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Biotin production under limiting growth conditions by
Agrobacterium/Rhizobium  HK4 transformed with a modified
Escherichia coli bio operon
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The E. coli biotin ( bio) operon was modified to improve biotin production by host cells: (a) the divergently transcribed
wild-type bio operon was re-organized into one transcriptional unit; (b) the wild-type bio promoter was replaced
with a strong artificial (  tac) promoter; (c) a potential stem loop structure between bioD and bioA was removed; and
(d) the wild-type bioB ribosomal binding site (RBS) was replaced with an artificial RBS that resulted in improved

bioB expression. The effects of the modifications on the bio operon were studied in  E. coli by measuring biotin and
dethiobiotin production, and  bio gene expression with mini-cells and two-dimensional polyacrylamide gel electro-
phoresis. The modified E. coli bio operon was introduced into a broad host-range plasmid and used to transform
Agrobacterium/Rhizobium  HK4, which then produced 110 mg L * of biotin in a 2-L fermenter, growing on a defined
medium with diaminononanoic acid as the starting material. Biotin production was not growth-phase dependent in

this strain, and the rate of production remained high under limiting (maintenance) and zero growth conditions.
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Introduction L™ (0.04-0.06 nM) of biotin into the growth medium,
o : . T . _whereas de-repressed strains excrete about pglbh™
Biotin is a commercially important vitamin, with pharma 320—60 nM) [6,30]. Two approaches have been used to pro-

\C/i(@alll:J“eCO(’IJ1 Iéltffn%dreatrf]lgncgf(%emIIi?)Frjlp“Z?tloen; ?tni(js ?ur?;?nrtll(e uce a microorganism that makes increased amounts of
per year. Y piotin. The first involves cloning and over-expressing the

Si’gégiigg%ﬁ%%? IE%I\J/\/S(;CZL Sg%fegg nr;":gltli;:sglep rgr&igli?)a enes of biotin biosynthesis in wild-type or de-repressed
P o ' 9 P ost cells and the second involves selecting micro-

ggs:?or?ni e?l?z;llar::tgr?;g:fatlir:) ntgrméc,i O?i:] CiC;‘St’s Sﬂ'{ﬂgls'?z'gd art; organisms with biotin anti-metabolites. For example, Ehe
' y Yeoli bio genes have been over-expressedincoli under

microorganisms and plants, and functions biologically as, ; ;
: . e control of both of the wild-typebio promoters and
an essential cofactor for carboxylase-catalyzed reactlongn der the control of strong artifi():/igl proFr)noters 23], and

[21]. The genes and pathway for biotin biosynthesis haV‘?he Bacillus sphaericus bigenes have been over-expressed

B o o e B, 1 E. coll[15] A combinaton of the o approaches has
L ’ . also been used, where the biotin synthetic genes Bem
regulated. InE. coli, the bioH and bioC genes code for ratia marcescendave been over-expressed in host cells

enzymes involved in the synthesis of pimeloyl CoA, and : . ; .
. . . ; - .~ ~of the same bacterium, which had been selected with anti-
thebioF, bioA, bioD andbioB genes code for the remaining metabolites for increased biotin production [24]. In addition

enzymes in the pathway (Figure 1). ThinA, bioB, bioF, to strain design, many other factors, such as medium

bioC and bioD genes are grouped together in an operon . > .
e o . : tomponents and fermentation conditions, play a role in
which is divergently transcribed towarti®A and an ORF biotin production [33].

g{ol;nlé?gévgngj&gtg inn 'tr;]eogtehg:rgﬁggg(’)r?ngntgvézg& It is generally accepted that a commercially viable fer-
Il ' ' mentative process for biotin will require cells able to pro-
IS \I/c\;/(izlzt?d glii\ﬂ/sheoﬁzoggnifgrgrgzsrﬁmgggﬂ' 10-15 n duce more than 1 g£ day*. Some groups have been able
yp ' y 9 {0 obtain biotin concentrations in the 160mg range by
fermentation, but this requires several days, and the use of
H_growth media that are not always compatible with down-

Correspondence: Dr NM Shaw, Biotechnology Research, Lonza AG, C

3930 Visp, Switzerland. stream processing. In addition, it is usually observed that
“Hans Kulla died in a mountaineering accident in 1993. He contributedbiotin is produced only by actively growing cells, which
much to this project, and we dedicate this paper to his memory limits the possibility for maximizing their specific pro-

Abbreviations: CAT, chloramphenicol acetyl transferase; DAPA, 7v8'ductivity.

diaminopelargonic acid (diaminononanoic acid); KAPA, 7-keto-8-amino- . . . . . .
pelargonic acid; PLP, pyridoxal phosphate; SAM, S-adenosylmethionine; AgrqbaCte“um/Rh'zob'ynHK4 is characterised by Its
2-D PAGE, two-dimensional polyacrylamide gel electrophoresis very high metabolic activity at very low growth rates, and

Received 18 September 1998; accepted 4 March 1999 a derivative of this strain is used for the biotechnological
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Figure 1 The biotin biosynthetic pathway i&. coli.

production of multi-ton amounts ol-carnitine, starting Methods

from exogenously supplied butyrobetaine [46]. OUr gacterial strains and growth

approach to solving the problem of strains that only pro-the E. colj strains and the vectors and plasmids used in
duce biotin during phases of growth and high metabolichjs study are listed in Tables 1 and 2. Details of bacterial
activity was to modify theE. coli bio operon to improve growth and fermentation were described previously [2,3].
biotin production, introduce it into a broad host-range plas-OD measurements were made with a Perkin-Elmer
mid and use that to transforrgrobacteriunfRhizobium  (Norwalk, CT, USA) Lambda 1 spectrophotometer, with
HK4. The rate of biotin production foAgrobacteriumh  cells with a 1-cm light path. Cultures were diluted with
RhizobiumHK4 transformed with the plasmid carrying the water where necessary.

modified bio operon remained high on a defined medium Agrobacterium/RhizobiutdK4 is a strain that was selec-
under maintenance and zero growth conditionsted for growth on 4-butyrobetaine, crotonobetaine dnd
Agrobacterium/RhizobiuntHK4 is therefore a promising carnitine as sole carbon, nitrogen and energy source under
candidate as a host organism for biotin production. aerobic conditions. The strain has been phenotypically
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Table 1 E. coli strains

DNA sequencing and for cloning were synthesised by
Microsynth, Windisch, Switzerland.

E. coli strain Genotype Origin/reference Details concerning the steps involved in the construction
- ’ of pBO3, pBO30, pBO30-A15, pBO30-A15/9, pBO30-
DSM498 K12 ‘Wild type Brauafmweig A15/9A0ORF1 and pBO47 have been described previously
SA291 FA (gal-bisA his strR [10] 2. _ S _
BM2661 FaraD139 AlacU169 rpsL thi 1 Derivatives of pBO30 with deletions ihioA, bioC and
$(bioFC-lag501 bioD were also constructed. To form pBQSA, a 1.2-kb
pa062 Fa&iﬁﬁ%ﬁ':é‘ééfiﬁfé% o (1] fragment was removed fromioA with endonucleaseSal
IM109 recAL endAL gyrA96 thi hsdRL7 [45] and BanHl. For' pBO3AC, a 150-bpBglll fragment was
SUPEA4 relAL A~ A(lac-proAB [F' removed frombioC and pBOSQ\D was constructed in an
traD36 proAB lacFZAM15] analogous way to pBO3(A, using Sal and Snd.
RR28 hsdR hsdM recA phds3 thi leu pro [19]
lac gal ara mtl xyl supE4 endA
XL1-Blue recAl endAl g}’;ﬁ?e thi hsdRL.7 3] Specific expression of genes from plasmids in E. coli
supE4 relAl A~ lac™ [F' proAB mini'cells L . L
lacl’ZAM15 TN10 (t&)] Mini-cells from derivatives ofE. coli DS410 containing
DS410 thi min ara lacY xyl malA mtl tonA [13] various plasmids were isolated, newly synthesised proteins
rpsL azf~ A~ labelled with L-P°S]methionine ¥1000 Ci mmot!, NEN
Life Science Products, Boston, MA, USA) and analysed by
SDS-PAGE followed by autoradiography [14].
Table 2 Plasmids
Plasmid/vector Genotype Origin/reference TWO'd,imenS,ional elecrmphore?Sis of pmteins .
Two-dimensional polyacrylamide gel electrophoresis (2-D
pBR322 aBtcR 4] PAGE) was carried out as described previously [32].
pACYC184 cni.tc? [9]
pHE3 cnifpheS [19]
Mlgmglgllg Iglcz E45} Measurement of enzyme activities
pUCI8/1 aplacZ 45 E. coli strains withbio::lacZ plasmids were grown in liquid
g,\B,:giSS%r'lpt SKIKS %ﬁiafg A Stratagene[é]"a Jolla, €A culture to an Oy, of 0.5 andg-galactosidase activity mea-
pME81 af¥ oriV lacl® ptac- [40] sured [27].
lacz

Measurement of dethiobiotin and biotin production
Biotin was measured using theactobacillus plantarum

cha_racterised, but has not, _despite ex’gensive studies, begfar plate assay [12]. Because this method can, under cer-
assigned to one genus. It is taxonomically related to theain conditions, give erroneous results, TLC analysis was

common soil microorganisma\grobacterium and Rhi-

also carried out. Medium samples (5@0 were diluted to

zobium and 16s rRNA characterisation showed that it is5 m| with 20 mM ammonium formate buffer pH 5.5 then
closely related td&Rhizobium melilotiThe strain is assumed loaded on disposable ;¢ solid-phase extraction columns

to belong to a new, as yet undefined, genus [46].

Chemicals

(Macherey-Nagel, Oensingen, Switzerland; Chromabond
C,s ec, 100 mg) that had been equilibrated with methanol
(1 ml), water (1 ml) and the ammonium formate buffer

Chemicals were obtained from Fluka (Buchs, Switzerland)(1 ml). Dethiobiotin and biotin were eluted with water and
Dethiobiotin and materials for the assay of biotin synthasehe sample acidified by the addition of 12.5% w/v TCA.
were as previously described [3]. Diaminononanoic acidbethiobiotin and biotin were then purified further onsC
(DAPA, Figure 1) was synthesised by Dr L Duc, Lonza solid-phase extraction columns that had been equilibrated

AG. with methanol (1 ml), water (1 ml) and 1% v/v acetic acid
) (2 ml). After washing with 1% v/v acetic acid (1 ml) and
Cloning water (1 ml), dethiobiotin and biotin were eluted with

Standard methods for the manipulation of DNA [36] were 0.5 m| of methanol. The samples were dried under vacuum

used. Extra-chromosomal DNA froid. coli was isolated

and resuspended in 20 methanol: water: acetic acid

using Qiagen packs from Qiagen, §xeldorf, Germany. (65:25:10). Dethiobiotin and biotin were detected on TLC
Total DNA from E. coli was isolated using the procedure wjth p-dimethylaminocinnamaldehyde [25] and quantified
described previously [18]. For the transformation of bac-hy comparison with standards. Recovery of biotin and

terial cells with plasmid DNA, cells were made competentdethiobiotin was estimated by means of radioactive tracers.
for plasmid uptake [11]. For DNA sequence analysis the

chain termination method was used [37]. DNA linkers for

the construction of new restriction sites were from Boeh-Fermentation of Escherichia coli XL1 Blue pBO30A-
ringer Mannheim, Mannheim, Germany. Specific oligonu-15/9 and Agrobacterium/Rhizobium HK4 pB047
cleotides for DNA/DNA hybridisation, for primers for Details were described previously [2].
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Figure 2 Restriction maps for théio operon and pBO30A-15/9. (a) TH®o operon. Known restriction sites [42] are shown. (b) pBO30A-15/9. The
hatched boxes indicate vector DNA, the filled box the promoter and the open box the improved RBS in pBO30A-15/9.

Results

Improved biotin production by modification of the E.
coli bio operon

Cloning of the wild-typeE. coli biooperon (Figure 2a) and _ o o _
expression from a multi-copy plasmid alone (pBO3) in Table 3 Production of dethiobiotin and biotin by cells Bf coli IM109
E. coli resulted in a 2000-fold improvement in biotin pro- ith variousbio operon plasmids in shake flasks

duction compared with a wild-type (non-derepressed)

Plasmid Dethiobiotin ~ Biotin (mg t*) Biotin (mg L™)

coli strain (Table 3). Théio operon was then modified to (mg L% (Cells (Cells grown on (Cells grown on
improve biotin production. The twbio transcriptional units grown on NYB  NYB medium)  NYB medium
were fused to form oneb{oB::F::C::D::A::ORF1), and the medium) plus 10Qug mI™
wild-type promoter was replaced by thiac promoter to dethiobiotin)
give pBO30, in which biotin production through the biotin
biosynthetic pathwayde novosynthesis), or from dethiobi- pBO3 2"2 050 00'2%3 ©0.74) 0 68_'8210
otin supplemented to the growth medium, increased b¥gozoa-15 276 0.480.10 (0.74)  0.62 0.05
about 17- and 30-fold respectively compared with pBO3pB0O30A-15/9 2.63 1.320.48 (1.84) 1.6%0.52
(Table 3). pBO30A- 21 1.0 (1.84) 11

A potential stem loop structure downstreambidD in 1;’%&“1 ) .
pBO30 was then removed, resulting in pBO30A-15, innggmg 00U e
which two amino acids were deleted from theeBd of the  psozmD 0.02 0.42
bioD gene and 13 were added, but this had no adverse
effect on the synthesis of dethiobiotin (Table 3). The production of dethiobiotin and biotin by cells grown on NYB medium

The last step in biotin biosynthesis is catalysed by thewvas determined to measure synthedgsnovothrough the biotin biosyn-
enzyme biotin synthase which has a very low tumoverthetic pathway (columns 2 and 3), and the production of biotin by cells

. - grown on NYB medium supplemented with 12@ mI™* dethiobiotin was
number in vitro [38,39]. There was also only a small jaermined (column 4) to measure biotin synthesis from dethiobiotin. The

increase in biotin prO(_juction from cells Containjng IOBQ3Q average value of two determinations (which were always nearly identical)
when the growth medium was supplemented with dethiobiis shown, except where a standard deviation value is shown, in which case
otin, and a build-up in dethiobiotin levels from cells con- the number of determinations was five. Dethiobiotin was measured by

[ ; o ; ; ; TLC, and biotin by the microbiological method and TLC (values in
taining the plasmids for biotin production listed in Table brackets). ‘bg’ indicates that the values were not significantly above back-

3, indicating that biotin synthase plays an important fluxgroung levels, which were about 0.02 mg:LAll other biotin values
control role [43], and could therefore be a limiting factor determined by the microbiological method have background levels sub-
in an industrial process for biotin production. In order to tracted. For comparison, wild-type strains Bf coli produce about 10—
both improve biotin production and to examine the effect>ny L™ biotin, and de-repressed strains about 5#5.* [6,30]. For

of biotin synthase expression on biotin production,l 7 all plasmids, the host cells grew to a final @pvalue of between 3 and 4.
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Table 4 bio gene expression measured by experiments with mini-cells Dethiobiotin production in E. coli cells transformed
with the bio plasmids

Plasmid Gene expression relative to CAT Dethiobiotin production was greater than biotin production
] ] ] ] ] from cells containing the plasmids pBO3, pBO30,

BioC BioF BioA BioD BioB ORF1  h,B8030A-15, pBO30A-15/9, and pBO30A-1XORF1
(Table 3), confirming biotin synthase as an important flux
SSgggA_ls 825 %‘_g %‘_g% 11'_2% %‘_%% %‘_é% control point. Cells containing the plasmids with improved
pBO30A-15/9 nd 020 025 131 061 0.32 bioA expression, namely pBO30A-15, pBO3OA-15/9 and

pBO30A-15/A0RF1 produced more dethiobiotin than
Mini-cell experiments were carried out as described in the Methodsthose containing pBO30. This modification may therefore
section. be important for future biotin production, if the increased

The bands on the resulting autoradiographs were quantified by scanningethiobiotin can be converted to biotin.
densitometry, and the results normalised with respect to the intensity of

the CAT band and the number of methionine residues in each protein_. . . , .
The results are expressed relative to the expression of CAT, which wouldiotin gene expression in E. coli cells transformed
have a value of 1. with the bio plasmids studied by mini-cell

experiments and 2-D PAGE

Expression of thebio genes was measured by mini-cells
) o . . . (Figure 4a and Table 4) and 2-D PAGE (Figure 4b and c).
ribosomal binding site (RBS) upstream frotnoB in  The results of the mini-cell experiments were used to moni-
pBO30 was replaced by an RBS that resulted in improvedor the cloning work and to quantify gene expression.
expression of biotin synthase, as measured by mini-CelExpression of thebioA gene was increased four-fold in
experiments (Table 4). Mixed oligonucleotides that confor-,gB030A-15 compared with pBO30 (Figure 4a, Table 4).

Dalgarno sequence complementary to theersd of theE.
coli 16S rRNA situated nine base pairs from thieB start

codon, as many A and T bases as possible and at least o

although dethiobiotin production did improve (Table 3).
Also clearly visible in Figure 4a are the deletion lmbA
(¥BO3MA), the expression obioA (pBO30) andbioF

stop codon [16,41]) were eva]uated irb'm)B—Iachcreen.— _ (pBO30, pBO30A-15 and pBO30A-15/9) as double bands
ing system [8], translation being measured by determiningyity gifferent molecular weights, and the increase in mol-
the B-galactosidase activity of the fusion protein with a goylar weight of BioD from pBO30A-15 and pBO30A-
chromogenic. substrate. The results §howed t_hat_or)e RBE5/9, due to the lengthening of thé énd of bioD by 11
sequence (Figure 3) gave a 5.9-fold increase in biotin syneogons (see above). Measurement of protein expression by
thase expression in this test system. This sequence Wagini-cell and 2-D PAGE analysis showed th&ioB
introduced into pBO30A-15 to form pBO30A-15/9 (Figure expression was about 2.5- to 3-fold higher in pBO30A-15/9
2b). Biotin production from pBO30A-15/9 was about three than in pBO30A-15. The 5.9-fold increase in expression of
times higher than from the plasmids with tte&Z riboso-  the bioB-lacZ test system was therefore not reached, prob-
mal binding site (pBO30 and pBO30A-15, Table 3). Biotin aply due to differences between the two plasmids. The

production from all the plasmids tested fn coli in shake  jhcrease of biotin production from pBO30A-15 to
flasks was growth phase dependent: the highest rate w

O30A-15/9 was also about 2.5- to 3-fold, correlating

always observed during the late exponential phase and eanlye|| with the increase irbioB expression.
stationary phase. The rate in later stationary phase declined. o>.p pAGE is a powerful technique that is being used

The effect of bio gene deletions on biotin production
in E. coli cells transformed with the bio plasmids
Derivatives of pBO30 (pBO30AA, pBO3MC and
pBO3MD) and pBO30A-15/9 (pBO30A-1580RF1)
were made with deletions in the individublo genes to

extensively in proteome research [44]. The biotin pathway
enzymes from wild-typee. coli are difficult to detect and
identify by 2-D PAGE. To learn more about the expression
and nature of theio enzymes in our system with the cloned
pathway, experiments using 2-D PAGE were carried out
with both silver staining of the gels and radioactive label-

investigate the influence of over-expression of each of thesgng of the cell proteins with ¥S]methionine. Spots corre-

genes on biotin production (Table 3)ioC, bioA andbioD

sponding to the cloned gene products were identified from

were all essential for the increased production of biotinthejr predicted molecular weights, and by comparison of a

from cells containing pBO30. Deletion oDRF1 in

pBO30A-15/A0RF1 did not affect biotin production, indi-

cating that the product of the putativ@RF1 gene is not
involved in biotin synthesis.

bioB
>
Kpnl Spel
5"AGGAAACAGGATCGGTACCTAAGGAGACTAGTCATGGCT
3-TCCTTTCTCCTAGCCATGGATTCCTCTGATCAGTACCGA
SD SD SD Met

Figure 3 The DNA sequence of the improved RBS foioB.

gel from an extract ok. coli IM109 pBO30A-15/9 with a
gel of a control extract from the host strat, coli IM109,
without the plasmid carrying theio genes (Figure 4b and
c). Spots were identified for all the cloned gene products,
including BioC and ORF1. The molecular weights of the
proteins agreed with those predicted from their DNA
sequences [29]. Multiple spots were observed for BioB
(three spots), BioC (two spots) and BioD (two spots). The
pl values of the proteins also agreed with those predicted
from their sequences, with the exception of BioC (7.45 and
7.75 instead of 8.8-10.0) and BioD (5.43 and 5.66 instead
of 8.8-10.1).
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Fermentation of Escherichia coli XL1 Blue pBO30A- a 1 2 3 4 & 59

15/9 and Agrobacterium/Rhizobium HK4 pBO47 M,
Scale-up of shake flask experiments to fermenters usuall

results in increased productivity. This was also the case fo

biotin production from cells containing our plasmid con-

structs. AnE. coli strain transformed with pBO30A-15/9  ganan s
reached 35 mg 1 biotin in one day in a 2-L fed-batch
fermenter with an end Of, of 25. Biotin production

ceased during the stationary phase. The specific productic

rate reached 0.28 mg "L h? (ODgo=1)" in the 46000

exponential phase (Figure 5a). « Bial
Agrobacterium/RhizobiuniHK4 is a biotin auxotroph. +BioF

When transformed with a plasmid analogous to pBO30- +BioB

A15/9 (pBOA47), it produced 50 mgLbiotin in 7 days and

110 mg L* after 20 days (Figure 5b). Cells were grown to

an ODys, of 70 in a fed-batch process at & on anl- 0000 >

glutamine/betaine minimal medium. The plasmid was —BioC

stabilised with tetracycline (2 mg m) and 1 mg mi was « BioD

fed each 2—-3 days. No plasmid loss was observed durin i CAT

the whole fermentation. The cell-count remained constan

at 3x 10 colony forming units ni*, which is equivalent

to an ODQy5, of 40. Glucose was limiting during the whole 41000+

fermentation. After the exponential growth phase (Q[of

12), a glucose-betaine feed (360 gt lglucose plus 103 g

L1 betaine in water) was introduced slowly (1.5 mith

to maintain long-term limited (maintenance) growth. The « ORF1

culture grew with a doubling rate of 5.6 h in the exponential
phase, and 300 h in the maintenance phase. The speci 14004-+
biotin production rate reached 0.042mg~L h™
(ODgso=1)"t in the maintenance phase. Between days 1
and 20, biotin production continued under zero growth conigure 4 Mini-cell and 2-D PAGE measurement bfo gene expression.
ditions Witr11 a specific rate of 0.0054 mg L h™* (a)o'\:;lé)ni]ce” gxprgsosg;\. Il_ane41, QB?SK'?E V\II::]gehts meglé)e;(s)';o\ IilgleQ 2,
1) i i B ; lane 3, ; lane 4, -15; , - .
gge?fsso (_atl)thé 2’;’:{6‘ O¥v?§ ; rﬁgﬁfaltlt?:n toafigf zcggsh |2nt(;1r§§epb) Silver-stajnedpg-o PAGE dE. coFI)i JM109 pBo30A-15_/%. Cells were
- ! . rown aerobically in NYB plus chloramphenicol (2@ mi™*) and IPTG
415 h), since they are unable to synthesise precursors su@s mm) to A= 2. The first dimension is isoelectric focusing afC5
as pimeloyl CoA for biotin synthesis. The cells convertedto equilibrium (105000 Vh) using nonlinear immobilised pH gradient
the DAPA to dethiobiotin (Figure 5b) and then to biotin. StriPs with a gradient ranging from pH 3.5 to 10.0. The second dimension
The dethiobiotin formed after each DAPA feed was com-5 2.0 0% T gradient SDS-gel. Ttgo proteins are indicated by B
! . M (BioB); F (BioF); C (BioC); D (BioD); A (BioA) and theORF1 protein
pletely metabolized, which would facilitate down-stream by ORF1. The identities of the other labelled proteins were described pre-
processing in a commercial process (it is not easy to sepaviously [32]. (c) Silver-stained 2-D PAGE dE. coli JM109 (control
ate biotin from dethiobiotin on a large scale). The third Strain)-
DAPA feed was 100 mg 1, and the resulting dethiobiotin
peak was proportionally smaller. The analytical yields of pigcssion
biotin, calculated from the amounts of DAPA fed were _ _ o
38%, 25% and 39% respectively for the three feedsAn earlier study of homologousio gene expression in
We have determined (unpublished results) thatEscherichia colif23] showed that strains carrying tigo
Agrobacterium/RhizobiunHK4 co-metabolises dethiobi- OPeron under the control of the natural promoters on a high
otin, and this could account for these losses. A future ainfOPy number plasmid produced more biotin (1 mg, kcells

will be to control the substrate feed so as to avoid dethiobiWith an ODss, of 5) than a wild-type strain (100 ngh.
otin accumulation. The introduction of stronger promoters and improved
These results confirm that the enzymes of biotin Syn_ribosomal binding sites resulted in increased activities of
; ifihe biotin biosynthetic enzymes, but these did not correlate

Agrobacterium/RhizobiurdK4. Our studies on biotin syn- With the far greater increase in the amount of the biotin
thase inE. coli have shown that it requires a number of enzymes themselves. More importantly from a commercial

accessory proteins to functiom vitro [3]. The E. coli standpoint, there was no increase in biotin production.

enzyme functions in thé\grobacterium/Rhizobiurstrain, Over-expression dbioC under the control of a strong pro-

N . : moter led to poor cell growth. For all the plasmids tested,
|n_d|cat|ng that the enzyme is .gble. to Interact Suc:CessmII)Gethiobiotin production was less than that of biotin. The
with the host accessory proteins vivo. '

authors concluded that the biotin synthase step is not an
important control point in the biotin biosynthetic pathway.
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Figure 5 Biotin production by fed-batch fermentation. (&) coli XLI-
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menter at the start of fermentation (226 mi™), and after 200 h (20Qg
ml™) and 415 h (10Qwg mi™), as indicated by the arrows.
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be important for any commercial process. This does not
however discount the importance of steps earlier in the
pathway. Our conclusions are compatible with flux control
theory, which states that the control of flux through a meta-
bolic pathway is a function of all the enzymes in that path-
way, and is not only dependent on one key enzyme [43].

Experiments involving mini-cells and 2-D PAGE were
used to study expression of th& genes during the modi-
fication of thebio operon. The reason for the appearance
of BioA and BioF as double bands with different molecular
weights is not clear, but could be due to the use of a second-
ary RBS or a stop codon being missed. 2-D PAGE analysis
of pBO30A-15/9 revealed multiple spots for some of the
over-expressed biotin biosynthetic enzymes. This may have
resulted from errors in translation under pressure of over-
expression [31], and could be responsible for reduced
activity of the enzymes. We estimate that in pBO30A-15/9
the biotin enzymes constitute about 3-5% of total cellular
protein. This value is much lower than those possible for
protein over-expression, and is also much lower than those
reported for the biotin enzymes [23]. This lower level of
expression was in our case advantageous. We could detect
only low levels of bioC expression from our plasmids,
whereas the higher levels of expression reported by [23]
caused growth inhibition. The higher levels l@WbA, bioB,
bioD and bioF expression (up to 25% of total cellular
protein) previously reported [23] appear to have been
largely redundant, possibly due to protein insolubility,
incomplete or innaccurate folding, or lack of sufficient
cofactors or accessory proteins [3]. Strong over-expression
of bioB also leads to growth inhibition i&. coli [20] and
Serratia marcesceng34].

In Serratia marcescensnly over-expression of thieioB
andbioC genes is essential for increased biotin production
[35]. Our results showed that over-expression of e,
bioC andbioD genes irE. coli were essential for increased
biotin production. Cells without over-expressei®B have
very low levels of biotin synthase activityin vivo
(unpublished results), so it follows that this gene is also
essential for increased biotin production. A plasmid with a
bioF deletion was not tested, and although tiieH gene
was not cloned and over-expressed, levels of biotin pro-
duction of up to 2 million times that of the wild-type were
observed. Whether a further increase in biotin production
will require cloning ofbioH, or some other enzyme before
pimeloyl CoA in the pathway, is an open question, and
steps in this direction have already been taken [7], although

Our results lead us to different conclusions. Over-the initial experiments to over-exprels®H have had nega-
expression of the wild-typbio operon resulted in increased tive results in terms of biotin production i&. coli [22].

biotin production compared to wild-type strains. However,

Using the strategies outlined in the introduction, a num-

production could be further improved by reorganising theber of groups have been able to produce amounts of biotin
bio operon into one transcriptional unit, the use of theof up to 600 mg ! by fermentation [24]. However these

strong artificialtac promoter, and the introduction of an fermentations often require considerable time and large
improved RBS in front ofbioB. We have shown a direct amounts of glucose, which increase costs, and complex

correlation betweebioB expression and biotin production,

media and high cell densities, which pose problems for

which increased about 2.5- to 3-fold between pBO30A-15down-stream processing, which will be a crucial part of any
and pBO30A-15/9. Since dethiobiotin production wascommercial process for biotin production. One related and
higher than biotin production from our plasmids, and feed-specific problem is the inability of many strains to produce
ing high levels of dethiobiotin to the cells did not result in biotin under limiting growth conditions or in the stationary
large increases in biotin production, we conclude that thghase.Agrobacterium/RhizobiuniiK4 and related strains
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can actively metabolize 4-butyrobetaine to carnitine unde#8 Hahn M and H Hennecke. 1984. Localized mutagenesihizobium
limiting growth conditions, and this reaction is used in a, aponicum Mol Gen Genet 193: 46-52.

. . . . . .19 Hennecke H, | Gather and F Binder. 1982. A novel cloning vector for
multi-ton industrial process. The rationale for introducing the direct selection of recombinant DNA kh coli. Gene 19: 231-234.

the bio operon into this strain was the hope that it would 20 ifuku O, N Koga, S Haze, J Kishimoto, T Arai and Y Wachi. 1995.
also be able to produce biotin under limiting or zero growth  Molecular analysis of growth inhibition caused by overexpression of
conditions, on a defined growth medium, and we have the biotin operon irEscherichia coli Biosci Biotechnol Biochem 59:
shown this to be so. The challenge for a future biotechnol- 184-189.

. i . . . . 21 Knowles JR. 1989. The mechanism of biotin dependent enzymes.
ogical process for biotin production remains to find a strain™™ 5\, Rev Biochem 58: 195-221.

that grows on a simple and d_eﬁned medium and that hag, koga N, J Kishimoto, S-1 Haze and O Ifuku. 1996. Analysis of the
high productivity in terms of time and substrate use. The bioH gene ofEscherichia coliand its effect on biotin production. J
work described in this paper shows stable biotin production Ferm Bioeng 81: 482-487. _ _
in non-growing cells in a defined medium, which is a majorzs Levy-Schil S, L Debgssche, S Rigault, F Soubrier, F Bacchette, D
ten toward this goal Lagneaux, J Schleuniger, F Blanche, J Crouzet and JF Mayaux. 1993.
step goal. Biotin biosynthetic pathway in recombinant strainsssicherichia coli
overexpressindpio genes: evidence for a limiting step upstream from
KAPA. Appl Microbiol Biotechnol 38: 755-762.
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