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Abstract 
Novel immobilized metal affinity membrane adsorbers (IMA-MA) were studied for potential use as stationary 

phases for protein separation. Protein adsorption on IMA-MA loaded with Cu(II), Ni(II), Zn(I1) and Co(I1) ions 
was compared as a function of the flow-rate and the ionic strength of the elution buffer. To exclude the possibility 
of mixed-mode interaction in the experiments, the binding of proteins similar in terms of hydrophobic&y, isoelectric 
point, size and mass-to-charge ratio but differing in their number of surface histidine residues was investigated. 
Matrix-assisted laser desorption/ionization mass spectrometry was used to distinguish between these proteins in the 
eluted fractions. Salt concentration of at least 0.5 M NaCl and flow-rates below 2 ml min-’ were found suitable to 
ensure an adsorption mechanism based on affinity interaction between the proteins and the chelated metal ions. In 
an application study, the IMA-MA and conventional chelating Sepharose fast flow columns were compared for the 
isolation of a recombinant fusion protein (EcoR V), which carried a polyhistidine sequence (HIS,-tag) at the 
N-terminus. 

1. Introduction 

Immobilized metal affinity chromatography 
(IMAC) is a sensitive method for protein sepa- 
ration, which allows one to distinguish between 
proteins differing only by a single histidine 
residue on their respective surfaces [l]. Starting 
in 1975, when Porath et al. [2] first extended the 
concept of ligand-exchange chromatography, in- 
troduced more than a decade before by Helf- 
ferich [3], to the separation of biomolecules, 
IMAC has been used to separate complex pro- 
tein mixtures [4-71 and to investigate the surface 
topography of their histidine residues [8,9]. 
Moreover, recent advances in genetic engineer- 
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ing may prove to be a great incentive towards 
the development of efficient IMAC techniques 
[lo-131. It has become possible to fuse an 
affinity tag to either terminus of a recombinant 
protein, and this has been shown to facilitate 
protein purification considerably. While larger 
tags such as protein A or glutathione-S-transfer- 
ase have to be cleaved off to obtain the active 
and stable protein, a small polyhistidine se- 
quence at the N-terminus of a recombinant 
protein serves to enhance the affinity of the 
fusion protein to IMAC phases to a high degree 
without influencing the protein’s integrity and 
activity overmuch [14,15]. 

IMAC is based on the interaction of a Lewis 
acid (electron pair donor), i.e., a chelated metal 
ion, with an electron acceptor group on the 
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surface of the protein. Save for some exceptions, 
such as the well documented affinity of certain 
phosphoproteins for Fe( III) ions [ 161, proteins 
are assumed to interact mainly through their 
histidine and, to a lesser extent, their tryptophan 
residues with the immobilized metal ions. Nitro- 
gen as a Lewis base of intermediate hardness 
should interact best with Lewis acids of similar 
polarizability, such as Cu(II), Zn(II), Ni(I1) or 
Co(I1). Such ions can be fixed to a chromato- 
graphic support through chelating agents such as 
the terdentate ligand iminodiacetic acid (IDA). 
The nature of the chelating agent is of great 
importance. If a large number of the coordina- 
tion sites of the metal ion are involved, the ion is 
stably immobilized and bleeding becomes less 
likely. The affinity to proteins is, however, 
decreased. Elution in IMAC involves most com- 
monly the lowering of the pH of the mobile 
phase below 6, which causes protonation of the 
side-chains of most histidine residues. Competi- 
tive elution in a gradient of increasing histidine, 
glycine or imidazole concentration, elution in a 
salt or organic modifier gradient and elution of 
the protein-metal ion complexes with EDTA 
have also been described. 

Compared with other chromatographic meth- 
ods based on affinity interactions, IMAC is taken 
to be superior in terms of ligand stability, capaci- 
ty, recovery of active protein and cost. Columns 
can be repeatedly stripped and reloaded with 
metal ions. Compared with other liquid chro- 
matographic (LC) methods, however, examples 
of practical applications have been few in IMAC. 
One reason may be the limited theoretical basis 
currently available for the design of the chro- 
matographic experiment, and another the pauci- 
ty of available stationary phases for IMAC, 
compared with, e.g., ion-exchange or reversed- 
phase chromatography. Traditionally, soft and 
semi-rigid polysaccharide-based stationary 
phases carrying IDA chelating groups are used in 
IMAC. In addition, a few silica- and polymer- 
based carriers suitable for HPLC applications are 
available [6,17-201. The aim of the work de- 
scribed in this paper was to investigate the 
potential of a new type of stationary phase, 
namely membrane adsorbers (MA) carrying IDA 
groups, for protein separation. 

2. Experimental 

2.1. Chemicals 

Proteins were of analytical-reagent grade or 
better and were purchased from Sigma. Bulk 
chemicals were obtained from Fluka. Buffer and 
sample solutions were prepared with deionized 
water and prefiltered through a 0.2~pm mem- 
brane (Sartorius, Gottingen, Germany). 

2.2. Stationary phases 

Immobilized metal affinity membrane adsor- 
bers (IMA-MA) were obtained from Sartorius. 
The membranes themselves consisted of a hydro- 
philic copolymer carrying chelating IDA groups. 
They are between 170 and 190 pm thick, have an 
average pore size of 0.45 pm and are stable in 
the pH range 2-13. Two types of ready-to-use 
IMA-MA units were available. In the first op- 
tion, a single membrane with a cross-sectional 
area of 5.4 cm2 was encased in a suitable filter 
holder; in the second option, a stack of five 
membranes each with a cross-sectional area of 20 
cm2, i.e., a total filtration area of 100 cm2, was 
placed in a larger filter holder. The maximum 
operating pressures of the units were 400 and 700 
kPa, respectively. Both filter holders were 
equipped with male and female Luer lock con- 
nectors for easy insertion into the chromato- 
graphic systems. New IMA-MA were stored dry 
at room temperature. Between use the IMA-MA 
were kept in the appropriate equilibration buffer 
with 0.001 M NaN, added as a bacteriostatic 
agent. For the preparation of the active IMA- 
MA, 20 ml of a 0.5 M solution of the sulphate 
salt of the metal ion to be immobilized were 
passed through the unit at a flow-rate of 1 ml 
min-‘. The respective equilibration buffers were 
used to prepare the loading solution. Prior to the 
loading step the IMA-MA were washed with 
pure equilibration buffer. If a decrease in capaci- 
ty was observed during the experiments, the 
IMA-MA were stripped of all metal ions by 
washing with 10 ml of 0.5 M EDTA solution at a 
flow-rate of 1 ml min-‘. Reloading was carried 
out after excessive washing with equilibration 
buffer as described above. 



O.-W. Reif et al. I J. Chromatogr. A 664 (1994) 13-25 15 

Chelating Sepharose fast flow (Pharmacia, 
Uppsala, Sweden) was used to slurry pack IMAC 
columns (1 cm I.D., various lengths). Three 
column volumes of water were pumped through 
followed by 30 ml of 0.1 M NiSO, or CuSO, 
solution at a flow-rate of 1 ml min-‘. Sub- 
sequently the column was flushed with 120 ml of 
water. The column was equilibrated with three 
column volumes of the initial buffer before 
sample injection and washed with methanol- 
water (15, v/v) after use. 

2.3. Instrumentation 

For the experiments concerning the purifica- 
tion of recombinant EcoR V, the IMA-MA and 
the chelating Sepharose fast flow columns were 
integrated into a fast protein liquid chromato- 
graphic (FPLC) system (Pharmacia), which con- 
sisted of two P 500 pumps, a Model 2141 UV 
detector, a Superrac fraction collector and an 
MV7 injection valve. All components were con- 
trolled by an LCC 500 unit. Data analysis was 
carried out using conventional FPLC software. 
All other experiments were carried out using an 
HPLC system assembled from a Model 64 pump 
(Knauer, Berlin, Germany) which allowed flow- 
rates up to 40 ml min-‘, an injection valve 
(Valco, Houston, TX, USA) and a Model 7215 
UV-Vis detector (ERMA, Tokyo, Japan). The 
gradient was controlled by an Autochrom Sys- 
tem 300 and an Autochrom valve box (obtained 
from ERC, Regensburg, Germany). An SP 4290 
integrator (Spectra-Physics, San Jose, CA, USA) 
and an R4 integrator (Shimadzu, Kyoto, Japan) 
were used for collection and analysis of the 
chromatographic data. Protein fractions were 
collected using a Retriever 500 (ISCO, Lincoln, 
NE, USA). 

2.4. Methoa!s 

Protein concentrations were established ac- 
cording to Bradford [21] or Lowry et al. [22] 
using bovine serum albumin (BSA) as a standard 
protein. Concentrations of metal ions in solution 
were established by titration with 0.1 -M EDTA 
against murexide as indicator [23]. Sodium 

dodecyl sulphate polyacrylamide gel electropho- 
resis (SDS-PAGE) was carried out according to 
Laemmli [24] using a laboratory-made ap- 
paratus. The activity of EcoR V was determined 
as follows. EcoR V splits h-DNA into 22 frag- 
ments [25], which can be separated on agarose 
slab gels and quantified after staining with 
ethidium bromide [26]; 1 U of the restriction 
enzyme will split 1 pg of A DNA within 1 h at 
37°C. 

To determine the protein-binding capacity of 
the IMA-MA, human serum albumin (HSA, 0.5 
mg ml-‘) was loaded on to the metal ion-satu- 
rated IMA-MA at a flow-rate of 1 ml min-’ until 
saturation was reached, i.e., until the protein 
concentration in the eluate was constant again. 
After washing, the retained protein was eluted 
and quantified. A 0.025 M phosphate buffer (pH 
8.0) containing 0.5 M NaCl was used for loading 
and washing. For elution a 0.025 M acetate 
buffer (pH 3.5) containing 0.5 M NaCl was used. 
All chromatographic experiments were repeated 
three times. The capacity of a given stationary 
phase for metal ions was established by pumping 
0.1 M NiSO, or CuSO, solution through the unit 
(flow-rate 1 ml mini) until saturation. By 
monitoring the metal ion concentration in the 
eluate using the methods described above, the 
amount of metal ions retained on the chromato- 
graphic support could be calculated. The larger 
IMA-MA were used in the capacity measure- 
ments. Capacities were calculated as pmol cm-’ 
and mg cmm2 for metal ions and proteins, respec- 
tively, by dividing the total amount retained on 
the IMA-MA by the cross-sectional area (20 
cm”). 

For matrix-assisted laser ionization/desorption 
mass spectrometry (MALDI-MS) measure- 
ments, a Vision 2000 laser time-of-flight mass 
spectrometer (Finnigan MAT, Bremen, Ger- 
many) was used. Samples were dissolved in 
acetonitrile-water containing 0.1% trifluoro- 
acetic acid (1:2 v/v) at a concentration of ca. 1 
mg ml-‘. A 10 g 1-l solution of 2,5-dihydroxy- 
benzoic acid in the same solvent was used as a 
matrix. For measurements, 1 ~1 of sample and 1 
~1 of matrix were mixed on a metal target and 
allowed to dry, 
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2.5. Bacterial culture 

Escherichia coli LK 111 hlpLBMIpUHE/His 
Th RV (2) was used as the expression system. 
The strain produces the restriction endonuclease 
EcoR V with the chelating peptide (CP) His, at 
the N-terminus. Expression is controlled by the 
lac-promotor. The strain is resistant to the anti- 
biotics ampicillin and chloramphenicol. Strain 
maintenance was done on agar plates using LB 
medium (10 g 1-l casein peptone, 10 g 1-l NaC1, 
5 g 1-l yeast extract) with an ampicillin con- 
centration of 75 pg ml-’ and a chloramphenicol 
concentration of 30 pg ml-l. E. coli cultures 
were performed in shaking flasks filled with 200 
ml of LB medium with similar antibiotic con- 
centrations added. After inoculation, the culture 
was left to grow overnight at 30°C. Production of 
EcoR V was induced by the addition of isopropyl 
P-o-thiogalactopyranoside (IPTG) at concentra- 
tions between 0.2 and 2 mM. After 2-3 h the 
bacteria werecentrifuged off at 3000 g (4°C) and 
stored at -20°C. Cell lysis was achieved by 
sonication (5 min, 100 W, O‘C). Subsequently the 
cell debris was removed by centrifugation at 
35 000 g (4°C). The supematant was filtered 
through a 0.2-pm membrane (Sartorius). 

3. Results and discussion 

3.1. Characterization of immobilized metal 
affinity membrane adsorbers 

For assessment of the general suitability of the 
IMA-MA as stationary phases for protein 
IMAC, the capacities of the IMA-MA for metal 
ions and proteins were determined. In Table 1 

the capacities for Cu(I1) and Ni(I1) ions, i.e., the 
two most commonly used ions in IMAC, are 
compiled, together with the protein capacities 
established for IMA-MA saturated with the 
respective metal ions, taking HSA as a probe. 
The metal ion capacity of the IMA-MA is higher 
for Cu(I1) than for Ni(I1). At the same time, 
more HSA is bound per pmole of immobilized 
Cu(I1) than per pmole of immobilized Ni(I1). In 
all instances capacities found for the 20 cm* 
IMA-MA were sufficiently high for the semi- 
preparative tasks required in our laboratory. 
When HSA was repeatedly adsorbed on the 
IMA-MA and eluted in a pH gradient (pH 8.0- 
3.5) at a flow-rate of 1 ml min-‘, a decrease in 
capacity was observed after five cycles. After 25 
cycles, the capacity had decreased by ca. 10%. 
The effect was seen for both the Cu(II)-IMA- 
MA and the Ni(II)-IMA-MA systems. In order 
to prevent the capacity decrease from biasing the 
experiments, all metal ions were removed from 
the IMA-MA with an EDTA wash after five 
chromatographic experiments and the MA re- 
loaded with fresh metal ions during the inves- 
tigations described below. Under these circum- 
stances, an IMA-MA could be used for several 
hundred experiments without a decline in per- 
formance. The protein recovery was well over 
90% and no evidence of unspecific or irreversible 
protein binding was found. 

3.2. Influence of the chelated metal on protein 
separation 

Cu( II), Ni( II), Zn( II) and Co( II) are the most 
commonly used metal ions in protein IMAC. In 
order to investigate the influence of the metal 
ion species on the protein separation power of 
the IMA-MA, a mixture of proteins that differ in 

Table 1 
Capacities of the IMA-MA for Cu(I1) and Ni(I1) ions and capacities of the saturated supports for human serum albumin (HSA) 

Species IMA-MA Cu(II)-IMA-MA Ni(II)-IMA-MA 

Ni(I1) 59.25 pmol cm-’ 
Cu( II) 65.75 pmol cm-* 
HSA 1.13 mg cm-* 0.81 mg cm-’ 
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the number of their surface histidine residues a sample containing a total of 3.5 mg of each 

(HIS) had to be designed. Cytochrome c from cytochrome species and 1.5 mg of d-My0 was 
tuna heart (t-Cyt c, no HIS), cytochrome c from loaded on to the IMA-MA at pH 7 and eluted at 
horse heart (e-Cyt c, 1 HIS) and dog myoglobin a flow-rate of 0.5 ml min-’ in a two-step gradient 
(d-Myo, 2 HIS) were chosen. The 20 cm’ IMA- of decreasing pH (first step) and increasing 
MA units were used for these investigations. imidazole concentration (second step). Fractions 
Proteins are most commonly eluted from IMAC of 1 ml were collected and the protein content 
phases by protonation of the histidine residues, was determined. On the Cu(II)-IMA-MA only 
i.e., by lowering the pH of the eluent to <6. As t-Cyt c, i.e., the protein without surface histidine 
metal ions are substantially washed out from the residues, appears in the breakthrough, whereas 
chelating phase if the. pH is lowered too much, e-Cyt c and d-My0 are retained and well sepa- 
pH gradients were only applied down to a value rated (Fig. la). This corresponds to results 
of 4 in our experiments. Proteins that did not published in the literature, where one HIS res- 
elute under these conditions were eluted in an idue is usually reported as sufficient for the 
imidazole gradient, i.e., through the introduction retention on a Cu(II)-IMAC column, and pro- 
of a competing electron donor. A 5-ml volume of teins varying by only one HIS residue can be 
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Fig. 1. Separation of proteins on IMA-MA with different chelated metal ions: (a) Cu(I1); (b) Ni(I1); (c) Zn(I1); (d) Co(I1). 
IMA-MA size: 20 cm*. Buffer A = 0.02 M phosphate-O.75 M NaCl (pH 7.0); buffer B = 0.05 M acetate-O.75 M NaCl (pH 4.0); 
buffer C = 0.05 M acetate-O.75 M NaCI-0.1 M imidazole (pH 4.2). Sample: e-Cyt c 3.5 mg, t-Cyt c 3.5 mg, d-My0 1.5 mg. 
Gradient: fractions O-24 buffer A, fractions 24-49 buffer B, fractions 49-75 buffer C. Flow-rate: 0.5 ml min-‘. Sample volume: 
5 ml. + = t-Cyt c; A = e-Cyt c; W = d-Myo. 
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separated [9,27,28]. Whereas e-Cyt c is eluted in 
the pH-step, d-My0 is desorbed only by intro- 
ducing the competing electron donor imidazole. 
On the Ni(II)- (Fig. lb) and Zn(II)-IMA-MA 
(Fig. lc) the two cytochromes appear together in 
the breakthrough, whereas d-My0 is retained in 
both instances. However, whereas the elution of 
d-My0 from the Ni(II)-IMA-MA requires con- 
ditions similar to those for its elution from 
Cu(I1) phases, i.e., an imidazole gradient, a 
simple pH decrease will elute the protein from 
the Zn(I1) phase. A higher affinity of the d-My0 
to the Ni(II)- than to the Zn(II)-IMA-MA can 
thus be assumed. None of the test proteins were 
retained on the Co(II)-IMA-MA (Fig. Id). On 
the whole, the retention behaviour of the test 
proteins on the IMA-MA mirrors that estab- 
lished for conventional IMAC phases, where the 
affinity of most proteins towards the immobilized 
metals follows the order Cu(I1) > Ni(I1) > 
Zn(I1) > Co(I1). Only the fact that not even 
d-My0 was retained on the Co(II)-IMA-MA is 
surprising, as proteins with two HIS residues are 
usually reported to show some affinity to Co(II)- 
saturated IMAC phases [8]. 

Some workers, e.g., Sulkowski [8], recom- 
mend the addition of 1 mM imidazole to the 
equilibration buffer, especially if an imidazole 
gradient is to be used for elution in IMAC, as a 
beneficial influence on the separation efficiency 
is often observed. In order to establish how such 
an addition influences the performance of the 
IMA-MA, t-Cyt c and e-Cyt c were separated in 
a pH gradient on a Cu(II)-IMA-MA in the 
presence of 1 mM imidazole in both the 
equilibration and the elution buffer (Fig. 2). 
Under these conditions neither t-Cyt c nor e-Cyt 
c is retained on the IMA-MA, even though the 
latter protein had been retained well on the same 
stationary phase in the absence of imidazole. 
Apparently, the affinity of e-Cyt c for the 
Cu(II)-IMA-MA is reduced sufficiently to pre- 
vent retention in the presence of imidazole. 

3.3. Znfluence of flow-rate of elution buffer on 
protein separation 

MA phases have no interparticular void vol- 
ume. Concomitantly, mass transport through the 
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Fig. 2. Separation of proteins on Cu(II)-IMA-MA in the 
presence of imidazole. IMA-MA size: 20 cm*. Buffer A = 
0.02 M phosphate-O.75 M NaCl (pH 7.0)-l mM imidazole; 
buffer B = 0.05 M acetate-O.75 M NaCl (pH 3.9)-l mM 
imidazole. Sample: t-Cyt c 3.5 mg, e-Cyt c 3.5 mg. Gradient: 
fractions O-24 buffer A, fractions 24-50 buffer B. Flow-rate: 
0.5 ml mini’. Sample volume: 5 ml. l = t-Cyt c; A = e-Cyt 
c. 

pores is convective, As a consequence, adsorp- 
tion equilibria are generally reached quickly and 
high volumetric flow-rates can be used without 
impairing the separation efficiency [29]. In addi- 
tion, MA can be used at higher volumetric flow- 
rates than conventional LC and HPLC columns, 
owing to their negligible flow resistance. Fast 
separations therefore become possible, often 
cited as a major advantage of MA phases over 
conventional chromatographic supports. The ef- 
fect of the volumetric flow-rate on the sample 
distribution over an MA has already been in- 
vestigated using a strong ion exchanger MA of a 
geometric design similar to that of the IMA-MA 
used in these investigations [29]. The feasibility 
of using flow-rates of 60 ml min-’ and more has 
been established for protein separations on these 
ion exchanger MA. The general possibility of 
fast protein separation as a result of an inter- 
action with immobilized metal ions, on the other 
hand, has already been suggested by Bonn et al. 
[30], who demonstrated the superiority of mi- 
cropellicular, i.e., non-porous, supports over 
conventional porous stationary phases in this 
respect. The fastest volumetric flow-rates applied 
in that case were 2 ml min-‘. El Rassi and 
Horvath [6] found the efficiency of chelated 
metal phases to be lower than expected, which 
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they ascribed to the slow interaction kinetics of 
the affinity-based adsorptive reaction. Such slow 
interaction kinetics, however, should limit the 
maximum applicable flow-rate. A study of the 
influence of the elution buffer flow-rate on 
protein separation on the IMA-MA was there- 
fore considered necessary. 

A mixture of 0.1 mg each of cY-chymotryp- 
sinogen, &lactoglobulin and lysozyme in 0.02 M 
phosphate buffer (pH 6) was separated in a 
two-step NaCl gradient (O-O.5 M NaCl) on a 
Ni(II)-IMA-MA at various flow-rates; the 5.4- 
cm* units were used. Protein fractions were 
collected and analysed by SDS-PAGE. /3-Lacto- 
globulin was not retained under these conditions, 
a-chymotrypsinogen was eluted in the first salt 
step (ca. 20% B) and lysozyme in the second 
step, i.e., at 100% B. Fig. 3 shows that an 
efficient separation could be achieved even at 
flow-rates of 35 ml min-‘, thus decreasing the 
time required for complete separation to less 
than 2 min. According to these results, the flow- 
rate of the elution buffer does not present a 
limiting factor on the efficiency of protein sepa- 

rations on the IMA-MA. This finding was sur- 
prising and considered to require further inves- 
tigation. Mixed-mode retentions, where the 
metal-chelate affinity interaction is, e.g., over- 
laid with a hydrophobic or ion-exchange inter- 
action, are possible with the supports used in 
protein IMAC. The low salt concentration of the 
loading buffer used in the experiment above may 
conceivably have furthered such an ion-exchange 
interaction. Taking the isoelectric points of the 
proteins into account, a chromatogram similar to 
that depicted in Fig. 3 would also ensue if the 
separation had been carried out on a cation 
exchanger MA. Moreover, such a separation 
should indeed be independent of the mobile 
phase flow-rate in the range examined, as we 
have recently been able to demonstrate [29]. 

To investigate this further, e-Cyt c and d-My0 
were separated at various flow-rates in the pres- 
ence of at least 0.75 M NaCl in the equilibration 
and the elution buffer, on both Cu(II)- and 
Ni(II)-IMA-MA. As before, a two-step pH and 
imidazole gradient was used for elution. At a 
flow-rate of 1 ml min-’ a chromatogram similar 

1 

0 10 20 40 

Time [min] 
012 

Time [min] 
0 30 60 90 

Time Is] 

Fig. 3. Separation of p-lactoglobulin, o-chymotrypsinogen and lysozyme on a Cu(II)-IMA-MA as a function of flow-rate. 
Flow-rate: (a) 1, (b) 15 and (c) 35 ml mini. IMA-MA size: 5.4 cm*. Buffer A = 0.02 M phosphate (pH 6.0); buffer B = 0.02 M 
phosphate-O.5 M NaCl (pH 6.0). Sample: 0.1 mg P-lactoglobulin, 0.1 mg a-chymotrypsinogen, 0.1 mg lysozyme; sample 
volume, 1 ml. Gradient: step 1, 0% B; step 2, 20% B, step 3, 100% B. 
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to that shown in Fig. la was obtained for the 
Cu(II)-IMA-MA (Fig. 4a). Whereas a small 
amount of both proteins appears in the break- 
through, the major part of the e-Cyt c is eluted 
by the pH shift and the major part of the d-My0 
by the imidazole step. At 2.5 ml min-’ the 
protein concentration in the breakthrough is 
much higher than at 1 ml min-’ (Fig. 4b). 
Analysis of the peak fractions by SDS-PAGE 
revealed that fractions 25-40 contain both e-Cyt 
c and d-Myo. Apparently some d-My0 is already 
eluted by the pH shift under these conditions. At 
a flow-rate of 5 ml min-’ only d-My0 is retained 
at all on the IMA-MA (Fig. 4~). However, this 
protein is now split into two equally sized por- 
tions, one of which is eluted by the pH shift 
(fractions 25-40) and the other by the imidazole 
step (fractions 52-70). Similar results were ob- 
tained when e-Cyt c and d-My0 were separated 
on a Ni(II)-IMA-MA, using a step gradient 
from 0.02 M phosphate buffer (pH 7.0) con- 
taining 0.75 M NaCl to 0.04 M acetate buffer 
(pH 4.0) containing 0.8 A4 NaCl and 0.1 M 
imidazole. The two proteins were separated well 
at a flow-rate of 1 ml min-‘. At a how-rate of 2.5 
ml min-l only a fraction of the d-My0 was 
retained, while most of the d-My0 broke through 
with the e-Cyt c. 

From the data presented, it can be deduced 
that the efficiency of some protein separations on 
the IMA-MA decreases rapidly with increasing 
flow-rate of the elution buffer, whereas other 
protein mixtures separate almost independently 
of this parameter. So far the reason for this 
difference can only be speculated upon. The salt 
concentration used in the separations of e-Cyt c 
and d-My0 may have been sufficiently high to 
suppress an ion-exchange interaction, whereas 
such an effect may have been operative in the 
separation of P-lactoglobulin, a-chymotrypsino- 
gen and lysozyme. A definite statement con- 
cerning the flow-rate dependence of metal-che- 
late affinity interaction chromatography would 
require the study of the separation of two pro- 
teins that vary in the number of surface histidine 
residues, but only insignificantly in their isoelec- 
tric point, their hydrophobicity, their ternary 
structure or their size, as a function of flow-rate. 
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Fig. 4. Separation of e-Cyt c and d-My0 on a Cu(II)-IMA- 
MA as a function of flow-rate. Flow-rate: (a) 1, (b) 2.5 and 
(c) 5 ml min-‘. IMA-MA size: 20 cm2. Buffer A = 0.02 M 
phosphate-O.75 M NaCl (pH 7.0); buffer B = 0.04 M 
acetate-O.8 M NaCl (pH 4.5); buffer C = 0.04 M acetate-O.8 
M NaCl-0.1 M imidazole (pH 4.0). Gradient: fractions O-24 
buffer A, fractions 24-49 buffer B, fractions 49-75 buffer C. 
Sample: e-Cyt c 3 mg, d-My0 2.5 mg; sample volume 5 ml. 
+=Breakthrough; A=e-Cyt c; W= d-Myo; l =e-Cyt c 
and d-Myo. 
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t-Cyt c and e-Cyt c are two proteins that resem- 
ble each other strongly but differ in the number 
of their surface histidine residues, as pointed out 
before. Owing to their similarity, however, the 
determination of the individual concentrations of 
these two proteins in the collected protein frac- 
tions by conventional, i.e., chromatographic or 
electrophoretic, methods would be difficult. 
Here recent progress in mass spectrometry be- 
comes significant. New soft-ionization methods 
allow the ionization and measurement of sensi- 
tive proteins in toto. As the molecular masses of 
t-Cyt c and e-Cyt c differ by about 100 u, the 
analysis of the fraction composition by MALDI- 
MS is possible. Thus, the separation of t-Cyt c 
and e-Cyt c on a Cu(II)-IMA-MA with a pH 
step gradient as a function of flow-rate was 
investigated and MALDI-MS was used to ana- 
lyse each peak composition. 

At a flow-rate of 1 ml min-’ two protein peaks 
were collected, one in the breakthrough and the 
other during the pH gradient. According to the 
MALDI mass spectra, only t-Cyt c is found in 
the breakthrough fractions (Fig. 5a), e-Cyt c 
being retained on the IMA-MA (Fig. 5b). If the 
flow-rate is raised to 2.5 ml min-‘, again two 
protein peaks are observed in the chromato- 
grams. However, a mixture of t-Cyt c and e-Cyt 
c is now found in the breakthrough, according to 
the MALDI mass spectrum (Fig. 5~). Still, 
significant amounts of e-Cyt-c are retained on 
the IMA-MA and eluted by the pH step. The 
trend becomes more pronounced if the flow-rate 
is raised to 5 ml min-‘. Under these circum- 
stances, only a small portion of the e-Cyt c is 
retained on the IMA-MA at all, while most of 
this protein co-elutes with the t-Cyt c in the 
breakthrough. It must therefore be assumed that 
the flow-rate limit for protein separation on 
IMA-MA phases is indeed considerably lower 
than that determined for MA used as stationary 
phases in other, less specific, chromatographic 
techniques. 

3.4. Influence of ionic strength of elution buffer 

Ion exchange-based interactions seem to be of 
consequence in protein separations on IMA-MA 
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Fig. 5. (a) Mass spectrum of the protein-containing fractions 

of the breakthrough collected during the separation of t-Cyt c 

and e-Cyt c on a Cu(II)-IMA-MA at a flow rate of 1 ml 

min-‘. The singly and doubly charged molecules of t-Cyt c 

are detected. IMA-MA size: 20 cm2. Buffer A = 0.02 M 

phosphate-O.75 M NaCl (pH 7.0); buffer B =0.05 M 

acetate-O.75 M NaCl (pH 4.2). Gradient: fractions O-24 

buffer A, fractions 24-50 buffer B. Sample: 3-Cyt c 2.5 mg, 

t-Cyt c 3.5 mg; sample volume, 5 ml. (b) Mass spectrum of 

the protein-containing fractions eluted by the pH gradient 

during the separation of t-Cyt c and e-Cyt c on a Cu(II)- 

IMA-MA at a flow-rate of 1 ml min-‘. The singly, doubly 

and triply charged molecules of e-Cyt c are detected. Sepa- 

ration conditions as in (a). (c) Mass spectrum of the protein- 

containing fractions of the breakthrough collected during the 

separation of t-Cyt c and e-Cyt c on a Cu(II)-IMA-MA at a 
flow-rate of 2.5 ml min-‘. The singly, doubly and triply 

charged molecules of t-Cyt c and e-Cyt c are detected. 
Separation conditions as in (a). 
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phases. The influence of the ionic strength of the 
elution buffer therefore had to be investigated. 
A high salt concentration should suppress the ion 
exchange mechanism by shielding charges pres- 
ent on either the proteins or the support. How- 
ever, at too high a salt concentration, hydro- 
phobic interactions between the proteins and the 
support may occur [6,7]. For the purpose of 
these investigations t-Cyt c and e-Cyt c were 
separated on Cu(II)-IMA-MA in a pH step 
gradient. Various amounts of NaCl were added 
to the buffers. The composition of each protein 
peak was again analysed. using MALDI-MS. If a 
minimum of 0.5 M NaCl was added, t-Cyt c and 
e-Cyt c were well separated (Fig. 6a). As their 
average hydrophobicities, isoelectric points and 
surface charge distributions are nearly identical, 
the separation can safely be attributed to differ- 
ences in their affinity to the chelated Cu(I1) ions. 
When ‘the NaCl concentration of the buffers was 
lowered to 0.1 M the chromatogram depicted in 
Fig. 6b ensued. Again, two separate peaks are 
present. However, according to the MALDI-MS 
measurements, neither peak consists of a pure 
protein. In fact, there seems to be no difference 
in the retention behaviour of the two cytochrome 
c species under these conditions, which strongly 
argues for an ionic interaction between the 
proteins and the stationary phase, rather than an 
interaction based on the affinity for the chelated 
metal ions. A similar picture emerged when no 
NaCl was added to the buffer (Fig. 6~). The 
major portion of both the t-Cyt c and the e-Cyt c 
was retained on the stationary phase, presumab- 
ly owing to an ion-exchange mechanism, and 
eluted in the pH gradient. According to the 
MALDI-MS measurements, no separation takes 
place between the proteins and their elution 
profiles are identical. 

3.5. Application of IMA-MA to the purification 
of (HIS&-tagged EcoR V 

The isolation of recombinant proteins that 
carry a polyhistidine tag is currently perhaps the 
most promising application of IMAC. Even trace 
amounts of tagged proteins can be removed from 
complex cell lysates in a single-step operation. 
As an example of a successful application of the 
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Fig. 6. Separation of e-Cyt c and t-Cyt c on a Cu(II)-IMA- 
MA with different NaCl concentrations in the buffer: (a) 0.5, 
(b) 0.1 and (c) 0 M NaCl in buffers A and B. IMA-MA size: 
20 cm*. Buffer A=0.025 M phosphate (pH 7.0); buffer 
B = 0.05 M acetate (pH 4). Gradient: fractions O-24 buffer 
A, fractions 24-50 buffer B. Sample: e-Cyt c 2.6 mg, t-Cyt c 
3.2 mg; sample volume, 5 ml. Flow-rate: 1 ml min-‘. A = 
t-Cyt c; + = e-Cyt c; n = t-Cyt c and e-Cyt c. 
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IMA-MA, the 5.4-cm2 Ni(II)-IMA-MA units 
were used to isolate (HIS),-tagged EcoR V, an 
E. coli restriction endonuclease, from cell lysates 
of E. coli. The results obtained with the IMA- 
MA were compared with those achieved with 
conventional Ni(II)-IMAC columns, made by 
slurry packing of chelating Sepharose fast flow. 
The protein capacity of one 5.4-cm2 Ni(II)- 
IMA-MA unit was found to be roughly the same 
as that of 1 ml of swollen gel. Stacks of up to ten 
MA could be used with a concomittant linear 
increase in the capacity before the pressure limit 
of the individual units was surpassed. 

For the isolation of EcoR V the filtered cell 
lysate was loaded on to the stationary phase 
which had been equilibrated with the initial 
buffer. Subsequently the support was washed 
with this buffer until all UV-active, non-adsorbed 
components had been flushed out. Elution could 
be achieved in a pH gradient (7.0-5.8), a salt 
gradient (OS-l.5 M NaCl) or an imidazole 
gradient (O-l M). Fractions of 1 ml were col- 
lected and analysed using SDS-PAGE. The en- 
zyme activity was determined as described 
above. Fractions collected during the pH and salt 
gradients contained a number of proteins. EcoR 
V was not isolated by these operations. This is 
not surprising, as both of these agents obviate 
the histidine-metal interaction in an all-or- 
nothing fashion. The number of histidine res- 
idues present is of little consequence under these 
circumstances. When imidazole is added to the 
eluting buffer, however, adsorption equilibria 
are readjusted instead. In this case the number 
of histidine residues is of great significance. 
Consequently, EcoR V could be separated from 
the other E. coli proteins in a gradient of 
increasing imidazole concentration. 

When the fractions were checked for co-elut- 
ing metal ions by adding dimethylglyoxime, 
traces of Ni(I1) ions were found. By decreasing 
the final imidazole concentration of the gradient 
to 0.25 M, the washing out could be prevented, 
while EcoR V was still isolated. Fig. 7a shows the 
separation on the Ni(II)-loaded Sepharose fast 
flow column under optimized conditions. Ac- 
cording to the analysis by SDS-PAGE, the first 
peak contains a number of proteins, while the 
second peak contains one major protein together 

with one impurity. EcoR V activity is found only 
in the second peak. As according to the SDS- 
PAGE analysis the molecular mass of the main 
protein found in the second peak is cu. 30 000, 
we assumed this protein to be EcoR V. The 
impurity, which amounts to 13% of the total 
protein content of the second peak, has a molec- 
ular mass of ca. 89 000. The total protein content 
of the E. coli cell lysate after centrifugation and 
filtration was 10.2 mg ml-’ and that of the 
pooled EcoR V containing fractions 0.22 mg 
ml-‘. As a result of the chromatographic purifi- 
cation process, the specific activity was increased 
by a factor of 33 from 1.36. lo4 to 4.55. lo5 U 
mg-‘. 

When a similar linear imidazole gradient was 
used to isolate EcoR V on a Ni(II)-IMA-MA, 
the chromatogram shown in Fig. 7b ensued. No 
distinct protein peaks could be collected. Analy- 
sis of the fractions by SDS-PAGE showed, 
however, that a certain amount of separation did 
take place, i.e., fractions collected after ca. 40 
min contained large amounts of EcoR V. Better 
results in terms of resolution were obtained 
when the final buffer concentration was reached 
in a step gradient (Fig. 7~). Whereas a linear 
gradient has a sharpening effect on the analyte 
zones in column gradient elution, in MA gra- 
dient elution a step gradient is more suitable, or 
else radial differences in the volumetric flow-rate 
across the MA will lead to zone broadening. The 
purities and specific activities of the EcoR V 
isolated on the IMA-MA were only insignificant- 
ly higher than those found for EcoR V purified 
on the Sepharose column. The IMA-MA were 
stable for at least 4 months of use. In daily 
laboratory routine they proved to be less labour 
intensive than the Sepharose columns, less time 
being required for washing and equilibration. 
The capacity of the system was easily adapted to 
the product concentration determined in the cell 
lysate by choosing the optimum number of MA 
units, rather than packing a new column. 

4. Conclusions 

IMAC is a sensitive and selective method for 
protein separation. Proteins similar in their 
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Fig. 7. Purification of (HIS),-tagged EcoR V by metal-chelate affinity chromatography. (a) Separation on a Ni(I1) Sepharose fast 
flow column; (b) separation on a Ni(II)-IMA-MA using a linear gradient; (c) separation on a Ni(II)-IMA-MA using a step 
gradient. IMA-MA size: 5.4 cm’. Buffer A = 0.3 M phosphate-l mM dithioerythritol-0.5 M NaCI-10 mM imidazole (pH 7.0); 
buffer B = 0.3 M phosphate-l mM dithioerythritol-0.5 M NaCl-0.25 M imidazole. Flow-rate: 1 ml min-‘. 

physico-chemical parameters can be separated. 
However, the chromatographic conditions have 
to be controlled carefully, otherwise mixed-mode 
retention may become a problem. The mem- 
brane absorber units introduced here are inter- 
esting alternatives to conventional LC columns 
in protein IMAC. The IMA-MA are commer- 

cially available, comparatively inexpensive units 
that can be used instantaneously and are easy to 
handle. Scale-up is extremely simple, as up to 
ten units can be used in a stack, with a concomi- 
tant linear increase in the overall capacity. Con- 
ditions can be found where the IMA-MA are 
similar to standard IMAC columns in terms of 
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Fig. 7 (continued). 

resolution and capacity. First attempts to use the 
IMA-MA for the routine isolation of a biotech- 
nological product have yielded promising results. 
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