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Abstract The measurements of plasma natriuretic
peptides (NT-proBNP, proBNP and BNP) are used to
diagnose heart failure but these are expensive to
produce. We describe a rapid, cheap and facile
production of proteins for immunoassays of heart
failure. DNA encoding N-terminally His-tagged NT-
proBNP and proBNP were cloned into the pJex-
press404 vector. ProBNP and NT-proBNP peptides
were expressed in Escherichia coli, purified and
refolded in vitro. The analytical performance of these
peptides were comparable with commercial analytes
(NT-proBNP ECsq for the recombinant is 2.6 ng/ml
and for the commercial material is 5.3 ng/ml) and the
ECsq for recombinant and commercial proBNP, are
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3.6 and 5.7 ng/ml respectively). Total yield of purified
refolded NT-proBNP peptide was 1.75 mg/l and
proBNP was 0.088 mg/l. This approach may also be
useful in expressing other protein analytes for immu-
noassay applications.

Purpose of work To develop a cost effective protein
expression method in E. coli to obtain high yields of
NT-proBNP (1.75 mg/l) and proBNP (0.088 mg/l)
peptides for immunoassay use.

Keywords AlphalLISA - Escherichia coli -
Heart failure - Immunoassay - Natriuretic
peptides - Plasma peptides

Introduction

Heart failure (HF) is a global health problem associ-
ated with poor clinical outcomes and substantial
economic burden to our healthcare system. (Dunlay
et al. 2011). Approx. 23 million people worldwide are
living with HF and this figure is likely to increase in
the near future due to an ageing and growing
population (Cheng and Vasan 2011). The population
estimates of HF prevalence ranges between 2 and
10 %, with a higher prevalence in the elderly (Manz-
ano et al. 2011). The diagnosis of HF is challenging
and is currently based on a combination of patient
medical history, physical examinations coupled with
routine clinical procedures (Krum et al. 2011).
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Measurement of plasma N-terminal pro-brain
natriuretic peptide (NT-proBNP) for diagnosis of
HF is now clinically accepted by the major HF
guidelines (Krum et al. 2011; McMurray et al.
2012; Lindenfeld et al. 2010). During the onset of
HF, the 134 amino acid (AA) precursor protein
(preproBNP) is predominantly expressed in cardio-
myocytes and is secreted into circulation (Dong
et al. 2010). The signal peptide corresponding to
the first 26 AA of preproBNP is cleaved, resulting
in the production of the 108 AA pro B-type
natriuretic protein (proBNP). ProBNP is cleaved by
the protease corin that is present in circulation into
a 76 AA NT-proBNP fragment and 32 AA BNP
(Nishikimi et al. 2011; Semenov and Seferian
2011). Low levels of proBNP and/or NT-proBNP
are also present in the circulation of the healthy
population (Fradley et al. 2011; Tonne et al. 2011).
HF patients tend to have a less efficient mechanism
of converting proBNP into NT-proBNP and BNP
(Semenov et al. 2010; Emdin et al. 2011) and
therefore proBNP may be clinically relevant when
diagnosing HF.

NT-proBNP is present in other biological fluids.
The use of urinary NT-proBNP measurements is
also clinically useful in diagnosing HF (Palmer
et al. 2009). Furthermore, we have demonstrated
diagnostic potential of this NT-proBNP in an
alternative biological fluids (Zhang et al. 2013;
Foo et al. 2013; Schulz et al. 2013). Nevertheless,
it is important that the development of future NT-
proBNP and proBNP immunoassays validate these
findings.

The cost of purchasing an analyte as a calibrant
is a major hindrance when developing new immu-
noassays to detect proteins present in cells, tissues
and body fluids. The expression and purification of
recombinant NT-proBNP has been described (Ala-
Kopsala et al. 2004, 2005). However, this method
used the production of antisera against NT-proBNP
that required the removal of N-terminally GST-
tagged NT-proBNP through thrombin cleavage. In
contrast, here we describe a rapid, cheap and facile
protein expression method for N-terminally His-
tagged NT-proBNP and proBNP in an Escherichia
coli system with high yields (1.75 mg NT-proBNP/I
and 0.088 mg proBNP/l) for downstream immuno-
assay development.
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Materials and methods

Sequence and cloning of N-terminally His-tagged
preproBNP

DNA sequence encoding N-terminally His-tagged
preproBNP optimized for expression in E. coli was
synthesized and cloned into the pJexpress404 vector
(DNAZ2.0) (Fig. 1a). Using the PCR deletion method
of Imai etal. (1991), we deleted sequence encoding the
signal peptide, pro-piece and/or BNP to create plas-
mids encoding cytoplasmically targeted, N-terminally
His-tagged proBNP (Fig. 1b) and NT-proBNP
(Fig. 1c). Forward (5-CAT CAC CAC CAC CAT
CAT CAC-3') and reverse primers (5-CAT ATG TAT
ATC TCC TTC-3') were used to delete sequence
encoding the signal peptide. Forward (5'-TAA CTC
GAG CCC CAA GGG-3') and reverse primers (5'-
ACG CGG TGC ACG CAG GG-3') were used to
delete the sequence encoding BNP (Fig. 1a).

Expression and purification of recombinant NT-
proBNP and proBNP using an E. coli system

Escherichia coli with the desired plasmids encoding
proBNP or NT-proBNP was grown in 400 ml LB with
100 mg ampicillin/l at 37 °C with shaking. When the
cultures reached an ODgq of 0.7, IPTG was added at
1 mM to induce protein expression and the cultures
were incubated for an additional 4 h at 37 °C with
shaking. The cells were harvested by centrifugation.
Harvested cells containing proBNP or NT-proBNP
inclusion bodies were resuspended in 6 M guanidine
hydrochloride with 50 mM potassium phosphate
buffer, pH 7.4, and incubated at 37 °C for 16 h.
proBNP or NT-proBNP were purified using TALON
resin affinity chromatography (Clontech) according to
the manufacturer’s instructions, with elution in 6 M
guanidine hydrochloride with 50 mM potassium
phosphate buffer pH 5.

Desalting and measurement of in-house expressed
analytes

ProBNP and NT-proBNP were refolded by dilution to
1 M guanidine hydrochloride with 50 mM potassium
phosphate buffer (pH 7.4) and incubated at 4 °C for
4 h. The recombinant proBNP or NT-proBNP were
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A  AAATAATTTTGTTTAACTTTTGAAGGAGATATACATATGAAATACCTGCTGCCGACCGCT

1 K - F C L TF E G D I HM K Y L L P T A 20
GCTGCTGGTCTGCTGCTCCTCGCTGCCCAGCCGGCGATGGCCGCGAATACCGGTCATCAC

21 A A G L L LLAAZGQUPAMA A ANTG H H 40
CACCACCATCATCACCATCACCACATCGATGGTCGTCACCCGCTGGGTAGCCCGGGTAGC

41 H H H H H H HUH I DG RHUPL G S P G S 60
GCGAGCGACCTGGAAACGAGCGGTCTGCAAGAGCAGCGCAACCATCTGCAGGGCAAGCTG

61 A S DL ET S G L Q E Q R N H L Q G K L 80
TCCGAGCTGCAAGTTGAACAAACGAGCCTGGAGCCGCTGCAGGAGAGCCCACGCCCGACG

81 s EL Q@ v E @ T s L E P L @ E S P R P T 100
GGTGTGTGGAAATCTCGCGAAGTTGCGACCGAGGGCATCCGTGGCCACCGCAAAATGGTC

101 6 vV W K S R E vV A T E G I R G H R K M V 120
TTGTATACCCTGCGTGCACCGCGTTCTCCGAAGATGGTGCAAGGTAGCGGCTGTTTCGGC

127 .. ¥ T L. R A P R § P KMV Q G S G C F G 140
CGTAAAATGGACCGTATTAGCAGCTCCAGCGGCTTGGGTTGCAAGGTCCTGCGTCGTCAC

141 R K M D R I S 8§ § § G L 6 € K Vv L R R H 160
TAACTCGAGCCCCAAGGGCGACACCC

161 - L E P Q@ G R H P 168

B 1 MHHHHHHHHHHIDGRHPLGS 20
21 PGSASDLETSGLQEOQRNHLQ 40
41 GKLSELQVEQTSLEPLQESTP 60
6l RPTGVWKSREVATEGTIRGHR 80
81 KMVLYTLRAPRSPKMVQGSG 100
101 CFGRKMDRISSSSGLGCKVL 120
121 R R H 121

C 1 MHHHHHHHHHHIDGRHPLGS 20
21 PGSASDLETSGLQEQRNHLZQ 40
41 GKLSELQVEQTSLETPLOQETSTP 60
6l RPTGVWKSREVATEGTIRGHR 80
81 KMVLYTLRAPR 91

Fig. 1 Sequence of E. coli expressed NT-proBNP and proBNP.
a Protein and E. coli optimized DNA sequence of His-tagged
proBNP with signal sequence. Oligonucleotide primer
sequences are underlined. b Protein sequence of N-terminally

desalted into 10 mM potassium phosphate buffer pH
7.4 with 150 mM NaCl using two PD-10 columns
(14.5 x 50 mm) at 4 °C. The protein concentration of
recombinant NT-proBNP was measured using a
protein quantification kit and proBNP measured using
NanoDrop. Recombinant proBNP and NT-proBNP
were aliquoted and stored at —80 °C until further
analysis.

His-tagged proBNP after sequence encoding signal peptide was
deleted (blue) ¢ Protein sequence of N-terminally His-tagged
NT-proBNP after deletion of sequence encoding signal peptide
(blue) and BNP (red)

In-house expressed NT-proBNP and proBNP
characterization using mass spectrometry

Recombinant NT-proBNP and proBNP were sepa-
rated by bis—Tris SDS-PAGE and stained with
Coomassie Blue according to the manufacturer’s
instructions. Purified proteins were digested with
trypsin in 50 mM Tris/HCI pH 7.5 with 10 mM DTT
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at 37 °C for 16 h. Tryptic peptides were desalted using
C18 ZipTips (Millipore) and analysed by LC-ESI-
MS/MS using a Prominence nano LC system (Shima-
dzu) and TripleTof 5600 mass spectrometer with a
Nanospray III interface (AB Sciex) (Bailey et al.
2012a). Approx. 2 pg peptides were desalted on an
Agilent C18 trap (300 A pore size, 5 pm particle size,
0.3 mmi.d. x 5 mm) at30 pl/min for 3 min, and then
separated on a reversed-phase C18 HPLC column
(300 A pore size, 5 um particle size, 150 um
i.d. x 150 mm) at 1 pl/min. Peptides were separated
with a gradient of 10-60 % buffer B over 45 min, with
buffer A (1 % acetonitrile/0.1 % formic acid) and
buffer B (80 % acetonitrile/0.1 % formic acid). Gas
and voltage setting were adjusted as required. A MS
TOF scan from m/z of 350-1,800 was performed for
0.5 s followed by information dependent acquisition
of MS/MS with automated CE selection of the top 20
peptides from m/z of 40—1,800 for 0.05 s per spectrum.

Data analysis

Peptides were identified essentially as described by
Bailey et al. (2012a) using ProteinPilot (AB Sciex),
searching the LudwigNR database (downloaded from
http://apcf.edu.au as at 27 January 2012; 16,818,973
sequences; 5,891,363,821 residues) with standard
settings [sample type, identification; cysteine alkyl-
ation, acrylamide; instrument, TripleTof 5600; spe-
cies, no restriction; ID focus, biological modifications;
enzyme, trypsin; Search effort, thorough ID]. False
discovery rate analysis using ProteinPilot was per-
formed on all searches. Peptides identified with greater
than 99 % confidence and with a local false discovery
rate of less than 1 % were included for further ana-
lysis, and MS/MS fragmentation spectra were manu-
ally inspected.

Suitability of recombinant NT-proBNP
and proBNP as calibrants for Alphal.ISA
immunoassays

To determine the suitability of the recombinant
proBNP and NT-proBNP peptides as analytes in
immunoassays, 12-point standard curves were gener-
ated by serial dilution of known concentrations of
recombinant proBNP and recombinant NT-proBNP.
The standard curves were generated by plotting the
“raw” Alphal.ISA counts against the proBNP or NT-
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proBNP concentrations using a 4-parameter logistic
equation (sigmoidal dose-response curve with vari-
able slope) and a 1/Y? data weighting using GraphPad
Prism 5 software version 5.03 (GraphPad Software
Inc., USA) (Punyadeera et al. 2011; Mohammed et al.
2012; Topkas et al. 2012; Bailey et al. 2012b). The
recombinantly expressed analytes (proBNP and NT-
proBNP) were directly compared with a commercial
proBNP and NT-proBNP analyte (Product-No:
1607106, Perkin Elmer, MA, USA) in two separate
AlphalLISA immunoassays.

Stability study of our in-house expressed recombi-
nant and commercial proBNP and NT-proBNP in
HiBlock buffer was performed by storing several
aliquots of the proteins at 4 °C. An aliquot of the
recombinant and commercial proBNP and NT-proB-
NP were then stored at —80 °C at specific time
intervals (1, 3 and 5 days) before further analysis.
AlphalLISA assays were performed and percentage
recoveries were calculated based on concentration of
the recombinant proteins at day 0.

Results

SDS-PAGE validation of in-house expressed
and purified recombinant proBNP and NT-proBNP
peptides

We used an E. coli heterologous protein expression
system to express, purify and refold human proBNP
and NT-proBNP. A critical step in the development of
immunoassays is the quality of the analyte used as a
calibrant, thus SDS-PAGE followed by Coomassie
Blue staining was also performed to characterise the
recombinant proBNP and NT-proBNP analytes pro-
duced in-house.

The molecular sizes of recombinantly expressed
proBNP and NT-proBNP were approx. 15 and 9 kDa
respectively, in agreement with the expected molec-
ular sizes. Single high intensity bands were observed
in the lanes loaded with the respective recombinant
analytes, which were >95 % pure (Fig. 2a).

Mass spectrometry analysis of in-house expressed
recombinant proBNP and NT-proBNP

Peptides from proBNP and NT-proBNP were detected
by LC-MS/MS (Fig. 2b—c; Tables 1, 2). NT-proBNP
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Fig. 2 SDS-PAGE and MS A B
characterisation of purified
Lane 1 Lane 2 Mw
NT-proBNP and PFOBNR 75 KD 1 MHHHHHHHHHHIDGRHPLGS 20
recombinant M pBND 2 21 PGSASDLETSGLQEQRNHLQ 40
and proBNP were loaded in 41 GKLSELQVEQTSLEPLQESP 60
lane 1 and 2, respectively. 63 kD 61 RPTGVWKSREVATEGIRGHR 80
The proteins were separated » 81 EKMVLYTLRAPR 91
by SDS-PAGE and stained
with Coomassie blue. MS
peptide coverage of purified
b NT-proBNP and
¢ proBNP. Sequences shown
in bold are tryptic peptides 48kDa C
identified with >99 % 1  MHHHHHHHHHHIDGRHPLGS 20
confidence (see Tables 1, 2) 21 PGSASDLETSGLQEQRNHLQ 40
35kDa 41 GKLSELQVEQTSLEPLQESP 60
61 RPTGVWKSREVATEGIRGHR 80
81 KMVLYTLRAPRSPKMVQGSG 100
25kDa 101 CFGRKMDRISSSSGLGCKVL 120
121 RRH 123
20kDa
e 17K
5kDa
Table 1 Peptides identified -
after tryptic digestion of Peptide mz N Amass
recombinant purified HPLGSPGSASDLETSGLQEQR 1083.52 2 —0.01
NT-proBNP
KMVLYTLR 512.30 2 —0.01
LSELQVEQTSLEPLQESPRPTGVWK 908.47 3 0.00
confidence >99 %
Table 2 I.’ept‘ides ?dentiﬁed Peptide m/z B Amass
after tryptic digestion of
fec‘];“&t;“am purified HPLGSPGSASDLETSGLQEQRNHLQGK 711.85 4 0.01
ro
P LSELQVEQTSLEPLQESPRPTGVWK 713.63 4 —0.00
MVLYTLR 448.26 2 —0.00
MVQGSGCFGR 521.23 2 —0.00
All peptides identified with ISSSSGLGCK 469.73 2 —0.00

confidence >99 %

peptides included the N-terminus and C-terminus of
the full-length of NT-proBNP, indicating that our
recombinant protein is not subject to any N- or C-
terminal truncations, and that the protein has the
expected sequence throughout (Table 1; Fig. 2b).

Peptides from proBNP were also detected from
throughout the full length of the molecule (Table 2;
Fig. 2c). A peptide from the centre of proBNP and
NT-proBNP was identified which is glycosylated
in vivo and was not reported in previous publications
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Fig. 3 (a, b) Binding saturation curve of recombinant and
commercial proBNP and NT-proBNP to monoclonal antibodies.
(b, ¢) Stability (0, 1, 3 and 5 days) of recombinant and

describing MS analysis of immunoprecipitation (IP)
purified NT-proBNP from patient’s plasma (Ham-
merer-Lercher et al. 2008).

Validation of in-house expressed proBNP
and NT-proBNP in Alphal.ISA assays

As guanidine hydrochloride is not compatible with the
AlphalLISA assay, refolded NT-proBNP or proBNP
were desalted into 10 mM potassium phosphate buffer
pH 7.4 with 150 mM NaCl. The in-house expressed
recombinant NT-proBNP yielded 3.5 ml of analyte at
approx. 1.75 mg/l bacterial culture. In addition,
expression of recombinant proBNP gave approx.
0.088 mg/1 bacterial culture. The analytical sensitivity
and specificity of our purified N-terminally His-tagged
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commercial proBNP and NT-proBNP in HiBlock buffer at 4 °C
measured in percentage recoveries of concentration referenced
to day 0

NT-proBNP were compared with a commercial ana-
lyte as a calibrant in a NT-proBNP immunoassay.
Comparable 12-point sigmoidal-dose response
curves with similar detection ranges between 10 and
100,000 pg/ml were obtained (ECso = 3.6 ng/ml for
proBNP and EC5y = 2.6 ng/ml for NT-proBNP) with
both in-house expressed recombinant proBNP and
NT-proBNP analytes (Fig. 3a, b). In addition, we
directly compared in-house expressed proBNP and
NT-proBNP to commercial analytes and found similar
ECsq values (ECso = 5.7 ng/ml and ECs5g = 3.6 ng/
ml for commercial and in-house expressed recombi-
nant proBNP analytes respectively; EC5o = 5.3 ng/ml
and ECsqy = 2.6 ng/ml for commercial and in-house
expressed recombinant NT-proBNP analyte respec-
tively), supporting the suitability of our recombinant
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proBNP and NT-proBNP as a standard/calibrant for
use in immunoassays. The assay sensitivity for our in-
house expressed proBNP lower limit of detection
(LOD) = 20 pg/ml and NT-proBNP LOD = 16 pg/
ml.

We have demonstrated that the recombinant and
commercial proBNP and NT-proBNP are stable at
4 °C (Fig. 3c, d). This confirmed that the recombinant
proBNP and NT-proBNP proteins are stable and
functional and that the presence of an N-terminal
His-tag did not alter the immunoreactivity of proBNP
and NT-proBNP in the Alphal.LISA assay.

Discussion

Our work demonstrates a cost-effective method to
obtain high yields of recombinant proBNP and NT-
proBNP proteins (0.088 and 1.75 mg/I respectively) in
a research laboratory setting. We have demonstrated
that our in-house expressed analytes are compatible
with downstream immunoassays (Fig. 3). Although
Ala-Kopsala et al. (2004, 2005) previously described
the expression and purification of recombinant NT-
proBNP, their method used the production of antisera
against NT-proBNP and required the use of an N-
terminal GST-tag on NT-proBNP for purification and
its subsequent removal through thrombin cleavage. In
comparison, we have described expression of N-
terminally His-tagged NT-proBNP that does not
require affinity tag cleavage prior to use in an
immunoassay making it a versatile method. Protein
characterisation by SDS-PAGE and mass spectrometry
of recombinant proBNP and NT-proBNP further
confirmed their purity (Tables 1, 2; Fig. 2). It is
important to validate the sequence of a recombinant
proBNP and NT-proBNP analytes, as the amino and
carboxyl terminal of circulating NT-proBNP is more
susceptible to proteolytic degradations (Foo et al.
2013) and could lead to an underestimation of analyte
levels when used in immunoassays that target both
termini (N- and C) of the analyte (Ala-Kopsala et al.
2004).

The AlphaLISA results demonstrated that our recom-
binant peptides have equivalent immunoreactivities to
commercial material (Fig. 3), indicating that the presence
of an N-terminal His-tag on NT-proBNP did not interfere
with the performance of immunoassay. The estimated

material cost starting from designing the preproBNP
plasmid until the verification of recombinant NT-proBNP
and proBNP was approx. 1,000 AUD, which yielded NT-
proBNP (1 mg/l 95 % pure analyte/l) and proBNP
(0.088 mg 95 % pure analyte/l). Additional expression
would not require gene synthesis and cloning and so
would cost approx. 100 AUD per 1 mg NT-proBNP/l and
0.088 mg proBNP/1. In contrast, I mg of commercial NT-
proBNP costs approx. $ (Australian) 4,500-15,000 (http://
www.sunny-lab.com, http://www.mybiosource.com).
Also, 1 mg commercial recombinant proBNP is $ (Aus-
tralian) ~27,000-59,000  (http://www.mybiosource.
com). By inducing NT-proBNP and proBNP expressing
E. coli cells from glycerol stocks, we are able to rapidly
obtain recombinant NT-proBNP and proBNP for future
applications. Thus, this method will provide substantial
cost savings to laboratory researchers.

Conclusion

We have optimised an E. coli expression system for
the production of recombinant human proBNP and
NT-proBNP. Recombinant proBNP and NT-proBNP
with a purity of 95 % could be used as calibrants in an
Alphal.ISA immunoassay with similar immunoreac-
tivity to commercial analyte. The cloning and purifi-
cation of recombinantly expressed analyte described
in our study is cost effective and we anticipate that
similar approaches will also be applicable for expres-
sion of other recombinant analytes for immunoassay
development.

The cost of purchasing an analyte as a calibrant is a
major hindrance when developing new immunoassays
to detect proteins present in cells, tissues and body
fluids. The ability to rapidly produce cheap recombi-
nant proteins to be used as calibrants in assays will
facilitate assay development. Lower analyte costs
allow funding to be allocated to the development and
optimisation of the assay.
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