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Abstract PsaA, a candidate antigen for a vaccine against

pneumonia, is well-conserved in all Streptococcus pneu-

moniae serotypes. A sequence of two-level experimental

designs was used to evaluate medium composition and seed

conditions to optimize the expression of soluble mature

PsaA in E. coli. A face-centered central composite design

was first used to evaluate the effects of yeast extract (5 and

23.6 g/L), tryptone (0 and 10 g/L), and glucose (1 and

10 g/L), with replicate experiments at the central point

(14.3 g/L yeast extract, 5 g/L tryptone, 5.5 g/L glucose).

Next, a central composite design was used to analyze the

influence of NaCl concentration (0, 5, and 10 g/L) compared

with potassium salts (9.4 g/L K2HPO4/2.2 g/L KH2PO4),

and seed growth (7 and 16 h). Tryptone had no significant

effect and was removed from the medium. Yeast extract

and glucose were optimized at their intermediate concen-

trations, resulting in an animal-derived material-free

culture medium containing 15 g/L yeast extract, 8 g/L

glucose, 50 lg/mL kanamycin, and 0.4% glycerol, yielding

1 g/L rPsaA after 16 h induction at 25�C in shake flasks at

200 rpm. All the seed age and salt conditions produced

similar yields, indicating that no variation had a statistically

significant effect on expression. Instead of growing the seed

culture for 16 h (until saturation), the process can be con-

ducted with 7 h seed growth until the exponential phase.

These results enhanced the process productivity and

reduced costs, with 5 g/L NaCl being used rather than

potassium salts.

Keywords Design of experiments (DoE) � Modeling �
Optimization � Response surface methodology (RSM) �
Statistical experimental design

Introduction

Pneumococcal surface adhesin A (PsaA) is a 37-kDa cell

membrane-associated, surface-exposed lipoprotein, which

is hydrophobic, immunogenic, genetically conserved, and

detected on all different known Streptococcus pneumoniae

serotypes ([90 isolates). PsaA is essential for the virulence

of this species [7, 24]. The immunogenic lipoprotein PsaA

is a potential candidate antigen for the development of a

protein vaccine capable of inducing serotype-independent

protection against S. pneumoniae [1, 2, 8, 24], owing to its

potential to reduce nasopharyngeal colonization, its high

degree of conservation, and its widespread occurrence

among the different pneumococcal serotypes. PsaA is also

an important pneumococcal vaccine target because to

induce herd immunity against S. pneumoniae, it is crucial

to elicit protection against carriage, as pneumococcal

infection is usually acquired from carriers rather than from

infected individuals [2, 3, 7, 10]. Several studies employing

different vaccine strategies have indicated that PsaA is
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effective in preventing colonization and is protective

against carriage; studies of the immunization of mice with

PsaA and other antigens have presented promising pro-

tective results [3, 7, 10, 22, 26, 28]. These proteins might

serve as a vaccine by themselves, but it is more likely that

they would be more effective in conjunction with poly-

saccharide–protein conjugates or as carriers for polysac-

charides [28] or other proteins or adjuvants, stimulating

immune responses to non-immunogenic antigens [8]. The

expensive commercially available vaccines are based on

polysaccharides and the protection is limited in young

children and elderly, the group most susceptible to pneu-

mococcal diseases; conjugated vaccines induce immunity

against limited specific serotypes [1, 2].

PsaA has a hydrophobic signal peptide and a trans-

membrane region at the N-terminal sequence. The cleav-

age of this signal sequence results in a mature protein with

32.5 kDa. Our previous results indicated that expression in

E. coli of the PsaA with the hydrophobic leader sequence

was lower than the expression of mature PsaA [14]. On

the basis of the results indicating PsaA as a potential

vaccine candidate, the gene corresponding to mature PsaA

from S. pneumoniae serotype 14, the most prevalent in

Brazil [15], was previously cloned by our research group

in a kanamycin-resistant plasmid, without purification tags

[14]. The optimization of the induction conditions (iso-

propyl b-D-1-thiogalactopyranoside (IPTG) concentration,

temperature, and time), with a view to enhancing mature

PsaA (rPsaA) yields and reducing process costs, was

performed using experimental design techniques and

resulted in the expression of the recombinant protein at

25�C for 16 h, with 0.1 mM IPTG in Terrific Broth (TB)

medium supplemented with 1% glucose, 0.4% glycerol,

and 50 lg/mL kanamycin. Under these conditions, around

0.8 g mature rPsaA/L per culture medium was expressed

in E. coli BL21 StarTM (DE3) by pET28a induction

with IPTG, corresponding to around 30–35% of the total

protein [14].

To develop a process for the purposes of mature rPsaA

production in E. coli, the next objective was to study a

cheaper process by optimizing the medium composition to

substitute TB medium. In particular, the removal of tryp-

tone from the culture medium formulation was evaluated

for the purposes of compliance with health agency regu-

lations, because tryptone is obtained from the breakdown

of bovine casein by trypsin, which is an animal source.

Seed conditions were also evaluated. Considering these

aspects, in this work, the medium formulation (yeast

extract, tryptone, glucose, and salt concentrations) and seed

conditions were optimized using experimental design to

reduce the cost of the production of mature rPsaA in E. coli

for use as a potential candidate in a vaccine against

pneumonia.

Materials and methods

Plasmid and expression system

The mature PsaA gene (870 bp) from S. pneumoniae

serotype 14 was cloned into the pET28a expression vector

(Novagen, EMD Chemicals, Inc., Gibbstown, NJ, USA)

with IPTG induction. E. coli BL21 StarTM (DE3) (Invit-

rogen, Carlsbad, CA, USA) was used as the expression

host. Cloning techniques and chemicals were reported in

Larentis et al. [14].

Cell viability determination

The viability of cells from stocks of recombinant E. coli

BL21 StarTM (DE3)/pET28a/psaA in LB (5 g/L yeast

extract, 10 g/L tryptone, and 10 g/L NaCl, pH 7 adjusted

with NaOH) with 25% glycerol stored at -70�C was

evaluated by counting colony forming units (CFU). Serial

dilutions were performed in PBS pH 7.4 (8 g/L [137 mM]

NaCl, 0.2 g/L [2.7 mM] KCl, 1.44 g/L [10 mM] Na2HPO4,

0.24 g/L [2 mM] KH2PO4). A 10-lL aliquot of the sample

diluted from 106- to 1010-fold was plated in LB agar (LB

broth with 1.5% (w/v) agar) with 50 lg/mL kanamycin,

after which the plates were incubated for around 18 h at

37�C to obtain isolated colonies. From the glycerol stock

containing 2.2 9 1011 CFU/mL (with around 15% error in

counting analysis), 10 lL was inoculated.

Expression

Recombinant E. coli BL21 StarTM (DE3)/pET28a/psaA

was cultivated in 10 mL seed culture with inoculation of

10 lL of cells from the glycerol stock in TB medium

(23.6 g/L yeast extract, 11.8 g/L tryptone, 9.4 g/L potas-

sium phosphate dibasic [K2HPO4], 2.2 g/L potassium

phosphate monobasic [KH2PO4], pH 7.2) supplemented

with 1% glucose, 0.4% glycerol, and 50 lg/mL kanamycin

at 37�C and 200 rpm in 50-mL Erlenmeyer flasks. The seed

culture was grown for 16 h until the stationary phase

(absorbance at 600 nm near 5).

The seed culture was stored at 4�C for 4–5 h to allow for

expression to be performed overnight, using the following

procedure: 2% of this saturated seed culture was diluted in

100 mL media of different compositions in 500-mL

Erlenmeyer flasks, resulting in an initial absorbance at

600 nm of around 0.1. Cells were grown at 37�C and

200 rpm until the exponential phase was reached (Absind

0.8–0.9), at which point 0.1 mM IPTG was added. After

IPTG induction, mature rPsaA was expressed at 25�C for

16 h. Each medium had its yeast extract, tryptone, and

glucose content varied according to the experimental

design and all the media were supplemented with
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0.4% glycerol and 50 lg/mL kanamycin. The expression

level after 16 h induction was compared with the total

protein extract obtained from the cells before IPTG

induction (uninduced samples). E. coli BL21 StarTM

(DE3)/pET28a (plasmid without any gene inserted in the

cell) was used as a negative control. The culture medium

obtained from the supernatant after 16 h induction was

used for the determination of pH and glucose concentra-

tion, as described below.

Cell growth, glucose concentration,

and pH measurements

Cell growth was measured by absorbance at 600 nm using

a Thermo Genesys spectrophotometer (Thermo Fisher

Scientific Inc., Waltham, MA, USA). The glucose con-

centration was determined by an enzymatic colorimetric

method using glucose oxidase (LABORLAB, Guarulhos,

SP, Brazil) and analyzed by absorbance at 500 nm. Sam-

ples were diluted tenfold, when necessary, in order to

ensure reaction linearity (until 450 mg/dL, according to the

manufacturer). The pH after 16 h induction was deter-

mined using standard solutions at pH 4.0 and 7.0. The

initial pH for all the culture media tested was 7.0.

Quantification of rPsaA expression by densitometry

analysis

The pellets from 1-mL expression samples (uninduced and

after 16 h induction) harvested by centrifugation were

resuspended in 20 mM Tris and 1 mM EDTA (pH 8) buffer

according to the ratio of 250 lL buffer to each

Abs600nm = 1. Cell disruption for preparation of the total

protein extract and soluble fraction was performed

according to that previously reported by Larentis et al. [14].

The mature rPsaA expression was evaluated using total

protein extract samples by densitometry analysis of the

band areas from the SDS-PAGE corresponding to 32.5 kDa

and calculated by comparison with a molecular weight

standard, which yielded bands with similar intensity to

rPsaA. Different kinds of proteins were used in the standard

marker to minimize errors associated with different Coo-

massie Blue binding characteristics. Also, a standard curve

was run from 1 to 15 lg BSA in SDS-PAGE (using 10-lL

samples) to confirm the intensity of the bands and evaluate

the errors associated with this technique. The errors calcu-

lated from the comparison of the nominal values with the

calculated values were greater than 20% for samples of over

6 lg and 30% for samples of over 8 lg. For this reason, the

bands relating to 16 h induction were considered until 5 lg

for the calculations in the densitometry analysis, whose

absorbance measurement could be used in the Beer–Lam-

bert law to determine protein concentration.

Experimental design for evaluation of medium

composition and statistical analysis

The analysis of the effects of three independent variables in

the medium composition (yeast extract, tryptone, and glu-

cose concentrations) on the expression of soluble mature

rPsaA in E. coli BL21 StarTM (DE3)/pET28a/psaA was

performed using face-centered central composite experi-

mental design. The statistical evaluation of the effects of the

composition medium variables on the expression of rPsaA,

the response surface methodology (RSM), and the analysis

of variance (ANOVA) were performed with the help of the

STATISTICA 9.1 software (StatSoft, Inc., Tulsa, OK,

USA) using the coded variable at levels -1 (lowest value of

the experimental conditions used), ?1 (highest value of the

experimental conditions), and 0 (central point condition,

defined as the intermediate value in the range of each var-

iable), which are described in Table 1 (first design).

By normalizing each variable under analysis, their

effects can be compared without the influence of the

magnitude of the interval employed for each one. The

experiments at the central point condition (0) of all

the variables were performed to analyze experimental error

and to check the curvature of the responses. The replicates

at the central point were used to calculate the average and

standard deviation for each response (cell growth, protein

expression, glucose concentration, and pH). The signifi-

cance of each linear and quadratic coefficient and inter-

action was determined using Student’s t test at a 0.05

probability level (95% confidence level). The effects were

statistically significant when the p value was less than 0.05.

For the statistical evaluation of rPsaA expression, the

variables with p values no greater than 0.15 (85% confi-

dence level) were considered statistically significant

because of the variability associated with the recombinant

expression process and analytical methods involved. Every

time a different set of runs of the experimental design was

carried out, one or two assays at the central point condi-

tions were added, so that the statistical analysis could give

a more realistic assessment of the experimental error

inherent to the process.

A second-order polynomial model including all the

linear, quadratic, and linear interaction coefficients was

used to calculate the predicted response, as indicated in the

equation below, where x1, x2, and x3 are the coded values of

independent variables, b0 represents the medium/intersec-

tion, bi is the linear coefficient, bii is the quadratic coeffi-

cient, bij the linear interaction in the model, and Y is the

dependent variable of interest designed to optimize the

medium formulation with the best levels of mg rPsaA/L:

Y ¼ b0 þ b1x1 þ b11x2
1 þ b2x2 þ b22x2

2 þ b3x3 þ b33x2
3

þ b12x1x2 þ b13x1x3 þ b23x2x3
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Validation of experimental design results for medium

optimization

The experimental design results were validated in triplicate

at the highest rPsaA expression levels using a less expensive

culture medium whose composition was reached by model

analysis (15 g/L yeast extract, 9.4 g/L K2HPO4, 2.2 g/L

KH2PO4, 8 g/L [0.8%] glucose, 50 lg/mL kanamycin, and

0.4% glycerol) at 25�C, 200 rpm, 16 h induction with

0.1 mM IPTG. Tryptone was not included in the medium.

Evaluation of the effects of salt and seed conditions

The culture medium defined by model analysis (15 g/L

yeast extract, 8 g/L [0.8%] glucose, 9.4 g/L K2HPO4,

2.2 g/L KH2PO4, initial pH 7) was compared with different

salt conditions (10 g/L NaCL, 5 g/L NaCl, and no salt)

rather than potassium salts, and with the same yeast extract

and glucose concentrations. The culture medium was

supplemented with 50 lg/mL kanamycin and 0.4% glyc-

erol. In order to reduce the process time, the seed culture

grown to saturation (16 h) was compared with seed growth

for 7 h until it reached the exponential phase (absorbance

at 600 nm in the range of 2.5–3), when the cells were

inoculated for the expression assays. Expression was per-

formed as described in the ‘‘Expression’’ section.

The effect of NaCl concentration and seed growth on the

expression of soluble mature rPsaA was analyzed using a

central composite design, containing all the combinations of

the two variables and the central conditions in duplicate, as

described for the second design in Table 1. In this experi-

mental design, the time used for the second variable was

related to the age of the seed culture: condition -1 corre-

sponded to growth until the exponential phase, whereas ?1

related to the stationary growth phase (Table 1). In this

way, samples were not taken during seed growth, as warned

against by Rodrigues and Iemma [25] for batch systems,

thus avoiding having time as an independent variable. This

is the reason why the central condition was performed in

two different runs: 5 g/L NaCl and 7 h (growth until

exponential phase) and 5 g/L NaCl and 16 h (seed growth

until stationary phase).

The statistical analysis was performed in the same way

as it was for the medium variables, with the effects being

considered statistically significant when the p value was

less than 0.05. In this experimental design, only linear

effects and linear interactions could be evaluated.

Confirmation of optimized conditions comparing

100- and 400-mL shake flasks

The optimized culture medium and seed conditions were

tested for the same volume at which the experimental

design was carried out (100-mL culture volume in 500-mL

Erlenmeyer flasks) and also at a four times greater volume

(400-mL culture volume in 2-L Erlenmeyers).

Results and discussion

An efficacious and cheaper vaccine against pneumococcal

diseases is one of the priorities for the public health system

in Brazil [14]. In this work, a sequence of experimental

designs was used to optimize the process conditions for the

expression of recombinant mature PsaA from S. pneumo-

niae in E. coli. The analysis of the conditions for the

expression of rPsaA was performed to attain higher protein

yields, reduce production costs, and fulfill regulatory

requirements for the large-scale production of this potential

vaccine candidate at Bio-Manguinhos/Fiocruz. The strat-

egy employed in this work was to evaluate these conditions

in shake flasks, and to use experimental design and

Table 1 Values and corresponding coded levels (-1, 0, and ?1) of

independent variables for medium composition used in the face-

centered central composite experimental design for three variables

(first design) and for two variables in a central composite experi-

mental design (second design)

Variable Code -1 0 ?1

First design

Yeast extract x1 5 g/L 14.3 g/L 23.6 g/L

Tryptone x2 0 g/L 5 g/L 10 g/L

Glucose x3 1 g/L 5.5 g/L 10 g/L

Second design

NaCl – 0 g/L 5 g/L 10 g/L

Seed growtha – 7 h (exponential phase) 7 h

16 h

16 h (stationary phase)

a The central level (0) corresponds to an intermediate value between the -1 and ?1 interval of each variable, except for the seed growth age, as

explained in ‘‘Materials and methods’’
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statistical tools to evaluate the conditions for scaling up the

optimized process in a bioreactor in future studies.

Preliminary results in Luria–Bertani (LB) medium indi-

cated that both the expression of mature rPsaA per cell and

cell growth were lower in the LB medium than they were in

the TB medium, i.e., that the yield of soluble recombinant

protein was higher in the richer medium (TB). However,

higher process variability was verified in TB when different

yeast extract and tryptone batches were compared, because

of the high concentration of complex components in this

medium and the batch-to-batch variations inherently asso-

ciated with these ill-defined components [9]. In addition,

TB is more expensive than LB. Also, similar expression

levels of mature rPsaA were achieved using 10 g/L NaCl

rather than potassium salts with the same yeast extract and

tryptone concentrations in the TB culture medium. Simi-

larly, when the LB medium was buffered with potassium

salts, expression was found to be in the same range as the

expression obtained in LB with NaCl. On the basis of these

preliminary data, experimental design tools were used to

optimize the medium formulation in the production of

mature rPsaA in E. coli to obtain similar expression levels

using a poorer culture medium as had been obtained in the

soluble fraction using TB in a bid to evaluate:

1. The influence of the yeast extract concentration

comparing 5 g/L used in the LB medium (-1) with

23.6 g/L used in the TB medium (?1), and 14.3 g/L at

the central point (0)

2. The removal of tryptone (-1) from the culture

medium, in comparison with using 10 g/L tryptone

(?1) (a similar concentration to that used in the LB

and TB culture media), and 5 g/L at the central

point (0)

3. The influence of glucose concentration in the medium:

1 g/L or 0.1% (-1), 10 g/L or 1% (?1), and 5.5 g/L or

0.55% at the central point (0)

4. NaCl, the salt present in LB medium, in different

concentrations: 0 g/L (-1), 5 g/L (central point), and

10 g/L (?1), and compare with the potassium salts

(9.4 g/L K2HPO4 and 2.2 g/L KH2PO4) present in TB

5. Seed conditions for the inoculation of E. coli BL21

StarTM (DE3)/pET28a/psaA in the shake flask exper-

iments in order to reduce the process time, comparing

seed growth for 16 h until the stationary phase (?1)

with 7 h growth until the exponential phase (-1)

In order to evaluate the effects of yeast extract, tryptone,

and glucose on mature rPsaA expression, a face-centered

central composite design was employed. Once it had been

selected what yeast extract, tryptone, and glucose concen-

trations would be used in the culture medium formulation,

the influence of NaCl instead of potassium salts was tested, as

was the inoculation of the E. coli culture at the exponential

phase rather than a saturated culture (seed growth condi-

tions), in order to optimize mature rPsaA production.

As discussed by Lee et al. [16], much effort has been

expended to improve recombinant expression systems by

manipulating the genetic factors; however, studies into the

expression of recombinant proteins usually fail to consider

the effects of the composition of the medium in which cell

growth and protein synthesis occur, despite research on

microbial culture in the biotechnology industry for several

decades having made it clear that there is no universal

medium because cells generated by cloning have pheno-

types that are physically and physiologically different. The

productivity of a protein is greatly affected by the nutrient

composition of the medium [6]. Also, it is well known that

the production of secondary metabolites in bacterial strains

depends on the composition of the medium and that a high

concentration of a certain component may inhibit the

synthesis of a specific metabolic formulation required for

protein production [16]. Because of the large number of

process variables and the metabolic complexity of micro-

organisms, the evaluation of the medium composition is

often overlooked. When it is studied, the most common

strategy is to evaluate the influence of the different vari-

ables by changing them one at a time, failing to take

experimental error into account or the interactions between

the individual medium components and the microbial

metabolism, possibly leading to misinterpretation of the

data. This is also time-consuming, especially when there

are many variables involved [6, 11, 13, 16, 23]. As no

single set of culture conditions can be applied to different

kinds of cells, a screening and development approach is

necessary for optimal performance and for reducing time

and costs. Statistical optimization and experimental design

have proved to be very effective when several variables

have to be considered and the relative importance of each

one is not yet known [16, 30]. Experimental design can be

used to evaluate which variables and which variable

interactions influence recombinant protein expression,

information that cannot be obtained from methods that vary

one variable at a time. Recently, researchers have given

more attention to the effect of culture medium on protein

expression, and more articles have been published that

make use of experimental design tools. Experimental

design has been used by other research groups to optimize

the culture medium composition for recombinant protein

expression in E. coli [4, 6, 9, 11, 16, 19, 20, 23, 29, 30] or

seed conditions and inoculum level/density [11, 21, 27].

Statistical analysis of the effects of yeast extract,

tryptone, and glucose

Under all the expression conditions, including the different

yeast extract, tryptone, and glucose concentrations, the
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recombinant mature PsaA was obtained in a soluble form

in Tris 20 mM/EDTA 1 mM (pH 8). E. coli BL21 StarTM

(DE3) without plasmid (negative control) did not show a

protein band corresponding to rPsaA. Results for cell

growth, residual glucose, pH after 16 h induction, and

mature rPsaA (mg/L) are shown in Table 2, and estimated

effects of each variable and p values in Table 3.

Cell growth ranged from 4.5 for the poorer media from

run 1 (yeast extract concentration equivalent to LB medium

without tryptone and with 1 g/L glucose) to 7–7.5 in the

higher glucose concentrations. The replicates at the central

point had an average Abs600nm of 6.5 ± 0.6 (relative error

around 10%). When bacterial growth was compared with

1 g/L and 10 g/L glucose but keeping the same yeast extract

and tryptone conditions, a lower growth was obtained at the

lower glucose concentration. Cell growth was statistically

influenced by the glucose concentration used in the culture

medium, whose p value was lower than 0.05.

Glucose was added to the culture medium to repress the

T7 promoter (preventing expression before the addition of

IPTG) and also as a carbon source for bacterial growth. In

the assays performed with 10 g/L, the highest glucose

value (runs 5–8), a residual glucose concentration of

around 3 g/L was detected after 16 h induction (in the

range of 2.3–4 g/L) for all the yeast extract and tryptone

conditions, except for run 21 (14.3 g/L yeast extract, 5 g/L

tryptone, 10 g/L glucose), for which nearly 1 g/L glucose

was detected after 16 h induction (Table 2). The glucose

was nearly depleted at the end of the entire process in all

the experiments with the lower concentrations (1 and 5.5 g/L).

The initial glucose concentration in the culture medium had

a statistically significant effect (p \ 0.05) on residual

glucose after 16 h induction (Table 3). When the tryptone

concentration corresponded to the -1 level (without any

tryptone), glucose uptake was near 100% for the whole

range of yeast extract concentrations for 1 and 5.5 g/L

initial glucose. Tryptone concentration in the culture

medium had no statistical effect on glucose consumption

(p [ 0.05). The pET28a manufacturer recommends the

use of 1% (10 g/L) glucose to ensure repression of the

Table 2 Results of face-centered central composite experimental design for evaluation of the effects of yeast extract, tryptone, and glucose

concentrations on media formulation with 9.4 g/L K2HPO4, 2.2 g/L KH2PO4, 50 lg/mL kanamycin, and 0.4% glycerol. Comparison between

experimental and predicted rPsaA expression data (mg rPsaA/L)

Runa x1 (yeast

extract)

x2

(tryptone)

x3

(glucose)

Cell growth

(Abs600nm)

Residual

glucose (g/L)

Final

pH

rPsaA

(mg/L)

Predicted

(model)b
Relative

error (%)c

1 -1 -1 -1 4.57 0.0 6.75 505 435 13.8

2 1 -1 -1 4.89 0.0 6.86 715 732 -2.4

3 -1 1 -1 5.22 0.0 6.92 561 604 -7.6

4 1 1 -1 5.70 0.0 6.90 807 715 11.4

5 -1 -1 1 5.41 3.8 6.32 595 639 -7.3

6 1 -1 1 7.58 2.3 6.01 1,179 1,088 7.7

7 -1 1 1 6.42 4.0 6.41 721 656 9.1

8 1 1 1 6.51 3.2 6.12 898 919 -2.4

9 0 0 0 7.33 0.2 6.20 876 842 3.9

10 0 0 0 5.90 0.1 6.21 795 842 -5.9

11 0 0 0 6.09 0.1 6.25 804 842 -4.7

12 0 0 0 6.12 0.1 6.26 837 842 -0.6

13 0 0 0 5.99 0.0 6.27 769 842 -9.4

14 0 0 0 7.26 0.1 6.27 932 842 9.7

15 0 0 0 7.02 0.0 6.19 853 842 1.3

16 -1 0 0 7.11 0.0 6.46 740 701 5.2

17 1 0 0 6.95 0.0 6.21 925 982 -6.1

18 0 -1 0 7.56 0.0 6.36 900 842 6.5

19 0 1 0 6.87 0.0 6.34 827 842 -1.8

20 0 0 -1 5.11 0.0 7.00 520 622 -19.5

21 0 0 1 7.16 0.9 6.05 734 825 -12.5

a Experiments were performed at 37�C until Absind 0.8–0.9, when IPTG was added (0.1 mM) for expression of rPsaA for 16 h at 25�C in shake

flasks (200 rpm) at an initial pH of 7
b Model obtained for rPsaA (mg/L)
c Relative error (%) = ((experimental data - predicted by model)/experimental data) 9 100 for rPsaA (mg/L)
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T7 promoter. Results for 1 g/L (tenfold lower than the

suggested concentration) confirmed that there was no

expression leakage at the lowest glucose concentration

[14]. Basal expression is generally undesirable because of

the reduction in the available energy for growth during

recombinant expression, and it may also lead to inhibition

or even cell death if the protein is toxic to the host [18].

Decreasing the glucose concentration did not reduce bac-

terial growth in this rich medium, i.e., the media contained

a high enough yeast extract concentration to ensure a

source of carbon and nitrogen.

No significant reduction in the pH was observed in any

of the conditions tested owing to the presence of potassium

salts. The lowest values were around 6 in the experiments

performed with the highest glucose concentrations. The

errors associated with the pH measurements calculated

using the replicates at the central point were below 1%.

Glucose and yeast extract had a statistical influence on the

culture’s final pH (p \ 0.05, as shown in Table 3),

although this acidification was mitigated by the potassium

salts in the medium formulation. As discussed by Man-

derson et al. [18], glucose is metabolized to acetic acid and

this can affect culture growth, e.g., by affecting the pH.

The culture medium was also supplemented with glycerol,

whose concentration stayed constant at 0.4%. Glycerol is

an alternative carbon source to glucose because it does not

lead to acetate formation. Acetate accumulation in glucose-

bearing media has been described when E. coli is grown

under anaerobic/oxygen-limiting conditions or in excess

glucose, even under aerobic conditions [17].

Mature rPsaA was expressed over 16 h, at 25�C, at a

range of 500–1,000 mg/L (Table 2). Replicates at the

central point resulted in an average rPsaA concentration of

838 ± 55 mg/L (relative error has been found to be around

10%). Statistical analysis indicated that both the yeast

extract and the glucose concentrations had an influence on

rPsaA expression in the soluble fraction (Table 3). The

main effect of the yeast extract on expressed recombinant

PsaA was the linear parameter. The glucose concentration

had a significant linear (positive) and quadratic effects on

the expression of recombinant mature PsaA. The interac-

tions between all the variables were also statistically sig-

nificant, considering p values no greater than 0.15.

In order to verify whether the expression of rPsaA was

proportional to cell growth, a linear correlation was eval-

uated using the experimental design results. The linear

correlation coefficient obtained was quite low (R2 = 0.6),

indicating that the concentration of rPsaA produced was

not proportional to cell growth and also depended on

protein production per cell. The proportionality of process

productivity to the final cell mass and the specific protein

productivity is discussed in the literature, as the majority of

heterologous proteins are intracellularly accumulated in

recombinant E. coli [17]. However, as observed by Nikerel

et al. [20], the production of a recombinant protein may not

have a linear correlation with cell growth. The propor-

tionality between protein expression and cell growth was

also evaluated for the different yeast extract concentrations

tested in the experimental design (respectively the con-

centrations equivalent to the LB and TB media) and higher

linear correlation coefficients were obtained in these con-

ditions (R2 near 0.95). The protein production per cell for

the LB media (with and without tryptone) was around 25%

lower than it was for TB, for both 0.1 and 1% glucose,

Table 3 Estimated effects, standard errors, and p values for cell growth, rPsaA, residual glucose, and pH after 16 h induction using a face-

centered central composite design for evaluation of the effects of yeast extract, tryptone, and glucose concentrations on media formulation

Factor Cell growth (Abs600nm) Residual glucose (g/L) Final pH rPsaA expression (mg/L)

Estimated

effectsa
p valuesb Estimated

effectsa
p valuesb Estimated

effectsa
p valuesb Estimated

effectsa
p valuesb

Mean/Interc. 6.73 – 0.22 0.000 -0.1 ± 0.2 0.616 6.26 – 0.03 0.000 825 – 23 0.000

Yeast extract (L) x1 0.58 ± 0.43 0.206 -0.5 ± 0.4 0.222 -0.15 – 0.05 0.016 280 – 45 0.000

Yeast extract (Q) x1
2 -0.10 ± 0.82 0.909 0.8 ± 0.7 0.251 0.05 ± 0.10 0.607 61 ± 85 0.489

Tryptone (L) x2 0.14 ± 0.43 0.748 0.2 ± 0.4 0.549 0.08 ± 0.05 0.172 -16 ± 45 0.728

Tryptone (Q) x2
2 0.27 ± 0.82 0.745 0.8 ± 0.7 0.251 0.08 ± 0.10 0.423 123 ± 85 0.177

Glucose (L) x3 1.52 – 0.43 0.005 2.8 – 0.4 0.000 -0.70 – 0.05 0.000 204 – 45 0.001

Glucose (Q) x3
2 -1.89 – 0.82 0.042 1.7 – 0.7 0.027 0.43 – 0.10 0.001 -350 – 85 0.002

x1 x2 -0.48 ± 0.48 0.341 0.2 ± 0.4 0.668 -0.03 ± 0.06 0.654 -93 – 50 0.091

x1 x3 0.37 ± 0.48 0.465 -0.6 ± 0.4 0.176 -0.17 – 0.06 0.015 76 – 50 0.156

x2 x3 -0.38 ± 0.48 0.447 0.3 ± 0.4 0.503 -0.003 ± 0.06 0.967 -76 – 50 0.157

a Estimated effects ± standard errors
b Significance level of the variables and their interactions: p\ 0.05 indicates that the term is statistically significant (highlighted in bold). For

rPsaA expression, the statistical analysis was performed with p B 0.15
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confirming the influence of yeast extract concentration on

recombinant protein expression (p \ 0.05), as shown in

Table 3.

RSM and ANOVA validation of the model

A model for rPsaA expression was obtained by RSM based

on face-centered central composite design in order to select

the conditions to optimize protein production. The model is

represented in the following equation and graphically in

Fig. 1 (p B 0.15 for statistically significant variables):

mg rPsaA=L ¼ 825þ 140 x1 þ 102 x3 � 175 x2
3

� 46 x1x2 þ 38 x1x3 � 38 x2x3:

R2 was found to be around 0.85, which means that the

models could explain 85% of the total variations in the

experimental data. The model was also validated by

ANOVA. The F value calculated for the model was 12.8,

which was higher than the tabulated value F df Reg, df Res, a =

F 6, 14, 0.15 = 1.91, where df Reg and df Res are the degrees

of freedom for the model/regression and the residues,

respectively, at the 0.15 probability level (a value). In

other words, at the 85% confidence level, Fcalculated greater

than Ftabulated indicated the significance of the model. The

value of R2 and ANOVA indicated that the second-order

polynomial model was capable of representing the

experimental data. The model for rPsaA expression

(mg/L) was also validated by comparing the experimental

and predicted data (as shown in Table 2). The relative

errors for each experiment confirmed the model was

good enough to represent the experimental data, consid-

ering the variability inherent to the complex process under

analysis.

Model analysis

As indicated by the estimated effects (Table 3), tryptone

was not found to have a significant effect on any of the

analyzed responses (cell growth, expressed rPsaA, glucose

concentration, pH after 16 h induction), which meant this

variable could be taken out of the model because it was

tested in the range from 0 to 10 g/L. These results indicated

that this component could be removed from culture med-

ium formulation without impairing the process perfor-

mance. Then, the response surface was plotted (Fig. 1) for

tryptone coded as -1 (without this component).

The surface plot in Fig. 1 shows that in the whole range

tested, from 5 to 23.6 g/L, the expression of rPsaA was

enhanced at higher yeast extract concentrations. Results for

the yeast extract concentrations higher than the interme-

diate condition (*15 g/L) were comparable with the

highest values (800–1,000 mg/L) obtained in shake flasks

for mature rPsaA expression in TB medium containing

23.6 g/L yeast extract [14]. For the lowest yeast extract

values, used with LB medium (5 g/L), a significant

expression reduction was verified (around 40–50%),

resulting in about 400–600 mg/L. The glucose concentra-

tion of 1 g/L resulted in significantly lower expression

yields. Recombinant PsaA production was enhanced for

higher glucose concentrations until a maximum value near

the central point condition. For media formulations without

tryptone (Fig. 1), there was a plateau in the mg/L rPsaA

response for glucose concentrations higher than 5.5 g/L (at

the central point) until the maximum tested concentration

(10 g/L), meaning that the rPsaA expression results were

similar throughout this glucose range. At the plateau, the

maximum rPsaA expression levels were obtained for each

yeast extract concentration. At each different glucose and

yeast extract concentration, the surface presented a differ-

ent color as a result of interaction between both variables.

At the intermediate yeast extract concentration (*15 g/L),

in the plateau observed from 5 to 10 g/L glucose, the result

was similar because of the quadratic effect of glucose on

rPsaA expression.

Although tryptone is rich in amino acids, salts, and

phosphates [23], it was possible to remove it from the

culture medium because the carbon and nitrogen sources

from the yeast extract and glucose were enough for cell

growth and recombinant protein expression in the experi-

ments performed in shake flasks. In high density cultiva-

tions of E. coli in a bioreactor, obtaining higher growth

rates, these concentrations would have to be adjusted to

prevent substrate limitation. For other proteins described in

the literature [23], and pneumolysin from S. pneumoniae

expressed in the same system as PsaA [14], tryptone had a

positive effect on protein production in E. coli. The

enhancement of recombinant protein expression in E. coli
Fig. 1 Response surface for rPsaA expression (mg/L) for glucose and

yeast extract without tryptone (at level -1)
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with a higher yeast extract concentration was also descri-

bed in other works using similar shake flask conditions and

in the same range of concentrations in the culture medium

[4, 29, 30]. Chen et al. [4] reported that yeast extract was

effective as a nitrogen source to improve recombinant

protein expression.

Validation of experimental design results for medium

optimization

Statistical and model analyses were used to define an

optimal medium composition for mature rPsaA expression

at 16 h induction with 0.1 mM IPTG at 25�C. Similar

protein expression results for the culture medium with and

without tryptone led to the removal of this component from

the optimized medium. Yeast extract concentration should

be kept to a minimum while keeping the highest possible

levels of rPsaA expression; its optimization was defined

around the intermediate condition (15 g/L), where the

highest values (near to 1,000 mg/L) were obtained with a

lower yeast extract concentration than in the TB medium,

as discussed above. The optimal glucose concentration was

chosen in view of the fact that no expression leakage was

verified in the range of glucose concentrations tested

(0.1–1%), and to ensure growth without carbon source

limitations in view of the removal of tryptone from the

medium and the reduction of yeast extract. As the cost of

glucose is low, there is less batch-to-batch variation, and

the pH reduction associated with its metabolism did not

have a significant influence (and drastic acidification is

prevented by the presence of potassium salts), 0.8% (8 g/L)

was the glucose concentration selected for use in the

optimal culture medium in shake flasks.

The results for cell growth and mature rPsaA expression

after 16 h induction with 0.1 mM IPTG at 25�C, 200 rpm,

in 500-mL shake flasks, and 100 mL growth medium

(15 g/L yeast extract, 9.4 g K2HPO4, 2.2 g KH2PO4, 8 g/L

glucose supplemented with 50 lg/mL kanamycin and 0.4%

glycerol) were in the same range as the highest values

obtained in the experimental design, but achieved at a

reduced cost in comparison to the TB medium [14].

Duplicate runs were performed for 16 h growth of seed

culture and average results were Abs600nm 7.0, residual

glucose 1.5 g/L, pH 6.1, and 931 mg rPsaA/L. The

experimental results for rPsaA (mg/L) agreed well with

those predicted by the model in optimized medium con-

ditions (Table 4). The error verified for the model was low

in the conditions near the maximum values and the vali-

dation showed the objectives were attained.

The entire process used in the experimental design

experiments for media optimization and validation took

around 40 h: 16 h for overnight seed growth until satura-

tion (Abs600nm near 5); 4–5 h for storage of seed culture at

4�C; 2 h growth until Absind 0.8–0.9 at 37�C; 16 h for

overnight rPsaA expression at 25�C. Cold storage was used

to adjust the interval for both overnight processes; how-

ever, it could be eliminated if seed growth was performed

for 7 h, until the exponential phase, instead of 16 h. The

performance of the process under the validation condition

using 7 h seed culture growth was similar to 16 h seed

growth.

Evaluation of the effects of salt and seed conditions

On the basis of the results of the seed condition adjustment

for the validation of the experimental design for medium

optimization, the influence of this variable was analyzed.

Sunitha et al. [27] evaluated the effect of the growth time of

seed used as an inoculum on experimental design, with

around 3 h seed age leading to enhanced recombinant

protein expression in comparison with overnight seed cul-

ture. We also tested the substitution of the potassium salts in

the TB medium (9.4 g/L K2HPO4 and 2.2 g/L KH2PO4) for

NaCl (salt present in LB), aiming to reduce costs and

enhance the purification performance. A central composite

design was used to evaluate the influence of seed growth

(7 and 16 h) and NaCl concentration in the medium (0, 5

and 10 g/L), using duplicates of each condition. The results

for the central composite experimental design for the two

variables are shown in Table 5.

In the medium with potassium salts, the pH fell less

(final pH around 6) than when NaCl was used (Table 5) in

the medium composition (final pH in a range of 5–6).

However, NaCl can replace potassium salts, because pH

Table 4 Experimental results for rPsaA expression (mg/L) compared with results predicted by the model under optimized medium conditions

Parameter Range studied (g/L) Optimal values Coded values Predicted Experimentala

Yeast extract 5–23.6 15 g/L x1 = 0.075 rPsaA (mg/L) 864 931

Tryptone 0–10 Without tryptone x2 = -1 Relative error = 7.2%

Glucose 0.1–10 8 g/L x3 = 0.555

Optimized conditions were 15 g/L yeast extract, 8 g/L glucose, potassium salts (9.4 g K2HPO4, 2.2 g KH2PO4). Seed growth was conducted for

16 h until saturation
a Experimental values are the means of the duplicates (error around 10%)

J Ind Microbiol Biotechnol (2012) 39:897–908 905

123



reduction did not significantly influence the yield of

expressed protein, as indicated by the results shown in

Table 5. The residual glucose concentrations after 16 h

induction without any salt and with NaCl (4–5.1 g/L,

Table 5) were more than three times higher than the

residual glucose when potassium salts were used (1.5 g/L).

These results show the influence of the medium composi-

tion, such as ion concentrations, on bacterial metabolism.

Reducing glucose levels in culture media with NaCl could

be considered for future studies, which would reduce costs

and curb acidification.

Neither variable was statistically significant for cell

growth, rPsaA expression, residual glucose, or pH after 16 h

induction under the different seed culture and NaCl con-

centrations listed in Table 5, because the p values associated

with both parameters’ effects were higher than 0.05, indi-

cating that all the conditions resulted in similar process

performances. However, the salt present in the medium

influences the purification of rPsaA by ion exchange. Pre-

vious studies found that the addition of NaCl reduced the

interaction of the contaminants in the column, enhancing

yields and purities obtained for mature rPsaA purification in

the weak anionic Sepharose HiTrap DEAE FF [14]. Thus,

the optimized condition was chosen that had the shorter

process time (seed culture for 7 h growth) and that enhanced

the yield purification process by the presence of NaCl in the

medium for cell growth (using a salt concentration of 5 g/L

NaCl). The growth rate at the exponential phase obtained for

the seed culture of E. coli BL21 StarTM (DE3)/pET28a/psaA

for 7 h at 37�C in TB was 1.15 h-1, a similar value to growth

rates associated with plasmid-free, wild-type E. coli or l
before induction, indicating that the recombinant strain was

at its best state under these conditions [12].

The culture medium formulation and seed conditions

were optimized and the process was performed in 25 h as

follows: 7 h seed culture growth in TB until the expo-

nential phase was reached (around Abs600nm 2.5–3); this

culture was used as the seed for 2 h growth at 37�C in

the optimized medium (15 g/L yeast extract, 5 g/L NaCl,

8 g/L glucose) until Absind 0.8–0.9, when 0.1 mM IPTG

was added for overnight rPsaA expression for 16 h at 25�C.

Under these conditions around 1 g/L soluble recombinant

protein was obtained (condition CP1 in Table 5).

The entire process under the optimized seed and med-

ium conditions took 25 h, which means around 35% time

saving in comparison to the 40 h of the previous process

[14]. These results allowed time and process cost savings,

but kept similar expression levels, around 1 g mature

rPsaA/L per culture medium, corresponding to yields as

high as those of soluble recombinant protein in E. coli

described in the literature [5]. In terms of process pro-

ductivity, this expression level means 40 (mg/L)/h, i.e., a

100% increase in comparison to the 20 (mg/L)/h obtained

in the expression in TB [14].

Confirmation of optimized seed and culture medium

conditions in 400 mL scale-up

The optimized medium (15 g/L yeast extract, 5 g/L NaCl,

8 g/L glucose supplemented with 0.4% glycerol and

Table 5 Results for different conditions of central composite experimental design for two variables: seed age and NaCl concentration at 16 h

induction

Runa Expb Seed age (h)c NaCl (g/L) Cell growth

(Abs600nm)

Residual

glucose (g/L)

Final

pH

rPsaA

(mg/L)

1 1 7 (-1) 0 (-1) 7.29 4.6 5.32 1,031

2 1 7 (-1) 0 (-1) 6.21 4.0 5.40 732

3 2 16 (?1) 0 (-1) 6.69 4.3 5.38 800

4 2 16 (?1) 0 (-1) 5.90 4.1 5.44 755

5 3 7 (-1) 10 (?1) 6.16 5.1 5.35 824

6 3 7 (-1) 10 (?1) 5.69 4.2 5.43 773

7 4 16 (?1) 10 (?1) 4.75 5.1 5.18 735

8 4 16 (?1) 10 (?1) 5.21 4.1 6.02 731

9 CP1 7 (-1) 5 (0) 7.38 3.9 5.19 928

10 CP1 7 (-1) 5 (0) 7.72 4.0 5.14 1,017

11 CP2 16 (?1) 5 (0) 7.76 4.4 5.64 939

12 CP2 16 (?1) 5 (0) 7.86 4.5 5.76 1,049

Variables were determined in a medium with 15 g/L yeast extract, 8 g/L glucose supplemented with 50 lg/mL kanamycin and 0.4% glycerol,

pH 7
a Experiments were performed at 37�C until induction (Absind 0.8–0.9) with 0.1 mM IPTG for 16 h at 25�C, 200 rpm, in 500 mL shake flasks
b Experiments performed in duplicate
c Validated medium tested with 16 h seed growth (until saturation) and 7 h seed growth (until the exponential phase)
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50 lg/mL kanamycin) and seed conditions (growth for 7 h,

until the exponential phase) were performed in triplicate

using a 400-mL volume in 2-L shake flasks. Under these

conditions, cell growth (5.1 ± 0.4) was around 20% lower

than the experiments performed using 100 mL medium,

leading to 850 ± 50 mg rPsaA/L obtained in the soluble

fraction. The yield obtained from 400 mL was 12.5%

lower than that obtained in the experiments using 100 mL

culture medium in 500-mL shake flasks. This decrease can

be associated with a fall in oxygen transfer, because despite

keeping the same ratio of culture and shake flask volumes

in both conditions, aeration is not so efficient in higher

volumes [13]. A similar reduction in expression in the

400-mL culture/2-L shake flask was obtained for the

TB medium (Abs600nm around 6.0 and 851 mg rPsaA/L).

Glucose after 16 h induction (5.3 ± 0.9 g/L) and pH (5.5)

in 400 mL were in the same range as the experiments using

100 mL culture medium (Table 5), but slightly higher due

to the reduced cell growth.

Conclusions

Experimental design techniques proved to be valuable tools

for the optimization of process conditions for the expres-

sion of soluble mature rPsaA in E. coli BL21 StarTM

(DE3)/pET28a. The sequence of two-level experimental

designs employed made it possible to evaluate the effects

of the medium composition and seed growth in order to

enhance the production of this potential vaccine candidate,

achieving higher process yields and productivities (by

reducing process time) and lower raw material costs. In all

conditions in which the expression was performed, the

mature rPsaA protein was retained in the soluble fraction.

Tryptone could be removed altogether, which fulfills health

legislation restrictions, leading to the formulation of an

animal-derived material-free culture medium. Yeast

extract, glucose, and NaCl concentrations (rather than more

expensive potassium salts) were optimized at their inter-

mediate concentrations, resulting in a culture medium

comprised of 15 g/L yeast extract, 8 g/L glucose, and

5 g/L NaCl, leading to a significant cost reduction (to about

a third of the original value) in comparison to the TB

medium used formerly for expression of this antigen in

E. coli [14], and yielding around 1,000 mg/L rPsaA.

Instead of growing the seed culture for 16 h (until satura-

tion), the process can be conducted with 7 h seed growth

until the exponential phase. These results allowed a 35%

reduction of the entire process time and a 100% enhance-

ment of the process productivity in comparison to the

previous process (40 (mg/L)/h cf. 20 (mg/L)/h obtained in

the expression of rPsaA in TB medium).

In addition, the development of chemically defined

media could be a feasible alternative for substituting the

complex components used in culture media, especially the

inexpensive complex carbon and nitrogen sources that are

mostly used to yield high productivities in commercial

bioreactions [9, 19]. Fontani et al. [9] showed that chem-

ically defined media are attractive for the production of

health products from a regulatory point of view and also

ensure higher process production consistency (avoiding

batch-to-batch variability). A suitable approach for devel-

oping the formulation of this kind of media with large

numbers of process variables with an experimental work-

load as small as possible is to conduct batch experiments in

a parallel approach applying experimental design tools and

then to perform scaling-up to bioreactors adjusting aera-

tion, agitation, and substrate concentrations to prevent

substrate limitation due to the higher growth rates reached

in high density cultivations of E. coli.
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