.

Biological Assay of Ansamitocin P-3

Filobasidium uniguttulatum IFO 0699 was used as the test
organism for the bioassay of ansamitocin P-3 [20]. A
single colony of the strain was transferred into 2 ml of
Trypticase Soy Broth (TSB), incubated at 28°C for 60 h,
seeded into 100 ml of TSB agar at 42°C, and then poured
onto Petri dishes. The crude culture broth of A. pretiosum
was extracted twice with the same volume of ethyl acetate,
the extract evaporated in vacuo, and the residue dissolved
in methanol. The assay was carried out by the filter paper
disk method. The crude extracts of the 4. pretiosum wild-
type and HGFQ91 strains, and standard ansamitocin P-3
were diluted, spotted on 8-mm diameter filter paper disks,
air dried, and placed on the assay agar plates, which were
incubated at 28°C for 8 h. The dose response of ansamitocin
was determined by plotting the average diameter of the clear-
edged inhibition zone against the antibiotic concentration.

Flask Cultures of the Wild-Type Strain and the Deletion
Mutant

In seed cultures for inoculum preparation, colonies of
spores scraped from plates into sterile water were
transferred into 50 ml of YMG broth (the composition of
YMG broth was the same as YMG agar except for agar)
and incubated at 28°C for 48 h in a shaking incubator. As
control experiments, flask cultures for ansamitocin P-3
production by the asm2 deletion mutant and the wild-type
strain were performed in 500-ml EM flasks containing
100 ml of YMG medium (the control medium) for 74 h.

In the medium optimization experiments for the asm?2
deletion mutant, 2 ml of seed culture was inoculated into
25 ml of the basal medium in a 250-ml Erlenmeyer flask.
The composition of the basal culture medium used in this
study was K,HPO, 0.05%, Fe,SO,7H,0 0.0002%, and
CaCO, 0.5%. Its pH was 7.2. Three ml of filter-sterilized
solution of L-valine as a side chain precursor was added to
the culture medium to 0.3% w/v of final concentration.
The total culture volume was adjusted to 30 ml. The
concentrations of dextrin, maltose, cotton seed flour, and

yeast extract in the culture medium were varied according

to the design specified in Tables 2 and 4. The culture flasks

were incubated for 9 days at 28°C in a shaking incubator.
All the experiments were carried out in triplicate.

Analysis of Ansamitocin P-3

At the end of the culture, 5ml of whole broth was
extracted with 5 ml of ethyl acetate for 1 h. The extract
was filtered through a 0.22-um membrane filter and then
analyzed for ansamitocin P-3 titer by using a high-
performance liquid chromatograph (HPLC, Hitachi, Japan)
with a C,, reverse-phase column (Kento, Japan). Detection
was done at 254 nm. The injection volume was 20 pl. The
eluant contained 65% methanol and 35% water, and its
flow rate was 1.0 ml/min. The authentic ansamitocin P-3
sample used to construct a calibration curve was a gift
from Takeda Chemical Co., Osaka, Japan.

Experimental Design and Optimization by RSM

A priori knowledge and understanding of the process and
the process variables under investigation are necessary for
achieving realistic results. In this study, the independent
variables were the concentrations of the carbon and nitrogen
sources: dextrin, maltose, cotton seed flour, and yeast
extract, selected from the literature [21, 58].

CCD was applied for selecting levels of the independent
variables in carrying out experimental runs. CCD maximizes
the amount of information that can be obtained, while
limiting the numbers of individual experiments. According
to CCD design, the total number of experimental runs was
25+2k+n,, where k is the number of independent variables
and n, is the number of repetitions of experiments at the
center point [9]. In CCD, the natural value of the i"
variable X, was normalized for coding, as in

Xi:(Xi‘Xix)/ AX; (1)

where x, is the coded value, X is the natural value of the i""
independent variable at the center point, and AX; is the
scaling factor.

The RSM model used in this study was

y:b0+zbixi+2Zbi]XiXJ+Zb11X?+e (2)
i i

where y is the measured response (ansamitocin titer in this
study), b, the intercept, and b;, b, and b;; are coefficients or
the measures of the effects of x;, xx;, and X;, respectively.
The term x;x; represents the first-order interactions between
x; and x; (i<j), and e denotes the modeling error. In this
study, x,=D (coded value of dextrose concentration), x,=M
(maltose), x,=C (cotton seed flour), and x,=Y (yeast extract).
A software package called STATISTICA (StatSoft Inc.,
US) was used for the regression and graphical analysis of
the experimental data. The optimum values of the process
variables were obtained by solving the regression equation
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and also by analyzing the response surface contour plots
[28].

RESULTS AND DISCUSSION

Construction of asm2 Deletion Mutant

Based on sequence similarity, the predicted Asm2 protein
belongs to a group of bacterial transcription regulatory
proteins that bind DNA via a helix-turn-helix (HTH)
motif. These proteins, including AcrR, Betl, Bm3R1,
EnvR, QacR, MtrR, TemR, TetC, TetR, Ttk, YbiH, and
YhgD, have similar molecular weights, ranging from 21 to
25 kDa [23, 49, 55]. Many of them function as repressors
that control the level of susceptibility to hydrophobic
antibiotics and detergents. The intensive studies of TetR, a
tetracycline inducible repressor, have offered a model of
the effect-inducible systems for the transcription regulation
known to date. With the rationale that asm2 could play an
important role in the regulation of ansamitocin production,
we carried out an experiment to truncate the functional
Asm2 protein. An inactivated version of the asm?2 gene was
generated by replacing the internal 195-620" nucleotides
of the coding sequence with 28 nucleotides, which were
introduced with the pHGF9050 gene-replacement vector.
To reduce the restriction limitation and increase the
recombination efficiency, the replacing vector pHGF9050
was passed through E. coli ET12567/pUZ8002, a DNA-
methylation-deficient strain, and then introduced into wild-
type A. pretiosum by intergeneric conjugation. Successive
selection first for single-crossover integrants (resistance
to apramycin) and then for a second-step recombination
gave a double-crossover mutant (sensitive to apramycin)
in which the functional asm2 gene had been replaced
with the inactivated version. This mutant grew normally
compared with the wild-type strain, but produced elevated
levels of ansamitocin up to about 4—5-fold, depending on
conditions, as demonstrated by bioassay with Filobasidium
uniguttulatum IFO 0699. Through HPLC analysis, about
9-fold increase in ansamitocin titer was observed with
the asm2 deletion mutant strain (5.0 mg/l) over the wild
strain (0.53 mg/l). The mutant strain was used in the
subsequent work on the optimization of the medium for
ansamitocin production.

Table 1. Natural values of the independent variables according
to coded values in the first round of CCD.

Coded values (D, M, C,Y)

Variables

-2 -1 0 +1  +2
Dextrin (%w/v), D 1.0 30 50 7.0 9.0
Maltose (Yow/v), M 1.0 20 30 40 5.0

Cotton seed flour (%ew/v),C 0.1 13 2.5 3.7 49
Yeast extract (Yow/v), Y 0.1 03 06 08 1.0

Production Medium Optimization by Statistical Design
The concentrations of dextrin, maltose, cotton seed flour,
and yeast extract were optimized by employing CCD and
RSM methods. In the CCD, a 2° factorial design with eight
star points and six replicates at the central points were
employed to fit the second-order polynomial RSM model
(Eq. 2), which indicated that 30 experiments were required.
The coded and natural values of the variables are given in
Table 1.

The experimental results based on the first set of CCD
design are given in Table 2. The P-3 titers at the central
points appeared to be very low compared with those at
other levels of variables.

To check for the presence of optimum values of the
variables within the ranges tested, contour graphs were
plotted (Fig. 3). Two-dimensional contour plots of the
response surface as a function of two factors at a time,
holding all others at fixed levels (zero, for instance), were

Table 2. First-round CCD consisting of 30 planned experiments
along with observed experimental data.

Run D M C Coefficients Ansamitocin P-3 (mg/l)
no assessed by Observed responses
1 -1 -1 -1 -1 433
2 1 -1 -1 -1 61.3
3 -1 1 -1 -1 41.7
4 1 1 -1 -1 65.6
5 -1 -1 1 -1 1.02
6 1 -1 1 -1 8.97
robod b Fractional 1.10
g _} _} _} -i 2* factorial }(5)2
design :
0 1 -1 -1 1 31.2
1nm -1 1 -1 1 1.94
12 1 1 -1 1 22.4
13 -1 -1 1 1 1.04
4 1 -1 1 1 1.01
15 -1 1 1 1 2.24
6 1 1 1 1 1.03
17 -2 0 0 0 2.95
18 2 0 0 0 5.87
19 0 -2 0 0 1.34
20 0 2 0 0 Starpoints 4.45
21 0 0 -2 0 (8points) 36.0
2 0 0 2 0 1.97
23 0 0 0 -2 1.50
24 0 0 0 2 7.60
25 0 0 0 0 6.66
26 0 0 0 O 5.77
27 0 0 0 O Central 5.78
2860 0 O O points 6.49
29 0 0 0 0 4.72
30 0 0 0 O 4.96
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useful in understanding the interaction between the two
factors. The optimum point is confined in the smallest
ellipse in the contour diagrams. Figure 3 indicates that the
optimum values of maltose and yeast extract were within
the tested ranges, whereas the optimum value of dextrin
and cotton seed flour were out of the tested ranges.

Based on these results, another set of experimental runs
was carried out with the central points for dextrin increased
from 5.0% to 6.0%, for cotton seed flour decreased from
2.5% to 0.6%, and for yeast extract decreased from 0.55%
to 0.45%. The coded and natural values of the variables at

R

0.1

Cotton seed flour concentration (%)

Dextrin Concentration (%)

Cotton seed Mour concentration (%)

0.775

=3
i
)

0.325

Yeast extract concentration (%)

0.1

3.7 49

Cotton seed flour concentration (%)

Fig. 3. Contour plots of ansamitocin P-3 concentration (mg/1),
showing the effects of dextrin and cotton seed flour (A), maltose
and cotton seed flour (B), and cotton seed flour and yeast extract

(©).

Table 3. Natural values of the independent variables according
to coded values in the second round of CCD.

Coded levels
Variables
-2 -1 0 +1 2
Dextrin (D, %w/v) 1.0 35 6.0 85 11.0
Maltose (M, %w/v) 1.0 20 30 40 50

030 06 09 1.2
0.25 045 0.65 0.85

Cotton seed flour (C, %w/v) 0.0
Yeast extract (Y, %w/v) 0.05

various levels are given in Table 3. The design of experiments
and the resulting P-3 titers with this set of experiments are
presented in Table 4.

The significance of each coefficient was determined by
Student #-test and p-values, which are listed in Table 5.
The larger the magnitude of the f-value and the smaller
the p-value, the more significant is the corresponding
coefficient [2]. The results showed that the first-order effect
of cotton seed flour was more significant than those of
dextrin, maltose, and yeast extract (the p-value for C, p.<
0.024; pp<0.98; p\;<0.49; and py<0.31). The second-order
effects of dextrin, maltose, cotton seed flour, and yeast
extract were negatively significant as was evident from
their respective p-values (pDZ<0.0008; pM2<0.0003; pQ2<
0.00008, and p,°<0.00007). This shows that all factors at
higher concentrations repress the antibiotic synthesis. Other
investigators have also reported such effects of carbon and
nitrogen repression on various antibiotic productions [54,
16]. No significant interaction was observed between the
factors.

Only 6 terms in Eq. (2) were selected; the intercept and
five terms with a p-value lower than 0.05. Equation (3)
represents the relationship between the P-3 titer and the
selected terms.

y=78.2-6.5C-10.1D’-11M>-13C*-13.2Y’ (3)

The above equation was recast in terms of the natural
values (% w/v) of the independent variables and represented
as follows:

y=-210.8+19.39D+66M+151.62C+297Y
-1.616D*-11M*-144.4C>-330Y" 4)

The contour plots (Fig. 4) clearly show no interaction
between the factors.

Verification of Model

The optimum values of the independent variables were
obtained by solving the regression equation (Eq. 4):
dextrin 6.0%; maltose 3.0%; cotton seed flour 0.53%; and
yeast extract 0.45%, with the maximum predicted P-3 titer
of 79.0 mg/1. For verification, shake flask experiments under
the optimum conditions were carried out, and 78.3 mg/l
of P-3 titer was obtained. This experimental finding agrees
closely to the model prediction. The ansamitocin titer
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Table 4. Second-round CCD consisting of 30 planned
experiments along with observed experimental data and the data
predicted by the RSM model.

Ansamitocin P-3 (mg/1)

}Eﬁn b M C Y E;’;Zigf‘g? Observed  Predicted
response responses
1 -1 -1 -1 -1 52.7 452
2 01 -1 -1 -1 47.4 375
3 -1 1 -1 -1 414 33.4
4 1 1 -1 -1 40.8 31.0
5 -1 -1 1 -1 . 37.6 34.9
6 1 -1 1 -1 - 244 27.1
7 -1 1 1 -1 . 345 31.1
8 1 1 1 -1 ;r?:é;g?f;l 31.0 28.6
9 -1 -1 =117 e 51.7 39.9
10 1 -1 -1 1 48.0 422
1 -1 1 -1 1 43.0 31.2
12 1 1 -1 1 50.3 387
13 -1 -1 1 1 15.7 163
4 1 -1 1 1 24.8 185
15 -1 1 1 1 20.0 15.6
6 1 1 1 1 24.8 23.1
17 -2 0 0 0 25.0 377
18 2 0 0 0 26.8 37.5
19 0 -2 0 0 29.2 37.8
20 0 2 0 0 Starpoints 15.7 30.6
21 0 0 -2 0 (8points) 13.0 393
2 0 0 2 0 16.2 13.3
22 0 0 0 -2 22.1 30.9
24 0 0 0 2 5.47 20.1
25 0 0 0 0 76.6 78.2
26 0 0 0 0 77.9 78.2
27 0 0 0 0 Central 79.4 78.2
2800 0 0 0  points 79.3 78.2
20 0 0 0 0 78.4 78.2
30 0 0 0 0 773 782

Table 5. Model coefficient values and their significances
(second round of CCD and RSM).

Terms Coefficients t-values r
Intercept 78.15 15.06 0.00000
D -0.06 -0.02 0.9806
M -1.81 -0.69 0.4958
C -6.50 -2.51 0.0242
Y -2.69 -1.04 0.3149
DM 1.31 0.41 0.6861
DC -0.03 -0.01 0.9938
DY 2.50 0.78 0.4429
MC 2.01 0.63 0.5355
MY 0.77 0.24 0.8123
CY -3.32 -1.05 0.3124
D’ -10.14 -4.17 0.0008
M -10.99 -4.53 0.0003
c -12.95 -5.34 0.00008
Y’ -13.17 -5.43 0.00007

Maltose concentration (%)

Dextrin concentration (%)

Cotton seed flour concentration (%)

Dextrin concentration (%)

0.9

0.6

0.3

Cotton seed flour concentration (%)

Maltose concentration (%)

Fig. 4. Contour plots of ansamitocin P-3 concentration (mg/l),
showing the effects of dextrin and maitose (A), dextrin and
cotton seed flour (B), maltose and cotton seed flour (C), and
maltose and yeast extract (D).

by flask cultures with the optimized medium in this study
was comparable to the maximum titer reported recently
as 86.3mg/l in a bioreactor culture of a mutant of
Actinosynnema pretiosum ATCC 31565, although the
strain and culture environment were quite different [18].
The accuracy of the RSM model was analyzed by analysis
of variance (ANOVA), and the results are summarized in
Table 6. The F-value is the ratio of the mean square due to
regression (MSR) to the mean square due to error (MSE).
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Table 6. Analysis of variance (ANOVA) for the final RSM model.

Source of variations Sum of squares  Degrees of freedom (d.f) Mean square Ficic MSR/MSE)  Prob. (P)
Regressions 12,572.3 (SSR) 14 898.0 (MSR=SSR/d.f) 5.56 0.001
Error 2,422.5 (SSE) 15 161.5 (MSE=SSE/d.f)

Total 14,994.9 (SST)

Determination coefficient R“=0.8384; Correlation coefticient R=0.9156.

The F-value in this study (Fyuiic 14, 1572-56) was greater
than the tabulated F,, 5, (=3.57) [2, 8, 15]. The low value
of probability (P<0.001) demonstrates high significance
of the regression model (2, 28]. The goodness of fit of
the model was checked by the determination coefficient
(R%), the value of which was 0.8385 in this study, and
¢ indicates that only 16.16% of the total variations is not
explainable by the regression model, justifying a good
correlation [9].
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