@ Int. J. BIOAuTOMATION, 2018, 22(3), 199-212 doi: 10.7546/ijba.2018.22.3.199-212

Optimization of Continuous Bioconversion Process
of Glycerol to 1,3-Propanediol
Gongxian Xu®, Dan Wang, Caixia Li

Department of Mathematics, Bohai University, Jinzhou, China
E-mails: gxxu@bhu.edu.cn, 844364936@qqg.com, 1126668962@qg.com

*Corresponding author
Received: November 25, 2016 Accepted: August 15, 2018

Published: September 30, 2018

Abstract: This paper addresses the optimization of continuous bioconversion process of
glycerol to 1,3-propanediol (1,3-PD) by Klebsiella pneumoniae. The studied bioprocess is a
complex nonlinear system that involves the gene regulation for dha regulon, enzyme-
catalytic kinetics on the reductive pathway, the active transport of glycerol and (passive)
diffusion of 1,3-PD across the cell membrane, and the inhibition of glycerol dehydratase
(GDHt) and 1,3-propanediol oxidoreductase (PDOR) by 3-hydroxypropionaldehy (3-HPA).
We first propose a nonlinear optimization model that can maximize the production rate of
1,3-PD. Then the optimal solution of this optimization problem is obtained by using an
interior point method. In this approach a sequence of barrier problems are solved iteratively.
We finally obtain the maximum production rate of 1,3-PD increased more than 22.86 times
its initial value.

Keywords: Optimization, Bioconversion process, Continuous bioprocess, Interior point
method, 1,3-propanediol, Glycerol.

Introduction

1,3-propanediol (1,3-PD) has a wide range of potential applications on a large commercial
scale [1, 11, 20, 26]. Among all kinds of microbial production of 1,3-PD, bioconversion of
glycerol to 1,3-PD has been studied extensively since 1980s due to its relatively high yield
and productivity [9, 11, 15, 20, 27]. In recent years, much research has been made to improve
the bioconversion process of glycerol [4-6, 8, 9, 11, 15-17, 19, 20-28]. For example, research
on the quantitative description of the cell growth kinetics of multiple inhibitions by substrate
and products, product formation in continuous culture has been made [22, 26, 27].
The methods of conversion of glycerol into 1,3-PD were reviewed and discussed in [11].
The 1,3-PD production directly from carbon dioxide was achieved by engineered
Synechococcus elongatus PCC 7942 with a synthetic metabolic pathway in [8]. Wang et al.
presented a nonlinear impulsive system for glycerol bioconversion to 1,3-PD in fed-batch
cultures based on the dynamical system of batch cultures [19]. Yuan et al. reported the robust
identification of enzymatic nonlinear dynamical systems for 1,3-PD transport mechanisms in
microbial batch culture [25]. Xiu et al. investigated the optimal conditions of batch and
continuous glycerol bioconversion by Klebsiella pneumoniae using the volumetric
productivity of 1,3-PD as an optimization objective based on a five-dimensional nonlinear
system that takes into account the growth kinetics of multiple inhibitions and the metabolic
overflow of substrate consumption and product formation [20]. Xu designed a H. controller
for bioconversion process of glycerol to 1,3-PD through the H. mixed sensitivity method
[23]. Zhu et al. presented a p robust technique to control the continuous bioconversion
process of glycerol to 1,3-PD [28]. Sun et al. set up an eight-dimensional nonlinear system
that considers enzyme-catalytic reductive pathway and transport of glycerol and 1,3-PD
across cell membrane [16]. A fourteen-dimensional nonlinear dynamic system was proposed
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to represent the continuous and batch fermentations of glycerol to 1,3-PD by Klebsiella
pneumoniae, in which the enzyme-catalytic kinetics on the reductive pathway, the transport of
glycerol and diffusion of 1,3-PD across cell membrane, and the inhibition of
3-hydroxypropionaldehyde (3-HPA) to glycerol dehydratase (GDHt) and 1,3-propanediol
oxidoreductase (PDOR) are all taken into consideration [17]. But the optimization for this
complex bioprocess involving gene regulation and enzyme catabolism has not yet been
addressed.

The aim of this paper is to deal with the optimization of continuous bioconversion process of
glycerol to 1,3-PD by maximizing the production rate of 1,3-PD. In the following, we first
describe the continuous bioconversion of glycerol to 1,3-PD by Klebsiella pneumoniae.
This is followed by a presentation of nonlinear optimization problem for this bioprocess under
steady-state conditions. Then the proposed optimization problem is solved by an interior
method. In Section 5, the attained optimization results are presented. Finally, brief
conclusions of present work are given.

Continuous bioconversion process of glycerol

In this paper, we use a mathematical model with gene regulation for the dha regulon and
enzyme-catalytic kinetics for continuous bioconversion process of glycerol to 1,3-PD by
Klebsiella pneumoniae, in which the expression of gene-mRNA-enzyme-product, the active
transport of glycerol and (passive) diffusion of 1,3-PD across the cell membrane, and the
inhibition of GDHt and PDOR by 3-HPA are taken into consideration [17]. This mathematical
model accounting for the main substances under anaerobic conditions at 37 °C and pH 7.0 is
written as follows:

dM, K, G, [Ot](CS—HPA+ Kd) _(kM Jrlu)|\/|R (1)
dt ) (C3—HPA +K, )"‘ rCs tipa "
drR RC
R K My = (kg + )R~k A 2
dt wMe = (e +4) N Csrpat+ Ky ?
dM gpi =K "G, [Ot](CngPAjL Kd) _(kénGDHt +:”)MGDH“ )
dt (Covipat Ky)+TCq o
dM 50k — KPPORG [Ot](cs—HPA + Kd) _(k(;TPDOR +,U)M SboR 4)
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d[ GDHt
% = KeouM eot _(deDHt + /‘)[GDHt] ’ ©)
d[PDOR
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where t is the fermentation time, h; M; and R are the concentrations of mRNA coding
repressor and free repressor, respectively, mmol/L; K, and K represent the rate constants

for the formation of mRNA coding repressor and free repressor, respectively, h;
G, denotes the gene dosage; [O,] denotes the concentration of total operator, mmol/L;

C, wpa Is the concentration of 3-HPA, mmol/L; K, is the dissociation constant of
holorepressor-operator, mmol/L; u is the specific growth rate of cells, h*; Mg, and
Meopor represent the mRNA concentrations of coding enzymes GDHt and PDOR,
respectively, mmol/L; [GDHt] and [PDOR] are the concentrations of enzymes GDHt and
PDOR, respectively, mmol/L; KS°" and K”°°% denote the rate constants for the formation
of GDHt mRNA and PDOR mRNA, respectively, h™}; K., and K, are the rate constants

for formation of GDHt and PDOR, respectively, h™*; X is the biomass, g/L; D represents the
dilution rate, h™'; C.. denotes the substrate (glycerol) concentration in feed, mmol/L;
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C,, and C are the extracellular and intracellular glycerol concentrations in reactor,
respectively, mmol/L; g5 represents the specific consumption rate of substrate, mmol/(g-h);
Cep; and C,, denote the intracellular and extracellular 1,3-PD concentrations, respectively,
mmol/L; g, is the specific formation rate of product 1,3-PD, mmol/(g-h); C,,,. represents
the concentration of product acetate, mmol/L; q,,. denotes the specific formation rate of
product acetate, mmol/(g-h); C, IS the concentration of product ethanol, mmol/L;
Oeon Tepresents the specific formation rate of product ethanol, mmol/(g-h); & denotes the

cell membrane thickness, mm; B is the surface area of per biomass, mm?/g; D, represents

the diffusion coefficient of glycerol, L/(mm-h); and the definitions of the remain parameters
used in (1)-(21) and their values are listed in Table 1 [17]. The expression for the specific
formation rate of ethanol as shown in (21) is drawn from [20, 21].

To transform Egs. (1)-(6) into the corresponding simple forms the following transformations
are carried out:

Mg
Mg =——m—7——,
Ky, GolO:]
Ko = KRKMRGD[Ot]v

M GDHt

m pLYt
K(r;DHt = KrgDHtKGDHtGD[Ot] )

I\/IPDOR

Mppor = K—pDORG [O ] )
m pLYt
KFr’nDOR = KrZDORKPDORGD[Ot] .

By substituting these transformations into Egs. (1)-(6) we obtain the following forms:

dmy _ (CoipatKa) (ke + 2, (22)
dt (C3—HPA + K, )"‘ rCs vipa
d_R:KemR_(kR-'_ﬂ)R_k—lM’ (23)
dt Cynpat Ky
dMgpp, (C3—HPA + Kd) mGDHt
= —(k + , 24
dt (C3—HPA+ Kd)+ rCs 1pa ( ‘ ﬂ)meDHt @)
dMepor (CS—HPA+ Kd) mPDOR
= -k + , 25
dt (C3—HPA+ Kd)+ rCs vipa ( ’ u)mPDOR @)
d[GDHt m
% = KeorMepht _(deDHt + ﬂ)[GDHt] ) (26)
d[PDOR m
% = KpborMepor — (ngOR + ﬂ)[PDOR] ) (27)

where the new parameters K,, K., Kopog Used in Egs. (23), (26) and (27) present the
values of 0.2004 mmol/(L-h?), 10.8083 h™%, 24.1030 h™* [17].
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Table 1. Definitions, values and units of parameters used in the model (1)-(21)

Parameter Representation Value Unit

K, Dissociation constant of holorepressor 917.9722  mmol/L

r Dimensionless parameter for dha regulon 13.1567 -

K, Degradation rate of mMRNA coding repressor 0.1096 h-t

Ke Degradation rate of free repressor 1.1305x10° ht

k, Dissociation rate constant 79.9150 h

R, Concentration of total repressor 1.48x10°  mmol/L
kePHt Rate constant for the degradation of GDHt mMRNA  1.5462 ht

k;"PPOR Rate constant for the degradation of PDOR mRNA  11.4334 h-t

ko Rate constant for the degradation of GDHt 12.7837 ht

k§POR Rate constant for the degradation of PDOR 20.2310 ht

Vs Specific intracellular volume in biomass 0.151 L/g

J o Maximum specific transport rate of substrate 54.664 mmol/(g-h)
K, Michaelis—Menten constant of glycerol permease 1.340 mmol/L

A - 1.896x10* g/(L-h)

k, Catalyze coefficient of GDHt for glycerol 36.3625 h-t

K, Catalyze coefficient of PDOR for 3-HPA 42.5261 h

K ot Michealis-Menten constant of enzyme of GDHt 0.53 mmol/L

K. poor Michealis-Menten constant of enzyme of PDOR 0.14 mmol/L
KEP™ Inhibitor constant for 3-HPA to enzyme of GDHt 220.319 mmol/L
KPOR Inhibitor constant for 3-HPA to enzyme of PDOR  0.418 mmol/L

n Binding sites 2.0421 -

Kep Diffusion coefficient for 1,3-PD 25.137 h

. Maximum specific growth rate 0.67 h-t

Ks Monod saturation constant for glycerol 0.28 mmol/L
Ce, Critical concentration of glycerol 2039 mmol/L
Croe Critical concentration of 1,3-PD 939.5 mmol/L
Crinc Critical concentration of acetate 1026 mmol/L
Ceion Critical concentration of ethanol 360.9 mmol/L

m; Maintenance term of substrate consumption 2.20 mmol/(g-h)
Mep Maintenance term of 1,3-PD formation —2.69 mmol/(g-h)
Myiac Maintenance term of acetate formation -0.97 mmol/(g-h)
‘A Maximum growth yield 0.0082 g/mmol
Yoo Maximum 1,3-PD vyield 67.69 mmol/g

Y, e Maximum acetate yield 33.07 mmol/g
AgY Maximum increment of substrate consumption rate  28.58 mmol/(g-h)
AQgy Maximum increment of 1,3-PD formation rate 26.59 mmol/(g-h)
AQPA. Maximum increment of acetate formation rate 5.74 mmol/(g-h)
Ke Saturation constant for substrate in kinetic equations 11.43 mmol/L
Koo Saturation constant for 1,3-PD in kinetic equations ~ 15.50 mmol/L
K, Saturation constant for acetate in kinetic equations ~ 85.71 mmol/L
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Optimization problem of continuous bioconversion process of glycerol

In this work, we will propose a steady-state optimization problem of continuous
bioconversion process of glycerol to 1,3-PD that can maximize the production rate of
extracellular 1,3-PD. The performance index describing the production rate of extracellular
1,3-PD is given directly by DC,.. The resulting steady-state optimization problem is as

follows:

max DC,p,, (28)
subject to satisfying:
(CS—HPA +Kq ) (
~(ky. +z)mg =0, (29)
(C3—HPA + Kd )+ rCS—HPA e §
KM ~ (kg + )R —k , A, (30)
C3—HPA + Kd
(Carpa+Ky) MGDHt
—(k + =0, 31
(CS—HPA + I<d )+ rc:3—HF‘A ( ’ 'Ll)nGDHt ( )
(CS—HPA+ Kd) mPDOR
-k + =0, 32
(C3—HPA + Kd)+ rCS—HPA ( ’ Iu)ﬂPDOR ( )
K ebrMaont — (deDHt + ﬂ) [GDHt] =0, (33)
KeborMepor — (deDOR + /U)[PDO R]=0, (34)
(u—D)X =0, (35)
D(CSF _CSe)_qSX =0, (36)
1 C 1
—J,, —= 4+ = (Cq, —Cq)—0s |- 4Cq =0, 37
Vs |: max CSe + Km As ( Se Sl) qu| :ucsl ( )
k,[GDHt] ((::5‘ —k,[PDOR] Coven c
KrrGDHt(1+ ;&'SFL.?J +Cy Krpoor + C3—HPA£1+ Ke_‘;gggj
R.C
—1C, —nk_. t~3-HPA  _ ) ’ (38)
3-HPA 1 Co ot K
C
kz[PDOR] e C - KPD(CPDi _CPDe)_IUCPDi =0, (39)
Kuoon +Coren 1+ 55 |
0ppX —DCpp. =0, (40)
QuacX —DCypa =0, (41)
JeonX —DCeony =0, (42)
0.05<D<0.5, (43)
0<Cg <2039, (44)
0 <m, <1000, (45)
0<R <1000, (46)
0 < Mgppy <1000 , (47)
0.<Mypor <1000 , (48)
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0 <[GDHt] <1000, (49)
0 <[PDOR] <1000, (50)
0.05<X <5, (51)
0<C,, <2039, (52)
0<Cg <2039, (53)
0<C, ,pa <500, (54)
0<C,p; <9395, (55)
0<Cpp, <939.5, (56)
0<C,,, <1026 , (57)
0<Cppy <360.9. (58)

Obviously, the problem (28)-(58) is a nonconvex nonlinear programming with complex
constraints. In this optimization problem, equality constraints (29)-(42) are the steady-state
conditions, while the inequality constraints (43)-(58) are the lower and upper bounds for the
optimized variables D, Csr, MR, R, MepHt, Mppor, [GDHL], [PDOR], X, Cse, Csi, C3-Hpa, Crpi,
Crpe, CHac and Ceton, respectively. This set of equality and inequality constraints defines the
feasible region of the optimization problem (28)-(58).

Solution method

There are several techniques to solve a bioprocess optimization problem [7, 10, 12-14]. In this
work, we will use an interior point method [2, 3, 18] to efficiently solve the proposed
nonlinear optimization problem (28)-(58). This approach replaces the optimization problem
(28)-(58) by a sequence of barrier subproblems.

We first rewrite the problem (28)-(58) as the following formulation:
min f(X)
subject to satisfying:

h(x)=0, j=12, .., 14 (59)
g,(x)<0,i=12, .., 32

where optimization variable X, objective function f(x), equality constraint functions
hix) = 1, 2, ..., 14) and inequality constraint functions gi(x) (i = 1, 2, ..., 32) have the
following forms:

i
X = (X0 X0 X, Xy Xy X X7 Xgs X X0 Xy Xz Xi30 Xi0 X5 Xa )
= (D1CSF’ Mg, R, Mepre mPDOR’[GDHtL [PDOR]’ X1CSe J CSi J C3—HPA1CPDi’ CPDe’ CHAC’ CEtOH)T ’

f(X) =—XXu,
MX):( (CorpatKy) (k. + ge)ms.

C3—HPA + Kd)+ r(:S—HPA

RCs_tipa

h,(x)=K,m, —(k, + #)R -k ,
2() o''R (R ) _103—HPA+Kd
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Corpnt Ky)

(X) — ( 3-HPA d _ kn’GDHt + /J ’
" (CS—HPA + Ky )+ rCs 1pa ( ‘ )meDHt
h4 (X) — (CS—HPA + Kd) _ (k(;TPDOR + :u)mPDOR’

(CB—HPA + K,y )"‘ rCs vipa
hy(X) = KCTDHtmGDHt - (deDHt + ;U)[GDHt]’
hg (X) = KeborMepor — (chDOR + ,U)[PDOR] ,
h, () = (u—D)X,
hs(x) = D(CSF _CSe)_ qu )

1 C 1
hy(x)=—|J —= 4+ ~(C.—-Cs)—0c |- Cs ,
9( ) Vs|: max CSe+Km '%( Se Sl) q8:| JuCS|

hyo(x) = k,[GDHI]

C.
C,
Kmm(u ;_Ggm}%

RtC:?z—HPA

—uC —nk
3-HPA =] )
CS*HPA + Kd

h,,(X) = k,[PDOR] Caton -
KrTPDOR + C3—HPA{1+ KS_HPA

PDOR
i

hiz(x) = qPDX - DCPDe'
hlS(X) = qHAcX - DCHAC'
h14(x) = thOHX - DCEtOH!

g,(x)=D-0.5,
9,(x)=0.05-D,
95(x) = Cqr — 2039,
9,(x) =—Cyg,
gs(x) =m, —1000 ,
9s(X) = —Mg,

g,(x) = R—1000 ,
gs(x) =-R )

9y (X) = Mgy, —1000 ,
910(X) = Mgy,

91:(X) = Mppor —1000 ,
91,(X) = —Mppors

g,5(X) =[GDHt] —1000 ,
914(X) = -{GDHt],
0,:(x) =[PDOR] —1000 ,
gl6(x) =—[PDOR],
0;7(X) =X =5,
0,5(x)=0.05-X,
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g,6(X) = Cg, — 2039 ,

0,0(X) =—Cq,,
9,,(x)=Cq — 2039,
0,,(x) =-Cyg,

23(X) =Cy 1pa— 500,
0,4(X) ==C5_ipa;
025(X) = Cpp; —939.5,
26 (X) =—Copi,
9,,(x)=C,p.—939.5,
U25(X) = —Cope,

Up9(X) =Cpya. —1026 ,
U30(X) =—Cpinc,

93:(X) = Cp0 —360.9,
gsz(x) = _CEtOH'

Then grounded on the similar thought of [18], we can replace the optimization problem (59)
with a sequence of barrier equality constrained problems of the form:

min L, 00=100-p9 Y (),

subject to satisfying:
h; (x)=0, j=1,2, ..., 14, (60)

g,(x)+s=0,i=12,..,32,

where the integer k is the sequence counter, si >0 (i =1, 2, ..., 32) are the slack variables,
and p" are the barrier parameter with lim, _p* =0. As p* -0, the minimum of

fp(k)(x) approaches the minimum of f(x). The problem (60) is a sequence of equality
constrained problems. These are easier to solve than the original constrained problem (59).

Now we present the following algorithm to solve the optimization problem (59):

Step 1. Choose an initial barrier parameter p© , an initial point x® and the required solution
accuracy. Set iterative counter k = 0.

Step 2. At the k-th (k > 1) iteration of the algorithm, solve the barrier problem (60) by using a
technique of switching between a line search method that computes steps by factoring the
primal-dual equations and a trust region method that uses a conjugate gradient iteration [18].
By default, the algorithm first attempts to take a direct factorization step. If it cannot,
it attempts a trust region iteration that guarantees progress toward stationarity is invoked.

Step 3. If the problem (60) is solved to meet the required accuracy, then stop; else, reset the
barrier parameter p* so that p* < p*™® setk =k + 1 and go to Step 2.
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Optimization results
In the optimization computation of the problem (28)-(58) we set the initial barrier parameter

' of interior point method to be 0.1. The initial values of optimized variables and objective
are given in Table 2.

Table 2. Initial values of optimized variables and objective

Variable Representation Lower bound Initial value Upper bound Unit

X, D 0.05 0.05 0.5 h-t

X, Cqr 0 1000 2039 mmol/L
X, Mg 0 1 1000 h

X, R 0 1 1000 mmol/L
Xs Mapht 0 1 1000 h

X Mepor 0 1 1000 h

X, [GDHt] 0 1 1000 mmol/L
Xg [PDOR] 0 1 1000 mmol/L
Xq X 0.05 1 5 g/L

X1 Cee 0 1000 2039 mmol/L
X, Cq 0 1000 2039 mmol/L
X, Cspa 0 100 500 mmol/L
X3 Copi 0 100 939.5 mmol/L
X4 Cope 0 100 939.5 mmol/L
Xis Chiac 0 100 1026 mmol/L
X6 Ceion 0 100 360.9 mmol/L
XX, DCsp, 0 5 469.75 mmol/(L-h)

Table 3 shows the optimization result obtained by using the interior point method. In this
table, it can be seen that the maximum rate of 1,3-PD production is 114.3005 mmol/(L-h),
when the dilution rate D is 0.2857 h! and the initial glycerol concentration Csr is
730.7987 mmol/L. We can also conclude that the achieved maximum rate of 1,3-PD
production is increased more than 22.86 times its initial value. To check whether the obtained
optimal solution meets the equality constraints of the problem (28)-(58), we substitute it into
the left side of (29)-(42).

Table 4 presents the computed values of equality constraint functions in the problem (28)-(58)
at the optimal solution. From this table, it can be seen that the maximum magnitude of
equality constraint violation is 1.0x107, which is close to zero. This concludes that the
attained optimal solution has a very good feasibility for the problem (28)-(58).
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Table 3. Optimal values of optimized variables and objective

Variable Representation Lower bound Optimal value Upper bound Unit

X, D 0.05 0.2857 0.5 ht

X, Cqr 0 730.7987 2039 mmol/L
X Mg 0 1.6678 1000 h

X, R 0 2.9561x10°° 1000 mmol/L
Xy Mapht 0 0.3599 1000 h

X Mepor 0 0.0563 1000 h

X, [GDHIt] 0 0.2976 1000 mmol/L
Xq [PDOR] 0 0.0661 1000 mmol/L
X, X 0.05 2.8857 5 g/L

X1 Cs. 0 98.0986 2039 mmol/L
X, Cs 0 98.0962 2039 mmol/L
Xy, Csien 0 37.5360 500 mmol/L
X3 Coni 0 395.6144 939.5 mmol/L
X, Cooe 0 400.1021 939.5 mmol/L
Xis Cinc 0 116.5758 1026 mmol/L
X6 Ceion 0 42.3268 360.9 mmol/L
XX, DC;p. 0 114.3005 469.75 mmol/(L-h)

Table 4. Computed values of equality constraint functions
in the problem (28)-(58) at the optimal solution

Equality constraint function  Value
Left side of (29) —1.1x10716
Left side of (30) 4.6x10°Y
Left side of (31) 0

Left side of (32) 0

Left side of (33) 4.4x1071
Left side of (34) 2.2x10716
Left side of (35) 3.2x10718
Left side of (36) —5.7x107%
Left side of (37) —-1.0x10711
Left side of (38) ~-1.6x107%
Left side of (39) -3.0x10712
Left side of (40) 4.3x10714
Left side of (41) 7.1x107%°
Left side of (42) 3.6x107%°
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Conclusion

This paper has addressed the optimization of continuous bioconversion process of glycerol to
1,3-PD. The proposed nonlinear optimization model (28)-(58) can be transformed into a
sequence of barrier subproblems that are easy to solve. The maximum rate of 1,3-PD
production has been successfully achieved when the dilution rate is 0.2857 h™* and the initial
glycerol concentration is 730.7987 mmol/L. The approximation algorithm used in solving the
proposed optimization problem (28)-(58) not only can obtain a maximum rate of 1,3-PD
production, but also can yield an optimal operation condition that has a very good feasibility
for the problem (28)-(58). This suggests that the interior method is a good choice for dealing
with the optimization of continuous bioconversion process of glycerol to 1,3-PD.
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