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affinity matrix. Indeed, we observe a significantly re­
duced peak of contaminating proteins in the initial 
elution step, but the elution of the specifically adsorbed 
target protein is practically unaffected. 

From the comparison of these results, the protocols 
given in this report were developed. Since the prepa­
ration of V L is a purification of a periplasmic protein, 
in principle a total cell extract [using French press lysis, 

A 

c 

' 

see protocol V and Ref. (12)] or a periplasmic extract 
(protocol II) can be used as the first step. However, the 
peri plasmic extract itself constitutes a partial purification. 

Application of the Method to scFv Antibodies 
The IMAC purification of a scFv fragment with dif­

ferent affinity tails has been described before (12), and 
a different loop grafted fragment, carrying a specificity 

8 

FIG. 3. (A) Stereoview of the C-terminus of the McPC603 VL domain. Residues from 103 to 108 are shown in electron density contoured 
at 0.33 e/A3 :(1.0 s). Arg 108 is not defined by electron density. (B) Stereoview of the C-terminus of the McPC603 VL mutant with a 
pentahistidine affinity tail. Residues from 103 to 111 are shown in electron density contoured at 0.27 ej A3 (1.0 s). His 107 and His 108 are . . . 

still defined in electron density, but the rest of the is not visible. It has been modeled along the hinge region coordinates of the 
. . . 

McPC603 Fab fragment to illustrate a possible conformation of the affinity handle. (C) Stereoview of a superposition of the C-termini of 
the McPC603 VL domain (bold) and the histidine tail mutant (thin). The local structure is not perturbed by the mutation. 
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for lysozyme (Muller and Pliickthun, in preparation), 
was now also subjected to the modified procedure. The 
results show that for the scFv fragment as well, the 
Zn2+ -IDA and the Ni2+ -NTA give comparable results. 

PROTOCOL II: PERIPLASMIC EXPRESSION OF 

ANTIBODY FRAGMENTS: GROWTH OF BACTERIA 

AND PREPARATION OF PERIPLASMIC EXTRACT 

E. coli strain JM83 containing the appropriate plas­
mid encoding the recombinant antibody fragment un-
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der the control of a lac promoter is grown in 20 liters 
of LB medium at room temperature to an OD550 of 
about 0.6. The induction is carried out with 1 mM IPTG 
for 3 h. The bacteria are centrifuged at 4300g at 4 °C. 
Pellets are transferred to a precooled weighed glass 
beaker with a spatula, taking care not to contaminate 
the pellets with the medium. Per 1 g of bacteria, 2 ml 
of column buffer [buffer 1: 100 mM Tris-HCl, 1M NaCl, 
pH 8.0 (used in the comparative experiments described 
in Fig. 4); or buffer 2: 50 mM potassium phosphate, 
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FIG. 4. IMAC of aliquots of the same preparation of the VL domain of the antibody MOPC167 under different chromatography conditions: 
(A) Zn2+ - IDA, buffer: 50 mM sodium phosphate, 1 M NaCl, pH 8.0; elution by imidazole gradient. (B) Ni2+ -IDA, buffer: 50 roM sodium 
phosphate, 1M NaCl, pH 8.0; elution by imidazole gradient. (C) Ni2+-NTA, buffer: 50 mM sodium phosphate, 1M NaCl, pH 8.0; elution 
by imidazole gradient; (D) Zn2+ - NTA, buffer: 50 mM sodium phosphate, 1M NaCl, pH 8.0; elution by imidazole gradient. (E) Ni2+ -NTA, 
buffer: 50 mM Tris-HCl, 1M NaCl, pH 8.0; elution by imidazole gradient. (F) Ni2+ -NTA, buffer: 50 mM sodium borate, 1M NaCl, pH 8.0; 
elution by imidazole gradient. (G) Ni2+ -NTA, buffer: 50 mM sodium phosphate, 1M NaCl, pH 8.0; elution by pH gradient. The peak eluting 
at pH 7.5 is pure plasmid-encoded RTEM ~-lactamase, as determined by SDS- PAGE and N-terminal sequencing. (H) SDS-PAGE (Coomassie 
stain) of the VL domain purified by the procedures from (A- G): lane M, MW standard; lane 1, periplasmic extract; lane 2, purified from 
(A); lane 3, purified from (B); lane 4, purified from (D); lane 5, purified from (C); lane 6, purified from (E); lane 7, purified from (F); lane 
8, purified from (G). 
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1 M NaCl, pH 8.0; or buffer 3: 150 mM sodium borate 
' 

1 M NaCl, pH 8.0; each containing 1 mM EDTA for 
the spheroplast formation] is added and t he pellet 
carefully resuspended with a spatula. Stirring is con­
tinued for at least 30 min at 4 oc using a large magnetic 
stir bar at t he maximum speed at which the stir bar is 
still covered. The suspension is centrifuged ( 48,000g, 
20 min at 4 °C) and the supernatant is aliquoted and 
frozen or directly loaded onto an IMAC column. 

Upon addition of ZnCl2 to a final concentration of 
1 mM to the extract to complex EDT A and prevent 
metal elution from the IMAC column, a precipitate 
forms. We have found that this addition of metal is an 
unnecessary step, as recombinant protein from as much 
as 150 ml of periplasmic extract loaded on a column 
of 6 ml bed volume is still adsorbed quantitatively. We 
have therefore not added metal ions to the extract. 
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PROTOCOL Ill: IMAC OF VL DOMAINS 

Column chromatography experiments described here 
were carried out with a Pharmacia Hi-Load system. 
The column (3 ml/ 1. 7 liters of bacterial culture) is 
packed, washed with H 20, and loaded with metal ions 
as described in protocol I. Metal ions are loaded as 
ZnC12 or NiC12 (1 mg/ ml) in H 20. T he column is 
washed with H 20 and equilibrated with the corre­
sponding loading buffer (borate, Tris- HCl, or phos­
phate buffer, see protocol II). In most of t he experi­
ments in Fig. 4, 50 mM potassium phosphate, pH 8.0, 
1 M NaCl was used. 

Thirteen milliliters of a periplasmic extract prepared 
according to protocol II (corresponding to 1.7 liters of 
bacterial culture) is loaded at 1 ml/min and washed 
with 120 ml of column buffer (e.g., 50 mM potassium 
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phosphate, pH 8.0, 1 M NaCl). Washing is continued 
with 120 ml of the same buffer containing 8 mM im­
idazole to elute the greater part of the contaminating 
protein. A gradient (300 ml) of 8 to 150 mM imidazole 
is used with a flow rate of 0.25 ml/min to elute the 
protein with the histidine tail. The best results are ob­
tained with a Zn2+-IDA column or a Ni2+- NTA column 
as discussed above. 

PROTOCOL IV: PURIFICATION OF scFv FRAGMENT 
USING IMAC WITH Nr2+- NTA OR Zn2+-IDA 

E. coli JM83 carrying a vector (12) encoding a re­
combinant scFv fragment engineered to bind lysozyme 
(Muller and Pliickthun, manuscript in preparation) are 
grown as described for the V L domains above (protocol 
II). A periplasmic extract is prepared according to pro­
tocol II, using as the buffer 200 mM sodium borate, 1 
M NaCl, 1 mM EDTA, pH 8.0. An ammonium sulfate 
precipitation is carried out, and the scFv precipitates 
in the fraction of 40-80% saturation. The protein is 
resuspended and dialyzed against the sodium borate 
buffer given above. This step is not necessary for all 
scFv fragments and depends on their particular 
expression yield. 

Ni2+-NTA- agarose and Zn2+-IDA-Sepharose col­
umns are prepared (2 ml/liter of bacterial culture) and 
run as described in protocol III above. The dialyzed 
protein is applied to the column (flow rate of 0.5 ml/ 
min). The column is washed with 100 ml of column 
buffer, followed by 50 ml of the same buffer containing 
10 mM imidazole. The protein is eluted with a gradient 
(250 ml; flow rate, 0.35 ml/min) of 10-150 mM imid­
azole. In both cases the protein is obtained in pure 
form as judged on SDS-PAGE. The amounts obtained 
from both columns were comparable, being about 10-
20% higher for Ni2+ -NTA than for Zn2+ -IDA (Fig. 5). 

C. Single-Chain T -Cell Receptor: Sensitivity to 
Folding and Proteolysis 

. 

Description of scTCR Fragment 

The genes of the murine T -cell receptor used are 
from the clone cr15 (36). The known sequence homol­
ogy of the T -cell receptor to antibody variable domains 
(37) and a similar genomic arrangement of the genes 
(38) have led to the hypothesis of a similar three-di­
mensional topology (37-39). Thus, a gene for a single­
chain T -cell receptor fragment was constructed in 
complete analogy to the scFv fragments reported pre­
viously (26-28) (Fig. 7). For ease of detecting the re­
combinant protein, an epitope of the Myc oncoprotein 
(myctag) (3) was added to the C-terminus of the 

scTCR. The 5 histidine residues for IMAC were placed 
in either of three locations: in the interchain linker, at 
the C-terminus in front of the myctag, or at the C­
terminus behind the myctag (Fig. 6). The two genes of 
the variable domains were also coexpressed as for the 
unlinked antibody Fv fragment (40, 41). 

Native Purification of scTCR 

Unexpectedly, however, in the standard expression 
system (28) the periplasmically produced T-cell recep­
tor fragment investigated did not in any way behave 
like the scFv fragments of antibodies previously stud­
ied. When a French press lysate of whole E. coli cells 
was loaded onto a Zn2+ -IDA column, more than 95% 
of the scTCR protein was found in the run-through 
fraction or eluted with the bulk of the E. coli protein 
in 50 mM phosphate buffer, pH 7.0, using a gradient 
of 25 to 250 mM imidazole. Similar results were ob­
tained with unlinked, but coexpressed variable domains 
of the TCR: Less than 5% of the variable domains 
bound to a Zn2+ -IDA column. Furthermore, some pro­
teolysis was seen in every case, but immunodetection 
of the myctag (in this case it was located behind the 
His tail) (Fig. 6) suggested that it was not simple re­
moval of the His tail that prevented binding to the 
column. It thus appears that the recombinant TCR, 
whether in the form of unlinked variable domains or 
linked scTCR fragment, is not correctly folded, al­
though it is obtained as a soluble protein from the E. 
coli peri plasm. Misfolded scTCR cannot bind to IMAC 
columns. 

In later experiments an expression system with en­
hanced in vivo folding capability, based on co-expres­
sion of several other proteins, was used (Willfing and 
Pliickthun, in preparation). It could be shown that the 
recombinant TCR fragment bound to an IMAC column 
as expected, though proteolysis still was a problem. 
After cell rupture in a French pressure cell in column 
loading buffer including EDTA and PMSF, recombi­
nant scTCR was purified following the protocol of 
J anknecht et al. ( 11). 

Purification of scTCR under Denaturing Conditions 

To obtain pure recombinant TCR irrespective of the 
folding state, denaturing purification was attempted 
with material from both expression systems. 

The scTCR could be purified using IMAC in Ni2+­
NTA-agarose in denatured form in the presence of 6 
M guanidinium chloride (GdmCJ),following the method 
of Hochuli et al. (42). All TCR protein bound to the 
column and could be eluted in the presence of one fur-
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ther contaminating protein. The TCR-containing 
fractions were then concentrated by (NH4 ) 2804 pre­
cipitation. However, refolding ( 43) proved difficult be­
cause of concomitant proteolytic degradation (Fig. 7), 
even in the presence of PMSF and EDT A as protease 
inhibitors. It appears that a protease is copurified pn 
IMAC columns, especially on Ni2+- NT A agarose under 
these conditions. 

To further investigate whether a protease is co-pu­
rified, the following set of experiments was performed. 
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With material expressed in the folding-enhanced sys­
tem, recombinant TCR was purified under denaturing 
conditions on an IMAC column as described above and 
refolded in the presence of EDT A and a large molar 
excess of BSA as a competitive protease substrate (Fig. 
7 A). This was compared to a different purification 
scheme under denaturing conditions: recombinant 
scTCR was loaded onto a DEAE-Sepharose column in 
the presence of 8 M urea after the cells were disrupted 
in a French pressure cell. After elution (0- 500 mM NaCl 
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FIG. 5. IMAC of aliquots of the same preparation of a scFv of an engineered antibody. (A) Zn2+ - IDA, buffer: 200 mM sodium borate, 1 
M NaCl, pH 8.0; elution by imidazole gradient. (B) Ni2+-NTA, buffer: 200 mM sodium borate, 1 M NaCl, pH 8.0; elution by imidazole 
gradient. (C) SDS- PAGE (Coomassie stain) of the scFv fragment prepared by protocol IV using the Ni2+ - NTA column. Lanes 1-3, 
preelution with 10 mM imidazole; lanes 4-12, imidazole gradient with the scFv band. 
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gradient) the fractions containing the scTCR were 
concentrated by ultrafiltration and refolded as de­
scribed above. Only slight proteolysis already occur­
ring in the cell could be seen (Fig. 7B). This material 
could be purified to homogeneity by IMAC under native 
conditions using the protocol of J anknecht et al. ( 11). 
During the purification on a DEAE column in the 
presence of urea and during subsequent refolding the 
scTCR could be identified only by blotting with an anti­
myctag antibody. Purification of the scTCR to ho­
mogeneity showed that separation from the putative 
protease is the basis of the results shown in Fig. 7B 
and that the Western blots of the myctag reflect the 
true amount of scTCR, as the myctag is not selectively 
removed. As a further control experiment recombinant 
TCR purified by IMAC under denaturing conditions 
was passed over a DEAE-Sepharose column in the 
presence of 8 M urea after a change of buffers on a 
PD10 column (Pharmacia). After refolding as described 
above, only slight proteolysis was seen. 

In summary, two conclusions can be drawn from the 
experiments above: (i) The capability of recombinant 
material to bind to IMAC columns under native con­
ditions is strongly dependent on the folding state. (ii) 
One or several proteases not inhibited by EDT A or 
PMSF are co-purified on IMAC columns under de­
naturing and probably native conditions as well. 

D. Disulfide Isomerase from E. coli (DsbA), a 
Periplasmic Protein 

The general applicability of IMAC for periplasmic 
proteins carrying a histidine tail was .also demonstrated 
by purifying E. coli disulfide isomerase (DsbA) (44). 
The expression of the DsbA protein tagged with a C­
terminal (His)6 peptide led to substantial amounts (1 
mg purified protein/liter of E. coli culture) without op­
timizing the procedure or the vector. Minor impurities 
could be removed by a DEAE ion-exchange chroma­
tography in a second step. DEAE ion-exchange chro­
matography was found to be very useful for this pur­
pose. This shows that ion -exchange effects play only 
a minor role in the IMAC purification under these con-

. 
ditions. 

a linker 

PROTOCOL V: FRENCH PRESS LYSIS AS THE FIRST 
STEP IN THE PURIFICATION OF A PERIPLASMIC 
PROTEIN (DsbA). 

DsbA is purified using an expression plasmid con­
structed by inserting the DsbA gene including its own 
promoter ( 44) into the antibody Fab expression plasmid 
pASK29-L220 (45). The (His)6 tail was introduced by 
site-directed mutagenesis to give the plasmid pCKTh. 

E. coli strain JM83 harboring the plasmid pCKTh 
is grown in 10 liters of LB medium at room temperature 
for 24 h. The cells are harvested by centrifugation, re­
suspended in 100 ml of 50 mM Tris-HCl, 1 M NaCl, 
0.8 mM imidazole, pH 8.0, and lysed in a French pres­
sure cell at 18,000 psi ( ==1.24 kbar). The lysate is cen­
trifuged at 48,000g and filtered through a 0.45-~m-pore 
filter. 

PROTCOL VI: P URIFICATION OF PERIPLASMIC DsbA 
BY IMAC 

The lysate from the above step is applied directly to 
a Ni2+ -NTA column (20 ml bed volume). After a wash­
ing with 300 ml of the same buffer, a further washing 
with 100 ml of the same buffer containing 8 mM im­
idazole is carried out. A gradient (200 ml) of imidazole 
ranging from 8 to 70 mM is applied in the same buffer. 
DsbA is eluted at about 60 mM imidazole (Fig. 8). To 
remove minor impurities, the DsbA-containing frac­
tions are pooled (90 ml), concentrated to 10 ml, dialyzed 
against 10 mM Mops, pH 7.0, and applied to a DEAE­
Sepharose CL6B column (60 ml). A gradient of NaCl 
(0-200 mM, 400 ml) in 10 mM Mops, pH 7.0, is applied 
and DsbA elutes at about 140 mM NaCl. It was judged 
pure by SDS- PAGE. 

DISCUSSION 

Native versus Nonnative Purification 
The nonnative purification using IMAC appears to 

be the most general purification procedure and is least 
dependent on the nature of the protein (42). However, 

tag 

FIG. 6. Schematic arrangement of the TCR genes in the scTCR constructs: a and {3 are the genes for the variable domains of the 
respective TCR chains. Three linker/tag combinations have been realized: (i) linker, GGGGSGGGGSGGGGS; tag-mycpeptideHHHHH; 
(ii) linker, GGGGSGGGGSGGGGS; tag, HHHHHmycpeptide; and (iii) linker, GGGGSHHHHHSGGGS; tag, mycpeptide. 
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this method has its drawbacks. The generality of the 
purification procedure is somewhat counterbalanced by 
each protein's idiosyncratic in vitro refolding procedure, 
again requiring extensive optimization and no net time 
gain. All in all, the purification of proteins by IMAC 
in the native state combines most of the advantages 
of the method and should be attempted whenever pos­
sible. 

Co-purified Protease 

The results from the proteolysis-sensitive scTCR 
have shown that one (or more) protease(s) is apparently 
co-purified on Ni2+ - NTA and probably Zn2+ - IDA, ir­
respective of whether the procedure is carried out under 
nondenaturing or denaturing conditions. This suggests 
that this protease can itself be easily refolded. Its iden­
tity is not yet clear, and it cannot be inhibited by the 
protease inhibitors EDTA and PMSF. 

Influence of the Protein Structure and Its Native State 

The above comparison of various proteins shows that 
the accessibility of the tail is the major determinant 

A 1 2 3 4 5 6 7 8 

66.2 

42.7 

31 

21.5 

14.4 

in the purification results. This implies that the ac­
cessibility of the N-terminus and the C-terminus in 
the native structure must be a crucial feature. Another 
equally important condition is the absence of misfold­
ing and/or aggregation, which might lead to a masking 
of the affinity tail as observed for the scTCR described 
above. Proteins of somewhat similar folding topology 
(such as the scFv fragment and the scTCR fragment) 
can thus behave completely differently in the same 
expression system and under the same chromato­
graphic conditions. A nonnative folding state may lead 
to an aggregation of the protein, even while it is still 
soluble , with itself or other proteins of the host. We 
have observed that even though it is soluble, less than 
5% of the recombinant scTCR binds to the column; it 
does bind if it is first completely denatured by a strong 
denaturant like 6 M GdmCl. We believe that aggrega­
tion of partially denatured soluble protein might be a 
problem in this case and could conceivably lead to the 
histidine tails becoming inaccessible to the affinity 
matrix. 

Another example illustrating the same point is that 
the same antibody scFv fragment, which can be purified 
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FIG. 7. Degradation of recombinant TCR by a protease co-purified by IMAC. (A) Recombinant scTCR has been purified on Ni2+ - NTA­
agarose in the presence of 6 M GdmCl (42) and has been refolded (43) after concentration by ammonium sulfate precipitation in 0.1 M 

Tris, pH 8.0. To add a competing protease substrate in excess during refolding, BSA was added at a concentration of 0.4 mg/ ml. The 
identity of the recombinant scTCR (arrow) has been confirmed by blotting with an anti-myctag antibody (3). A silver-stained SDS- PAGE 
gel is shown: lane 1, aliquot of scTCR before refolding; lane 2, buffer lane; lanes 3- 8, column elution fractions, MW molecular weight 
marker. In lane 1, 80% of the amount in lanes 3- 8 was applied. (B) Recombinant scTCR has been purified from E. coli on DEAE-Sepharose 
in t he presence of 8 M urea using a NaCl gradient elution and has been refolded (43). scTCR was detected with an anti-myctag antibody 
and was shown to be able to bind to Ni2+- NTA agarose. A Western blot is shown: MW, molecular weight marker (Rainbow marker, 
Amersham) ; lanes 2 and 3, elution fractions from the DEAE column; lane 4, aliquot of scTCR before refolding. In lane 4, 160% of the 
amount in lanes 2 and 3 was applied. 
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by IMAC after secretion to the periplasm, cannot be 
purified as cytoplasmic material (29). In this case, vec­
tors, strains, and purification schemes were identical, 
and the experiments differed only by the presence of 
the signal sequence. In the cytoplasm, disulfide bonds 
of the scFv fragment cannot form (29, 30), and the 
soluble, but presumably nonnative, material neither 
binds to a metal ion affinity column nor to a hapten 
affinity column. In contrast, the same protein does bind 
to both columns, if it is purified from the periplasm. 
Therefore, at least in the cases investigated here, suc­
cessful IMAC purification correlates with the correct 
folding of the recombinant protein. 

Accessible tails allowing multivalent binding as in 
the case of citrate synthase lead to such powerful in­
teractions that even batch elution suffices for obtaining 
completely homogeneous product. This is an almost 
ideal case of protein purification in the native form, 
and the IMAC purification is optimally tailored for such 
proteins. 

Folded antibody domains (VL or scFv) are an inter­
mediate case. The tail is accessible and does not in­
terfere with antigen binding or folding, but its inter­
action energy derived from monovalent association 
requires an optimization of column conditions to allow 
a one-step purification. This has been achieved, and 
the protocols reported here should be useful as a general 
method. 

Influence of the Histidine Tail Sequence 
Previously, tails other than (His)5 have been inves­

tigated with antibody domains (12). Their sequences 
(alternating His- Trp or His- Gly) were inspired by ob­
servations (6) that the tripeptides His-Trp- His and 
His- Gly- His bind particularly well to metal ion affinity 
columns. The interaction energy in the context of a 
protein, however, was considerably worse than that 
with (His)5 . Longer tails may bind better, but appear 
to lead to lower protein amounts, perhaps because of 
proteolytic degradation. We cannot rigorously exclude 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

• DsbA-his 

FIG. 8. Elution ofDsbA, containing a (His)6 tail, on a Ni2+-NTA column with an imidazole gradient. A Coomassie-stained SDS- PAGE 
is shown. Lanes 19 to 1 are the fractions of the gradient from 8 to 70 mM imidazole; lane 20, pooled fractions 2- 9. 
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problems with the transport through the membrane 
using very long histidine tails, but no toxic effects or 
significant precursor bands were observed with a (His)9 

tail in the case of the scFv fragment. In combination, 
these observations are consistent with the idea that no 
stable metal complex between any particular histidines 
is formed, but rather a dynamic equilibrium involving 
all juxtaposed imidazoles of the tail contributes to the 
binding (Hochuli, personal communication). Thus, 
His-X-His-X-His sequences would simply provide 
fewer ligands than (His)5 sequences. Consistent with 
this idea, sequences providing fewer histidines some­
times· need to be arranged in tandem to provide high­
affinity binding during IMAC (10). 

Influence of the Subcellular Location of the Protein in 
E. coli 

The methods described here are compatible with cy­
toplasmic or periplasmic expression. This shows that 
clusters of 5 or 6 histidines pass the membrane without 
any problem. Since the chromatography seems to work 
well only with folded, soluble proteins (unless it is car­
ried out in the presence of guanidinium chloride (42)), 
it may lead to an enrichment of folded, full-length 
product, also taking advantage of theN-terminal or C­
terminal location of the affinity tail. 

Influence of the Chromatography Conditions 
The results with single VL domains, for which a va­

riety of chromatographic parameters have been tested 
from aliquots of the same bacterial culture, demon­
strate that the buffer composition itself is of secondary 
importance and can thus be adapted to other require­
ments of the procedure. There does not seem to be a 
significant difference in the yield. Elution can be af­
fected by gradients with imidazole or pH, and the pre­
ferred method will depend on the stability of the protein 
at low pH. 

The choice of the ligand and the metal, however, is 
very important, as they are clearly interrelated. IDA 
is used most advantageously with Zn2+ , as Ni2+ leads 
to a long tailing of host proteins and thus exceedingly 
long washes. NT A, on the other hand, must be used 
with Ni2+, as the recombinant protein elutes too early 
with Zn2+. There does not seem to be a dramatic dif­
ference between the yields of both columns for V L nor 
for scFv; all experiments in Fig. 4 gave yields within 
±10%, with the exception of the pH gradient elution, 
where only 50% of the recombinant V L domain re­
mained soluble. It is possible, however, that this will 
not be true for every protein, as it depends on its 
stability. 

If homogeneity cannot be achieved by a standard 
protocol, it may often be more economical to simply 
add a second step of purification than to optimize the 
method into a single-column procedure, unless a gen­
eral procedure is to be developed as for the antibody 
fragments. A fractionated ammonium sulfate precipi­
tation or an ion-exchange step has been found useful. 

CONCLUSIONS 

In summary, IMAC is a very powerful method for 
purifying recombinant proteins with histidine affinity 
tails to homogeneity in their native state. It can be 
carried out in a rational manner and thus relieves much 
of the effort involved in protein purification. IMAC 
may be an important technique in the study of proteins 
for many purposes, and the small requirements of the 
handle may make it possible to carry out many exper­
iments with the derivatized protein directly. 

In conclusion, we have reported the facile purifica­
tion of a number of recombinant proteins from E. coli 
using IMAC. These proteins can be purified using dif­
ferent protocols under denaturing and nondenaturing 
conditions. Given the inherent difficulties in attempt­
ing the in vitro refolding of proteins, we believe that 
the purification of proteins by !MAC in the native state 
combines most of the advantages of the method. It is 
therefore our method of choice. 
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