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Abstract

The testis-specific serine/threonine kinase 2 (TSSK2) has been proposed as a candidate male 

contraceptive target. Development of a selective inhibitor for this kinase first necessitates the 

production of highly purified, soluble human TSSK2 and its substrate, TSKS, with high yields and 

retention of biological activity for crystallography and compound screening. Strategies to produce 

full-length, soluble, biologically active hTSSK2 in baculovirus expression systems were tested and 

refined. Soluble preparations of TSSK2 were purified by immobilized-metal affinity 

chromatography (IMAC) followed by gel filtration chromatography. The biological activities of 

rec.hTSSK2 were verified by in vitro kinase and mobility shift assays using bacterially produced 

hTSKS (isoform 2), casein, glycogen synthase peptide (GS peptide) and various TSKS peptides as 

target substrates. Purified recombinant hTSSK2 showed robust kinase activity in the in vitro 
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kinase assay by phosphorylating hTSKS isoform 2 and casein. The ATP Km values were similar 

for highly and partially purified fractions of hTSSK2 (2.2 and 2.7 μM, respectively). The broad 

spectrum kinase inhibitor staurosporine was a potent inhibitor of rec.hTSSK2 (IC50 = 20 nM). In 
vitro phosphorylation experiments carried out with TSKS fragments revealed particularly strong 

phosphorylation of a recombinant N-terminal region representing aa 1–150 of TSKS, indicating 

that the N-terminus of human TSKS is phosphorylated by human TSSK2. Production of full-

length enzymatically active recombinant TSSK2 kinase represents the achievement of a key 

benchmark for future discovery of TSSK inhibitors as male contraceptive agents.
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1. Introduction

To offer an alternative to vasectomy, condoms and withdrawal methods, a pharmacological 

approach to male contraception has been a long-standing goal in reproductive medicine. 

Various steroid-based formulations, including testosterone and testosterone analogues, alone 

and combined with various progestagens, have entered clinical trials in recent years as both 

oral and topical formulations [1–5]. To date, however, no drug has been approved in any 

country specifically for male contraception, although anabolic steroids used by some athletes 

to enhance athletic performance have been shown to reduce sperm counts and to result in 

infertility [6–8].

Small molecule kinase inhibitors are a theoretically attractive strategy for male 

contraception, provided testis selectivity of drug action can be achieved. One means to attain 

testis-selective drug action would be to target kinases that are unique to spermatogenesis and 

known to be essential for both spermatogenesis and fertility in mammals. The testis-specific 

serine/threonine kinaseTSSK2 is one such candidate contraceptive target. TSSK2 belongs to 

a five member testis-specific serine/threonine kinase family within the calcium/calmodulin-

dependent protein kinase (CaMK) superfamily [9]. TSSK2 is part of a branch in the human 

kinome that contains the five TSSKs: TSSK1, TSSK2 [10–15], TSSK3 [16, 17], TSSK4 

(also known as TSSK5) [18–20] and TSSK6 [21, 22]. TSSK2 has generated particular 

interest as a contraceptive target because of its pattern of expression in the testis and the 

testis-specific expression of its substrate TSKS. Moreover, targeted deletions in mice 

employing TSSK1 and TSSK2 constructs that bridged both genes resulted in infertility as 

shown in two independent studies [13, 14]. In situ hybridization localized the mRNAs for 

TSSK2 in spermatids, and protein localizations showed that the TSSK2 kinase and the 

TSKS substrate are first detected in spermatids within the testis and persist in ejaculated 

sperm [12, 23]. These findings support a TSSK targeting model that posits restricted 

contraceptive drug action on spermiogenesis, the post-meiotic step of spermatogenesis, 

provided that a selective kinase inhibitor can be identified that does not produce off-target 

effects on related kinases involved in non-gonadal pathways found more widely in other 

tissues.
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TSKS has been localized near the base of the spermatid nucleus in association with the 

developing sperm flagellum in an organelle that has been interpreted to be the centriole [12] 

or the chromatoid body [14]. A second protein substrate of TSSK2, SPAG16 [24], is a 

component of the central apparatus in the flagellar axoneme, which is essential to sperm 

motility. Deletion of the SPAG16L protein resulted in sperm motility defects and infertility 

[25]. Thus, the two known substrates of TSSK2, TSKS and SPAG16L, both associate with 

organelles within the sperm flagellum. Furthermore, Zhang et al. [26] recently provided 

evidence that single nucleotide polymorphisms of the TSSK2 gene are associated with 

impairment of spermatogenesis in idiopathically infertile males. These findings establish an 

indispensable role for the TSSK pathway in spermiogenesis and validate the TSSK2 enzyme 

as a candidate male contraceptive target. Inhibitors of TSSK2 are predicted to interrupt 

sperm flagellar function, including sperm motility [27], flagellogenesis or other activities of 

spermiogenesis involving centriolar function [28], and/or intraflagellar transport [29].

One of the critical initial challenges to discovering inhibitors targeting a specific kinase is 

the production of soluble, biologically active recombinant enzyme and substrate in adequate 

quantities for high throughput screening and drug target interaction studies. Approaches are 

described here to obtain full-length soluble recombinant hTSSK2, to develop methods to 

validate the biological activity of this kinase, and to screen for TSSK2 inhibitors. 

Recombinant, soluble versions of hTSKS were also engineered and were used to test the 

biological activity of the full-length TSSK2. Additionally, analysis of the protein domains 

within the full-length (Isoform 1) form of hTSKS identified a discrete TSKS fragment 

containing the primary residues phosphorylated by TSSK2.

2. Materials and Methods

2.1. Design of constructs and expression of hTSKS in E. coli

Human TSKS is known to have two main splice variants. The full-length human TSKS 

(isoform 1, accession number: NM_021733) contains 592 aa (11), whereas isoform 2 lacks 

the first 5 exons while retaining exons 6–10 and adding a unique first exon, yielding a 

predicted 43 kDa protein of 386 aa [13]. The cDNA for hTSKS-isoform 2 (accession 

number: AAL60464) was PCR amplified and subcloned into the pET 28b vector with a His 

tag at the N-terminus of the protein. The primers were: forward, 5′AGT CAT ATG GCT 

AGC GAC TCT TGC CCT GCA; and reverse, 5′TG CTC GAG AGC ATG AGA GGC CAT 

TTA TTG TTC AGG. To express the protein, induction was performed at 37 °C with 0.5 

mM isopropyl-beta-D-thiogalactopyranoside (IPTG).

2.2. Cloning and Expression of hTSSK2 in insect cells

The ORF of full-length hTSSK2 (358 aa) was amplified by PCR from human testis cDNA. 

The primers were: forward, AGT CCA TGG ACG ATG CCA CAG TCC TAA; and reverse, 

GAG CGG CCG CCT AGG TGC TTG CTT TCC CCAC. The DNA fragment was cloned 

into a pFastBac- HTb vector (Life Technologies, Carlsbad, USA) with a His-tag at the N-

terminus of the protein under the control of the polyhedrin promoter. The recombinant 

plasmid was transformed into competent E. coli DH10Bac cells (Life Technologies) for 

transposition into the bacmid. Sf9 cells were transfected with recombinant bacmid using 
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Cellfectin II transfection reagent (Life Technologies) followed by 94 h of growth at 27 °C. 

After several rounds of virus amplification, recombinant protein was expressed by infecting 

Sf9 cells for 94 h in suspension culture or in adherent culture. Cell pellets were either used 

directly for protein purification or flash-frozen in liquid nitrogen and stored at −80 °C.

2.3. Generation of recombinant TSKS peptides

The full-length hTSKS (592 aa, Acc. No. NP_068379) was divided into 4 peptide segments 

sequentially named TSKS-pep1 to TSKS-pep4, containing 150, 150, 150 and 142 aa, 

respectively. Primer sets were: TSKS-Pep1-F, ATC ATA TGT AAA TGG CGA GCG TGG 

TGG TGA AGA CG; TSKS-Pep1-R, GTC TCG AGC AAG CTG GTG ATG GAG TCT T 

TG GC; TSKS-Pep2-F, ATC ATA TGT AAA TGA AGG AAA AGA CCA ACC GGG TT; 

TSKS-Pep2-R, GTC TCG AGG GGG ACC AGG CCG TGT GGC CGC G; TSKS-Pep3-F, 

ATC ATA TGT AAA TGG CAG GCT GGG GAA TGG GGC CT; TSKS-Pep3-R, GTC 

TCG AGG GCA CAG TTG CCT TGG TGG GAC CG; TSKS-Pep4-F, ATC ATA TGT 

AAA TGC GCT GTG CCA GCC AGG GGT CG; and TSKS-Pep4-R, GTC TCG AGT TGT 

TCA GG G GCT GAG CCC CCC TG. All the forward primers carried an NdeI restriction 

site and the reverse primers carried an XhoI site. The cDNA encoding each TSKS peptide 

segment was PCR amplified by using the full-length TSKS plasmid DNA as the template. 

The PCR amplified DNA was subcloned into the pET 28b vector in such a way that 

expressed polypeptides included a C-terminal His tag. The plasmids were transformed into 

BL21 DE3 codon plus strains of E. coli and expression of TSKS peptides were performed 

by inducing with IPTG at 37 °C.

2.4. Purification of hTSSK2 and TSKS

For purification of bacterially produced soluble hTSKS, the induced cells were suspended in 

a binding buffer: 50mM Tris-HCl buffer (pH 7.9) containing 0.5 M NaCl, 5% glycerol, 5 

mM imidazole and protease inhibitor cocktail (Sigma). The suspended cells were sonicated 

and centrifuged at 15,000 x g, and the supernatants containing the soluble recombinant 

proteins were collected. The Sf9 cells producing hTSSK2 were lysed in 50 mM HEPES 

buffer (pH7.5) containing 0.5 M NaCl, 5% glycerol, 5 mM imidazole and EDTA free 

protease inhibitors (Clontech). Lysis was enhanced by homogenization of the suspended 

cells using a dounce homogenizer. The homogenate was then centrifuged at 15,000 x g for 1 

h to obtain the clear supernatant containing soluble hTSSK2. The rec-hTSKS and -hTSSK2 

from both bacterial and insect cell preparations were purified from the soluble fraction by 

immobilized metal affinity chromatography (IMAC) on a His binding Ni-NTA column 

(Novagen) under non-denaturing conditions. Ni-NTA purified, concentrated hTSSK2 was 

loaded onto a Superdex 200 gel filtration column (GE Healthcare, Uppsala, Sweden). 

Aggregated and monomeric peaks of hTSSK2 were collected and analyzed by SDS-PAGE 

and by the in vitro kinase assay described below.

2.5. Densitometry

To quantify fraction purity after two-step purification with Ni-NTA and gel filtration, 

densitometry of Ponceau stained blots was performed using the NIH ImageJ software. The 

tiff images of the blots were scanned using the ImageJ processing program by measuring the 

intensities of TSSK2 specific bands and other co-purified bands. The densitometric values 
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were expressed as integrals after subtracting the background. The percentage purity of a 

recombinant TSSK2 was obtained by comparing its densitometric value to that of other 

bands.

2.6. In vitro kinase assay

In vitro kinase assays were performed as described previously [30]. Briefly, partially 

purified or homogeneously purified rec.hTSSK2 was incubated at 30°C for 10 min in a 

buffer containing 10 mM Tris–HCl (pH 7.4), 10 mM MgCl2, 10 mM MnCl2, 10 μM 

aprotinin, 10 μM leupeptin, 100 μM Na3VO4, 5 mM p-nitrophenyl phosphate, 0.2 mg/ml of 

BSA, 40 mM β-glycerol phosphate and 5 μCi [32P] γATP. To evaluate the ability of TSSK2 

to phosphorylate TSKS, bacterially produced purified hTSKS-isoform 2 or purified peptide 

fragments of hTSKS-isoform1 were added to the reaction. Casein was used as a generic 

substrate and 10 units of casein kinase II (CKII, New England Biolabs) was used as the 

positive control. The phosphorylation assay was stopped by boiling in sample buffer and 

the 32P incorporation was analyzed using 12% SDS-PAGE and autoradiography.

2.7. SDS-PAGE and Western blotting

Protein electrophoresis was performed on discontinuous polyacrylamide gels on a Bio-Rad 

Criterion II cell apparatus or on 16 × 16 × 0.15 cm slab gels. Gels were stained with 

Coomassie Blue or blotted. For Western blots, proteins were transferred to nitrocellulose 

membrane and processed as described previously [31].

2.8. MS/MS Protein Microsequencing

Coomassie stained protein spots were isolated and removed from SDS-PAGE gels using 

finely milled coring tools [32]. The gel pieces were destained in methanol, reduced in 10 

mM DTT, and alkylated with 50 mM iodoacetamide in 0.1 M ammonium bicarbonate. The 

gel pieces were then incubated with 12.5 ng/ml trypsin in 50 mM ammonium bicarbonate 

overnight at 37 °C. They were dehydrated in acetonitrile and rehydrated in trypsin, 

chymotrypsin or Glu-C in ammonium bicarbonate. The samples were digested overnight at 

37 °C and the peptides w ere extracted and microsequenced by tandem mass spectrometry at 

the Biomolecular Research Facility of the University of Virginia.

2.9. Microfluidic mobility shift assay (MSA)

The concentrations of rec.hTSSK2 produced in insect cells and ATP were optimized using a 

10 aa fluorescently labeled glycogen synthase (5-FAM-GS) peptide (5-FAM-PLSRTLSVSS-

NH2; Anaspec) substrate. A 5 μL volume of reaction buffer (10 mM MgCl2, 0.015% 

Brij-35, 100 mM HEPES, pH 7.5) supplemented with 4mM DTT and 2-fold serially diluted 

purified or partially purified hTSSK2 preparations, or a commercially sourced hTSSK2 

(Carna Biosciences), ranging from 0.84 μg to 20 ng per well, was dispensed into low-volume 

microplates (Corning #3677). The reaction was then initiated with the addition of 5 μL of 

reaction buffer containing 1.5 μM of 5-FAM-GS substrate and 100 μM ATP. The total 

reaction volume was 10 μL. Subsequently, the ATP KM was determined in a similar manner 

employing 2-fold serially diluted ATP over a range of 12 concentrations (100 μM to 50 nM) 

in reaction buffer, with the kinase reaction initiated by the addition of 0.84 μg hTSSK2 per 
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well. A kinetic study with reaction sampling intervals of one minute was conducted 

employing a Caliper LC3000 (Perkin Elmer) system using optimized separation parameters 

to evaluate reaction velocities resulting from each hTSSK2 preparation. Separations were 

performed using an EZ Reader 12-sipper® microchip. Fluorescent substrate (2 μM) was 

introduced before and after each run as a reference marker. The separation buffer consisted 

of 100 mM HEPES (pH 7.5), 0.015% Brij-35 solution, 0.1% (w/v) Coating Reagent #3 

(Perkin Elmer) and 10 mM EDTA for all analyses.

The broad-spectrum kinase inhibitor staurosporine was selected for dose-response analyses 

and was tested using a 5-fold serial dilution over eight concentrations in duplicate, ranging 

from 0.25 nM to 20 μM. Staurosporine was added to the plate using an Echo 550 contactless 

acoustic dispenser (Labcyte). A 5 μL volume of each of the reaction and substrate cocktails 

containing 5 μM ATP were dispensed into the plate, the plate was sealed under vacuum, 

mixed on a plate shaker for 1 min, and the reaction allowed to proceed for 1 h at 30 °C. The 

reaction was terminated with the addition of 1 μL of 250 mM EDTA in 100 mM HEPES, pH 

7.5. An end-point determination of the analyses was conducted using the LC3000. HTS Well 

Analyzer® (Perkin Elmer) was used to evaluate the TSSK2 progress curves and Prism 

(GraphPad) was used to calculate ATP Km and IC50 values from three independent 

experiments.

3. Results

3.1 Expression and purification of soluble full-length hTSKS-isoform 2 in E. coli

A partially soluble hTSKS isoform 2 (387 aa) was produced with a plasmid construct 

expressing a His-tag at the N-terminus of the protein using the pET28b expression vector. 

hTSKS was purified under non-denaturing conditions by one-step Ni-NTA affinity 

chromatography (Fig. 1A, B). In addition to the predicted 46 kDa form of the fusion protein, 

several low molecular weight bands (see arrows in Fig. 1A) were negative or weakly positive 

with an anti-His antibody and reactive with an anti-hTSKS antibody (Fig. 1C), indicating 

that they were peptide fragments of hTSKS. The very low molecular weight TSKS peptides 

ranged in mass from ~12–17 kDa. MS/MS microsequencing of a 12–17 kDa band recovered 

TSKS peptides from a continuous stretch of 80 amino acids located at the N-terminus 

including the -His tag (underlined in Fig. 1D; starting methionine of TSKS indicated by 

arrowhead) confirming that these bands represent breakdown products of hTSKS. This one-

step Ni-NTA purified recombinant hTSKS isoform 2 was used subsequently for in vitro 
kinase assays. The non-denaturing method of purification produced relatively good yield of 

soluble hTSKS-isoform 2 at the range of 6–8 milligrams per liter of culture (Table 1).

3.2. Expression and purification of full-length hTSSK2 in insect cells

Full-length hTSSK2 was expressed in Sf9 cells. Partially soluble hTSSK2 with a His tag at 

the N-terminus was produced. Initial purification of the soluble TSSK2 was achieved by 

IMAC under non-denaturing conditions. Fig. 2 shows a representative purification profile of 

Coomassie stained and western blotted protein extracts illustrating the enrichment of soluble 

TSSK2 by IMAC. Gel filtration chromatography was used for the second step purification of 

TSSK2 to obtain pure monomeric hTSSK2 (Fig. 3). Two major peaks were noted by gel 
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filtration (Fig. 3A). Peak 1 fractions eluted with the exclusion volume at approximately 600 

kDa mass, and contained the bulk of the hTSSK2, which showed aggregation with other 

proteins when the fractions were analyzed. Peak 2 fractions eluted at approximately 40–50 

kDa (Fig. 3 A, B and C, fractions 20–22) and contained a highly pure monomeric form of 

hTSSK2 as revealed after SDS-PAGE analysis and Western blotting (Fig. 3 B, C). The 

TSSK2 band represented 99% of this fraction pool.

Initial attempts using the two-step purification produced a relatively low yield of ~100 μg of 

monomeric TSSK2 per litter of suspension culture (Table 1). The recovery in the gel 

filtration step was about 10% of the IMAC purified protein. However, maintenance of Sf9 

cells in an adherent state rather than in suspension without changing any other purification 

strategies increased the yield several-fold to ~850μg/L. A recovery of more than 60% of 

IMAC purified protein was achieved in the gel filtration step (Table 1). Moreover, a much 

higher ratio of Peak 2 to Peak1 in the gel filtration chromatogram indicates that adherent 

cells predominantly expressed hTSSK2 in the monomeric form (Figure 4A). These results 

suggest that the adherent Sf9 cells were more efficient in the manufacture of fully-folded 

TSSK2 in a non-aggregated form.

3.3. Enzymatic activity of hTSSK2

An in vitro kinase assay (Fig. 5) was performed using the purified hTSSK2 shown in Fig. 3 

including the aggregated form of hTSSK2 (peak 1, fraction 4, 1 μg/20 μl reaction) and the 

highly pure monomeric hTSSK2 (peak 2, fraction 21, 0.2 μg/20 μl reaction). 

Autoradiography of the separated products of this reaction revealed robust 

autophosphorylation of hTSSK2 (Fig. 5, arrowhead 1) in both heterogeneous and pure 

enzyme preparations. Abbreviated forms of hTSKS at ~12–15 kDa (Fig. 5, arrowhead 3) and 

the generic substrate casein (Fig. 5, arrowhead 2) both were phosphorylated by the fraction 4 

aggregated hTSSK2 and by fraction 21 monomeric hTSSK2. Although loaded at ~5 fold less 

protein than fraction 4, fraction 21 TSSK2 showed greater phosphorylation of both 

substrates with phosphorylation of casein exceeding that of the positive control (10 units of 

casein kinase II). However, it should be noted that the specific activity of casein kinase II 

used in the assay was very high (859 units/μg) and the conversion of the unit measure to 

weight shows that 10 ng of CKII was used as compared to 200 ng of hTSSK2 in the 20 μl 

reaction, implying that casein is a specific substrate for CKII as expected. Taken together, 

these results, combined with earlier observations of the purification profile of the 

preparations, indicated that the highly purified monomeric hTSSK2 preparation (peak 2) 

consists of biologically active, properly folded, homogeneous hTSSK2.

3.4. Enzyme kinetics and development of an inhibitor screening assay for hTSSK2

Partially purified and homogeneously purified hTSSK2 produced in the baculovirus system 

were analyzed using MSA, a non-radioactive and non-antibody-based technique [33–34]. 

Fluorescently labeled peptide PLSRTLSVSS derived from the N-terminus of glycogen 

synthase (5-FAM-GS) was utilized as a substrate. Phosphorylation of a serine residue in the 

5-FAM-GS substrate via hTSSK2 alters the electrophoretic mobility of the substrate, 

allowing a ratiometric determination of product and substrate. The partially purified 

hTSSK2 preparation at a concentration of 840ng/well generated 25–30% conversion of the 
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substrate within 1 h (Fig. 6A, left panel). By comparison, homogeneous hTSSK2 generated 

about the same level of conversion at the much lower level of 22ng/well (Fig. 6A, right 

panel). An ATP KM of 2.7± 0.6 μM (Fig. 6B) and a specific activity of 0.24 ± 0.03 

nmol·min−1·mg E−1 was determined for the partially purified hTSSK2 preparation, whereas 

homogeneous hTSSK2 had an ATP KM of 2.17 ± 0.04 μM and a specific activity of 9.7 

± 0.2 nmol·min−1·mg E−1. The latter was 40-fold higher than that of the partially pure 

preparation, and >50-fold higher than commercially obtained hTSSK2, which yielded a 

specific activity of 0.17 ± 0.01 nmol·min−1·mg E−1. Staurosporine, a broad spectrum kinase 

inhibitor, inhibited the partially pure hTSSK2 with an IC50 of 20 ± 1 nM (Fig. 6C).

3.5. Identification of small hTSKS peptide substrates for hTSSK2

hTSKS isoform 1 was dissected in an effort to identify a portion which would constitute a 

small natural peptide substrate suitable for kinase assays. Full-length hTSKS (isoform 1, 

592aa) was divided into four segments containing 150, 150, 150 and 142 amino acids, 

respectively, beginning from the N-terminus. Each of the four fragments was expressed in E. 
coli and purified in soluble form as shown in Fig. 7A. An in vitro kinase assay using each 

fragment (Fig. 7B) revealed maximum phosphorylation of TSKS fragment 1 (aa 1–150) 

(Fig. 7B; arrow) and weak phosphorylation of fragments 2, 3 and 4 (Fig. 7B; arrow heads) 

suggesting that major residues phosphorylated by TSSK2 are present in the first 150 amino 

acids of TSKS isoform 1.

4. Discussion

Recombinant expression of soluble, active human hTSSK2 with subsequent purification will 

permit the screening of compound collections to identify inhibitors of this candidate male 

contraceptive target. Whereas other kinase studies frequently use truncated constructs 

expressing only the kinase domain [35–37], and the available commercial source offers a 

truncated form of the TSSK2 molecule, the present studies achieved an important 

benchmark: the production of soluble full-length recombinant TSSK2 in baculovirus, which 

was purified in a two-step process of nickel affinity chromatography and gel filtration to 

achieve a 99% pure active enzyme preparation suitable for inhibitor screening and 

crystallization studies. No previous studies or commercial sources have achieved this full-

length soluble form of TSSK2 which is predicted to be more suitable for drug screens, 

particularly allosteric inhibitors, and for determining the structure in a form closer to the 

native state.

Initial purification experiments of TSSK2 were performed using Sf9 cells that were 

maintained in suspension culture in spinner flasks. The yield of the purified monomeric 

TSSK2 in these cases was only about 100μg/L, even though about 1 mg of partially pure 

TSSK2 was obtained following Ni-NTA purification step. Various strategies including 

increasing the salt concentration, addition of non-ionic detergents (Triton X-100 and 

IGEPAL), variation of pH and buffers (Tris- HCl, HEPES, phosphate), and more stringent 

washing conditions did not achieve improvements in the final protein yield. However, 

switching to adherent cell culture dramatically improved the yield of the pure monomeric 
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TSSK2 about 6-fold. The explanation could be that adherent culture conditions favor the 

synthesis of properly folded non-aggregated enzyme TSSK2.

It is well known that protein expression in insect cells may permit proper folding, post-

translational modification and oligomerization in a manner that more closely resembles 

those processes that occur in mammalian cells as opposed to bacteria [38]. Indeed, post-

translational processing identical to that of mammalian cells has been reported in the 

baculovirus/insect cell system for a range of proteins including active kinases such as MAP 

kinase [39], insulin receptor protein kinase [40] cyclin–dependent kinase 2 [41], p38 

mitogen-activated protein kinase [42] and aurora kinase [43].

Several strategies have been applied to the production of TSSKs and related recombinant 

kinases. In previous studies, efforts to produce TSSK1 and TSSK2 in E. coli with a His tag 

resulted in the aggregation of the proteins into insoluble inclusion bodies [11, 12] 

necessitating their purification by denaturing methods. Among other TSSKs, biologically 

active recombinant human and mouse TSSK3 were made in a soluble form as GST fusion 

proteins [16]. Wei et al. [20] utilized a mammalian expression system for activity and 

interaction studies of TSSK4. Recombinant bacterial production of functionally active 

calcium/calmodulin-dependent kinases such as AMPK [44] and cam kinase II [45].have 

been reported previously. To summarize, different TSSKs and closely related serine/

threonine kinases behave differently in each recombinant expression method, requiring 

tailoring of the expression system to each member of the family.

Both the full length (isoform 1) and truncated (isoform 2) forms of human TSKS contain the 

potential homologous phosphorylation site that corresponds to the ser281 site that was 

previously identified by in vivo microsequencing experiments in mice [12]. Soluble, 

truncated isoform-2 hTSKS with an N-terminus His tag was successfully expressed in E. 
coli. Attempts to produce soluble, full-length hTSKS (isoform 1) were not successful in 

either E coli or in the baculovirus system. Thus, current experiments employed recombinant 

isoform 2 hTSKS for in vitro kinase assays. In vitro phosphorylation of the whole, 46 kDa 

form of recombinant hTSKS (isoform 2) was not observed with recombinant hTSSK2 in 

these experiments. However, low molecular weight fragments of the recombinant TSKS 

were clearly phosphorylated. One explanation for this observation is that the 

phosphorylation sites of the whole recombinant protein might be inaccessible because of its 

aggregation and folding pattern. Our inability to purify the 46 kDa form to homogeneity by 

gel filtration (data not shown) is in accord with this interpretation. Production of properly 

folded TSKS utilizing the baculovirus-insect cell system and/or by addition of solubility tags 

remain future strategies to demonstrate phosphorylation and to validate this hypothesis. 

Even though the low molecular weight peptide fragments were mapped to the N-terminus of 

TSKS isoform 2, further investigations on the specific residues undergoing phosphorylation 

were inconclusive. Nevertheless, these TSKS peptides may be useful as novel substrates for 

in vitro kinase assays for TSSK2 activity in gel assays.

A natural peptide substrate from TSKS may provide more specificity than generic substrates 

for compound screening and inhibitor characterization. Efforts to identify a natural substrate 

focused on TSKS isoform 1 (592 aa), a full-length form which contains an additional 221 
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residues at the N-terminus compared to the truncated TSKS isoform 2. Expressing hTSKS 

isoform 1 as smaller fragments facilitated the recombinant production of soluble regions of 

this substrate. This truncation strategy allowed further phosphorylation analysis to identify 

the specific domain(s) of hTSKS isoform 1 involved in TSSK phosphorylation, and showed 

that aa 1–150 at the N-terminus of hTSKS harbors the residue(s) that are strongly 

phosphorylated by hTSSK2. This finding corroborates the observations of Xu et al. [12], 

which demonstrated that the interacting region of TSKS lies within aa 1–147 in the N-

terminal domain of hTSKS. This N-terminal recombinant fragment is unique to hTSKS 

isoform 1 as the region is lacking in isoform 2. The fragment will be studied further to 

identify the specific phosphorylated residues in order to synthesize a natural peptide 

substrate for compound screening.

A robust mobility shift assay using recombinant full-length hTSSK2 enzyme obtained from 

the baculovirus/insect cell system was developed, utilizing mainly the partially purified 

hTSSK2 because of its availability in larger amounts. The kinetic studies demonstrate that 

this recombinant preparation of hTSSK2 is suitable for the initiation of large-scale screening 

of compounds to identify inhibitors of this kinase. The methods to characterize the 

biological activity of a full-length hTSSK2 and screen for inhibitors using a high throughput 

mobility shift assay together with the identification of the TSKS domain specifically 

phosphorylated provides an important benchmark on the pathway to identifying male 

contraceptive drug candidates directed to TSSK2.
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• Soluble full-length hTSSK2 was produced in a baculovirus expression system 

and purified.

• The biological activity of the recombinant hTSSK2 was studied by in vitro 
kinase and mobility shift assays.

• Recombinant hTSSK2 showed robust kinase activity in the in vitro kinase assay.

• The ATP Km values were similar for the highly and partially purified fractions 

of hTSSK2.

• In vitro phosphorylation experiments revealed that the N-terminus of human 

testis specific kinase substrate [TSKS] is phosphorylated by human TSSK2.
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Figure 1. 
SDS-PAGE and Western blot analysis of recombinant hTSKS isoform 2 expressed in E. coli 
and purified by non-denaturing Ni-NTA chromatography. (A) The purified hTSKS showed 

several bands in the Coomassie stained gel (see arrows) in addition to the predicted band at a 

molecular weight of ~46 kDa. (B) 46 kDa band immunoreacted with anti-His antibody. (C) 

Low molecular weight bands at approximately 25kDa and 12–17 kDa were negative or very 

weakly positive to anti-His antibody, but were positive with anti-TSKS antibody suggesting 

that they are breakdown products of TSKS. Microsequencing by mass spectrometry of the 

low molecular weight band at ~12–17 kDa (asterisk in A) recovered peptides from a 

continuous stretch of 80 amino acids on the N-terminus including the His tag (underlined in 

D; starting methionine of TSKS designated with arrow head). These results indicated that 

these low molecular weight bands were authentic TSKS. IM: Immune, PI: Pre-immune, ST: 

Starting material, UB: Unbound, EL:Elute.
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Figure 2. 
SDS-PAGE and Western blot analysis of full-length recombinant hTSSK2 expressed in 

baculovirus/Sf9 cells and purified by non-denaturing Ni-NTA chromatography. (A) Ni-NTA 

purification enabled the enrichment and partial purification of soluble TSSK2 at a predicted 

molecular weight of 41kDa (arrowhead) as shown in the Coomassie stained gel. (B) The 

expressed rec.TSSK2 containing an N-terminal histidine tag, migrated at 41 kDa and 

immunoreacted with the anti-His antibody, verifying the authenticity of the purified protein.
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Figure 3. 
Analysis of soluble recombinant hTSSK2 from Sf9 cells maintained in suspension culture. 

(A) Soluble hTSSK2 was purified under non-denaturing conditions by Ni-NTA 

chromatography followed by Superdex 200 gel filtration. (B) SDS-PAGE of Peak 1 fractions 

(F 4–10) revealed a prominent ~41 kDa TSSK2 band (arrow) which was immunoreactive 

with anti-His antibody (C, Western blot) along with several higher molecular weight non-

immunoreactive protein bands (B, Ponceau stain). Highly pure homogeneous hTSSK2 

eluted in Peak 2 at ~41 kDa (F 20–22) and was confirmed as authentic recombinant hTSSK2 

by anti-His immunoreactivity.
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Figure 4. 
Analysis of recombinant hTSSK2 from Sf9 cells maintained in adherent culture conditions. 

(A) Gel filtration of Ni-NTA purified TSSK2 provided 2 peaks. (B) IMAC purification 

enriched 41 kDa recombinant hTSSK2 (arrow) as shown by SDS-PAGE analysis (see lane 

EL in B, Ponceau stained) which was also immunoreactive to anti-His antibody (see lane EL 

in C). SDS-PAGE of Peak 1 fractions (F 7–16) contained a faint ~41 kDa TSSK2 band (B, 

arrow) which was immunoreactive with anti-His antibody (C, Western blot) along with 

several higher molecular weight non-immunoreactive protein bands (B, Ponceau stain). 

Homogeneous hTSSK2 that eluted in Peak 2 at ~41 kDa (F 20–24) separated by SDS-PAGE 

as very prominent bands that were confirmed to be authentic recombinant hTSSK2 by anti-

His immunoreactivity. ST: Starting material, UB:Unbound, W: Wash, EL: Elute, IMAC: 

Immobilized Metal-Affinity Chromatography.
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Figure 5. 
Enzymatic activity of recombinant hTSSK2 purified from Sf9 cells (maintained in 

suspension) in the in vitro kinase assay. Autoradiograph of SDS-PAGE gel from an in vitro 
kinase assay using 1 μg of partially pure hTSSK2 (F 4) or 0.2 μg of homogeneous hTSSK2 

(F 21) incubated with or without substrates: truncated hTSKS (TSKS-Tr) (1 μg) or casein 

(10 units= 10 ng) in the presence of [32P]γATP. A strong signal at ~41 kDa (arrow 1), the 

molecular weight of recombinant hTSSK2, indicated that TSSK2 was autophosphorylated. 

Casein (arrow 2) and low molecular weight fragments of hTSKS (arrow 3) were also 

phosphorylated. F 21 hTSSK2 showed more activity than the partially pure F 4 hTSSK2 

although the concentration of homogeneous hTSSK2 used in the reactions was ~5 fold less. 
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CKII showed phosphorylation of casein, while CKII phosphorylation of TSKS was 

strikingly less than that achieved by F 21 TSSK2.
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Figure 6. 
Enzymatic activity of recombinant hTSSK2 purified from Sf9 cells in the mobility shift 

assay. (A) Progress curves for partially pure (F 10–19, left panel) and homogeneously pure 

(F 21, right panel) hTSSK2 preparations expressed by Sf9 cells in suspension. Two-fold 

serial dilutions of each hTSSK2 preparation in reaction buffer supplemented with 1.5 μM 5-

FAM-GS substrate and 5 μM ATP were sampled over 45 min. (B) Determination of ATP KM 

for the partially pure hTSSK2. Two-fold serial dilutions of 100 μM ATP in reaction buffer 

supplemented with 1.5 μM substrate and partially pure hTSSK2 were analyzed kinetically 

for 1 h. (C) Staurosporine inhibition of partially pure hTSSK2 activity. Staurosporine was 

incubated in reaction buffer supplemented with 1.5 μM substrate, partially pure hTSSK2 and 

5 μM ATP for 1 h at 30 °C. All data represent the means of three independent experiments.

Shetty et al. Page 21

Protein Expr Purif. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Identification of a TSKS domain involved in phosphorylation by hTSSK2. hTSKS isoform1 

was divided into 4 fragments of ~150 amino acids as shown and recombinant fragments 1–4 

were generated with a His-tag at each C-terminus. (A) Soluble TSKS peptides were purified 

by Ni-NTA and evaluated by SDS-PAGE followed by Western blot using anti-His antibody. 

1 μg of each purified recombinant peptide was used in the in vitro kinase assay using highly 

pure hTSSK2 prepared from Sf9 cells expressing TSSK2 in adherent culture. The 

autoradiogram (panel B) shows intense phosphorylation of TSKS fragment 1 (long arrow) 

and much lower phosphorylation of TSKS fragments 2, 3 and 4 (arrow heads).
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