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The crystal structure of a mutant form of the single-chain fragment (scFv),
derived from the monoclonal anti-His tag antibody 3D5, in complex with
a hexahistidine peptide has been determined at 2.7 Å resolution. The pep-
tide binds to a deep pocket formed at the interface of the variable domains
of the light and the heavy chain, mainly through hydrophobic interaction
to aromatic residues and hydrogen bonds to acidic residues. The antibody
recognizes the C-terminal carboxylate group of the peptide as well as the
main chain of the last four residues and the last three imidazole side-
chains. The crystals have a solvent content of 77% (v/v) and form 70 Å-
wide channels that would allow the diffusion of peptides or even small
proteins. The anti-His scFv crystals could thus act as a framework for the
crystallization of His-tagged target proteins. Designed mutations in fra-
mework regions of the scFv lead to high-level expression of soluble pro-
tein in the periplasm of Escherichia coli. The recombinant anti-His scFv is
a convenient detection tool when fused to alkaline phosphatase. When
immobilized on a matrix, the antibody can be used for affinity purification
of recombinant proteins carrying a very short tag of just three histidine
residues, suitable for crystallization. The experimental structure is now
the basis for the design of antibodies with even higher stability and
affinity.
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Introduction

Fusion proteins and tag sequences facilitate the
purification and/or detection of recombinant
proteins.1 Many fusion systems have been
described, either based on folded domains, such
as glutathione-S-transferase or maltose-binding
protein, which bind to an easily immobilized
ligand, or based on short peptide tags (e.g. Flag,
VSV, Myc), which are usually recognized by an
antibody. As these antibodies first have to be
immobilized on a column, this step adds greatly
to the expense of large-scale purification. Probably
the most widely used peptide tag is the His tag,
consisting of 4–6 consecutive histidine residues.
The main attraction about this tag is that the affi-
nity matrix for the His tag is a simple metal-chelat-
ing resin. In this method, neighboring histidine
residues coordinate divalent metal ions such as
Ni2þ, Co2þ, Zn2þ, and Cu2þ bound to chelating
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Figure 1. Sequence alignment showing the amino acid sequences of VL and VH of the wild-type anti-His antibody and of the constructs mut1, mut2, mut1 þ 2, as well as the
murine germline sequences (ABG: Germline directories of mouse (http://www.ibt.unam.mx/vir/V_mice.html), most closely related to the murine antibody 3D5, from which
the anti-His scFv is derived. Residues of VL are structurally aligned to the residues of VH.19 The construct mut1 carries the mutations Leu L9 to Ser, His H48 to Pro, Ser H51 to
Gly, Lys H77 to Arg, Glu H100 to Asp and Leu H144 to Thr, mut2 the mutations Val L78 to Phe, Tyr L88 to Asp and Leu H12 to Asp. mut1þ2 combines the mutations of mut1
and mut2. The headers indicate the correspondence between Kabat residue numbering20 and the AHo residue numbering.19 The latter was used throughout this paper.
Residue numbers with a white background correspond to CDR regions. Residue numbers of mutated residues in the anti-His have a light gray background. The
background of non-conserved amino acids is gray.
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ligands, e.g. nitrilotriacetic acid (NTA), iminodiace-
tic acid (IDA) or N,N,N0-tris-(carboxymethyl) ethy-
lenediamine (TED), usually linked to an agarose
gel matrix.2 – 4 Oligohistidine tags offer the possi-
bility to purify recombinant proteins by immobi-
lized metal-ion affinity chromatography (IMAC)
under native or denaturing conditions. The purity
of proteins isolated by IMAC is sufficient for most
technical applications. Greater purity, however, is
required for medical applications and structure
determination. His tags can be used in immunoaf-
finity chromatography, in conjunction with
IMAC,5 to further increase purity by using the
same tag twice, but each time removing different
impurities. To overcome the prohibitive expense
of using monoclonal antibodies on a large scale, a
new method was developed in which a recombi-
nant anti-His scFv can be directly immobilized
from crude Escherichia coli supernatants.6

His-tagged proteins have been used successfully
in structure determination by X-ray
crystallography,7 – 9 and by multidimensional NMR
spectroscopy,10 and even as therapeutic proteins in
clinical applications.11,12 It is thus frequently not
necessary to remove the tag.

While Ni-NTA derivatized enzymes can be used
for the detection of His-tagged proteins (Qiagen,
Germany), antibodies are the most versatile
reagent class for detection and for further purifi-
cation. Several antibodies recognizing His tags
have been generated and some are available com-
mercially. Certain anti-His tag antibodies, such as
His·Tagw Monoclonal Antibody (Novagen, US),
Penta·Hise (Qiagen, Germany), and Tetra·Hise
(Qiagen, Germany), 13/45/31,13 recognize histidine
residues irrespective of their neighboring
sequences, whereas others require a defined
environment like RGS·Hise (Qiagen, Germany),14

HisG (Novagen, US), or the parent antibody 3D5,
from which the present single-chain fragment has
been derived.15 The generation of this monoclonal
antibody has been described15 and it is distributed
commercially (Anti-His (C-term) Antibody, Invitro-
gen Life Technologies, Basel, Switzerland).

The anti-His tag antibody 3D5 is of special inter-
est, as it requires a C-terminal histidine residue,15

thereby offering very high specificity in detection
and purification. Only this antibody is available in
recombinant form as a scFv fragment,15 allowing
easy access to a wide variety of formats for differ-
ent applications. The scFv fragment (VL–(Gly4Ser)4–
VH) was fused to alkaline phosphatase. E. coli
extracts from cells expressing this construct can be
used directly to detect His-tagged proteins in Wes-
tern blot experiments or ELISA.15 By using a novel
immobilization strategy based on engineered
chitin-binding domains, the anti-His scFv can be
immobilized selectively, directly from the crude
bacterial extract and used for inexpensive immu-
noaffinity purification of His-tagged proteins.6

We first built a homology model of the Fv frag-
ment of the anti-His tag antibody 3D5 and chose
nine mutations, which we predicted to increase

the expression level and/or stability of the anti-
body in E. coli. Indeed, this strategy was very suc-
cessful, increasing the expression level
significantly. Here, we describe the crystal struc-
ture of this engineered mutant of anti-His scFv
3D5 in complex with a hexahistidine peptide.

Results and Discussion

Rational design of anti-His 3D5 scFv mutants
leading to increased expression in E. coli

The wild-type scFv, derived from a murine
monoclonal antibody,15 was poorly produced in
E. coli, especially in the absence of a fusion partner.
To obtain sufficient amounts of protein for struc-
tural characterization, the stability and folding effi-
ciency of the scFv had to be improved significantly.
A homology model15 of the Fv fragment was built,
based on the structures of the anti-cholera toxin
antibody TE33 (PDB entry 1TET16), the anti-digoxi-
genin antibody 26-10 (PDB entry 1IGI17) and the
CDR H3 structure of the liganded anti-HIV-peptide
antibody 50.1 (PDB entry 1GGI18). On the basis of
this model and a comparison with the closest mur-
ine germline sequences (Figure 1), nine mutations
were proposed that were expected to improve
both thermodynamic stability and folding yield.
They were all introduced at once as two sets of
mutations (mut1 and mut2, Figure 1).†

The construct mut1 comprised six mutations,
which had been incorporated successfully in var-
ious combinations into other scFvs.21 –24 The
mutations Lys H77 to Arg and Glu H100 to Asp
were predicted to improve thermodynamic stab-
ility significantly. The side-chains of the two resi-
dues interact to form a buried salt-bridge. Proba
et al.21 showed that in the disulfide-free VH domain
of antibody ABPC48, the replacement of the germ-
line-encoded Lys by Arg led to significant stabiliz-
ation. Position H100 is Asp in more than 98% of
all human and murine VH germline sequences,
and Asp is predominant in this position in all
other types of variable domains (Vl, Vk, TCR, Va ,
Vb , Vd, Vg).

The optimal formation of the b-turn at the bot-
tom of the VH domain (residues H47–H51) was
expected to have a strong effect on folding effi-
ciency. Position H48 has a strong preference for
Pro (94% of all human and 82% of murine
sequences), while in position H51 Gly is particu-
larly prevalent in human sequences (90% of

† Here, we follow a new numbering scheme for
antibody and TCR variable domains, which is based
entirely on structural superposition.19 Conversion tables,
as well as a complete set of all renumbered and aligned
variable domains of the antibody and TCR structure PDB
files are available in a new database (http://www.
biochem.unizh.ch/antibody). The correspondence with
residue numbers according to the Kabat numbering
scheme20 is indicated in Figure 1.
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human and 58% of murine sequences). Forsberg
et al.22 showed that the combined mutation of His
H48 to Pro, Ser H51 to Gly and Val H142 to Gly
led to a significant decrease of the toxicity to the
bacteria producing the fusion construct derived
from the antibody 4T5. While that effect could be
explained by the restoration of Gly H142 in the
Gly–X–Gly motif forming the b-bulge in frame-
work 4, their results suggested that at least the
other two mutations do not have a deleterious
effect. In VL domains, the replacement of Pro L48
by Ser destabilized the domain by 2.4 kJ/mol.23

We therefore included the mutations of His H48 to
Pro and Ser H51 to Gly. Nieba et al.24 showed that
scFvs benefit from the replacement of exposed
hydrophobic residues of the former VL/CL and
VH/CH interface by more hydrophilic residues.
Therefore, we also replaced Leu L9 by Ser and
Leu H144 by Thr.

Three new mutations were introduced into the
construct mut2 that were expected to have a posi-
tive effect on folding and/or stability. The wild-
type anti-His antibody contained Val in position
L78 instead of Phe found in the germlines of the

murine Vk1 germline subgroup, to which this
anti-His antibody belongs. This replacement of a
bulky core residue by a smaller side-chain leads to
the formation of a cavity in the model. We there-
fore decided to mutate this Val back to Phe, expect-
ing that this would increase stability. Additional
mutations in the mut2 construct were the replace-
ment of the solvent-exposed Tyr L88 in the outer
loop by Asp, as found in the Vk1 germlines, since
96% of all human and 66% of all murine sequences
contain an acidic residue in this position. In
addition, the hydrophobic surface residue Leu
H12 was replaced by Asp. The construct mut1þ2
combines all nine mutations. The amino acid
sequences of wild-type VL and VH are shown in
Figure 1, aligned with the sequences of the variants
mut1, mut2, mut1þ2 and the most closely related
germline sequences. For convenience, the variant
mut1þ2 that was used for structure determination
is called anti-His scFv.

Expression of anti-His scFv

Wild-type anti-His scFv is expressed in E. coli
only poorly. At 25 8C, the construct mut2 led to
only a slight improvement in soluble expression,
whereas mut1 showed a dramatic increase in sol-
uble periplasmic expression of anti-His scFv. Both
sets of mutations in combination (mut1þ2) had a
synergistic effect and led to an even further
increased amount of soluble anti-His scFv, as
detected by Western blot analysis (Figure 2). At
37 8C, expression levels were increased dramati-
cally, but still only a fraction of the protein was
soluble.

The construct mut1þ2 used for crystallization
and structure determination contains three
additional residues (Asp–Tyr–Lys) of a Flag recog-
nition site at the N terminus. The N-terminal 113
amino acid residues (VL) and the C-terminal 114
amino acid residues (VH) of the anti-His scFv
(Figure 1) were connected by the 20 residue pep-
tide linker (Gly4Ser)4.

Purification, characterization and crystallization

About 2 mg of protein was isolated from 3 l of
standard shake flask culture from the soluble frac-
tion of E. coli. The anti-His scFv was purified by
cation-exchange chromatography and affinity chro-
matography using an immobilized octahistidine
peptide, resulting in very pure material. The anti-
body–ligand complex was formed by mixing anti-
His scFv with the hexahistidine peptide in a 1:1.5
molar ratio at pH 6.5. The mass of the protein was
confirmed by ESI-MS. The mass of the peptide in
the complex was determined by MALDI-TOF MS
and, while 60% of the peptide was hexahistidine,
40% of the peptide molecules contained only five
histidine residues. This did not have any effect on
the complex formation, since anti-His scFv recog-
nizes pentahistidine equally as well as
hexahistidine.15

Figure 2. Western blots of E. coli cells expressing the
different anti-His scFvs (Figure 1) grown at 258C and at
37 8C. Cells from 20 ml cultures were standardized by
resuspending them in 1 ml buffer per final A550 nm ¼ 1
and opened by French Press. Of the resulting lysate,
16 ml soluble supernatant were applied per lane. The
insoluble pellet fraction was resuspended in the same
corresponding volume. Again, 16 ml were loaded per
lane. Introduction of the two sets of mutations lead to
higher expression compared to the wild-type scFv. The
full synergistic effect, however, shows up in the high
level of soluble expression after combining the two sets
to mutant “mut1þ2” (Figure 1), preferably at 25 8C
growth temperature. The scFvs were detected with an
antibody against the N-terminal Flag tag. s, supernatant;
p, pellet; wt, wild-type anti-His; mut1 and mut2, anti-
His carrying the mutations specified in Figure 1;
mut1þ2, anti-His combining the mutations of mut1 and
mut2.
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ScFvs can dimerize,25,26 depending on the protein
concentration, the linker length and structural
details in the individual scFv, which are not com-
pletely understood. Size-exclusion chromato-
graphy of the anti-His scFv–peptide complex at
high concentration (3.8 mg/ml) revealed a mono-
mer to dimer ratio of approximately 1:1, with a
small fraction of higher aggregates (Figure 3(a), I).
Incubation of this preparation at five- and tenfold
dilution for 16 days at 4 8C did not change this
ratio significantly (not shown). The isolated mono-
mer fraction stored at 40-fold dilution (0.1 mg/ml)
for 16 days at 4 8C remained monomeric (not
shown), while isolated dimers converted slowly to
monomers. After two hours, a small fraction of
monomers was detectable (Figure 3(a), II) and
after 16 days the dimers had converted to mono-
mers almost completely (Figure 3(a), III). This is
consistent with previous results, which showed
that at low concentrations scFv monomers are the
thermodynamically more stable species.27

Hexagonal crystals were grown at pH 6.4 at 4 8C
from a mixture of monomers and dimers (Figure
3(a)) using polyethylene glycol and magnesium
acetate as precipitant. Crystals belong to space
group P3221. There is one molecule of the scFv–

peptide complex in the asymmetric unit. In pre-
liminary experiments, an scFv containing an
additional Myc tag produced crystals, which were
difficult to reproduce, and were found not to be
suitable for structure determination. Removal of
the flexible Myc tag at the DNA-level improved
crystallization significantly.

Size-exclusion chromatography was carried out
with proteins from dissolved crystals to assess the
oligomeric state of anti-His scFv in the crystals.
About 100 crystals were harvested, washed in a
stabilizing solution and dissolved in the buffer
used for size-exclusion chromatography. The sol-
ution from dissolved crystals contained monomers
and dimers in a 1:1 ratio (Figure 3(b), II). The pro-
tein from the mother liquor was analyzed, too.
Monomers and dimers were present in a ratio of
2:1 (Figure 3(b), I). Since it was shown that isolated
dimers dissociate at low concentration (Figure
3(a)), these findings are consistent with crystals
being built from dimers.

Structure determination

The three-dimensional structure of the anti-His
scFv–hexahistidine complex was determined and

Figure 3. Size exclusion chroma-
tography of the anti-His scFv: hexa-
histidine peptide complex. Peak 1 is
the dimeric form and peak 2 is the
monomeric form of the anti-His
scFv. The elution volumes of stan-
dard protein are indicated with
arrows. (a) Analysis of the complex
and the stability of the dimeric
form: I, complex at the concen-
tration used for crystallization; II,
aliquot from peak 1 (dimer) of run
I reloaded onto the column after
two hours; III, aliquot from peak 1
from run I reloaded after 16 days
stored at 4 8C. The sample analyzed
in II and III is diluted more then 40-
fold, compared to the sample in I.

(b) Analysis of the crystallized complex: I, dissolved crystals and mother liquor of one crystallization experiment; II,
100 crystals washed and dissolved in gel filtration buffer.

Figure 4. 2FoFc electron density around the C terminus of the peptide. The map is contoured at 1.0s. Red spheres rep-
resent water molecules. Amino acids are colored by atom type: C (yellow), N (blue), O (red). Picture prepared with O.43,44
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refined to a final R-factor of 19.0% (Rfree 22.2%) at
2.7 Å to describe the antigen–antibody interactions
at the atomic level and to elucidate why only C-
terminal His tags are recognized by the antibody.
The final 2Fo 2 Fc-electron density map shows
well-defined and continuous electron density for
all 113 residues of VL, two linker residues and all
114 residues of VH. The conformation of Ala H114
as well as the side-chains of a few surface arginine
and lysine residues are not well defined. Eighteen
linker residues and the three additional N-terminal
residues of the Flag tag are disordered. Electron
density is visible for main-chain atoms of His P3
to P6 and side-chain atoms of His P4 to P6 of the
hexahistidine ligand (Figure 4). For residues His
P1 and P2 and the imidazole ring of His P3, there
is no electron density. His P3 was therefore modeled
as Ala and His P1 and P2 were removed from the
model. The structure was validated with the pro-
grams PROCHECK28 and WHAT_CHECK.29 There
was only one non-glycine residue (Val L67), part

of CDR 2, in the disallowed region of the Rama-
chandran plot. However, this combination of f
and c torsion angles in this position is typical for
antibody VL domain structures.† Crystallographic
statistics are given in Table 1.

Crystal packing

Crystals of the anti-His scFv in complex with
hexahistidine have an extremely high solvent con-
tent of 77% (v/v) (VM 5.4 Å3/Da). Large channels
can be observed in all unit-cell axis directions
(Figure 5). The minimal diameter of the channels
in the z-direction (Figure 5) is 70 Å and 38 Å in
the x and y-direction (not shown).

Each anti-His scFv is in contact with three sym-
metry-related molecules. Four regions of molecule
0 are involved in crystal contacts, two in VL and

Table 1. Data collection, refinement statistics and final model

A. Crystal parameters
Space group P3221
Unit cell constants

a ¼ b (Å) 106.51
c (Å) 92.80

Content of asymmetric unit One scFv–peptide complex
Solvent content (%) 77

B. Data collection
Beam line at ESRF SNBL BM1A
Wavelength (Å) 0.873
Temperature (K) 100
No. crystals 1
Resolution range (Å) 30–2.7
Observed reflections 128,480
Unique reflections 16,996
Redundancy 7.6
B-value (Wilson plot) (Å2) 52.8
Data completeness (%) 99.0
Rmerge (%) 11.6

C. Refinement and final model
Resolution range (Å) 30–2.7
No. unique reflections 16,936
Rwork (%) 19.04
Rfree (%) (966 test reflections) 22.20
No. non-hydrogen atoms 1946
No. protein residues (atoms)

Peptide 4 (36)
VL 113 þ 2 linker residues (882)
VH 114 (872)

No. water molecules 156
B-factor protein (Å2)

VL 33.8
VH 30.8

Hexahistidine peptide 25.8
r.m.s. deviation from ideal geometry

Bond (Å) 0.0054
Angles (8) 1.3173

Ramachandran plot statistics
(non proline and glycine residues)

Residues in most favored regions (%) 172 (89.1%)
Residues in additional allowed regions (%) 20 (10.4%)
Residues in general allowed regions (%) 0
Residues in disallowed regions (%) 1 (0.5%)

† http://www.biochem.unizh.ch/antibody
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two in VH (Figure 6). There is surface complemen-
tarity and hydrophobic interactions to symmetry-
related molecules 1–3. Additionally, there are
specific contacts. Residues L35/38 and L68–69 of
molecule 0 form hydrogen bonds with residues
H51 and H82–85 of the symmetry-related molecule
2 (Figure 6). The same symmetry-related inter-
actions are found for contacts between molecules
0 and 3. The size of the contact area of two mol-
ecules (0 and 3 or 0 and 2), also called the interface
area (B )30 is 984 Å2 (calculated using GRASP31). It is
the difference between the sum of the molecular
surface areas of two isolated molecules and the
surface of the complex formed by these two mol-
ecules. Molecules 0 and 1 share two spatially sep-

arated contact areas. The C-terminal VL residues,
L148/L149 of molecule 0, form direct hydrogen
bonds to H11 of molecule 2. The first two linker
residues, M150 and M151, of molecule 0 interact
with H141–H144 of molecule 2. Together with the
van der Waals surface complementarity and hydro-
phobic interactions, this results in a total interface
area of 1644 Å2, which represents a typical value
for interfaces formed by subunits in oligomeric
proteins.30 It is even larger than the total interface
area of 1253 Å2 between VH and VL within mol-
ecule 0. But the VL/VH interface has a higher com-
plementarity. The size of the VL/VH interface of
the anti-His scFv is very small compared with the
average VL/VH interface32 of 1622(^184) Å2 (distri-
bution 1200–2100 Å2) in antibody structures
(unpublished results, based on the analysis of 128
structures taken from the PDB).

It is worth noting that the incorporation of the
described mutations (mut1þ2) increased solubility
and stability of the scFv, and helped in crystalliza-
tion, since four of the nine mutated residues (Ser
L9, Asp H12, Pro H48 and Thr L144) are involved
in crystal contacts.

Size-exclusion chromatography showed that the
anti-His scFv forms dimers in solution at high con-
centrations, and that the anti-His scFv from dis-
solved crystals is partially dimeric. We thus
assume that in the crystal, molecule 0 and molecule
1 represent the scFv dimer because of the large
buried surface area (Figure 6). Dimers can be
formed by a domain swap of two scFvs, where the
VL domain of one scFv (molecule 0) pairs with the
VH of a second scFv (molecule 1) and vice versa (as
described for a diabody25,33). Alternatively, dimers
may consist of two scFvs forming intramolecular
VL/VH interfaces (Figure 6), which are associated
through the large crystal interface. Since only the
first two residues of the linker are visible in the
structure of the anti-His scFv, we cannot dis-
tinguish rigorously between the two possibilities.

Figure 5. Crystal packing I. scFv-crystals contain large
solvent channels. Packing in xy-plane, channels of a
minimal diameter of 70 Å in the z-direction. Pictures pre-
pared with O.43,44

Figure 6. Crystal packing II. One scFv is in contact with three symmetry related molecules. ScFv molecule 0 is in con-
tact with scFv molecules 1–3. Light chains are colored in red, heavy chains in green and the peptide in blue. Picture
prepared with DINO. (DINO: Visualizing Structural Biology (2001), http://www.bioz.unibas.ch/~xray/dino)
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The flexible 18 linker residues have to span the dis-
tance between the second linker residue and the N
terminus of the VH domain. In the structure of the
anti-His scFv, the linker would have to span a dis-
tance of 18 Å in a diabody arrangement of two
scFvs, or 42 Å within one scFv. Since the linker
used here is clearly long enough to span the longer
distance, the nature of the dimer observed in con-
centrated solution cannot be deduced from the
crystal structure.

Structure description and details of interaction

The hexahistidine binds in a deep pocket formed
by the heavy and the light chain of the scFv similar
as in hapten-binding antibodies (Figure 7; see
footnote on p. 140). Hydrophobic interactions are
observed mainly between aromatic side-chains of
the antibody and the imidazole ring of the antigen
(Figure 8). The imidazole rings of His P4, P5 and
P6 interact with the side-chain atoms of Tyr H40,
Tyr L40, His L33, Phe L107 and Asn H42.
Additional hydrophobic interactions are observed
between the aromatic ring of Phe L137 and main-
chain atoms of His P5 and P6, and between the
imidazole ring of His P6 and main-chain atoms of
Gly L109 and Ser H110.

Acidic side-chains in the binding cleft of the scFv
provide a strong negative surface potential (Figure
9). They act as hydrogen bond acceptors for the
nitrogen-protons of the antigen imidazole side-
chains. Hydrogen bonds between the antibody
and the antigen and between the antigen and struc-
tured water molecules are visualized in Figure 8.

Hydrogen bond acceptors are the carboxyl-
group of Asp H57, Glu L42, Glu H107 and the car-
boxyl group of His P6. There is one hydrogen
bond from the main-chain amide group of His P6
to the carboxyl group of Gly L109. A single hydro-
gen bond from the side-chain imidazole ring of

His L33 to the amide nitrogen atom of His P3
stabilizes the antigen main chain.

The positively charged imidazole ring of His P6
is kept firmly in place by the carboxyl groups of
Glu H107 and of Glu L42, which accept a split
hydrogen bond each from the side-chain protons
of His P6 (Figure 8). These interactions could be
described as shared salt-bridges. There is no indi-
cation that His P4 and His P5 are protonated.

Optimal binding of scFv to the antigen has been
observed between pH 6.0 and 7.4.15 This pH-
dependence of antigen binding is consistent with
the hydrogen bonding network and with the pre-
sence of a salt-bridge. Outside this pH-range, bind-
ing is weak. At lower pH-values, aspartate and
glutamate side-chains are protonated and cannot
act as hydrogen bond acceptors, while at pH
values above 7.4, the histidine side-chains are
deprotonated, not allowing the stabilizing salt-
bridge to be formed. The pH optimum offers the
possibility of acid and base elution in immunoaffi-
nity chromatography.

Main-chain and side-chain atoms of His P1 and
P2, and the side-chain atoms of His P3 do not inter-
act with the scFv at all. On the basis of the present
structure, we deduce that a tetrapeptide containing
three C-terminal histidine residues would be suffi-
cient for high-affinity binding to the anti-His scFv.
Thus, proteins containing a C-terminal His tag of
just three histidine residues should be detectable
by the anti-His scFv, which was verified exper-
imentally (see below), or purified using a matrix
coupled with the anti-His scFv.

The specificity for C-terminal His tags is
explained by the crystal structure. The C-terminal
carboxyl group is stabilized by a hydrogen bond
donated by Ser H110 and by an indirect hydrogen
bond network involving Tyr H40 and the water
molecules W141 and W138 as well as Asp H57,
and the water molecules W139 and W138
(Figure 4). The structure shows that His P6 is the

Figure 7. Stereo backbone representation of the anti-His scFv–peptide complex. The oligohistidine peptide (blue)
binds in a deep pocket formed by the VL (red) and VH (green). Note that the scFv is of the orientation VL–linker–VH.
The linker is invisible. Picture prepared with DINO.
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C-terminal residue, because there is no electron
density further down in the cavity, even though
there might be space for at least one additional
residue in this direction.

Western blot experiments of four E. coli crude
extracts, each containing an scFv fragment34,35

with a different His tag as the protein to be
detected, support our structural finding. The anti-
His scFv fused to alkaline phosphatase15 was used
to test detection of the different His-tagged scFv
molecules. Constructs containing three, four or six
histidine residues at the C terminus or six histidine
residues followed by glycine as the C-terminal
residue were tested. Six, four and three histidine
residues are recognized equally well by the anti-
His scFv. In contrast, no binding was observed for
the molecule with a C-terminal glycine residue
after the His tag (Figure 10). The anti-His scFv
thus recognizes three C-terminal histidine residues
of a protein, and the last residue must be histidine.

A homology model of the Fv fragment of wild-
type anti-His antibody 3D5 in complex with a tet-
rahistidine peptide has been published.15 Some
mutations, introduced into mut1þ2 anti-His scFv

based upon modeling, that had increased stability
and solubility, can now be discussed in terms of
the experimental structure. His H48 to Pro and
probably Ser H51 to Gly caused a conformational
change of the loop between H47 and H51, com-
pared to the wild-type. This conclusion can be
drawn from a model of the wild-type anti-His
scFv and the structure of an anti-melanoma-associ-
ated GD2 ganglioside Fab (PDB entry 1PSK36),
which has the same amino acid sequence in this
loop as the wild-type. Mutations Glu H100 to Asp
and Lys H77 to Arg were intended to stabilize VH.
A doubly hydrogen bonded salt-bridge between
these two residues proves this stabilizing effect. In
the wild-type, there was only a single hydrogen
bonded Lys–Glu salt-bridge.

Conclusions and Implications

The structure described here shows the details of
His tag recognition by anti-His scFv. The peptide
binds in a pocket formed by the heavy and the
light chain of the variable fragment, which is simi-

Figure 8. Stereo picture of the antigen-binding site. The backbone of the VL is shown in red, the backbone of VH is
shown in green. Side chains involved in antigen binding and the oligohistidine peptide are shown and colored by
atom type: C (gray), N (blue), O (red). Magenta spheres represent water molecules. Hydrogen bonds calculated with
ACT46 and LIGPLOT47 are shown as dashed lines. Residues involved in hydrogen bonds are labeled with their residue
name. The picture was prepared in DINO.

Figure 9. The peptide binds in a
deep pocket with a strong negative
surface potential. Surface potential
of the antigen-binding site calcu-
lated and displayed with GRASP.31

Negative potential is colored in
red; positive potential is colored in
blue. The peptide is colored by
atom type C (white), N (blue), O
(red).
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lar to hapten-binding antibodies. The precise
knowledge of the interactions of the anti-His scFv
with the His tag opens the possibility to design
mutations in the binding site of the anti-His scFv
to increase affinity and/or alter specificity.
Together, structure determination and Western
blot analysis prove that the anti-His scFv exclu-
sively and specifically recognizes three C-terminal
histidine residues. Thus, a very short affinity tag
of only three histidine residues is sufficient for
detection and purification by the anti-His scFv.
Proteins with such a “mini-tail” should have a bet-
ter chance to crystallize, because flexible tails can
prevent the formation of crystals.

Anti-His scFv crystals have a very high solvent
content and possess channels of up to 70 Å in
diameter. This would allow diffusion of peptides
and even small proteins into preformed crystals.
Crystals of the same form of uncomplexed anti-
His scFv might conceivably be used for soaking of
small proteins into such crystals. As the antigen-
binding site of anti-His scFv is exposed to the
channel, proteins with a C-terminal His tag could
potentially bind to the anti-His scFv in the crystal.
Anti-His scFv crystals could act as framework for
the crystallization of His-tagged target proteins
that are difficult to crystallize. If all the His-tagged
protein molecules adopted the same orientation in
the crystal, such protein-scFv crystals could be
used for crystal structure determination. For small
soaked proteins, initial phases could even be calcu-
lated from the anti-His scFv model.

The anti-His scFv can now be produced as a sol-
uble protein in large amounts. This is a require-
ment for the low-cost production of an
immunoaffinity matrix. Conveniently, the anti-His

scFv can be linked to a gel matrix directly from a
crude E. coli extract, for immunoaffinity purifi-
cation of His-tagged proteins.6 To purify a protein
efficiently, the His tag can be exploited twice in
two subsequent and inexpensive purification steps
(IMAC and anti-His scFv immunoaffinity chroma-
tography). This can provide highly purified protein
that can be used for crystallization, biophysical
studies and for the production of therapeutic pro-
teins in clinical applications.

Materials and Methods

Chemicals and enzymes

Except where indicated otherwise, chemicals were
purchased from Fluka (Buchs, Switzerland). Restriction
enzymes were from New England Biolabs (via Bio
Concept, Allschwil, Switzerland), Fermentas (via Lab
Force, Nunningen, Switzerland) or Roche Diagnostics
(Rotkreuz, Switzerland).

Site-directed mutagenesis

The mutagenesis was performed with standard proto-
cols using PCR. The two sets of mutations (mut1 and
mut2) were combined to mut1þ2 by cloning.

Construction of His-tagged scFv 4D5

The scFv of the anti HER2 antibody 4D534,35 was PCR-
cloned into pAK40037 and different histidine tails were
introduced by PCR-mutagenesis using appropriate pri-
mers for testing the specificity of the anti-His tag scFv.
Expression was performed at 25 8C in a total volume of
30 ml as described below for the anti-His scFvs.

Expression of scFv constructs and Western
blot analyses

The mutant anti-His scFv mut1, mut2 and mut1þ2
were expressed from plasmid pAK100His215 for peri-
plasmic expression. To compare the expression levels,
the resulting plasmids (pAK1Hmut1, pAK1Hmut2 and
pAK1Hmut1þ2) and the plasmid encoding the wild-
type were transformed in the E. coli K12 strain SB536
(F2, WG1, DfhuA (tonA ), DhhoAB (SacII), shh ).38 Precul-
tures were inoculated from single colonies and grown at
25 or 37 8C in 5 ml of Miller’s LB-medium (Life Technol-
ogies) containing 30 mg/ml of chloramphenicol. Main
cultures (25 ml) were inoculated to A550 ¼ 0.1. The cul-
tures were grown at 25 or 37 8C. Expression was induced
with 1 mM IPTG (BIOSOLVE, Netherlands) at A550 ¼ 0.5.
Cells from 20 ml cultures were harvested by centri-
fugation 2.5–3.5 hours after induction. Cell pellets were
resuspended in TBS buffer (20 mM Tris-HCl (pH 7.0),
500 mM NaCl, 0.1 mM EDTA), normalized to their end
A550 using 1.0 ml of TBS buffer per A550 unit. Whole-cell
extracts were prepared by French press lysis at
10,000 psi (1 psi ¼ 6.9 kPa) and 1 ml of the resulting
crude extract was centrifuged in an Eppendorf tube for
30 minutes in a benchtop centrifuge at maximum speed
at 4 8C. The supernatants containing the soluble fractions
were transferred to a new tube and the pellets were
resuspended in 1 ml of TBS buffer. The normalized
samples (soluble and insoluble fractions) were mixed

Figure 10. Western blots of four E. coli crude extracts
each containing a differently his-tagged scFv of antibody
4D5.35 (M) Two marker proteins for molecular mass
reference; (1) scFv–(His)3; (2) scFv–(His)4 ; (3) scFv–
(His)6 ; (4) scFv–(His)6Gly. Detection was performed
using (a) anti-His scFv–phoA fusion or (b) anti-FLAG
tag mAb M1 (Sigma). Even three histidine residues are
recognized by the 3D5 anti-His tag scFv (lane a1). No
binding of the anti-His tag antibody, however, is
observed if the histidine residues are followed by a gly-
cine towards the C-terminus (arrow in lane a4). All four
constructs also carry the N-terminal sequence DYKD
that is recognized by the anti-FLAG antibody M1. This
is to demonstrate that comparable protein amounts of
scFv were loaded in lanes 1–4.
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with SDS-PAGE loading buffer and boiled until the pellet
dissolved completely. SDS-PAGE was performed under
reducing conditions using 12% (w/v) polyacrylamide
gels. Western blots with the monoclonal anti-FLAGw

antibody M1 (Sigma, Buchs, Switzerland) were carried
out as described.39,40 Anti-His tag Western blots were
performed using the anti-His tag scFv–phoA fusion as
described.15

Large-scale expression and purification of the anti-
His scFv

For crystallization of variant mut1þ2, the myc-tag at
the C terminus of the scFv fragment encoded by the
pAK100 derivative was removed by PCR, while the N-
terminal FLAG-tag was retained for detection of the
scFv-fragment during the purification steps. The result-
ing plasmid (pAK1Hmut1þ2_noM) was transformed in
the E. coli strain SB536. Precultures were grown in
200 ml of SB-medium (20 g/l of Tryptone, 10 g/l of
yeast extract, 5 g/l of NaCl, 50 mM K2HPO4) containing
30 mg/ml of chloramphenicol at 25 8C overnight. Main
cultures (3 £ 1 l of SB) were inoculated to A550 ¼ 0.1 and
grown in 5 l baffled shake flasks at 25 8C. Expression
was induced with 1 mM IPTG at A550 ¼ 1.5. Cells were
harvested five hours after induction by centrifugation.
The cell pellet was resuspended in buffer A (20 mM
Mes/NaOH, pH 6.5) using 1 ml of buffer per gram of
cells. DNase I (Roche Diagnostics, Rotkreuz, Switzer-
land) was added and cell disruption was achieved by
French press lysis at 10,000 psi. After centrifugation (Sor-
vall SS34, 20,000 rpm, 4 8C, 30 minutes) the crude extract
was dialyzed against buffer A, centrifuged for 60 min-
utes and then passed through a 0.22 mm filter. After equi-
libration with buffer A, the crude extract was loaded
onto an 8 ml SP-Sepharose column (Amersham Pharma-
cia Biotech, Dübendorf, Switzerland) at a flow-rate of
0.5 ml/minute. The column was washed (1 ml/minute)
with buffer A until the absorption reached the baseline
and elution was achieved at a flow-rate of 0.5 ml/minute
using the following gradient: NaCl concentration was
increased from 0 mM (buffer A) to 500 mM (buffer B con-
sists of 20 mM Mes/NaOH (pH 6.5), 500 mM NaCl) in a
volume of 150 ml. During elution, 5 ml fractions were
collected. The fractions containing the anti-His scFv
were identified by Western blot analysis using the anti-
FLAGz antibody M1 (Sigma). These fractions were puri-
fied further using an affinity column. A Gly–Ser–Gly–
Ser–Gly–(His)8 –peptide was coupled to an NHS-Sepha-
rose column (Amersham Pharmacia Biotech, Dübendorf,
Switzerland) via its N-terminal a-amino group exactly
as described in the manufacturer’s protocol. The column
was equilibrated with buffer B and NaCl was added to
the pooled fractions to a concentration of 500 mM. The
pooled fractions were loaded onto the affinity column at
a flow-rate of 0.25 ml/minute. After washing the column
with buffer B at a flow-rate of 1 ml/minute, the scFv
fragment was eluted at 0.5 ml/minute with the following
elution buffer: 50 mM Caps/NaOH (pH 10), 300 mM
imidazole, 500 mM NaCl. A combination of pH 10 and
imidazole was needed for eluting the protein in a sharp
peak. The fractions containing the scFv without any
degradation products were identified by Western blot
analysis.

Sample preparation for crystallization

The scFv fractions were pooled, dialyzed against buf-
fer A and concentrated (cut-off 10 kDa, Ultrafree 4, Milli-
pore, Volketswil, Switzerland) to a final concentration of
136 mM. The concentration was determined by measur-
ing absorbance at 280 nm using the calculated extinction
coefficient of 42,200 M21 cm21. The correct mass of the
purified scFv fragment was confirmed by mass spec-
trometry. Before crystallization, a (His)6-peptide was
added in a 1.5-fold molar excess. The final solution con-
tained the scFv-peptide complex at a concentration of
3.8 mg/ml.

Size-exclusion chromatography

The anti-His scFv–His6 complex was analyzed on a
Superdex 75 (10/30) gel-filtration column (Amersham
Pharmacia Biotech, Dübendorf, Switzerland) using a buf-
fer containing 20 mM Mes (pH 6.4), 150 mM NaCl.

Crystallization

Anti-His scFv was crystallized by the sitting drop,
vapor diffusion method at 4 8C. A 1 ml sample of reser-
voir solution containing 0.1 M Mes (pH 6.4), 0.2 M
magnesium acetate, 20% (w/v) PEG 8000, 0.02% NaN3

(w/v), was mixed with 1–5 ml of protein solution. Crys-
tals of hexagonal shape grew within two weeks to a
maximal size of 70 mm. The largest crystals grew when
the reservoir to protein ratio was 1:5. Crystals from
these last experiments were used for data collection.

Data collection and processing

Data collection was performed at 100 K using a cryo-
protectant consisting of 85.5% (v/v) reservoir solution
and 12.5% (v/v) ethylene glycol. Diffraction data were
collected on a MarResearch imaging plate system at the
Swiss Norwegian Beam Line (SNBL) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble
(France) from a single crystal. Data were processed with
DENZO and SCALEPACK.41 The space group is P3221
with cell dimensions a ¼ b ¼ 106.51 Å, c ¼ 92.80 Å. The
asymmetric unit contains one scFv–peptide complex.
The Matthews coefficient VM is 5.4 Å3/Da. A total of
128,480 measured reflections with I . 2.5 s(I ) were
accepted, where I is the intensity and s the standard
deviation. Merging of symmetry-related reflections
resulted in 16,996 unique reflections and a multiplicity
of 7.6 with Rmerge ¼ 11.6%. The completeness of the data
to 2.7 Å was 99.0%.

Structure solution

The structure was solved by molecular replacement
using the program AMoRe.42 The coordinates of the VL

domain of the anti-cholera toxin peptide 3 Fab (PDB
entry 1TET16) and the coordinates of the VH domain of
the anti-melanoma-associated GD2 ganglioside Fab
(PDB entry 1PSK36) served as initial templates to build
the search models. A total of 25 non-conserved residues
were replaced by alanine or glycine. The templates were
selected because of their close similarity to the VL (94%
identity) or VH (85% identity) of the anti-His scFv, and
they are identical in length. A conventional molecular
replacement protocol (rotation, translation, rigid body
fitting) using an integration radius of 30 Å for the
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rotation search was performed for the VL and VH inde-
pendently to deduce the correct relative orientation of
VL and VH. An unambiguous solution was found in
both cases. The solutions determined separately for VL

and VH were combined to provide the initial model of
the anti-His scFv.

Model building and structure refinement

Model building was carried out in O.43,44 The anti-His
scFv model was refined with CNS45 in the resolution
range 30–2.7 Å. To create an Rfree test set, 5.8% of the
reflections were selected randomly. Torsion angle
molecular dynamics, simulated annealing using a slow-
cooling protocol and a maximum likelihood target func-
tion, energy minimization and B-factor refinement were
used in the refinement. Positions of water molecules
were identified with CNS and were checked manually.
The R-factor of the final model was 19.04% and Rfree-fac-
tor was 22.20%. Structure validation was performed
with the programs PROCHECK28 and WHAT_CHECK.29

Crystallographic statistics are given in Table 1.

Protein Data Bank accession number

The atomic coordinates and the structure factors have
been deposited at the RCSB Protein Data Bank (http://
www.rcsb.org/pdb) with entry code 1kTR.
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