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ABSTRACT The biotin-binding site of streptavidin was
modified to alter its ligand-binding specificity. In natural
streptavidin, the side chains of N23 and S27 make two of the
three hydrogen bonds with the ureido oxygen of biotin. These
two residues were mutated to severely weaken biotin binding
while attempting to maintain the affinity for two biotin
analogs, 2-iminobiotin and diaminobiotin. Redesigning of the
biotin-binding site used the difference in local electrostatic
charge distribution between biotin and these biotin analogs.
Free energy calculations predicted that the introduction of a
negative charge at the position of S27 plus the mutation N23A
should disrupt two of the three hydrogen bonds between
natural streptavidin and the ureido oxygen of biotin. In
contrast, the imino hydrogen of 2-iminobiotin should form a
hydrogen bond with the side chain of an acidic amino acid at
position 27. This should reduce the biotin-binding affinity by
approximately eight orders of magnitude, while leaving the
affinities for these biotin analogs virtually unaffected. In good
agreement with these predictions, a streptavidin mutant with
the N23A and S27D substitutions binds 2-iminobiotin with an
affinity (Ka) of 1 3 106 M21, two orders of magnitude higher
than that for biotin (1 3 104 M21). In contrast, the binding
affinity of this streptavidin mutant for diaminobiotin (2.7 3
104 M21) was lower than predicted (2.9 3 105 M21), suggesting
the position of the diaminobiotin in the biotin-binding site was
not accurately determined by modeling.

Altering the ligand-binding specificity of a protein by rede-
signing its ligand-binding site requires thorough understanding
of the roles of individual amino acid residues in the ligand-
binding site. A number of successful redesign studies have been
reported (1–10). In most cases, redesign of the ligand (sub-
strate)-binding site of a protein was carried out within a family
of related proteins. For example, lactate dehydrogenase to
malate dehydrogenase (3) and to phenylpyruvate dehydroge-
nase (4), aspartate aminotransferase to tyrosine aminotrans-
ferase (5), and D6-palmytoyl-ACP desaturase to D9-stearoyl-
ACP desaturase (6). Similar efforts also have been made
without specific template proteins (7, 10). However, the avail-
ability of homologous proteins with different specificities
guided the redesign of ligand-binding sites.

In this work, we attempted to alter the ligand-binding
specificity of streptavidin by redesigning its biotin-binding site.
Streptavidin has a remarkably high affinity (Ka ' 1.8 3 1013

M21) (11) for its natural ligand, biotin. The structure of its
biotin-binding site is quite complex and irregular, highly
optimized for the binding to biotin. The streptavidin-biotin
complex is used frequently as a model system to study the
thermodynamics and structural characteristics of high affinity
binding between protein receptors and their ligands (12, 13).
The interactions between streptavidin and biotin are well
understood at the molecular level (14–19), and this would be

of great help in redesigning the biotin-binding site. However,
because there is no protein known that has a structure
homologous to streptavidin but shows a tight binding affinity
for other ligands, redesign of the biotin-binding site of strepta-
vidin must be carried out essentially de novo, unlike the cases
in which homologous proteins can be used as templates.

The ligand-binding specificity of streptavidin could be al-
tered by using two strategies. One strategy is to reduce the
binding affinity for biotin to a level lower than that for another
ligand. The other is to increase the affinity for a weak-binding
ligand to a level greater than that for biotin. The latter is quite
difficult to achieve because of the extremely high binding
affinity of natural streptavidin for biotin. Thus, this work used
the first strategy. Structural and thermodynamic data available
on streptavidin and its homologue, avidin (15–19), were used
for redesign of the biotin-binding site in which the major
structural motifs of the natural streptavidin-biotin complex are
preserved. This was accomplished by changing amino acid
residues deep in the biotin-binding pocket to reduce the
biotin-binding affinity considerably without disturbing the
binding affinities for two biotin analogs, 2-iminobiotin and
diaminobiotin (cis-3, 4-diamino-2-tetrahydrothiophenylvaleric
acid) (15).

MATERIALS AND METHODS

Modeling and Protein Design. Modeling of streptavidin
mutants was based on the known three-dimensional structure
of the natural streptavidin-biotin complex taken from the
Protein Data Bank (18). The coordinates were refined by
performing 200 steps of energy minimization using the
CHARMm potential (Version 19) (20) and harmonic con-
straints on the positions of non-hydrogen atoms (13). Only the
polar hydrogens for the protein were included, but all hydro-
gens for the ligands were considered. After molecular geom-
etries were optimized with AM1 using the MOPAC 6.0 program
(Quantum Chemistry Program Exchange, Program 455), the
atomic partial charges of the ligand molecules were deter-
mined to reproduce the electrostatic potential obtained by ab
initio calculations at the HFy6–31G* level by using the GAUS-
SIAN 94 program package (Revision D.3; Gaussian, Pittsburgh,
PA). Only the nonprotonated form of 2-iminobiotin was used
in calculations because the protonated form yielded highly
unfavorable van der Waals interactions with streptavidin that
could not be removed by a reasonable number of minimization
steps. This result is in agreement with the crystal structure of
the complex between streptavidin and 2-iminobiotin, which
contains only the nonprotonated form of the ligand even at pH
4.0 (21).

The search for the most probable position of each mutated
amino acid residue was carried out by using the molecular
modeling packages CONGEN (22) and QUANTA (Molecular
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Simulations, San Diego, CA). The resulting structure was
refined by minimizing the conformational energy of the com-
plexes as in the case of the x-ray structure of the natural
streptavidin-biotin complex.

Binding Free Energy Evaluation. An empirical free energy
evaluation model (13) was used to predict the ligand-binding
characteristics of streptavidin mutants. The binding free en-
ergy DG is calculated by a mean field potential of the form
DG 5 DE 1 DGd 2 TDSc 1 DGconst, where DE, DGd, and DSc
represent the internal energy change, the desolvation free
energy, and the change in conformational entropy, respec-
tively. The DGconst term consists of translational, rotational,
vibrational, and cratic free energies, and it is considered
constant. The energy change DE is the sum of electrostatic, van
der Waals, and internal energy terms (DE 5 DEel 1 DEvdW 1
DEint), where the internal energy change DEint is the sum of
bond length, bond angle, torsional, and improper energy terms
(20). The desolvation term DGd is calculated by using an
atomic solvation parameter model (23). It is assumed that
entropy loss is restricted to side chains. The term TDSc is
calculated by using an empirical entropy scale. The addition of
these phenomenological terms to the energy change DE results
in a mean field free energy potential (13) that has been
carefully tested against thermodynamic data (24).

Since no explicit modeling of the solvent is done, the
calculation of the solute–solvent van der Waals interactions in
DE (DEvdW) requires an approximation. The most straightfor-
ward strategy is to calculate these interactions as part of the
desolvation free energy DGd. However, this approach has only
limited accuracy because the solute–solute and solute–solvent
van der Waals terms are based on very different models (25).
Thus, we used an alternative approach, used frequently in
binding free energy evaluation (13, 26), which assumes that the
solute–solute and solute–solvent interfaces are equally well-
packed, and hence the van der Waals interactions between a
receptor and its ligand in the bound state are balanced by the
interactions of the two molecules with the solvent in the free
state. This approximation implies that the two contributions
nearly cancel, and the van der Waals terms can be removed
from both the energy change, DE, and the desolvation free
energy, DGd. The disadvantage of this approach is its insen-
sitivity to imperfect packing, i.e., to steric clashes or cavities.
The effect of such packing errors was reduced by a procedure
called van der Waals normalization, in which, before free
energy evaluation, the complex between a mutant receptor and
its ligand is minimized until the complex has the same solute–
solute van der Waals energy as its parental receptor-ligand
complex (25).

Construction of Expression Vectors. Expression vectors
were constructed by using a bacteriophage M13 mp18 deriv-
ative, mpSA-29, which codes for a minimum-sized core
streptavidin consisting of amino acids 16 to 133 (27), as the
starting material. The following two sets of mutations were
introduced into the coding sequence for streptavidin by using
an oligonucleotide-directed in vitro mutagenesis system (Am-
ersham) (28): AAC (N23) to GCT (A) and TCG (S27) to GAC
(D); and AAC (N23) to GCT (A) and TCG (S27) to GAA (E).
The coding sequences containing the desired mutations were
cloned into plasmid pET-3a under the control of the bacte-
riophage T7 F10 promoter (29). The resulting expression
vectors pTSA-A23D27 and pTSA-A23E27 encode the strepta-
vidin mutants Stv-A23D27 and Stv-A23E27, in which S27 is
replaced by D and E, respectively, plus the N23A mutation.

Expression and Purification of Streptavidin Mutants. Ex-
pression of each streptavidin mutant was carried out as
previously described (30) by using the Escherichia coli strain
BL21(DE3)(pLysE) (29) carrying an expression vector. Insol-
uble fractions were prepared from the cell lysate and solubi-
lized in 7 M guanidine-HCl (pH 1.5) as described earlier (30).
The resulting solution was dialyzed against 0.2 M ammonium

acetate (pH 6.0), 0.02% Tween 20, and 0.02% NaN3 to
renature streptavidin. Urea, a biotin analog that has a weak
binding affinity for natural streptavidin (15), was included in
the renaturation solution at a concentration of 10 mM for
Stv-A23E27.

Stv-A23D27 and Stv-A23E27 were purified by affinity chro-
matography by using diaminobiotin-agarose (Sigma). A crude
Stv-A23D27 or Stv-A23E27 solution, prepared above, was
applied to a diaminobiotin-agarose column equilibrated with
0.5 M NaCl, 0.2 M ammonium acetate (pH 6.0), 0.02% Tween
20, and 0.02% NaN3. After unbound materials were removed
by washing the column with the same solution containing 10
mM urea; bound proteins were eluted with 0.02% Tween 20,
10 mM urea and 50 mM Na2CO3 (pH 10.0) for Stv-A23D27,
or with 0.02% Tween 20, 10 mM urea, and 50 mM 2-[N-
cyclohexylamino]-ethanesulfonic acid (pH 9.3) for Stv-
A23E27. Eluted proteins were dialyzed against water, lyoph-
ilized, resuspended in 150 mM NaCl and 50 mM Hepes (pH
7.5), and stored at 4°C.

Preparation of 2-Iminobiotin-[U-14C]Glycine. NHS-2-
iminobiotin (25 mgyml; Sigma), dissolved in dimethylform-
amide, was mixed with [U-14C]glycine (98 or 104 mCiymmol;
Amersham) in 100 mM sodium borate (pH 8.0) (total reaction
volume, 440 ml) at a molar ratio of NHS-2-iminobiotin to
glycine of 50. The mixture was incubated at room temperature
(' 23°C) for 1 hr to allow the NHS group to react with the
primary amino group of glycine. The resulting mixture (200 ml)
was adjusted to pH 2.5 by the addition of hydrochloric acid,
applied to a reversed-phase chromatography column (RPC
HR5y5, 0.5 cm 3 5 cm; Pharmacia), which had been equili-
brated with 100 mM potassium phosphate (pH 2.5) and eluted
at room temperature with 100 mM potassium phosphate (pH
2.5) at a flow rate of 0.7 mlymin. Unreacted glycine and
2-iminobiotin-[U-14C]glycine were eluted at retention times
5–13 min and 18–24 min, respectively, followed by the elution
of NHS-2-iminobiotin at '24 min. Fractions containing 2-imi-
nobiotin-[U-14C]glycine (total volume, 4.2 ml) were pooled,
reloaded onto the same column, which had been equilibrated
with water, and eluted by using water as the eluant. The
compound 2-iminobiotin-[U-14C]glycine was eluted at 20–26
min. Collected fractions were lyophilized, resuspended in 150
mM NaCl and 50 mM Hepes (pH 7.5), and stored at 4°C.

Determination of Ligand-Binding Affinities of Streptavidin
Mutants. The binding affinity of each streptavidin mutant for
biotin was determined by using the following procedure. A
streptavidin mutant (final subunit concentration; Stv-A23D27,
23.8 mM; Stv-A23E27 5.96 mM) was mixed with various
concentrations of D-[8,9-3H]biotin (0.14 Ciymmol) (5.96–59.6
mM) in 150 mM NaCl and 50 mM Hepes (pH 7.5) (total
reaction volume, 200 ml). The mixtures were incubated at 25°C
for 18–24 hr. Free, unbound biotin was separated from strepta-
vidin-biotin complexes by using Ultrafree-MC centrifugal fil-
ter units (molecular mass cutoff, 10 kDa; Millipore). The
amounts of biotin used in each mixture and in the filtrates were
measured by ligand scintillation counting to determine the
concentrations of total and free biotin, from which the biotin-
binding affinity was estimated by using Scatchard plots (31).

The binding affinities between the streptavidin mutants and
2-iminobiotin-[U-14C]glycine were determined by the same
procedure as above by using the following conditions: Final
subunit concentration of each streptavidin mutant, 1.38 mM;
2-iminobiotin-[U-14C]glycine, 1.38–13.8 mM. The binding af-
finity of each streptavidin mutant for 2-iminobiotin was esti-
mated by a competition assay in which 2-iminobiotin and
2-iminobiotin-[U-14C]glycine competed for binding to the
streptavidin mutant. Each streptavidin mutant (final subunit
concentration, 1.38 mM) was mixed with various concentra-
tions of 2-iminobiotin (1.38–13.8 mM) and a constant concen-
tration of 2-iminobiotin-[U-14C]glycine (9.66 mM) in 150 mM
NaCl and 50 mM Hepes (pH 7.5) (total reaction volume, 200
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ml). The mixtures were incubated at 25°C for 18–24 hr. The
amounts of 2-iminobiotin-[U-14C]glycine used in each mixture
and in the filtrates were measured by ligand scintillation
counting to determine the concentrations of total and free
2-iminobiotin-[U-14C]glycine, from which the 2-iminobiotin-
binding affinity was estimated by using Scatchard plots (31).

The affinity constants between streptavidin mutants and
diaminobiotin also were estimated by a competition assay
between 2-iminobiotin-[U-14C]glycine and diaminobiotin.
Each streptavidin mutant (final subunit concentration, 2.3
mM) was mixed with various concentrations of diaminobiotin
(2.3–460 mM) and a constant concentration of 2-iminobiotin-
[U-14C]glycine (9.66 mM) in 150 mM NaCl and 50 mM Hepes
(pH 7.5) (total reaction volume, 200 ml). The mixtures were
incubated at 25°C for 18–24 hr. The diaminobiotin-binding
affinity was estimated by using the same procedure used for the
determination of the binding affinities for 2-iminobiotin, as
described above.

Other Methods. The concentration of each streptavidin
mutant was determined from A at 280 nm by using the
extinction coefficient for a minimum-sized core streptavidin
E0.1%

280 nm 5 3.55 (27). SDSyPAGE was carried out by using
15% polyacrylamide gels (32). Proteins were stained with
Coomassie Brilliant Blue (Sigma).

RESULTS AND DISCUSSION

Design of Streptavidin Mutants with Altered Ligand-
Binding Specificity. Mutations in the biotin-binding site of
streptavidin were designed, by using molecular modeling and
binding free energy calculations, to reduce the binding affinity
for biotin considerably while maintaining the binding affinities
for the biotin analogs 2-iminobiotin and diaminobiotin. These
biotin analogs were selected because of their substantial
structural similarity to biotin, so that the major structural
motifs of the natural streptavidin-biotin complex can be pre-
served. However, these biotin analogs have electrostatic prop-
erties different from those of biotin, particularly at the ureido
group of biotin, which is replaced with a guanidino group in
2-iminobiotin and removed in diaminobiotin (Fig. 1). Thus,
amino acid mutations introduced into streptavidin were de-
signed that change the local electrostatic charge distribution in
the region of the biotin-binding site, which is occupied by the
ureido oxygen of biotin that forms hydrogen bonds with the
side chains of N23, S27, and Y43 of streptavidin.

The amino acid residue in the biotin-binding site with the
largest electrostatic contribution to the binding free energy is
S27 (19). Because the hydroxyl group of S27 is only 1.65 Å away
from the ureido oxygen of biotin, which has a partial negative
charge, placing an acidic amino acid residue at position 27 is

expected to cause electrostatic repulsion between the carboxyl
group of the acidic amino acid and the ureido oxygen, thus
lowering the biotin-binding affinity. In fact, an avidin with
nitrated Y33, equivalent to Y43 in streptavidin, shows pH-
dependent biotin-binding affinity, and it has a very low affinity
for biotin at high pH due to the ionization of the nitrated Y33
(33). A similar concept also was used successfully to alter the
substrate specificity of subtilisin, in which electrostatic inter-
actions between charged substrates and complementary
charged amino acid residues in the substrate-binding cleft were
engineered (7). Two streptavidin mutants were initially con-
ceived in which S27 is substituted with D or E. Modeling of the
resulting streptavidin mutants complexed with biotin showed
that the side chains of both Y43 and N23 of these mutants
should still make hydrogen bonds with the ureido oxygen of
biotin. Thus, the reduction in biotin-binding affinity may not
be large enough to shift the ligand-binding specificity toward
the biotin analogs. An additional substitution of N23 for A
should prevent the formation of one of the two hydrogen bonds
with the ureido oxygen, resulting in further reduction of
biotin-binding affinity (Fig. 2).

Two streptavidin mutants, Stv-A23D27 and Stv-A23E27
each of which carries the S27D or S27E mutation, respectively,
plus the N23A substitution, were analyzed by using an empir-
ical free energy evaluation model (13) (Table 1). Each free
energy component for a streptavidin mutant complexed with
biotin or its analog was calculated and given as the differential
from that for the natural streptavidin-biotin complex. Restrict-
ing consideration to differential free energy eliminates the
need for determining the terms that depend on translational,
rotational, vibrational, and cratic free energies (see Materials
and Methods), thus facilitating this analysis.

In natural streptavidin, replacing biotin with 2-iminobiotin
or diaminobiotin should introduce some structural strains into
the complex as shown by positive DDEint values. This also is
seen with Stv-A23D27 and Stv-A23E27. Particularly, Stv-
A23E27 has the highest DDEint values because the longer side
chain of E27 would be accommodated only with local struc-
tural rearrangements. The electrostatic contribution to the
binding free energy is most favorable in the streptavidin-biotin
complex as shown by positive DDEel values for other com-
plexes. The electrostatic energy is highest for the two strepta-
vidin mutants complexed with biotin (10.31 kcalymol for
Stv-A23D27 and 7.87 kcalymol for Stv-A23E27), indicating
that the electrostatic attraction between these mutants and
biotin should be very weak. These mutations have two differ-
ent effects on the differential desolvation free energy (DDGd).
When complexed with biotin, these streptavidin mutants ex-
hibit slightly more favorable desolvation than natural strepta-
vidin due, presumably, to the N23A mutation. However, the
DDGd becomes positive when complexed with the two biotin
analogs because of their smaller contact surfaces than that
between natural streptavidin and biotin. These mutations
should decrease the side chain conformation entropy in the
unbound state, and thus they should reduce the loss of
conformational entropy upon binding (positive DDSc), favor-
ably contributing to the binding free energy.

The A23D27 and A23E27 mutations should reduce the
binding affinity for biotin substantially, as seen with the Ka
values estimated from the free energies. In these mutations,
the N23A mutation on its own should reduce the binding
affinity for biotin by two orders of magnitude but only one
order of magnitude for the two biotin analogs (data not
shown). The estimated biotin-binding affinity of Stv-A23D27
is 8.4 3 104 M21; this is almost eight orders of magnitude
smaller than that of natural streptavidin. In contrast, these
mutations should have minimal effects on the binding affinity
for 2-iminobiotin and diaminobiotin. Comparing these two
streptavidin mutants, Stv-A23D27 should have better bindingFIG. 1. Schematic chemical formulae of biotin and its analogs.
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properties because of its lower affinity for biotin and higher
affinity for 2-iminobiotin.

Expression and Purification of Streptavidin Mutants. Stv-
A23D27 and Stv-A23E27 were expressed efficiently in E. coli
(Fig. 3) by using the T7 expression system (29). Attempts were
made to purify these streptavidin mutants by using biotin
affinity chromatography. However, their biotin-binding affin-
ities were so weak that only a very small fraction of the proteins

was bound by immobilized biotin. Similarly, 2-iminobiotin
affinity chromatography also failed to purify these streptavidin
mutants under the conditions used commonly for the purifi-
cation of streptavidin (34). To determine the conditions under
which these mutants can be bound to 2-iminobiotin and
diaminobiotin, each of these proteins was incubated for 10 min
with 2-iminobiotin-agarose or diaminobiotin-agarose in a pH
range from 2 to 11. After unbound materials were removed,

FIG. 2. Schematic representations of the interactions between streptavidins and biotin analogs. (A) Natural streptavidin and biotin. (B) Natural
streptavidin and 2-iminobiotin. (C) Stv-A23D27 and biotin. (D) Stv-A23D27 and 2-iminobiotin. Amino acid residues surrounded by a rectangle
and an ellipse refer to those involved in hydrogen bonding and van der Waals interactions, respectively, with the ligand. These notations are based
on Fig. 3 in ref. 12.

Table 1. Binding free energies and binding constants of streptavidin mutants complexed with biotin and its analogs

Mutations Ligand

Free energy terms, kcalymol Ka (M21)

DDEint DDEel DDGd 2TDDSc DG* Predicted† Measured

None Biotin — — — — 218.3 1.8 3 1013 2.5 3 1013

2-Iminobiotin 5.0 1.8 1.0 0.0 210.5 4.0 3 107 8.0 3 106

Diaminobiotin 2.0 4.2 3.4 0.8 27.9 4.4 3 105 nd
A23D27 Biotin 3.3 10.3 20.1 22.0 26.8 8.4 3 104 1.4 3 104

2-Iminobiotin 2.3 6.4 1.1 22.0 210.5 4.0 3 107 1.0 3 106

Diaminobiotin 2.2 6.2 3.5 21.2 27.6 3.2 3 105 2.7 3 104

A23E27 Biotin 4.0 7.9 20.4 21.5 28.3 1.0 3 106 1.4 3 105

2-Iminobiotin 5.5 5.8 0.7 21.5 27.8 4.4 3 105 1.2 3 105

Diaminobiotin 5.3 3.6 3.3 20.6 26.7 7.1 3 104 ,5.0 3 103

*DG 5 DGstv-biotin 1 DDG, where DG of the streptavidin-biotin complex (DGstv-biotin) is 218.3 kcalymol (11) and DDG
(5DDEint 1 DDEel 1 DDGd 2 TDDSc) is the change in the binding free energy relative to DGstv-biotin.

†The predicted association constant Ka is calculated by using the equation Ka 5 exp (2DGyRT), where R is the universal gas
constant (1.98719 calyKzmol) and T is the temperature (298 K).

nd, not determined.
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bound proteins were analyzed by SDSyPAGE. Stv-A23D27
and Stv-A23E27 bound to 2-iminobiotin-agarose in a pH range
from 7 to 11 and 5 to 11, respectively, with the maximum
binding at pH 8. Stv-A23D27 and Stv-A23E27 bound to
diaminobiotin-agarose in a pH range from 4 to 9 and from 5
to 8, respectively, with the maximum binding at pH 6.

To determine the pH at which each streptavidin mutant is
released from 2-iminobiotin-agarose and diaminobiotin-
agarose, Stv-A23D27 and Stv-A23E27, bound to 2-iminobi-
otin-agarose, were incubated for 10 min in a pH range from 1.5
to 4. Similarly, Stv-A23D27 and Stv-A23E27, bound to dia-
minobiotin-agarose, were incubated for 10 min in a pH range
from 2 to 5 and from 8 to 11. Then, the mixtures were
centrifuged, and the supernatants were analyzed by SDSy
PAGE. Stv-A23D27 and Stv-A23E27 were released from
diaminobiotin-agarose at pHs 10 and 9.3, respectively. In
contrast, Stv-A23D27 and Stv-A23E27 were not released from
2-iminobiotin agarose under the pH conditions tested. There-
fore, both of these proteins were purified by using diaminobi-
otin-agarose: Stv-A23D27 was bound at pH 6.0 and eluted at
pH 10.0, and Stv-A23D27 was bound at pH 6.0 and eluted at
pH 9.3. Under these conditions, these streptavidin mutants
were purified to homogeneity, as judged by SDSyPAGE (Fig.
4). The final yields of purified Stv-A23D27 and Stv-A23E27
were '900 mg and 150 mg, respectively, from 100 ml of culture.
SDSyPAGE analysis showed that each of these proteins main-
tains a tetrameric structure in the presence of SDS, as shown
previously for natural core streptavidin (35).

Binding Affinities of Streptavidin Mutants for Biotin and
Its Analogs. The biotin-binding affinities (Ka) of Stv-A23D27
and Stv-A23E27 were estimated at 1.4 3 104 M21 and 1.4 3
105 M21, respectively. This indicates that the amino acid
mutations introduced into the biotin-binding site were suffi-
cient to destabilize the strong biotin binding of streptavidin,
leading to a reduction in binding affinity by at least eight orders
of magnitude. This is in excellent agreement with molecular
modeling predictions (Table 1) that the mutations in Stv-
A23D27 and Stv-A23E27 would weaken the biotin-binding
affinity by seven and eight orders of magnitude, respectively.

The binding affinities of these streptavidin mutants for
2-iminobiotin were determined by competition assays using
2-iminobiotin-[U-14C]glycine. First, the Ka of both Stv-
A23D27 and Stv-A23E27 for 2-iminobiotin-[U-14C]glycine
was estimated at 3.3 3 105 M21. By competition assays in which
2-iminobiotin-[U-14C]glycine and 2-iminobiotin compete for
binding to streptavidin, the binding affinities of Stv-A23D27
and Stv-A23E27 for 2-iminobiotin were estimated at 1.0 3 106

M21 and 1.2 3 105 M21, respectively. The predicted hydrogen
bonding in the complexes of Stv-A23D27 with biotin and
2-iminobiotin suggests that the difference in binding affinity
for these ligands can be primarily attributed to the hydrogen
bond between the carboxyl oxygen of D27 and the imino
hydrogen of 2-iminobiotin that should not exist in the complex
with biotin (Fig. 2 C and D).

The binding affinities of the streptavidin mutants for dia-
minobiotin were estimated by competition assays, in which
2-iminobiotin-[U-14C]glycine and diaminobiotin compete for
binding. The Ka between Stv-A23D27 and diaminobiotin was
estimated at 3.0 3 104 M21. It was difficult to determine
accurately the binding affinity of Stv-A23E27 for diaminobi-
otin due to the significant difference in affinity of Stv-A23E27
for 2-iminobiotin-[U-14C]glycine and diaminobiotin. An upper
limit for the Ka between Stv-A23D27 and diaminobiotin was
estimated at 5 3 103 M21.

According to previous calculations on protease-protein in-
hibitor complexes, the uncertainty in calculated binding free
energies is approximately 61.5 kcalymol (10). Taking this into
account, there is good agreement between ligand-binding
affinities predicted and those experimentally determined. The
prediction had reduced accuracy in the determination of
diaminobiotin-binding affinities; this is probably due to a shift
in the position of diaminobiotin in the biotin-binding site that
has not been fully accounted for by modeling. Compared with
the natural streptavidin-biotin pair, each streptavidin mutant-
biotin analog complex is somewhat strained structurally, as
shown by positive DDEint.

CONCLUSIONS

The ligand-binding specificity of streptavidin has been altered
from its natural ligand biotin to its analog, 2-iminobiotin, by
decreasing the binding affinity for biotin to a level lower than
that for 2-iminobiotin. Molecular modeling and free energy

FIG. 3. Expression of streptavidin mutants Stv-A23D27 and Stv-
A23E27. Lane a, molecular mass standard proteins; b, BL21(DE-
3)(pLysE)(pTSA-A23D27); and c, BL21(DE3)(pLysE)(pTSA-A23E-
27). Total cell protein at time 0 (at the time of induction; 133 ml of
culture) and 5 hr after induction (67 ml of culture) was analyzed by
SDSyPAGE. Proteins were stained with Coomassie Brilliant Blue. An
arrow indicates the position where the streptavidin mutants migrate.

FIG. 4. SDSyPAGE analysis of purified streptavidin mutants Stv-
A23D27 and Stv-A23E27. Lane 1, molecular mass standard proteins;
2, Stv-A23D27; and 3, Stv-A23E27. Proteins were stained with Coo-
massie Brilliant Blue.
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calculations were used to redesign the biotin-binding site. By
introducing only two amino acid mutations into the biotin-
binding site, the biotin-binding affinity was reduced by eight
orders of magnitude without significant effects on the binding
affinity for 2-iminobiotin. This resulted in the production of a
streptavidin mutant that has a greater binding specificity to
2-iminobiotin than to biotin, with the difference in binding
affinity constant of two orders of magnitude. A unique aspect
of this work is that redesign of the biotin-binding site of
streptavidin was carried out essentially de novo because there
is no protein known that has a structure similar to streptavidin
but shows greater binding specificity to other ligands than to
biotin. This implies that the ligand-binding characteristics of a
receptor protein could be tailored by redesigning its ligand-
binding site even if the binding site is highly optimized for its
natural ligand. This streptavidin mutant and its derivatives
could be very useful in biotechnological applications. For
example, they could provide an assay system with specific
binding pairs, in addition to natural streptavidin-biotin, so that
multiple targets could be analyzed in single assays. They could
also be useful for in vivo targeting applications, in which the
presence of endogenous biotin currently reduces their efficacy
(36).
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