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Abstract
Immobilized-Metal Affinity Chromatography (IMAC) ia separation technique that uses covalently bobathting
compounds on solid chromatographic supports toapninetal ions, which serve as affinity ligands ¥arious
proteins, making use of coordinative binding of soamino acid residues exposed on the surface. §aweint of
IMAC technique was accelerated by the fast matomatf recombinant techniques and by the inventibraro
improved chelating ligand. IMAC had originally bedeveloped as a group separation method for metaid
histidine-containing proteins. Today, these feawe made use of in proteome-wide studies whereetfuction of
the complexity of the system (the proteome) isspdnsable for sensitive analyses of low-abundarateips. The
IMAC principle offers wide range of applicationsr fiiesearch in general and for production of Higgehproteins
in particular. Its robustness and versatility dre teasons why IMAC has become one of the mostdlyassed
chromatographic methods. Modifications in produtt@rocedures for both resin and ligand materialsvels as
optimized application protocols led to a signifitanprovement of IMAC performance.
Keywords. Immobilized metal affinity chromatography; Immohid ions; Ligands; Protein purification; Histidine
tags.
AFFINITY CHROMATOGRAPHY::

It is a method of separating biochemical mixtuned s based on a highly specific biological intéi@T such
as that between antigen and antibody, enzyme &taabsor receptor and ligand. Affinity chromatodmgp

combines the size fractionation capability of getrpeation chromatography that sensibly binds to@w subset
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of molecules. The method was discovered & develoged Pedro Cutreasas and Meir Wilchece.

(https://www.gelifesciences.com/protein-purificaiio

( Matrix: for ligand attachment. Matrix should be
' chemically and physically inert.

and target molecule by overcoming any effects of

Spacer arm: used to improve binding between ligand
steric hindrance.

' Ligand: molecule that binds reversibly to a specific
target molecule or group of target molecules.

Fig.l: Termsin affinity chromatography

Affinity chromatography can be used to

1. Purify & concentrate a substance from a mixinte a buffering solution.

2. Reduce the amount of a substance in a mixture.

3. Discern the biological compounds bind to a patér substance such as drugs.
4. Purify and concentrate an enzyme solution.

IMMOBILIZED METAL AFFINITY CHROMATOGRAPHY (IMAC):

Immobilized-Metal Affinity Chromatography (IMAC) ia separation technique that uses covalently bounc
chelating compounds on solid chromatographic suppor entrap metal ions, which serve as affinigatids for
various proteins, making use of coordinative bigdafi some amino acid residues exposed on the surfecwith
other forms of affinity chromatography, IMAC is ukiemn cases where rapid purification and substaptiaity of the
product are necessary, although compared to offieityaseparation technologies it cannot be clfisdias highly

specific, but only moderately so.
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On the other hand, IMAC holds a number of advargageer biospecific affinity chromatographic
techniques, which have a similar order of affindgnstants and exploit affinities between enzymed teir
cofactors or inhibitors, receptors and their ligaradt between antigens and antibodies. The berafitMAC—
ligand stability, high protein loading, mild eluticonditions, simple regeneration and low t@se decisive when
developing large-scale purification procedurestidustrial applications.

Everson and Parkewere the first who adapted immobilization of chielg compounds to the separation of
metalloproteins. The method became popular thrahghresearch work of Pordthand Sulkowski who laid the
foundations of the technique that is widely usethtoand applicable for a variety of purposes, idicig analytical
and preparative purification of proteins, as wsllb&ing a valuable tool for studying surface adbéiyg of certain
amino acid residues. Initially, IMAC techniques weused for separating proteins and peptides withraisy
present, exposed histidine residues, which are griiynresponsible for binding to immobilized metains.
However, the work of Hochuli et al pioneered théceint purification of recombinant proteins witmgineered
histidine affinity handles attached to the N- otebminus, especially in combination with the Ni)hitrilotriacetic
acid (Ni-NTA) matrix, which selectively binds adgt histidines. Since numerous neighboring histidesidues
are uncommon among naturally occurring proteinshsuoligo-histidine affinity handles form the ba$a high
selectivity and efficiency, often providing a ortegsisolation of proteins at over 90% purity.

Another distinct advantage of this kind of IMAC ouospecific affinity techniques is its applicatyilunder
denaturing conditions. This is often necessary wiegenmbinant proteins are highly expresseB.inoli in the form
of inclusion bodies. When appropriate cleavagesste engineered between the affinity tags anceimstwith the
purpose of enabling effective and precise tag rexhafter the main isolation step, IMAC seems toabeideal
solution for many applications. However, for theguction of therapeutic proteins in substantialigs, multiple
operational cycles with high reproducibility argu&ed. To this end, the principles of the methadehbeen studied

intensively, and numerous modifications have beaderfor specific purposes.
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OVERVIEW ON IMMOBILIZED IONSAND LIGANDS:

Development of IMAC technique was accelerated Hyy fiast maturation of recombinant techniques and
modern molecular biology in the late 1970s and H®y ihvention of an improved chelating ligand, totriacetic
acid (NTA) in the 1980s. In the meantime, the pcation of recombinant proteins genetically modif@n the DNA
template level in order to generate oligohistidend¢ended (His-tagged) polypeptides using NTA basguports

represents the most important application of IMAThe principal mechanism of the interaction of ia-tdgged

protein to an immobilized metal ion is presenteéion?2
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Fig.2 : Mechanism of action
A possible model is that of an interaction of aah@in with histidine residues n an¢,iof a His tag. This is
confirmed by the fact that IMAC ligands can bindH tags consisting of consecutive histidine resglas well as
to alternating tags. The NTA ligand coordinates K& with four valances (tetradentate, coordination herm4)

highlighted spherically in Fig.3 and two valencee available for interaction with imidazole ring$ lustidine

residues.
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Mi-TDA
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Fig.3: Modd of theinteraction between residuesin the Histag and themetal ion in tri- (IDA), tetra- (NTA),
and pentadentate IMAC ligands (TED).

Choice of the metal ligand is through variatiortled structure of the chelating compound, by varaof the
spacer arms, ligand density, concentration of saits competing agents, etc. For example, in the oafiuman
growth hormone, reduction of ligand IDA-Cu (Il) &gty on chelating sorbent resulted in higher progirity and
increased yield. The apparent affinity of a protieina metal chelate depends strongly on the metainvolved in
coordination. In the case of the iminodiacetic gti?A) chelator, the affinities of many retainedopins and their

respective retention times are in the followingesrdCu (1) > Ni (II) > Zn (ll) > Co (ll). In contrast to these
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currently most commonly used metal ions, which hayeeference for extra-nitrogen-containing amioiols hard

Lewis metal ions, such as Al(lIl), Ca(ll), Fe(lllYb(lll), prefer oxygen-rich groups of aspartic agidtamic acid or
phosphate groups and this provides an opportunigngineer new affinity handles, based on glutamiaspartic-
acid-rich affinity tails. IDA is by far the most dely used chelating compound.

Recently, an interesting application of IDA—Cu (pigplysulfone hollow-fibore membrane for fractionatiof
the commercial pectic enzyme has been reportedinBase, useful for large-scale fruit-juice clasétion, passed
through the membrane, while pectinesterase, reggenfor undesirable methanol production, was reddi
Cibacron Blue F3GA was covalently bound to microgus poly (2-hy- droxyethyl methacrylate) membramel
charged with Fe (lll) ions to study adsorption @sdrption behavior of various pure proteins. Thaesaype of
membranes was used for immobilization of glucosalase and the potential for the construction ofcgae
biosensors was demonstrated. Example of novel IMA&lionary phases are various metallo protoporpByri
covalently bound to silica supports, which have destrated a fundamental advantage of stable migtdiniy over
the normally used stationary phases with weaklhared metal iorfs
DETECTION AND IMMOBILIZATION:

In efforts to make use of the specificity and hajfinity of His-tagged proteins to immobilized mktans,
IMAC ligands have been employed for applicationshsas protein: protein interactions where proteiesd to be
stably immobilized on surfaces. Two applicationsEHSA as a diagnostic tool and chip-based techne®épr
functional investigations — shall be briefly debexd. Ni-NTA ligands attached to surfaces of miteotplates are
used to immobilize His-tagged antigens in its slduénd structurally intact form for serological ditts. The
directed immobilization via the His tag can be alvamtage to standard ELISA where proteins are nahgdo
adsorbed to plastic surfaces which destroys theejoratructure and hides part of the protein s@facd possible
antibody-binding sites. In contrast, IMAC based &Al allows the screening of conformation-dependent

monoclonal antibodies and immunosorbent assaysimdteased sensitivify
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Immobilization of His-tagged proteins on chip seda for interaction studies with other molecules, f

example by SPR, is a widely used protein charaagon method. The factor “stability” is importamo reduce
“bleeding” of the immobilized molecule, and théoee, due to its favorable binding features desatibbove the
NTA ligand is frequently used for immobilization @gations. However, interaction of biotinylatedof®ins to
supports coated with streptavidin is still consaldy stronger. A significant improvement in the bstisy of
functional immobilization of His-tagged proteins glass-type surfaces even at low concentrationaghgeved by
the concept of multivalent chelator heads whereingles ligand molecule carries three NTA moietiedisT
development represents a valid alternative to stuggtin/biotin-based protein immobilization andoails the use of
His-tagged proteins without the need for biotindixny of proteins following purification.

IMAC ligands have also been used successfully psrter in immunoblot type of applications replaceny
antibody. His-tagged proteins transferred to néhodose membrane (Western or dot blot) can bectideby
probing with Ni-NTA conjugated to alkaline phospds¢ or horseradish peroxidase reporter enzymes in .
chromogenic or chemiluminescence reaction or tonfyuma dots for fluorescent detection . This représemn
attractive fast and economic alternative to antyblbbdsed detection reactions in cases where thedmgtificity of
an antibody is not required. The specificity of N€Anjugate-based detection has been increasedngyagen of
tris-NTA conjugate®
PROTEIN PURIFICATION:

IMAC had originally been developed as a group sapar method for metallo- and histidine-containing
proteins. Today, these features are made use mbieome-wide studies where the reduction of thrapiexity of
the system (the proteome) is indispensable forivemsanalyses of low-abundance proteins. Consetyepre
separation methods such as liquid, reverse-phasegxchange, and affinity chromatography—such a8 M-
have gradually been used in proteomics to enrickeprs that may otherwise be lost in detectidihe application
of IMAC in proteomics has recently been reviewed @ focused on the enrichment of phosphoprotems a

phosphopeptides and on metal-binding proteinshénenrichment step, a complex sample such as dysate or
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blood is passed over the IMAC matrix, washed armdfthction of interest eluted by variation of pHwith high

concentrations of imidazole. This fraction is tleralyzed by mass spectrometry (MS) or fractionaugtier by two
dimensional gel electrophoresis followed by MS pralditional liquid chromatography coupled to MEAMS).

IMAC can also be used to bind and separate at leesto- and dinucleotides based on a complex
phenomenon accounted for by differential interptdyaffinities of the potential binding sites (oxygen the
phosphate group, nitrogen and oxygen on the basesoxyl groups on the ribose) to the immobilizedtat. A
quite different group-specific separation applicatiof IMAC is represented by the affinity of antthes to
immobilized metal ions. As the molecular basistfos interaction an endogenous metal-binding sitehe@ heavy
chain and an arrangement of histidine residuefiemntibody have been discussed. Adsorption of inaglobulins
from different sources on IMAC matrices has begroreed by many authors (human IgG, humanized mugGe
goat IgG. Antibody purification has been succes$gfperformed using various IMAC formats includingls,
methacrylate polymer, and membranous hollow fib@tge mild elution of the protein with salts, cosasd the
robustness of IMAC matrices have been identifieddsantageous over traditional protein A or G chatography.
Native surface histidines:

Numerous natural proteins contain histidine resdnetheir amino acid sequence. However, histideres
mildly hydrophobic and only few of them are locatadthe protein surface. For proteins with knowns3icture,
data about the number and arrangement of surfatieihe residues can be obtained from protein datks. This
can also serve as a basis for forecasting theiawbehin IMAC. In the coming years, with the devatoent of
proteomics, the number of proteins with known prynstructure is bound to grow much faster thanrtheber of
3D structures resolved, but structure modelingeam the known primary amino acid sequence, \gth 8ecome
more useful and more accurate. However, until noevdata from systematic searches of the proteia dases
regarding surface histidines have been publisheduBe in IMAC, protein-surface histidine residumegst also be
accessible to the metal ions and their bulky cimdatompounds. Adjacent histidines can bind to shene or

different chelating sites. Usually, one histidiseenough for weak binding to IDA—-Cu(ll), while mgpeoximal
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histidines are needed for efficient binding to Zn@dnd Co(ll). Some interesting examples of usiMAC for

proteins with naturally exposed histidine residueslude human serum proteins, interferon, lactafend
myoglobin, tissue plasminogen activator, antibodisd yeast alcohol dehydrogenase. In general, sitieo
correlation is found between the number of accéssiistidines and the strength of binding. Sepamatif gamma-
chymotrypsin, a common contaminant in commercighalchymotrypsin, was achieved by IMAC, due to aasi
number of surface histidines, indicating possihiusstrial application.

Evolutionary variants of the lysozymes show vardithities for IMAC matrices due to differences time
surface topography of histidines. On the other hatttbmins contain up to 16 histidine residueshirt structure
but only one high-affinity binding site His3 at theterminus. Recently, human serum proteins haen hused for
testing new IMAC affinity ligands.

Histidinetags:

Although the first demonstrations of IMAC were lo@solution group separations, the resolution has
significantly improved with the use of geneticaliggineered affinity tags that can be attached tm@mr carboxy
terminals of the recombinant proteins. The firstidine-rich fusions were made on the basis ofhilgh affinity of
certain natural proteins containing histidine rassl near the N-terminus. Recently, a natural araaid sequence,
located on the N-terminus of chicken lactate debgdnase, has been described which is responsibkfficient
binding to Co (ll) -carboxymethylaspartate IMAC The natural peptide contains six histidines, eméy
interleaved by other amino acid residue. Its trtedtaersion, designated as histidine affinity taijTHvas fused to
the N-terminals of three recombinant proteins tmdestrate its utility as a purification tag. In thast, numerous
histidine tags were employed, from very short omeg,, HisTrp, utilized for isolation of sulfitokzl proinsulin to
rather long extensions, containing up to eight atpef the peptide Ala-His-Gly-His-Arg-Pro, attadh® various
model proteins. However, today by far the most Widesed histidine tags consist of 6 consecutivdidire
residues. An ideal affinity tag should enable dffecbut not too strong a binding, and allow elataf the desired

protein under mild, nondestructive conditions.He tase of recombinaht coli, many host proteins strongly adhere
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to the IMAC matrices, especially when charged v@th (1) or Ni (Il) ions, and are eluted with thedat proteins.

Therefore, new approaches for selecting improvetidimne tags have focused on elution of the tapgetein in the
contaminant-free window.

An approach in achieving selective adsorption dafieeered oligo-histidine tagged proteins with miaim
interference of host cell proteins involves “tailoade” chelating supports with very short spacensaand low
surface density of chelating groups.

Histidine tags seem to be compatible with all egpien systems used today. Thus, His-tagged proteims
be successfully produced in prokaryotic and eulkaryarganisms, intracellularly or as secreted prsteThe use of
long histidine tags ift. coli cells may reduce the accumulation level or indleeformation of inclusion bodies of
otherwise soluble protein, unpublished results. v, which position is preferable for the additadrHis tag, N-
or C-terminus, depends on the nature and intendedofi the protein, and must be determined expetatign
Addition of His tag to the N-terminus of the proteippears to be more universal, if judged fromhilnge number of
cases reported. Most likely, N-terminal taggingnsre frequently used because several efficient gnodeases are
available for precise cleavage of the tag afteffigation. Histidine tagging and IMAC have becomeocatine for
easy first-time isolation of newly expressed pmageiln most cases, the histidine tags neither affietein folding,
nor interfere significantly with the biological fationality.

ADVANTAGES OF IMAC TECHNIQUE™:

1. IMAC chromatography has the advantage of enablisgdme -tagged proteins to be separated effibyant
the presence of denaturing concentrations of ureguanidine—HCI. Additionally, affinity tagging bgonsecutive
histidines offers the possibility of efficient pfication.

2. Due to the relatively high affinity of histidine ga for special IMAC matrices these can serve fa th

reversible immobilization of proteins.
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3. When the histidine tail is extended to 10 residga®mgent washes at high imidazole concentratiesslt in

more efficient removal of host cell proteins. IMAGIumns are relatively efficient for virus removahd reduction

of 4.0 log to 6.5 log for different viruses has h@&emonstrated during Co-chelate chromatograplfigobdr 1X.
DISADVANTAGES OF IMAC TECHNIQUE®:

1. Several amino acids, especially histidine, lysmesteine, proline, arginine, and methionine, argceptible

to metal-catalyzed oxidation reactions that produgaly reactive radical intermediates which camédge a variety

of proteins.

2. With every IMAC column some leaching of metal i@mtxurs, depending on the type of chelating compound
involved and the sort of elution

3. Since (histidine ligand chromatography), in whiaimobilized histidine functions as a pseudo affinay,

can be used for selective binding of lipo polysacites and effective pyrogen removal, it is reabnéo assume
that histidine affinity tags could also bind pyroge Thus, contamination of the target protein vpighogens would
occur, and this is not acceptable for pharmacdyticdeins.

APPLICATIONS

1. An immobilized metal-ion affinity chromatographyMAC) method has been developed and validated for
the separation of copper complexing ligands fromh saution. IMAC is an effective tool for the fraonation of
copper complexing ligands that are capable of fogérnary complexes.

2. Protein phosphorylation is a dynamic post-transteti modification that plays a critical role in the
regulation of numerous cellular events includinggnal transduction, gene expression, and apoptosis
Phosphopeptides are often found in low natural danoe and ionize poorly, complicating their ideaéfion by
mass spectrometry. Immobilized metal affinity chedography (IMAC) is a tool that has been develofedid in

the isolation and subsequent identification of phasylated molecules. A novel silica matrix for INIA
applications utilizing a proprietary nitrilotriacetacid (NTA) analog has been developed and itsopsenized after

being complexed with galliurtf.
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3. Many of the most widely employed operations in malar biology hinge upon the use of single stranded

DNA as a probe or template. A straight forward rodtfs to produce long single stranded DNA molecukgag the
polymerase chain reaction (PCR) in combination witmobilized metaaffinity chromatography (IMACY.

4. The resolution of am-fetoprotein from serum albumin should aid the fication of a-fetoprotein from a
biological fluid containing overwhelming quantitie aloumin, for example, serum. Importantly, teparation of
human a-fetoprotein from human serum albumin mayawve and help maintain the accuracy of immunoastay
a-fetoprotein, making the Chromatography on imnipbil Nf* a valuable diagnostic todi

5. Screening for proteins that yield high recovergafMAC, both after small-scale and large-scalereggion,
improves the selection of proteins that can beessfally purified and will yield a crystal struceur

6. Immobilized metal affinity chromatography (IMAC) s commonly used technique for phosphoproteome
analysis due to its high affinity for adsorptionpifosphopeptides. Miniaturization of IMAC columneissential for
the analysis of a small amount of sample. Nancesd&RC column was prepared by chemical modificatdrsilica
monolith with iminodiacetic acid (IDA) followed bthe immobilization of Fe3+ ion inside the capillatilAC
capillary column coupled with uRPLC-nanoB86 was very suitable for the phosphoproteome aisabfsminute
sample'’.

7. Addition of His6 tag to the Hepatitis B virus castigen(HBCcAQ), expressed I coli, enabled purification
under milder denaturing conditions by Ni—NTA at lnigH. Contaminatinge. coli proteins and DNA were
completely removed. This was otherwise impossijlestandard sedimentation of virus-like particlessircrose
gradients.

8. A malaria-transmission-blocking vaccine candiddiased on theéPlasmodium falciparum predominant
surface protein Pfs25 with a His6-tag at the caybéerminus, wagproduced by secretion fror@accharomyces
cerevisiae and purified on a large scale WBYi—-NTA. Histidine-tagged protein exhibited higheotency and
antigenicity than theriginal Pfs25. This indicates that in some casewmation with His-taggegdroteins may be

even advantageous.
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9. Expanded-bed adsorption (EBA) techniques constanteher broad field of IMAC application and reguir

additional properties of column matrix, e.g., higparticle density and high resistance to harstditmms during

column cleaning or sanitization

Conclusion

The IMAC principle offers wide range of applicat®ifor research in general and for production of-His
tagged proteins in particular. Its robustness agmgatility are the reasons why IMAC has become ainibe most
broadly used chromatographic methods. Modificationgroduction procedures for both resin and ligamaterials
as well as optimized application protocols led ®gmificant improvement of IMAC performance in tfezent past,
well reflected by, for example, the increase ofdimig capacity of both NTA- and IDA-based matrices His-
tagged proteins from 5-10 to 50 mg per ml resinW'e. anticipate a continued methodological improvetinand
dissemination of the use of IMAC in the field ofrication of recombinant proteins, for examplegaeding
industrial- scale production of biopharmaceuticals.
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