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ABSTRACT

To improve the collagen production of recombinaithia pastoris during fermentation of induction [geain this
paper, the Placket-Burman and Box-Behnken desige agplied to optimize the fermentation medium (B¥M
Three variables (the concentration of yeast extrethanol and ammonia sulfate) which were provedhdee
significant effects on the production of collageerev selected from six variables by Placket-Burmasigh.
Through Box-Behnken design (BBD) regression cagffis analysis, a secondary degree polynomial égunatas
established, and the optimum levels of the thrembigs were as following: yeast extra 1.19%, peptd.18% and
glycerol 0.77%. From the 3D response surface péwtd 2D contour plots created by the BBD, it is #igantly
observed the interaction between yeast extra anthanel or yeast extra and ammonia sulfate. An ayera
production of 5.02 g/L after 84 h cultivation inetltoptimized BMMY media could be attained by thedatibn
experiments, which was 19.3% higher than the foyredtl of 4.05 g/L.
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INTRODUCTION

Collagen is the most abundant of all body prot§lisit is a major structural protein, forming molidar cables that
strengthen the tendons and vast, resilient shkeatstupport the skin and internal organs [2].THe ob collagen in
utilization has been known for a long time. Therefanultifarious applications have been developetthié food and
cosmetic as well as pharmaceutical industries [3-5]

Pichia pastorisis methyltrophic yeast that can be geneticallyimegred to express proteins for both basic research
and industrial use [6, 7]. Compared with mammataiisPichia does not require a complex growth medium or
culture conditions, is genetically relatively easymanipulate, and has a eukaryotic protein syighgathway.
Because of these characteristics, some proteit$y a8 G protein-coupled receptors, that cannot Xpeessed
efficiently in bacteria,Saccharomyces cerevisia® the insect cell/baculovirus system, have beearcessfully
produced in functionally active form iR. pastoris[8].As a rule of thumb, growing thBichia pastorito high
density and improving the volumetric productivig/the major objective of arijichia pastorisbased process [9].
This objective needs the well optimized growth raegirocess parameters, controlled fermentatioresystand
culturing strategies. Among these major complicatjdhe optimization of growth media should beghenary task
that needs to accomplish. The Placket-Burman defsignded by R.L. Plackett and J.P. Burman is aitiefit
statistical tool to screen factors which have digant effects on the production [10]. Responsefamar

methodology (RSM) is extensively used in recentryé¢al-13]. This method is time-savindeing able to predict
the response under untested sets of variablestadd the interactions amongst those factors, whaih help us to
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find the optimum values of the related factors. Soearly researches have been accomplished to aptimi
parameters of fermentation medium by responseirfeethodology (RSM) successfully [14-17].

In this study, the parameters of fermentation méligfered BMMY medium) including yeast extract,ppene,
methanol, ammonia sulfate, yeast nitrogen base (Ya# biotin for the collagen production by reconabitPichia
pastoriswere investigated, as previous works have not bessarched and reported on this area. Plackeit&@ur
design was employed initially for identifying thgsificant process parameters imposing major imfaeon cell
yield of Pichia pastoris Those parameters were then optimized by RSM. wiele work was under the aid of
Statistical software Minitab 16.0, release of Mahitnc.

EXPERIMENTAL SECTION

Microorganism and medium

The expression vector pPIC9k and host cell® opastorisGS115 containing thAOX1 promoter, which allows
rapid growth on methanol as the carbon source, weed for heterologous protein expression. ThekB.8eding
region for the CO3A1 gene from Human genomic DNA was amplified, using the primers
5'-CGGAATTCATGTTTCCCTCTCTC-3' and 5-CCCTCGAGTCAGTGTGGTGGTGGTGGTGT-3' cloned
into the pPIC9k vector at thEcoRl and NoTl sites for extracellular CO3A expression. The constructs were
linearized at the AOX1 promoter with Sacl and usedransform competent GS115 cells by electroponatien
transformants were selected on yeast extract-pegtertrose (YPD) medium containing 4 g/L of G418 fioe
extracellular production of recombinant COBA

Conditionsfor cell growth

At the stage of growth, cells from Pichia pastevese cultived on YPD (1% yeast extract, 2% pept@8e,glucose,
2% agar) at 3€ for 24 h. Operating at 220 rpm in 25 mL of bufttlBMGY medium (1% yeast extract, 2%
peptone, 100 mM potassium phosphate buffer at p=634% yeast nitrogen base (YNB) without aminmsc
4x10°% biotin, 1% glycerol). After 18 h cultivation, haast the cells by centrifuging at 1,500-3,000 gSaninutes
at room temperature. Decant supernatant and restiged pellet to an OD600 of 1.0 in BMMY mediumitaluce
expression.

Tablel. Levelsof Processparametersfor Plackett-Burman design experiment

. Variable Low level High level . Variable Low level High level
Variables code -1) (+1) Variables code -1) (+1)
Yeast extrg%, X1 0.8 1.2 YNB (%) X4 3 4.5
Peptone (%) X 1.4 21 Ammo(';/'g sulfate Xs 8 12
Me(tozjno' X3 1.2 18 Biotin (%) X 3x10° 4.5x10°

Table2. Plackett-Burman design for the screening of significant process parameter sinfluencing the collagen production

Collagen (g/L)

RunsYeast extr&eptoneMethanolYNBmmonia sulBiot . !
Experime Predic

1 -1 1 1 1 -1 +2.735 2.69:
2 -1 -1 1 -1 1 12346 2.10¢
3 1 -1 -1 -1 1 +3.456 3.33:
4 1 -1 1 1 -1 13.262 3.28¢
5 1 1 1 -1 -1 +3.936 3.81:
6 -1 -1 -1 1 -1 13.252 3.12¢
7 1 -1 1 1 1 +2.233 2.37:
8 -1 1 -1 1 1 +2.658 2.51:
9 -1 1 1 -1 1 12160 2.40¢
10 1 1 -1 1 1 13.243 3.40¢
11 -1 -1 -1 -1 -1 +3.038 3.35:
12 1 1 -1 -1 -1 14.612 4.54¢

Analysis methods

The Cell density was measured turbidimetrically6@0 nm with spectrophotometer (UNICO Model 2082PCS,
USA). Collagen level was calculated by the analg$ithe corresponding band of SDS-PAGE using Baad$c0
software.

Optimization of process parameters

Identifying the significant variables using PladkBtrman design
For the identification of significant variables foollagen production, a variety of fermentation meus (yeast extra,
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peptone, methanol, YNB, ammonia sulfate and biotieje tested and identified via the Plackett-Burrdarign
experiment. A total of six parameters were incluftadidentification, with each variable represenstdwo levels:
-1 for a low level and +1 for a high one.Tablelastrates the factors under investigation and tleeiels employed
in the experimental design.A design of 12 experitmemas generated and response values were measyred
production in Table 2.

The effect of each variable on the production diagen was calculated by the following equation:
Eqi=(XMi-XMi.)/N(2)

whereE,effect of tested parameteid;.andVi.are the production of collagen from the experimentas in which
the variables were tested at their maximum andmini levels respectivel\ is the number of experiments.

Response surface methodology

The next step in the formulation of the medium wasletermine the optimum levels of significant ahtes for
collagen production. For this purpose, the respaséace methodology (RSM), using a Box-Behnkenigies
(BBD), was adopted for the augmentation of totdlagen production. The significant variables uslizwere as
follows: yeast extraX;), methanol X3) and ammonia sulfateX§), each of which was assessed at three coded levels
(low (-1), medium (0), high (+1)), as is shown iable 3. A total of 17 experiments were conductell variables
were taken at a central coded value, which wasidered as zero. The minimum and maximum range$i®f t
variables were used, and the full experimental pliah regard to their values in coded form is pd®d in Table 4.

The response values (Y) in each trial were theageeof the duplicates.

Table3. Box-Behnken design plan in coded value and the observed response

Coded levels Collagen production (g/L)
RUN orde X1 Xs Xs  ExperimentalPredicted
1 1 0 -1 3.23131  3.275
2 0 1 -1 1.870 1.920
3 -1 1 0 1.628 1.632
4 -1 0 1 2.916 2.865
5 0 -1 -1 3.384 3.360
6 1 -1 0 2.286 2.282
7 1 0 1 3.588 3.635
8 0 1 1 2.128 2.160
9 -1 -1 0 2.359 2.458
10 0 -1 1 2.220 2.160
11 0 0 0 4.546 4.900
12 1 1 0 1.768 1.668
13 0 0 0 4,797 4.900
14 0 0 0 5.43835  4.900
15 0 0 0 4.8882 4.900
16 -1 0 -1 425183  4.185
17 0 0 0 4.82248  4.900

Statistical analysis and modeling

The data obtained from RSM on collagen productioerewsubjected analysis of variance (ANOVA). The
experimental results of RSM were fitted via thepmsse surface regression procedure. The followinggon was
used for coding the variables, Eq. (2)

Xi=(Xi-Xo)/4i 2

wherex; is the dimensionless value of an independent vigiiandX; is the real value of an independent variaKle,
is the value ofXat the average point, and theisthe step change. The corresponding design andtgesf
experiments carried out with the Box-Behnken desigme given in the Table 3. The second degree paiyal
equation is:

Yi=fot YAXi+ Y BiX P+ By Y; (3)

Y; is the predicted responsgandX; are the independent variablgsjs the offset termy; is theith linear coefficient;
Bii is theith quadratic coefficient; angj; is theijth interaction coefficient. In this study, howevtre independent
variables were coded as,Xs, and X. Thus, the second order polynomial equation capresented as follows:

Y:ﬂo+ﬂ1X1+ﬂ3X3+ﬁ5X5+ﬂ11X12+ﬂ33X32+ﬂ55X52+ﬂ13X1X3+[)’15X1X5+ﬂ35X3X5 4)

The statistical software package, Design-ExpertStat{Ease, Inc., Minneapolis, MN, USA) was used tfo
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regression analysis of the experimental data. Tdiisscal significance of the model equation ane tmodel terms
was evaluated via the Fisher’s test. The qualitfitaif the second-order polynomial model equatieas expressed
via the coefficient of determination {Rand the adjusted?’RThe fitted polynomial equation was then expressed
the form of three-dimensional surface plots, ineortb illustrate the relationship between the resps and the
experimental levels of each of the variables @&dizn this study. The point optimization method \easployed in
order to optimize the level of each variable forximaum response. The combination of different opieci
variables, which yielded the maximum response, dedsrmined in an attempt to verify the validitytioé model.

RESULTSAND DISCUSSION

Screening of parameters using Plackett-Burman design

A total of six variables were analyzed with regémaheir effects on collagen production using ackédt-Burman
design (Table 1). 12 runs arrayed in the experin@study the effects of the selected variabletherproduction of
collagen shown in Table 2.Variations ranging froh&to 4.612 g/L in the production of collagen lve t12 trials
were observed by Plackett-Burman design. The adgoofathe model was calculated, and the variablédeacing
statistically significant effects were screened Stadent’s t-test for ANOVA (Table 4). Factors eamting P-values
of less than 0.05 were considered to have sigmifieffects on the response, and were thereforetseldor further
optimization studies. Ammonia sulfate, with a proitity value of 0.003, was determined to be the hsignificant
factor, followed by yeast extract (0.004), and raathi (0.01). The lower probability values indicatee more
significant factors on the collagen production. @h¢hese three significant variables screenedstyexetra, exerted a
positive effect, whereas the other two variablesthanol and ammonia sulfate, exerted negative tsffen the
collagen production. Meanwhile, the other thregaldes, i.e. peptone, biotin and YNB with confidedevels much
lower than 95% were considered to be insignificant.

Table4. Statistical analysis of Plackett-Burman design for collagen production in six variables

Variables Coefficient Std. Dev. t-value P-value
Intercept  3.07777 0.07494 41.072 0.000

X1 0.37950 0.07494 5.064 0.004
Xz 0.14638 0.07494 1.953 0.r¥08
X3 -0.29891  0.07494 -3.989 0.01C0
Xa4 -0.18049  0.07494 -2.409 0.06F
Xs -0.39482  0.07494 -5.269 0.003
X 0.06839 0.07494 0.913 0.403

R*=94.10% R(adj) = 87.02%;* Non-significant at P < 0.05% Significant positive effect Significant negative effect.

Optimization of significant variables using response surface methodology

With the significant factors selected, a three l&@x-Behnken design experiment with 17 runs (5 t€epoints)
was employed to study the interaction between edlcr among the three significant factors seleeteove and
their optimal levels and to fit the second ordelypomial model. The other variables in this resharaintained at
a constant level which led to the highest collagenduction in the Plackett-Burman design experimeiithe
statistical combinations of the critical parametaieng with the maximum observed and predictedageih
production are listed in Table 3. These predicatatlies were very close to the observed ones irsetllof
experiments. The highest collagen production 088.4/L and the lowest production of 1.57 g/L weleserved.
The significance of every coefficient was deterrdify Student’s t-test and P-value which were listedable 5.
The Student’s t-test is used to determine the fiogmice of the regression coefficients of the pat@ms. The
P-values are used as a tool to check the signifecari each of the coefficients, which, in turn aecessary to
understand the pattern of the mutual interactidméen the test variables. The larger the magnitaidee t-value
and smaller the P-value, the more significant & tbrresponding coefficient. The parameters estimaid the
corresponding P-values suggest that among thedésbles the collagen production is significaraffected by the
antagonistic effect of the quadratic ternXgf X2 andXs2

Table5. Regresson coefficients and their significance for response surface quadratic model

Variables Coefficient estimated Standard Error Itwwa P-value  F-value

intercept 4.898518 28.282 -7.493  0.0000 < 0.0001
X1 -0.03533 33.669 5.246 0.001 0.7112
X3 -0.35682 18.352 10.184 0.000 0.0059
Xs -0.23571 27.528 -0.023 0.982 0.0368

X1Xs3 0.053238 12.625 -7.009 0.000 0.6933
X1Xs 0.422868 5.611 -15.781  0.000 0.0138
X3Xs 0.355528 12.625 -4.005 0.005 0.0287
X4 -0.89619 8.635 0.411 0.693 0.0002
X3? -1.99223 12.953 3.265 0.014 <0.0001
Xs? -0.50564 8.635 2.745 0.029 0.0052
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R-Sq=97.37% Adj R-Sq= 93.98%

As is shown in Table 5, by applying multiple regiies analysis on the experimental data, the folawi
second-order polynomial equation was found to regmrethe collagen productiodd:

Yc=4.900.035%;-0.36X5-0.24Xs+0.053K; Xg+ 0.42X, X+ 0.36X3X5-0.90, - 1.99X.%-0.51Xs>  (5) where Ycis the
predicted response, variabig, Xzand Xs are the coded values of the test variables oftyedsa, methanol and
ammonia sulfate, respectively.

The fit of the model equation can be tested bydétermination coefficient Rwhich provide a measure of how
much variability in the observed response valuesteaexplained by the experimental factors and th&ractions.

In this experiment, the Rralue, 0.9819, indicates that 98.19% of the valitabin the response could be explained
by the model. As well, the adjusted determinatioefficient (adjusted &0.9587) is also very high to advocate for
a high significance of the model. These ensurecatisfactory adjustment of the polynomial model te t
experimental data. The adjusted ¢rrects the Rvalue for the sample size and the number of thegén the
model. If there are many terms in the model andstmaple size is not large the adjustédniy be noticeably
smaller than the RHere the adjusted’Rvas smaller than the’Ralue [18, 19].

Meanwhile, the analysis of variance (ANOVA) for pesse surface quadratic model is summarized ineT@bT he

28.75 Model F-value implies the model is significand adequate and the F-value for lack of fit is 0.05. The high

F-value and non-significant lack of fit indicateaththe model is in good fit. The P-value for thed®lo(0.000) and
for lack o fit (0.983) also suggests that the almdi experimental data is considered to be statiltisignificant
[20].

Table6. Analysisof variance (ANOVA) for the fitted quadratic polynomial model of the optimization of collagen production

Source DF SeqSS AdjMS F P
Regression 9 25,5269 2.8363 42.27  0.000

Linear 3 1.4730 2.7182 40.51 0.000

Square 3 22.8217 7.6072 113.36  0.000
Interaction 3 1.2322 0.4107 6.12 0.023
Residual error 7 0.4697 0.0671 — —_—

Lack of fit 3 0.0382 0.0127 0.12 0.945

Pure error 4 0.4316 0.1079 — —

Total 16 25.9967 — — —

I nteractions between the operational variables

Response surface plots offer ways to predict thiagen production for different values of the telstariables and
the contours of the plots help in identificationtloé type of interactions between these varialidash contour curve
represents an infinite number of combinations o6 tigsted variables with the other two maintainedhair
respective zero level. A circular contour of resposurface indicates that the interaction betwkertérresponding
variables is negligible. In contrast, an elliptical saddle nature of the contour plots indicated the interaction
between the corresponding variables is significaihe 3D response surface plots and 2D contour plsthe
graphical representation of regression equatiorergdiy used to visualize the relationship betwea esponse,
experimental levels of each variable and type @fraction between the variables to deduce the optirmonditions
[21]. The response surface contour plots for tifiecebf each pair of variables are shown in Fids.1-
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Fig.1 Response surface plot and contour plot of the effects of yeast extra and methanol
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Fig.3 Response surface plot and contour plot of the effects of methanol and ammonia sulfate

Fig.1 shows that there is no significant interactlmetween yeast extra and peptone, which is evifferm the
relatively circular nature of the contour curvesitithe increase of the concentration of methanminf1.05% to
1.2%, the collagen production significantly increghdrom 1.628 to 4.251 g/L at a low concentratibyenst extra,
and increased from 1.768 to 3.578 g/L at a higkllef yeast extra. When the concentration of yeasa was near
1.2%, increasing the concentration of methanol fth65% to 1.2% to some extent favored the accuiounlaif
collagen, and any further increase in its valuesilted in decreased collagen production. The 3D aial its
respective contour plot facilitated the identifioat of the optimum levels of yeast extra and metthahhe analysis
of Figure 1 reveals that the optimal concentratibyeast extra was around 1.2%, and the concemtrafi methanol
was around 1.2%.

Figure 2 depicts the 3D plot and its correspondiogtour plot showing the effects of yeast extra antnonia
sulfate on the collagen production, while the methavere fixed at its middle level. There was siigaint mutual
interaction between yeast extra and ammonia suMdtih is also evident from the relatively ellgal nature of the
contour curves. When the concentration of yeastaewias near 1.2%, increasing the concentrationnohania
sulfate from 0.7 to 0.8% to some extent favoredabeumulation of collagen, the collagen produciimereased
from 3.231 to 5.438 g/L, and any further increasés values resulted in decreased collagen pramuctVith the
increase of the concentration of ammonia sulfaienfd.7 to 0.8%, the collagen production signifibaimcreased
from 2.916 to 4.252 g/L at a low concentration e&st extra, and increased from 3.231 to 3.587 igd_tagh level
of yeast extra. The analysis of Figure 2 reveasttie optimal concentration of ammonia sulfate arasind 0.8%.
Figure 3 presents 3D plot and its correspondingaorplot showing the effects of methanol and amiaculfate
on the collagen production, while the concentratidnyeast extra was fixed at its middle level. Thavas a
significant mutual interaction between methanol ammonia sulfate. Under the moderate concentrabibn
ammonia sulfate, the collagen production increag#uincreasing the concentration of methanol frb®b to 1.2%,
and any further increase in its values resultedeitreased collagen production.

The significance of the interaction between yeasitaeand methanol and between yeast extra and ararsolfate
could partly illustrate the fact that yeast extraghtains complex nutrients such as vitamin, noceid, lipid and
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other substances, and it might be necessary favtyrand production of secondary metabolites frororabes and
thus it is the key nutrient material which contrdfe biosynthesis of this protein.[22]This fact heso been
suggested previously during other enzyme produceigeriments on nitrogen repression effects.

Validation of the optimized results

By solving the regression equation through MATLAB TThe MathWorks, Inc., Natick, MA, USA) and arehg

the response surface plots, the optimal valuesheftést variables in coded unit were as follows:-0.0972,
X3=-0.1205,Xs=-0.3178, and the corresponding real values wersty@dra 1.19%, peptone 1.18% and glycerol
0.77%, respectively. Based on these optimal vaxiddlels, the predicted maximum production of asla of P.
pastorisis 4.96 g/L. Validation experiment was carried,aud the final DCW reached 5.02 g/L. This shows an
excellent correlation between the experimental@edicted values, which was 19.3% yield higheramparison to
the yield before optimization.

CONCLUSION

The improvement of production (1.19 fold) showed thptimization work was successful for the prodhrctof
collagen ofP. pastoris.Statistical analysis has been proved to be a usefiipowerful tool in developing optimum
fermentation medium. As far as known, there argapmrts about BMMY fermentation medium optimizatiom
the production of collagen d®. pastoris the present study provides a valuable refereacéddth laboratory and
factory approach. This knowledge is very importgatticularly for optimizing the performance anchimizing the
operation cost for an industrial fermentation peses.
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