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Abstract
Background: Enhancing the quality and yield of protein pro-
duction in heterologous expression systems is an important 
issue for developing new biopharmaceuticals. It has been 
shown that the dynamics of protein folding is influenced by 
codon frequencies. As codon usage frequencies are species 
specific, this can affect heterologous protein expression. In 
this respect, “codon harmonization,” that is, the usage of 
synonymous codons with usage frequencies in the host re-
sembling the usage frequencies in the native organism, is a 
promising strategy. As recombinant proteins are important 
tools in the area of allergy research, we investigated in this 
study the influence of codon harmonization on the produc-
tion of the major birch pollen allergen Bet v 1.0101. Meth-
ods: To accomplish this task, parallel production of several 
batches of rBet v 1, BWT, together with a harmonized vari-

ant, BH, was applied. The expression yield of soluble and in-
soluble protein was assayed via densitometric analysis of 
SDS-PAGEs for every batch. The quality of purified proteins 
was assessed with a variety of physicochemical methods in-
cluding mass spectrometry, circular dichroism, dynamic 
light scattering, Fourier transform infrared spectroscopy, in 
vitro degradation, and 1-anilino-8-naphthalene sulfonate-
binding assays. Patients’ IgE reactivity was tested in enzyme-
linked immunosorbent assays and rat basophil mediator re-
lease experiments. Results: No significant differences in the 
ligand-binding capacity and secondary structure elements, 
as well as, in immunological assays could be found; however, 
the production yield was drastically increased for BH. Con-
clusion: We could show that codon harmonization is a pow-
erful method to enhance protein yields in heterologous ex-
pression systems and should be considered especially for 
difficult-to-express proteins. © 2018 S. Karger AG, Basel

Edited by: O. Palomares, Madrid.
C.A. and A.R. contributed equally to this work.
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Introduction

For decades, large-scale production of recombinant 
proteins in heterologous expression systems is routine-
ly applied in a variety of biological research areas, 
whereas E. coli has established itself as the most popular 
expression platform in the field [1]. Besides tremendous 
advances in developing E. coli as a versatile host for re-
combinant protein production, depending on the pro-
tein of interest the system still harbors problems such as 
low/no expression, protein truncation, aggregation, 
misfolding, insolubility, or non-functionality of the tar-
get protein [2]. Thus, many approaches have been fol-
lowed to tune the expression process at all levels to im-
prove quality and yields of the recombinant protein. 
Several of these approaches directly address the genetic 
code by altering the nucleotide sequence of the gene of 
interest [1, 2].

In most organisms, 61 of the 64 codons encoding for 
one of the 20 amino acids are used in a degenerate man-
ner. Therefore, it has been generally believed that silent 
mutations or synonymous substitutions of codons have 
no effect on the translation process of the respective pro-
tein [3]. However, the codon usage among different spe-
cies is extremely variable. Consequently, Ikemura et al. 
[4] described a bias in codon usage by demonstrating 
that specific codons are used more frequently in highly 
expressed genes. However, codon usage not only varies 
between genes within the genome of a certain species, 
but also distinct positions within a single gene show co-
don usage variations. Moreover, different species use 
different codons [5–7]. Regions in a nucleotide sequence 
that separate elements of higher ordered structure often 
contain less frequently used codons, leading to a slowing 
down of the ribosomal translation process. This altera-
tion in translation speed was shown to play a critical role 
in the process of protein folding [8, 9]. Nowadays, it is 
well accepted that the genetic code itself carries the ca-
pacity to regulate the rate of protein expression as well 
as protein folding and that “silent” mutations influence 
this process after all [10]. Consequently, this knowledge 
can be used to harmonize the “genetic melody” between 
the donor and the host organism to improve recombi-
nant protein production, solubility, and functionality [9, 
11]. Thus, codon harmonization of the host tRNA pool 
to the tRNA frequency of the donor organism will syn-
chronize the speed of ribosomal movement along the 
mRNA sequence [11].

Therefore, the aim of the study was to adapt the 
method of codon harmonization to investigate the in-

fluence on the allergen production. By taking the major 
birch pollen allergen Bet v 1 as model, we produced 
2 batches of codon harmonized and 2 batches of con-
ventional Bet v 1. All proteins were expressed in the 
same E. coli strain, purified to homogeneity, and ana-
lyzed in detail.

Material and Methods 

Patients and Sera
Birch pollen-allergic patients (n = 20) were selected based on 

case history, positive in vivo skin prick test, and in vitro IgE detec-
tion (CAP system, Thermo Fisher Scientific, Phadia AB). Experi-
ments with patients’ sera were approved by the Ethics Committee 
of the University of Vienna (EK028/2006) and informed consent 
was obtained from all participants in the study. 

Construction of the Codon Harmonized Bet v 1 Sequence
Codon harmonization was performed by analyzing codon 

usage frequencies with an online database available at http://
www.kazusa.or.jp/codon. First, the codon usage frequency of 
Bet v 1 in Betula verrucosa was determined. Thereafter, synony-
mous codons were replaced with codons of E. coli K12, 
which  showed the same codon usage frequency. As a tem-
plate, the DNA sequence of Bet v 1.0101, referred to as Bet v 1, 
was used. The gene was ordered from ATG:biosynthetics GmbH, 
Merzhausen, Germany.

Expression and Purification of BWT and BH
The wild type gene sequence of Bet v 1, termed BWT thereaf-

ter, as well as the E. coli codon harmonized sequence of Bet v 1, 
termed BH in the following, were cloned into the vector pET28b 
(EMD Biosciences Inc, San Diego, CA, USA), transformed in E. 
coli BL21 StarTM (DE3) cells (Invitrogen, Carlsbad, CA, USA), and 
grown at 37   ° C in LB supp. medium (1% [w/v] peptone, 0.5% 
[w/v] yeast extract, 0.5% [w/v] NaCl, 2 mM MgSO4, 1% [v/v] glyc-
erol, 0.2% [w/v] ammonium sulfate, 10 mM sodium phosphate 
pH 7.4) supplemented with 25 mg/L kanamycin. Protein expres-
sion was induced by the addition of 0.5 mM isopropyl-b-D-thio-
galactopyranoside at OD600 nm of 0.8, and growth was continued 
at 37  ° C for 5 h. Two expression batches were produced for each 
construct. After harvesting, cells were dissolved in 1/50 culture 
volume of 20 mM sodium phosphate buffer pH 7.4 containing 
0.8 M NaCl and 15 mM NaH2PO4, and protein purification was 
performed as previously described [12]. The purity of recombi-
nant proteins was analyzed by SDS-PAGE and protein identity 
was verified by mass spectrometry using a Q-Exactive LC-MS/MS 
system (Thermo Fisher Scientific). Recombinant proteins were 
dialyzed against 10 mM sodium phosphate buffer and stored in 
lyophilized form at –20  ° C.

Physicochemical Characterization
Secondary structure analysis of recombinant proteins was 

performed by circular dichroism (CD) spectroscopy using a 
JASCO J-815 spectropolarimeter fitted with a PTC-423S Peltier-
type single position cell holder (Jasco, Tokyo, Japan), as well as 
Fourier transform infrared spectroscopy (FTIR), and dynamic 
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light scattering (DLS). Accessibility and functionality of the in-
trinsic cavity of Bet v 1 were determined by 1-anilino-8-naph-
thalene sulfonate (ANS) displacement assays, as previously de-
scribed [13]. 

Stability against proteolytic activity was assessed by endolyso-
somal degradation assays as described elsewhere [14]. 

Enzyme-Linked Immunosorbent Assays Experiments
For enzyme-linked immunosorbent assays (ELISA) experi-

ments, plates were coated with BWT or BH (100 ng/well in 50 µL 
PBS) overnight at 4  ° C. After blocking, plates were incubated with 
patients’ sera (n = 20) diluted 1: 10 overnight at 4  ° C. Bound human 
IgE (Immunglobulin E) was detected with alkaline phosphatase-

conjugated monoclonal anti-human IgE antibodies (BD Biosci-
ences, Franklin Lakes, NJ, USA). For human IgE binding, statistics 
was calculated with repeated measures analysis of variance; p val-
ues < 0.05 were considered significant.

Mediator Release Assay
The allergenic potential of BWT and BH was assessed by rat ba-

sophil degranulation assays performed as shown elsewhere [15]. 
In brief, RBL-2H3 cells transfected with the human high-affini-
ty  IgE receptor (FceRI) were passively sensitized with serum 
IgE  from birch pollen-allergic donors (n = 8). Antigen-depen-
dent  β-hexosaminidase release into the supernatant was mea-
sured by enzymatic cleavage of the fluorogenic substrate 4-methyl 

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

Protein:
BWT:

BH:

G V F N Y E E T T S V I P A A R L F KT

A F I L D G N L F P K V A P Q A I S SD

V E N I E G G G P G T I K K I S F P EN

G F P F K Y K D R V D E V D H T N F KV

Y N Y S V I G G P I G D T L E K I S NE

E I K I V A P D G G S I L K I S N K YT

H T K G D H V K A E Q V K A S K E M GE

E T L L R A E S Y L L A H S D A Y NV

AAGTTCCTGCGAGCTGCGCCAATCGTTTCTACCACCGAGACTGAATACAATTTCGTTGGT

AGTAGCATTGCCCAACCCGCAGTTAAGCCATTTCTCAATGATGGCGATCTTATCTTTGCC

GAACCCTTTAGCATCAAGAAGATTACCGGACCTGGGGGAAATGGAGAAATTAACGAAGTT

AAATTCAACACACACGACGTGGAGGATGTTAGAGACAAGGTGTACAAGTTCCCTTTCGGC

AACTCCATCAAGGAGTTGACAGACGGCATACCCGGTGGCGAGATCGTGAGCTACAATTAC

TACAAGAACAGCATCAAGTTGATCTCCGGAGGAGATCCTACCGCAGTGATAAAGATAGAG

GGCATGGAAAAAAGTGCAAAGGTTCAGGAGGCAAAGGTGGAGCATGACGGTAAAACCCAC

TAAAACTACGCCGATTCCCACGCATTGCTCTACAGCGAGGTTGCCAGGTTGCTTACAGAG

GGT GTG TTT AAT TAT GAG ACT GAA ACC ACC TCG GTG ATT CCT GCT GCA CGA CTC TTT AAA

GCA TTC ATT TTA GAC GGT GAC AAT TTA TTC CCT AAA GTG GCA CCT CAA GCA ATC AGC TCG

GTG GAG AAC ATC GAG GGT AAT GGT GGA CCT GGT ACC ATC AAA AAA ATT AGC TTC CCT GAG

GGT TTT CCT TTT AAA TAT GTG AAA GAC CGA GTG GAC GAA GTG GAC CAT ACG AAC TTT AAG

TAT AAT TAT AGC GTG ATT GAA GGT GGT CCT ATC GGT GAC ACG TTA GAA AAA ATT AGC AAC

GAA ATC AAA ATC GTG GCA ACC CCG GAC GGC GGC AGC ATT TTA AAA ATT AGC AAC AAA TAT

CAT ACC AAG GGT GAC CAC GAA GTG AAA GCA GAA CAA GTG AAA GCA TCG AAG GAG ATG GGT

GAA ACG TTA TTA CGT GCA GTG GAA AGC TAT TTA TTA GCA CAT AGC GAC GCA TAT AAC AAA

Fig. 1. DNA sequence alignment of BWT and BH. The respective amino acid sequence is shown (Protein). The recoded nucleotides of 
the BH sequence are indicated by a dark color. 

Fig. 2. Comparison of expression yields of BWT and BH calcu-
lated densitometrically (a). Competitive binding of ANS and sodi-
um-deoxycholate (DOC) in a 1/2 molar ratio protein/DOC was 
analyzed by fluorescence spectroscopy; data are baseline-corrected 
(b). DLS measurements of BWT (BWT1 and BWT2) and BH (BH1 
and BH2) were performed to determine the hydrodynamic radius 
of the proteins in solution (c). CD spectra of BWT (BWT1 and 

BWT2) and BH (BH1 and BH2); data are baseline corrected and 
presented as mean residue molar ellipticity (d). In vitro degrada-
tion assays were performed to determine proteolytic stability of 
BWT (BWT1 and BWT2) and BH (BH1 and BH2; e). FTIR spectra 
of amide I peak and corresponding second derivatives recorded at 
20  ° C (f). Analysis of variance calculated p values <0.05 were con-
sidered significant.

(For figure see next page.)
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umbelliferyl-N-acetyl-β-D-glucosaminide and expressed as per-
centage of total enzyme content of Triton X-100-treated cells. For 
the statistics of RBL-2H3 cell mediator release, the half-maximum 
release for all samples was determined and statistics was calculated 
with analysis of variance; p values < 0.05 were considered signifi-
cant.

Results

Codon Harmonization of Bet v 1 Sequence
In total, 73.6% (117 out of 159) of the original “birch-

codons” were replaced within this process of codon har-
monization (Fig. 1).

Expression Yields of BWT and BH
Protein expression was performed as described above. 

For the determination of expression yields and solubil-
ity, E. coli lysates of 5 different independent expression 
attempts of either BWT or BH were densitometrically 
analyzed. The quantification of total Bet v 1 revealed 
35 mg/L for BWT and 120 mg/L for BH, which means a 
more than threefold higher expression level of soluble 
Bet v 1 for the harmonized versus the wild type gene (p < 
0.001; Fig. 2a). 

BWT and BH Showed Similar Structural Properties
Two batches of each, BWT and BH, were purified 

from the soluble fraction of E. coli lysates by hydropho-
bic interaction and anion exchange chromatography 
and purity was determined by SDS-PAGE. Mass spec-
trometric analysis confirmed protein identity and indi-
cated that all batches were not modified during the pu-
rification process. Bet v 1 harbors an intrinsic hydro-
phobic cavity; thus, the allergen has the ability to bind 
the sulfonic acid ANS. As the cavity is solvent-accessi-
ble, sodium deoxycholate can replace ANS-binding in a 
competitive manner. In ANS-displacement assays, we 
found that both batches of BWT and BH were able to 
bind this ligand, whereas the addition of deoxycholate 
in a 1: 2 molar ratio reduced ANS-binding in all batches 
(Fig. 2b). CD and FTIR spectra were recorded to com-
pare secondary structure elements of Bet v 1 batches. 
Analyses of the proteins resulted in essentially the same 
spectra (Fig. 2d, f), indicating identical folding behavior. 
DLS measurements of Bet v 1 batches revealed similar 
hydrodynamic radii as well as a globular shape of the 
proteins (Fig. 2c). In vitro degradation assays revealed 
comparable susceptibility to endolysosomal proteolysis 
for all Bet v 1 batches (Fig. 2e).

Immunological Comparison of BWT and BH
To gain a deeper insight in the immunologic behavior 

of BWT versus BH, we analyzed the antibody-binding 
properties in ELISA using serum IgE of Bet v 1 allergic 
patients (n = 20). We found some variability in IgE bind-
ing of the 4 production batches (Fig. 3a). Thereafter, all 
Bet v 1 batches were tested in humanized basophil me-
diator release assays using the sera of birch allergic pa-
tients (n = 8). Here, the results were essentially the same. 
Overall, we could not detect any significant differences in 
the allergenic potential of the Bet v 1 batches (BH vs. 
BWT), whereas we found some significant variation be-
tween specific batches (Fig. 3b, c).

Discussion

It is widely accepted that codon usage, silent codon 
exchanges, and thus the “genetic melody” may directly 
impact not only protein expression rates but also influ-
ence the behavior of newly synthetized gene products 
[16]. Not frequently used codons at well-placed positions 
could lead to a stabilization of the ribosomal initial com-
plex and consequently to higher expression yields [17]. 
Furthermore, during the logarithmic growth phase, ex-
treme expression speeds can induce mRNA loss due to 
ribosome bottlenecking, also affecting the expression 
yield. Codon harmonization renders the problem of these 
deleterious host cell responses [8].

In this study, we generated a codon harmonized DNA 
sequence of the major birch pollen allergen Bet v 1 by 
adapting the original plant codon usage to the codon 
frequency of E. coli. The protein was expressed in bac-
teria and compared with production batches also pro-
duced in E. coli but without adaptation of the original 
plant-derived sequence. Using this strategy, we achieved 
a more than threefold increase in production yields 
compared to protein expression of the non-harmonized 
gene. 

After purification, detailed physicochemical analyses 
[18] of 2 batches, BWT and BH, did not reveal any 
structure-related differences in CD, DLS, FTIR, ANS re-
placement assays, or proteolytic stability testing. Al-
though, the 2 BH batches showed a slightly reduced IgE-
binding capacity in ELISA using human sera, we ob-
served that rather assay variations than changes within 
the production batches accounted responsible for the 
divergence in IgE-binding. The findings were further 
supported by data from mediator release assay, where 
all Bet v 1 batches showed a very similar ability to induce 
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IgE-dependent basophil activation. Thus, we conclude 
that harmonization of the DNA sequence has a dramat-
ic impact on expression yields, while in our hands the 
structural properties of Bet v 1 remained unaffected by 
the codon usage.

Thus, codon harmonization constitutes a promising ap-
proach to improve recombinant production of allergens. 
Moreover, we believe that this approach may have positive 
effects on the solubility of more complex allergen struc-
tures during recombinant production, which would be es-
pecially interesting for allergens or proteins with higher 
structural complexity like the trimeric soybean allergen 

Gly m 5 or the disulfide bridged peanut allergen Ara h 2. In 
fact, we have also harmonized the gene sequence of the ma-
jor ragweed allergen Amb a 1, a pectate lyase with a com-
plex beta-helix fold, and obtained promising results for the 
expression of soluble recombinant protein (unpublished 
results). 

Thus, codon harmonization provides an effective ap-
proach toward increasing expression levels of soluble and 
functional proteins and should be considered a strategy 
for overcoming production issues, especially in industri-
al-scale production of recombinant allergens.
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