




body, acetate buffer (20 mM sodium 
acetate and 150 mM NaCl; pH 6.0), 
PBS (20 mM sodium phosphate and 
150 mM NaCI; pH 7.0), HBS (20 mM 
HEPES and 150 mM NaCI; pH 7.4), 
borate-buffered saline (BBS: 20 mM 
boric acid and 150 mM NaCl, pH 8.2) 
and 50 nM MAb 3D5 were used. In the 
case of the immobilized peptide, the 
surface was regenerated by injection of 
10 JlL guanidinium hydrochloride (6 
M, pH 6.0). Binding constants were de­
termined by the competition BIAcore 
method (20), in which antibody and lig­
and are preincubated :for 30 min at 
1 0°C before injection. The binding 
constant was calculated from plots of 
kobs vs. inhibitor concentration (20). In 
the experiments with immobilized 305, 
standard amine-coupling chemistry 
was used. 

FACS Analyses 

Binding studies were carried out in a 
FACScanTM cytometer (Becton Dickin­
son, San Jose, CA, USA). Thy-1.2-spe­
cific Fab fragments carrying a His tag 
were bound to T cells from C57BL/6 
lymph nodes or onto EL-4 thymoma 
cells (29). The fragments were detected 
by fluorescein isothiocyanate (FITC)­
coupled rat anti-mouse kappa (HB58; 
ATCC, Rockville, MD, USA) or unla­
beled 3D5 which was detected by 
FITC-conjugated rat anti-mouse lgG2a/ 
2b (HB90; ATCC) or FITC-coupled 
3D5. B cells were counterstained by 
phycoerythrin-conjugated anti-B220 
(Medac, Hamburg, Germany). 

Protein Gels and Western Blotting 

To test the specificity of the anti­
body constructs, we used crude extracts 
of E. coli cells expressing C-terminally 
His-tagged forms of the tryptophan 
synthase P-subunit, the E. coli co-chap­
erone GroES, a scFv of an anti-P-Iac­
tam aptibody, the two N-terminal do­
mains of phage M13 gene3 protein, 
mature yeast citrate synthase carrying 
anN-terminal (His)5 tag [(His)5-CS] or 
the same enzyme carrying (His)5 tags 
on either end [(His)5-CS-(His)5]. Vari­
able equivalents of E. coli extract, de­
pending on the expression level of the 
individual proteins, were loaded onto 
sodium dodecyl sulfate (SDS) poly-
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acrylamide gels and blotted (32) onto a 
polyvinylidene fluoride (PVDF) mem­
brane (Immobilon™-P; Millipore, Bed­
ford, MA, USA). The blotting mem­
brane was blocked with 5% milk 
powder (low fat) in a slightly modified 
Tris-buffered saline ("high TBST": 50 
mM Tris-HCl, 500 mM NaCl and 0.2% 
Tween® 20, pH 7 .0) for 30 min, washed 
3 times with high TBST and incubated 
with the anti-His tag antibody in its var­
ious formats (see below) in high TBST 
with 0.5% milk powder for 90 min at 
room temperature. 

The bound anti-His MAb 3D5 was 
detected by a 45-min incubation of goat 
F(ab')2 anti-mouse IgG, coupled to 
HRP (Pierce Chemical, Rockford, IL, 
USA), in high TBST containing 0.5% 
milk powder. Luminescence was de­
tected with the ECLTM kit (Amersham, 
Arlington Heights,. IL, USA), or color 
was developed with BM blue peroxi­
dase precipitating substrate (Boeh-
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ringer Mannheim, Mannheim, Ger-
many). 

For the oligovalent scFv-displaying 
phage, E. coli XL1-Blue cells contain­
ing the appropriate DNA were grown 
overnight at 30°C (2x YT-medium, 1% 
glycerol, 15 Jlg/mL tetracycline, 25 Jlg/ 
mL chloramphenicol), leading to ap­
proximately 1011 phages/mL. Five mil­
liliters of the phage supernatant were 
diluted 1:10 into high TBST/0.5% milk 
powder and were applied directly to the 
blot membrane. Detection of the phage 
particles was carried out using an HRP/ 
Anti-M13 antibody conjugate (Pharma­
cia Biotech). 

For the anti-His tag-scFv-AP fusion, 
an E. coli culture harboring the expres­
sion plasmid pAK100HP151 was in­
duced overnight with IPTG, and the cell 
pellet was resuspended in 0.005 vol of 
TBS buffer, pH 7 .0, and homogenized 
twice with a French Press (Aminco, 
Urbana, IL, USA). The supernatant was 
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Figure 2. Detection of a cell-bound His-tagged antibody fragment by FACS. EL-4 thymoma cells 
were coated with Fab-MmTl-His, which was detected with anti-His MAb 3D5 and FITC-conjugated rat 
anti-mouse lgGFc. For the control (open histogram), cells were incubated only with 3D5 and anti-mouse­
IgGFc-FITC. 
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aliquoted and stored at -20°C. Upon 
use, the extract was diluted 1 :500 into 
high TBST buffer, pH 7.0, with 0.5% 
milk powder and incubated on the blot 
for 90 min using approximately 0.3 mL 
TBST solution per cm2 blotting mem­
brane. For luminescence detection, a 
mixture of 170 ~L CSPD® (substrate 
for AP) and 1 mL amplifier (Tropix, 
Bedford, MA, USA) in 10 mL assay 
buffer (100 mM ethanolamine and 1 
mM MgCI2, pH 10.0) was added, while 
colored bands were generated with the 
chromogenic substrates "'5-bromo-4-
chloro-3-indolyl phosphate (BCIP) and 
nitro blue tetrazolium (NBT) according 
to standard protocols (2,27). 

ELISA 

The ELISA plate wells were coated 
with 1 0 J..Lg of purified (His )5-CS or CS­
(His )5 in 100 f..LL PBS buffer and 
blocked with 5% milk powder in PBS. 
After washing, 100 ~L of the different 
detection reagents were added and in­
cubated for 1 h at RT. After four wash­
ing steps, we added to MAb 3D5 (hy­
bridoma supernatant diluted 1 :250 to 
1 :50 000) 100 f..LL of a 1 :2000 dilution 
of goat F(ab') anti-mouse IgG conju­
gated to HRP (Pierce Chemical). In the 
case of phages, an E. coli culture super­
natant with approximately 1011 oligo­
valent anti-His tag scFv displaying 
phages per mL (diluted 1:10 to 1:5000) 
was detected with 100 f..LL of a 1:5000 
dilution of an anti-M13-HRP conjugate 
(Pharmacia Biotech). For the E. coli ex­
tract containing the anti-His tag scFv­
AP fusion (diluted 1: 10 to 1: 10 000), 
the AP activity of bound scFv-AP fu­
sion was detected directly by adding 
100 f..lL/well of substrate solution (20 
mg di-sodium 4-nitrophenyl phosphate 
hexahydrate in 10 mL 0.1 M glycine, 1 
mM ZnC12 and 1 mM MgC12, pH 
10.4). After five washing steps, bound 
HRP-labeled antibodies were detected 
with 100 J!L BM-blue substrate, solu­
ble (Boehringer Mannheim). To mini­
mize'' background, all dilutions and in­
cubation steps were done in PBS 
containing 2% milk powder. 

Molecular Modeling 

A model of the anti-His tag Fv frag­
ment was generated by homology mod­
eling using the Insightii (Version 2.3.5) 
Software Package from Biosym/MSI 
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(San Diego, CA, USA). For energy 
minimization, the Discover Software 
(V.94.0) in conjunction with the CFF91 
force field was used (Biosym/MSI). 
The sequence of the V L domain of the 
anti-His tag antibody was found to be 
very similar (92% sequence identity, no 
insertions or deletions) to that of the V L 

domain of the anti-cholera toxin anti­
body TE33 (1 TET) (30), which was 
used as a modeling template. The V H 

domain model was predominantly 
based on the structure of the anti -digox­
igenin antibody 26-10 (1IGI) (9), to 
which it showed 75% sequence identity. 
However, the length of the V H CDR III 
loop of the anti-His tag antibody 3D5 
was only three amino acids, compared 
to eight in the CDR III of the antibody 
26-10, and the former showed no sig­
nificant sequence homology to any 
CDR III of similar length in the 
Brookhaven Protein Databank (PDB). 
Therefore, the CDR III loop was mod­
eled by a conformational search. The 
best initial conformation found was 
close to that of the CDR III of the unli­
ganded form of the anti-HIV-peptide 
antibody 50.1 (1GGB) (26). Upon fur­
ther examination of the initial model, it 
became obvious that changing the con­
formation of this loop to the conforma­
tion of the liganded form of antibody 
50.1 would lead to the formation of a 
deep binding pocket that would be ide­
ally suited to bind a protonated histi­
dine side chain. The pentahistidine was 
built into this structure. 

RESULTS AND DISCUSSION 

The generation of MAbs against the 
His tag may be hampered by the fact 
that a His peptide is not always suffi­
ciently immunogenic when delivered as 
a part of a soluble fusion protein ( 19) 
(E. Kremmer, unpublished results). For 
example, a hexahistidine-bearing ma­
laria vaccine peptide was reported to 
elicit no immune responses against the 
His moiety in animal models (31). 
Therefore, we constructed a His-tagged 
antibody Fab fragment with a cell-bind­
ing specificity. The recombinant Fab 
fragment was cloned (18) from the 
MAb MmT1 (16), which binds the 
murine pan T-cell antigen Thy-1.2. It 
was expressed in E. coli, purified on an 

IMAC column and its T-cell binding 
activity was verified by FACS analyses 
(not shown). For immunization, the 
fragment was coated onto C57BL/6 
thymocytes and injected into C57BL/6 
mice. Even though the Fab fragment 
was of murine origin, it may elicit anti­
idiotypic responses; and, to search for 
specificities that recognize the His tag 
independent of the protein context, hy­
bridoma supernatants were primarily 
screened by ELISA for binding to His­
tagged yeast citrate synthase (17)~ Posi­
tive ELISA signals were confirmed by 
testing binding to immobilized His­
tagged scFv or Fab of the unrelated 
murine antibody McPC603 and the Fab 
MmT 1-(His )5, which had been used for 
immunization. The hybridoma 3D5 
(isotype IgG2b) was selected for fur­
ther analysis. 

The specificity and utility of the 
anti-His tag antibody 3D5 were clearly 
demonstrated by FACS analysis, where 
murine T cells (which carry the Thy-
1.2 surface antigen) (25) were incubat­
ed with the recombinant His-tagged 
anti-Thy-1.2 Fab fragment and subse­
quently with the anti-His antibody. De­
tection of the latter was carried out us­
ing a fluorescein-labeled anti-Fc 
antibody. A specific signal was ob­
tained only in the presence of the His­
tagged Fab fragment (Figure 2). Direct 
FITC labeling of the 3D5 antibody was 
also found to lead to a specific signal in 
the FACS analysis (data not shown). 

We then tested binding of the mono­
clonal antibody with the BIAcore in­
strument, using a chip derivatized with 
the peptide KGGHHHHH coupled at 
the amino groups of theN-terminally­
sine; its C-tenninus was free. The max­
imal response was 1000 RU (resonance 
units). To obtain quantitative affinity 

• 

data and to eliminate any artifacts due 
to rebinding or bivalency, we measured 
the competition for antibody binding 
between immobilized and injected lig­
and (10,20). We determined a mono­
meric dissociation constant of 4 x 1 Q-7 

M. The functional affinity (avidity) can 
be greatly increased by multimerizing 
the scFv (see below and Figure 1), 
which is particularly useful in surface 
binding assays. We found that imida­
zole can be used as a convenient eluent 
for regeneration of the sensor chip sur­
face (as well as for affinity chromatog-
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raphy), and we determined a dissocia-
tion constant for imidazole of 4 X 1 0-4 
M. Interestingly, we observed no bind­
ing of histidine. The binding of the pep­
tide was then measured at different pH 
values (pH 6.0, 7 .0, 7.4 and 8.2). No 
significant difference between pH 6.0 
and 7.4 was visible, but at pH &.2 only 
very weak binding could be detected 
(Figure 3A). Thus, increasing the pH 
provides another mild and convenient 
method of elution. This observation is 
also consistent with our molecular 
model, which indicates protonated his­
tidines interacting with glutamate H93 
and aspartate H50 in the antibody (see 
below and Figure 4). 

By coupling the bivalent antibody 
305 to the chip surface by means of its 
NH2-groups, His-tagged proteins can 
then be bound in an oriented fashion 
(Figure 3, B and C). If the tagged pro­
tein is itself dimeric or multimeric, the 
interaction is very stable leading to an 
almost flat response curve and the 
binding of another protein or substrate 
to the tagged partner can be detected. 
Our results show that, after binding of 
(His)5-CS-(His)5 to the immobilized 
antibody 305, nearly no decrease of 
RU during the dissociation phase was 
visible, and even after 2000 s, only 
weak dissociation was detectable (Fig­
ure 3B). In Figure 3C, E. coli extracts 
containing different citrate synthase 
constructs were injected onto the ma­
trix. Signals were detected from CS­
(His )5 and (His )5-CS-(His )5, whereas 
no binding was obtained from untagged 
citrate synthase and (His)5-CS. The two 
His tags in the homodimeric CS-(His )5 
are already sufficient for a very slow 
off-rate, and the two C-terrninal ones 
are primarily recognized in (His )s-CS­
(His)5. These experiments show that no 
prior purification of the His-tagged 
protein is necessary for BIAcore appli­
cations when the 305 antibody is im­
mobilized as a capture reagent. Fur­
thermore, its specificity for C-terminal 
His tags is apparent from this experi­
ment. 

To exploit the advantages of recom­
binant antibody technology, the anti­
body 305 was cloned as a scFv-frag­
ment. After sequence determination, a 
structural model of this anti-His tag Fv 
fragment was generated by homology 
modeling (Figure 4 ). In our model, the 
deprotonated side chain of glutamic 
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acid H93 at the bottom of the pocket 
can form a hydrogen bond with the pro­
tonated imidazole side chain of the 
peptide. The amide proton of this histi­
dine residue could hydrogen bond to 
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Figure 3. Binding behavior of the MAb 3D5 
in BIAcore experiments. The peptide KGGH­
HHHH (A) or the monoclonal anti-His tag an­
tibody (B ,C) was coupled to the dextran ma­
trix . A) pH dependence of the binding of the 
MAb 3D5. B) Purified (His)5-CS-(His)5 (50 
nM) was injected (arrow 1). Almost no dissoci­
ation is detectable (arrow 2 to arrow 3) during 
2000 s. Regeneration was carried out with 1 M 
imidazole (arrow 3 to arrow 4). C) Crude ex­
tracts of different citrate synthase constructs 
were injected into the sensor cell containing 
immobilized antibody: Phase a: (His)s-CS (N­
terminal His tag): no binding detectable, base­
line immediately returned to zero after end of 
association phase (indicated by thin bar); phase 
b: CS (no His tag): no binding detectable, base­
line immediately returned to zero after end of 
association; phase c: CS-(His)5 (C-tenninal 
His tag) : significant binding detectable (bold 
bar indicates the dissociation phase); phase d: 
(His)5-CS-(His)5 (both N-terminal and C-ter­
minal His tag): high signal was detectable 
(bold bar indicates the dissociation phase); 
phase e: regeneration was carried out with 1 M 
imidazole. 

the glutamic acid L34 side chain. Start­
ing from this core complex, the histi­
dine peptide was model-built into the 
putative antigen binding pocket of the 
305 Fv fragment (Figure 4). An addi­
tional histidine residue, attached to the 
C-terminal side of this core histidine, 
could be placed such that its carboxyl 
group forms a salt bridge with lysine 
L50, explaining the preference for C­
terminal His tags shown by our anti­
body 3D5. Two additional histidine 
residues could be added to the N-termi­
nal side of the core histidine in such a 
way that the resulting peptide is well 
embedded in the binding cleft of the an­
tibody. They interact with the antibody 
both through main-chain and through 
side-chain hydrogen bonds. The side 
chain of theN-terminal of one of those 
histidine residues may form a salt 
bridge with the side chain of aspartate 
H50. A further, fifth histidine residue, 
attached to the N-terminus of the 
tetrapeptide (not shown in Figure 4 ), 
would probably start to emerge from 
the binding cleft but may still con­
tribute to binding. The multiple, well­
buried charge interactions between the 
histidine side chains of the antigen and 
the side-chain carboxylate groups of 
the antibody are consistent with the ob­
served pH dependence of the interac­
tions, which indicates that the His tag 
has to be protonated for optimal bind­
ing affinity. 

The most frequently used applica­
tions for the detection of His-tagged 
protein lie in its use in the detection of 
recombinant proteins using Western 
blots and ELISA. To simplify and 
speed up those techniques, we con­
structed a dimeric scFv-AP fusion pro­
tein (4,33) and oligovalent scFv dis­
playing phages (21), and compared 
their properties with the monoclonal 
anti-His tag antibody 3D5. We used 
crude extracts of E. coli cells, express­
ing a variety of unrelated recombinant 
proteins, to test the specificity of the 
antibody in its various forms. All pro­
teins with C-terminal His tags of 5 or 6 
consecutive histidines were specifically 
detected in both assays, whereas N-ter­
minal His tags alone were not recog­
nized (Figures 5 and 6, and data not 
shown). No cross-reactivity against E. 
coli proteins was ·seen, as no band was 
detected in an E. coli JM83 crude ex­
tract (Figure 5, lane 1). Therefore, we 
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conclude that recognition of His tags is 
specific, and that the lower bands, 
which are visible in lanes 2 and 4 of 
Figure 5, correspond to C-ternrinal pro­
ducts of citrate synthase degradation. 

We found that the scFv-AP fusion 
protein, in particular, leads to very 
strong and specific signals in both de­
tection assays (Figures 5B and 6B). 
Moreover, there is no need for any pu­
rification of this molecule, but rather E. 
coli lysates can .be used directly for de­
tection of His-tagged proteins. In fact, 
in conjunction with conventional 
blocking agents, the E. coli lysate itself 
blocks nonspecific binding when carry­
ing out a Western blot of proteins ex­
pressed in E. coli. In addition, a one­
step procedure is much faster than the 
traditional sandwich assay, since only a 
single reagent is needed. Furthermore, 
the reagent is stable when frozen as 
crude extract, or it can be stored as 
plasmid DNA for extended periods. 

We have compared the scFv-AP ap­
proach with another recombinant strat­
egy, namely, the use of phages that dis­
play the scFv fragment of the antibody 
305 directly from culture supernatants 
(Figures 5C and 6C). Since initial in­
vestigations with a monovalent phage­
mid/helper phage system gave relative­
ly weak signals (data not shown), we 
cloned the 305 scFv gene into a chlo­
ramphenicol-resistant derivative of fd­
phage (15), where the wild-type gene3 
was replaced by the scFv-g3 fusion. 
This makes fusion proteins of all copies 
of g3p, thus leading to oligovalent dis­
play (Figure 1) of scFv and subsequent 
much stronger signals. This under­
scores again the advantage offered by 
multivalency in the detection of a His­
tagged protein bound to a solid phase. 
However, when compared to the use of 
the direct AP fusions in Western blots 
(Figure 5B), the phages were somewhat 
less specific and appeared to bind to the 
blocked membrane, resulting in an ir­
regular background (Figure 5C), proba­
bly because the phage coat might bind 
by means other than by the cognate in­
teraction. Furthermore, in this strategy 
a "classical" antibody-enzyme conju­
gate still has to be used as a detection 
module. Therefore, the use of scFv-dis­
playing phages is not superior to the 
other two fortnats we have used. How­
ever, since the bound phage contains 
DNA, this allows for the possibility of 
amplifying signals by PCR techniques 
(28). 
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Figure 4. Model of the anti-His variable domain complexed with a (His)4 peptide. The Fv structure 
was obtained by homology modeling based on the known structures of antibodies TE33 and 26-10. The 
peptide ligand was manually built into the combining site, starting with the deeply buried side chain of 
the histidine residue at the penultimate position. A) side view; B) top view on antigen binding site. 
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CONCLUSIONS AND 
PERSPECTIVES 

The scFv-AP conjugate and the 
scFv-phage reagents have been shown 
to be highly specific and versatile tools 
for binding C-terminal His tags. Since 
these are recombinant reagents, the an­
tibody's binding properties can be im­
proved and altered by different method­
ologies using rational and random 
approaches. 

Crude extracts of E. coli cells pro­
ducing the recombinant protein can be 
used directly as the detection agent on 
the blot membrane or in ELISA. The 
anti-His tag antibody 3D'S has been 
shown to be sensitive and specific in 
various applications including FACS 
analysis, BIAcore and Western blots. 
Now that the 3D5 antibody has been 
produced in the form of a scFv in bac­
teria, it will be possible to use this scFv 
in the preparation of inexpensive im­
munoaffinity columns from which elu­
tion may be achieved under mild condi­
tions using imidazole or pH 8.5. While 
IMAC is a very general and powerful 
technique, it does not always allow ho­
mogeneous protein to be obtained in a 
single step. By using the same tag with 
two different purification principles, 
proteins might be purified in a rational 
and predictable way independent of 
their nature. It should then be possible 
to work out a generally applicable 
method to produce clinical-grade mate­
rial of His-tagged recombinant pharma­
ceutical proteins. 
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