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ABSTRACT
As reported here, we developed and optimized a purification matrix based on a Protein A-derived domain,
ZCa, displaying calcium-dependent antibody binding. It provides an alternative to the acidic elution condi-
tions of conventional Protein A affinity chromatography for purification of sensitive antibodies and other
Fc-basedmolecules. We describe themultimerization of ZCa to generate a chromatography resin with higher
binding capacity. The highest order multimeric variant, ZCaTetraCys, demonstrated a considerably high
dynamic binding capacity (35 mg IgG/ml resin) while preserving the specificity for IgG. High recovery was
obtained and host cell protein and DNA content in purified fractions proved to be comparable to commer-
cial MabSelect SuRe and MabSelect PrismA. Various elution conditions for use of this domain in antibody
purification were investigated. The purification data presented here revealed variations in the interaction of
different subclasses of human IgG with ZCaTetraCys. This resulted in diverse elution properties for the
different IgGs, where complete elution of all captured antibody for IgG2 and IgG4 was possible at neutral
pH. This optimized protein ligand and the proposed purification method offer a unique strategy for effective
and mild purification of antibodies and Fc-fusion proteins that cannot be purified under conventional acidic
elution conditions due to aggregation formation or loss of function.

ARTICLE HISTORY
Received 19 January 2019
Revised 26 August 2019
Accepted 29 August 2019

KEYWORDS
Protein A; purification;
calcium-dependent;
antibody; multimerization;
elution

Introduction

Antibodies are highly valuable, commonly used tools within
biomolecular research and analysis, as well as medical diagnosis
and therapy. Monoclonal antibodies (mAbs) constitute the lar-
gest class of approved biotherapeutics, and the number of anti-
body drugs that are available for clinical use is increasing
continuously.1 For this reason, there is an increasing demand
for efficient antibody purification strategies. The most widely
used method for purification of antibodies is affinity chromato-
graphy based on Protein A.2 Protein A chromatography is
a simple and highly selective method relying on the strong and
specific interaction between Protein A and the crystallizable
fragment (Fc) of the antibody.3,4 Due to this, high yields and
exceptional purity can be achieved. Alternatives to Protein
A have been explored, such as cation exchange,5–8 and non-
chromatographic methods like precipitation,9–11 but they have
not been able to compete with the well-established Protein
A platform when applied to industrial-scale bioprocessing.12

However, the elution step poses a weakness for Protein
A purification because lowering the pH is required to break
the interaction between the antibody and Protein A. These acidic
conditions can be harmful for some antibodies and Fc-fused
proteins, increasing the risk of aggregation and loss of function
of the purified molecules.13–17 To address this drawback of
Protein A, we previously developed the molecule ZCa, which
displays calcium-dependent binding to IgG.18 ZCa is an engi-
neered protein domain, based on Z derived from the B domain

of Protein A.19 The Z domain is a small and stable protein of 58
amino acids that folds into a three-helix bundle with high affinity
for the Fc region of IgG. By introducing a randomized calcium-
binding loop between helix two and three of the Z domain,
phage display was used to select for binders with a calcium-
dependent IgG-binding. ZCa was shown to selectively capture
IgG from a complex cell culture supernatant, after which cal-
cium-dependent elution of the IgG could be performed using
ethylenediaminetetraacetic acid (EDTA) at pH 5.5.

As the market for biotherapeutics expands and advances in
upstream processing lead to accelerating cell culture titers, the
pressure on downstream processing to develop more efficient
processes is increasing. Since Protein A capture commonly is the
initial purification step and a vital part of the downstream mAb
process, it risks becoming a bottleneck for the whole manufac-
turing process. Thus, it is of great importance to increase the
binding capacity of Protein A resins. Currently, various new
Protein A resins offering higher dynamic binding capacities
(DBCs) and improved process productivity are being launched
to handle the high feed concentrations and large throughput.
Many of these commercially available resins are made up from
several repeated binding units, which in many cases have been
shown to significantly increase the DBC of the ligand.20

Here, we examined whether multimerization of the ZCa

domain can lead to a higher binding capacity of the ZCa resin
in an effort to optimize the domain for use as an affinity ligand in
current biomanufacturing processes. The variants that were
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tested included a monomer, dimer, trimer and tetramer. The
effect of the multimerization on the binding performance of the
proteins was evaluated both in an affinity chromatography setup
as well as using surface plasmon resonance (SPR). We have also
investigated the optimal method for purification of IgG using
ZCa, both in regard to the ligand and purification conditions, and
we present a method for more efficient purification of acid-
sensitive antibodies or Fc-fused proteins with mild elution
conditions.

Results

Multimerization of ZCa

In order to optimize ZCa for development of a chromatography
resin with high binding capacity, three multimeric versions (di-,
tri- and tetrameric) of the domain were constructed and success-
fully produced, all containing a C-terminal cysteine for directed
coupling. As reference, the monomeric version, also equipped
with a C-terminal cysteine, was used. For comparison of the ZCa

variants as affinity ligands in IgG purification, the proteins were
covalently and irreversibly immobilized onto a purification
matrix via the C-terminal cysteine. Similar coupling degrees of
~ 50% were obtained for all proteins. Columns were packed and
saturated with pure human polyclonal IgG and the captured
protein was eluted with 100 mM EDTA at pH 5.5, which has
previously been shown to efficiently elute all captured IgG from
a column coupled with a ZCa monomer.18 Triplicates were
performed and the eluted protein amounts were measured
(Figure 1(a)). To verify that all protein was successfully eluted
with EDTA, elution with acetic acid (HAc) at pH 3.3 was
performed after the EDTA elution. This resulted in negligible
amounts of protein for all ligands. In Figure 1(a), significant
differences in the amount of eluted antibody between the multi-
meric variants and the monomer can be observed. All multi-
meric variants were able to capture more antibody than the
monomer.

The multimeric variants were further evaluated by SPR.
Using directed thiol coupling, the proteins were immobilized
to equimolar amounts on separate surfaces and 500 nM human
polyclonal IgG was flown over. Sensorgrams in triplicates are
shown in Figure 1(b), which, similar to the test purification,
indicate that the multimeric proteins have a higher binding
performance than the monomeric protein. They also demon-
strate a trend among the multimeric variants toward improved
binding performance with the increasing number of binding
domains. ZCaTriCys and ZCaTetraCys indisputably generate
the highest signals and have thus the potential to function as
the most efficient affinity ligands.

For a more thorough comparison of the most interesting
variants, ZCaTriCys and ZCaTetraCys were coupled to
a purification matrix using directed coupling through their
unique cysteine residue, and packed into 1 ml HiTrap™ columns.
In a purification setup, human polyclonal IgG was added until
the columns were saturated and eluted with EDTA. The eluted
amounts of IgG can be found in Table 1 together with the
coupling degrees of the two ligands and the number of binding
sites. ZCaTriCys and ZCaTetraCys generated similar elution pro-
files when using pH 5.5 and 100 mM EDTA (Fig. S1). However,

ZCaTetraCys displayed a better binding performance, as it bound
1.7 times more IgG per molecule and 1.3 times more IgG per
binding site compared to ZCaTriCys.

To further investigate the difference in binding capacity
between ZCaTriCys and ZCaTetraCys, breakthrough curves
were generated at a residence time of 5 min using human
IgG1 (trastuzumab) at 1 mg/ml (Figure 2). From these experi-
ments, a greater distinction between the two ligands could be
made. The DBC at 10% breakthrough could be estimated as
15 mg antibody/ml resin for ZCaTriCys while the ZCaTetraCys
resin captured as much as 35 mg antibody/ml resin, making
the tetrameric ZCa the most promising ligand.

Purifications using tetrameric ZCa

Since ZCaTetraCys could capture the most IgG, both per
molecule and per binding site, and exhibited a remarkable
DBC for a non-optimized resin, the conditions for eluting
human polyclonal antibodies from the ZCaTetraCys column
were further examined. Calcium-dependent elution with
100 mM EDTA at pH 5.5 resulted in an almost identical
elution curve to acidic elution at pH 3.3 (Figure 3(a)).

Figure 1. Monomeric and multimeric ZCa variants with C-terminal cysteines
analyzed as ligands in a column purification setup and by SPR (a) The average
amount (±SD) of human polyclonal IgG eluted with EDTA at pH 5.5 from
columns coupled with the mono- (red), di- (blue), tri- (yellow) and tetrameric
(green) ZCa, based on triplicate experiments. The multimeric variants of ZCa
capture significantly more protein as compared to the monomer (*P < .001).
(b) Sensorgrams from triplicate injections of 500 nM IgG flown over surfaces
with equimolar amounts of each ZCa variant immobilized show that larger
multimers exhibit improved binding performance.
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Elution at pH 5.5 in the presence of calcium gave a minor
peak with barely any eluted antibody.

Different concentrations of EDTA in the elution buffer
were tested to investigate the minimum EDTA concentration
that could be used for complete IgG elution, from 25 mM to
100 mM (Figure 3(b)). When eluting human polyclonal IgG
with 25 mM EDTA, a very broad, tailing peak was observed
with a small, additional peak following. Significant amounts of
antibody were retained on the column and could subsequently
be eluted at low pH. Also, at 50 mM, the elution profile
differed compared to at 100 mM and part of the antibody
was retained on the column. A concentration of 75 mM
EDTA was needed for elution of all bound antibody, which
differs considerably from purifications on a column with
monomeric ZCa where a concentration as low as 10 mM was
enough for complete elution (Fig. S2a, b).

ZCa has repeatedly been shown to release all bound antibody
with EDTA at pH 5.5, but higher pH values of the elution buffer
are also desirable. Here, pH values closer to neutral pH (6, 6.5
and 7) were explored by utilizing a gradient elution of EDTA
from 0 mM to 200 mM to elute human polyclonal IgG from
a ZCaTetraCys column (Figure 3(c)). Elution at increasing pH
above pH 5.5 resulted in much lower and broader peaks with
increasing amounts of antibody retained on the columns after
elution. Still, the percentage of antibody that was eluted from the
column compared to that eluted at pH 5.5 was 90%, 75% and
50% at pH 6, 6.5 and 7, respectively. Elution at higher pH values
on a ZCamonomer column, on the other hand, generated elution
profiles that were fairly similar to pH 5.5, although at a higher
EDTA concentration, with 90%, 80% and 75% eluted antibody at
pH 6, 6.5 and 7, respectively, compared to pH 5.5 (Fig. S2c).

Alternative elution buffer reagents were explored by utilizing
a ZCa monomer column. Elution at both pH 5.5 and higher pH
was investigated, but no significant improvement over current
elution conditions were detected. EDTA was exchanged for
ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic
acid (EGTA) (Fig. S3a), a metal chelator that is similar to
EDTA, and citrate, which is also known for chelating calcium
ions, was added to the EDTA elution buffer at pH 6.5 (Fig. S3b),
both performing equal to EDTA alone.

In another attempt to improve the elution conditions, the role
of conductivity was investigated by the addition of sodium
chloride to the elution buffer in a gradient elution of
0–200 mM EDTA (Figure 3(d)). The elution profile was signifi-
cantly improved by addition of 75 mM sodium chloride, and
further increase in concentration of sodium chloride led to
sharper elution peaks, yielding a more concentrated product.
Interestingly, a slight separation between the different antibodies
in the polyclonal pool, with two overlapping peaks, could be
observed at a sodium chloride concentration of ~ 150–200 mM.

To explore possible variations in elution behavior between
different subclasses of IgG, purifications of mAbs were con-
ducted on the ZCaTetraCys column. Monoclonal IgG1, IgG2
and IgG4 were added to the column and eluted using
a gradient of 0–200 mM EDTA at pH 5.5. A comparison of the
elution curves of the mAbs is shown in Figure 4(a). The elution
profiles of IgG2 and IgG4 at pH 5.5 are nearly identical, while
IgG1 is eluted at a higher concentration of EDTA, exhibiting
a somewhat broader peak. This diverging behavior of IgG1 is
reflected in Figure 4(b), where a gradient of 0–200 mM EDTA at
pH 7 was used for elution of the mAbs. Here, IgG1 shows no
defined peak with practically no antibody eluted, whereas all
captured IgG2 and IgG4 could be successfully eluted at pH 7,
with no residual antibody on the column when lowering the pH
to 3.3 after EDTA elution (data not shown).

We also tested ZCaTetraCys’ ability to selectively capture
IgG from a Chinese hamster ovary (CHO) cell supernatant
containing recombinantly produced human IgG1 (HPC4). As
seen in Figure 5(a), an elution peak with bound and subse-
quently eluted protein could be observed. The eluate was
shown to contain pure IgG by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and Western Blot
analysis, and the flow through was completely devoid of IgG,
indicating high antibody recovery (Figure 5(b)). For analysis
of the host cell protein (HCP) and DNA impurity levels in
eluted fractions containing purified antibody, trastuzumab
was captured from a CHO cell culture supernatant by injec-
tion of equal amounts on ZCaTetraCys as well as MabSelect
SuRe and MabSelect PrismA. The elution pools were analyzed

Table 1. Comparison of the amount of bound antibody per molecule and binding site for ZCaTriCys and ZCaTetraCys on 1 ml columns. Coupling degrees in mg amino
acid per ml matrix and M (Mw ZCaTriCys: 23 036 Da, ZCaTetCys: 30 675 Da), number of binding sites and the average amounts of IgG eluted with EDTA at pH 5.5
(n = 3) for ZCaTriCys and ZCaTetraCys. This data suggests that the tetrameric variant of ZCa has the highest binding performance.

Coupling degree
(mg amino acid/

ml matrix)
Coupling

degree (M)1
Molecules per
column (mol)2

Binding sites per
molecule3

Amount eluted
IgG (mg)

Eluted IgG per
molecule (mg/mol)4

Eluted IgG per binding
site (mg/mol)5

ZCaTriCys 4.5 2:0 � 10�4 2.0 * 10−7 3 3.6 1.8 * 107 6.0 * 106

ZCaTetraCys 3.2 1:0 � 10�4 1.0 * 10−7 4 3.1 3.1 * 107 7.8 *106

1 Coupling degree (mg/ml)/Molecular weight.2 Coupling degree (M)*Column volume.3 Number of binding domains per multimer.4 Amount eluted IgG/Molecules per
column.5 Amount eluted IgG/(Molecules per column*Binding sites per molecule).

Figure 2. Breakthrough curves on columns coupled with ZCaTriCys (dashed) and
ZCaTetraCys (solid) at a residence time of 5 min. Trastuzumab (IgG1) was loaded
at a concentration of 1 mg/ml. ZCaTetraCys displays significantly higher dynamic
binding capacity compared to ZCaTriCys.
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for HCP and DNA levels, which were normalized to antibody
content, and log reduction values (LRVs) were calculated
(Table 2). ZCaTetraCys demonstrated a similar LRV (2.3) to
MabSelect SuRe (2.5) and MabSelect PrismA (2.4) for HCP
content. Regarding DNA levels, the measured LRVs were also
satisfactory, although a slightly higher DNA level could be
detected in the IgG fraction that was eluted from ZCaTetraCys

(LRV 3.2) compared to MabSelect SuRe and MabSelect
PrismA (LRVs 4.4 and 5.7, respectively).

Discussion

In this work, we designed a calcium-dependent purification
matrix and developed a corresponding protocol for purification

Figure 3. Investigation of elution buffer composition for elution of human polyclonal IgG on a ZCaTetraCys column. (a) IgG was eluted using three different elution
buffers: 0.3 M HAc at pH 3.3, 100 mM EDTA at pH 5.5 and 1 mM CaCl2 at pH 5.5. Elution with EDTA at pH 5.5 (solid) gives a very similar elution peak as acidic elution
with HAc (dashed), whereas almost no antibody could be eluted at pH 5.5 with calcium present (dotted). (b) Elution using different concentrations of EDTA at pH 5.5
are overlaid: 25 mM (red), 50 mM (blue), 75 mM (green) and 100 mM (purple). Lowering the EDTA concentration to 50 mM or less significantly altered the elution
profile. (c) Overlay of gradient elutions between 0–200 mM EDTA at different pH (5.5 in purple, 6 in green, 6.5 in blue and 7 in red) with the gradient profile in gray.
This data clearly shows that pH 5.5 renders a more favorable elution profile while also giving the largest amount of product. (d) Gradient elution using 0–200 mM
EDTA (gray) at different sodium chloride concentrations: 75 mM (red), 150 mM (blue), 200 mM (green) and 500 mM (purple). The addition of sodium chloride to the
elution buffer leads to elution at lower EDTA concentrations as well as more concentrated elution peaks compared to elution with only EDTA (yellow).

Figure 4. Chromatograms from purifications of mAbs on the ZCaTetraCys column using different pH. (a) Elution of human IgG1 (red), IgG2 (yellow) and IgG4 (green)
using a gradient of 0–200 mM EDTA (gray) at pH 5.5. IgG1 required a higher EDTA concentration than IgG2 and IgG4 to be eluted. (b) Elution of IgG1 (red), IgG2
(yellow) and IgG4 (green) using a gradient of 0–200 mM EDTA (gray) at pH 7. All bound IgG2 and IgG4 could be eluted at a neutral pH whereas most IgG1 was
retained on the column.
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of IgG. The purification matrix is based on the previously devel-
oped protein domain ZCa, with calcium-dependent binding to
IgG.18 To achieve a high binding capacity of the matrix, multi-
meric versions of ZCa (ZCaDiCys, ZCaTriCys and ZCaTetraCys),
and a control monomeric version (ZCaMonoCys), were con-
structed with unique C-terminal cysteines to ensure site-
directed coupling of the ligands, and coupled to individual
purification columns. While ZCaMonoCys and the multimeric
variants were all able to release the captured antibodies using
EDTA (pH 5.5), the IgG purifications revealed considerable
differences in binding performance between the monomer and
the multimeric constructs (Figure 1(a)). With higher-order mul-
timers of ZCa, more antibody could be captured, which was
confirmed by SPR analysis (Figure 1(b)). Interestingly, the SPR
data showed only a small difference in binding performance
between the mono- and dimer, as well as between the tri- and
tetramer. This might occur because one additional domain can-
not provide an extra IgG binding site due to intra-ligand steric
hindrance, but merely increases the distance from the solid
phase, which leads to increased accessibility of the ligands for
the IgG molecules. The second additional domain of ZCaTriCys
may possibly accommodate another IgGmolecule, in addition to
being even more accessible due to the increased length, whereas
the third additional domain of ZCaTetraCys again increases the
accessibility rather than adding another binding site compared
to the trimer. In comparing ZCaTriCys and ZCaTetraCys on
HiTrap™ columns, we found that ZCaTetraCys is able to capture

more IgG both per full length molecule and per binding site
(Table 1). Furthermore, ZCaTetraCys displayed an astonishing
DBC at 10% breakthrough, comparable to commercially avail-
able Protein A resins,21 and highly superior to ZCaTriCys despite
the higher ligand density of the ZCaTriCys column (Figure 2).
The higher binding capacity of ZCaTetraCys is likely
a consequence of more functional domains that are accessible
for capture of IgG molecules and more space to allow simulta-
neous binding of additional molecules.

Based on these promising results where multimerization has
had a great effect on binding capacity, evenhigher ordermultimers
would possibly increase the binding capacity further. Other alter-
natives that might increase the accessibility include insertion of
a spacer arm between the matrix and the ligand or addition of
longer linker sequences between the domains of the multimeric
proteins to ensure that each domain is able to bind to one IgG
molecule.However, linkers could pose a threat to themultimers by
being sensitive to degradation. Introduction of a longer linker
region would therefore require careful evaluation of linker length
and composition.22

In order to further examine ZCaTetraCys and identify the
optimal conditions for antibody purification using ZCa, purifica-
tions of IgG were conducted on a column with ZCaTetraCys
immobilized via thiol coupling. Elution from the ZCaTetraCys
column at pH 3.3 or with EDTA at pH 5.5 gives strikingly similar
elution curves (Figure 3(a)), which differs from previous experi-
ments with a column with a monomeric ZCa immobilized via
amine coupling, where EDTA elution resulted in a lower and
broader peak.18 The difference in coupling chemistries used to
immobilize the monomeric and tetrameric variant, which were
randomly and site-specifically immobilized, respectively, could
potentially explain these results.

To optimize the purification protocol, lower concentrations
of EDTA in the elution buffer were examined. For elution of all
captured antibody from the tetrameric column, a much higher
concentration of EDTA was needed, 75 mM (Figure 3(b)) com-
pared to 10 mM for the monomeric version (Fig. S2b).
Increasing the binding performance of ZCaTetraCys thus
required more EDTA in the purification process. This might
be explained by the avidity of the multimerized ligand, which in

Figure 5. CHO cell culture supernatant containing recombinantly produced IgG1 (HPC4) was successfully purified on the ZCaTetraCys column. (a) A chromatogram
displaying elution of the captured IgG with 100 mM EDTA at pH 5.5. (b) SDS-PAGE and Western Blot analysis of the supernatant (S), the flow through (FT) and the
eluate (E) next to a molecular weight marker (M) with bands at 10, 15, 25, 35, 55, 70, 100, 130 and 250 kDa, showing that recombinantly produced IgG can be
successfully captured on the ZCaTetraCys column and no antibody can be detected in the flow through by Western Blot analysis.

Table 2. HCP and DNA content in a CHO cell culture supernatant and eluted
fractions after purification of trastuzumab on columns with ZCaTetraCys,
MabSelect SuRe and MabSelect PrismA, including the log reduction values
(LRVs). ZCaTetraCys demonstrates comparable HCP LRVs to MabSelect SuRe
and MabSelect PrismA and a sufficient DNA LRV.

Sample
HCP

Elution
HCP LRV

Sample
DNA

Elution
DNA LRV

(ng/mg
mAb)

(ng/mg
mAb) HCP

(pg/mg
mAb)

(pg/mg
mAb) DNA

ZCaTetraCys 7.2 * 102 2.3 1.2 * 103 3.2
MabSelect

SuRe
1.6 * 105 5.2 * 102 2.5 1.9 * 106 81 4.4

MabSelect
PrismA

5.9 * 102 2.4 4.0 5.7
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this case requires higher EDTA concentrations to break the
interactions.

We examined whether elution of captured human polyclonal
antibodies could be done at neutral pH or slightly below to pose
less risk to antibodies or Fc-fusion proteins that are sensitive even
to pH 5.5, but this did not result in complete elution, neither from
ZCaTetraCys (Figure 3(c)) nor the monomeric ZCa (Fig. S2c). At
pH 6, 90% of all captured antibody could be eluted from both
columns with rapidly decreasing fractions closer to pH 7. The
elution profiles from the two columns differed at higher pH, with
ZCaTetraCys showing lower peaks and substantial peak tailing.
This is probably also a consequence of the avidity effect of the
multimeric ligand, which requires the disruption of several possi-
ble binding interactions simultaneously to allow elution of the
antibodies. In an attempt to facilitate elution at higher pH values,
the metal chelator citrate23 was added to the EDTA elution buffer
at pH 6.5 for purification on a ZCa monomer column. However,
the combination of the two metal chelators did not increase the
amount of eluted antibody compared to only EDTA (Fig. S3b).
EGTA was also evaluated as an alternative elution agent due to its
reportedly higher selectivity for calcium ions and lower affinity for
magnesium than EDTA,24,25 but no improvement was observed
and the elution peak was not as sharp as for EDTA (Fig. S3a).
These results, in combinationwith the substantially higher costs of
using EGTA over EDTA, renders EGTA an unfavorable alterna-
tive for elution.

The effect of sodium chloride on the elution properties at pH
5.5 was studied for ZCaTetraCys (Figure 3(d)). Considerably shar-
per elution peaks at low EDTA concentrations were found for
concentrations of 75 mM NaCl and higher, using an EDTA
gradient, with a reduction of elution volume by half for 500 mM
NaCl compared to an elution buffer without sodium chloride.
However, precipitation of the EDTA buffer with 500 mM NaCl
could be observed with time, and lower sodium chloride concen-
trations should preferably be used. Due to the weakening effect of
sodium chloride on the affinity interaction of the IgG molecules
and ZCaTetraCys, further studies of the use of sodium chloride
together with EDTA could be of interest to improve elution at
higher pH values than 5.5. Elution of IgG at concentrations of 150
and 200 mM NaCl resulted in an elution profile with two over-
lapping peaks, providing separation of the IgG subclasses at this
particular ionic strength, which could be useful for the prepara-
tion of individual IgG subclasses if further optimized.

Human monoclonal antibodies of subclasses IgG1, IgG2 and
IgG4, which are commonly used for therapeutics, were purified
using ZCaTetraCys. For elution of IgG1 at pH 5.5, a higher
concentration of EDTA was required than for IgG2 and IgG4,
which displayed very similar elution behaviors (Figure 4(a)).
When increasing the pH of the elution buffer, almost no IgG1
was released from the ZCaTetraCys column (Figure 4(b)).
Remarkably, both IgG2 and IgG4 could be fully eluted at pH 7.
Taken together, these results indicate that a large part of the
polyclonal antibody sample that could not be eluted with EDTA
at pH 7 (Figure 3(c)) could be IgG1. This reasoning is supported
by the fact that Protein A has been shown to have the highest
affinity for IgG1 of the three subclasses.26

Before industrial use of an optimized ZCa matrix, ligand
stability in terms of leaching of the Protein A ligand must be
investigated. The addition of EDTA, which functions as

a metalloprotease inhibitor, to the elution buffer has previously
been shown to reduce the co-elution of Protein A fragments with
the antibody for several commercial matrices.27 Measurement of
leached Protein A ligand was not included in this study. This
needs to be investigated in further studies of the matrix. For use
of ZCaTetraCys in large-scale production processes, the virus
inactivation also has to be taken into account since this is
frequently accomplished by a low pH hold directly after
Protein A elution. This method could, for instance, seamlessly
be replaced by solvent/detergent treatment.28–30

The ZCaTetraCys matrix has been shown to perform equal
to or better than commercial Protein A matrices in important
aspects which include highly selective capture of IgG from
complex feed solutions (Figure 5(b)). With regards to residual
HCP levels after purification of trastuzumab from a CHO cell
supernatant, ZCaTetraCys demonstrated a similar LRV to
MabSelect SuRe and MabSelect PrismA. The reduction of
DNA levels was well within the acceptable range for commer-
cially used Protein A matrices (Table 2).31

This study provides an extensive evaluation of the optimal
purification parameters for use of the novel calcium-
dependent domain ZCa to purify antibodies. In particular,
ZCaTetraCys provided the most efficient antibody purification
with the highest DBC of the chromatography resins evaluated
here, as well as good antibody recovery. We found that the
most successful way of eluting IgG from ZCaTetraCys is by
a combination of EDTA and sodium chloride, which yields
a very concentrated product. Elution should occur at pH 5.5
to ensure dissociation of all bound polyclonal IgG.
Interestingly, the optimal pH for elution was shown to depend
on the subclass of the IgG. Antibodies of subclasses IgG2 and
IgG4 can successfully be released from ZCaTetraCys at neutral
pH while antibodies of the IgG1 subclass require a lower pH
of 5.5 for complete elution. Thus, for the purification of Fc-
fusion proteins, the origin of the Fc portion used will affect
the pH at which that particular protein can be efficiently
eluted. Our results indicate that this protein purification
matrix is a novel and valuable tool for mild antibody and Fc-
fusion protein purification.

Materials and methods

Enzymes were purchased from New England Biolabs (NEB),
unless stated otherwise. PCR reactions were performed using
Phusion DNA polymerase (ThermoFisher, M0530L) and PCR
screens using DreamTaq DNA polymerase (ThermoFisher,
EP0702). PCR reactions were purified using the QIAquick
PCR Purification Kit (Qiagen, 28106) and gel extractions were
performed using the QIAquick Gel Extraction Kit (Qiagen,
28706). Enzymes and purification kits were used according to
the instructions of the manufacturer.

Cloning

Genes encoding monomer and multimeric variants (ZCa

MonoCys, ZCaDiCys, ZCaTriCys and ZCaTetraCys) of ZCa

constructed head-to-tail and equipped with a C-terminal
cysteine were purchased from Invitrogen. The 3ʹ and 5ʹ ends
were designed to be unique sequences to allow for
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amplification of each entire gene. A standard PCR protocol
was followed using a forward and reverse primer (TAG
Copenhagen A/S) matching the unique sequences of the 3ʹ
end and the 5ʹ end of the genes and with overhangs contain-
ing a NcoI and XhoI restriction site, respectively. The purified
PCR products of the multimeric variants were run on and
extracted from a 2% GTG agarose gel. The ZCa constructs and
the vector pET-45b(+) (Novagen, 71327), containing a T7
promoter and ampicillin (Amp) resistance, were cleaved
with NcoI (R3193S) and XhoI (R0146S) restriction enzymes
and gel extracted. Cleaved, purified constructs and cleaved,
gel extracted vector were ligated with a 3x excess of construct
using T4 DNA ligase (M0202L). The ligation mixtures were
chemically transformed to Escherichia coli strain Top10. To
verify the correct sequences of the inserted constructs, Sanger
Cycle Sequencing was conducted at Microsynth Seqlab
(Göttingen, Germany) after a PCR-screen using standard T7
sequencing primers.

Protein production and purification

Individual colonies carrying the sequence-verified constructs
were grown in tryptic soy broth (30 g/l (Merck, 1054590500),
TSB) with Amp (100 µg/ml) and incubated at 150 rpm, 37°C
overnight (ON). Plasmid DNA was isolated using the
QIAprep Spin Miniprep Kit (Qiagen, 27106). The purified
pET-45b(+) containing the ZCa constructs were transformed
to BL21 (DE3) cells (Novagen®, Merck Biosciences, 69450) by
heat shock and plated on Amp-plates (200 µg/ml), incubated
at 37°C ON. Single colonies were inoculated in TSB+Y (TSB
supplemented with 5 g/l yeast extract (Merck, 1037530500))
with Amp (100 µg/ml) and incubated at 150 rpm, 37°C ON.

Cultivations were initiated by the addition of 1 ml ON culture
to 100 ml TSB+Y with Amp (100 µg/ml) and CaCl2 (1 mM) and
incubated at 150 rpm, 37°C until OD600 reached 0.5–1. Isopropyl
β-D-1-thiogalactopyranoside (IPTG) was added to a final con-
centration of 1 mM to induce protein expression. The cultures
were grown at 150 rpm, 25°CON and harvested by centrifugation
at 2400 × g, 4°C for 8 min. The pellets were resuspended in 20 ml
1xTBST-C (1xTBS (50 mM Tris, 150 mM NaCl), 0.05% (v/v)
Tween20, 1 mM CaCl2, pH 7.5) followed by sonication using
a Vibra-cell (Sonics, CT, USA) at 40% amplitude with 1.0/1.0 s
pulsing for 1 min and 30 s. Centrifugation at 10 000 × g, 4°C for
20 min was performed to remove cell debris.

The proteins were purified from the cell lysates by affinity
chromatography using columns packed with 5 ml IgG-
sepharose 6 Fast Flow (GE healthcare, 17096902). The columns
were pulsed with 20 ml sterile H2O, 20 ml 1xTBST-C and 20 ml
0.3 M HAc (pH 3.3) followed by equilibration with 50 ml
1xTBST-C. The cell lysates were added and the columns were
washed with 75 ml 1xTBST-C and 50 ml 5 mM NH4Ac with
1 mM CaCl2 (pH 5.5–6). The bound product was eluted with
0.3 M HAc (pH 3.3) in 15 × 1 ml fractions followed by regenera-
tion with 20 ml 0.3 M HAc and washing with 20 ml 1xTBST-C
and 20ml 1xTBST (20% EtOH). The fractions containing protein,
determined by absorbance at 280 nm, were freeze dried using an
Automatic Environmental SpeedVac System (Savant, MA, USA)
or a CoolSafe freeze dryer (ScanVac, Sweden) and dissolved in
1xTBS with 1mMCaCl2. A bicinchoninic acid assay (BCA), using

bovine serum albumin as a standard, was used to determine the
protein concentrations (Thermo Scientific, 23225).

Protein analysis

Mass spectrometry
The molecular weights of the proteins were determined using
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS). Since the proteins contain cysteines, they were
alkalized before mass spectrometry analysis in order to exam-
ine the monomeric forms of the proteins. A 1:1 mixture of
alkalized protein sample and α-cyano-4-hydroxycinnamic
acid (5 mg/ml, Bruker, 8255344) or sinapinic acid (5 mg/ml,
Sigma-Aldrich, 85429-5G), depending on the expected size of
the protein, was spotted on a MALDI-target and analyzed
with a 4800 MALDI time-of-flight (TOF)/TOF Analyzer
(Applied Biosystems, CA, USA).

Electrospray ionization MS was also used to determine the
molecular weights, after desalination of the alkalized protein
samples on a C4 column (μ-Precolumn Cartridge Acclaim
PepMap™ 300 C4, 5 µm, 300Å, 300 μm i.d. 5 mm, Dionex,
163591). Analysis of the samples was conducted with an
Agilent 6520 Accurate-Mass Q-TOF LC/MS system (Agilent
Technologies, CA, USA).

SDS-PAGE
Protein purity was determined by SDS-PAGE. The samples were
mixed with reducing buffer to a final concentration of 20 mM
Tris-HCl, 1mMEDTA, 88mMSDS, 720mM β-mercaptoethanol
and 17% glycerol. Samples were heated to 95°C for 5 min and
loaded on a NuPAGE Novex 4–12% Bis-Tris gel (Invitrogen,
NP0323BOX) together with the marker LMW-SDS marker kit
(GE Healthcare, 17-0446-01) after which it was run in 1xMES
(50 mM MES, 50 mM TRIS, 1 mM EDTA, 0.1% SDS, pH 7.3)
running buffer at 200 V, 4°C for 30 min. Afterward, washing of
the gel in deionized water was repeated 3 × 5 min, GelCode® Blue
(Thermo Scientific, 24596) was added to stain the gel for 1 hour
followed by destaining in deionized water ON.

Western Blot
The gel from the SDS-PAGE was transferred to a 0.45 μm
Invitrolon™ PVDF/Filter Paper Sandwich (Novex, LC2007) at
30 V, for 90 min in 1xTransfer buffer (25 mM Bicine, 25 mM
BisTris, 1 mM EDTA, 10% ethanol, pH 7.2). PageRuler™ Plus
Prestained Protein Ladder (Thermo Scientific, 26620) was
used as the molecular weight marker. Blocking buffer (5%
w/v dry milk) was added to the blot and incubated at 4°C
ON after which it was washed, once quickly, followed by
5 × 5 min in 20 mL 1xTBST. The blot was incubated with
horseradish peroxidase (HRP)-coupled goat anti-human anti-
body (ThermoFisher, A18805) at a 1:5000 dilution in 5 ml
blocking buffer at room temperature for 1 h and washed as
previously described with 1xTBST. The blot was developed
using Immobilon™ Western Chemiluminescent HRP Substrate
(Merck, WBKLS0500).

Surface plasmon resonance
The ZCa variants were analyzed on a Biacore 3000 instrument (GE
Healthcare). The proteins were coupled to a CM5 chip by thiol-
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based chemistry via their C-terminal cysteines, using a Thiol
Coupling Kit (GE Healthcare, BR100557) according to the pro-
vided immobilization protocol for ligand thiol coupling. The
different ZCa variants were diluted in 0.1 M sodium acetate pH
4 and 1 mM CaCl2 and injected onto the chip with the aim to
reach an immobilization level of 25 RU for ZCaMonoCys, 50 RU
for ZCaDiCys, 75 RU for ZCaTriCys and 100 RU for ZCaTetraCys
in order to couple a comparable number of molecules of each
protein. ZCaDiCys was, due to dimerization, reduced before
immobilization with dithiothreitol to a final concentration of
20 mM and buffer exchanged to 0.1 M sodium acetate, 1 M
NaCl pH 4 and 1 mM CaCl2. 1xHBST (1xHBS (20 mM HEPES,
150 mM NaCl, pH 7), 0.05% Tween20) with 1 mM CaCl2 was
used as running buffer. Human polyclonal IgG was diluted to
500 nM in 1xHBSTwith 1mMCaCl2 and triplicates were injected
at 50 µl/min with 300 s association and 600 s dissociation.
Regeneration of the surfaces was conducted using 10 mM HCl.

Purification using ZCa ligands

Resin coupling

In house coupling of resin for bench purification
All ZCa variants were covalently and irreversibly immobilized to
columns via the C-terminal cysteines using the SulfoLink®
Coupling Resin (Thermo Scientific, 20401), which is activated
with iodoacetyl groups. Approximately 70 nmole of each protein
was coupled to individual 1 ml SulfoLink® Coupling Resin beds
according to the manufacturer’s instructions. The coupling reac-
tion took place in the dark and the resins were packed in
columns. To make the sulfhydryl groups accessible for coupling,
tris(2-carboxyethyl)phosphine (pH 7, Sigma, C4706-10G) was
added to the protein dilutions prior to coupling, according to
instructions, and incubated at room temperature for 30 min.
1xTBST-C (20% ethanol) was used as storage buffer. Coupling
degrees were determined by comparing the absorbance at
280 nm of the protein added to the coupling resin in the pur-
ification columns with the absorbance of the noncoupled flow
through collected from the columns.

Coupling and pre-packing of resin for ÄKTA purification
ZCaTriCys and ZCaTetraCys were buffer exchanged to 1xHBS
with 1 mM CaCl2 and coupled to a solid support and packed in
1 ml HiTrap™ columns (GE Healthcare) by GE healthcare. Their
coupling degrees were determined through amino acid analysis.

Antibody purification

Bench purification
Purifications on the packed SulfoLink® columns were per-
formed in triplicates, using a large excess of human polyclonal
IgG (25 mg/ml) in 2 ml 1xTBST-C. Pulsing of the columns
with 4 ml 0.3 M HAc (pH 3.3) and 4 ml 1xTBST-C twice was
followed by addition of the polyclonal IgG. The columns were
washed with 10 ml 1xTBST-C and elution buffer (100 mM
NH4Ac, 100 mM EDTA, pH 5.5) was added in fractions of
10 × 300 µl. Washing was done with 3 ml 5 mM NH4Ac,
1 mM CaCl2 (pH 5–6) before a second elution with 0.3 M
HAc in 10 × 300 µl fractions. The columns were regenerated

with 4 ml 0.3 M HAc, 4 ml 1xTBST-C and 4 ml 1xTBST (20%
EtOH). Eluted protein amounts were determined based on
absorbance measurements at 280 nm. A two-tailed t test was
used to determine the statistical significance.

ÄKTA purification
The ZCa variants coupled to a solid support and packed in
HiTrap™ columns, as well as the monomeric ZCa, without
a C-terminal cysteine, as developed in Kanje et al.,18 and coupled
to HiTrap™ NHS-Activated HP columns (GE Healthcare,
17071601), were analyzed here. Purifications were also run on
1 ml HiTrap™ columns with MabSelect SuRe and MabSelect
PrismA resins for comparison. The columns were connected to
an ÄKTA Pure chromatography system (GE Healthcare) for
purification of human polyclonal IgG, human monoclonal IgG1
(rituximab, Roche), IgG2 (Department of Biotechnology,
University of Natural Resources and Life Sciences, Vienna) and
IgG4 (BioInvent), as well as two different CHO cell supernatants
from cells producing human IgG1 (HPC4 antibody, (produced
in-house) or trastuzumab (GEHealthcare)), at a flow rate of 1 ml/
min. The ZCa-based columns were pulsed with 6 column volumes
(c.v.) 1xTBST-C and 6 c.v. of the elution buffers found in Table S1.
Gradient elutions were performed for 20 c.v. (Table S1). Next, the
columns were equilibrated with 13 c.v. 1xTBST-C and sample
injected through a 2-ml sample loop. Washing was conducted
with 13 c.v. 1xTBST-C and 5 c.v. 5mMNH4Ac, 1mMCaCl2, (pH
5–6) followed by elution with 6 c.v. of elution buffer. For purifica-
tion at different NaCl concentrations, the same NaCl concentra-
tions that were used in the elution buffers (Table S1) were used in
the purification buffers above. The eluate was collected in frac-
tions of 500 µl. The columns were regenerated using 3 c.v. elution
buffer, 6 c.v. 1xTBST-C and 2 c.v. 1xTBST-C (20% ethanol).
Purifications for HCP and DNA analysis of ZCaTetraCys,
MabSelect SuRe and MabSelect PrismA eluates were conducted
with equal volumes of CHO cell supernatant containing trastuzu-
mab. Elution was performed with 100 mM EDTA (pH 5.5, Table
S1) from ZCaTetraCys and according to the corresponding appli-
cation note for MabSelect SuRe and MabSelect PrismA.

Dynamic binding capacity experiments
ZCaTriCys and ZCaTetraCys columns were connected to an
ÄKTA pcc system (GE Healthcare). Pure trastuzumab was
loaded at a concentration of 1 mg/ml in equilibration buffer
with a flow rate of 0.2 ml/min. The column equilibration, wash
and regeneration were performed as previously described but
using 20 c.v. elution buffer. The protein concentration based on
the obtained absorbance at 280 nm was plotted as a fraction of
the inlet protein concentration against the volume of loaded
sample, and DBC at 10% breakthrough was determined using
the UNICORN DBC calculation extension.

HCP and DNA analysis

Detection of CHO HCP and DNA in cell culture supernatant
and eluates was conducted by Sobi. The HCP and DNA
content in the eluates was normalized to the antibody content.
Log reduction values (LRV) were calculated by the common
logarithm ratio of HCP or DNA content in the unpurified
sample to the HCP or DNA content in the eluates.
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Abbreviations

Amp Ampicillin
CHO Chinese hamster ovary
DBC Dynamic binding capacity
EDTA Ethylenediaminetetraacetic acid
EGTA Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraa-

cetic acid
Fc Fragment crystallizable
HAc Acetic acid
HCP Host cell protein
IgG Immunoglobulin G
LRV Log reduction value
mAb Monoclonal antibody
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SPR Surface Plasmon Resonance
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