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A B S T R A C T   

Bone morphogenetic protein 2 (BMP21) is a highly interesting therapeutic growth factor due to its strong 
osteogenic/osteoinductive potential. However, its pronounced aggregation tendency renders recombinant and 
soluble production troublesome and complex. While prokaryotic expression systems can provide BMP2 in large 
amounts, the typically insoluble protein requires complex denaturation-renaturation procedures with medically 
hazardous reagents to obtain natively folded homodimeric BMP2. Based on a detailed aggregation analysis of 
wildtype BMP2, we designed a hydrophilic variant of BMP2 additionally containing an improved heparin binding 
site (BMP2-2Hep-7M). Consecutive optimization of BMP2-2Hep-7M expression and purification enabled pro
duction of soluble dimeric BMP2-2Hep-7M in high yield in E. coli. This was achieved by a) increasing protein 
hydrophilicity via introducing seven point mutations within aggregation hot spots of wildtype BMP2 and a 
longer N-terminus resulting in higher affinity for heparin, b) by employing E. coli strain SHuffle® T7, which 
enables the structurally essential disulfide-bond formation in BMP2 in the cytoplasm, c) by using BMP2 variant 
characteristic soluble expression conditions and application of L-arginine as solubility enhancer. The BMP2 
variant BMP2-2Hep-7M shows strongly attenuated although not completely eliminated aggregation tendency.   

1. Introduction 

Autoinduction of bone growth was described in 1965 [1] and further 
explored in following years. In 1979 Urist et al. published a group of 
proteins that directly affected bone growth, which were named bone 
morphogenetic proteins (BMPs) [2–5]. First, BMPs were only classified 
as osteogenic growth factors (eponymous for their name) – concluding 
recruiting and proliferation of monocytes and mesenchymal cells, and 
inducing angiogenesis and differentiation to osteoblasts [6,7]. In sub
sequent studies, their activity-spectrum was extended and functional
ities affecting the whole organism were identified, as for example 
regulating myogenesis [8], embryogenesis [9] and neural development 
[10]. This broad functionality is further highlighted by suggesting the 
acronym BMP to be interpreted as body morphogenetic proteins [11, 

12]. 
Within the transforming growth factor β family BMPs with 18–20 

members form the largest subgroup [7,13]. The BMP subgroup can be 
further subdivided into the phylogenetically related BMP2/4, BMP3/3B, 
BMP5/6/7/8/8B, BMP9/10, BMP12/13/14, BMP11, BMP15/16 groups 
[7,9,14]. Among these, BMP2 is one of the most frequently studied BMPs 
and has gained high therapeutic interest for application in bone regen
eration and healing. Indeed in 2002 BMP2 was approved by the FDA as a 
medical product [15] and is commercially available as InductOs® (Eu
ropean sector) or as Infuse® Bone Graft (USA sector) [16,17]. In both 
products, BMP2 is applied via a BMP2-soaked collagen sponge, which is 
implanted at the site of action. BMP2-soaked collagen sponges were 
employed in several medical fields (repair of tibial fractures [18], 
healing critical size defects [19] or spinal fusions [20]) where it could 
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show clear medical benefits: shortened hospitalization and lower 
hospital-related costs [21,22]. However for the desired therapeutic ef
fect BMP2 is used at quite high supra-physiological doses – while under 
physiological conditions ng-amounts are observed, in therapeutic 
application (e.g. InductOS®/Infuse® Bone Graft) high μg to mg amounts 
are implanted [23]– thereby increasing the risk of unwanted side effects 
either due to excessive inflammatory processes or diffusion of the pro
tein from its site of implantation thereby causing formation of ectopic 
bone [24]. 

Human BMP2 (hBMP2) underlies a complex biological processing. 
The N-terminal signal peptide (23 amino acids, AA) gets cleaved off 
during the secretion process leaving a rather large dimeric proprotein 
consisting of 2x396 AAs. The proprotein is subsequently processed by 
metalloproteases of the furin family to remove the N-terminal propep
tide. The remaining 2x114 residues yield the mature C-terminal dimeric 
BMP2 protein, which contains the highly characteristic cystine-knot 
motif and harbors all domains required for receptor binding and acti
vation [25–28]. 

The cystine-knot motif formed by three intramolecular disulfide 
bonds between cysteine residues 296 and 361, Cys325 and Cys393, and 
between Cys329 and Cys395 (AA numbering according to the pre
proBMP2 sequence) provides BMP2 with a high physicochemical sta
bility [29,30]. Together with covalent dimer formation via an 
intermolecular disulfide bridge involving the Cys360 residue in either 
monomer, BMP2 robustly withstands unfolding and retains its bioac
tivity even when exposed to harsh chemical conditions as reflected by 
Urist’s BMP extracting procedures from bone utilizing strong acid and 
strongly denaturing chaotropic reagents such as urea and guanidinium 
hydrochloride. It is interesting to note that the cystine-knot motif is not 
unique to BMPs but present in all TGFβ family members as well as 
various BMP modulator proteins such as Noggin and members of the 
DAN family [31–33]. The overall structure of the BMP2-dimer can be 
described as the two monomers arranging like two inverse clasped 
hands. In this hand-like depiction the single long α-helix hereby forms 
the wrist, while the cystine-knot conforms to the palm and each of the 
two 2-stranded β-sheets are described as one finger [31,34]. Another 
characteristic property of BMP2 is its pronounced heparin binding 
which is possibly implemented through a stretch of mostly basic amino 
acids in the first 20 residues of the mature protein of which six are 
located in the very N-terminus of mature BMP2 (i.e. Lys285, Lys287, 
Arg289, Lys290, Arg291 and Lys293) and further two are placed just 
past the first Cys residue of the cystine-knot motif (i.e. Lys297 and 
Arg298) [36]. It is interesting to note that this basic N-terminus is not 
present in various other BMPs (as well as in TGFβs and activins) but only 
shared with BMP4 and might thus be involved in a differential tissue 
targeting of these two BMPs to ECM-rich cell surfaces [37]. The 
heparin-binding properties of BMP2 are moreover used to functionalize 
bioactive materials and to tune the biological activity of BMP2 with 
heparin-bound BMP2 having superior signaling activity over its 
heparin-unbound counterpart [38]. However, removal of the basic 
N-terminus of BMP2 did not fully abrogate heparin binding and thus 
additional positively charged patches in the cystine-knot containing part 
might also engage with heparin [35]. 

Dimer formation of BMP2 (as well as for other BMPs) is an essential 
prerequisite for receptor activation and BMP bioactivity. While usually 
homodimerization is assumed, BMP2 can also form heterodimers with 
certain other BMPs either by recombinant means but possibly also in 
vivo. BMP2 homo- and heterodimers differ only by receptor specificity 
and activity but seem not to affect the type of bone formation [6]. Re
ceptor activation and initiation of BMP-signaling requires assembly of 
heterotetrameric receptor complexes consisting of so-called type I and 
type II receptors, which involves interactions between two different 
exposed epitopes (wrist and knuckle epitope) on the BMP2 surface to the 
membrane bound BMP-receptor type I and II with different affinities 
[39]. 

To enable biochemical studies different procedures were developed 

to obtain hBMP2 in larger quantities and with high purity. Initially BMPs 
were isolated from bones as mixtures, however this technique not only 
involved complex, time- and work-intensive methods (e.g. showed in 
Ref. [40]), but the extracted material in addition is allogenic and might 
thus present a health risk [41]. Furthermore, the yield and also bio
logical activities of isolated BMP proteins were low (1–3 μg per kg bone 
[40,42,43]). Currently, medically applied and commercially produced 
rhBMP2 is expressed in CHO-cells. However, recombinant expression 
and high yield production of BMP2 in eucaryotic cells such as CHO cells 
[27] or Sf9 insect cells [44] proved to be challenging since the expres
sion as preproprotein is absolutely required for proper rhBMP2 pro
duction. Additionally, eucaryotic expression systems harbor low 
up-scaling capacity, high production times and hence high total costs 
compared to procaryotic systems [45]. Furthermore, in eucaryotic sys
tems high attention need to be paid to growth media due to sophisticated 
requirements of mammalian cells, to high contamination risks and to 
ethical criteria when producing biopharmaceutical proteins [45–49]. 
Comparative production of the humanized antibody fragment ACT017 
revealed a slightly higher heterogeneity when using E. coli but most of 
all a notable reduced culture time and lowered costs [50]. A further 
limiting step in eucaryotic BMP2-production could be the proteolytic 
processing of the proprotein by metalloproteases of the furin family to 
release the mature C-terminal growth factor if furin proteases are not 
overexpressed simultaneously. As BMP2 does not require 
post-translational modifications such as glycosylation for activity [36] 
recombinant production in E. coli seems highly attractive since 
E. coli-derived rhBMP2 shows appropriate properties (e.g. nanomolar 
solubility in aqueous solutions and thermal stability in acidic buffers) 
and biological activity (e.g. shown in Refs. [51–53]). However, the 
requirement of disulfide bond formation to establish the cystine-knot as 
well as the presence of large hydrophobic surface patches in the C-ter
minal growth factor domain result in BMP2 being expressed usually 
insoluble into bacterial protein aggregates termed inclusion bodies. 
Hence production of BMP2 from bacteria comprises an in vitro oxidative 
refolding step [54], which not only is time- and cost-intensive but in
volves the usage of hazardous substances (e.g. DTT, guanidinium chlo
ride, urea) that can be incompatible with or at least requires additional 
work to obtain approval as therapeutic substance through medical 
agencies such as FDA and EMA [36,43,55]. 

In this work we therefore aimed to produce a biofunctional BMP2 
with enhanced heparin binding and attenuated aggregation tendency, 
utilizing a soluble high-yield expression system combined with a simple, 
time- and cost-saving purification technique avoiding harmful chemis
try. This allows an economic and inexpensive direct production of sol
uble BMP2. 

2. Materials and methods 

2.1. Annotation 

All prokaryotic expression systems start translation with f-Formyl- 
Met, which is normally cleaved later on. However, this is not the case, 
when the aminoterminal AA of a protein is larger than valine [56]. Due 
to cloning procedure the construct we used as mature BMP2 (wt-BMP2*) 
has an artificially added alanine upstream the native glutamine, whereas 
our new BMP2-mutant (BMP2-2Hep-7M) starts with the native gluta
mine as first AA downstream the starting methionine. Following protein 
expression in E. coli methionine is cleaved in wt-BMP2* (since alanine is 
smaller than valine) and not cleaved in the mutant (since glutamine is 
bigger than valine). This leads to wt-BMP2* starting with AQ and in 
conclusion 115 amino acids (annotation shift +1) [36] and to 
BMP2-2Hep-7M starting with MQ. Additionally, the amino acid posi
tions according to the preproBMP2 sequence are indicated. 
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2.2. In silico design of BMP2-2Hep-7M 

The human BMP2 protein sequence was analyzed for aggregation hot 
spots using the AggreScan algorithm [57]. Seven hydrophilizing amino 
acid exchanges were set within 6 detected aggregation hot spots, while 
the BMP2 receptor type I and type II interacting positions [39,58] were 
preserved. In addition, the basic N-terminus of BMP2 was modified to 
enhance its heparin binding capacity [35,36,59]. This was achieved by 
introducing multiple copies of basic motifs, e.g. KHK and KR, similar to 
the approach published by Wuerzler et al. [60] (see also [61]). Subse
quently, the new construct BMP2-2Hep-7M was reassessed with 
AggreScan thereby confirming the almost complete absence of aggrega
tion hot spots. To predict probable secondary structures the PSI-blast 
based secondary structure prediction tool (PSIPRED) was applied [62]. 

2.3. Cloning of BMP2-2Hep-7M-gene 

A synthetic gene encoding BMP2-2Hep-7M with an optimized codon- 
usage for expression in E. coli was purchased from Eurofins Genomics, 
Ebersberg Germany. Restriction sites of NdeI and XhoI were inserted at 
the 5′ and 3′-ends of the bmp2 gene to allow directed cloning into the 
expression vector pET32a (Novagen). The cDNA sequence of the 
resulting plasmid (pBMP2-2Hep-7M) was confirmed by DNA- 
sequencing (Eurofins Genomics, Ebersberg, Germany). 

2.4. Protein expression 

2.4.1. Optimization of BMP2-2Hep-7M expression 
The BMP2-2Hep-7M monomer comprises 122 amino acids corre

sponding to a molecular weight of 13965.9 Da. In order to determine an 
efficient expression host four different E. coli strains, i.e. BL21 (DE3), 
Origami™ B (DE3), SHuffle® T7, and ArcticExpress™ (DE3), were 
transformed with pBMP2-2Hep-7M. Positive clones were obtained on 
LB-agar plates containing 100 μg/ml ampicillin (plus additional genta
mycin (20 μg/ml) when using E. coli ArcticExpress™ (DE3)) and were 
used to generate glycerol stocks for inoculating overnight precultures. 

Expression cultures were incubated at 37 ◦C to an optical density at 
600 nm of 0.6, then protein expression was induced by addition of 
Isopropyl ß-D-1-thiogalactopyranoside (IPTG; 0.5 or 1.0 mM). To test the 
influence of temperature of protein production, expression was per
formed at different temperatures (13 ◦C for ArcticExpress™ (DE3), 20 
and 30 ◦C for all strains and additionally at 34 and 37 ◦C for SHuffle® 
T7). Protein expression lasted 24 h employing LB medium containing 
100 μg/ml ampicillin (plus additional gentamycin (20 μg/ml) when 
using E. coli ArcticExpress™ (DE3)). Protein production was analyzed by 
SDS-PAGE using samples for whole cell lysates and corresponding ones 
separated for soluble and insoluble fraction after sonication and 
centrifugation. To monitor the time course of expression samples were 
taken at 0, 1, 2, 3, 4.5, 6 and 24 h after addition of IPTG. 

2.5. Final expression 

After optimization preparative expression of BMP2-2Hep-7M was 
performed with pBMP2-2Hep-7M transformed E. coli SHuffle® T7 in LB- 
medium at 34 ◦C. Protein expression was induced at an optical density at 
600 nm of 0.6 by addition of 1 mM IPTG. After 6 h cells were harvested 
by centrifugation for 20 min at 15.300×g and 4 ◦C (Avanti JXN-26 
centrifuge, rotor JA-14). Cell pellets were stored at − 20 ◦C. 

2.6. Heparin-sepharose chromatography 

2.6.1. Purification studies/analysis 
After thawing, cells were resuspended in different resuspension 

buffers (Table 2) (25 ml/g cells wet weight) and lysed by sonication at 
10 × 30 s bursts (Sonoplus HD 2200.2, sonotrode VS70T, Bandelin). The 
lysate was supplemented with different solubility-enhancing additives 

(Table 2), incubated for 2 h on ice and centrifugated at 48.300×g for 10 
min at 4 ◦C (Avanti JXN-26 centrifuge, rotor JA-25.50). Heparin resin (5 
ml HiTrap Heparin HP column; GE Healthcare, Äkta-FPLC system) was 
used as initial purification step as both cation exchange and affinity. For 
optimization of the purification conditions different buffers for washing 
and protein elution were tested (Table 3). Protein elution was achieved 
using a linear gradient moving to different elution buffer conditions in 
six column volumes. Protein-containing elution fractions were analyzed 
by Tricine-SDS-PAGE and dynamic light scattering (DLS) measurements. 

2.6.2. Final purification 
For preparative preparations native BMP2-2Hep-7M dimer was ob

tained from lysing the cells by sonication using 50 mM Tris-HCl pH 5.3 
(25 ml/g cell wet weight). The lysate was supplemented with 0.5 M L- 
arginine and the protein solution was incubated for 2 h on ice. The 

Table 1 
Protein expression analysis for BMP2-2Hep-7M. Expression was done in 
different E. coli hosts (ArcticExpress™ (DE3), BL21(DE3), Origami™ B (DE3), 
SHuffle® T7), at various expression temperatures induced with different con
centrations of IPTG. Expression efficiency is shown as no (− ) and low (±) to high 
(+n) intensities in whole protein (first position) vs. soluble protein (second 
position).   

whole protein/soluble protein  

0.5 mM IPTG 1.0 mM IPTG         

Expression time [hrs] Expression time [hrs] 

E. coli strain 3 5 24 3 5 24   

13 ◦C 13 ◦C 
ArcticExpress™ (DE3) − /− − /− − /− − /− − /− − /−

20 ◦C 20 ◦C 
BL21 (DE3) − /− − /− − /− − /− − /− − /−
Origami™ B (DE3) − /− − /− − /− − /− − /− − /−
SHuffle® T7 − /− − /− − /− ±/± ±/± +/−

30 ◦C 30 ◦C 
BL21 (DE3) − /− − /− − /− − /− − /− − /−
Origami™ B (DE3) +/+ +/+ +/− ++/++ ++/++ +/±
SHuffle® T7 +/+ +/+ +/− ++/++ ++/++ +/±

Table 2 
Heparin-Sepharose purification analysis for BMP2-2Hep-7M. The purification 
was done with various additives after cell lysis and different chromatography 
buffers. *wash buffer without additives; **equal buffer conditions compared to 
lysate; ***equal results when using L-arginine (0.5 M) in wash buffer or not; is =
insoluble; s = soluble; ft = flow through; nd = not determined; (-/±/+n) =
indicating no/low/high staining intensities for BMP2-2Hep-7M dimer.   

additives in lysate* pH         

NaPi-buffer pH 7.4 NaPi-buffer 

fraction w/o 10% 
Glycerol 

0.5 M L- 
arginine 

6.0 7.4 9.1 

is ++ ++ + nd nd nd 
s ++ + ++ ++ + +

ft ++ + – + + +

Additives in lysate/wash buffer         

pH 5.3  Tris pH 5.3 
fraction NaPi Tris  0.5 M L- 

arginine 
*** 

1 M L- 
arginine 

0.5 M 
L- arginine 
6 M urea 

is nd nd  ± ± ±

s ++ ++ +++ ++ ++

ft** + –  – ++ ±
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protein was purified by cation exchange and affinity chromatography 
using a 5 ml HiTrap Heparin HP column (GE Healthcare) and applying a 
linear gradient from 50 mM Tris-HCl, pH 5.3, 0.5 M L-arginine to 50 mM 
Tris-HCl pH 8.8, 0.5 M NaCl, 0.5 M L-arginine in six column volumes. 
The pH of the resuspension and application onto the column (Tris-HCl 
pH 5.3) was controlled and maintained constantly. 

2.6.3. Size exclusion chromatography 
BMP2-2Hep-7M-containing fractions were pooled and further puri

fied by size exclusion chromatography (HiPrep 16/60 Sephacryl S-100 
HR column; GE Healthcare) performed on an Äkta FPLC-system (flow
rate of 0.4 ml/min) using 50 mM Tris-HCl pH 8.8, 0.5 M NaCl, 0.5 M L- 
arginine. 

2.7. Protein characterization 

2.7.1. DLS measurements 
DLS measurements were done on a Zetasizer Nano (Malvern Pan

alytical) at 20 ◦C, number of experiments n = 6 (Zetasizer was instructed 
to repeat scanning for at least 10 times before displaying the average 
result of an experiment). 

2.7.2. SDS-PAGE 
Protein purity was analyzed via TRIS-Tricine-SDS-PAGE [63] under 

non-reducing conditions to analyze disulfide bond-mediated dimer for
mation. Proteins were visualized by colloidal coomassie staining [64]. 
PageRuler Prestained Protein Ladder (#26616, Thermo Fisher Scienti
fic) or Color Prestained Protein Standard (#P7712, New England Bio
labs) was used as protein molecular weight standard. 

2.7.3. Protein concentration 
Protein concentrations were estimated using the absorbance at 280 

nm in a standard spectrophotometer (Biospectrometer® Eppendorf AG). 

2.7.4. MALDI-TOF mass spectrometry 
Purified BMP2-2Hep-7M protein was examined by matrix-assisted 

laser desorption ionization/time-of-flight mass spectrometry (MALDI- 
TOF-MS) on an Ultraflex-II TOF/TOF instrument (Bruker Daltonics) 
equipped with a 200 Hz solid-state Smart beam™ laser. Sequence in
formation was obtained by in-source decay (ISD) generating N-terminal 
c and C-terminal (z+2) sequence ions. The samples were applied onto 

the MALDI target using the dried-droplet method with 1,5-diamino
naphthalene (1,5-DAN) as matrix (20 mg/ml 1,5-DAN in 50% acetoni
trile/0.1% trifluoroacetic acid). Spectra were recorded in the positive 
reflector mode (RP PepMix) in the mass range 600–4000. Sequence 
assignment was done manually. 

3. Results 

3.1. Construction of the BMP2-2Hep-7M variant 

Bone morphogenetic protein 2 is a highly aggregation-prone protein. 
Its recombinant expression in E. coli usually results in formation of 
protein aggregates termed inclusion bodies present in the bacterial 
cytoplasm, which then demands for complex and time-consuming 
renaturation steps to yield pure natively folded protein. Removal of 
renaturation reagents that can be harmful to biological experiments and 
for in vivo use require excessive dialysis and an effective (multistep) 
purification [31,36,53]. 

To identify aggregation hot spots in BMP2* we applied AggreScan 
[57], an algorithm that predicts aggregation-prone segments in protein 
sequences in silico. Six aggregation hot spots were identified in the 
mature domain of BMP2* (maximum in HSA: 4.233). We then replaced 
hydrophobic amino acid residues within these six regions that are not 
involved in receptor binding [39,58] with hydrophilic amino acids. The 
designed mutants were again analyzed by AggreScan revealing that all 
aggregation hot spots were removed leaving only one remaining ag
gregation hot spot of moderate intensity (Peak = 1.837) caused by 
alanine 35 (corresponding to alanine 316 in the completely annotated 
sequence of BMP2; NCBI: NP_001191.1) (Fig. 1). In wildtype BMP2 this 
residue was shown to be indispensable for type II receptor binding and 
hence bioactivity [39,58]. 

In order to facilitate purification of soluble BMP2 from the bacterial 
cytoplasm, heparin-binding of BMP2, a feature of the wildtype growth 
factor, was further enhanced by inserting additional basic triplet motifs 
at the N-terminus of the protein [36]. Besides, increasing the hydrophilic 
character of the BMP2 N-terminus and simultaneously easing purifica
tion by heparin affinity or ion exchange chromatography enhanced 
heparin binding was found to modulate in vitro and in vivo bioactivity of 
the osteoinductive BMP2, which might be beneficial for later application 
and further functionalization of our designer BMP2 variant [36,38,60, 
65,66]. 

Sequence comparison of wt-BMP2* and the new BMP2 variant 
(BMP2-2Hep-7M) with PSIPRED [67–69], an open source fold recogni
tion tool, revealed high secondary structure homology (Fig. 2). Only the 
short β-sheet at position 108 to 111 (corresponding to AA389 to AA392 
of preproBMP2) is missing in the variant which is expected to not 
interfere with receptor binding. The wrist forming α-helix of BMP2* is 
predicted for the positions 60–70 (corresponding to AA341 to AA351 of 
preproBMP2) in the wildtype protein with high confidence and with the 
same certainty for position 68–78 (corresponding to AA341+8 to 
AA351+8 of preproBMP2) in the BMP2-2Hep-7M variant. Doubling of 
the heparin binding site leads to a longer N-terminal tail in the variant: 
however, this is partly compensated by a new N-terminal α-helical 
structure formed by 12 amino acids (position 3–15 (corresponding to 
AA283+1 to AA288+8 of preproBMP2)) and predicted with high 
confidence. 

3.2. Production of BMP2-2Hep-7M 

Recombinant expression of BMP2-2Hep-7M protein was tested under 
different conditions employing a screen of different expression strains, 
altering expression temperature, inducer (IPTG) concentration and 
expression length. Results were studied by comparative SDS-PAGE 
analysis. Protein production in different E. coli strains before (0 h) and 
after (1, 2, 3, 4.5/5, 6 and 24 h) induction of protein expression and the 
soluble/insoluble fractions after sonication of probes at given timepoints 

Table 3 
A: Relative estimation of BMP2-2Hep-7M protein expression after heparin- 
Sepharose chromatography evaluated by analytical SDS-PAGE and DLS anal
ysis. B: Composition and conditions of different elution buffer systems and ad
ditives evaluated. n = not detectable; Rh: hydrodynamic radius, * = according to 
Rh of wt-BMP2* dimer.  

A) No. of elution buffer  

1 2 3 4 5 6 

Elution fractions       
E. coli proteins +++ + ++ + +++ ++

BMP2-2Hep-7M + + +

(BMP2-2Hep-7M)2 – + + ++ ++ +++

high Rh (>10 nm)/% 100 100 100 100 n 8.4 
low Rh (4–8 nm*)/% 0 0 0 0 n 91.6               

B) pH Additives/M  
50 mM Tris L-arginine NaCl urea 

No. of elution buffer     

1 5.3 w/o 2 w/o 
2 5.3 w/o 2 6 
3 5.3 0.5 2 6 
4 5.3 1.0 1 w/o 
5 7.4 0.5 0.5 w/o 
6 8.8 0.5 0.5 w/o  
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Fig. 1. A: AggreScan-analysis of wildtype BMP2* and BMP2-2Hep-7M; B: Amino acid sequence alignment of wildtype BMP2* (upper) and BMP2-2Hep-7M (lower). 
Positions with amino acid residues exchanged for more hydrophilic amino acid types (6 amino acids) are indicated with bold red letters, additional basic amino acids 
at the N-terminus (AKHKQRKR) are highlighted in green, the deletion at position 107 in wildtype BMP2* is marked with a red arrow, regions identified as ag
gregation hot spots are highlighted in grey (low/medium HSA < 2) or yellow (strong HSA>2). Amino acids are numbered according to the biologically cleaved 
mature BMP2*(1–115) corresponding to AA282 to AA396 of the completely annotated sequence of BMP2 (NCBI: NP_001191.1), while for BMP2-2Hep-7M amino 
acids (1–115+7) were aligned to the mature wt-BMP2 sequence with indices regarding the 8 insertions and 1 deletion. 
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(3, 5, 24 h) were evaluated. Table 1 summarizes the expression data with 
staining intensity for BMP2-2Hep-7M monomer protein indicated with 
(±or -) for low or no expression and (+)n for stronger target protein 
expression as analyzed from whole cell lysates (whole protein, first 
position) and for the analysis of the soluble and insoluble fraction 
(soluble protein, second position). 

3.3. Protein expression analysis for BMP2-2Hep-7M 

We could not detect any BMP2-2Hep-7M expression in the E. coli 
strain Artic Express™ (DE3) albeit low expression temperatures and the 
co-expression of bacterial chaperones (a characteristic of this particular 
E. coli expression strain) should facilitate proper folding of aggregation- 
prone proteins [70,71]. The strongest expression of soluble 

BMP2-2Hep-7M monomer was found for the E. coli strains Origami™ B 
(DE3) and SHuffle® T7 at 30 ◦C and using relatively high IPTG con
centrations of 1 mM, while expression test performed at lower temper
atures and lower IPTG concentrations indicated lower or even no soluble 
target protein expression, which seems counterintuitive at first sight. 
Expression tests in E. coli BL21 (DE3) showed expression neither of 
soluble nor of insoluble target protein monomer. Unfortunately, a sig
nificant formation of BMP2 dimer could not be detected for the 
above-listed E. coli strains when analyzed by non-reducing Trici
ne-SDS-PAGE. However, using E. coli SHuffle® T7 as expression host and 
using 34 ◦C as expression temperature, a BMP2-2Hep-7M dimer-band 
appeared in whole cell lysate probes under non-reducing conditions in a 
time-dependent manner. The protein band with a correct apparent 
molecular weight was confirmed as the anticipated BMP2 dimer by 

Fig. 1. (continued). 

Fig. 2. Secondary structure prediction of wt-BMP2* (upper) and BMP2-2Hep-7M (lower) analyzed by PSIPRED. Pink bars mark α-helical segments, yellow bars 
indicate β-strands. Intensity of the blue stacks above the sequence refers to confidence interval of prediction. Amino acids 1 to 115 correspond to the mature wt- 
BMP2* protein (corresponding to AA282 to AA396 of preproBMP2) and amino acid annotation for BMP2-2Hep-7M (1–115+7) is based on this mature wt-BMP2* 
sequence completed with indices regarding the 8 insertions and 1 deletion. 
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SDS-PAGE under reducing conditions, which showed decreased staining 
intensity for the dimer, while the staining intensity for the monomer 
increased (Fig. 3). Further raising the expression temperature to 37 ◦C 
however strongly decreased the yield of BMP2 dimer (less to no 
dimer-band in SDS-gel; data not shown). 

Comparative expression of BMP2-2Hep-7M vs. wt-BMP2* in E. coli 
SHuffle® T7 clearly showed that only BMP2-2Hep-7M can be produced 
in high yield as soluble protein whereas wt-BMP2* leads to insoluble 
protein aggregates (Fig. 4). 

3.4. Mass-spectrometric analysis of the BMP2-2Hep-7M variant 

In order to ascertain that the correct full-length BMP2-2Hep-7M is 
indeed expressed, prominent protein bands on dimer and monomer 
height (see Figs. 3, 6 and 7) were excised from gel and further examined 
by mass spectrometry. As shown in Fig. 5, N-terminal c ions (c8 to c25) 
as well as C-terminal (z+2) ions (z18-z30) were detected in MALDI in- 
source decay analysis. The mass values are in accordance with the 
theoretical values calculated from the sequence given in Fig. 1B, and one 
can conclude that both termini are correctly expressed, including the 
inserted N-terminal heparin-binding cassette. Additionally, the mass of 
the intact protein was determined by ESI-MS (data not shown) and the 
experimental values corresponded to the theoretical masses for mono
mer and dimer, respectively, within the experimental error. Collectively, 
the mass spectrometry data document beyond reasonable doubt that 
full-length BMP2-2Hep-7M including the N-terminal methionine is 
expressed in E. coli SHuffle® T7. 

3.5. Purification of BMP2-2Hep-7M 

An optimized purification method for soluble BMP2-2Hep-7M was 
established. First, different solubility enhancing additives were added to 
the cell lysate in order to increase the yield of soluble BMP2-2Hep-7M. 
Then different protein chromatography setups on heparin-Sepharose 
were tested to optimize the yield of pure BMP2 in dimeric form (see 
Table 2). 

The results, i.e. expression yield of BMP2-2Hep-7M in the soluble 
and insoluble fractions, were evaluated on the basis of staining in
tensities in the subsequent SDS-PAGE analysis. The best purification 
conditions, i.e. high concentration of the BMP2 variant in the soluble 
fraction and low concentrations or absence in the insoluble fraction with 
no or low amounts of BMP2 protein in the flow-through fraction of the 
chromatography were obtained with lysate in Tris pH 5.3 supplemented 
with 0.5 M L-arginine. The following table summarizes the results, with 
(− ) [no], (±) [low] and (+)n [high] indicating the staining intensities of 
BMP2-2Hep-7M dimer analyzed by non-reducing Tricine-SDS-PAGE. 

3.6. Heparin-sepharose purification analysis for BMP2-2Hep-7M 

The effects of different elution buffers and additives on purification 

were further evaluated by DLS analysis to obtain insights on the oligo
merization status of the BMP2 protein. Bioactive dimeric wildtype BMP2 
has a rather low hydrodynamic radius (Rh) of 4–8 nm depending on 
buffer conditions and protein concentration (data not shown). 

In contrast significantly higher high Rh values (>80 nm) indicate 
higher molecular weight aggregates. While avoiding formation of mo
lecular aggregates is important, dimer formation for BMP2 is also 
essential as monomeric BMP2 is inactive. Thus, the presence and 
amount of BMP2 dimer was monitored throughout optimization of 
protein production and purification. From our optimization setup we 
found that only solution systems with a low pH/low salt concentration 
during application and buffers with high pH and low salt concentration 
for elution yielded BMP2-containing elution fractions, which comprised 
protein species with a small hydrodynamic radius (Rh) contaminated 
with large molecular weight BMP2 aggregates. At the same time these 
fractions contained large amounts of dimeric BMP2 while BMP2 
monomer species were low as judged from SDS-PAGE analysis (Figs. 6 
and 1s). 

DLS analysis and SDS-PAGE are summarized in Table 3A: (− ) [low/ 
no] and (+)n [high] refer to the relative populations (in %) as deter
mined by DLS and the staining intensities of the BMP2 protein bands in 
the SDS gel. 

3.7. DLS and SDS-PAGE evaluation of BMP2-2Hep-7M yield after 
heparin-sepharose chromatography (different buffer compositions/ 
conditions) 

Our data show that using a single step cation exchange/affinity 
chromatography employing heparin-Sepharose was successful in a 
substantial enrichment of BMP2-2Hep-7M from most endogenous E. coli 
proteins. Elution fractions from this chromatography step that were 
highly enriched in dimeric BMP2-2Hep-7M were then further purified 
by gel filtration using a XK16/60 Sephacryl S-100 HR column (GE 
Healthcare). Size exclusion chromatography of BMP2 proteins derived 
from ion exchange elution fractions with a large hydrodynamic radius 
(Rh) revealed that these protein species were usually found in a single 
peak in the void volume and when analyzed by DLS again exhibit high 
Rh values. In analogy, when gel filtration was performed with ion 
exchange-purified fractions of BMP2 that exhibited small Rh values, no 
high-molecular weight aggregates (in the void volume) were found and 
monomeric and dimeric BMP2-2Hep-7M protein could be isolated. 

After size exclusion chromatography, fractions enriched with BMP2- 
dimer protein were pooled, dialyzed against 1 mM HCl and freeze-dried. 
Fig. 6 presents the SDS-PAGE analysis of a BMP2-2Hep-7M purification. 
The established purification protocol yielded about 9–10 mg protein per 
liter expression volume. 

Fig. 7 displays the final product of the established purification setup 
showing small contaminating amounts of residual E. coli proteins with a 
prominent dimeric BMP2-2Hep-7M band verified by mass spectrometry. 

Fig. 3. Expression of recombinant BMP2-2Hep-7M in E. coli SHuffle® T7. Time 
course analysis of protein expression in whole cell lysates upon induction by 1 
mM IPTG at 34 ◦C partially followed by DTT reduction [72] and non-reducing 
SDS-PAGE stained by Coomassie blue. Lane M: protein molecular 
weight standard. 

Fig. 4. Comparative expression of BMP2-2Hep-7M vs. wt-BMP2*. Time course 
analysis of soluble (s) and insoluble (is) fractions after sonication of compara
tive protein expression upon established expression conditions followed by 
reductive SDS-PAGE stained by Coomassie blue. Lane: protein molecular 
weight standard. 
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Most of all, endogenous ribosomal proteins (i.e. S3, S4, L2, L15) and 
translation initiation factor IF-3 were co-purified. Minor contaminations 
result from low amounts of monomeric and oligomeric BMP2-2Hep-7M 
states. 

4. Discussion 

Producing therapeutic proteins in prokaryotic expression systems 
often presents a challenging task particularly when (human) post
translational modifications (e.g. glycosylation), properly folded proteins 
(e.g. requirement of disulfide bond formation) and defined oligomeri
zation states are required for their function. These constraints also apply 

Fig. 5. Mass-spectrometric analysis of BMP2-2Hep-7M. In-source decay yields sequence ions (N-terminal c ions 8–25 and C-terminal (z+2) ions 18–30 in the mass 
range 1000–3500). The masses are in good agreement with the theoretical values (see supplemental data). 

Fig. 6. Two-step purification of BMP2- 
2Hep-7M from E. coli SHuffle® T7 ly
sates employing heparin-Sepharose ion 
exchange chromatography (HC) and 
subsequent size exclusion chromatog
raphy (SEC). Protein fractions were 
analyzed using SDS-PAGE under non- 
reducing conditions, SDS-gels were 
stained with Coomassie blue (combined 
SDS gels are shown; separation of each 
gel is indicated by dotted lines). M: 
protein molecular weight standard; is/s 
= insoluble/soluble fraction; ft = flow 
through; HC-1: late elution fractions in 

ion exchange chromatography using heparin-Sepharose containing mainly BMP2 dimer; SEC-2: early elution fractions of size exclusion chromatography predomi
nantly containing BMP2 dimer; SEC-3: late elution fractions comprising mainly monomeric BMP2.   
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to the production of recombinant BMP2 a therapeutically valuable 
protein for application in e.g. human regenerative medicine such as 
bone repair. To exert bioactivity BMP2 requires a complex disulfide- 
bonded cystine-knot and the formation of its homodimeric architec
ture. While it can be efficiently expressed in E. coli, cystine-knot and 
dimer formation cannot be easily achieved in the prokaryotic expression 
system often resulting in the production of BMP2 as insoluble protein 
aggregates that are deposited in form of inclusion bodies in the bacterial 
cytoplasm. From these BMP2 must be extracted, processed via oxidative 
in vitro refolding to attain its dimer architecture comprising the cystine- 
knot and purified via a multistep procedure to remove inactive un
wanted mono- and multimer species [43,54,55,73–77]. From this pro
cedure a series of potential complications have to be considered: (a) 
refolding efficiency was shown to be a highly time-dependent and 
time-consuming step as refolding and particularly dimer formation seem 
to occur slowly (days to weeks), (b) multistep purification protocols 
strongly diminish target protein yield requiring larger amounts of 
starting material and (c) current refolding schemes comprise the usage 
of toxic/hazardous chemical reagents (e.g. urea/guanidinium hydro
chloride, lithium sulfate, detergents CHAPS or CHES [36,43,55]) that 
must be efficiently removed if the target protein shall be used as a 
medical product for humans. All these issues make the current produc
tion processes time-consuming, costly or difficult for scale-up. 

As an alternative production scheme, we designed a BMP2 variant 
(BMP2-2Hep-7M) that can be expressed as soluble protein in pro
karyotes with an assured attenuated aggregation tendency compared to 
wt-BMP2* (see Fig. 4). Using the in silico tool AggreScan, the hydrophi
licity of BMP2 was enhanced by introducing seven point mutations at 
residues not involved in BMP2-receptor binding. Analysis of the BMP2 
variant BMP2-2Hep-7M by AggreScan revealed one remaining aggrega
tion hot spot centered around amino acid 35+8 (corresponding to AA35 
in mature wildtype BMP2 and AA316 in preproBMP2). A hydrophilic 
substitution at this position, for example Ala →Asn, is able to eliminate 
this aggregation tendency; however Asn35 would also abrogate BMP 
type II receptor binding and thus inactivate BMP activity [39,58]. 
Further, the flexible N-terminus of the BMP2 growth factor domain was 
equipped with additional basic AAs (s. Fig. 1 B; AA 2+1 to 2+8) to elevate 
solubility and concomitantly strengthen the heparin binding [35,36,59]. 

Biologically active BMP-2 requires the presence of a correctly folded 
cystine-knot; a characteristic structural motif formed by three 

intramolecular disulfide linkages in which two “outer” disulfide bonds 
form a ring that is then penetrated by a third disulfide bond. If one now 
figuratively pulled on the N- and C-terminal end of a cystine-knot con
taining protein the knot will be tied. Without a properly built cystine- 
knot BMP proteins are unstable and exhibit a strong propensity to 
irreversibly form high molecular weight aggregates. Functional analyses 
of BMP2 employing BMP heterodimers with individually addressed re
ceptor binding properties revealed that simultaneous binding of two 
type II receptors is essential for signaling and bioactivity [78]. Similarly, 
binding of at least one type I receptor, whose binding epitope is formed 
from overlapping parts of two monomer subunits is necessary for the 
BMP growth factor to at least develop partial bioactivity [78]. Hence 
dimer formation is a prerequisite for BMP receptor activation suggesting 
that neither BMP monomers nor BMP aggregates do exhibit any bioac
tivity. While in BMPs dimerization seems to be dependent on formation 
of an intermolecular disulfide this assumption is not true. Although most 
BMPs comprise a 7th cysteine residue (which is the fourth-last cysteine 
in the C-terminal growth factor domain) that engages in the intermo
lecular disulfide, there are three examples of BMP members, i.e. GDF3, 
GDF9 and BMP15, that lack this particular cysteine but were reported to 
nevertheless form dimers [37]. In fact, in case of BMP15 and GDF9 the 
lack of the intermolecular disulfide is actually considered as a functional 
feature as it allows for the formation of BMP15/GDF9 heterodimers that 
have unique biological functionalities and activities even outside the 
cell/endoplasmic reticulum [79–81]. Hence the intermolecular disulfide 
bond likely stabilizes and (more importantly) fixates the BMP dimer but 
might not be essential for initial dimerization. Own observations how
ever also show that monomeric BMPs have a strong tendency for ag
gregation and can therefore decrease protein yield during purification 
due to forming large protein aggregates. In accordance to this, expres
sion in the E. coli strain BL21 (DE3) did not produce detectable amounts 
of soluble dimeric BMP2-2Hep-7M due to the reducing redox potential 
within the cytoplasm established through a wildtype-like glutathione 
and a thioredoxin pathway [82,83]. Two of the other E. coli strains 
tested, i.e. Origami™ B (DE3) and SHuffle® T7, contain loss-of-function 
mutations in either glutathione reductase and/or thioredoxin reductase, 
which regulate the two major redox potential controlling pathways in 
E. coli [84]. As additional feature the E. coli strain SHuffle® T7 (over) 
expresses the disulfide bridge isomerase C (cDsbC) into the cytosol 
thereby providing disulfide-isomerase activity [84]. This activity, which 
is normally absent in the cytoplasm and only found in limited quantities 
in the periplasm, can strongly facilitate formation of the native/correct 
disulfide-bond pattern in BMP2 [31]. The greater yield of soluble 
dimeric BMP2-2Hep-7M following expression in SHuffle® T7 accounts 
for the heterologous production of properly folded, disulfide-linked 
proteins. Furthermore, not only the advantageous characteristics of 
this E. coli strain enhances the chance of soluble expression of native 
folded BMP2 but also the hydrophilic mutations within our new 
generated BMP2 variant (BMP2-2Hep-7M) led to a higher amount of 
soluble protein. This could be proven by comparative expression of 
wt-BMP2* vs. BMP2-2Hep-7M (Fig. 4) in E. coli Shuffle® T7. Only 
BMP2-2Hep-7M was expressed as a soluble protein in high yield whereas 
the wildtype was exclusively detected in the insoluble fractions. How
ever, BMP2-2Hep-7M will need to be examined regarding its mutations 
and compared to wt-BMP2 in in vitro and in vivo experiments later on. 
Special focus with regard to these future characterizations of 
BMP2-2Hep-7M for bone healing in vitro and in vivo will be given to a 
potential antigenicity associated with the amino acid changes that we 
have employed. 

4.1. Protein purification 

While the mutations introduced into the variant BMP2-2Hep-7M 
decreased the aggregation capacity observed in wildtype BMP2 the 
high protein concentration during purification as well as the presence of 
endogenous bacterial proteins can still significantly decrease protein 

Fig. 7. Final product of established purification setup. Elution fractions after 
final purification was separated by reducing (100 mM DTT) and non-reducing 
SDS-PAGE and protein bands were verified by mass spectrometry. Lane M: 
protein molecular weight standard. 
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yield due to aggregate formation and unspecific interactions. We 
therefore tested supplementing the cellular lysate with L-arginine, which 
increased the solubility of the BMP2 variant dramatically. The L-arginine 
supplementation was thus used during lysis, as well as for binding and 
washing buffers during purification. This solubilizing effect of L-arginine 
was shown in various publications [85–88]. However, rising the 
L-arginine concentrations to 1 M impaired/attenuated the binding of 
BMP2-2Hep-7M to the heparin moieties on the column resin and thus 
caused elution of the protein from column at low ionic strength severely 
limiting the purification efficacy of the heparin chromatography. 

Heparin, a polysulfonated, polyanionic carbohydrate can act as 
cation exchange chromatography column but can also function as af
finity resin if the negatively charged carbohydrate can bind to specif
ically charged surface patches in the protein. In our design of a soluble 
BMP2 protein we engineered an improved heparin interaction site into 
the BMP2 variant. The latter allows enhanced targeting of BMP2-2Hep- 
7M towards the extracellular matrix in vivo and at the same time an 
enhanced flexibility regarding protein surface functionalization strate
gies and coupling reactions to improve implant coatings. Concerning 
BMP2-2Hep-7M production we achieved an efficient one-step IEC-like 
purification combined with affinity chromatography on heparin- 
Sepharose. However, several contaminating E. coli proteins were 
detected in BMP2-2Hep-7M enriched fractions. This may reflect proteins 
with polyanion-recognizing binding sites (e.g. RNA- and DNA-binding 
proteins) also found in cytoplasmic E. coli proteins [89]. 

During optimization of our purification protocol employing a 
heparin-Sepharose resin we tested a pH constant high-salt elution (50 
mM Tris pH 5.3, 2 M NaCl) resulting in highly enriched BMP2-2Hep-7M 
fractions at 100% elution buffer. Tricine-SDS-PAGE analysis showed a 
greater than 90% purity of the monomeric and dimeric BMP2-2Hep-7M 
protein species eluted. However, a subsequent polishing purification 
step employing size exclusion chromatography (SEC) yielded a single 
sharp peak eluting in the void volume of the SEC-column used. Proteins 
from these elution fractions exhibited a high hydrodynamic radius when 
analyzed by DLS – supporting the idea of soluble but inactive (and non- 
native) BMP2-2Hep-7M-aggregates. 

Purification of BMP2-2Hep-7M-dimers was optimized by eluting the 
BMP protein with a basic (pH 8.8) elution buffer system containing 0.5 
M L-arginine and 0.5 M sodium chloride (see Table 3 and Fig. 1s) while 
application of the protein to the column was performed at acidic con
ditions (pH 5.3). Only by using this purification scheme we were able to 
obtain low molecular weight BMP2 proteins (see Rh, Table 3). This 
observation might be due to (a) a higher dimerization rate or faster 
intermolecular disulfide bond formation under basic conditions, stabi
lizing dimer formation and attenuating aggregation, (b) L-arginine as a 
supporting co-chaperone for solubilization of native proteins [88] and 
(c) lower sodium chloride concentrations for eluting the BMP2 variant 
from the resin corresponding to a decreased salting out effect, which is 
lowering hydrophobic forces possibly enhancing BMP2 aggregation. 
L-arginine was also shown to minimize unspecific interactions between 
proteins and column material and improved separation performance 
(Table 3) [85]. Adding urea (6 M) to selected buffers resulted in elution 
of proteins with medium Rh values (slightly above 10–20 nm) in a higher 
yield but still not in low Rh values (data not shown). This could be 
explained by the denaturing nature of urea at high concentrations 
[90–92], disaggregating high molecular weight complexes. Others 
explain the purification enhancement when using urea by lowered 
protein-protein-interactions [93] mainly due to covering [90–92]. 

The established expression and purification scheme for the newly 
designed BMP2 variant BMP2-2Hep-7M enabled an alternative soluble 
expression and production of a dimeric natively folded BMP2 in bacteria 
with reduced number of purification steps thereby saving time and cost- 
intensive renaturation procedures. It must be considered that only about 
15–20% of the finally achieved protein yield represents the BMP2-2Hep- 
7M dimer while all other proteins represent mostly endogenous E. coli 
proteins (especially ribosomal proteins) and low amounts of monomeric 

and oligomeric BMP2-2Hep-7M (Fig. 7). Nevertheless, the actual final 
yield of 14.4 mg BMP2-2Hep-7M per g cell dry weight is highly prom
ising for further up-scaling especially for soluble BMP2 expression. 

5. Conclusions 

This work showed a low-cost and time-saving alternative to current 
production of BMP2-dimer by E. coli by protein engineering of a more 
soluble designer BMP2 variant. The resulting variant BMP2-2Hep-7M 
could be produced by soluble expression and purification avoiding in 
vitro renaturation techniques based on inclusion bodies, which are used 
up to date. However, contaminating E. coli proteins and the remaining 
oligomerization property of BMP2-2Hep-7M still presents a problem and 
reduces the overall yield of natively folded dimeric protein. Further 
experiments will focus especially on reducing contaminants and 
decreasing oligomerization potential e.g. by co-expression of eukaryotic 
chaperones or further hydrophilic mutations near A35. With the data 
provided here, we have proven that BMP2 can be isolated from E. coli as 
a natively folded protein without the need of re-folding. Due to simple 
and economizing methods the presented expression and purification can 
be easily scaled up in relatively short time to produce large amounts of 
soluble BMP2-2Hep-7M dimer. Further full functional characterization – 
in both in vitro and in vivo – of the osteoinductive potential of this new 
BMP2 variant will be required to reveal its full potential. 
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[63] H. Schägger, Tricine-SDS-PAGE, Nat. Protoc. 1 (2006) 16–22. 
[64] N. Dyballa, S. Metzger, Fast and sensitive colloidal coomassie G-250 staining for 

proteins in polyacrylamide gels, J. Vis. Exp. (2009), https://doi.org/10.3791/ 
1431. 

[65] N.R. Kübler, K.K. Würzler, J.F. Reuther, E. Sieber, T. Kirchner, W. Sebald, Einfluss 
unterschiedlicher Faktoren auf die knochenbildenden Eigenschaften von 
rekombinanten BMPs, Mund-, Kiefer- Gesichtschirurgie : MKG 4 (Suppl 2) (2000) 
S465–S469. 

[66] N.R. Kübler, K. Würzler, J.F. Reuther, G. Faller, E. Sieber, T. Kirchner, W. Sebald, 
EHBMP-2. Erstes BMP-Analog mit osteoinduktiven Eigenschaften, Mund-, Kiefer- 
Gesichtschirurgie : MKG 3 (Suppl 1) (1999) S134–S139. 

[67] L.J. McGuffin, K. Bryson, D.T. Jones, The PSIPRED protein structure prediction 
server, Bioinformatics 16 (2000) 404–405. 

[68] D.W.A. Buchan, D.T. Jones, The PSIPRED protein analysis workbench: 20 years on, 
Nucleic Acids Res. 47 (2019) W402–W407. 

T. Heinks et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1046-5928(21)00101-7/sref7
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref7
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref8
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref8
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref9
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref9
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref9
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref10
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref10
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref11
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref11
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref12
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref12
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref13
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref13
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref14
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref14
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref15
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref15
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref15
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref16
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref16
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref16
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref17
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref17
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref18
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref18
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref18
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref18
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref19
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref19
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref19
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref20
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref20
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref21
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref21
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref21
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref22
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref22
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref22
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref23
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref23
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref23
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref24
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref24
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref24
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref25
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref25
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref25
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref26
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref26
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref27
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref27
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref27
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref28
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref28
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref29
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref29
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref29
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref29
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref30
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref30
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref30
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref31
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref31
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref32
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref32
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref32
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref32
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref33
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref33
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref33
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref34
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref34
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref34
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref35
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref35
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref36
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref36
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref36
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref37
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref37
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref38
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref38
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref38
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref39
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref39
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref40
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref40
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref40
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref41
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref41
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref42
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref42
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref42
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref43
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref43
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref43
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref43
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref44
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref44
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref44
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref45
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref45
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref45
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref46
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref46
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref46
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref47
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref47
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref48
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref48
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref49
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref49
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref49
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref49
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref50
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref50
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref50
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref50
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref51
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref51
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref51
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref52
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref52
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref52
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref52
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref53
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref53
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref53
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref54
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref54
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref54
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref55
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref55
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref55
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref56
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref56
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref56
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref57
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref57
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref57
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref58
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref58
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref58
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref59
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref59
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref59
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref60
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref60
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref60
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref61
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref61
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref61
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref62
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref62
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref63
https://doi.org/10.3791/1431
https://doi.org/10.3791/1431
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref65
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref65
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref65
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref65
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref66
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref66
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref66
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref67
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref67
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref68
http://refhub.elsevier.com/S1046-5928(21)00101-7/sref68


Protein Expression and Purification 186 (2021) 105918

12

[69] D.T. Jones, Protein secondary structure prediction based on position-specific 
scoring matrices, J. Mol. Biol. 292 (1999) 195–202. 

[70] C.H. Schein, M.H.M. Noteborn, formation of soluble recombinant proteins in 
Escherichia coli is favored by lower growth temperature, Nat. Biotechnol. 6 (1988) 
291–294. 
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