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A polycarboxylic chelating ligand for efficient resin
purification of His-tagged proteins expressed in
mammalian systemsy
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Protein purification has become a major research concern due
to the increasing market of recombinant proteins and the
necessity to provide highly pure proteins in good yields.*
Immobilised Metal-ion Affinity Chromatography (IMAC) repre-
sents one of the most attractive choices due to several advan-
tages including competitive costs, simplicity of the
experimental procedures and small tag protein modifications
that do not usually interfere with protein activity.” IMAC
consists of immobilising transition metal ions (Co*", Ni**, Cu*",
Zn®") on a solid matrix considering the ability of metal-ion
complexes to interact with protein tags containing donor
atoms such as oxygen, nitrogen and sulfur.®> A common tag is
polyhistidine i.e. four to eight histidine residues, which can be
easily incorporated into proteins. This small tag yields a very
strong interaction with metal ions and, in most cases, does not
significantly affect protein functions and can be conveniently
removed by proteolysis.* The solid matrices used for such
applications are usually functionalised-saccharide polymers on
which organic chelators are grafted, such as iminodiacetic acid
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HCV E2 glycoproteins expressed in 293T mammalian cells.

(IDA, 1) or nitrilotriacetic acid (NTA, II) (Fig. 1). The most known
used system in IMAC technique is the one formed by Ni-NTA
complexes and His-tagged proteins.*® This interaction is
reversible, therefore captured proteins are eluted by adjusting
pH or by using an imidazole containing buffer. Depending on
the composition of the buffer, the nature of the column-bound
molecules changes with the coordination sphere of the immo-
bilized metal ions. Thus, IMAC is highly suitable for the
extensive purification of His-tagged proteins, achieving purities
of up to 95%, in high yields. Chelating ligands covalently
attached to solid matrices are very important and are usually
multidentate organic ligands that bind to metal ions. The most
encountered ligands are tridentate (i.e. IDA, I) and tetradentate
(i.e. NTA, II); nevertheless, intensive studies for discovering new
ligands that could generate proper matrices for maximizing
protein purification yields are present in the literature.*”® Most
of these ligands take the form of acyclic or cyclic polyamino
polycarboxylic acids, which have been often called bifunctional
chelating agents, also useful for a wide range of applications
involving biomolecules labelling.” A new type of chelating
agents holding numerous coordinating sites, prone to lantha-
nide coordination and formation of luminescent stable
complexes, such as compounds of type II (Fig. 1), has been
increasingly developed for MRI applications or for naked eye
visualization of labelled proteins.?

In this context, we describe herein synthesis of a new func-
tional chelating agent 1 (Fig. 1), its ability to form metal
complexes and utility for preparation of a new solid matrix to be
employed in affinity chromatography and proteins purification.
Similar compounds with 1 have been previously investigated as
ligands for metal-ion complexes, bearing various substituents
in para-position relative to the phenol group and information is
readily available regarding stoichiometry, electronic and
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Fig. 1 Structures of various polyamino polycarboxylic chelating
agents and structure of compound 1 used in this work.

magnetic properties of and
lanthanides."

Synthesis of the key intermediate 3 (Scheme 1) was achieved
in a two steps sequence starting from p-hydroxybenzoic acid by
bromomethylation and subsequent alkylation with ter¢-butyl
iminodiacetate, in 50% global yield. Previously reported"
synthetic approaches of such compounds refer to Mannich
reactions™** of the corresponding phenols using para-
formaldehyde and secondary amines or hydroxymethylation of
the phenols followed by bromination with hydrogen bromide.**¢
However, in most cases, the Mannich monosubstituted product
predominates, while the hydroxymethylation reactions in basic
medium tend to provide polymerisation products, especially in
presence of electron-withdrawing substituents. Thus, direct
bromomethylation in acidic conditions was found to be the best
option, due to the cleanliness of the reaction procedure, as it
occurred free of by-products (i.e. polymers). N-Alkylation pro-
ceeded smoothly and the esters was conveniently obtained.
With compound 3 in hand, we performed deprotection of the
tert-butyl ester using 25% TFA in dichloromethane to afford
compound 1. We monitored the reaction progress by RP-HPLC
(ESI, Fig. S1t) and observed that complete deprotection
occurred overnight. Compound 1 is water soluble and the
recorded UV-vis spectra indicated an absorption maximum at
Amax = 253 nm (¢ = 7591.6 L mol " cm™*, ESI, Fig. S27).

Ligand 1 was investigated for the complexation properties
with various metal ions and we performed a screening among
Ni(u), Zn(u), Cu(u), Fe(u), Yb(u), Er(m), Nd(m) (ESI, Fig. S31). The
absorption spectra of the mixtures between the ligand and the
metal ions suffered a general shifting of the absorption maxima
towards higher wavelengths indicating formation of metal-ion
complexes.

We were particularly interested in formation of the
complexes with Zn(u) and Ni(n) ions that were studied by UV-vis

complexes with Cu(u)®

COOH COOH

CO,tBu
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in order to establish the ligand to metal stoichiometry.
Formation of the complex with Zn(u) was followed by addition
of increasing amounts of the metal ions in aqueous solutions of
compound 1, in basic medium ensured by triethylamine (TEA)
(see ESI, Fig. S41). The experiments revealed a 1:2 ligand to
metal stoichiometry and the association constants calculated
using the on-line tool "supramolecular.org™** were K;; = 3.66 X
10° +£ 243 M 'and Ky, = 4.19 x 10° £ 233 M~ L.

The UV-vis absorption spectra of the complex resulted
between compound 1 and Ni(u) ions revealed multiple bands,
specific to green complex formation, both in solution (Fig. 2)
and solid state (Fig. 4). Thus, the absorption band in the visible
region, assigned to phenoxo-to-Ni(n) ligand-to-metal charge-
transfer (LMCT) band has A, = 381 nm and the large band
between 600-800 nm corresponds to Ni(u) d-d transitions, with
maximum at Ay, = 651 nm.°

UV-vis titration experiments (Fig. 3) of compound 1 with
Ni(u) revealed absorbance modification at A,,.x = 282 nm. Data
processing (ESI, Fig. S61)'* confirmed a ligand to metal ions
stoichiometry of 1:2, yielding high values for the association
constant (K;; = 1.33 x 10° £ 1000 M ' and K;, = 2.7 x 10° +
127 M) only ten times smaller than the value of Ni-NTA
complex (Kp = 1.8 x 10~ " M).*® The values of the association
constants are consistent with previous data for similar poly-
amino polycarboxylic acids® with the corresponding metal-
ions.

Once compound 1 characterised, we moved further to
prepare a solid matrix able to afford His-tagged proteins puri-
fication. For this, we used commercial Thermo Scientific™
CarboxyLink™ Coupling Gel (Immobilized Diaminodipropyl-
amine) which is a crosslinked beaded agarose support func-
tionalised with diaminodipropylamine residues, able to react
with carboxyl groups. Attachment of compound 3 was per-
formed using peptide coupling conditions after solvent
exchange with DMF (N,N-dimethylformamide), using PYBOP
(benzotriazol-1-yl-oxytripyrrolidinophosphonium  hexafluoro
phosphate) as coupling reagent, DIPEA (N,N-diisopropylethyl-
amine) as base and two equivalents of 1 relative to the resin
loading. Qualitative check of the coupling was performed using
ninhydrin test. i.e. colourless solution of the mixture of resin
with ninhydrin, indicating complete block of the amino groups
(see ESIT for details regarding experimental procedure).
Loading of Ni(u) ions was further performed by prior solvent
exchange with water and treatment of the resin with lithium
hydroxide to ensure deprotection of the tert-butyl esters. Finally,
the resin was thoroughly washed with water in order to remove
unbounded metal-ions.
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Scheme 1 Synthesis of the compounds: (a) (CH,0),, 48% aq HBr, 60-80 °C, 6 days, 76%; (b) NH(CH,CO,tBu),, NaHCOs3, MeCN, rt, overnight,

70%; (c) 25% TFA in CH,Cl,, overnight, 94%.
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Fig. 2 The absorption spectra of the Ni(l) complex in aqueous
solution.

We analysed the functionalised solid support by UV-vis
(Fig. 4), Fourier-transform infrared spectroscopy (FTIR) and
RAMAN spectroscopy. Thus, the UV-vis spectrum of a sample
containing a mixture of sepharose and Ni(u) ions displayed the
d-d transition band, specific to the Ni(u) ions, while the UV-vis
spectrum of the resin containing the complex had a similar
profile with the spectrum of the isolated complex, displaying
a band at Apax = 350 nm and indicating the presence of the
nickel complex, due to the band at A, = 665 nm (Fig. 4).

The FTIR of the Sepharose grafted with 3 showed specific
bands assigned to stretching of the carboxyl and amide groups
at 1719 and 1640 cm ', respectively, suggesting successful
modification of the sepharose resin. Presence of the Ni(m)
complex of 1 was confirmed by the two bands with maxima at
1602 and 1397 cm ™! that were correlated with the carboxylate
asymmetric and symmetric vibrations, concomitant with
decrease of the initial carbonyl stretching band; moreover, the
difference of 205 cm ™" between the bands of the carboxylates
proved coordination of Ni(u) to ligand 1.'* Additional bands at
532 and 439 cm ™' were attributed to Ni-N and Ni-O respec-
tively, confirming presence of the metal ion complex.”® The
acquired spectra and FTIR assignment table are presented in
ESI (see Fig. S6T). RAMAN spectra also confirmed formation of
the Ni(u) complex (see Fig. S61).

Next, the retention capacity of the resin for His-tagged
proteins was evaluated. We started testing a pure recombi-
nant protein expressed in E. coli, a frequently used prokaryotic
expression system.'® The protein to be expressed, namely S100
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Fig. 3 UV-vis spectra during Ni?* titration of compound 1.

This journal is © The Royal Society of Chemistry 2020

RSC Advances

061, ——Complex of 1 with Ni(ll)
——Sepharose with Ni(ll)

0.5 ——Sepharose with complex of 1 with Ni(ll)
0.4 -
0.3 A
0.2 |
0.1 1
" . . ' . X(‘nm)
250 350 450 550 650 750

Fig. 4 Solid UV-vis spectra of Ni(1) complex derived sepharose.

calcium binding protein B (S100B), was fused in the N-terminus
with a hexahistidine tag having a molecular mass of 13.8 kDa.
An IMAC experiment was performed using equal amounts of the
following resins: commercial amino-sepharose (S), sepharose
resin derivatized with 1 (S-1), commercial Ni-NTA resin
(NiNTA), sepharose derivatized with Ni(i1) complex of 1 (S-1-Ni).
Resins were incubated with approximately 400 pg of HisS100B
protein. After washing and performing a specific elution with
imidazole, bound (B) and unbound (UN) protein fractions were
resolved by SDS-PAGE and visualized by Coomassie Blue
staining (Fig. 5). Binding of HisS100B was specific for S-1-Ni
and NiNTA resins with no visible non-specific binding to the
control resins. Binding efficacy was comparable for S-1-Ni and
NiNTA since the bound and unbound fractions of HisS100B are
similar for the two resins.

Then, the resin binding efficacy and specificity was tested in
a complex lysate of E. coli expressing HisS100B. After protein
expression induction, the cell pellet was sonicated in lysis buffer
and the soluble protein fraction was further processed. A pull-
down assay was further performed for the soluble fraction
similarly to the pure protein experiment (Fig. 6). HisS100B
interacted minimally with the control resin S-1. Both S-1-Ni
and NiNTA pulled down HisS100B, while S-1-Ni interacted non-
specifically with more prokaryotic proteins compared to NiNTA.

Input B UN B UN B UN B UN
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Fig. 5 Pulldown of recombinant HisSB100. IMAC was performed
using 400 pg of HisS100B purified protein on commercial amino-
sepharose (S), sepharose resin derivatized with 1 (S—1), commercial
Ni—NTA resin (NiNTA), sepharose derivatized with Ni() complex of 1
(S=1-Ni). The eluates (B) and 1/30 of the supernatants (UN) were
separated by SDS-PAGE and stained with Coomassie Blue. 60 pg of
purified HisS100B were loaded as the reference input.
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Fig. 6 Purification of recombinant HisS100B from E. coli BL21 cell
lysate using commercial amino-sepharose (S), sepharose resin deriv-
atized with 1 (S-1), commercial Ni—NTA resin (NiNTA), sepharose
derivatized with Ni(i) complex of 1 (S—1-Ni). 500 pg of clarified lysate
was used for HisS100B pull down. Clarified lysate (input), the eluates
(B), and 1/30 of the supernatants (UN) were separated by SDS-PAGE
and visualized with Coomassie Blue staining.

A higher affinity of the interaction between S-1-Ni and histidine
or clusters of histidine residues on specific prokaryotic proteins
could explain the difference between resins specificity."” To
assess the stability of the resin we repeated the pull-down for
three times without an obvious loss of the binding efficacy as
estimated by Coomassie Blue staining of SDS-PAGE gels in
Fig. $10.F The binding capacities of the two resins were deter-
mined as described in the ESL{ The binding capacities of S-1-
Ni (409 + 42 ug ml~" resin) and NiNTA (412 + 78 ug ml~ " resin)
were not significantly different. Next, we tested the affinity
purification of HisRAGE, a protein with a higher molecular
mass (40k Da apparent MM). As shown in Fig. S11,} the S-1-Ni
pulled down HisRAGE as efficiently as NiNTA, along with non-
specific prokaryotic proteins.

Proteins with higher molecular masses and post-
translational modifications (PMTs) are difficult and some-
times impossible to express in prokaryotic expression systems.
Thus, eukaryotic expression systems (yeast, insect, mammalian)
remain the main choice for producing proteins with high
molecular mass, disulphidic bonds, glycosylation or phos-
phorylation."”* Mammalian cell lines such as CHO and 293T are
used extensively for recombinant protein purification for
industrial or academic purposes.'”” IMAC is a popular protein
purification technique with reasonable costs, yields and protein
purity. However, if secreted proteins are to be purified from
mammalian cell culture media, animal serum proteins compete
with secreted recombinant proteins during IMAC resin
binding.*® Thus, chemically defined, serum-free media are used
which are often much more expensive and incompatible with
classic production adherent cell lines. Therefore, we decided to
test the capacity of S-1-Ni in the context of a soluble glyco-
protein secreted in a serum rich cell culture media. We chose
Hepatitis C Virus E2 glycoprotein which is a type I trans-
membrane glycoprotein with 11 glycans.”* HCV E2 ectodomain
(50 kDa) was expressed in 293T cells cultured in media with 2%
or 10% fetal bovine serum (FBS). Following the pulldown
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Fig. 7 Purification of recombinant HCV E2s protein. 293T cells were
transfected with a plasmid coding for HCV E2 ectodomain
(AB154191_E2_C1b, aa 384_656) (S) or pcDNA3.1 empty vector (C).
48 h post-transfection, the clarified media was subjected to pulldown
using either NiNTA or S—1—-Ni resin. Cell lysates, eluates (B), and 1/30 of
the supernatants (UN) were separated by SDS-PAGE and HCV E2s was
detected by western blot.

procedure, the protein was eluted, resolved in an SDS-PAGE gel
and detected by western blot. As shown in Fig. 7, the protein was
abundantly expressed in the cell lysate. In the cell culture
media, a higher molecular mass species was secreted suggest-
ing glycan processing to complex structures, as previously
reported.*

Strikingly, S-1-Ni was able to pull down E2s both in presence
of 2% and 10% FBS while there was no protein detected in
NiNTA eluates. A possible explanation is a difference in the
binding affinity of the His tag to the two resins in the context of
E2s and high serum protein concentration. As noticed for the
prokaryotic proteins purification, the S-1-Ni interacted non-
specifically with the bovine serum albumin present in high
concentrations in the input media (3.7 mg ml™") (Fig. S91). In
these pulldown conditions the specific binding capacity was
estimated at 200-300 ng ml~* of S-1-Ni and 10-20 ng ml~" of
NiNTA for the two serum concentrations. Although further work
is required to evaluate the general use of the new resin for
protein purification in the presence of high concentrations of
serum, our work paves the way for designing new chelators
which could enable a cost efficient purification of proteins with
complex structural elements produced in mammalian expres-
sion systems.

Conclusions

In conclusion, we presented synthesis of a new bifunctional
chelating ligand with iminodiacetate moieties and investigation
of the behaviour towards metal-ions, indicating excellent asso-
ciation constant with nickel(u) ions. Further, we used these
properties to create a novel solid matrix derived from Sepharose
which was able to act as an Immobilised Metal Ions Affinity
Chromatography support for purification of recombinant
proteins expressed in prokaryotic and eukaryotic expression
systems. The structure of the new ligand may allow a stronger
affinity to His-tagged proteins, but also towards untagged
matrix proteins. Thus, it showed a higher purification efficiency
of a His-tagged glycoprotein both in the presence of 2% and
10% FBS compared to commercial NiNTA resin. However,

This journal is © The Royal Society of Chemistry 2020
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further protein purification polishing steps are required along
with the affinity chromatography conditions optimization for
each particular protein expressed in either prokaryotic or
mammalian systems.
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