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Abstract

When cytotoxic T lymphocytes (CTL) or natural killer (NK) cells recognize tumor cells or cells infected with intracellular pathogens, they release
their cytotoxic granule content to eliminate the target cells and the intracellular pathogen. Death of the host cells and intracellular pathogens
is triggered by the granule serine proteases, granzymes (Gzms), delivered into the host cell cytosol by the pore forming protein perforin (PFN)
and into bacterial pathogens by the prokaryotic membrane disrupting protein granulysin (GNLY). To investigate the molecular mechanisms
of target cell death mediated by the Gzms in experimental in-vitro settings, protein expression and purification systems that produce high
amounts of active enzymes are necessary. Mammalian secreted protein expression systems imply the potential to produce correctly folded,
fully functional protein that bears posttranslational modification, such as glycosylation. Therefore, we used a cost-efficient calcium precipitation
method for transient transfection of HEK293T cells with human Gzms cloned into the expression plasmid pHLsec. Gzm purification from the
culture supernatant was achieved by immobilized nickel affinity chromatography using the C-terminal polyhistidine tag provided by the vector.
The insertion of an enterokinase site at the N-terminus of the protein allowed the generation of active protease that was finally purified by cation
exchange chromatography. The system was tested by producing high levels of cytotoxic human Gzm A, B and M and should be capable to
produce virtually every enzyme in the human body in high yields.

Video Link

The video component of this article can be found at http://www.jove.com/video/52911/

Introduction

The Gzms are a family of highly homologous serine proteases localized in specialized lysosomes of CTL and NK cells1. The cytotoxic granules
of these killer cells also contain the membrane-disrupting proteins PFN and GNLY that are released simultaneously with the Gzms upon
recognition of a target cell destined for elimination2,3. There are five Gzms in humans (GzmA, B, H, K and M), and 10 Gzms in mice (GzmA – G,
K, M and N). GzmA and GzmB are the most abundant and extensively studied in humans and mice1. However, more recent studies have begun
to investigate the cell-death pathways as well as the additional biological effects mediated by the other, so called orphan Gzms in health and
disease4.

The best known function of the Gzms, in particular of GzmA and GzmB, is the induction of programmed cell death in mammalian cells when
delivered into the target cells by PFN5,6. However, more recent studies also demonstrated extracellular effects of the Gzms with profound
impact on immune regulation and inflammation, independently of cytosolic delivery by PFN7,8. The spectrum of cells that are killed efficiently
after cytosolic entry of the Gzms was also recently widened from mammalian cells to bacteria9,10and even certain parasites11. These recent
discoveries opened up a whole new field for Gzm researchers. Therefore, a cost-efficient, high-yield mammalian expression system will
significantly ease the way for those future studies.

Native human, mouse and rat Gzms have been successfully purified from the granule fraction of CTL and NK cells lines12-14. However, in our
hands the yield of such purification techniques is in the range of less than 0.1 mg/L cell culture (unpublished observation and12). Furthermore,
the chromatographic resolution of a single Gzm without contamination by other Gzms and/or proteins that are also present in the granules is
challenging (unpublished data and12,14). Recombinant Gzms were produced in bacteria15, yeast16, insect cells17and in even in mammalian cells
such as HEK 29318,19. Only the mammalian expression systems bear the potential to produce recombinant enzymes with posttranslational
modifications identical to the native cytotoxic protein. Posttranslational modifications have been implicated with the specific uptake by
endocytosis and the intracellular localization of the protease within target cells20-22. Therefore, by using pHLsec23(a kind gift of Radu Aricescu
and Yvonne Jones, University of Oxford, UK) as the plasmid backbone for Gzm expression, we established a simple, time- and cost-efficient
system for high-yield protein production in HEK293T cells. pHLsec combines a CMV enhancer with a chicken Β-actin promoter; together, these
elements demonstrated the strongest promoter activity in various cell lines24. In addition, the plasmid contains a rabbit Β-globin intron, optimized
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Kozak and secretion signals, a Lys-6xHis-tag and a poly-A signal. Inserts can be cloned conveniently between the secretion signal and the
Lys-6xHis-tag (Figure 1) ensuring optimal expression and secretion efficiency for proteins lacking appropriate N-terminal domains. For the
expression of the Gzms, we replaced the endogenous secretion signal sequence with the secretion signal provided by the vector followed by an
enterokinase (EK) site (DDDDK) so that EK treatment activated the secreted Gzms (active Gzms start with the N-terminal amino acid sequence
IIGG25). Additionally in favor for this method, HEK293T cells grow rapidly in low priced medium, such as Dulbecco’s Modified Eagle’s Medium
(DMEM), and are well suited for cost-efficient calcium-phosphate transfection method.

Protocol

1. Production of the expression plasmid pHLsec-Gzm

1. Prepare total RNA from human NK cells (primary cells prepared as in26or the NK cell line NK-92 expressing all five human Gzms)
using a suitable RNA isolation method and reverse transcribe using a first-strand cDNA synthesize kit, following the manufacturer`s
recommendations. Amplify Gzm cDNA using PCR and clone into pHLsec as described in23(kind gift of Radu Aricescu and Yvonne Jones,
University of Oxford, UK) using the AgeI and KpnI sites (Figure 1).
 

NOTE: Use the following primers indicated in Table 1.
2. Confirm correct inserts by sequencing. Expand the expression plasmids in DH5α cells and purify using an endotoxin-free plasmid isolation kit

and follow the manufacturer’s instructions.
3. Resuspend the purified plasmids in endotoxin-free, sterile water at a concentration of 2 mg/ml and store at -20 °C until use.

2. Expression of Gzms in HEK293T cells

1. Preparation of reagents
1. Prepare standard culture medium. To Dulbecco's Modified Eagle Medium (DMEM) containing high glucose (25 mM), GlutaMax (4 mM),

sodium pyruvate (1 mM) add 10% of standard fetal calf serum (FCS), penicillin (100 units/ml), streptomycin (100 μg/ml).
2. Prepare transfection medium. To culture medium without penicillin-streptomycin add 25 μg/ml chloroquine (add freshly on the day of

transfection from 1,000x stocks in PBS, stored at -20 °C).
3. Prepare serum-free culture medium: To serum-free medium for HEK293 cells add glutamine (4 mM), penicillin (100 units/ml),

streptomycin (100 μg/ml), and 2.5mg/L amphotericin B.
4. Prepare the solutions described in Table 2 and filter with a 0.45 μm filter before use:

2. Expanding HEK293T cells
1. Grow HEK293T cells in 20 ml culture medium using 150 x 25 mm tissue culture dishes.
2. Split cells at 80% confluency (split-ratio of 1:4, usually every 3rd day). Cells loosely attach, they can be mechanically detached without

trypsinization by rigorously pipetting up and down.
3. Plate cells the night before transfection to give 60-70% confluency at the day of transfection (seeding density ~2 x 105cells/ml). A usual

preparation size consists of 20 to 25 culture dishes.

3. Calcium-phosphate transfection
1. 1 hr prior to transfection, change the standard culture medium to 20 ml transfection medium. Near the end of this 1 hr incubation step,

mix 400 μg of plasmid DNA with 10.95 ml ddH20 and 1.55 ml of 2M CaCl2 in 50 ml tubes (1 tube/5 dishes).
2. 1 to 2 min prior to the transfection, add 12.5 ml 2x HBS to 12.5 ml of the DNA-Calcium solution, mix by inversion of the tubes and

incubate for 30 sec at RT.
3. Add the mixture prepared in 2.3.2 directly to the cells (5 ml per dish), drop-wise into the medium. Sprinkle evenly over the entire area,

turning the medium to a slightly orange color.
4. Incubate the culture dishes for 7 to 11 hr in a tissue culture incubator (37°C, 5% CO2 in humidified air). After the incubation, a fine

precipitate is visible. Remove the transfection medium, rinse carefully with pre-warmed PBS and add 20 ml serum-free culture medium
prepared in 2.1.3. Incubate for 72 hr in a tissue culture incubator.

5. Analyze the transfection and expression efficiency by running a sample (~20 μl) of the cell supernatant on SDS-PAGE and staining with
Coomassie Brilliant Blue to visualize a granzyme band.

4. Purification of Gzms from culture supernatant by Nickel-IMAC
1. After the incubation, decant the cell culture supernatants into 250 ml tubes and clear by centrifugation. Carry out a first spin (400 x g,

10 min, 4 °C) that will clear the medium from detached cells. Transfer the supernatant in fresh 250 ml tubes and spin at 4,000 x g, 30
min at 4 °C to remove any remaining cell debris.

2. Add 5 ml of 5 M NaCl, 6.25 ml of 2 M Tris-Base (pH 8) and 1 ml of 0.25 M NiSO4per 250 ml of cleared supernatant. Filter the
supernatant using a 500 ml Vacuum filter unit (0.45 mm).

3. Equilibrate a Nickel-IMAC column with His-binding buffer A (10 column volumes, CV) using a suitable FPLC system.
4. Apply the cleared supernatant to the equilibrated column at a flow rate of 0.5 ml/min at 4 °C.
5. After the supernatant was applied, wash column with His-binding buffer until UV absorbance baseline is reached (usually 10 CV).
6. Elute Gzms with a linear 20 ml-gradient (0 to 250 mM imidazole) at a flow rate of 0.5 ml/min while collecting 2 ml-fractions. Analyze the

elution fractions by SDS-PAGE and Coomassie staining.

5. Enterokinase (EK) treatment and final clean-up by cation exchange chromatography
1. Pool Gzm containing fractions in a dialyzing tube with ≤10 MWCO. Store a small sample at -20 °C as pre-EK control.
2. Add EK at 0.02 unit/50 ml of initial supernatant directly to the pooled fraction in the dialysis tube and dialyze O/N (at least 16 hr) at RT

in EK-buffer (4 L, change buffer once).
3. The next day, analyze EK treated Gzms in comparison to the pre-EK control by SDS-PAGE and Coomassie staining.
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4. When N-terminal processing is complete, change dialysis buffer to S buffer A (4 L) and dialyze for another 4 hr at RT. Filter dialysate
(0.45 μm).

5. Equilibrate a S-column with S buffer A. Load the sample on the column with at a flow rate of 0.5 ml/min at 4 °C.
6. After sample loading, wash the column with S buffer A until UV absorbance baseline is reached (about 10 CV). Elute the Gzms with a

30 ml linear gradient (150 to 1,000 mM NaCl). GzmA elutes at ~650 mM NaCl, GzmB at ~700 mM NaCl and GzmM at ~750 mM NaCl.
7. Analyze elution fractions by SDS-PAGE and colorimetric assays (see below). Pool fractions containing Gzms and concentrate (about

30-fold, to a concentration of about 100 μM) in spin filters (15 ml, 10 MWCO). Aliquot the concentrated Gzm preparations and store at
-80 °C.

3. Testing Gzm activity

1. Preparation of reagents
1. Prepare colorimetric assay buffer: 50 mM Tris-Base, pH 7.

1. For the measurement of GzmA, add N-a-CBZ-L-Lysine thiobenzyl ester (S-Bzl) ( BLT) to the assay buffer to a final concentration
of 0.2 mM and 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) to a concentration of 0.22 mM. For GzmB, include 0.2 mM Boc-Ala-
Ala-Asp-S-Bzl ( AAD) and 0.22 mM DTNB. For GzmM, include 0.2 mM Suc-Ala-Ala-Pro-Leu-p-nitroanilide (pNA) ( AAPL).
Synthetic peptides are added from appropriate stock solutions (in DMSO, stored at -20 °C) to the buffer freshly before the assay.

2. Prepare cleavage assay buffer: 100 mM NaCl, 50 mM Tris-Base, pH 7.5

2. Colorimetric assays
1. Distribute small Gzm samples (<5 μl) from elution fractions or concentrated stocks in the 96-well flat-bottom plates. Include a positive

control (tested Gzm preparations or crude NK cell lysates) and a negative control (buffer only).
2. Add 100 μl of assay buffer to each well (using a multi-channel pipette). Incubate for 10 min at 37 °C. Measure OD at 405 nm in a

microplate reader.

3. Cleavage assay
1. For cleavage assays using purified substrates, co-incubate a protein substrate (native or recombinant, 100 - 400 nM; a few examples

of efficient Gzm substrates are presented in the result section and in the note at the end of this section) with serial dilutions of a Gzm
(starting at 400 nM) in assay buffer for various times. Analyze by SDS-PAGE and Coomassie or silver staining; or by western blotting
using specific antibodies.

2. For cleavage assays using cell lysates, suspend 106 HeLa cells (or any available tumor cell line) in 1 ml of assay buffer and lyse by
freezing in an ethanol/dry ice bath and thawing at 37 °C three times. Remove cell debris by centrifugation (15,000 x g for 10 min at 4
°C).

3. Co-incubate the cleared lysate with Gzms at various concentrations and times as above. Cleavage is detected by immunoblotting using
appropriate antibodies.
 

NOTE: A few examples of bona fide substrates for which commercial antibodies are available: Bid (BH3-interacting domain death
agonist) and caspase 3 cleaved by GzmB27,28; multiple heterogeneous nuclear ribonucleoproteins (hnRNPA1, A2 and U) cleaved by
GzmA29; cytomegalovirus phosphoprotein 71 by GzmM30.

Representative Results

In the following section we will present a complete documentation of a GzmA preparation to illuminate the method. We also successfully purified
GzmB and GzmM, producing similar results in regard to purification efficiency and activity. However, from those later preparations we will only
show a few selected pieces of data. GzmB preparations from 293T cells following the current protocol were used in several published studies,
highlighting their activity in various biological assay systems9,29,31-34.

A typical GzmA purification is shown in Figure 2A. Efficient transfection and expression after 72 hr was indicated by a detectable Gzm
band on a Coomassie-stained SDS-PAGE gel without further concentration of the culture supernatant (~37 kDa for GzmB and GzmM under
reducing conditions; ~60/34 kDa for GzmA under non-reducing/reducing conditions). After the IMAC purification the samples were treated with
enterokinase (EK). A visible shift of the EK treated sample (post-EK) compared to the pre-EK control was observed. The final purification on
the S-column resulted in highly pure Gzm preparations (GzmA in Figure 2A; GzmB and GzmM in Figure 2B) with a single band appearance
on Coomassie-stained protein gels. The pooled fractions were concentrated to a final concentration of ~100 μM. Typically, we obtained yields
of about 0.5 to 1 mg Gzms per 100 ml culture supernatant. To demonstrate efficient glycosylation, a few initial preparations were treated
with Endoglycosidase (Endo) H, which removes high mannose oligosaccharides from N-linked glycoproteins. Native GzmA has a N-linked
glycosylation site at Asn-142, to which a high mannose oligosaccharide is bound35. EndoH treatment induced an obvious mobility shift in the
Gzm A, as well as GzmB, preparations from HEK293T cells but not in bacterially generated GzmA as analyzed by SDS-PAGE and Coomassie
staining (Figure 2C).

Routinely, every Gzm batch was tested for enzymatic activity in colorimetric assays. This rapid and reliable test demonstrates proteolytic activity
of the Gzms by the cleavage of small synthetic peptides that is indicated spectrophotometrically by a color change of the assay buffer. Due
to different preferences concerning the amino acid residues (P1 position) after which these proteases cleave, the choice of a specific peptide
varies among the Gzms. GzmA has trypsin-like activity, cleaving after the basic residues arginine (Arg, R) and lysine (Lys, K). GzmB cleaves
preferentially after aspartic acid residues (Asp, D), and GzmM cleaves after leucine (Leu, L) and methionine (Met, M)1. Our preferential peptide
choice is BLT-S-Bzl to measure GzmA activity, AAD-S-Bzl for GzmB and AAPL-pNA for GzmM.

The major difference between the thiobenzylester substrates (AAD and BLT) and the p-nitroanilide substrate (AAPL) is the specific chemistry,
in that Gzm mediates cleavage of thiobenzylester substrates releases benzyl-mercaptan, which only triggers a chromogenic reaction in its
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downstream reaction with the chromophore DTNB. Therefore, in the reaction buffers of thiobenzylester substrates DTNB has to be present,
while the Gzm-mediated release of p-nitroanilide is sufficient for the colorimetric detection. The detailed method of the colorimetric assays was
recently published36. Figure 3A shows the representative BLT and AAPL esterase activity in the elution fractions from the S-column of a GzmA
and GzmM preparation, respectively. Colorimetric assay was also used to compare the activity of recombinant to native GzmB preparations. As
shown in Figure 3B, recombinant 293T GzmB cleaved the chromogenic substrate with similar efficiency compared to native GzmB purified from
a human NK cell line, as recently described12.

To more specifically test Gzm activity, Gzm cleavage assays using known protein substrates are indicated. These cleavage assays can be
performed with purified recombinant or native protein (if available), with cell lysates or most physiological with intact cells. If a protein substrate
is available, proteolytic activity can be analyzed in simple co-incubation experiments with the Gzm preparations as this is demonstrated with
the known bacterial GzmA and GzmB substrates nuoCD and nuoF9, as well as with the novel human mitochondrial GzmM substrate NDUFAF3
(Figure 4A).

Cell lysates represent another obvious source of multiple Gzm substrates. Commercial antibodies are available against many of the substrates.
A fast and simple method to generate cell lysates is by applying multiple freeze/thaw cycles as previously demonstrated33. The use of detergents
is not recommended as they can interfere with Gzm activity. In Figure 4B, GzmA mediated cleavage of hnRNPA1 in a HeLa cell lysate is
demonstrated in an immunoblot using an anti-hnRNPA1 antibody, as well as an anti-Β-actin antibody as loading control.

For cleavage assays (or cytotoxicity assays) in intact cells, the availability of an additional delivery molecule is necessary (PFN or Streptolysin
O, SLO, for mammalian cells; GNLY or other antimicrobial peptides for prokaryotic cells). Cleavage assays in intact cells are most challenging as
the concentration of the delivery molecules is critical and needs extensive fine tuning. Introducing these complex protocols of apoptosis assays is
beyond the scope of this paper. Here, we may only refer to the vast body of literature, as examples12,13.

 

Table 1: Gzm Cloning Primer Sequences.

The primer sequences that were used to clone GzmA, GzmB and GzmM are indicated. Forward primers were designed to introduce an EK site
before the N-terminus of the active protease (see Figure 1)

 

Table 2: Stock Solutions and Buffer Compositions.

The recipes of the most important stock solutions and buffers are indicated.
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Figure 1. pHLsec Sequence Critical for Construct Cloning.

In the sequence, a few elements in the vector are highlighted that are important for cloning, secretion, IMAC purification and activation of the
proteases: The Kozak consensus and secretion signal sequences, the AgeI and KpnI restriction sites, as well as the C-terminal Lys_6xHis tag.
We exemplified GzmA as the insert that is N-terminally fused to an enterokinase (EK) site. For the full map of the complete vector backbone, we
refer to the supplementary information in23.
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Figure 2. Expression, Purification and Activation of Fully Glycosylated Human Gzms from HEK293T Cells.

A) shows a series of Coomassie-stained, non-reducing SDS-PAGE gels demonstrating the whole GzmA production process from its secretion in
the supernatant to first Nickel-IMAC purification, EK treatment and final polishing via cation exchange chromatography. The culture supernatant
was run on SDS-PAGE under reducing (red) and non-reducing (non-red) conditions. GzmA is a homodimer (ssGzmA) that is stabilized by a
disulfide bond. The GzmA homodimer (~60 kDa) runs close to contaminating BSA (~66 kDa). Under reducing conditions the GzmA monomer
(shGzmA) appears as a ~34 kDa band. To demonstrate the purity of the final GzmB and GzmM preparations, representative Coomassie-stained
gels under non reducing conditions are shown in B. Bacterially (E. coli) generated GzmA as well as GzmA and GzmB produced in HEK293T
cells were treated with EndoH and analyzed by non-reducing SDS-PAGE and Coomassie staining. Glycosylation of the Gzms produced in
HEK293T cells is demonstrated by a mobility shift after EndoH treatment as compared to non-glycosylated GzmA produced in bacteria (C).
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Figure 3. Recombinant Gzms Hydrolyze Synthetic Peptides.

A), small samples of the elution fractions from the final S column were tested for GzmA and GzmM activity in chromogenic assays using BLT and
AAPL, respectively, as substrates. Graphs show peptide cleavage that was indicated as an OD increase at 405 nm. The activity peak fractions
correlated with the protein peak in the elution as indicated in UV absorbance and SDS-PAGE analysis (Figure 2A and B). B), recombinant 293T
and native GzmB (prepared as described12) at indicated concentrations were incubated in presence of the chromogenic substrate AAD. GzmB
activity was indicated as an OD change at 405 nm. Graph shows the mean ± SEM of our most recent Gzm preparations that were tested in
triplicates.

http://www.jove.com
http://www.jove.com
http://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2015  Journal of Visualized Experiments June 2015 |  100  | e52911 | Page 8 of 10

 

Figure 4. Recombinant Gzms Cleave Protein Substrates.

A) Recombinant GST-tagged, bacterial respiratory chain proteins nuoCD and nuoF, as well as the mammalian respiratory chain protein
NDUFAF3, were treated with indicated concentration of indicated Gzms for 15 min at 37 °C. 1 μg of purified proteins in 20 μl reactions were
used. Cleavage was analyzed by SDS-PAGE and Coomassie staining. B) HeLa cell lysate (at a protein concentration of ~1 mg/ml) was
incubated with indicated concentrations of recombinant GzmA for 30 min and analyzed by immunoblotting using anti hnRNPA1 and Β-actin
antibodies.
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Discussion

The classical and extensively studied role of GzmA and GzmB is the induction of apoptosis in mammalian cells after their cytosolic delivery by
the pore-forming protein PFN1. Recently, the cytotoxic spectrum of the Gzms was broadened significantly from mammalian cells to bacteria9,10,
as well as to certain parasites11. Furthermore, the non-classical, extracellular functions of GzmA and GzmB as well as the biological significance
of the various orphan Gzms are still obscure. Therefore, a robust time- and cost-efficient expression and purification system of the Gzms, as
provided by this protocol, will be of great help for these future studies.

The strength of this method is particularly based on the expression vector, pHLsec23, that is used in this system. This plasmid has a high copy
number in E. coli, thus enabling efficient DNA production. Its enhancer/promoter elements provide the strongest activity in various cell lines24.
It contains an intron within the transcription unit. Introns have been found to enhance gene expression in mammalian cells up to 100-fold37. In
addition, the plasmid provides a Kozak consensus and an optimized secretion signal, a Lys-6xHis-tag and a poly-A signal (Figure 1). Inserts
can be cloned by using the AgeI and KpnI sites between the secretion signal and the Lys-6xHis tag. Using AgeI and XhoI will avoid the polyHis
tag. For the Gzms, it was necessary to insert an enterokinase site at the N-terminus of the proteases enabling activation of the proteases after
expression and IMAC purification. For the expression of other enzymes this might not be necessary. The expression plasmid was successfully
tested for multiple constructs of various lengths, glycosylation states, and numbers of disulfide bonds, as well as for proteins that contained
multiple domains with different folds23.

HEK293T cells grow rapidly in low cost medium and are very well suited for cost-efficient calcium-phosphate transfection. For this protocol,
we recommend not to over-passage the HEK293T cells. Frozen stocks of low-passage-cells should be prepared. Expansion takeoff the cells
usually took about 8 to 9 days (3 splits) to obtain the desired amount of cells. The cell density at the day of transfection (60 to 70% confluency)
was critical for efficient transfection and consequently expression. Also, avoiding antibiotics but adding chloroquine (that inhibits lysosomal
DNA degradation) to the medium significantly enhanced efficiency38. We found that transfection efficiency was linearly dependent of the DNA
amount saturating only at about 80 μg for a 15-cm dish (unpublished observation). Therefore, we recommend using up to 80 μ g of plasmid
DNA/dish in this protocol for maximal efficiency. This will amount to about 2 mg of DNA per preparation (corresponding to 2 MaxiPrep columns).
The transfection efficiency was most easily monitored by running a sample of culture supernatant (about 20 μ l) on SDS-PAGE after the 72 hr
incubation period. A protein band of the secreted protease should be visible by Coomassie staining. If the Gzm band was weak and the cells did
not detach and appeared viable, the cultures were incubated for another 24 hr before IMAC purification.

Another most critical step was the enterokinase (EK) treatment that activates the enzyme. EK activity is calcium dependent and is inhibited by
high concentrations of NaCl39or imidazole (unpublished observation). Therefore, it was crucial to dialyze the eluate from the IMAC against a
sufficient volume (20 ml eluate per 2 L of dialysis buffer) of EK buffer containing enough calcium and not more than 50 mM of NaCl at neutral pH.
EK treatment is recommended for 16 hr at RT and should be monitored by SDS-PAGE that revealed a mobility shift of the treated protease if the
cleavage was complete. Fresh EK was added and the incubation in fresh EK Dialysis buffer was continued if the shift was incomplete. Only if the
cleavage was complete, dialysis against S buffer A was started and purification continued. The catalytic light chain of EK has a pI value of 5.2,
allowing the complete separation of EK from the Gzms in the final cation exchange chromatography.
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