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a b s t r a c t

The gene corresponding to mature PsaA from Streptococcus pneumoniae serotype 14 was cloned into a
plasmid with kanamycin resistance and without a purification tag in Escherichia coli to express high levels
of the recombinant protein for large-scale production as a potential vaccine candidate or as a carrier for
polysaccharide conjugation at Bio-Manguinhos/Fiocruz. The evaluation of induction conditions (IPTG
concentration, temperature and time) in E. coli was accomplished by experimental design techniques
to enhance the expression level of mature recombinant PsaA (rPsaA). The optimization of induction pro-
cess conditions led us to perform the recombinant protein induction at 25 �C for 16 h, with 0.1 mM IPTG
in Terrific Broth medium. At these conditions, the level of mature rPsaA expression obtained in E. coli
BL21 (DE3) Star by pET28a induction with IPTG was in the range of 0.8 g/L of culture medium, with a
10-fold lower concentration of inducer than usually employed, which contributes to a less expensive pro-
cess. Mature rPsaA expressed in E. coli BL21 (DE3) Star accounted for approximately 30–35% of the total
protein. rPsaA purification by ion exchange allowed the production of high-purity recombinant protein
without fusion tags. The results presented in this work confirm that the purified recombinant protein
maintains its stability and integrity for long periods of time in various storage conditions (temperatures
of 4 or �70 �C using different cryoprotectors) and for at least 3 years at 4 or �70 �C in PBS. The confor-
mation of the stored protein was confirmed using circular dichroism. Mature rPsaA antigenicity was pro-
ven by anti-rPsaA mouse serum recognition through western blot analysis, and no protein degradation
was detected after long periods of storage.

� 2011 Elsevier Inc. All rights reserved.
Introduction

Streptococcus pneumoniae is the causal agent for streptococcal
pneumonia and other forms of invasive disease such as meningitis,
bacterial sepsis and otitis media (middle ear infection). Approxi-
mately 5–10% of adults and 20–40% of children are asymptomatic
carriers of this streptococcus species, and only a small percentage
of carriers develop invasive disease. Because S. pneumoniae is
responsible for more than 1 million deaths annually worldwide
(mostly occurring in developing countries and in at-risk
ll rights reserved.

tis), medeiros@bio.fiocruz.br
populations as young children, elderly and immune-compromised
individuals) and, recently, is more frequently associated with anti-
biotic resistance, it is still a considerable health burden for society
[1–3].

The Gram-positive serotyping of S. pneumoniae is based on
surface carbohydrates. More than 90 serotypes are known, and
the serotypes most frequently isolated from patients in Brazil
were 1, 3, 4, 5 and 14 [4]. Three licensed vaccines against
S. pneumoniae are commercially available: Pneumovax, Prevnar
and Synflorix. Pneumovax (Merck), a 23-valent capsular polysac-
charide vaccine licensed in Brazil since 1992, has a strong effi-
cacy in adults but a poor efficacy in infants and young
children (<2 years) because they lack mature B cells, which re-
spond better to carbohydrate antigens [1,2,5,6]. The low immu-
nogenicity of polysaccharide vaccines in children and the
elderly has led to the development of polyvalent conjugate
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vaccines, which comprise different polysaccharides conjugated to
carrier proteins, such as tetanus or diphtheria toxoid [2]. Prevnar
or Prevenar (Wyeth), a heptavalent conjugated vaccine licensed
in Brazil since 2001, has a strong efficacy in infants and young
children (�90%) but provides poor protection against less com-
mon serotypes (especially outside USA) [2,3,7]. The conjugated
10-valent vaccine is a commercially named Synflorix (GSK –
GlaxoSmithKline Biologicals). Through technology transfer
agreement between the Brazilian Ministry of Health/Fiocruz/
Bio-Manguinhos and GSK, the 10-valent vaccine was incorpo-
rated into the public vaccination calendar of the Brazilian
National Immunization Program (Programa Nacional de
Imunizações, PNI) in March 2010.

The 10-valent vaccine under technology transfer by Bio-
Manguinhos/Fiocruz presents a high-cost process production,
and while protecting against main serotypes that cause disease
in Brazil, the coverage of Brazilian serotypes by this conjugated
vaccine is not complete. As an alternative to the expensive con-
jugate vaccines, diverse virulence proteins have been investi-
gated in the last two decades as potential vaccine antigen
candidates [1–3,5–11] or as carriers for polysaccharides, aiming
to enhance coverage for serotypes absent from conjugate vac-
cines. The most important described proteins are: the pneumo-
coccal toxin pneumolysin [12]; neuraminidases [13], such as
NanA and NanB; autolysins [14], such as LytA, LytB and LytC;
choline-binding surface proteins family, such as pneumococcal
surface protein A (PspA) [15], whose choline-binding repeats
are responsible for the attachment of PspA to the surface of
the pneumococcus, PspC [16] and choline-binding protein A
(CbpA) [17]; a lipoprotein called pneumococcal surface adhesin
A (PsaA2) [18–21]; hyaluronate lyase (Hyl), a hyaluronidase that
hydrolyses hyaluronan of the extracellular matrix of tissues and
possibly contributes to the invasiveness of S. pneumoniae [22];
the putative proteinase maturation protein A (PpmA) [23]; PiuA
and PiaA (formerly Pit1A and Pit2A), the lipoprotein components
of two S. pneumoniae iron ABC transport systems called Piu (pneu-
mococcal iron uptake) and Pia (pneumococcal iron acquisition)
[24]; a family of cell surface-exposed pneumococcal homologous
proteins named the pneumococcal histidine triad (Pht), which in-
cludes PhtA, PhtB, PhtD and PhtE [25], and S. pneumoniae histidine
proteins (PhP), which includes PhpA, PhpB and PhpC [26] and
have also been identified as the BVH-3 and BVH-11 families,
respectively [27]; and the PavA protein (pneumococcal adherence
and virulence factor A), which has been identified as a
pneumococcal fibronectin-binding protein [28]. The majority of
pneumococcal serotypes isolated to date express many of these
immunogenic proteins [29]. More recently, new targets have been
investigated for a pneumococcus subunit vaccine, including the
proteins a-enolase (Eno) and the streptococcal lipoprotein rotam-
ase A (SlrA) [30]; the heat shock protein ClpP protease [31]; the
pneumococcal protective protein A (PppA), which is a surface-ex-
posed protein [32]; the IgA1 protease, which cleaves the hinge re-
gion of the human immunoglobulin A1 heavy chain [33]; the
polyamine transport protein D (PotD) [34] and the pilus proteins
(the subunits RrgA, RrgB and RrgC), which contribute to adherence
and virulence and elicit host inflammatory responses [35]. New
potential genes also have been identified by exploiting the
genome sequences of S. pneumoniae [7,9,36–38] by the screening
2 Abbreviations used: PsaA, pneumococcal surface adhesin A; CCD, central compos-
ite design; IPTG, isopropyl b-D-1-thiogalactopyranoside; TB, terrific broth; PBS
phosphate buffered saline; NCBI, National Center for Biotechnology Information
SDS–PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; EDTA, ethyl-
enediaminetetraacetic acid; BSA, bovine serum albumin; DEAE FF, diethylaminoethy
sepharose fast flow; BCA, bicinchoninic acid; PBSTB, PBS–Tween 20 (0.05%)–BSA
(0.25%); IgG, immunoglobulin G.
,
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of libraries from clinical isolates [39], reverse vaccinology [7,38] or
proteomics strategies [40,41]. This group of potential targets in-
cludes the surface protein Spy0416 [40] and the putative cell
wall-associated lipoate protein ligase (Lpl) [41], which were both
identified by proteomic analyses; a pneumococcal collagen-like
protein (PclA), which was identified by analysis of S. pneumoniae
sequenced genomes [42]; and two protein antigens conserved
among clinical isolates: the protein required for cell wall separa-
tion of group B streptococcus (PcsB) and serine/threonine protein
kinase (StkP), which were identified by genomic surface libraries
[43].

The pneumococcal proteins described above present a range
of biologic activities, indicating that they act at different stages
of the pathogenic process [5]. Immunization with each of these
pneumococcal proteins alone, in combination with each other
or in combination with capsular polysaccharide-protein conju-
gates has been shown to elicit a significant level of protection
in animal models against one or more S. pneumoniae serotypes,
and these proteins may be useful as pneumococcal vaccine com-
ponents [44–46]. Many researchers have indicated that a vaccine
cannot be developed with a single antigen, and the best ap-
proach is incorporating a mixture of pneumococcal proteins
(multi-protein vaccine), which are selected by their ability to
protect against pneumococcal bacteremia and sepsis, pneumonia,
otitis and other forms of invasive disease, as well as against
pneumococcal carriage. Different virulence factors could target
more than one mechanism for pneumococcal invasion, adhesion,
infection and colonization [11,29,44–46]. Combinations of
diverse pneumococcal proteins may provide the best non-
serotype-dependent protection against S. pneumoniae. Such pro-
teins might serve as a vaccine by themselves but, more likely,
could be used in conjunction with polysaccharide-protein
conjugates or as carriers for polysaccharides [6,15] or other
proteins or adjuvants, stimulating immune responses to
non-immunogenic antigens [47].

One of these promising targets for protein vaccine develop-
ment is the pneumococcal surface adhesin A (PsaA), a 37-kDa
cell membrane-associated and surface-exposed lipoprotein,
which is hydrophobic, immunogenic, genetically conserved and
detected on the surface of all known S. pneumoniae serotypes
(>90 isolates) [29,48–51]. PsaA presents an identity of 97–100%
among the S. pneumoniae genomes deposited in the NCBI data-
base. PsaA is essential for the virulence of S. pneumoniae
[5,51,52]. The high degree of conservation of PsaA and its wide-
spread occurrence among several pneumococcal serotypes makes
it a suitable potential candidate antigen for a serotype-
independent vaccine covering a broad range of pneumococcal
infections [2,51]. PsaA remains an important vaccine target be-
cause to induce herd immunity against S. pneumoniae, it is
crucial to elicit protection against carriage, as acquisition of
pneumococcal infection is usually from carriers rather than from
infected individuals [29,44,53]. Several studies indicate that PsaA
presents a potential application as a vaccine target [2,21,29,44–
47,50,53–57].

Based on the results that indicate PsaA as a potential target,
this work shows the molecular cloning, expression in E. coli
and its purification, aiming at the large-scale production of the
recombinant protein for testing its potential as vaccine candidate
or carrier for polysaccharide conjugation at Bio-Manguinhos/
Fiocruz. The study of induction conditions to enhance expression
levels of recombinant PsaA (rPsaA) in E. coli was performed by
experimental design techniques using a central composite de-
sign. The purified mature protein was monitored in storage over
3 years to analyze the stability and integrity of the recombinant
protein, which are as important as the levels of protein
production.
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Materials and methods

Plasmid and expression system

The psaA gene from S. pneumoniae serotype 14 (strain 1871
from SIREVA Project/Canada) was expressed in the E. coli BL21
(DE3) Star strain with IPTG induction of the plasmid pET28a
(Novagen).
Bioinformatics and cloning

The software Vector NTI 8.0 was used to perform gene sequence
analyses and restriction mapping as well as translated protein
analysis for the presence of signal peptides (in the SMART inter-
face, http://smart.embl-heidelberg.de/) and transmembrane re-
gions (in the SOSUI interface, http://bp.nuap.nagoya-u.ac.jp/sosui/
sosui_submit.html). The PsaA sequence from S. pneumoniae sero-
type 14 was obtained from the accession number YP_001836340.

Cloning of psaA from S. pneumoniae serotype 14 was carried out
by high-fidelity PCR amplification of both the 930-bp and 870-bp
fragments from full-length and mature psaA (for expression of
the protein without the first 21 amino acids), respectively. Forward
oligonucleotides for PCR amplification included full-length-psaA-F
(CACCATGGAAAAATTAGGTACATTACTC), mature-psaA-F (CCCCATG
GCTAGCGGAAAAAAAGATACAAC), and reverse oligonucleotides for
both full-length/mature-psaA-R included GGCTCGAGTTATTTTGC
CAATCCTCCAG, incorporating NcoI (CCATGG) and XhoI (CTCGAG)
restriction sites (underlined), respectively. The restriction sites
were incorporated to allow in-frame cloning of the PCR products
into the corresponding restriction sites in the polylinkers of
pET28a. Both full-length and mature psaA genes were cloned with
the stop codon, avoiding the incorporation of the histidine tag of
pET28a.

The PCR was performed as follows: approximately 35 ng of
genomic DNA from S. pneumoniae serotype 14 was submitted to
a denaturation step at 94 �C for 5 min, 30 cycles of 94 �C for
1 min, 52 �C for 30 s and 68 �C for 2 min and a finalization step at
72 �C for 7 min; 5 pmol of each primer, 1 U Taq Polymerase High
Fidelity (Invitrogen), 2 mM MgSO4 and 200 lM dNTP were used
in each reaction (25 lL). The vector pET28a and PCR products were
digested with NcoI and XhoI and spliced with T4 ligase (Promega).
E. coli TOP10 (Invitrogen) was used for host cloning construction,
and the recombinants were confirmed by agarose gel size, diges-
tion and sequencing analysis. The recombinant plasmids were then
used to transform E. coli BL21 (DE3) Star (Invitrogen), and cells
were stored at �70 �C in 25% glycerol.
Table 1
Experimental design levels. Values of independent induction variables (IPTG concen-
tration, temperature and induction time) and corresponding levels used in a central
composite design (normalized in �1, 0 and +1). The central point (0) corresponds to
intermediate values between the �1 and +1 interval of each variable.

Variable �1 0 +1

Inducer concentration (IPTG) (mM) 0.1 0.55 1
Temperature (T) (�C) 20 28.5 37
Induction time (t) (h) 6 14 22
Expression

Recombinant E. coli BL21 (DE3) Star was cultivated in a 10-mL
pre-inoculum with the inoculation of 1:1000 glycerol-stored cells
in TB (Terrific Broth) medium (23.6 g/L yeast extract, 11.8 g/L tryp-
tone, 9.4 g/L potassium phosphate dibasic (K2HPO4), 2.2 g/L
potassium phosphate monobasic (KH2PO4)) supplemented with
50 lg/mL kanamycin, 1% glucose and 0.4% glycerol at 37 �C for
16 h at 200 rpm in 50-mL Erlenmeyer flasks. A total of 2% of this sat-
urated pre-inoculum was diluted in 100 mL of TB medium in 500-mL
Erlenmeyer flasks, resulting in an initial absorbance (measured at
600 nm) of approximately 0.1. Cells were grown at 37 �C and
200 rpm until they reached the exponential phase (approximately
0.75/0.85 measured by absorbance at 600 nm) and were subse-
quently induced with IPTG. Preliminary tests were performed with
E. coli BL21 (DE3) Star/pET28a expressing full-length and mature
psaA genes with 1 mM IPTG at 37 �C for 4 h. For the optimization
of mature PsaA expression, the induction conditions (IPTG
concentration, temperature and time after induction) were varied
with the help of experimental design techniques according to the
following description. The expression level at each time after induc-
tion was compared with the total protein extract from the culture
before IPTG induction (uninduced sample). Cell growth at the final
expression time was measured by absorbance at 600 nm
(Abs600 nm).

Cells were harvested by centrifugation at 20,817�g (14,000 rpm
in an Eppendorf 5417R centrifuge) for 5 min at 4 �C. The pellets
were stored at �20 �C for further analysis by SDS–PAGE. E. coli
BL21 (DE3) Star/pET28a was used as negative control.

Chemicals

Bacto™ yeast extract and tryptone were purchased from BD
(Becton, Dickinson and Company); potassium salts (K2HPO4 and
KH2PO4), glucose and NaCl were from Merck; glycerol was from
Invitrogen; kanamycin was from Sigma; and IPTG was from
Promega.

Experimental design

The analysis of the effects of three independent variables (IPTG
concentration, temperature and time after induction) on the
expression yield and productivity of soluble mature PsaA in recom-
binant E. coli BL21 (DE3) Star/pET28a/psaA-mature was performed
using a central composite design, consisting of all of the combina-
tions of the three variables and the central condition performed in
triplicate to analyze experimental error and to check the curvature
of responses.

The statistical evaluation of the IPTG concentration, tempera-
ture and time effects on the expression yield and productivity of
PsaA was performed with the help of STATISTICA 9.1 (Statsoft,
USA) using the normalized variable at levels of �1 (lower value
of the experimental conditions used), +1 (higher value of the
experimental conditions) and 0 (central point condition). Values
of independent variables and corresponding levels used in the cen-
tral composite design (normalized in �1, 0 and +1) are described in
Table 1. The normalization of each analyzed variable permits the
comparison of their effects without the influence of the magnitude
of the interval employed for each. The significance of each linear
effect and interactions was determined with the Student’s t-test,
and a 0.1 probability level was used.

Preparation of total protein extract, solubility fractions and SDS–PAGE

The pellets from 1-mL samples of expression cells were resus-
pended in 20 mM Tris/1 mM EDTA (pH 8) according to the ratio
of 25 lL of sample buffer for each Abs600 nm = 0.1. This cell suspen-
sion was subjected to lysozyme treatment (1 mg/mL for 30 min on
ice) and disrupted by sonication on ice (5 cycles of 10-s pulses with
30-s intervals, 30% amplitude using an ultrasonic cell disruptor
Sonics & Material, Inc.) to obtain the total protein extract for solu-
bility analysis. The total protein extract was centrifuged at
20,817�g (14,000 rpm) for 10 min at 10 �C using an Eppendorf

http://smart.embl-heidelberg.de/
http://bp.nuap.nagoya-u.ac.jp/sosui/sosui_submit.html
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5417R centrifuge, and the soluble fraction was obtained in the
supernatant. The precipitate, including cell and membrane resi-
dues, and proteins expressed into inclusion bodies were resus-
pended in sample buffer for the preparation of the insoluble
fraction. Solubility was analyzed by SDS–PAGE.

For SDS–PAGE analysis, the pellets and solubility fractions were
resuspended in a sample buffer (60 mM Tris–HCl, pH 6.8, 2% SDS,
0.5% bromophenol blue, 10% glycerol, 5% 2-mercaptoethanol) and
heated for 5 min at 95 �C. Then 12.5% SDS–PAGE was performed
with 10 lL of total protein extract in a Mini-PROTEAN 3 cell (Bio-
Rad) and run for 90 min at 120 V. The gel was stained with Coo-
massie blue (50% methanol, 10% acetic acid and 0.1% Coomassie
brilliant blue R-250) and destained with 30% ethanol.
Quantitation of PsaA expression by densitometry analysis

The areas of the bands corresponding to mature rPsaA expres-
sion in SDS–PAGE were analyzed by densitometry in a Bio-Rad
GS-800 Calibrated Densitometer, quantified by the software
QuantiOne 4.4.1 and normalized to standard markers of 1 lg of
each of the following proteins: 60-kDa BSA, 45-kDa egg albumin,
24-kDa trypsinogen, 18.4-kDa b-lactoglobulin and 14.4-kDa lyso-
zyme. The concentration of expressed protein was obtained using
the equation (mg PsaA/L) = (Abs600 nm � Band in densitometry)/4,
where 4 is the concentration factor used in the preparation of total
protein extract samples.
Experimental design validation and glucose concentration effects

Experimental design results were validated at 25 �C with
0.1 mM IPTG for 16 h of induction in TB medium, with six repli-
cates, to estimate process variability. In these conditions, PsaA
expression was tested in TB with 0.1% (1 g/L) and 0.5% (5 g/L)
glucose.
Purification

A 100-mL pellet (2.4 g wet weight cells) from the cultivation of
E. coli BL21 (DE3) Star/pET28a/psaA-mature cells, grown in vali-
dated conditions, were centrifuged (3220�g or 4000 rpm for
20 min at 10 �C using an Eppendorf 5810R centrifuge) and stored
at �20 �C. The stored pellet used for the purification procedures
was resuspended in 20 mM Tris HCl and 1 mM EDTA, pH 8.0 (in
a volume calculated according to the ratio of 5 mL for each 1 g of
wet weight cell pellet), and disrupted by sonication on ice with
30-s pulses (5 cycles with 30% amplitude using an ultrasonic cell
disruptor from Sonics & Material, Inc.) until the solution turned
clear to obtain the total protein extract, as described above.

The total protein extract was harvested by centrifugation
(18,514�g or 12,000 rpm for 20 min at 4 �C using an Eppendorf
5417R centrifuge) to obtain the soluble fraction, which was filtered
with a 0.22-lm low protein-binding membrane (Millipore) to sub-
mit to purification in an ÄKTA purifier 10 system (Amersham Bio-
sciences). NaCl was added to the sample up to 40 mM, which was
submitted to a 5-mL weak anion exchange column (Sepharose –
Hitrap DEAE FF/GE Healthcare), previously equilibrated with the
same buffer used in the sample. Bound protein was eluted by
washing with 20 mM Tris HCl and 150 mM NaCl (pH 8.0). Samples
of all purification steps were quantified by BCA (Bicinchoninic Acid
Kit for Protein Determination, Sigma–Aldrich) using BSA as a stan-
dard protein, and analyzed by 12.5% SDS–PAGE stained with Coo-
massie blue. Densitometry was used to evaluate the amount,
yield and purity of PsaA. The purification procedures were per-
formed in triplicate to evaluate experimental error.
Purified mature rPsaA stability and integrity analyses

Mature rPsaA, purified by ion exchange in a Hitrap DEAE FF col-
umn, was submitted to PBS (pH 8.0) dialysis (PBS composition:
8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L Na2HPO4 and 0.24 g/L KH2PO4). After
this procedure, the recombinant protein was stored at 4 or �70 �C.

Samples were quantified by BCA and protein integrity was ana-
lyzed by 12.5% SDS–PAGE before and after the dialysis and after
several months of storage in PBS at 4 or �70 �C. Storage of recom-
binant mature PsaA was also monitored over five days at �70 �C in
PBS with the addition of 10% glycerol and 10% sucrose as
cryoprotectors.

The conformation of purified mature rPsaA, dialyzed and stored
for 3 years at �70 and 4 �C, was monitored by circular dichroism
using a Jasco J-185 CD Spectrometer. The analyses were performed
with proteins at concentrations of approximately 0.160 mg/mL in
PBS that was diluted 10-fold.
Western blot analysis

Total protein extracts of full-length PsaA (with the peptide sig-
nal) and mature PsaA (without the peptide signal), expressed for
4 h at 37 �C for the preliminary tests, were evaluated on an 18%
SDS–PAGE. The samples were diluted five times relative to the
preparation of the total protein extract, described before (25 lL
of sample buffer for each 1 mL of cell pellet at Abs600 nm = 0.1).
These proteins were subjected to western blot analysis with anti-
rPsaA mouse serum (kindly provided by Instituto Butantan).

The protein rPsaA, kept at a 4 �C for 125 days at a final concen-
tration of 0.43 mg/mL as quantified by BCA, was used for western
blot analysis with anti-rPsaA mouse serum. A total of 500 and
250 ng of protein was boiled in sample buffer, as described above,
cooled and loaded onto an SDS–PAGE and run for 90 min at 120 V.
The S. pneumoniae serotype 14 pellet was resuspended in sample
buffer, diluted 1:5 and 1:10 in the buffer and boiled. The same
was done with E. coli BL21 (DE3) Star/pET28a/psaA-mature pellets,
both either uninduced or induced for 16 h. The total protein extract
used was expressed under the validation conditions of E. coli BL21
(DE3) Star/pET28a/psaA-mature induced at 25 �C for 16 h with
0.1 mM IPTG in TB medium, compared to the uninduced sample
(around 2 h of growth).

For both western blots, the proteins were transferred to a nitro-
cellulose membrane (Bio-Rad) at 90 V for 90 min. Membranes were
blocked with PBS–skim milk (4%)–Tween 20 (0.05%) overnight at
4 �C. A primary antibody to rPsaA diluted 1:2000 in PBS–Tween
20 (0.05%)–BSA (0.25%) (PBSTB) was applied to the membrane
and incubated for 2 h at room temperature. Membranes were
washed three times for 20 min each with PBS–0.05% Tween 20.
Conjugated anti-mouse IgG alkaline phosphatase (Sigma A3688)
was then applied to the membrane at a 1:30,000 dilution in PBSTB
and incubated for 1 h at room temperature. Membranes were
washed as described above, subjected to a final wash with PBS
and revealed with Western Blue Stabilized Substrate for Alkaline
Phosphatase (Promega S3841).
Results

Bioinformatics, cloning and preliminary expression of full-length and
mature PsaA

Bioinformatic predictions obtained by the software Vector NTI
8.0 confirmed the presence of a signal peptide at the N-terminal
of the PsaA sequence. The program also indicated that amino acids
from 4 to 21 in the psaA gene may be part of a transmembrane re-
gion in the PsaA protein sequence (LGTLLVLFLSAIILVACA). These
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Fig. 1. Electrophoretic analysis of recombinant proteins. SDS–PAGE (18%) of total
protein extracts of full-length (with the peptide signal) and mature (without the
peptide signal) PsaA expressed in E. coli BL21 (DE3) Star/pET28a for 4 h at 37 �C. The
samples are diluted five times relative to the standard preparation for the gel (25 lL
of sample buffer for each 1 mL of cell pellet at Abs600 nm = 0.1). All bands were
recognized by anti-rPsaA mouse serum in western blot analysis.
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results indicate that this region (4–21 aa) is likely anchored to the
bacterial wall, as predicted by bioinformatic results obtained with
Vector NTI 8.0 interfaces. Therefore, two approaches for psaA clon-
ing were developed: the design of oligonucleotides for the amplifi-
cation of the entire gene, from the ATG initiation codon to the TAG
termination codon (full-length protein), and a shorter version
removing the 21 initial amino acids, including those corresponding
to the transmembrane region (mature protein).

The construction pET28a/psaA-full-length was expressed in two
different bands, one around 37 kDa and another near 32.5 kDa, cor-
responding to the expected sizes of the full-length and mature pro-
teins, respectively (Fig. 1). An 18% SDS–PAGE was used to separate
two bands from the full-length protein because these bands were
superposed on a 12.5% and 15% gel concentrations used formerly.
All bands were recognized by anti-rPsaA mouse serum in western
blot analysis. Both full-length protein bands as well as the mature
protein were soluble in 20 mM Tris/1 mM EDTA (pH 8). Densitom-
etry analysis of these bands indicated that the 32.5-kDa band of the
mature protein was at least twofold higher than the 37-kDa band
of the full-length PsaA.
Experimental design results for mature PsaA expression in E. coli

The evaluation of the different conditions for the expression of
recombinant mature PsaA from S. pneumoniae in E. coli BL21 (DE3)
Star was performed in shaking flasks using a central composite de-
sign for three variables: IPTG concentration (0.1 and 1 mM), tem-
perature (20 and 37 �C) and induction time (4 and 22 h), with
triplicate experiments at the central point (0.55 mM IPTG, 28.5 �C
and 14 h), as described above. Comparison of each induction con-
dition was performed through 12.5% SDS–PAGE analysis of the
32.5-kDa expressed band corresponding to mature PsaA. No band
was detected at the same size as PsaA in the total protein extract
of E. coli BL21 (DE3) Star with pET28a plasmid without the gene
(negative control).

In all conditions, recombinant protein was obtained in the sol-
uble form in 20 mM Tris/1 mM EDTA (pH 8). The solubility analysis
of the protein expressed in all conditions of IPTG concentration,
temperature and time in SDS–PAGE indicated that the insoluble
fraction was insignificant. Based on these results, the effect of each
variable was obtained by the densitometry analysis of total protein
extracts on a 12.5% SDS–PAGE. The areas of the bands on the SDS–
PAGE corresponding to the recombinant mature PsaA (32.5 kDa),
as calculated in each expression condition by densitometry analy-
sis, are presented in Table 2.

Results presented in Table 2 indicate that cell growth ranged
from 1.58 to 6.06 (measured by absorbance at 600 nm), and the
production of mature PsaA ranged from 15 to 771 mg/L (resulting
in productivities from 0.7 and 35 (mg/L)/h, respectively) in the var-
ious tested conditions. At 37 �C, for both tested IPTG concentra-
tions, the expression was reduced over extended periods.
Nevertheless, at 20 �C, high expression levels were observed for
all induction times and IPTG conditions. At lower temperatures
(20 �C), the productivity (concentration of expressed protein per
induction time) was kept constant when comparing 6 h with
22 h of induction time. However, the productivity in longer induc-
tion times was significantly reduced at higher temperatures
(Table 2). Experimental error was evaluated at the central point
conditions of the experimental plan (28.5 �C, 0.55 mM IPTG and
14 h of induction). At these conditions, results for cell growth were
4.02 ± 0.2 (measured by absorbance at 600 nm), the concentration
of mature PsaA was 201 mg/L ± 18, and productivity was
14.3 (mg/L)/h ± 1.3. The comparison of standard deviations with
the triplicate average of mg PsaA/L was less than 10%.

The comparison of the experiments performed with 1 mM and
0.1 mM IPTG showed that similar expression levels were obtained
at 20 and 37 �C for all induction times, indicating that the IPTG
concentration did not have a significant influence on the expres-
sion of the recombinant protein. Inducer concentration, on the
other hand, had an influence on the cell growth, which means that
a reduction of IPTG to 0.1 mM allowed increased cell growth to be
achieved (Table 2).

Statistical analyses of the effects of the variables (IPTG concen-
tration, temperature and time induction) on recombinant mature
PsaA expression are presented at Table 3. The adopted experimen-
tal design presented no correlation between the variables, and it
was possible to evaluate each effect independently.

Table 3 indicates that temperature and time and the interaction
between these two variables had statistically significant influence
on recombinant PsaA expression yield (p < 0.1). The temperature
effect was negative (�329, p = 0.005), indicating that lower tem-
peratures allowed enhancement of recombinant protein expres-
sion. Induction time had a positive effect (171, p = 0.044),
indicating that longer induction times also increase PsaA expres-
sion, mainly because they permit increased cell growth. However,
the effect of the interaction between temperature and time was
negative (�274, p = 0.010); i.e., for the higher temperatures tested,
longer times did not favor protein expression, which was con-
firmed by the experiments performed at 37 �C, as shown above.

For PsaA productivity in (mg/L)/h, both temperature and time
had significant and negative effects ((�18.2, p = 0.032) and
(�14.7, p = 0.060), respectively). Statistical analysis indicated that
both variables should be reduced to obtain higher levels of PsaA
productivities. The concentration of IPTG did not significantly
influence PsaA yield expression (�46, p = 0.480) or productivity
(�3.2, p = 0.601), neither its interactions with temperature or time,
indicating that the lowest inducer concentration (10-fold lower
than the usual concentration) could be used.

Experimental design validation results and glucose concentration
effects

Considering that lower temperatures and longer induction
times enhanced the production of mature PsaA in recombinant
E. coli and that IPTG concentration did not influence PsaA produc-
tion, the experimental plan was validated at 25 �C for 16 h induc-
tion with 0.1 mM IPTG. Validation was performed in the same TB
culture medium with the addition of 1% glucose, 0.4% glycerol
and 50 lg/mL kanamycin. The expression results with 0.1 mM
IPTG at 25 �C for 16 h of induction in TB were 718 ± 113 mg/L PsaA
and 5.5 ± 0.5 cell growth (measured by absorbance at 600 nm). In
comparison to 1 mM IPTG at 37 �C for 6 h of induction, the usual
conditions for recombinant protein expression in E. coli, PsaA
production was 135 mg/L, which is a significant yield increase of



Table 2
Recombinant protein yields. Results for cell growth measured by absorbance at 600 nm (Abs600 nm), recombinant PsaA concentration yield (mg/L) and the productivity of the
expressed protein per induction time measured in (mg/L)/h, obtained from densitometry analysis with different expression conditions of IPTG concentration, temperature and
induction time defined using a central composite design for three variables, comprising a two-level full-factorial design (runs 1–8) and triplicates at the central point (runs 9–11).
Run 12 was made with E. coli BL21 (DE3) Star/pET28a (negative control), and no expression was observed at the same size as mature PsaA.

Run Inducer concentration (IPTG) Temperature (T) Induction time (t) Cell growth (Abs600 nm) Yield (mg/L) Productivity (mg/L)/h

1 0.1 mM �1 20 �C �1 6 h �1 3.23 208 34.7
2 0.1 mM �1 20 �C �1 22 h +1 6.06 771 35.0
3 0.1 mM �1 37 �C +1 6 h �1 1.95 181 30.2
4 0.1 mM �1 37 �C +1 22 h +1 4.96 15 0.7
5 1 mM +1 20 �C �1 6 h �1 1.91 217 36.2
6 1 mM +1 20 �C �1 22 h +1 4.20 545 24.8
7 1 mM +1 37 �C +1 6 h �1 1.58 135 22.5
8 1 mM +1 37 �C +1 22 h +1 5.21 95 4.3
9 0.55 mM 0 28.5 �C 0 14 h 0 4.19 219 15.6

10 0.55 mM 0 28.5 �C 0 14 h 0 3.81 183 13.1
11 0.55 mM 0 28.5 �C 0 14 h 0 4.05 200 14.3
12 (C�) 0.55 mM 0 28.5 �C 0 14 h 0 3.18 � �

Table 3
Statistical evaluation. Effects of IPTG concentration, temperature and induction time
on mature PsaA expression yield in mg/L (mass of protein obtained by volume of
culture medium) and on productivity in (mg/L)/h (concentration of expressed PsaA
per induction time). Variables with p < 0.1 were considered statistically significant by
the Student’s t-test (in bold). The p-value indicates the significance level of the
variables and their interactions.

Factor Effects Standard errors t (4) p-value

(a) PsaA yield (mg/L)
Mean 252 25 10.0 0.001
Inducer concentration (IPTG) �46 59 �0.8 0.480
Temperature (T) �329 59 �5.6 0.005
Time (t) 171 59 2.9 0.044
IPTG by T 63 59 1.1 0.346
IPTG by t �27 59 �0.5 0.667
T by t �274 59 �4.7 0.010

(b) PsaA productivity (mg/L)/h
Mean 21.0 2.4 8.7 0.001
Inducer concentration (IPTG) �3.2 5.6 �0.6 0.601
Temperature (T) �18.2 5.6 �3.2 0.032
Time (t) �14.7 5.6 �2.6 0.060
IPTG by T 1.2 5.6 0.2 0.844
IPTG by t �0.1 5.6 �0.02 0.984
T by t �9.2 5.6 �1.6 0.180

Table 4
Purification table. Total protein quantitation performed by BCA method using BSA as a
standard protein. PsaA amount, yield and purity of each purification step obtained by
densitometry. Results obtained from 2.4 g of wet weight E. coli BL21 (DE3) Star/
pET28a/psaA-mature cell pellet (from 100 mL of bacterial culture in validation
expression conditions).

Step Total protein
(mg)

PsaA
(mg)

Yield
(%)a

Purity
(%)b

Total protein extract 277 72 100 30
Soluble fraction 126 61 85c 35
DEAE column (pooled

peak)
47 40 55 85

a The yield at each step was defined as the amount of PsaA at that step divided by
the amount in the first step, considered 100% [58].

b The purity was determined as the amount of the stain associated with the PsaA
band as a fraction of the stain associated with all the bands on the SDS–PAGE [58].

c Protein loss in this step was due to centrifugation and filtration procedures.
PsaA was not detected on the insoluble fraction.
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five- to sixfold. In validation condition, the productivity was en-
hanced to around 45 (mg/L)/h.

At 25 �C and 16 h of induction with 0.1 mM IPTG, tests were
performed in TB with the addition of different glucose concentra-
tions (two- and tenfold lower than 1%). The results indicated that
there was no expression leak and that the same PsaA level of pro-
duction was obtained with 0.1%, 0.5% and 1% glucose.

Purified mature rPsaA stability and integrity analysis

Recombinant mature PsaA was purified by ion exchange in a
DEAE FF column. Evaluation of total protein amount, PsaA yield
and purity associated to each purification step is shown in Table 4.
The parameters yield and purity were calculated according to
Burgess [58]. The overall PsaA yield indicated that around 55% of
the recombinant protein was recovered in an 85% purity of pooled
fraction, while a 65% recovery of the protein applied in the DEAE
column in the soluble fraction was obtained. Some variations ob-
served in Table 4 were due to the different methodologies used
for quantitation. The experimental error, evaluated by means of
the purification procedures performed in triplicate, was estimated
to be around 15%.

The purified protein was subjected to PBS pH 8.0 dialysis and
stored at 4 �C and �70 �C using different cryoprotectors. Protein
quantitation and SDS–PAGE (Fig. 2) of each sample were per-
formed to analyze the stability and integrity of the protein during
long-term storage. There was no significant loss of recombinant
protein in the dialysis. No remarkable protein degradation was ver-
ified in samples stored in all conditions described above, as shown
by SDS–PAGE analysis (Fig. 2). After several months of storage, a
similar intensity was observed for the band corresponding to ma-
ture PsaA. The BCA quantitation of purified mature PsaA indicated
that the samples maintained a concentration of 0.47 mg/mL at
�70 �C and 0.43 mg/mL at 4 �C during storage. These results were
confirmed by comparison with a BSA standard curve in the
SDS–PAGE (Fig. 2). The errors associated with the BCA protein
quantitation method were estimated to be approximately 15%,
and no statistical differences were verified in samples stored for
long time periods at the different conditions tested.

No considerable loss of protein was observed after cycles of
freeze/thaw or after centrifugation (Fig. 2). Protein stability was
confirmed for at least 36 months of storage. No remarkable differ-
ences were detected at either storage temperatures or with any of
the cryoprotectors tested at the temperature of �70 �C (PBS,
PBS + 10% glycerol and PBS + 10% sucrose).

Maintenance of protein conformation of purified mature rPsaA
was confirmed by circular dichroism after 3 years of storage at
�70 or 4 �C in PBS. These results confirm that the protein presents
high stability at 4 and �70 �C in PBS for a long period of time.

Western blot analysis

Recombinant PsaA, stored at 4 �C for 125 days, was submitted
to western blot analysis using an anti-rPsaA mouse serum. This
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Fig. 2. Purification and stability of recombinant PsaA. Ion exchange-purified mature rPsaA stored in PBS (pH 8.0) at 4 �C or �70 �C at different time periods. BSA standard
curve (from 1 to 0.1 mg/mL) was used to estimate yields and integrity of the recombinant protein in SDS–PAGE (12.5%).
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serum recognizes purified mature rPsaA, recombinant protein ex-
pressed in E. coli BL21 (DE3) Star/pET28a/psaA-mature and the pro-
tein in the S. pneumoniae serotype 14 extract. These results
confirmed there was no protein degradation since only one band
was detected in all lanes, which corresponds to the expected size
for mature rPsaA, 32.5 kDa (Fig. 3). There was no detectable rPsaA
band in the E. coli total protein extract not induced with IPTG (neg-
ative control). No bands were detected in the western blot using
pre-immune serum (negative control).
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Fig. 3. Antigenicity of recombinant PsaA. SDS–PAGE (12.5%) analysis of total
protein extracts from S. pneumoniae serotype 14, E. coli BL21 (DE3) Star/pET28a/
psaA-mature (uninduced and induced at validation conditions: 25 �C for 16 h with
[IPTG] = 0.1 mM in TB medium) and ion exchange-purified mature rPsaA.
(a) Coomassie blue stain and (b) western blot using an anti-rPsaA mouse serum
at a dilution of 1:2000.
Discussion

The immunogenic lipoprotein PsaA remains a candidate for a
protein vaccine against S. pneumoniae [47,51] due to its potential
to reduce nasopharyngeal colonization and its conservation among
all known species of this pathogen. Several studies employing dif-
ferent vaccine strategies indicate that PsaA is effective at prevent-
ing colonization and is protective against carriage [2,6,21,29,44–
46,53–56]. Moreover, pneumolysin and PspA have demonstrated
the ability to elicit protection against invasive infections
[2,29,44,46]. Studies of mouse immunization with PsaA and other
antigens, such as detoxified pneumolysin, PspA and PspC, present
promising protective results [2,29,44–46,54], supporting PsaA as
a suitable target for pneumococcal vaccine development. Because
PsaA is also present with a high degree of conservation among
the viridans group of streptococcal species [49,57], its use as a vac-
cine target may raise concerns as to possible alterations in the nor-
mal microbiota. Recent work demonstrates that the induction of an
immune response against PsaA can be protective against coloniza-
tion and has a negligible impact on the natural nasopharyngeal and
oral microbiota of mice [57].

Studies report that PsaA is expressed in low quantities in its na-
tive form in S. pneumoniae and that the yield of purified PsaA is
100-fold higher in heterologous expression systems in E. coli in
comparison to native PsaA [29]. In this work, PsaA from S.
pneumoniae serotype 14, the most prevalent in Brazil [59] and also
one of the most prevalent in the world [60], was cloned for expres-
sion at high levels in E. coli with the intention of generating a stable
protein to develop a recombinant vaccine against pneumococcal
diseases. The cloning strategy used a plasmid without ampicillin
gene and without tags for purification avoiding possible problems
for human use. These characteristics highlight the advantageous
and industrial aspects of our plasmid construction.

Cloning was performed by two approaches: producing the full-
length protein (encoded by an open reading frame of 930 bp
[29,49]), with the signal peptide identified as a transmembrane re-
gion, and producing the mature protein without this leader se-
quence, which was also identified by bioinformatics. Cleavage of
this signal sequence results in a mature protein with 290 amino
acids (with a theoretic molecular weight of 32.5 kDa and a hydro-
philic character), with an isoelectric point of 5 [29,51]. The results
obtained for rPsaA solubility indicated that the mature protein,
without the transmembrane region (signal peptide), is retained
in the soluble fraction. This result corroborates the bioinformatic
prediction that overall the mature protein presents a hydrophilic
character. Although this leader sequence is described as hydropho-
bic in the literature [29], which corroborates our in silico identifica-
tion of this signal peptide as a transmembrane region
(LGTLLVLFLSAIILVACA), the full-length PsaA was also obtained in
soluble form. With the expression of the full-length protein, two
bands were detected in total protein extracts, both recognized by
anti-rPsaA mouse serum in western blot analysis. One explanation
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for this observable fact is that the E. coli apparatus cleaves the pep-
tide sequence of the full-length PsaA. Densitometry analysis of
these bands indicated that the presence of the signal peptide sig-
nificantly reduces the expression of the protein (about twofold)
when comparing the 37-kDa full-length PsaA with the 32.5-kDa
mature protein. The low level of expression of rPsaA with the lipo-
protein signal sequence in E. coli is also described in the literature.
It is discussed that the native PsaA leader peptide interferes with
the production of large quantities of functional PsaA in E. coli,
which could reduce or even hinder the expression of the recombi-
nant protein in this host [29]. Therefore, the mature PsaA clone was
used for optimization experiments.

Other studies also report the cloning of PsaA in E. coli without
its signal sequence [29,50,53,55,61]. To achieve higher levels of
expression of the functional protein in E. coli, the native leader se-
quence of rPsaA from S. pneumoniae type 6B was replaced by the
Borrelia burgdorferi OspA (outer surface protein A) signal peptide
since it is shorter and less hydrophobic than the PsaA signal pep-
tide [29]. However, the hybrid construct expressed less protein
than that produced without the peptide signal. Cullen et al. [61]
expressed mature PsaA in a vector (pDUMP) designed specifically
for recombinant lipoprotein expression in the E. coli system to pro-
duce proteins with a near-native conformation and with greater
immunogenic potential. The plasmid permits the expression of fu-
sion proteins containing the E. coli major outer membrane lipopro-
tein (Lpp) signal sequence, the lipoprotein signal peptidase (LSP)
recognition site and the outer membrane targeting signal. A high
level of expression of antigenic PsaA exposed on the E. coli cell sur-
face was obtained [61]. Arêas et al. [50] expressed PsaA from
S. pneumoniae serotype 6B without its signal sequence in highly
soluble levels in the salt-induced E. coli BL21 (SI) expression sys-
tem but bearing a histidine tag for one-step purification. Gor
et al. [53] expressed PsaA without the first 21 amino acids from
S. pneumoniae strain A66.1 and purified the protein using metal
affinity chromatography from E. coli BL21 (DE3) pLysS/pET29b+.
The levels of rPsaA obtained in these approaches are similar to
those described here without any purification tag, being therefore
more appropriate for a product intended for human use. Seo et al.
[55] expressed the functional psaA gene (i.e., without its signal se-
quence) from S. pneumoniae type 19F in E. coli XL1-Blue in a triple
fusion protein (rPsaA-intein-chitin binding domain). Arêas et al.
[50] and Gor et al. [53] report that this protein without its signal
sequence was also expressed in a soluble form, as described in
our work. In the construct developed by Seo et al. [55], the protein
was obtained in inclusion bodies when induced at 37 �C, partially
in the insoluble fraction at 30 and 25 �C and only in the soluble
form at 20 �C. Altogether, the higher levels of soluble mature PsaA
in comparison to full-length PsaA led our group to use the protein
without its signal sequence.

Although PsaA has been expressed in different heterologous
systems and in a larger number of immunologic assays, there
are, to our knowledge, no reports in the literature that approached
the expression optimization enabling the development of a process
to produce recombinant PsaA in E. coli. The experimental design
techniques are able to evaluate the effect of induction variables,
identify their interactions and predict conditions that optimize
the production of recombinant protein, enhancing expression
yields and reducing costs for bioreactor applications. In all condi-
tions in which the expression was performed, including different
temperatures, times and IPTG and glucose concentrations, the ma-
ture PsaA protein was obtained in the soluble fraction. Even at
37 �C, the protein was not significantly segregated into inclusion
bodies, as is usual in E. coli systems for overexpressed recombinant
proteins [62]. However, at 37 �C, for both tested IPTG concentra-
tions, the expression was reduced over extended induction times,
indicating a possible effect of recombinant protein degradation.
Degradation of heterologous expressed proteins after long cultiva-
tion processes is likely due to the action of proteinases [62]. On the
other hand, PsaA is expressed for long periods, maintaining pro-
ductivity at the lower temperatures tested, without the degrada-
tion at long induction times observed at 37 �C, indicating that
low temperatures favor the improvement of PsaA expression. In
summary, longer induction times can be used to express mature
PsaA at lower temperatures, confirming the interaction between
these two variables. Therefore, the validation of induction condi-
tions for IPTG concentration, temperature and time led us to per-
form the recombinant protein induction at 25 �C for 16 h with
0.1 mM IPTG in TB medium, to obtain economically feasible pro-
cess conditions and optimize cost reductions. At these conditions,
levels of mature PsaA expression in E. coli BL21 (DE3) Star by
pET28a induction with IPTG were obtained in the range of 0.8 g/L
of culture medium, which is in the range of the highest yields of
soluble recombinant proteins described in the literature [62], with
10-fold lower inducer concentrations than has been previously
employed, which is a major contribution to the development of a
process with low production costs. The scale-up of protein produc-
tion for bioreactors will enable us to achieve increased cell growth
(by adjustment of aeration/stirring), and inducer concentrations
should be adjusted to identify the lowest possible concentration
that will avoid high costs and negative effects on cell growth. Ma-
ture rPsaA expressed in E. coli BL21 (DE3) Star comprised around
30% of the total protein, which is similar to results obtained by
Arêas et al. [50] for this protein in the NaCl-induced E. coli strain
BL21 (SI).

At the validation condition (25 �C and 16 h of induction with
0.1 mM IPTG), tests performed in TB with the addition of different
glucose concentrations indicated that there was no expression leak
and that the same PsaA level of production was obtained with 0.1%,
0.5% and 1% glucose. These experiments were made to evaluate the
repression of the T7 promoter (avoiding expression before IPTG
addition) and to insure growth without glucose limitation. De-
creased glucose levels did not reduce bacterial growth in this con-
dition of rich medium, i.e., medium with a high yeast extract
concentration to insure an adequate carbon and nitrogen source.

rPsaA purification by ion exchange allowed the production of
high quantities of recombinant protein without fusion tags, at
roughly 55% recovery in an 85% purity fraction. These results are
comparable to the homogeneities described in the literature for
the expression of PsaA in E. coli with the help of purification tags
[50,53]. These tags should be avoided in human health products,
as described above, allowing the expression of the recombinant
target with a conformation closer to the original folded protein.
One of the major advantages of our construct is its ability to pro-
duce a protein ready for use in biopharmaceutical applications,
eliminating the step of removing the expression tag after purifica-
tion, which increases process costs.

The results presented in this work confirmed that the purified
recombinant protein maintains its stability and integrity for at
least 3 years at 4 and �70 �C in PBS, which is promising for the
use of rPsaA as a product intended for human health. Mature rPsaA
antigenicity was demonstrated by anti-rPsaA mouse serum recog-
nition of the protein in S. pneumoniae serotype 14 by western blot
analysis. Data regarding protein conformation comparing the origi-
nal sample and after long-term storage were confirmed using cir-
cular dichroism. The results obtained by SDS–PAGE, protein
quantitation and circular dichroism analyses did not indicate pro-
tein degradation during long-term storage. For industrial purposes,
storage conditions are as important as expression levels when
evaluating the potential of a protein as a cost-effective vaccine be-
cause one of the major problems is recombinant protein stability,
although these analyses are frequently neglected. Many proteins
for biopharmaceutical use have failed in the early stages of
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development due to protein instability during purification or stor-
age conditions.

The experimental design tool to optimize protein expression
and storage conditions to insure stability and integrity for long
time periods can be applied to other targets to optimize process
productions in recombinant systems and to reduce costs per target
once an effective vaccine might contain multiple proteins. E. coli,
proposed as a heterologous host to produce these targets, is still
the most frequently used expression system because of its low cost
and high level of production of recombinant proteins. Among the
many producing systems available for heterologous expression,
E. coli remains one of the most attractive due to its ability to grow
rapidly and at high cell densities on inexpensive substrates, its
well-characterized genetics and the availability of an increasingly
large number of cloning vectors and mutant host strains [62]. In
this way, the results presented here suggest the potential to pro-
duce S. pneumoniae antigens in E. coli as an alternative because of
its capacity to obtain high levels of soluble proteins. Our results
concerning the optimization of PsaA in shaking flasks demonstrate
the potential to develop a product and scale-up protein production
for bioreactors to achieve higher levels of PsaA expression in the
soluble form in E. coli.

An efficacious vaccine against pneumococcal diseases is one of
the priorities for the public health system in Brazil. Despite the
recent technology transfer agreement between Fiocruz/Bio-
Manguinhos and GSK for the 10-valent conjugated polysaccharide
vaccine, a less expensive alternative protein vaccine is still being
studied in the Technological Development Department at Bio-
Manguinhos. As discussed above, the requirements for potential
vaccine antigens candidates include proteins evolved in the
different pneumococcal virulence mechanisms of invasion,
adhesion, infection and colonization and proteins present in several
S. pneumoniae serotypes, mainly those widespread in Brazil, to
substitute the expensive polysaccharide conjugate vaccine. These
potential targets, including PsaA, can be used in a protein subunit
vaccine and can also be employed as carriers for polysaccharide
after conjugation, potentiating the vaccine immune response. We
are currently studying the applicability of the proposed strategy
to other pneumococcal proteins.
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