
WO 02/086135 PCT/US02/12606  TITLE A PRODUCT REMOVAL PROCESS FOR USE IN A
BIOFERMENTATION SYSTEM FIELD OF THE INVENTION 5 This invention relates to a
product removal process for use in a  biofermentation. More particularly,
the instant invention is a process for  withdrawing broth from a
biofermentation vessel, chromatographically  separating biofermentation
products from the broth, and returning the  remaining components of the
broth back to the biofermentation vessel. 10 BACKGROUND OF THE INVENTION
Biofermentation is an important technology for the biocatalytic  conversion
of renewable resources. Microbial products produced by  means of
biofermentation include amino acids, ethanol, and antibiotics.  The
biofermentative production and commercialization of a few chemicals 15 has
been reported (W. Crueger and A. Crueger, Biotechnology: A  Textbook of
Industrial Microbiology, Sinauer Associates: Sunderland, MA.,  pp 124- 174
(1990); B. Atkinson and F. Mavituna, Biochemical  Engineering and
Biotechnology Handbook, 2nd ed.; Stockton Press: New  York, pp 243-364
(1991)). Biocatalytic processes, however, frequently 20 suffer from several
well-known limitations compared to synthetic  processes. These limitations
include 1) a relatively small range of  products; 2) low yields, titers,
and productivities; and 3) difficulty  recovering and purifying products
from aqueous solutions. The productivity of a biocatalytic process can be
interfered with by  25 accumulating product in several ways. At the
biochemical level, feedback  inhibition from product accumulation can limit
productivity either because  of inhibitory effects (which may be
reversible) or toxicity effects (which can  ultimately kill the
microorganism or irreversibly inactivate its biocatalytic  components).
With regard to cell physiology, accumulating product can 30 deleteriously
affect growth rate. Chemical and physical effects  (accumulating
by-products; pH changes) can also interfere with the  productivity of the
biocatalyst. Products of biocatalytic processes may also be lost from the
system  by 1) degrading from further interaction with the biocatalyst, 2)
from 35 environmental conditions, or 3) from uncontrolled removal from the
system  (i.e., from evaporation). Although metabolic engineering alone can
address some of these  limitations, integrating upstream metabolic
engineering (i.e., product 



1 WO 02/086135 PCT/US02/12606  synthesis) and downstream bioprocess
engineering (i.e., product  separation and process design) is critical to
realize significant value from  industrial biofermentations. In situ
product removal (ISPR) methodologies are a family of  5 techniques in which
a target molecule in the biofermentation (either a  biofermentation product
or other specific byproducts) is removed as it is  synthesized during at
least a portion of the biofermentation process  (reviewed in Chauhan et
al., Chem Tech 27: 26-30 (1997); and Freeman et  al., Biotechnology 11:
1007-1012 (1993)). Since a variety of separation 10 principles can be used
for ISPR, including those based on different  volatility, solubility, size,
density, charge, or specific elements (or  combinations of these methods),
ISPR techniques have wide applicability.  A number of ISPR techniques have
been integrated into biocatalytic  processes based upon Amberlite XAD
resins, continuous precipitation, 15 reactive solvent extraction followed
by simultaneous extraction and back  extraction, and an extractive
hollow-fiber membrane reactor (Lye et al.,  Trends in Biotechnology
17:395-402 (1999)). A key challenge to successful use of ISPR in
biofermentations is  how to apply separation technology to large-scale
industrial processes in a  20 cost- and time-effective manner that
increases productivity. One bioengineering factor that significantly
affects productivity of a  biofermentation recovery and purification system
is the mode of process  operation. Those skilled in the art know that it is
generally more cost- and  time-effective to rely on a continuous separation
method versus a purely  25 batch process. U.S. 6,114,157 illustrates the
challenges of using ISPR techniques  cost- and time-effectively. The patent
describes an ISPR method for  increasing total production of
4-hydroxybenzoic acid (PHB) by  biofermentation. Genetically engineered E.
coli cells produce PHB during 30 the biofermentation. For at least a
portion of the biofermentation, the  biofermentation broth passes through a
bed of anion exchange beads in  an upwards direction. The biofermentation
medium depleted of PHB then  returns to the biofermentor. This process
cycled the entire culture volume  through the beads every ten minutes, with
no need for media replacement. 35 When the anion exchange beads became
saturated, the biofermentation  was stopped, and PHB was extracted from the
resin with acidic ethanol or  sodium chloride in a water/ethanol mixture. 



2 WO 02/086135 PCT/US02/12606  Although U.S. 6,114,157 does disclose ISPR
separation of a biofermentation product, with media recycling back to the
biofermentor,  the effectiveness of the method is limited by its reliance
on expanded bed  adsorption. Expanded bed adsorption is not a continuous
process, but 5 instead requires a strategy of "load and elute" which means
increased  process time for isolating product with multi-step processes.
The method  is therefore not cost- or time-efficient for large-scale
commercial  applications. For example, adsorbent beads require a water
rinse before  elution, and may also require reconditioning with phosphate
buffer before 10 each reuse. U.S. 6,114,157 discloses an expanded bed
adsorber that is  approximately equivalent to half the size of the
biofermentor. In industrial  practice, this would add significantly to the
commercial investment.  Further, non-efficient use of resin and eluent
would significantly increase  the cost for large-scale commercial
applications. Specifically, the volume 15 of ethanol to elute product is
large, relative to the amount of product  recovered, and the ethanol may
gradually evaporate during regeneration  of the expanded beds. The eluent
also requires one molar equivalent of  trifluoroacetic acid, a costly
additive. Additionally, biofermentation with  microorganisms having high
respiration rates could not use expanded bed 20 adsorption for product
separation, since dissolved oxygen content in the  expanded bed would be
low for extended periods. This would be severely  detrimental to
microorganism viability. In addition to limitations inherent in  the use of
expanded bed adsorption, U.S. 6,114,157 does not describe a  process for
separating neutrally charged products, for which ion exchange  25 methods
are not generally effective. One ISPR separation technology that is
operative and cost-and  time-efficient at the process or production scale
(in contrast to the  analytical or preparative scale) is simulated moving
bed (SMB)  chromatography. This technique is a continuous chromatographic
30 process, which relies on counter-current chromatography or simulated
counter-current chromatography to achieve a separation (LeVan, M.D. In
Perry's Chemical Engineers' Handbook, 7th Edition; p.16-60; Perry, R.H.,
D.W. Green, and J.O.Maloney (Eds.); McGraw-Hill: New York; (1997)).  This
is widely recognized as a solvent-saving, efficient technology (U.S. 35
4,851,573, column 11). The operating principles for SMB chromatography  are
described in U.S. 2,985,589. Use of SMB chromatography is now an
established technique for production-scale applications. Other process  



chromatography methods include, but are not limited to, cross-flow 3 WO
02/086135 PCT/US02/12606  chromatography and radial chromatography.
However, as currently  practiced, process chromatography methods are unable
to selectively  separate biofermentation products and recycle the other
media  components to the biofermentor. This occurs because a portion of the
5 eluent required to drive chromatographic separation would accumulate in
the biofermentor, reducing its capacity. Although the duration of the
biofermentation can be lengthened to increase productivity, continual
media replacement increases costs for large-scale manufacturing. This is
especially true when the biofermentation media contains costly cofactors
10 and other required components for the biocatalysts' growth. Thus, the
problem to be solved is the lack of a bioprocess  engineering method to
selectively remove interfering target molecules  produced during the
biofermentation reaction without adding fresh media  or accumulating eluent
in the biofermentor. Ideally, the bioprocess 15 engineering method would:
1) remove the target molecule causing toxicity  or feedback inhibition of
the bioprocess, 2) alleviate replacement of media  withdrawn from the
biofermentor for ISPR, and 3) prevent eluent  accumulation in the
biofermentor. Such a technique would greatly  improve bioprocess
performance, increasing the total production rate of 20 the biocatalyst. As
a result, higher capital productivity and potentially  higher reaction
yields would be achieved. SUMMARY OF THE INVENTION The invention provided
herein is a product removal process for use  in a biofermentation system
comprising: a) removing (during at least a 25 portion of the
biofermentation) at least a majority of biocatalyst from a  portion of
biofermentation solution containing a target molecule; b)  removing a
portion of water from the biocatalyst-free solution produced in  step a);
c) optionally before or after step b) removing components other  than the
target molecule from the biocatalyst-free solution; d) feeding 30 through a
chromatographic medium 1) the biocatalyst-free solution  produced by any of
the steps of b) or c), and 2) an eluent; e) recovering  the target molecule
from a first fraction of the biocatalyst-free solution  discharged from the
chromatographic medium; f) optionally removing non- aqueous eluent from a
second fraction of the biocatalyst-free and target 35 molecule-free
solution discharged from the chromatographic medium; g)  optionally adding
water removed from the biocatalyst-free solution in step  



b) to the biocatalyst-free and target molecule-free solution after steps e)
or  f) in an amount suitable for return to the biofermentation; and h)
returning  4 WO 02/086135 PCT/US02/12606  the biocatalyst-free and target
molecule-free solution from any of the  steps of d), e), f), or g) to the
biofermentation. An alternate embodiment of the invention removes a product
when the  target molecule has a higher vapor pressure than water at the
temperature  5 used in the water removal step. This alternate embodiment
prevents preferential evaporation of the target molecule before passage
into the  process chromatograph. The eluent used in the process may be
water removed from the  biofermentation or water mixed with a non-aqueous
eluent. The non 10 aqueous eluent is a short chain alcohol or acetone. The
water removed in  the process from the biocatalyst-free solution is
preferably from 50-80 %.  The invention selectively removes any target
molecule from the  biofermentation. One embodiment of the invention
selectively removes  1,3-propanediol. 15 Additionally, an embodiment of the
invention is a system for in situ  target molecule removal from a
biofermentation as described herein. The  system includes a) a biocatalyst
separation means to remove at least a  majority of biocatalyst from a
portion of the biofermentation solution  containing a target molecule; b) a
water removal means for removing a 20 portion of water from the
biocatalyst-free solution produced by the  biocatalyst separation means of
a) in step a); c) optionally before or after  step b) a removal means to
remove components other than the target  molecule or water from the
biocatalyst-free solution produced by the water  removal means of b); d) a
process chromatographic means through which 25 the concentrated
biocatalyst-free solution produced by the water removal  means of b) or by
the removal means of c) and an eluent are passed; e) a  target molecule
recovery means to recover the majority of the target  molecule from a first
fraction of the discharge from the chromatographic  means of d); f)
optionally a non-aqueous eluent removal means to remove 30 non-aqueous
eluent from a second fraction discharged from the  chromatographic means of
d); g) a water adding means to add water  generated by b) to the
biocatalyst-free and target molecule-free solution  produced from e) or f)
in an amount suitable for return to the  biofermentation; and h) a media
recycle means to return the biocatalyst 35 free and target molecule-free
solution from d), e), f), or g) to the  



biofermentation. The system can be modified to remove product when the
target molecule has a higher vapor pressure than water at the temperature
used in the water removal step. 5 WO 02/086135 PCT/US02/12606  BRIEF
DESCRIPTION OF THE DRAWINGS, BIOLOGICAL DEPOSIT, AND SEQUENCE LISTING
Figure 1 is a process flow diagram illustrating the preferred  arrangement
of elements enabling target molecule recovery and recycle of 5
biocatalyst-free and target molecule-free solution to the biofermentation
vessel. Figure 2 is a process flow diagram illustrating the invention in an
alternative embodiment to remove a product when the target molecule has  a
higher vapor pressure than water at the temperature used in the water  10
removal step. Applicants have made the following biological deposit under
the  terms of the Budapest Treaty: Depositor Identification Int'l.
Depository Reference Designation Date of Deposit  Escherichia coli RJ8n
ATCC PTA-4216 9 April 2002  As used herein, "ATCC" refers to the American
Type Culture 15 Collection International Depository located 10801
University Blvd.,  Manassas, VA 20110-1109, U.S.A. The "ATCC No." is the
accession  number to cultures on deposit with the ATCC. The listed deposit
will be maintained in the indicated international  depository for at least
thirty (30) years and will be made available to the  20 public upon grant
of a patent disclosing it. The availability of a deposit does not
constitute a license to practice the subject invention in derogation  of
patent rights granted by government action. Applicants have provided one
sequence in conformity with Rules for  the Standard Representation of
Nucleotide and Amino Acid Sequences in  25 Patent Applications (Annexes I
and II to the Decision of the President of the EPO, published in Supplement
No. 2 to OJ EPO, 12/1992), with 37  C.F.R. 1.821-1.825 and Appendices A and
B (Requirements for  Application Disclosures Containing Nucleotides and/or
Amino Acid  Sequences) with World Intellectual Property Organization (WIPO)
30 Standard ST.25 (1998) and the sequence listing requirements of the EPO
and PCT (Rules 5.2 and 49.5(a-bis), and Section 208 and Annex C of the
Administrative Instructions). The Sequence Descriptions contain the one  



letter code for nucleotide sequence characters and the three letter codes
for amino acids as defined in conformity with the IUPAC-IYUB standards  6
WO 02/086135 PCT/US02/12606  described in Nucleic Acids Research
13:3021-3030 (1985) and in the  Biochemical Journal 219 (No. 2):345-373
(1984) which are herein  incorporated by reference. SEQ ID NO.:1 is the
nucleotide sequence for the plasmid  5 pSYCO103. DETAILED DESCRIPTION OF
THE INVENTION  Applicants have solved the stated problem. The present
invention  provides a bioprocess engineering solution allowing selective
process  chromatographic removal of a target molecule during a
biofermentation 10 using in situ product removal and recycle of the
remaining biocatalyst-free  broth back to the biofermentation vessel. By
using the system's broth as  the source of at least a portion of the
chromatographic eluent and  recycling the medium, the present invention
simplifies the overall  bioprocess, reduces the need to replace the medium,
reduces the effects 15 of feedback inhibition or toxicity on the
biocatalyst, and/or prevents eluent  accumulation in the biofermentation
vessel. The invention lowers costs for isolating target molecules from a
biofermentation broth for industrial or commercial use and improves the
productivity of the biofermentation by removing interfering target 20
molecules. The invention makes use of relatively simple equipment and
allows relatively easy maintenance. The size of the units which can profit
from this invention can vary from those of laboratory scale to those of
commercial scale and can range in flow rates from as little as a few
milliliters per hour to many thousands of gallons per hour. 25 Applicants'
invention is useful for improving the productivity of any  biofermentation
process using a biocatalyst producing a product interfering  with the
biofermentation due to feedback inhibition or toxicity, or lost  because of
product degradation, environmental conditions, or uncontrolled  removal
from the system, or where simplifying product recovery processes  30 is
desirable. In the application, unless specifically stated otherwise, the
following  abbreviations and definitions apply: "Product removal process"
refers to a process whereby a portion of  the biofermentation system is
withdrawn from the biofermentation vessel  35 during at a least portion of
the biofermentation for selective product 



removal. The product, or target molecule, is then selectively removed  from
the broth. 7 WO 02/086135 PCT/US02/12606  "In situ product removal" is
abbreviated ISPR. In the instant invention, ISPR is performed externally
(i.e., outside the biofermentation  vessel) in a separate process loop
through which a fraction of the medium  is circulated specifically for
product removal. Alternatively, ISPR could be  5 performed directly within
the biofermentation vessel . "Biofermentation system" or "biofermentation"
refers to a system  that catalyzes a reaction between substrate(s) to
product(s) through use of  a biocatalyst. The "biocatalyst" initiates or
modifies the rate of a chemical  reaction between substrate(s) and
product(s). The biocatalyst can be a 10 whole microorganism, an isolated
enzyme, or any combination thereof.  For purposes of this application,
"microorganism" also encompasses cells  from insects, animals, or plants.
"Broth" or "medium" refer to a liquid solution containing nutrients  for
culturing microorganisms. The broth may additionally contain the 15
biocatalyst, target molecules produced by the biocatalyst, metabolic
intermediates, and other media components such as salts, vitamins,  amino
acids, cofactors, and antibiotics. "Target molecule" refers to any
biocatalytically-produced product  that is selectively removed from the
biofermentation using the process  20 herein described. This may be a
compound that is naturally produced by the biocatalyst or non-native genes
may be genetically engineered into a  microorganism for their functional
expression in the biofermentation.  "Target molecule" in this context also
refers to any by-product of the  biofermentation that would be desirable to
selectively remove from the 25 biofermentation system to eliminate feedback
inhibition and/or to maximize  biocatalyst activity. "Biocatalyst-free
solution" refers to broth removed from the  biofermentation from which at
least the majority of the biocatalyst material  has been removed. The
biocatalyst-free solution may be a permeate 30 (produced following passage
of the biofermentation broth through a  membrane) or a supernatant.
Components in the biocatalyst-free solution  may include target molecules
produced by the biocatalyst, metabolic  intermediates, and other media
components such as salts, vitamins,  amino acids, cofactors, and
antibiotics. 35 "Biocatalyst-free and target molecule-free solution" refers
to broth  



removed from the biofermentation from which at least the majority of both
the biocatalyst and the target molecule have been removed. Components
optionally remaining in the biocatalyst-free and target molecule-free 8 WO
02/086135 PCT/US02/12606  solution could comprise a significantly reduced
concentration of target  molecules, metabolic intermediates, and other
media components such as  salts, vitamins, amino acids, cofactors, and
antibiotics. "Chromatographic medium" refers to any material used as part
of a  5 chromatography system to separate components in the input feed
streams  which consist of an eluent and a biocatalyst-free solution.
"Volumetric productivity" refers to the mass of target molecule  produced
in a biofermentor in a given volume per time, with units of  grams/(liter
hour) (abbreviated g/(L hr)). This measure is determined by 10 the specific
activity of the biocatalyst and the concentration of the  biocatalyst. It
is calculated from the titer, run time, and the working  volume of the
biofermentor. "Titer" refers to the target molecule concentration with
units of  grams/liter (abbreviated g/L). 15 Although the present invention
is described below in terms of a  process chromatograph to effectively
separate target molecules from the  biocatalyst-free solution, a variety of
chromatographic separation  methodologies are operative in the invention at
the process or production  scale (in contrast to the analytical or
preparative scale). These alternative 20 embodiments of the invention would
include, but are not limited to,  simulated moving bed (SMB)
chromatography, cross-flow  chromatography, or radial chromatography to
selectively separate the  target molecule from the biofermentation broth.
In a preferred embodiment and with reference to Figure 1, a 25
biofermentation vessel (1) is set up with a broth recirculation loop, which
includes a cross-flow filtration unit (2), a water removal unit (4), and a
process chromatograph (9). The setup allows removal of broth from the
biofermentation vessel (1) and its passage through the cross-flow
filtration  unit (2). Biocatalyst and a portion of the broth are returned
to the 30 biofermentation vessel (1), while the biocatalyst-free solution
produced via  passage through the cross-flow filtration unit (2) is
concentrated in the  water removal unit (4). Concentrated biocatalyst-free
solution (5) then  passes through the process chromatograph (9) with water
eluent (6)  generated in the water removal unit (4). This chromatographic
separation 



35 isolates the majority of the target molecule (7) from the remainder of
the  concentrated biocatalyst-free solution. The biocatalyst-free and
target  molecule-free solution (8) is recycled, by return to the
biofermentation  vessel (1). 9 WO 02/086135 PCT/US02/12606  In an alternate
embodiment of the invention disclosed above and with reference to Figure 2,
the invention is modified to remove product  when the target molecule has a
higher vapor pressure than water at the  temperature used in the water
removal step (4). A biofermentation vessel 5 (1) is set up with a broth
recirculation loop, which includes a cross-flow  filtration unit (2), a
water removal unit (4), and a process chromatograph  (9). The setup allows
removal of broth from the biofermentation vessel (1)  and its passage
through the cross-flow filtration unit (2). Biocatalyst and a  portion of
the broth are returned to the biofermentation vessel (1) while the 10
biocatalyst-free solution produced via passage through the cross-flow
filtration unit (2) is immediately fed into the process chromatograph (9)
with water eluent (6) generated in the water removal unit (4).
Chromatographic separation isolates the majority of the target molecule
(7) from the remainder of the biocatalyst-free solution. The biocatalyst 15
free and target molecule-free solution (8) is then concentrated in the
water  removal unit (4), before the solution returns to the biofermentation
vessel  (1). The skilled artisan is well aware that where the target
molecule had  a higher vapor pressure than water at the temperature used in
the water  20 removal step, this process modification would be necessary to
prevent preferential evaporation of the target molecule before it passed
into the  process chromatograph. Likewise, this alternative embodiment
would also  be necessary if reverse osmosis was used as the method for
water  removal and the target molecule produced by the biofermentation has
a 25 higher vapor pressure than water at the temperature used in the water
removal step. This would again permit target molecule removal before the
water removal step (4). Variations to the basic invention can be
envisioned. Many of these embodiments are discussed below. The rate at
which biocatalyst-free solution is removed from the  30 biofermentation
vessel (1) and moves through the process flow of the  invention before
recycling to the biofermentation vessel (1) is critical to  maintaining the
target molecule concentration in the biofermentation  vessel (1) below the
feedback inhibitory or toxic threshold of the  



biocatalyst. Methods to determine the parameters to maintain this 35
circulation rate are well known to the skilled artisan. Particular aspects
of the invention are discussed in greater detail  below. 10 WO 02/086135
PCT/US02/12606  Separation of Biofermentation Broth: A separation of solid
(i.e., biocatalyst) from liquid initially occurs  when broth is removed
from the biofermentation vessel (1). This  separation yields a
biocatalyst-free solution while allowing return of the 5 biocatalyst
material and a portion of the supernatant to the biofermentation  vessel
(1). Various solid-liquid separation methods are available and  include,
but are not limited to, cross-flow filtration, centrifugation, and
dead-end filtration. It would also be possible to use conventional
filtration  while placing a biocompatible filter aid within the
biofermentation vessel 10 (1). A cross-flow filtration unit (2) separates
an influent stream into two  effluent streams. The biocatalyst-free
solution (or permeate) is the portion  of the effluent fluid that passes
through a membrane. The second effluent  stream contains the cellular
material of the biocatalyst and the supernatant  15 that is rejected by the
membrane. This second effluent stream is immediately returned to the
biofermentation vessel (1). The particular membrane used for cross-flow
filtration depends on  the size of the particles to be removed from the
influent stream. Typical  sizes would be those generally used for
microfiltration and ultrafiltration, 20 with pore sizes about 0.2 micron
and smaller. Preferred membranes  include cellulosic, polyamide,
polysulfone, and polyvinylidene fluoride.  In addition to membrane
selection, the combined effects of temperature, pressure, and contaminant
fouling must be carefully  considered to ensure successful operation of a
cross-flow filtration unit.  25 The chemical compatibility and membrane
stability at a given process stream pH are also factors. These conditions
may be optimized readily by  one skilled in the art. Filtration of
Biocatalyst-Free Solution: An optional additional filtration (3) can be
used in the product  30 removal process by a second stage cross-flow
filtration unit with more  selective membranes or smaller pore sizes. This
optional filtration would  remove other components from the
biocatalyst-free solution, such as  proteins, protein fragments, divalent
salts, monovalent ions, or organics.  



Using a second stage filtration unit potentially increases the life of the
35 chromatographic absorbent.  Temperature:  It is well known to the
skilled chromatographic artisan that separation may be affected by the
temperature of the input feed. A heat  11 WO 02/086135 PCT/US02/12606
exchanger could optionally be added to the water removal unit. This heat
exchanger would facilitate both chromatographic separation and
evaporation, such that it occurred at a consistent and predictable rate.
Water Removal: 5 Distillation, reverse osmosis, vapor recompression, or
simple  evaporation may be used to remove water (4) from the
biocatalyst-free  solution. In a preferred embodiment, the water removal
step would  remove approximately 50 to 80 % of water from the
biocatalyst-free  solution to yield a biocatalyst-free solution
significantly more concentrated 10 than that produced initially after
removal from the biofermentation vessel  (1). This concentrated
biocatalyst-free solution would contain target  molecules. It would also
contain other media components (e.g., salts,  vitamins, amino acids,
cofactors, antibiotics, and metabolic intermediates)  which ultimately are
returned to the biofermentation vessel (1). Trace 15 volatiles, formed as a
byproduct of the biofermentation, may be removed  from the biocatalyst-free
solution if their boiling point is near or below that  of water. Target
Molecule Separation via Passage through a Chromatographic  Medium: 20
Virtually any type of target molecule could be chromatographically
separated from a biofermentation solution by use of this invention. This
invention is adaptable to separating neutral and charged target molecules,
target molecules with molecular weights of small molecules to large
secreted proteins, and of chiral molecules. Highly selective separation of
25 the target molecule occurs via passage of the biocatalyst-free solution
through the process chromatograph (9). A preferred target molecule is
bio-processed 1,3-propanediol (US 5,686,276). In all cases, separating the
target molecule from the biocatalyst-free  solution typically relies on the
level of molecular interaction with the 30 chromatographic medium or
adsorbent. Adsorbents include, but are not  limited to, activated carbon,
zeolites, polymeric neutral resins, chitosan  beads, ion-exchange resins,
and immobilized complexation materials.  



Selection of a particular adsorbent will depend on a variety of factors,
well  known to those skilled in the art. Such factors include, but are not
limited 35 to, charge of the target molecule, size of the target molecule,
rates of  adsorption and desorption, chemical and physical interactions
with the  surface, stability of the absorbent (e.g., zeolites exchanging
ions with salts  in the liquid), and biotoxicity of the adsorbent.
Additional considerations 12 WO 02/086135 PCT/US02/12606  include the
particular application and target molecule, media stability, the
chromatographic method, and the scale of the process and equipment. In a
preferred embodiment in which the target molecule is not more  volatile
than water, a first fraction (containing the target molecule and 5
chromatographic eluent) is discharged from the chromatographic medium.
Target molecule separation occurs based on affinity of the target molecule
for the chromatographic medium. Reversibility of the target molecule
binding/complexation is achieved by virtue of the differential migration of
the target molecule compared to other solutes in the biocatalyst-free 10
solution. This permits facile elution from the adsorbent. Elution
conditions  will include the same range of temperatures and pressures as
used for  adsorption conditions. The target molecule-eluent mixture
recovered from  the chromatograph is then refined by methods well known in
the art (for  example, distillation). 15 Alternatively, separation may
result without target molecule affinity  for the chromatographic medium.
For example, some target molecules,  having no interaction with the
adsorbent, could be discharged first from the  chromatograph while other
components in the biocatalyst-free solution  would have longer retention
times because of their affinity for the 20 adsorbent. The mixture of eluent
and diluted biocatalyst-free and target  molecule-free solution is
discharged as a second fraction from the  chromatograph. The
Chromatographic Eluent and "Media Recycle": In a preferred embodiment of
the present invention, the eluent fed  25 into the chromatograph is water
generated by the water removal unit (4).  Because the water removal unit
reduces the water content of the  biocatalyst-free solution by
approximately 50-80 %, the biocatalyst-free  solution fed into the
chromatograph is significantly more concentrated in  solutes than the
biocatalyst-free solution produced initially upon removal 30 from the
biofermentation vessel (1). When water eluent is later added to  this
concentrated solution, the resulting overall water content is not greater  



than that of the biocatalyst-free solution produced initially upon removal
from the biofermentation vessel (1). Many process advantages follow from
use of water collected from  35 the water removal unit (4) as the
chromatographic eluent. This "media  recycling" technique directly reduces
costs that would otherwise be  incurred replacing the biocatalyst-free
solution removed from the  biofermentation vessel (1) for ISPR with
additional new media. This 13 WO 02/086135 PCT/US02/12606  permits
remaining components of the broth, such as salts, vitamins, amino  acids,
cofactors, antibiotics, and metabolic intermediates (minus the purified
target molecule) to be returned to the biofermentation vessel (1).
Further, the media recycling process does not increase overall 5 volume in
the biofermentation vessel (1) since the biocatalyst-free solution  is
first concentrated and then rehydrated. This eliminates concerns of
eluent, accumulating in the biofermentation vessel (1), substantially
changing the fermentative broth composition and/or reducing the capacity
of the biofermentation vessel (1). 10 The media recycling process could
also be used to remove water  from the biofermentation vessel (1). This
could be especially  advantageous should the biofermentation be run in
fed-batch mode, with  incremental addition of a substrate dissolved in
water. Overall water  balance in the biofermentation vessel (1) could
thereby be maintained. 15 Finally, re-use of water collected from the water
removal unit as the  chromatographic eluent reduces the number of
operational units in the  system. Specifically, water re-use eliminates the
need for a separate  source of sterilized water suitable to enter the
biofermentation. Operating  costs are further reduced, since water re-use
avoids constructing industrial 20 water treatment and purification
facilities that would be required if the  eluent was discharged into the
environment. In an alternate embodiment of the invention, a non-aqueous
eluent  (such as short chain alcohols, ethanol, or acetone) could be used
(alone  or in combination with water) for chromatography. The target
molecule- 25 eluent mixture recovered from the chromatograph discharge is
then refined by methods well known in the art (for example, distillation).
The  second fraction discharged from the process chromatograph (9)
containing  the mixture of eluent and diluted biocatalyst-free and target
molecule-free  solution could be passed through various separating devices
(such as 30 flash evaporation or a packed bed absorber) to remove
non-aqueous  



eluent. The non-aqueous eluent could be recycled to the chromatographic
medium, while the concentrated biocatalyst-free and target molecule-free
solution could be optionally rehydrated with water and then returned to the
biofermentation vessel (1) as "media recycle". 35 Biofermentations The
present invention is adaptable to a variety of biofermentation
methodologies, especially those suitable for large-scale industrial 14 WO
02/086135 PCT/US02/12606  processes. The invention may be practiced using
batch, fed-batch, or  continuous processes, but is preferably practiced in
fed-batch mode. It is possible to calculate and compare the differences in
process  economics for a batch versus a continuous process. Using a
standard set  5 of conditions, a continuous system can be approximately 70
times more efficient in terms of productivity/adsorbent and eluent
consumption can be  reduced by a factor of 8 as compared to a batch process
(Table 1,  extracted from Rossiter et al., "Continuous Process Separation:
Chiral &  Chromatographic with CSEPTM and ISEPTM; Advanced Separation 10
Technologies. Prep 97 Meeting, Washington, D.C.; p 12 (1997)).  Batch and
Fed-Batch Biofermentations Classical batch biofermentation is a closed
system where the  composition of the broth is set at the beginning of the
biofermentation and  not subjected to artificial alterations during the
biofermentation. Thus, at  15 the beginning of the biofermentation the
broth is inoculated with the desired microorganism or organisms and
biofermentation proceeds  without further addition to the system.
Typically, however, "batch"  biofermentation is batch with respect to the
addition of carbon source and attempts are often made at controlling
factors such as pH and oxygen 20 concentration. In batch systems the
metabolite and biomass compositions  of the system change constantly up to
the time the biofermentation is  stopped. Within batch cultures cells
moderate through a static lag phase  to a high-growth log phase and finally
to a stationary phase where growth  rate is diminished or halted. If
untreated, cells in the stationary phase will 25 eventually die. Cells in
log phase generally are responsible for the bulk of  production of end
product or intermediate, when the product is growth  associated. A
variation on the standard batch system is the fed-batch system.  The
present process preferably uses a fed-batch method of 30 biofermentation.
Fed-batch biofermentation processes comprise a typical  



batch system with the exception that the substrate is added in increments
as the biofermentation progresses. Fed-batch systems are useful when
catabolite repression is apt to inhibit the metabolism of the cells and
where  it is desirable to have limited amounts of substrate in the media.
35 Measuring actual substrate concentration in fed-batch systems is
difficult  and is therefore estimated on the basis of the changes of
measurable  factors such as pH, dissolved oxygen, and the partial pressure
of waste  gases such as CO2. Batch and fed-batch biofermentation are common
15 WO 02/086135 PCT/US02/12606  and well known in the art (Brock, T. D.;
Biotechnology. A Textbook of  Industrial Microbiology, 2nd ed.; Sinauer
Associates: Sunderland, MA  (1989); or Deshpande, App!. Biochem.
Biotechnol. 36:227 (1992)). Continuous Biofermentation 5 In a continuous
biofermentation system, a defined biofermentation  solution is added
continuously to a bioreactor and an equal amount of  biofermentation
solution is removed simultaneously for processing.  Continuous
biofermentation generally maintains the cultures at a constant  high
density where cells are primarily in log phase growth. The 10 methodology
allows modulation of one factor or any number of factors that  affect cell
growth or end product concentration. For example, one method  will maintain
a limiting nutrient such as the carbon source or nitrogen level  at a fixed
rate and allow all other parameters to moderate. In other systems a number
of factors affecting growth can be altered continuously  15 while the cell
concentration, measured by media turbidity, is kept constant.  Continuous
systems strive to operate under steady state growth conditions  and balance
cell loss due to biofermentation solution being drawn off against cell
growth rate in the biofermentation. Methods of modulating  nutrients and
growth factors for continuous biofermentation processes as  20 well as
techniques for maximizing the rate of product formation, are well known in
the art of industrial microbiology (Brock, supra).  The Biocatalyst The
biocatalyst may be whole microorganisms or in the form of  isolated enzyme
catalysts. Whole microbial cells can be used as 25 biocatalyst without any
pretreatment such as permeabilization.  Alternatively, the whole cells may
be permeabilized by methods familiar to  those skilled in the art (e.g.,
treatment with toluene, detergents, or freeze- thawing) to improve the rate
of diffusion of materials into and out of the  cells. 



30 An E. coli strain, RJ8n transformed with the plasmid pSYCO103,  was used
as the biocatalyst for the bioproduction of 1,3-propanediol.  RJ8n
comprises (a) a set of three endogenous genes, each gene having a mutation
inactivating the gene, the set consisting of (i) glpK, a  gene encoding
glycerol kinase, (ii) gldA, a gene encoding glycerol 35 dehydrogenase, and
(iii) tpiA, a gene encoding triosephosphate  isomerase, and (b) at least
one endogenous gene encoding a non-specific  catalytic activity sufficient
to convert 3-hydroxypropionaldehyde to 1,3- propanediol. The plasmid
pSYCO103 (SEQ ID NO.:1) comprises a set of 16 WO 02/086135 PCT/US02/12606
seven exogenous genes: (i) three genes encoding a glycerol dehydratase
(E.C. 4.2.1.30), (ii) two genes encoding a dehydratase reactivation factor
(WO 01/12833 A3) (iii) one gene encoding a glycerol-3-phosphate
dehydrogenase (EC 1.1.1.8), and (iv) one gene encoding a glycerol-3 5
phosphatase (EC 3.1.3.21). In addition to the particular E. coli strain
referred to above,  microorganisms useful in the present invention may
include, but are not  limited to, bacteria (such as the enteric bacteria
Escherichia and  Salmonella, for example, as well as Bacillus,
Acinetobacter, Streptomyces, 10 Methylobacter, Rhodococcus, and
Pseudomonas); Cyanobacteria (such  as Rhodobacter and Synechocystis);
yeasts (such as Saccharomyces,  Zygosaccharomyces, Kluyveromyces, Candida,
Hansenula,  Debaryomyces, Mucor, Pichia, and Torulopsis); filamentous fungi
(such as  Aspergillus and Arthrobotrys); and algae. The skilled artisan
will also 15 recognize that the present invention could also be applicable
to cultures of  cells from insects, plants, and animals. The enzyme
biocatalyst can be immobilized in a polymer matrix  (e.g., alginate,
carrageenan, polyvinyl alcohol, or polyacrylamide gel  (PAG) particles) or
on a soluble or insoluble support (e.g., celite) to 20 facilitate recovery
and reuse of the biocatalyst. Methods for immobilizing  biocatalysts in a
polymer matrix or on a soluble or insoluble support have  been widely
reported and are well known to those skilled in the art.  Culture
Conditions Materials and methods suitable for maintenance and growth of  25
microbial cultures are well known to those in the art of microbiology or
biofermentation science art (Bailey, J.E. and Ollis, D.F., Biochemical
Engineering Fundamentals, 2nd Edition; McGraw-Hill: NY (1986)).
Consideration must be given to appropriate media, pH, temperature, and  



requirements for aerobic, microaerobic, or anaerobic conditions, 30
depending on the specific requirements of the microorganism for the
desired functional gene expression. Media and Carbon Substrates:
Large-scale microbial growth and functional gene expression may  use a wide
range of simple or complex carbohydrates, organic acids and  35 alcohols,
and saturated hydrocarbons. Biofermentation media in the present invention
must contain suitable carbon substrates, chosen in light  of the needs of
the biocatalyst. Suitable substrates may include, but are  not limited to,
monosaccharides (such as glucose and fructose), 17 WO 02/086135
PCT/US02/12606  disaccharides (such as lactose or sucrose),
oligosaccharides and  polysaccharides (such as starch or cellulose or
mixtures thereof), or  unpurified mixtures from renewable feedstocks (such
as cheese whey  permeate, cornsteep liquor, sugar beet molasses, and barley
malt). The 5 carbon substrate may also be one-carbon substrates (such as
carbon  dioxide, methanol, or methane). In addition to an appropriate
carbon source, biofermentation media  must contain suitable minerals,
salts, cofactors, buffers, and other  components, known to those skilled in
the art (Bailey, J.E. and Ollis, D.F., 10 Biochemical Engineering
Fundamentals, 2nd ed; pp 383-384 and 620-622;  McGraw-Hill: New York
(1986)). These supplements must be suitable for  the growth of the
biocatalyst and promote the enzymatic pathway  necessary to produce the
biofermentation product. In the case of the  present invention, the carbon
source and the other components described 15 above are separated from the
target molecule and returned to the  biofermentation vessel. Finally,
functional genes that express an industrially useful product  may be
regulated, repressed, or derepressed by specific growth conditions  (for
example, the form and amount of nitrogen, phosphorous, sulfur, 20 oxygen,
carbon or any trace micronutrient including small inorganic ions).  The
regulation of functional genes may be achieved by the presence or  absence
of specific regulatory molecules (such as gratuitous inducers) that  are
added to the culture and are not typically considered nutrient or energy
sources. Growth rate may also be an important regulatory factor in gene  25
expression. EXAMPLES  The present invention is further defined in the
following Examples.  



It should be understood that these Examples, while indicating preferred
embodiments of the invention, are given by way of illustration only. From
30 the above discussion and these Examples, one skilled in the art can
ascertain the essential characteristics of this invention, and without
departing from the spirit and scope thereof, can make various changes  and
modifications of the invention to adapt it to various usages and
conditions. 35 The meaning of abbreviations is as follows: "h" means
hour(s),  "min" means minute(s), "sec" means second(s), "d" means day(s),
"mL"  means milliliter(s), "L" means liter(s), "g" means gram(s), "kg"
means  kilogram(s), "atm" means atmosphere(s). 18 WO 02/086135
PCT/US02/12606  GENERAL METHODS: Materials and methods suitable for the
maintenance and growth of  bacterial cultures are well known in the art.
Techniques suitable for use in  the following examples may be found as set
out in Manual of Methods for  5 General Bacteriology, Phillipp Gerhardt, R.
G. E. Murray, Ralph N. Costilow, Eugene W. Nester, Willis A. Wood, Noel R.
Krieg and G. Briggs  Phillips, Eds., American Society for Microbiology:
Washington, D.C. (1994)  or in Biotechnology: A Textbook of Industrial
Microbiology; Brock, T. D.,  2nd ed.; Sinauer Associates: Sunderland,
Massachusetts (1989). 10 Example 2 demonstrates a steady state process
computer  simulation using AspenplusTM software Release 10.1 from Aspen
Technology, Inc., Cambridge, MA. AspenplusTM does not have a specific  unit
operation for process chromatography. A simulated moving bed  (SMB) process
chromatograph was modeled using the EXTRACT block, 15 which is normally
used for countercurrent liquid-liquid extraction.  Dodecane was used as one
of the liquid phases to simulate the solid  phase. The liquid-liquid
equilibria constants were set as shown in Table 2  based on results of
batch chromatography experiments, with one  exception. Specifically, the
liquid-liquid-equilibria constants for water and 20 dodecane were set at
arbitrary high and low values, respectively.  EXAMPLE 1 Comparative EXAMPLE
(without media recycle) This experiment was carried out for comparison
purposes to  illustrate volumetric productivity in the absence of media
recycle. 25 A fed-batch biofermentation was run using glucose as the
substrate  to produce 1,3-propanediol. An E. coli strain, RJ8n transformed
with the  



plasmid pSYCO103, was used as the biocatalyst in the bioprocess. E. coli
RJ8n strain (ATCC PTA-4216) comprises (a) a set of three  endogenous genes,
each gene having a mutation inactivating the gene,  30 the set consisting
of (i) glpK, a gene encoding glycerol kinase, (ii) gldA, a gene encoding
glycerol dehydrogenase, and (iii) tpiA, a gene encoding  triosephosphate
isomerase, and (b) at least one endogenous gene  encoding a non-specific
catalytic activity sufficient to convert 3- hydroxypropionaldehyde to
1,3-propanediol. The plasmid pSYCO103 35 (SEQ ID NO.:1) comprises a set of
seven exogenous genes: (i) three  genes encoding a glycerol dehydratase
(E.C. 4.2.1.30), (ii) two genes  encoding a dehydratase reactivation factor
(WO 01/12833 A3) (iii) one  19 WO 02/086135 PCT/US02/12606  gene encoding a
glycerol-3-phosphate dehydrogenase (EC 1.1.1.8), and  (iv) one gene
encoding a glycerol-3-phosphatase (EC 3.1.3.21). A 10 liter working volume
biofermentor was prepared using  components and methods known in the art.
Media was prepared using  5 components (e.g., water, salts, yeast extract)
and methods known in the art. The inoculum was prepared in shake flasks
using methods known in  the art. The fermentation was run for 68 h after
inoculation. Glucose control  was accomplished by analyzing a sample every
two h and adjusting the  10 glucose solution feed rate based on an aim
point of 10 g glucose/L. In avoid overfilling the fermentor, 3.44 L of
broth were drained from  the biofermentor 40 h after inoculation. The
volumetric productivity of the biofermentor was calculated by  measuring
the 1,3-propanediol titer in the fermentor by liquid 15 chromatography and
calculating the mass of 1,3-propanediol that would  have been produce if
that titer had been produced in the liquid in the  biofermentor plus the
liquid volume that had been drained. 1,3-Propanediol may be identified
directly by submitting the media  to high performance liquid chromatography
(HPLC) analysis. Preferred in  20 the present invention is a method where
fermentation media is analyzed by ion moderated partition chromatography
(IMP) with 0.01 N sulfuric acid  as mobile phase and in an isocratic
fashion. In all of the examples, the  concentration of 3G was measured by
HPLC. A Waters 715 autosampler, Waters temperature control module (set  25
point 50 C), Waters 410 refractive index detector, and Waters 486 UV
detector (wavelength=210 nm) was equipped with a Shodex HPLC column  



(SH1011 sugar column, 300 mm x 8 mm) for 1,3-propanediol quantitation.
Mobile phase was 0.005 molar sulfuric acid at 0.5 mL/min isocratic flow.
Pivalic acid was used as an internal standard. Under these conditions, 30
1,3-propanediol elutes at 25.9 min. The maximum volumetric productivity was
15.85 kg/m3/yr, which  was observed at 41.85 h after inoculation. The
volumetric productivity was  calculated by dividing the amount of
1,3-propanediol produced (from the  titer multiplied by the total volume of
broth, both in the fermentor and what 35 had been drained, by the total
volume of broth produced and further  dividing by the time since
inoculation plus eighteen hours (to allow for  turnarounds between
batches). At 41.85 h after inoculation, the 1,3- 20 WO 02/086135
PCT/US02/12606  propanediol titer was 108.25 g/L and broth volume in the
biofermentor was  6.168 L. Simulation of Return of Remaining Components to
the Biofermentation  Vessel  5 The effect of the invention on the operation
of a biofermentor producing 1,3-propanediol was simulated by withdrawing
catalyst-free  broth from a biofermentor and adding to the fermentor a
stream (make-up  media) that approximated the composition of the stream
that would being  coming back to the biofermentor from the separation
system. 10 The biofermentor, media, and inoculum were prepared as in the
comparative example above. Make-up media preparation Make up medium was
prepared using the normal biofermentor  medium recipe and method, except
that 1) yeast extract was omitted, 2)  15 concentration of all other
non-aqueous components was reduced by 50%, and 3) 1 5g/L of glycerol and
10g/L glucose were added. Post sterilization  additions to the medium,
e.g., antibiotics, were also added at 50%  concentration of the normal
recipe. Fermentation  20 Starting at 24 h after inoculation, 1 Umin of
whole cell broth was  withdrawn from the biofermentation vessel and passed
through a cross- flow filtration unit. The cross-flow filtration unit
consisted of a Pellicon-2  Mini Holder (Millipore Corporation catalog #
XX42PMINI) containing a  Pellicon PLC series regenerative cellulose
membrane (Millipore 25 Corporation catalog # #P2C01 MV01). The membrane has
a area of  0.1 m2 and an nominal molecular weight limit of 1000
kilodaltons. 



20 mL/min of biocatalyst-free solution was withdrawn from the cross-flow
filtration unit, while cell material and the remainder of the broth were
returned to the biofermentation vessel. 30 At the same time that the
withdrawal of biocatalyst-free stream was  started, 18.5 mUmin of the
make-up media was fed to the biofermentor.  To prevent overfilling the
fermentor, 3.2 L of whole cell broth was drained  from the biofermentor at
38.28 h after inoculation and 2.65 L was withdrawn at 46.81 h after
inoculation. 35 At 52.8 h the titer in the fermentor was 75.7 g/L and the
volume of  broth in the biofermentor was 8.3 L. At 52.8 h after inoculation
2018 g of  1,3-propanediol had been collected in the biocatalyst-free
stream  withdrawn from the cross-flow filtration unit. The total volume of
broth was 21 WO 02/086135 PCT/US02/12606  8.3 + 3.2 + 2.65 = 14.15 L. Thus,
the total amount of 1,3-propanediol  produced was taken to be 75.7 *14.15 +
2018 = 3089 g. The volumetric  productivity at 52.8 h after inoculation was
27 kg/L/yr. Due to the  decreased concentration of the inhibiting target
molecule in the 5 biofermentation vessel, the product formation rate was
increased by 70%.  EXAMPLE 2 AspenplusTM Computer Simulation with Media
Recycle In this example, a steady state computer simulation was performed
to predict mass flows based on known physical properties of the 10
compounds present in the simulation. An AspenplusTM simulation was
constructed to model a cell  separation step, a water removal step and a
SMB process chromatograph.  A biofermentation broth feed mass composition
was assumed to contain  9.606 % 1,3-propanediol (the target molecule), 4.73
% dry cells, 0.48 % 15 glucose, 0.961 % glycerol, 0.048 % acetic acid,
0.169 % potassium  phosphate, and the balance water. The cell separation
step of the  biofermentation broth removed 5 % of the supernatant liquid as
biocatalyst-free solution and sent the cells and the remainder of the
supernatant back to the biofermentation vessel. The biocatalyst-free 20
solution is fed to a process-to-process heat exchanger operating at about
0.196 atm. The liquid and vapor exiting the heat exchanger are  separated.
The liquid is the main feed to the process chromatograph.  The vapor
exiting the exchanger is mostly water and is compressed to  about 0.2562
atm and fed to the other side of the process-to-process heat 25 exchanger
where the vapors condense. The condensate is used as the  



main constituent of the eluent for the SMB process chromatograph. The
balance of the eluent is water separated from the product stream exiting
the process chromatograph. The process chromatograph was modeled as a 50
theoretical plate  30 SMB with the fresh sorbent being fed to plate 1 and
the eluent fed to plate  50. The liquid feed was on plate 12 and a target
molecule stream was  withdrawn from plate 37. The water in the target
molecule-rich stream,  withdrawn from plate 37, was separated from the
organics and combined  with the condensate from the process-to-process heat
exchanger to 35 constitute the eluent for the process chromatograph. The
liquid exiting the  chromatograph at plate 1 is a biocatalyst-free and
target-molecule free  solution. This is combined with cells and liquid from
the cell separation 22 WO 02/086135 PCT/US02/12606  step and is then
returned to the biofermentation vessel for media  recycling. Results for
selected streams are in Table 3. TABLE 2 5 Ratio of liquid activity
coefficients in dodecane phase to activity  coefficients in water phase
Water 22093  1,3-Propanediol 0.16  Glucose 0.224  Glycerol 0.191  Acetic
acid 0.784  n-Dodecane 2.07E-09  Potassium Phosphate 7.768 23 WO 02/086135
PCT/US02/12606  N N O LO 0 O  C N 00 M Ln m W W  E 0) 00 C6 U) 'gr N- NU)
Q) L (D LO Cl N C4 N CO O  0 (v) CO '- '- O T- CO  L C2 E m 
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PCT/US02/12606  COMPARATIVE EXAMPLE AspenplusTM Computer Simulation with No
Media Recycle In this example, a steady state computer simulation was
performed  as in Example 2; however there is no media recycle. The net rate
at which  5 1,3-propanediol is removed from the biofermentation vessel in
Example 2 is 0.455 kg/sec. A simulation was constructed to simulate the
same net  removal of 1,3-propanediol from the biofermentation vessel but
with the  broth components in the biocatalyst-free solution (other than the
1,3- propanediol) being replenished in the biofermentor at the same rate by
10 adding fresh (non-recycled) media. An AspenplusTM simulation was
constructed to model a cell  separation step. A biofermentation broth feed
mass composition was  assumed to contain 9.606 % 1,3-propanediol (the
target molecule), 4.73 %  dry cells, 0.48 % glucose, 0.961 % glycerol,
0.048 % acetic acid, 0.169 % 15 potassium phosphate, and the balance water.
The cell separation step of  the biofermentation broth removed 4.512 kg/sec
of the supernatant liquid  as a biocatalyst-free solution and sent the
cells and the remainder of the  supernatant back to the biofermentation
vessel. This biocatalyst-free  solution stream contains 0.455 kg/sec of
1,3-propanediol and 4.057 kg/sec 20 of broth components other than
1,3-propanediol. It would therefore be  necessary to add fresh media to the
biofermentation vessel at a rate of  



4.057 kg/sec (or 350,525 kg/d) to maintain the concentration of the other
broth components in the biofermentation vessel. 25 25 WO 02/086135
PCT/US02/12606  CLAIMS  What is claimed is: 1. A product removal process
for use in a biofermentation system  comprising: 5 a) removing during at
least a portion of the biofermentation at  least a majority of biocatalyst
from a portion of  biofermentation solution containing a target molecule;
b) removing a portion of water from the biocatalyst-free  solution produced
in step a); 10 c) optionally before or after step b) removing components
other than the target molecule from the biocatalyst-free  solution; d)
feeding through a chromatographic medium 1) the biocatalyst-free solution
produced by any of the  15 steps of b) or c), and 2) an eluent; e)
recovering the target molecule from a first fraction of the
biocatalyst-free solution discharged from the  chromatographic medium; 20
f) optionally removing non-aqueous eluent from a second  fraction of the
biocatalyst-free and target molecule-free  solution discharged from the
chromatographic medium; g) optionally adding water removed from the
biocatalyst-free  solution in step b) to the biocatalyst-free and target 25
molecule-free solution after steps e) or f) in an amount  suitable for
return to the biofermentation; and h) returning the biocatalyst-free and
target molecule-free  solution from any of the steps of d), e), f), or g)
to the  biofermentation. 30 2. A product removal process for use in a
biofermentation system,  comprising: a) removing during at least a portion
of the biofermentation at  least a majority of biocatalyst from a portion
of  biofermentation solution containing a target molecule more  



35 volatile than water; b) optionally before step c) removing components
other than  the target molecule from the biocatalyst-free solution
produced in step a); 26 WO 02/086135 PCT/US02/12606  c) feeding through a
chromatographic medium 1) the biocatalyst-free solution of steps a) or b),
and  2) an eluent; d) recovering the target molecule from a first fraction
of the  5 biocatalyst-free solution discharged from the  chromatographic
medium; e) removing a portion of water from a second fraction of the
biocatalyst-free and target molecule-free solution  discharged from the
chromatographic medium; 10 f) optionally, before or after step e), removing
non-aqueous  eluent from the second fraction of the biocatalyst-free and
target molecule-free solution discharged from the  chromatographic medium;
and g) returning the biocatalyst-free and target molecule-free  15 solution
from any of the steps of e), or f) to the  biofermentation. 3. The product
removal process of Claim 1 or Claim 2, wherein the  eluent comprises water
generated by the water removal step b) or step e)  respectively. 20 4. The
product removal process of Claim 3, wherein the eluent  comprises a mixture
of water and a non-aqueous eluent. 5. The product removal process of Claim
4, wherein the non- aqueous eluent is a short chain alcohol or acetone. 6.
The product removal process of Claim 3, wherein the eluent is  25 water. 7.
The product removal process of Claim 1, wherein approximately  50-80 % of
water is removed from the biocatalyst-free solution of step (a).  8. The
product removal process of Claim 1, wherein the suitable amount of water
added at step (g) returns the water concentration of the  30
biocatalyst-free and target molecule-free solution to approximately the
water concentration of the biocatalyst-free solution before step (b). 9.
The product removal process of Claim 1, wherein the suitable  amount of
water added at step g) returns the water concentration of the  



biocatalyst-free and target molecule-free solution to less than the water
35 concentration of the biocatalyst-free solution before step (b). 10. The
product removal process of Claim 2, wherein approximately  50-80 % of water
is removed from the biocatalyst-free and target  molecule-free solution of
step (e). 27 WO 02/086135 PCT/US02/12606  11. The product removal process
of Claim 2, wherein the suitable amount of water added at step (g) returns
the water concentration of the  bio-catalyst-free and target molecule-free
solution to approximately the  water concentration of the biocatalyst-free
solution before step (c). 5 12. The product removal process of Claim 2,
wherein the suitable  amount of water added at step g) returns the water
concentration of the  biocatalyst-free and target molecule-free solution to
less than the water  concentration of the biocatalyst-free solution before
step (c). 13. The process of Claim 1, wherein the target molecule is 1,3-
10 propanediol. 14. A system for in situ product removal during at least a
portion of  the biofermentation of a target molecule comprising a) a
biocatalyst separation means to remove at least a  majority of biocatalyst
from a portion of the 15 biofermentation solution containing a target
molecule;  b) a water removal means for removing a portion of water  from
the biocatalyst-free solution produced by the  biocatalyst separation means
of a); c) optionally before or after step b) a removal means to  20 remove
components other than the target molecule or  water from the
biocatalyst-free solution produced by the  water removal means of b); d) a
process chromatographic means through which the  biocatalyst-free solution
produced by the water removal  25 means of b) or by the removal means of c)
and an eluent  are passed e) a target molecule recovery means to recover
the target  molecule from a first fraction of the discharge from the
process chromatographic means of d); 30 f) optionally a non-aqueous eluent
removal means to  remove non-aqueous eluent from a second fraction
discharged from the process chromatographic means of 



d);  g) a water adding means to add water generated by b) to the  35
biocatalyst-free and target molecule-free solution produced from e) or f)
in an amount suitable for return to  the biofermentation; and 28 WO
02/086135 PCT/US02/12606  h) a recycling means to return the
biocatalyst-free and target  molecule-free solution from d), e), f), or g)
to the biofermentation. 29 


