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Introduction  

Trichocyte keratin and keratin-associated proteins 

(KAPs) are the two major constituents of hair fibres. 

These proteins are expressed in the cells of the hair 

follicle that develop into the fibre cuticle, cortex and 

medulla. Trichocyte keratins belong to the 

intermediate filament protein family which can be 

subdivided into the acidic type I (11 members) and 

the neutral-basic type II (6 members) sub-families [1, 

2].  

Keratins have a conserved, central domain that forms 

coiled-coil heterodimers flanked by their less-ordered 

head and tail domains. In the central cortex of hairs, 

these heterodimers align in an antiparallel fashion to 

form tetramers, with eight tetramers associating to 

form a unit length filament, which is the basic building 

block of the keratin intermediate filament (KIF) [3]. 

Expression of keratins have been observed to occur in 

a sequential pattern during early fibre development in 

both sheep [4] and humans [1]. Although less well 

studied, KAPs also appear sequentially [5]. Initial KAP 

expression lags behind keratin filament assembly, and 

it is only when keratin macrofibrils start to form that 

KAPs appear under the electron microscope as a dark 

staining material that fills the space between 

intermediate filaments [6]. 

KAPs have been nominally subdivided into three 

groups. The classification of two of the groups is 

based on whether they have less than 30 mol% 

cysteine, the high sulfur (HS) proteins; or more than 

30 mol%, the ultra-high sulfur (UHS) proteins [2]. 

Nevertheless, not all of the related proteins fit these 

definitions, and there are some containing between 7 

and 20 mol% cysteine, which are notable for 

containing around 20 mol% serine. Proteins 

composing the third group contain high levels of both 

glycine and tyrosine (between 35 and 60 mol%) and 

are generally referred to as the high glycine-tyrosine 

(HGT) proteins. To date as many as 100 individual 

KAP proteins have been identified, organised into a 

total of 27 KAP families. UHS and HS KAPs are thought 

to link to keratins via disulfide bonds through their 

cysteine residues and there is evidence that these 

linkages are located in the head domains of keratins 

[7-9]. In addition, HGT KAPs are known to link to the 

head groups of keratins and are believed to also link 

other KAPs together [7-10]. However, very little is 

known about the molecular detail of how keratins and 

KAPs interact, how they are organised within the fibre 

and how their peculiar amino acid compositions 

relate to their biological function.  

Most, if not all, KAPs are predicted to be highly flexible 

and non-globular in structure, posing challenges to 

conventional protein expression, separation and 

purification workflows [11]. Isolated KAP proteins are 

typically reported to be insoluble. For example, Singh 

et al. [12] chemically synthesised the human KAP8.1 

protein (from the HGT group) and reported that the 

protein was virtually insoluble in all the solvents they 

tested. The majority of previous work on KAPs has 

been carried out with KAP proteins expressed in 

bacterial and mammalian cell lines or extracted from 

hair. In all cases, crude cell lysates and protein 

extracts were used for experiments without further 

purification [7-10, 13] .  

Significant concentrations of chaotropic agents such 

as urea have been required to keep the KAP proteins 

in solution [7-10]. The presence of these chaotropic 

agents greatly complicates the analysis of any 
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experiments conducted with the KAP proteins. In 

particular, interaction studies conducted in the 

presence of chaotropic agents are difficult to interpret 

as the chaotropic agents reduce the hydrophobic 

effect and are known to disrupt the native state of the 

protein and consequently could interfere with specific 

protein-protein interactions, even when present at 

below denaturing concentrations [7] [10].  

For this study we focused on two KAPs that were 

chosen on the basis of their primary sequence and the 

site of their expression during hair fibre formation. 

KAP11.1, a HSP, is known to be one of the earliest 

expressed KAPs in the cortex, while KAP6.1, a HGT 

protein, is expressed later in the hair follicle. These 

proteins were expressed in Escherichia coli, purified 

in the presence of chaotropes and then transferred to 

a chaotrope-free solution. By establishing conditions 

under which these proteins are soluble without the 

need for chaotropic agents or detergents, this work 

greatly simplifies the characterisation of these KAP 

proteins and the investigation of interactions that 

they make with keratins and other KAPs.  

 

Materials and methods 

Cloning and Protein Expression materials 

Bacterial strains  

E. coli TOP10 (Thermofisher) [14] was used for 

cloning. Expression tests were carried out in 

BL21(DE3), BL21(DE3) pLysS, Origami, Origami-

pLysS (Novagen), Shuffle T7 (NEB), Chaperone 4 and 

Chaperone 5 [15].  

Human KAP6.1 and KAP11.1 synthetic genes  

Two sets of synthetic genes encoding the KAP6.1 

(UniProtKB - Q3LI64) and KAP11.1 (UniProtKB - 

Q8IUC1) proteins with codon optimisation for E. coli 

expression were synthesised (Integrated DNA 

Technologies, Singapore). The KAP genes were 

flanked by the Gateway recombination regions (attB1 

and attB2) to allow for cloning using the Gateway 

system (Invitrogen). The first set of genes additionally 

encoded a TEV (Tobacco Etch Virus) protease 

cleavage sequence at the N-termini of the native 

protein sequences. Additional codon-optimised 

KAP11.1 synthetic genes were synthesised 

(Integrated DNA Technologies) with a C-terminal 

His6-tag (KAP11.1-His6), an N-terminal TEV protease 

cleavage site and a C-terminal His6-tag (TEVsite-

KAP11.1-His6) and an N-terminal 3C protease 

cleavage site and a C-terminal His6-tag (3Csite-

KAP11.1-His6). 

Cloning of human KAP6.1 and KAP11.1 into Gateway 

expression vectors 

The KAP6.1 and KAP11.1 synthetic genes with and 

without the N-terminal TEV protease cleavage site 

were cloned into pDONR221 and then transferred to 

the pDEST15, pDEST17 and pDEST566 expression 

vectors using LR Clonase according to the 

manufacturer’s instructions (Invitrogen).  

Cloning of KAP11.1 into pMAL-c2x vectors  

To produce the MBP-FactorXa-KAP11.1-His6 

construct, we cloned the synthetic gene KAP11.1-His6 

into the original pMAL-c2x vector which encodes a 

Factor Xa cleavage site after the N-terminal MBP-tag. 

TEVsite-KAP11.1-His6 and 3Csite-KAP11.1-His6 

synthetic genes were inserted into a modified version 

of the pMAL-c2x vector (NEB) that has a SpeI 
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restriction enzyme site before the Factor Xa cleavage 

site.  

The digestion of the original pMAL-c2x vectors and 

KAP11.1-His6 synthetic gene was performed with 

EcoRI and HindIII restriction enzymes (NEB), with 

SpeI and HindIII for the modified version of the pMAL-

c2x, TEVsite-KAP11.1-His6 and 3Csite-KAP11.1-His6 

synthetic genes, according to the manufacturer’s 

instructions. The digested products were ligated using 

T4 DNA ligase (NEB) according to the manufacturer’s 

protocol.  

Cloning of KAP11.1 into pET32a vector 

To remove the Gateway recombination regions and 

add flanking NcoI and XhoI restriction sites, the DNA 

coding for KAP11.1 with an N-terminal TEV protease 

cleavage site inserted in the pDONR221 vector was 

amplified by PCR using the following primers: 

KAP11.1_FOR 

 

5′ACAGCGCCATGGCCATGAGCTTTAATTGTAGCACCCG

TAATTGCA-3′ 

 

KAP11.1_REV 

 

5′-ACAGCGCTCGAGACAGGTACGACGGCAGCTGCT-3′ 

PCR was performed using Iproof polymerase with 

high GC buffer (Bio-Rad). The PCR product was 

purified using a PCR clean-up kit (Axygen). The 

digestion of the PCR product and the pET32a vector 

was performed with NcoI and XhoI restriction 

enzymes (NEB) according to the manufacturer’s 

instructions. The PCR product was ligated into 

pET32a using T4 DNA ligase (NEB) according to the 

manufacturer’s protocol. All clones generated and 

described above were identified by restriction 

enzyme analysis and verified by sequencing. 

Bacterial expression and fermentation 

General bacterial culture and protein expression 

The expression plasmids were transformed into the 

expression strains by electroporation. All growth 

media was supplemented with the appropriate 

antibiotics to maintain the plasmids in the bacteria. 

The antibiotic concentrations used were 100 µg/ml 

ampicillin for BL21(DE3) (Novagen) and Shuffle T7 

(NEB) or 100 µg/ml ampicillin + 35 µg/ml 

chloramphenicol for BL21(DE3) pLysS (Novagen), 

100 µg/ml ampicillin + 35 µg/ml chloramphenicol + 

50 µg/ml of streptomycin for Origami and Origami-

pLysS, 100 µg/µl ampicillin + 50 µg/ml spectinomycin 

for Chaperone 4/5 cells. 

For all expression experiments the bacteria were 

inoculated into 100 ml of LB or 100 ml of non-

inducing medium (PAG, 100 mM phosphate non 

inducing minimal medium + amino acids) [16] and 

incubated overnight at 37 °C, 180 rpm. Subsequently, 

a dilution at 1/500 of the overnight preculture was 

used to inoculate the expression cultures. The 

expression cultures were initially incubated at 37 °C, 

180 rpm until OD600 ⋍ 0.6 and then cooled to the 

desired expression temperature. When LB medium 

was used, 0.2 mM, 0.4 mM or 0.5 mM of IPTG was 

added to the bacterial culture to induce the 

expression of the protein. The expression culture was 

incubated overnight at the desired expression 

temperature with shaking at 200 rpm and the cells 

were harvested by centrifugation. 
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Expression screening. 

Expression tests were carried out with 5 ml culture 

volumes. Bacterial cultures were grown in LB and 

induced with 0.5 mM IPTG or grown in autoinduction 

media (ZYP-5052) [16]. The expression tests were 

carried at different temperatures (14, 18, 28 and 

37 °C). Cells were harvested by centrifugation at 3,000 

× g, 4 °C. The pellets were resuspended in 300 µl of 

lysis buffer (50 mM sodium phosphate pH 7.4, 150 

mM NaCl, 5 % glycerol, 5 mM tris(2-carboxyethyl) 

phosphine (TCEP). Lysozyme was added to a final 

concentration of 0.5 mg/ml, 1 mini tablet of protease 

inhibitor cocktail (Roche) was added per 10 ml, and 

the cell suspension was incubated on ice for 30 min. 

Cells in microfuge tubes were lysed by five 

freeze/thaw cycles between liquid nitrogen and room 

temperature. DNase I was then added to a final 

concentration of 10 µg/ml and the total lysate was 

incubated for 15 min on ice and then centrifuged for 

10 min at 40,000 × g at 4 °C. The soluble and insoluble 

fractions were analysed by 18 % SDS-PAGE gels. 

 

Inclusion bodies isolation, protein purification 

and renaturation. 

Inclusion bodies isolation  

Escherichia coli BL21(DE3) pLysS cells were grown 

overnight at 18 °C in autodinduction medium. 800 ml 

of cell culture (⋍ 30 g of wet weight cell pellet was 

obtained from one litre of culture using autoinduction 

medium),  were resuspended in 80 ml of lysis buffer 

(50 mM MOPS pH 7.2; 500 mM NaCl; 5 mM 

ethylenediaminetetraacetic acid (EDTA)), 

supplemented with 1 tablet of protease inhibitor 

cocktail per 50 ml, 5 % glycerol, 1 % Triton X-100, 10 

mM DTT, and incubated on ice for 30 min with 

lysozyme at a final concentration of 0.25 mg/ml. The 

cell suspension was lysed with a sonicator in an 

ice/water bath for 15 min (0.5 sec pulse on / 0.5 sec 

pulse off, power set at 7.5, instrument: Misonix 3000, 

large tip). DNase I was then added to a final 

concentration of 10 µg/ml and the total lysate was 

incubated for 10 min. The whole cells lysate was 

centrifuged at 50,000 × g for 45 min [17]. The pellet 

was crushed and then resuspended by sonication in 

cold water/ice bath (0.5 sec pulse on / 0.5 sec pulse 

off, power set at 7.5, instrument: Misonix 3000, large 

tip) for 20 min with 80 ml of wash 1 buffer (50 mM 

MOPS pH 7.2; 150 mM NaCl; 25 mM EDTA, 1 tablet of 

protease inhibitor cocktail per 50 ml, 10 mM DTT). 

The supernatant was discarded and the pellet was 

washed, crushed and sonicated a second time with 80 

ml of wash 2 buffer (50 mM MOPS pH 7.2, 150 mM 

NaCl, 50 mM MgSO4, 1% Triton X-100, 10 mM DTT). 

The rationale for adding MgSO4 at this step is to 

chelate the residual unbound EDTA that might be left 

after the first wash step. The resuspended pellet was 

centrifuged at 50,000 × g for 45 min and the 

supernatant was discarded. The pellet was 

resuspended with 80 ml of binding buffer (50 mM 

MOPS pH 7.2, 300 mM NaCl, 8 M urea, 5% glycerol, 

50 mM imidazole and 10 mM BME,) and stirred 

overnight at 18 °C to solubilise the inclusion bodies.  

 

Immobilised metal affinity chromatography (IMAC) 

purification 

The sample was centrifuged at 50,000 × g for 45 min 

and the supernatant was passed through 0.45 µm and 
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0.2 µm filters (Ahlstrom ReliaPrep™ Syringe Filters 

CA, Cellulose Acetate) and loaded into two pre-

equilibrated 5 ml Histrap columns (GE Healthcare) 

attached in series. The columns were washed with 

five column volumes of binding buffer and the protein 

was eluted over 100 ml with an imidazole gradient. 

The elution buffer was composed of 50 mM MOPS pH 

7.2, 300 mM NaCl, 8 M urea, 5% glycerol and 1 M 

imidazole, 10 mM BME for KAP6.1 or 15 mM BME for 

KAP11.1. The purity of the eluted fractions was 

checked by SDS-PAGE. The pure fractions were pooled 

and dialysed against a size exclusion buffer (50 mM 

MOPS pH 7.2, 8 M urea, 300 mM NaCl, 10% glycerol, 5 

mM DTT for KAP6.1 or 20 mM DTT for KAP11.1).  

 

Size exclusion chromatography (SEC) under denaturing 

conditions 

The dialysed protein solution was centrifuged at 

35,000 × g for 30 min at 18 °C and the supernatant 

was passed through 0.45 µm and 0.2 µm filters 

(Ahlstrom ReliaPrep™ Syringe Filters CA, Cellulose 

Acetate). The filtered protein sample was purified by 

size exclusion chromatography using either a 

Superdex 75 10/300 GL or Superdex 75 16/600 (GE 

Healthcare) for KAP6.1 depending on the amount of 

protein and a Superdex 75 16/600 column (GE 

Healthcare) for KAP11.1 (GE Healthcare). The 

columns were pre-equilibrated with 50 mM MOPS pH 

7.2, 8 M urea, 300 mM NaCl, 10% glycerol, 5 mM DTT 

for KAP6.1 or 20 mM DTT for KAP11.1. The flow rate 

was set at 0.7 ml/min at room temperature. Samples 

from the eluted fractions were heated at 95 °C for 

5 min and the purity was checked on 18 % SDS-PAGE 

gels. 

 

Dialysis and urea removal (protein renaturation) 

The pure KAP11.1 and KAP6.1 fractions were pooled 

and diluted to 0.25 mg/ml. The denatured KAP11.1 

protein solution was put in a (12-14 kDa cutoff) 

dialysis bag then dialysed at 4 °C. A dialysis bag 

containing 20 ml of KAP protein solution in 8 M urea 

was dialysed against 5 L of renaturing buffer (50 mM 

CAPS pH 10.5, 300 mM NaCl, 1 mM EDTA, 20% 

glycerol, 10 mM DTT) in three steps. A first dialysis 

for 2 hours against 1 L of renaturing buffer was then 

incubated overnight against a fresh 1 L of buffer. The 

last dialysis step was against 3 L of renaturing buffer 

for 24 hours. The urea concentration was therefore 

diluted 250-fold. The denatured KAP6.1 protein 

solution was put in 2-6.5 kDa dialysis membrane and 

dialysed at 4 °C in the same manner against 50 mM 

CAPS pH 11.0, 300 mM NaCl, 1 mM EDTA, 10% 

glycerol, 5 mM DTT [18, 19]. 

 

Size exclusion chromatography under non-denaturing 

conditions 

The dialysed fractions were concentrated at 3,000 × g 

at 4 °C in a spin concentrator (Amicon Ultra-15 

Centrifugal Filter Units, Merck-Millipore) with 3 kDa 

cutoff for KAP6.1 and 10 kDa cutoff for KAP11.1, 

centrifuged at 35,000 × g for 30 min at 4 °C and the 

supernatant was passed through 0.45 µm and 0.2 µm 

filters (Ahlstrom ReliaPrep™ Syringe Filters CA, 

Cellulose Acetate). The filtered protein sample was 

purified by size exclusion chromatography using 

either a Superdex 75 10/300 GL or Superdex 75 

16/600 column (GE Healthcare) for KAP6.1 
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depending on the amount of protein and a Superdex 

75 16/600 column (GE Healthcare) for KAP11.1. The 

columns were equilibrated with 50 mM CAPS pH 10.5, 

150 mM NaCl, 20% glycerol, 10 mM DTT for KAP11.1 

and 50 mM CAPS pH 11.0, 150 mM NaCl, 10% 

glycerol, 5 mM DTT for KAP6.1. The flow rate was set 

at 0.7 ml/minute at room temperature. Samples from  

the eluted fractions were heated at 95 °C for 5 min 

and the purity was checked on 18 % SDS-PAGE gels. 

 

Results and discussion 

Protein sequence characteristics  

KAP11.1 belongs to the HS KAP family and has a 

theoretical pI of 8.32. It has 23 cysteines, which make 

up 14.1 mol% of the total amino acid content. KAP6.1 

is small polypeptide that belongs to the HGT KAP 

family. It has a theoretical pI of 8.54 and is composed 

mostly of glycine, tyrosine, cysteine and serine. The 

sequences and full amino acid compositions of both 

proteins are shown in Figure 1. 

 

Figure 1: The amino acid sequences and compositions of KAP6.1 

(top) and KAP11.1 (bottom). 

 

Initial screening for soluble protein production 

Initial attempts at producing the KAP proteins focused 

on screening expression strains, fusion tags and 

expression conditions in attempt to produce soluble 

protein. The strains tested were BL21(DE3), 

BL21(DE3) pLysS, Origami, Origami-pLysS, Shuffle T7, 

BL21(DE3) Chaperone 4 and BL21(DE3) Chaperone 5. 

Four fusion tags (His6-tag, GST-tag, MBP-tag and TrxA-

tag), four expression temperatures (14 °C, 18 °C, 28 °C 

and 37 °C) and two expression induction techniques 

(IPTG induction and autoinduction) were tried. The 

cells were lysed in 50 mM sodium phosphate pH 7.4, 

150 mM NaCl, 5 mM TCEP, 5 % glycerol. While 

expression was seen for all the combinations tested, 

the majority of the expressed protein was insoluble 

(data not shown). Soluble protein was observed for 

both the KAP6.1 and KAP11.1 proteins fused to the 

MBP-tag. In the case of KAP11.1, the best soluble 

expression was observed using the BL21(DE3) 

Chaperone 4 strain while the BL21(DE3) pLysS strain 

showed the best soluble expression for KAP6.1. 

Large-scale purification attempts on MBP-tagged 

proteins 

In the initial expression tests, the KAPs were only 

soluble when fused to the MBP-tag. While the 

combination of the MBP-tag and BL21(DE3) 

Chaperone 4 cells led to high-level expression of 

soluble KAP11.1, the protein was either only partially 

translated or degraded, with a ladder of protein sizes 

being observed (data not shown). The most probable 

explanation for this is that KAP11.1 was either 

completely or partially unstructured and therefore 

prone to intracellular protease cleavage. MBP is a 

solubility enhancer and evidence suggests that MBP 

can serve as a passive participant in the folding 
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process and also act as a stabiliser of partially folded 

proteins [20, 21]. 

As the MBP-tag was an N-terminal fusion, we tested 

whether protecting the C-terminus of KAP11.1 with a 

fusion tag would prevent the observed proteolysis. 

Three KAP11.1 constructs were therefore created 

with a C-terminal His6-tag and an N-terminal MBP-tag, 

with specific protein cleavage sites between the MBP 

and the KAP11.1. Expression tests were carried out 

with these constructs in BL21(DE3) Chaperone 4, 

BL21(DE3) Chaperone 5 and BL21(DE3) pLysS cells. 

No degradation was observed when the protein was 

expressed in BL21(DE3) pLysS cells. However, 

attempts to cleave the MBP-tag from the KAP11.1 

using Factor Xa, TEV or Rhinovirus 3C proteases did 

not result in any cleavage. KAP6.1 with an N-terminal 

MBP-tag was also soluble and did not exhibit the 

degradation seen with KAP11.1. In addition, we were 

able to cleave the MBP-tag from the KAP using TEV 

protease. However, the MBP-tag and the cleaved 

KAP6.1 interacted strongly and could only be 

separated using high concentrations of chaotrope 

(8 M urea). 

Inclusion body isolation and renaturation 

As our attempts to express soluble KAP6.1 and 

KAP11.1 as MBP fusions were not successful we then 

pursued a strategy of inclusion body isolation 

followed by protein renaturation. We started with an 

inclusion body (IB) isolation followed by purification 

under denaturing conditions, removal of the 

chaotropic agent and a final non-denaturing 

purification step. Since the proteins were expressed as 

IBs, the chaperone proteins were not required and 

therefore the proteins were expressed in 

BL21(DE3) pLysS cells. We chose the N-terminal His6-

tagged constructs, as the amount of protein present in 

the insoluble fraction was very high for these 

constructs. In addition, due to the difficulties in 

removing the MBP-tag, we chose to express the His6-

tagged proteins without a protease cleavage site. The 

His6-tag also enabled IMAC purification under 

denaturing conditions.  

We tested expression at 18 °C and 28 °C and both 

IPTG induction and auto-induction. During the 

purification steps, we observed that the protein 

samples were purer when the expression was 

conducted at 18 °C. Auto-induction medium gave a 

higher expression yield then IPTG induction. We 

therefore set our standard expression conditions as 

follows: BL21 (DE3) pLysS strain in auto-induction 

medium overnight at 18 °C. The inclusion bodies were 

solubilised and purified as described in the material 

and methods section. Briefly, the inclusion bodies 

were solubilised using 8 M urea and purified with 

IMAC followed by size exclusion chromatography 

under denaturing conditions. The urea was removed 

by extensive dialysis and the dialysed protein solution 

subjected to a second size exclusion chromatography 

step to separate the target protein from the 

aggregates formed during the renaturation process 

[22-24].  

The first renaturation attempts were carried out by 

dialysis into 50 mM MES pH 6.0 150 mM NaCl 5 mM 

TCEP, 10 %, 20 % or 30 % glycerol, 0.5 M or 1 M 

L-arginine, 0.5 M NDSB (Non-Detergent Sulfobetaine). 

From the numerous additives that could be used to 

stabilise the folding and to prevent aggregation, we 

limited our choice to glycerol, L-arginine and NDSB 

(Non-Detergent Sulfobetaine) because of their 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
availability and low cost. The best results were 

obtained when the concentration of glycerol was 10%. 

However, even this approach was not very successful 

because the protein precipitated during dialysis. From 

an initial 13 mg of KAP, only 1 mg could be recovered 

in the soluble fraction after dialysis. Hence, we 

evaluated the use of detergents to replace L-arginine. 

In the detergent screen we tested seven detergents 

(n-Dodecyl-β-D-maltoside, Octyl β-D-glucopyranoside, 

LDAO, CHAPSO, CHAPS, N-lauroyl sarcosine and 

cholate) at concentrations slightly higher than their 

critical micelle concentrations (Table 1). Four 

conditions were tested for each detergent: (1) with a 

reducing agent; (2) with reducing agent and an 

additive (0.5 M NDSB, Non-Detergent Sulfobetaine); 

(3) with a redox shuffling buffer (reduced and 

oxidised glutathione); (4) with both a redox shuffling 

buffer (reduced and oxidised glutathione) and 

additive (0.5 M NDSB, Non-Detergent Sulfobetaine). 

All the conditions contained 50 mM MES pH 6.0, 

150 mM NaCl, 10 % glycerol. Urea-solubilised protein 

at a concentration of 1 mg/ml was diluted either 25 

times (10 µL of protein solution into 240 µL of the 

screen solution) or 40 times (10 µL of protein solution 

into 390 µL of screen solution) in each condition. The 

majority of the conditions led to a cloudy or very 

cloudy solution upon the addition of protein with the 

exception of the four N-Lauroyl sarcosine conditions 

and the two conditions with cholate that included 

reduced and oxidised glutathione. The N-Lauroyl 

sarcosine conditions gave the best results but the 

protein was degraded in this buffer and precipitated 

after the removal of detergent by dialysis. In the case 

of cholate, KAP6.1 was completely soluble only when 

the pH was raised above 7.0 to fully dissolve the 

detergent (the detergent was not fully dissolved at the 

pH used for the original screen) but again the protein 

precipitated when stored for short term at 4 °C.  

 

Table 1: KAP6.1 renaturation buffer screen with different 

detergents. 

 

The latter observation then led us to investigate pH as 

an important factor during the renaturation step. Both 

KAP6.1 and KAP11.1 have relatively high predicted 

pIs (KAP6.1 pI = 8.54; KAP11.1 pI = 8.32), so during 

the dialysis step, three buffers containing 50 mM 

glycine-NaOH, 150 mM NaCl, 5 mM DTT, 10 % 

glycerol at pH 9.0, pH 9.5 and pH 10.0 were tested. 

Renaturation by dialysis against the glycine-NaOH 

buffer at pH 10.0 gave a positive result, with no 

precipitation observed following dialysis. However, 

precipitation occurred after short-term storage at 

4 °C. Therefore, we tested higher pH conditions using 

CAPS buffer, which was substituted for glycine due to 

its lower temperature dependence. We tried two 

dialysis buffer conditions containing 50 mM CAPS, 

150 mM NaCl, 10 mM DTT, 20 % glycerol at pH 10.5 

and pH 11.0. No precipitate was observed during the 

dialysis step at pH 11.0 or after storage at 4 °C 

or -80°C. After dialysis and size exclusion 

chromatography in renaturing conditions, the amount 

of glycerol in the buffer was lowered to 5 %, the buffer 

concentration lowered to 20 mM and the DTT 

1 2 3 4 5 6 7

Dodecyl β-D-

maltoside 10mM

Octyl β-D-

glucopyranoside 

35 mM

LDAO 4mM CHAPSO 9mM CHAPS 7mM Sarcosyl 0.4% Cholate 3mM

+    reducing    agent

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      
5mM TCEP  

+    reducing    agent    

and    additive     

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       
5mM TCEP        

0.5M NDSB 256

+    a    redox    

shuffling    buffer     

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol       

2mM GSH/1mM 
GSSG

+    a    redox    

shuffling    buffer     

and    additive

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256

0.05 M MES pH 6.0 
150mM NaCl      
10% glycerol      

2mM 
GSH/1mMGSSG 
0.5M NDSB 256
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concentration lowered to 2.5 mM to simplify 

downstream experiments. The same strategy that was 

used for KAP6.1 was also applied to KAP11.1 with 

small alterations to the renaturation buffer. We found 

that pH 10.5 did not result in any precipitation and 

the percentage of glycerol could be lowered to 5 %. 

Because of the high cysteine content of KAP11.1 we 

used 20 mM DTT in the initial buffer, but after dialysis 

and size exclusion chromatography in renaturing 

conditions, the buffer concentration was lowered to 

20 mM and the DTT concentration lowered to 5 mM to 

simplify downstream experiments.  

For long term storage at -80°C we found that the 

maximum concentration of KAP6.1 or KAP11.1 that 

could be stored was 0.5 mg/ml in 50 mM CAPS, 

150 mM NaCl, 10 mM DTT, 20 % glycerol pH 10.5-

11.0. The final yield obtained at the end of the process 

was approximately 30 mg/L of culture for KAP6.1 (⋍ 

1 mg/g of wet weight cell pellet) and 20 mg/L (⋍ 0.67 

mg/30 g of wet weight cell pellet) for KAP11.1, with 

an estimated purity of 95 – 98 %. Thus, a high pH 

buffer in combination with the use of a reducing agent 

enabled the solubilisation of KAP6.1 and KAP11.1 

with a minimum of additives and, importantly, no 

chaotrophic agents or detergents.  

The reason for this is uncertain. At high pH, the KAP 

proteins would be predicted to have an overall 

negative charge; it is likely that the cysteine thiol 

groups (pKa ~8.5) would be almost fully deprotonated 

at pH 10.5 and pH 11.0, while the tyrosine hydroxyl 

groups (pKa ~10.5) would be predicted to be ~75% 

deprotonated at pH 11.0. Hence, it is possible that at 

high pH, charge repulsion between the KAP molecules 

plays a role in mitigating against their aggregation. It 

is interesting to note that KAP6.1, which has a large 

number of tyrosines, required a pH of 11.0 to prevent 

precipitation while for KAP11.1, which has a larger 

number of cysteines and only three tyrosines, 

required a lower pH of 10.5.  

Chromatographic purification  

Chromatography of KAP6.1 

From the IMAC chromatograph it was apparent that 

the denatured KAP6.1 started to elute at an 

approximate imidazole concentration of 0.35 M. The 

elution curve was notable for an initial shoulder peak 

part way up the major elution peak, the latter 

reaching a maximum in absorbance at an elution 

volume of ~50 ml, and a long tail over the next 100 ml 

(Figure 2a). There are a number of possible reasons 

for the long tail that was observed, including the large 

amount of protein generated from the solubilisation 

of the inclusion bodies and the hydrophobic nature of 

the protein. The protein in its denatured form will 

expose all its tyrosine residues, which may allow non-

specific interactions with the highly cross-linked 6 % 

agarose resin of the Ni2+-NTA column. Analysis of the 

fractions by SDS-PAGE showed that the factions under 

the main peak contained KAP6.1 with only small 

amounts of contaminating proteins (Figure 2b). The 

purity of the protein after the IMAC purification 

indicates that our inclusion bodies isolation method 

was efficient in removing most of the E. coli proteins. 

Moreover, the strong binding of KAP6.1 to the Ni2+-

NTA agarose resin, meant that imidazole washes of up 

to concentrations of 50 mM were possible, facilitating 

the removal of unbound E. coli contaminant proteins.  

In the SEC of denatured KAP6.1 using a Superdex 75 

16/600 column, four peaks were observed in the 

chromatographic trace; two minor peaks at elution 
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volumes of ~45 ml and at ~57 ml , a major peak at 

~65 ml and a fourth peak at ~105 mL. (Figure 2c). 

Analysis of the eluted fractions from these peaks by 

SDS-PAGE revealed that that the first minor peak 

contained only high molecular weight contaminants 

(most of them >37kDa, data not shown) and the 

second minor peak contained a DTT resistant dimer of 

KAP6.1. The major peak contained KAP6.1 with a low 

level of contamination by a small molecular weight 

component. The fourth peak contained only small 

molecular weight contaminants (Figure 2d). The 

fractions under the major peak were pooled and 

dialysed as described above.  

SEC of the renatured KAP6.1 resulted in the protein 

being eluted in a single sharp peak at an elution 

volume of ~84 ml (Figure 2e). Fractions from this 

peak it were found to be pure monomeric KAP6.1 

(Figure 2f). The sharp SEC peak observed for the 

renatured protein contrasts with the much wider 

peak with a lower elution volume that was observed 

for the protein under denaturing conditions, implying 

that the hydrodynamic radius of the renatured 

protein is smaller than the denatured protein and 

therefore that the protein may have adopted a more 

compact structure upon renaturation. However, the 

recombinant KAP6.1 elutes at a retention volume of 

approximately 84 ml, which is larger than expected – 

equivalent to an apparent molecular weight of 

~17kDa. We have SEC-SAXS data (not shown) that 

indicate KAP 6.1 has an elongated shape, explaining 

why it elutes earlier than expected for a globular 

protein of this molecular weight. These observations 

will be reported in a fuller description of the protein’s 

biophysical and structural characteristics (manuscript 

in preparation). 

Chromatography of KAP11.1 

When denatured KAP11.1 was eluted from a Ni2+-NTA 

column two peaks were observed on the 

chromatograph (Figure 3a). SDS-PAGE analysis 

showed that first peak contained only contaminant 

proteins (data not shown), while KAP11.1 elutes from 

the column in the second peak (Figure 3b). KAP11.1 

elution starts at an imidazole concentration of 

approximately 0.25 M.  

Two peaks were also observed in the SEC (Superdex 

75 16/600 column) of the denatured KAP11.1, one at 

an elution volume of ~47 ml and a second one at an 

elution volume of ~52 ml (Figure 3c). Fractions from 

both peaks were analysed by SDS-PAGE and this 

revealed that the first peak contained contaminants 

and the second peak contained pure KAP11.1 (Figure 

3d). The tail of the second peak (from 66 ml through 

to 73 ml) contained smaller contaminant proteins. 

One practical aspect to SEC under denaturing 

conditions was that, due to the broad peaks observed, 

a better separation between KAP11.1 and the other 

E. coli contaminants was seen when the volume of the 

protein solution loaded onto the column was no more 

than 1 ml (i.e <1% of column volume). The purest 

fractions from the second peak of the SEC of the 

denatured KAP11.1 (Figure 3d) were pooled and 

renatured. 

The renatured protein was subsequently subjected to 

further SEC using a Superdex 75 16/600 column. The 

protein of interest was well separated from the other 

higher and lower molecular weight molecules present 

in the sample. The chromatograph (Figure 3e) shows 

a peak at 46 ml in the void volume of the column 

corresponding to aggregates and high molecular 

weight contaminants (data not shown), and a narrow 
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and symmetric peak at ~60 ml. Fractions from 57 to 

68 ml contained pure monomeric KAP11.1 protein 

(Figure 3f). 

 

Table 2: Summary table of protein yield (top) and purity (bottom) 

after each major purification step.  

 

Conclusions  

Here we report a new method which has enabled us to 

obtain large amounts of highly pure KAPs in aqueous 

solution free of chaotropes or detergents. We have 

successfully produced soluble human KAPs from two 

different families; KAP11.1, a high sulfur KAP, and 

KAP6.1, a high glycine tyrosine KAP. To achieve this 

we designed a protocol that involved protein 

expression as inclusion bodies in the E. coli 

BL21(DE3) pLysS strain in autoinduction medium 

overnight at 18 °C. Inclusion bodies were extracted, 

washed then solubilised. Proteins were first purified 

under denaturing conditions with IMAC and size 

exclusion chromatography. After renaturation in a 

high pH buffer, proteins were passed a second time 

through a size exclusion column leading to the 

production of large amounts of soluble KAPs that can 

now be used for ongoing biochemical, biophysical and 

structural biology characterisation. Strikingly, the 

dialysis of the proteins into high pH buffer enabled 

the complete removal of chaotropic agents and 

successful renaturation. We believe that our protocol 

could be a general method for other KAPs and 

cysteine rich proteins. 
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Protein

target

Total    

solubilised

proteins    

(mg/ L    of    cell    

culture)    

Protein    yield    (mg/ L    of    cell    culture)    and    

purity    (%)

After IMAC

After

denatured 

SEC

After 

renatured 

SEC

KAP6.1 61

57 49 30

85 95 98

KAP11.1 53

46 35 20

70 80 95
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e)    

 

f)  

Figure 2. Elution chromatographs of the IMAC and SEC purification of KAP6.1 under denaturing conditions with 8 M urea and after 

renaturation; (a) the 280 nm absorbance trace of KAP6.1 eluted with an imidazole gradient of 0-1 M over 100 ml; (b) 18% SDS-PAGE 

analysis of the elution fractions of KAP6.1 IMAC purification; (c) the 280 nm absorbance trace of the KAP6.1 chromatographic run on a 

Superdex 75 16/600 GL column under denaturing conditions with 8 M urea; (d) 18 % SDS-PAGE analysis of the elution fractions of 

KAP6.1 SEC under denaturing conditions. Fractions 2 to 14 were pooled; (e) the 280 nm absorbance trace of the KAP6.1 

chromatographic run on a Superdex 75 16/600 GL column under non-denaturing conditions; (f) 18 % SDS-PAGE analysis of the elution 

fractions of KAP6.1 SEC under non-denaturing conditions. Fractions 2 to 14 were pooled. 
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c) 

d)       
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e)     

f)        

 

Figure 3. Elution chromatographs of the IMAC and SEC purification of KAP11.1 under denaturing conditions with 8 M urea and after 

renaturation; a) the 280 nm absorbance trace of KAP11.1 eluted with an imidazole gradient of 0-0.5 M over 50 ml; (b) 18% SDS-PAGE 

analysis of the elution fractions of KAP11.1 IMAC purification; (c) the 280 nm absorbance trace of the KAP11.1 chromatographic run on 

a Superdex 75 16/600 GL column under denaturing conditions with 8 M urea; (d) 18% SDS-PAGE analysis of the elution fractions of 

KAP11.1 SEC under denaturing conditions (e) the 280 nm absorbance trace of the KAP11.1 chromatographic run on a Superdex 75 

16/600 GL column under non-denaturing conditions; fractions 4 to 14 were pooled. (f) 18% SDS-PAGE analysis of the KAP11.1 elution 

fractions of KAP11.1 SEC under non-denaturing conditions; fractions 1 to 10 were pooled. 
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• Members of two classes of Keratin-Associated Protein (KAP) have been 

expressed and purified. 

• KAPs have previously been challenging to produce due to their amino acid 

composition. 

• Proteins purified under denaturing conditions could be stabilised in non-

chaotropic buffer. 


