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MONOVALENT STREPTAVIDIN COMPOSITIONS

GOVERNMENT SUPPORT

[0001] This invention was made in part with government
support under grant number P20GM072029-01 from the
National Institutes of Health (NIH). The United States
Government may have certain rights in this invention.

FIELD OF THE INVENTION

[0002] The invention relates, in part, to monovalent
streptavidin compositions and methods of preparing and
using monovalent streptavidin compositions. The composi-
tions include monovalent streptavidin with a single femto-
molar biotin-binding site.

BACKGROUND OF THE INVENTION

[0003] Streptavidin is used ubiquitously in biology
because of the affinity and stability of its binding to biotin
(Green, N. M., Methods in Enzymol. 184: 51-67, 1990).
Streptavidin binds biotin with a femtomolar dissociation
constant (Green, N. M. Methods in Enzymol. 184: 51-67,
1990). This tight and specific binding has led to the use of
streptavidin for labeling and purification of biotinylated
proteins, DNA and cells, for targeting of therapeutics pro-
teins and drugs, for assembly of nanodevices. However,
streptavidin is a tetramer, which permits binding to multiple
binding sites and can result in cross-linking of the bound
molecules. The occurrence of cross-linking makes strepta-
vidin tetramers unsuitable for many applications. Mutations
that make the streptavidin protein monomeric do reduce
cross-linking, but also reduce the biotin binding affinity by
10* to 10°-fold (Qureshi, M. H. et al., ] Biol. Chem. 276:
46422-46428, 2001; Green, N. M. and Toms, I. C., Bio-
chem. J. 133: 687-700, 1973; Laitinen, O. H. et al., J. Biol.
Chem. 278: 4010-4014, 2003;Wu, S. C. and Wong, S. L., J.
Biol. Chem. 280: 23225-23231, 2005), because part of the
biotin binding site comes from a neighboring subunit
(Chilkoti, A. et al., Proc. Natl. Acad. Sci. USA 92: 1754-
1758, 1995; Sano, T and Cantor, C. R. Proc. Natl. Acad. Sci.
USA 92: 3180-3184, 1995).

[0004] Efforts have been made to reduce the multiple
binding issues of streptavidin tetramers. Single mutations in
the biotin binding site have been identified that reduce biotin
binding affinity dramatically (Qureshi, M. H. et al., J Biol.
Chem. 276: 46422-46428, 2001; Chilkoti, A. et al., Proc.
Natl. Acad. Sci. USA 92: 1754-1758, 1995; Klumb, L. A. et
al., Biochem. 37: 7657-7663, 1998), but these mutations can
still leave K, values in the nanomolar range and can disrupt
tetramerization (Qureshi, M. H. et al., J Biol. Chem. 276:
46422-46428, 2001; Wu, S. C. and Wong, S. L., J. Biol.
Chem. 280: 23225-23231, 2005). The double mutant N23 A,
S27D has one of the weakest reported affinities for biotin
(K,7.1x107°M) (Chen, 1. and Ting, A. Y. Curr. Opin. Bio-
technol. 16: 35-40, 2005) and is still a tetramer, but each
monomer subunit can still bind biotinylated cells and thus
the potential for cross-linking remains.

SUMMARY OF THE INVENTION

[0005] The invention relates, in part, to compositions
comprising a monovalent streptavidin tetramer, the produc-
tion of the monovalent streptavidin tetramer, and its use in
methods such as research, diagnostics, imaging, biomol-

May 3, 2007

ecule labeling, single-particle tracking, nanotechnology, etc.
The monovalent compositions of the invention are advan-
tageous in that they tightly bind biotin and compounds
comprising biotin but because only a single functional biotin
binding site is present in each tetramer, cross-linking does
not occur.

[0006] The invention also relates, in part, to compositions
comprising streptavidin tetramers with 2 or 3 modified
monomer subunits, with the remainder of the four subunits
of the tetramer as wild-type streptavidin subunits. These
chimeric streptavidin tetramers are useful when controlled
multivalency is desired. The methods provided herein for
producing such chimeric tetramers, and the multivalent
tetramers of the invention may be useful for the construction
of streptavidin-based conjugates with a defined number of
binding sites for proteins fused to streptavidin-binding pep-
tides (Keefe, A. D. et al., Protein Expr. Purif. 23: 440-446,
2001; Lamla, T. and Erdmann, V. A. Protein Expr. Purif. 33:
39-47, 2004; Schmidt, T. G. and Skerra, A. J. Chromatogr.
A 676: 337-345, 1994), or for DNA and RNA aptamers
(Bittker, J. A. et al., Nat. Biotechnol. 20: 1024-1029, 2002;
Srisawat, C. and Engelke, D. R. RNA 7: 632-641, 2001).

[0007] According to one aspect of the invention, monova-
lent streptavidin tetramers are provided. The monovalent
streptavidin tetramers include three modified streptavidin
monomer subunits and one wild-type streptavidin monomer
subunit, wherein the modified streptavidin monomer sub-
units each bind biotin or a fragment thereof with a K, of
greater than or equal to about 5x10* M. In some embodi-
ments, the wild-type streptavidin monomer subunit binds
biotin or a fragment thereof, with a K, of a wild-type
streptavidin monomer subunit for binding biotin or a frag-
ment thereof. In some embodiments, the monovalent strepta-
vidin tetramer has a proximal streptavidin K, for binding
biotin or a fragment thereof. In certain embodiments,
monovalent streptavidin tetramer has a single femtomolar
biotin binding site. In some embodiments, the monovalent
streptavidin tetramer has a proximal streptavidin overall
biotin off-rate. In some embodiments, the amino acid
sequence of the modified streptavidin monomer subunit has
the amino acid sequence of a wild-type streptavidin mono-
mer subunit with at least three substituted amino acid
residues. In certain embodiments, the substituted amino acid
residues are in the sequence of a biotin binding pocket of the
streptavidin monomer subunit. In some embodiments, the
three substituted amino acid residues are N23A, S27D, and
S45A. In certain embodiments, one or more of the modified
or wild-type streptavidin monomer subunits includes a puri-
fication tag. In some embodiments, the purification tag is a
polyhistidine tag. In some embodiments, the streptavidin
monomer subunit that includes the purification tag is the
wild-type streptavidin monomer subunit. In certain embodi-
ments, the monovalent streptavidin tetramer includes a
detectable label. In some embodiments, the monovalent
streptavidin tetramer is made by mixing together streptavi-
din monomers under conditions in which the monomers
associate into tetramers.

[0008] According to another aspect of the invention,
monovalent streptavidin tetramers are provided. The
monovalent streptavidin tetramers include three modified
streptavidin monomer subunits and one wild-type strepta-
vidin monomer subunit, wherein the wild-type streptavidin
monomer subunit binds biotin or a fragment thereof with a
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K, of a wild-type streptavidin monomer binding biotin or a
fragment thereof. In some embodiments, the modified
streptavidin monomer subunits bind biotin or fragment
thereof with a K, of greater than or equal to about 5x10™* M.
In certain embodiments, the monovalent streptavidin tet-
ramer has a proximal streptavidin K, for binding biotin or a
fragment thereof. In some embodiments, the monovalent
streptavidin tetramer has a single femtomolar biotin binding
site. In some embodiments, the monovalent streptavidin
tetramer has a proximal streptavidin overall biotin off-rate.
In some embodiments, the amino acid sequence of the
modified streptavidin monomer subunit has the amino acid
sequence of a wild-type streptavidin monomer subunit with
at least three substituted amino acid residues. In certain
embodiments, the substituted amino acid residues are in the
sequence of a biotin binding pocket of the streptavidin
monomer subunit. In some embodiments, the three substi-
tuted amino acid residues are N23A, S27D, and S45A. In
some embodiments, one or more of the modified or wild-
type streptavidin monomer subunits includes a purification
tag. In certain embodiments, the purification tag is a poly-
histidine tag. In some embodiments, the streptavidin mono-
mer subunit that includes the purification tag is the wild-type
streptavidin monomer subunit. In some embodiments, the
monovalent streptavidin tetramer includes a detectable label.
In certain embodiments, the monovalent streptavidin tet-
ramer is made by mixing together streptavidin monomers
under conditions in which the monomers associate into
tetramers.

[0009] According to yet another aspect of the invention,
monovalent streptavidin tetramers are provided. The
monovalent streptavidin tetramers include three modified
streptavidin monomer subunits and one wild-type strepta-
vidin monomer subunit, wherein the monovalent streptavi-
din tetramer has a proximal streptavidin K, for binding
biotin or a fragment thereof. In some embodiments, the
wild-type streptavidin monomer subunit binds biotin or a
fragment thereof, with a K, of a wild-type streptavidin
monomer subunit for biding biotin or a fragment thereof. In
some embodiments, the modified streptavidin monomer
subunits each bind biotin or a fragment thereof with a K, of
greater than or equal to about 5x10™* M. In some embodi-
ments, the monovalent streptavidin tetramer has a single
femtomolar biotin binding site. In certain embodiments, the
monovalent streptavidin tetramer has a proximal streptavi-
din overall biotin off-rate. In some embodiments, the amino
acid sequence of the modified streptavidin monomer subunit
consists of the amino acid sequence of a wild-type strepta-
vidin monomer subunit with at least three substituted amino
acid residues. In certain embodiments, the substituted amino
acid residues are in the sequence of a biotin binding pocket
of the streptavidin monomer subunit. In certain embodi-
ments, the three substituted amino acid residues are N23A,
S27D, and S45A. In some embodiments, one or more of the
modified or wild-type streptavidin monomer subunits
includes a purification tag. In some embodiments, the puri-
fication tag is a polyhistidine tag. In some embodiments, the
streptavidin monomer subunit that includes the purification
tag is the wild-type streptavidin monomer subunit. In certain
embodiments, the monovalent streptavidin tetramer includes
a detectable label. In some embodiments, the monovalent
streptavidin tetramer is made by mixing together streptavi-
din monomers under conditions in which the monomers
associate into tetramers.
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[0010] According to another aspect of the invention,
streptavidin monomer subunits are provided. The streptavi-
din monomer subunits include a modified wild-type strepta-
vidin monomer amino acid sequence and bind biotin or a
fragment thereof with a K, of greater than or equal to about
5x10~* M. In some embodiments, the amino acid sequence
of'the modified streptavidin monomer subunit consists of the
amino acid sequence of a wild-type streptavidin monomer
subunit with at least three substituted amino acid residues. In
certain embodiments, the substituted amino acid residues are
in the sequence of a biotin binding pocket of the streptavidin
monomer subunit. In some embodiments, the three substi-
tuted amino acid residues are N23A, S27D, and S45A. In
some embodiments, the streptavidin monomer subunit is
associated with three additional streptavidin monomer sub-
units in the form of a streptavidin tetramer. In certain
embodiments, the streptavidin monomer subunits of the
streptavidin tetramer that are not a streptavidin monomer
subunit, are unmodified wild-type streptavidin monomer
subunits. In some embodiments, the streptavidin monomer
subunit includes a purification tag. In some embodiments,
the streptavidin monomer subunit includes a detectable
label.

[0011] According to yet another aspect of the invention,
methods of making a plurality of monovalent streptavidin
tetramers are provided, wherein the tetramers are formed by
associating wild-type streptavidin monomer subunits and
modified streptavidin monomer subunits, wherein the
monovalent streptavidin tetramer has one or more of the
following characteristics: (a) a proximal streptavidin K, for
binding biotin or a fragment thereof, (b) a single femtomolar
biotin binding site, (¢) a proximal streptavidin overall biotin
off-rate, and wherein a streptavidin monomer subunit modi-
fication has at least the substituted amino acid residues
N23A, S27D, and S45A in the amino acid sequence of the
streptavidin monomer subunit and the unmodified strepta-
vidin monomer subunit is a wild-type streptavidin monomer
subunit. In certain embodiments, the monovalent streptavi-
din tetramer includes a purification tag permitting monitor-
ing of streptavidin monomer subunit association into tet-
ramers having specific stoichiometric ratios of modified and
unmodified streptavidin monomer subunits. In some
embodiments, the purification tag is a polyhistidine tag. In
certain embodiments, the purification tag is attached to the
unmodified streptavidin monomer subunit. In some embodi-
ments, the monovalent streptavidin tetramers include a
detectable label. In some embodiments, the wild-type and
modified monomers are associated by mixing monomers
under conditions under which the monomers associate into
tetramers.

[0012] According to yet another aspect of the invention, a
composition is provided that includes monovalent strepta-
vidin tetramers made by the any embodiment of the fore-
going aspect of the invention.

[0013] According to yet another aspect of the invention,
streptavidin tetramers are provided. The streptavidin tetram-
ers include N=1, 2, or 3 modified streptavidin monomer
subunits and 4 minus N wild-type streptavidin monomer
subunits, wherein: (a) each wild-type streptavidin monomer
subunit binds biotin or a fragment thereof with a K, of a
wild-type streptavidin monomer subunit for binding biotin
or a fragment thereof, (b) each modified streptavidin mono-
mer subunit binds biotin or a fragment thereof with a K of
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greater than or equal to about 5x10™* M, and (c) the
streptavidin tetramer has a proximal streptavidin K, for
binding biotin or a fragment thereof. In certain embodi-
ments, the streptavidin tetramer has 4 minus N femtomolar
biotin binding sites. In some embodiments, the tetramer has
a proximal streptavidin overall biotin off-rate. In some
embodiments, the sequence of the modified streptavidin
monomer subunit consists of the sequence of a wild-type
streptavidin monomer subunit with at least three substituted
amino acid residues. In certain embodiments, the substituted
amino acid residues are in the sequence of a biotin binding
pocket of the streptavidin monomer subunit. In some
embodiments, three of the three or more substituted amino
acid residues are N23A, S27D, and S45A. In some embodi-
ments, one or more of the streptavidin monomer subunits
include a purification tag. In certain embodiments, the
purification tag is a polyhistidine tag. In some embodiments,
the streptavidin monomer subunit that includes the purifi-
cation tag is the wild-type streptavidin monomer subunit. In
some embodiments, one or more of the streptavidin mono-
mer subunits includes a detectable label. In some embodi-
ments, the ratio of modified and unmodified streptavidin
monomer subunits in the streptavidin tetramer is 3:1, 2:2, or
1:3. In certain embodiments, the streptavidin tetramers are
made by mixing wild-type and modified monomers under
conditions under which the monomers associate into tetram-
ers.

[0014] According to yet another aspect of the invention, a
plurality of streptavidin tetramers is provided, wherein the
tetramers streptavidin tetramers of the aforementioned
aspect of the invention and the plurality includes streptavi-
din tetramers that have a ratio of wild-type streptavidin
monomer subunits to modified monomer subunits of 1:3,
2:2, or 3:1, or a mixture thereof.

[0015] According to yet another aspect of the invention,
methods of making a plurality streptavidin tetramer that
includes 1, 2, or 3 modified streptavidin monomer subunits
are provided. The methods include forming the tetramer by
associating wild-type streptavidin monomers with modified
streptavidin monomers, wherein the streptavidin tetramers
have one or more of the following characteristics: (a) each
wild-type streptavidin monomer subunit binds biotin or a
fragment thereof a with a K, of a wild-type streptavidin
monomer subunit for binding biotin or a fragment thereof,
(b) the modified streptavidin monomer subunits bind biotin
or a fragment thereof with a K, of greater than or equal to
about 5x10™* M, and (c) the streptavidin tetramer has a
proximal streptavidin K, for binding biotin or a fragment
thereof, and (d) the tetramer has a proximal streptavidin K,
for binding biotin or a fragment thereof. In some embodi-
ments, each wild-type streptavidin monomer subunit com-
prises a femtomolar biotin binding site. In certain embodi-
ments, the tetramer has a proximal overall biotin off-rate. In
some embodiments, the amino acid sequence of the modi-
fied streptavidin monomer subunit consists of the amino acid
sequence of a wild-type streptavidin monomer subunit with
at least three substituted amino acid residues. In some
embodiments, the substituted amino acid residues are in the
sequence of a biotin binding pocket of the streptavidin
monometr. In certain embodiments, three of the three or more
substituted amino acid residues are N23A, S27D, and S45A.
In some embodiments, one or more of the modified and/or
wild-type streptavidin monomer subunits includes a purifi-
cation tag. In certain embodiments, the purification tag is a
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polyhistidine tag. In some embodiments, the streptavidin
monomer subunit that includes the purification tag is the
wild-type streptavidin monomer subunit. In some embodi-
ments, one or more of the streptavidin monomer subunits
includes a detectable label. In some embodiments, the ratio
of modified and unmodified streptavidin monomer subunits
in the streptavidin tetramers is 3:1, 2:2, 1:3 or a mixture
thereof. In certain embodiments, the wild-type and modified
monomers are associated by mixing monomers under con-
ditions under which the monomers associate into tetramers.

[0016] According to yet another aspect of the invention, a
composition is provided that includes streptavidin tetramers
made by the any embodiment of the aforementioned aspects
of the invention.

[0017] According to another aspect of the invention, meth-
ods of binding biotin or a fragment are provided. The
methods include contacting a biological sample that includes
biotin or a fragment thereof with a monovalent streptavidin
tetramer of an embodiment of any of the aforementioned
monovalent streptavidin tetramers or made by an embodi-
ment of any of the aforementioned methods under condi-
tions that permit binding of biotin or a fragment thereof with
a monovalent streptavidin tetramer.

[0018] According to another aspect of the invention, meth-
ods of binding biotin or a fragment thereof are provided. The
methods include contacting a biological sample that includes
biotin or a fragment thereof with a streptavidin tetramer of
an embodiment of any of the aforementioned streptavidin
tetramers or made by an embodiment of any of the afore-
mentioned methods under conditions that permit binding of
biotin or a fragment thereof with a streptavidin tetramer.

[0019] In some aspects, the invention includes the use of
the foregoing tetramers and compositions in the preparation
of a medicament.

[0020] These and other objects of the invention will be
described in further detail in connection with the detailed
description of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 shows schematic diagrams and digitized
images of SDS-PAGE gels summarizing the generation of
monovalent streptavidin. FIG. 1A is a schematic diagram of
monovalent streptavidin structure. Wild-type streptavidin is
a tetramer with 4 biotin binding sites (B=biotin). Monova-
lent streptavidin is a tetramer with 3 inactive subunits (dark
grey squares) and one subunit that binds biotin with wild-
type affinity (light grey square). FIG. 1B is a schematic
diagram depicting strategy for making monovalent strepta-
vidin. Inactivated streptavidin subunits (D) and wild-type
streptavidin subunits (A) in a 3:1 ratio were refolded from
denaturant, giving a mix of streptavidin heterotetramers.
Tetramers with a single Hisg-tagged wild-type subunit were
purified on a Ni-NTA column. FIG. 1C is a digitized image
of an SDS-PAGE gel of chimeric streptavidins under non-
denaturing conditions. Streptavidin with 4 dead subunits
(D4), wild-type streptavidin with a Hiss-tag (A4), the initial
product of refolding of D and A in a 3:1 ratio (mix), and
chimeric tetramers with one (A1D3), two (A2D2), or three
(A3D1) biotin binding subunits were loaded without boiling
onto an 8% SDS-PAGE gel, and visualized by Coomassie
staining. FIG. 1D shows a digitized image of an SDS-PAGE
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gel of chimeric streptavidins under denaturing conditions.
Chimeric streptavidins with 0-4 A subunits were run as in
FIG. 1C, except the samples were boiled before loading, to
break the tetramer into constituent monomers. The changing
ratio of A and D subunits can be seen.

[0022] FIG. 2 shows digitized images of SDS-PAGE gels
illustrating the stability of monovalent streptavidin. FIG. 2A
shows a digitized image of an SDS-PAGE gel demonstrating
the stability of monovalent streptavidin to subunit exchange.
5 uM A1D3 in PBS was incubated at 26° C. or 37° C. for 1
hour (hr), 1 day (d), or 1 week (wk) and rearranged tetramers
were detected by 8% SDS-PAGE, by comparison to the
initial product of refolding of D and A in a 3:1 ratio (mix).
FIG. 2B shows an SDS-PAGE gel results indicating stability
of' tetramer to heat denaturation. 5 uM wild-type streptavidin
or A1D3 in PBS was incubated at the indicated temperature
(° C.) for 3 min and loaded onto a 16% SDS-PAGE gel.

[0023] FIG. 3 shows spectra of representative data col-
lected on mass spectrometry of chimeric streptavidins. Spec-
tra are shown zxbiotin for D4, A4, A1D3, and the initial
product of refolding of D and A in a 3:1 ratio (Mix). Vertical
lines indicate the predicted m/z for the 15+ charge state of
the different tetramers without biotin. The 15+ charge state
generally gave the sharpest peaks but the 14+ and 16+ peaks
are also indicated. Horizontal arrows indicate the shift in m/z
caused by binding of biotin. The number of biotin molecules
bound is shown in parentheses.

[0024] FIG. 4 shows two graphs indicating the compara-
tive K, of the dead tetramer D4 and monovalent streptavidin
A1D3. FIG. 4A shows the K, value determination for D4. 24
uM D4 was incubated with increasing concentrations of
3H-biotin. After >20 hr, the amount of bound *H-biotin was
determined by precipitating D4. Means of triplicate mea-
surement are shown =1 s.d. The measured K, for D4 was
9.18+1.17x10™*M (s.e.m.). FIG. 4B shows the K, value
determined for A1D3. For this determination increasing
concentrations of A1D3 were incubated with 20 nM *H-bi-
otin and 60 nM wild-type streptavidin. After >20 hr, A1D3
was separated with Ni-NTA agarose, and the amount of
*H-biotin bound to wild-type streptavidin in the supernatant
was measured. From this value, the amount of *H-biotin
bound to A1D3 was deduced. Means of triplicate measure-
ment are shown 1 s.d. Some error bars are too small to be
visible. This gave a K, for A1D3 of 4.94+0.65x10"**M
(s.em.).

[0025] FIG. 5 shows three graphs illustrating the monova-
lent streptavidin off-rate. FIG. 5A shows comparative off-
rates of Wild-type (), A1D3 (H), S45A (x) or TOOI (A)
streptavidin, where each species was added in excess to
biotin-4-fluorescein to quench its fluorescence. Excess com-
peting biotin was added and fluorescence increase was
monitored as biotin-4-fluorescein dissociated from strepta-
vidin. 100% represents complete dissociation of biotin-4-
fluorescein. Means of triplicate measurement are shown +1
s.d. FIG. 5B shows a magnification of the 0-10% region of
the y-axis from FIG. 5A, to illustrate the similar dissociation
curves for wild-type streptavidin and A1D3. FIG. 5C shows
results of a determination of off-rate of wild-type streptavi-
din (o) and A1D3 (A) from biotin. A1D3 or wild-type
streptavidin were incubated with *H-biotin. Excess cold
biotin was then added. After varying times at 37° C., the
amount of bound *H-biotin was determined by precipitating

May 3, 2007

streptavidin. Means of triplicate measurement are shown =1
s.d. The measured off-rates were 5.17+0.25x107° s7* (s.e.m.)
for wild-type streptavidin and 6.14x0.19x107° s7* (s.e.m.)
for A1D3.

BRIEF DESCRIPTION OF THE SEQUENCES

[0026] SEQ ID NO:1 is wild-type streptavidin sequence
from Genbank Accession No. P22629:

MRKIVVAATAVSLTTVSITASASADPSKDSKAQVSAAEAGITGTWYNQLG
STFIVTAGADGALTGTYESAVGNAESRYVLTGRYDSAPATDGSGTALGWT
VAWKNNYRNAHSATTWSGQYVGGAEARINTQWLLTSGTTEANAWKSTLVG

HDTFTKVKPSAAS IDAAKKAGVNNGNPLDAVQQ

[0027] SEQ ID NO:2 is wild-type core streptavidin pro-
tein:

AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRYDS
APATDGSGTALGWTVAWKNNYRNAHSATTWSGQYVGGAEARINTQWLLTS

GTTEANTLVGHDTFTKVKPSAAS

[0028] SEQ ID NO:3 is modified streptavidin monomer
Dead (D), N23A, S27D, S45A:

AEAGITGTWYAQLGDTFIVTAGADGALTGTYEAAVGNAESRYVLTGRYDS

APATDGSGTALGWTVAWKNNYRNAHSAT -
TWSGQYVGGAEARINTQWLLTSGTTEAN

AWKSTLVGHDTFTKVKPSAAS

[0029] SEQ ID NO:4 is unmodified streptavidin monomer
Alive (A) with polyhistidine tag:

AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRYDS

APATDGSGTALGWTVAWKNNYRNAHSAT -
TWSGQYVGGAEARINTQWLLTSGTTEAN

AWKSTLVGHDTFTKVKPSAASHHHHHH

[0030] SEQ ID NO:5 is modified streptavidin monomer,
T90I:

AEAGITGTWYNQLGSTFIVTAGADGALTGTYESAVGNAESRYVLTGRYDS

APATDGSGTALGWTVAWKNNYRNAH-
SATITWSGQYVGGAEARINTQWLLTSGTTEAN

AWKSTLVGHDTFTKVKPSAAS

[0031] SEQ ID NO:6 is sequence to introduce N23A and
S27D:

5'-ggcacctggtacgcccagetgggagacaccttecategttac-3"'.
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[0032] SEQ ID NO:7 is reverse complement of SEQ ID
NO:6

5'-gtaacgatgaaggtgtctcccagetgggegtaccaggtgee-3"'.

[0033] SEQ IN NO:8 is sequence to introduce S45A:

5'-tctgaccggtacctacgaageccgetgttggtaacgetgaat-3"'.

[0034] SEQ ID NO:9 is reverse complement of SEQ ID
NO:8:

5'-attcagcgttaccaacageggettegtaggtaceggtecaga-3"'.

[0035] SEQ ID NO:10 is primer sequence to introduce
T90I:

5'-cgctcacteccgetatcacetggtetggee-3"'.

[0036] SEQ ID NO:11 is reverse complement of SEQ ID
NO:10:

5'-ggccagaccaggtgatageggagtgageg-3"'.

[0037] SEQ ID NO:12 is forward primer sequence to add
six histidine residues at the C-terminus of streptavidin
sequence 5'-tccagaattcgtaactaactaaaggaga-3'.

[0038] SEQ ID NO:13 is reverse primer sequence to add
six histidine residues at the C-terminus of streptavidin:

S'-agacaagcttttaftaatggtggtoatggtoatgggaageageggacggttt-3'.

SEQ ID NO: 14:
5'-cecggteggectgaacgatatettegaggeccagaagategagtggea
cgaga-3'.

SEQ ID NO: 15:
5'-gatctctegtgecactegatettetgggectegaagatategttecag
gccga-3'.

DETAILED DESCRIPTION OF THE
INVENTION

[0039] Novel monovalent streptavidin tetramers have
been developed that have a single femtomolar biotin-binding
site that retains the binding affinity of a wild-type strepta-
vidin tetramer. Monovalent streptavidin tetramers have been
generated that containing three subunits that do not func-
tionally bind biotin and one subunit with a wild-type biotin-
binding pocket. The monovalent streptavidin tetramer that
has been developed has similar affinity for biotin, off-rate,
and thermostability to a wild-type streptavidin tetramer but
is monovalent. Thus, monovalent streptavidin tetramers
with only one functional biotin binding monomer subunit
have been produced.

[0040] A monovalent streptavidin has been made that
bound to biotin with an affinity and stability similar to
wild-type streptavidin, but did not produce cross-linking.
Monovalent streptavidin should enable one to make use of
femtomolar binding affinity without additional unwanted
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multimerization. Other chimeric streptavidin tetramers
A2D2 and A3D1, have also been purified for when con-
trolled multivalency is desired. This approach may be useful
for the construction of streptavidin-based conjugates with a
defined number of binding sites for proteins fused to strepta-
vidin-binding peptides (Keefe, A. D. et al., Protein Expr.
Purif. 23: 440-446, 2001; Lamla, T. and Erdmann, V. A.
Protein Expr. Purif. 33: 39-47, 2004; Schmidt, T. G. and
Skerra, A. J. Chromatogr. A 676: 337-345, 1994), or for
DNA and RNA aptamers (Bittker, J. A. et al., Nat. Biotech-
nol. 20: 1024-1029, 2002; Srisawat, C. and Engelke, D. R.
RNA7: 632-641, 2001). Given the remarkable range of uses
to which streptavidin has been put, these streptavidins
should be valuable building blocks for many new nano-
architectures.

[0041] The invention disclosed herein describes novel
monovalent streptavidin tetramers and methods of making
and using monovalent streptavidin tetramers and methods of
making and using modified streptavidin monomers. The
discovery that a monovalent streptavidin can be prepared
that has a femtomolar binding affinity for biotin and frag-
ments thereof, facilitates the production and use of such a
monovalent streptavidin in research applications; clinical
applications including, but not limited to, diagnostics; imag-
ing methods; pharmaceutical delivery, e.g. delivery of drugs,
toxins; as well as other art-known methods that include the
use of streptavidin tetramers. The invention relates to the
production and use of various streptavidin monomers and
streptavidin tetramers.

[0042] The binding capacity of a streptavidin tetramer for
biotin or a fragment thereof is referred to as its “valency”.
A monovalent streptavidin tetramer is a streptavidin tetramer
that binds only a single biotin or fragment thereof. A
multivalent streptavidin tetramer has the capacity to bind to
two, three, or four biotin molecules or fragments thereof.
Thus, a wild-type streptavidin tetramer would be a polyva-
lent streptavidin tetramer and could also be referred to as a
tetravalent streptavidin tetramer because it can bind four
biotin molecules or fragments thereof.

[0043] The invention relates, in part, to the preparation of
streptavidin tetramers and the use of such streptavidin
tetramers to bind biotin and biotin conjugates. The invention
includes methods to associate the streptavidin monomer
subunits with each other to prepare a streptavidin tetramer.
In one method, streptavidin monomer subunits are prepared
and the monomer subunits are associated by mixing strepta-
vidin monomer subunits together under conditions that
permit four monomers to associate to form a streptavidin
tetramer. In streptavidin molecules so prepared, the strepta-
vidin monomer subunits are non-covalently linked together.
The terms “monomer”, “subunit”, and “monomer subunit”
are used interchangeably herein.

[0044] A wild-type streptavidin tetramer includes four
streptavidin wild-type monomers. A wild-type streptavidin
monomer includes a single biotin binding site, also referred
to herein as the biotin binding pocket, and is able to bind a
single biotin molecule or fragment thereof. Thus, a wild-
type streptavidin tetramer includes four biotin binding sites
and is able to bind to four biotin molecules or fragments
thereof. Streptavidin tetramers of the invention may include
a combination of wild-type and modified streptavidin mono-
mer subunits with the total number of subunits equal to four.
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Thus, streptavidin tetramers of the invention include tetram-
ers with one, two, or three modified streptavidin monomers
with the remaining monomers being wild-type monomers.

[0045] The streptavidin monomers and/or tetramers of the
invention may be isolated monomers or tetramers. As used
herein with respect to the monomers and tetramers provided
herein, “isolated” means separated from its native environ-
ment and present in sufficient quantity to permit its identi-
fication or use. Isolated, when referring to a protein or
polypeptide, means, for example: (i) selectively produced by
monomer association methods or (ii) purified as by chro-
matography or electrophoresis. Isolated monomers or tet-
ramers of the invention may be, but need not be, substan-
tially pure. Because an isolated monomer or tetramer may be
admixed with a pharmaceutically acceptable carrier in a
pharmaceutical preparation, the polypeptide may comprise
only a small percentage by weight of the preparation. The
polypeptide is nonetheless isolated in that it has been
separated from the substances with which it may be asso-
ciated in production or living systems, i.e., isolated from
other proteins, isolated from other types of monomers in the
case of isolated monomers and isolated from other types of
streptavidin tetramers in the case of isolated streptavidin
tetramers. For example, a substantially pure streptavidin
tetramer may be a tetramer that has a ratio of wild-type
streptavidin monomers to modified streptavidin monomers
of 1:3 that it is essentially free of streptavidin tetramers that
have a ratio of wild-type streptavidin monomers to modified
streptavidin monomers of 2:2 or 3:1. Substantially pure
streptavidin tetramers may be produced by using the meth-
ods provided herein or using other art-known techniques.

[0046] A plurality of streptavidin tetramers of the inven-
tion may include streptavidin tetramers with a single ratio of
wild-type streptavidin monomers to modified streptavidin
monomers (e.g. 1:3, 2:2, or 3:1) or may be a mixture of
tetramers that include two or more different ratios of wild-
type streptavidin monomers to modified streptavidin mono-
mers.

[0047] Pluralities of streptavidin molecules of the inven-
tion, in some embodiments, include only monovalent
streptavidin tetramers. In other embodiments, a plurality of
streptavidin tetramers of the invention may include bivalent,
trivalent, or tetravalent tetramers. In some embodiments of
the invention a plurality of streptavidin molecules may
include mixtures of streptavidin molecules with different
valences.

[0048] The streptavidin tetramers of the invention may be
used in methods that include binding to biotin analogs.
Examples of biotin analogs, although not intended to be
limiting include: desthiobiotin, also known as dethiobiotin,
selenobiotin, oxybiotin, homobiotin, norbiotin, iminobiotin,
diaminobiotin, biotin sulfoxide, biotin sulfone, epibiotin,
5-hydroxybiotin, 2-thiobiotin, azabiotin, carbobiotin, and
methylated derivatives of biotin, etc.

[0049] A wild-type streptavidin tetramer includes four
wild-type monomer subunits, each of which binds biotin or
a fragment thereof, with high affinity. The amino acid
sequence of a wild-type streptavidin monomer subunit can
be made from a precursor wild-type streptavidin protein that
includes a core streptavidin sequence as well as a signal
sequence. The complete sequence of wild-type streptavidin
precursor protein is set forth as Genbank Accession No.
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P22629 and is referred to herein as SEQ ID NO:1. The
skilled artisan will realize that conservative amino acid
substitutions may be made in a wild-type streptavidin amino
acid precursor or core sequence. As used herein, a “conser-
vative amino acid substitution” refers to an amino acid
substitution that does not alter the relative binding charac-
teristics of the streptavidin monomer or tetramer for biotin
or a fragment thereof, in which the amino acid substitution
is made. Conservative substitutions of amino acids include
substitutions made amongst amino acids within the follow-
ing groups: (a) M, L L, V; ®) E Y, W; (¢) K, R, H; (d) A,
Gy (e) S, T; ) Q, N; and (g) E, D. A conservatively
substituted wild-type streptavidin amino acid sequence will
still be considered to be a wild-type strepavidin amino acid
sequence as long as the streptavidin monomer (or tetramer
made up of such monomers) retains the wild-type ability and
affinity to bind biotin or a fragment thereof. Thus, a strepta-
vidin monomer, or tetramer made with a wild-type strepta-
vidin amino acid sequence that includes one or more con-
servative amino acid substitutions, will retain the functional
capabilities of a wild-type streptavidin monomer or tetramer
and be referred to as a wild-type streptavidin monomer or
tetramer. Examples of conservative substitutions, although
not intended to be limiting include E116A and T106A. (see
Avantinis, S. K. et al., Chembiochem. 3(12): 1229-1234,
2002). Those of ordinary skill in the art will recognize
additional conservative substitutions that do not negate the
functional capability of wild-type streptavidin monomer or
tetramer.

[0050] With respect to the identification of specific amino
acid residues in polypeptides and proteins of the invention,
residues 1-24 of the precursor protein sequence are removed
by bacterial proteases, to yield the mature wild-type strepta-
vidin protein. Residue 25 of the sequence set forth as
Genbank Accession No. P22629 (SEQ ID NO:1) is consid-
ered to be residue one of the mature streptavidin. Residues
37-163 of the sequence set forth as SEQ ID NO:1 (with or
without conservative amino acid substitutions) are consid-
ered to be the wild-type core streptavidin amino acid
sequence. A wild-type core streptavidin amino acid
sequence is set forth as SEQ ID NO:2. SEQ ID NO:4 also
has a wild-type core streptavidin amino acid sequence and
also has a polyhistidine purification tag attached. SEQ ID
NO:3 is the sequence of a modified streptavidin monomer
subunit. Core streptavidin includes the sequence of strepta-
vidin with terminal amino acids removed, thereby improv-
ing biotin conjugate binding and protein stability (see Sano,
T. et al., J Biol Chem. 270(47): 28204-28209, 1995). The
streptavidin tetramers of the invention may also be made
using recombinant core streptavidin sequences.

[0051] As used herein, a the term “wild-type streptavidin
subunit” means a streptavidin subunit that has a wild-type
streptavidin monomer amino acid sequence. As used herein,
the term “unmodified” when used with respect to a strepta-
vidin subunit means that monomer subunit has the core
amino acid sequence of a wild-type streptavidin monomer
subunit. Thus, in an unmodified streptavidin monomer sub-
unit, the core amino acid sequence is the same as the core
wild-type streptavidin monomer amino acid sequence. An
example of an unmodified wild-type streptavidin subunit is
an Alive (A) type monomer subunit provided herein.

[0052] SEQ ID NO:2 has the core wild-type streptavidin
monomer amino acid sequence. SEQ ID NO:4 also has the
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core wild-type streptavidin monomer subunit amino acid
sequence and a polyhistidine tag sequence. Additions of
residues or other compounds onto the core sequence, such as
those for a tag or label, do not negate the unmodified status
of a streptavidin monomer as long as the core wild-type
streptavidin monomer amino acid sequence remains
unchanged. Thus, SEQ ID NO:2 and SEQ ID NO:4 (with a
polyhistidine tag attached) are both examples of unmodified
streptavidin monomer sequences. Tagging and/or labeling
sequences or compounds can be added to a core wild-type
streptavidin monomer amino acid sequence and the mono-
mer remains an unmodified streptavidin monomer as long as
the core amino acid sequence of the streptavidin monomer
subunit remains unchanged from that of the core wild-type
streptavidin monomer sequence.

[0053] A modified streptavidin monomer has a modifica-
tion of the core wild-type streptavidin amino acid sequence.
A modification of a sequence of a streptavidin subunit is a
change in the amino acid sequence of the streptavidin
monomer subunit from the wild-type amino acid sequence.
Modifications of a streptavidin amino acid sequence may
include the substitution of one or more amino acid residues
in the sequence for alternative amino acids. A substitution of
one amino acid for another in the mature sequence of
wild-type streptavidin (residues 25-163 of SEQ ID NO:1), is
an example of a modification of a streptavidin subunit. As
described above herein, residue 25 of the sequence set forth
as Genbank Accession No. P22629 (SEQ ID NO:1) is
considered to be residue one of mature wild-type streptavi-
din monomer and residue 37 of SEQ ID NO:1 is considered
to be residue one of the wild-type core streptavidin
sequence. Using this numbering system the residues that are
altered in the preparation of some modified monomers of the
invention include residues N23, S27, and S45. An example
of' a modified streptavidin monomer subunit is a D subunit,
which includes the following substitutions: N—A at position
23 in the amino acid sequence of mature wild-type strepta-
vidin monomer; S—D at position 27 in the amino acid
sequence of mature wild-type streptavidin monomer; and
S—A at position 45 in the amino acid sequence of mature
wild-type streptavidin monomer.

[0054] The sequence set forth as the Dead (D) monomer
sequence includes the following substituted amino acid
residues: N23 A, S27D, and S45 A (with the numbering based
on the numbering of the mature wild-type streptavidin
sequence, which corresponds to amino acids 25-163 of SEQ
ID NO:1). A Dead monomer sequence of the invention is set
forth herein as SEQ ID NO:3. The sequence of the Alive (A)
monomer subunit, which as described above has the
unmodified core wild-type streptavidin monomer sequence
and may also include a Hisy purification tag. In some
embodiments, an Alive (A) monomer does not have a
purification tag. The Alive streptavidin monomer subunit
with a Hisg tag is set forth herein as SEQ ID NO:4. For use
in some methods and preparations of the invention, a
sequence set forth as SEQ ID NO:2, 3, or 4 may be encoded
in a plasmid with an initiating methionine, which is then
removed by the E. coli. It will be understood that the
presence of an initiating methionine is not an alteration of
the core sequence thus is not a modification.

[0055] The invention includes in some aspects, a monova-
lent streptavidin tetramer. A monovalent streptavidin tet-
ramer includes one wild-type streptavidin monomer subunit
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that maintains wild-type streptavidin binding affinity for
biotin or fragments thereof, and three modified streptavidin
subunits that have amino acid sequences that are modified
from the wild-type streptavidin amino acid sequence. One
type of modified streptavidin subunit used in a monovalent
streptavidin tetramer of the invention is referred to herein as
a Dead (D) type streptavidin monomer subunit and is a
modified streptavidin monomer subunit. A preferred
monovalent streptavidin tetramer of the invention includes
wild-type monomer subunit and modified streptavidin sub-
units in a 1:3 ratio. A wild-type monomer subunit in the
tetramer may be an Alive (A) type subunit. A monovalent
streptavidin tetramer of the invention contains only a single
functional biotin binding subunit. In some preferred
monovalent streptavidin tetramers, all three modified
streptavidin monomer subunits have the same type of
sequence modification.

[0056] The wild-type streptavidin monomer subunit may,
but need not, include a purification tag that may be used for
the preparation and purification of monovalent streptavidin
tetramers. An example of a methods for purification of a
monovalent streptavidin tetramer that utilizes a purification
tag is provided in the Examples section. An example of one
alternative method of purifying a monovalent streptavidin
tetramer without use of a purification tag includes separation
of various tetramers with an iminobiotin column. With an
iminobiotin column, D4 tetramers would not bind the col-
umn and other streptavidin tetramers would be eluted in the
order A1D3, A2D2, A3D1, and then A4 with the later
tetramers eluting with decreasing pH. Those of ordinary skill
in the art will recognize that additional methods can also be
used for separating and/or purifying streptavidin tetramers
that have differing ratios of A to D streptavidin subunits.

[0057] Functional features of streptavidin tetramers and
monomers can be determined and are useful for character-
izing tetramers that include different combinations of wild-
type and modified streptavidin monomer subunits. One such
functional feature is a the binding affinity for biotin or a
fragment thereof of a streptavidin monomer or tetramer. As
is recognized in the art, binding affinity can be expressed in
terms of the dissociation of bound biotin or a fragment
thereof from the streptavidin monomer or tetramer to which
it is bound. Thus, binding affinity can be expressed as the
dissociation constant (K,) of binding of a streptavidin mono-
mer or tetramer for biotin or a fragment thereof. The binding
affinity of a streptavidin monomer or tetramer can be deter-
mined as described below herein, or using other art-known
methods. The binding affinity of a streptavidin monomer or
tetramer of the invention can be compared to the binding
affinity of a wild-type monomer or tetramer determined
under substantially identical conditions. For example, if
wild-type streptavidin tetramer is determined to have a K, of
about 4.0x107'* M when binding biotin or a fragment
thereof, a streptavidin tetramer of the invention can be tested
under the same conditions to allow a comparison of the
affinity of the streptavidin tetramer of the invention to that
of a wild-type streptavidin tetramer.

[0058] In some instances, it may be desirable to have
streptavidin monomers that have reduced level of biotin
binding affinity (as compared to wild-type) and to use such
a modified streptavidin monomer as a subunit of a strepta-
vidin tetramer. Modified streptavidin monomers are pro-
vided herein that have a binding affinity significantly lower
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than wild-type streptavidin monomer biotin binding affinity.
A Dead (D) streptavidin monomer subunit of the invention
has much reduced or no functional binding to biotin or a
fragment thereof. A Dead (D) streptavidin monomer subunit
may have a K, of about 1 mM. In some embodiments, the
K, of a Dead (D) subunit is greater than or equal to 5x107*
M. In certain embodiments, the K, of a Dead (D) subunit is
greater than or equal to 5x10 M (1 mM). In certain
embodiments, the K, of a Dead (D) subunit is greater than
or equal to 1x107> M. In certain embodiments, the K, of a
Dead (D) subunit is greater than or equal to 5x10™* M.

[0059] In some embodiments of the invention, the affinity
of the Dead (D) subunit is so low as to result in essentially
no functional binding of the Dead (D) monomer subunit to
biotin or a fragment thereof. Thus, a streptavidin tetramer of
the invention that includes three Dead (D) streptavidin
monomer subunits and one wild-type streptavidin subunit
will bind biotin or a fragment thereof at the single wild-type
biotin binding site, and thus is defined as a monovalent
streptavidin tetramer.

[0060] A monovalent streptavidin tetramer of the inven-
tion has a single biotin binding site and that has femtomolar
binding affinity for biotin or a fragment thereof. As used
herein, a femtomolar binding affinity means a K, of from
about 1x107'> M to about 9.99x107"* M for that monomer
binding site. The Alive (A) subunit in a monovalent strepta-
vidin tetramer of the invention may bind biotin or a fragment
thereof with a wild-type streptavidin monomer subunit bind-
ing affinity.

[0061] A monovalent streptavidin tetramer of the inven-
tion may have a proximal streptavidin K, for binding biotin
or a fragment thereof. As used herein, the term “proximal
streptavidin K, means having a K, that is between 1x10~
12M and the K, of a wild-type streptavidin tetramer or up to
10-fold lower than the K, for wild-type streptavidin tetram-
ers. Thus, a proximal streptav1d1n K4 may be a level from
1x10" down through the K, of wild-type streptav1d1n tet-
ramer or below wild-type Kd1 to as low as about 4x107'> M.
Thus, a proximal streptavidin K, may be 1x107'2M, 5x10~
13M, 1x1071*M, 5x107** M or any level in between about
1x107'*M and about 4x107"°M.

[0062] A second functional feature of streptavidin tet-
ramer and monomer binding that can be determined and may
be useful to assess various tetramers and monomers of the
invention is the off-rate of biotin from streptavidin after
binding. Off-rate is a measure of time it takes for biotin to
dissociate from a streptavidin monomer or tetramer to which
it has bound. A faster off-rate indicates less stable binding
than a streptavidin monomer or tetramer with a slower
off-rate, which has more stable binding between the biotin
and the streptavidin monomer or tetramer, respectively. A
determination of the off-rate of biotin binding to a strepta-
vidin monomer or tetramer thus can provide information
regarding the stability of the binding. Off-rate determina-
tions can be made using methods provided in the Examples
section as well as using as additional art-known methods of
measuring binding dissociation. A streptavidin monomer or
tetramer of the invention may have a proximal overall biotin
off-rate. As used herein, the term “proximal overall biotin
off-rate” means that the percentage of biotin dissociation
from the streptavidin monomer or tetramer is no more than
1%, 5%, 10%, 15%, 20%, or 25% higher (including all
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intervening percentages) than the percentage of biotin dis-
sociation from a wild-type streptavidin monomer or tet-
ramer, respectively, under substantially identical conditions.
For example, the biotin off-rate of a streptavidin tetramer of
the invention and a wild-type streptavidin tetramer can be
determined under the essentially the same conditions and the
percent dissociation of biotin from the streptavidin tetramer
will be no more than 1%, 5%, 10%, 15%, 20%, or 25%
higher (including all intervening percentages) than the per-
centage of biotin dissociation from a wild-type streptavidin
tetramer.

[0063] There are also functional features of streptavidin
tetramers that may be useful to assess various tetramers of
the invention. One functional aspect that is useful to assess
streptavidin tetramers is the stability of streptavidin tetram-
ers over time. The stability of streptavidin tetramers involves
a determination of whether a tetramer would rearrange its
subunits over time. A rearrangement of subunits may include
a change in the ratio of different types of monomers in a
tetramer. For example, in a plurality of streptavidin tetram-
ers that have a 3:1 ratio of a modified streptavidin monomers
to wild-type streptavidin monomers, the ratio of subunit
types may change over time, thus resulting in a mixed
population of 3:1, 2:2, and 1:3 ratios of modified to wild-
type streptavidin subunits. Low levels of stability result in
faster shifts in streptavidin monomer ratios in a streptavidin
tetramer and higher levels of stability result in reduced
changes in the ratio of streptavidin subunit types in a
streptavidin tetramer.

[0064] The thermostability of streptavidin tetramers is
another functional feature that may be used to assess strepta-
vidin tetramers of the invention. Thermal stability can be
assessed by heating streptavidin tetramers as a determination
of whether the streptavidin monomers remain associated in
the tetramers or dissociate. In some embodiments, dissocia-
tion of monomeric subunits of tetramers means dissociation
into monomeric subunits. In other embodiments, it may
mean loss of one or more monomer subunits with dimer or
trimer polymers remaining. Methods for determining ther-
mostability of a streptavidin tetramers are provided herein
and also include additional assessment methods known in
the art.

[0065] The modified and wild-type monomers and the
monovalent and polyvalent streptavidin tetramers of the
invention may include a tag or label. In some embodiments,
a tag is a purification tag. Purification tags of the invention
include, but are not limited to polyhistidine tags (e.g. a Hisg
tag). Additional types of purification tag sequences are
known in the art and may be used in conjunction with the
streptavidin tetramers of the invention. Examples of purifi-
cation tags, although not intended to be limiting, include the
HQ tag from Promega (Madison, Wis.) that has a sequence
of HQHQHQ, a FLAG tag (DYKDDDDK), or numerous
other epitope tags known in the art. See, for example, Jarvik,
J. W. and Telmer, C. A., Annu. Rev. Genet. 32: 601-18, 1998.

[0066] In some embodiments of the invention, a strepta-
vidin monomer subunit or streptavidin tetramer of the inven-
tion is linked to a detectable label. Detectable labels useful
in the invention include, but are not limited to: a fluorescent
label, an enzyme label, a radioactive label, visual label (e.g.
a metallic label such as ferritin or gold), a nuclear magnetic
resonance active label, an electron spin resonance label, a
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positron emission tomography label, a luminescent label,
and a chromophore label. The detectable labels of the
invention can be attached to the streptavidin monomer
subunits or streptavidin tetramers of the invention by stan-
dard protocols known in the art. In some embodiments, the
detectable labels may be covalently attached to a streptavi-
din monomer or tetramer of the invention. The covalent
binding can be achieved either by direct condensation of
existing side chains or by the incorporation of external
bridging molecules. In some embodiments a detectable label
may be attached to a streptavidin monomer or tetramer of the
invention using genetic methods. In some embodiments, a
label may be attached by conjugating a moiety of interest
(e.g. the labeling moiety) to biotin or a biotin analog and
then non-covalent binding to the streptavidin tetramer. In
some embodiments of the invention, more than one type of
detectable label may be attached to a streptavidin monomer
or tetramer of the invention.

[0067] The streptavidin monomers and tetramers of the
invention bind to biotin or fragments thereof. By biotin
fragments is meant a fragment of biotin that is sufficiently
unchanged from the structure of biotin to be recognized and
bound by a streptavidin monomer or tetramer of the inven-
tion and or by a wild-type monomer or tetramer. The biotin
fragments may be considered to be functional biotin frag-
ments. By “functional” biotin fragments, is meant that the
biotin fragment is recognized by and can be bound by a
streptavidin monomer or tetramer of the invention.

[0068] The invention includes the use of a streptavidin
monomer or tetramer of the invention to bind to a biotin
molecule or fragment thereof that is conjugated to an
additional molecule or compound. Examples of such mol-
ecules or compounds, though not intended to be limiting,
include proteins, nucleic acids, fatty acids, carbohydrates,
small molecules, enzymes, antibodies, drug molecules,
chemical compounds, cells, etc. Biotin is extensively used
by those of skill in the scientific arts in labeling and tracking
methods. Therefore, one of ordinary skill in the art will
recognize that the streptavidin molecules of the invention
may be used to bind numerous different types of biotin
conjugates. In some embodiments, a biotin or biotin mol-
ecule (conjugated or not) may be in solution or may be
attached to a surface. Examples of surfaces to which a
streptavidin tetramer of the invention may be attached
include, but are not limited to, a magnetic or chromato-
graphic bead or particle bead or a chromatography support
or other support.

[0069] The streptavidin monomers and tetramers of the
invention can be used for a wide variety of purposes
including, but not limited to: cell sorting, cell labeling, drug
delivery, imaging methods, etc. The streptavidin tetramers of
the invention can be linked to labels, delivery molecules,
cells, etc for use in various technologies. The streptavidin
tetramers of the invention are also useful for imaging,
including real-time imaging in vitro and in vivo.

[0070] An example of the use of a streptavidin tetramer of
the invention, though not intended to be limiting, is the use
of the streptavidin tetramer to isolate a target molecule or
compound from a complex mixture or solution. In such
embodiments, a streptavidin tetramer of the invention can be
attached to a targeting molecule and contacted with the
complex mixture. The targeting molecule, attached to the

May 3, 2007

streptavidin tetramer, binds to the target and the complex
mixture can be contacted with biotin or a fragment thereof,
either alone, or in a conjugated form. Binding of the strepta-
vidin tetramer of the invention to the biotin or fragment
thereof enables detection of the bound target in the complex
mixture. Additionally, standard separation methods can then
be used to separate the bound target molecule or compound
from the complex mixture using standard separation meth-
ods.

[0071] Another example of methods in which the strepta-
vidin tetramers of the invention, including the monovalent
streptavidin tetramers described herein, may be used is in
single-particle tracking, which is described in the Examples
section herein. Additional labeling, imaging, cell sorting,
and delivery methods for which the streptavidin tetramers of
the invention may be used, include a wide variety of
art-known methods that include the use of streptavidinibi-
otin interactions.

[0072] Additional uses for streptavidin monomers and
tetramers of the invention may also include control of
assembly of nanodevices. For example, binding of con-
trolled numbers of biotinylated DNA, biotinylated proteins
or biotinylated inorganic particles (including carbon nano-
tubes and quantum dots) to a surface or bead for systems
detecting biological analytes or for building electrical cir-
cuits. An example of an application is the targeting to
chemically biotinylated erythrocytes of streptavidin bound
to drugs or other proteins. Erythrocytes may be used as drug
delivery vehicles and may be useful because of their long
circulation time. Unlike this method of targeting with the
streptavidin tetramers of the invention, previous targeting
with biotin binding proteins has caused complement lysis of
the erythrocytes from cross-linking of surface proteins
(Muzykantov, V. R. et al., Anal Biochem 241(1): 109-119,
1996.

[0073] The invention will be more fully understood by
reference to the following examples. These examples, how-
ever, are merely intended to illustrate the embodiments of
the invention and are not to be construed to limit the scope
of the invention.

EXAMPLES
Methods

General

[0074] Biotin (a gift from Tanabe USA; San Diego, Calif.)
was dissolved in Dimethyl Sulfoxide (DMSO) at 100 mM.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was performed at 200 V with the gel box (X
Cell Surelock, Invitrogen; Carlsbad, Calif.) surrounded by
ice to prevent dissociation of the streptavidin subunits
during electrophoresis.

Plasmid Construction

[0075] Wild-type core streptavidin in pET2la(+)
(Novagen; San Diego, Calif.) was a kind gift from P. Stayton
(University of Washington; Seattle, Wash.) (Klumb, L. A. et
al.,, Biochemistry 37: 7657-7663, 1998). Mutations in
streptavidin were generated by QuikChange™ (Stratagene;
La Jolla, Calif.) using the following primers and their
reverse complements: 5'-GGCACCTGGTACGC-
CCAGCTGGGAGACACCTTCATCGTTAC-3' (SEQ ID
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NO:6) to introduce N23A and S27D, 5'-TCTGACCGG-
TACCTACGAAGCCGCTGTTGGTAACGCTGAAT-3'
(SEQ ID NO:8) to introduce S45A, and 5' CGCTCACTC-
CGCTATCACCTGGTCTGGCC-3' (SEQ ID NO:10) to
introduce T90I. Mutations were confirmed by DNA
sequencing. The reverse complements of SEQ ID NO:6, 8,
and 10 are SEQ ID NO:7, 9, and 11, respectively. To
generate the Alive streptavidin subunit (A), six histidine
residues were added to the C-terminus by polymerase chain
reaction (PCR) of streptavidin using the primers 5'-TCCA-
GAATTCGTAACTAACTAAAGGAGA (SEQ ID NO:12)
and 5'-AGACAAGCTTTTATTAATGGTGGTGATG-
GTGATGGGAAGCAGCGGACGGTTT-3' (SEQ 1D
NO:13). This PCR product was cloned into the BamHI and
HindIII sites of pET21a(+)-streptavidin (Klumb, L. A. et al.
Biochemistry 37: 7657-7663, 1998). AP-neuroligin was
generated from pEGFP-G1 containing mouse neuroligin-1
(Levinson, J. N. et al., J. Biol. Chem. 280: 17312-17319,
2005) by replacing Green Fluorescent Protein (GFP) with
the acceptor peptide (AP) (Chen, 1. et al., Nat. Methods 2:
99-104, 2005) at the Agel and BglII sites, using the primers:
5'-CCGGTCGGCCTGAACGATATCTTCGAG-
GCCCAGAAGATCGAGTGGCACGAGA-3' (SEQ 1D
NO:14) and 5'-GATCTCTCGTGCCACTCGATCT-
TCTGGGCCTCGAAGATATCGTTCAGGCCGA-3', (SEQ
ID NO:15) so that AP would be at the N-terminus of
neuroligin-1. To make Ala-neuroligin, a lysine in the AP was
mutated to alanine by QuikChange™ using the primers
described in Chen et al. (Chen, 1. et al., Nat. Methods 2:
99-104, 2005). The construction of AP-CFP-TM and Ala-
CFP-TM plasmids has been described (Chen, I. et al., Nat.
Methods 2: 99-104, 2005).

Streptavidin Expression and Purification

[0076] An overnight culture picked from a freshly grown
colony of E. coli BL21 (DE3) was diluted 100-fold into LB
ampicillin and grown to ODgy, 0.9 at 37° C. It was then
induced with 0.5 mM isopropyl-beta-D-thiogalactopyrano-
side (IPTG) and incubated for a further 4 hr at 37° C.
Inclusion bodies were purified using B-PER (Pierce; Rock-
ford, 111.), following manufacturer’s instructions, and dis-
solved in 6 M guanidinium hydrochloride pH 1.5 (GuHCI).
To generate chimeric streptavidins, the relative concentra-
tion of each unfolded subunit was estimated from OD,g, in
GuHCI and subunits were mixed in the desired ratio. Sub-
units in GuHCI were refolded by rapid dilution into PBS,
and concentrated by ammonium sulphate precipitation, fol-
lowing Schmidt et al. (Schmidt, T. G. & Skerra, A., J.
Chromatogr. A 676: 337-345, 1994). The precipitate was
re-dissolved in PBS and dialyzed three times against PBS.
This step was sufficient to purify wild-type streptavidin, A4
and D4. To purify chimeric streptavidins, a Poly-Prep col-
umn (Bio-Rad; Hercules, Calif.) was loaded with 1.6 mL
Ni-nitrilotriacetic acid agarose (Qiagen; Valencia, Calif.)
and was washed with 8 mL of binding buffer (50 mM Tris
base, 300 mM NaCl, pH 7.8), using gravity flow at room
temperature. The streptavidin was diluted two-fold in bind-
ing buffer and loaded on the column. The column was
washed with 8 ml. washing buffer (binding buffer+10 mM
imidazole) and then with 8 mL elution buffer 1 (binding
buffer+70 mM imidazole, eluting principally A1D3). 0.5 mL
fractions were collected from this elution and from subse-
quent elutions in 8 mL elution buffer 2 (binding buffer+100
mM imidazole, eluting principally A2D2) or 8 mL elution
buffer 3 (binding buffer+125 mM imidazole, eluting princi-
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pally A3D1). Fractions were mixed with 6x SDS-loading
buffer (0.23 M Tris HC1 pH 6.8, 24% v/v glycerol, 120 uM
bromophenol blue, 0.4 M dithiothreitol, 0.23 M SDS) and
were loaded without boiling onto 8% SDS-PAGE gels.
Fractions of the correct composition, determined by com-
parison to the bands from the initial refold, were pooled and
dialyzed in PBS. Streptavidin concentration was determined
in PBS from OD,g, Using €54, 0f 34,000M~". cm™" (Sano, T.
and Cantor, C. R., Proc. Natl. Acad. Sci. U. S. A 87: 142-146,
1990). Where required, samples were concentrated using a
Centricon Ultracel YM10 (Millipore; Billerica, Mass.).

[0077] Streptavidin tetramers are also purified by use of an
iminobiotin column. Using this separation method various
streptavidin tetramers with different ratios of D:A strepta-
vidin subunits are separated from each other without the
need to include a purification tag on the streptavidin tet-
ramer. Dead (D4) tetramers, which have four D streptavidin
subunits do not bind the column and other streptavidin
tetramers are eluted in the order A1D3, A2D2, A3D1, and
then A4 under decreasing pH conditions. Standard elution
conditions are used. Iminobiotin is available from Pierce
Biotechnology, Inc, Rockford, I11.

Fluorophore Conjugation to Streptavidin

[0078] Streptavidin and its variants were labeled with
Alexa Fluor 568 by adding 1o volume of 1 M NaHCO, pH
8.4 and then a 10-fold molar excess of Alexa Fluor 568
succinimidyl ester (Molecular Probes; Carlsbad, Calif.)
(stock dissolved at 1 mg/mL. in dry dimethylformamide) and
incubating for 4 hr at room temperature. Free dye was
separated on a NAPS column (GE Healthcare; Amersham
Biosciences, Piscataway, N.J.) following manufacturer’s
instructions. Fractions containing labeled protein, deter-
mined by running boiled samples on a 16% SDS-PAGE gel,
were pooled and dye was further removed by two rounds of
dialysis in PBS.

Mass Spectrometry

[0079] Biospin columns (Bio-Rad) were equilibrated by
spinning 5 times in 500uL of 15 mM ammonium acetate pH
7.8 at 1000 g for 2 min. Then 30-50 pl. of 30 uM protein in
PBS was buffer-exchanged into 15 mM ammonium acetate
pH 7.8 using the pre-equilibrated Biospin columns by spin-
ning for 20 s at 1000 g. To ensure that PBS was completely
removed, the flow-through was again buffer-exchanged with
a second pre-equilibrated column for 20 s. This procedure
also removed free biotin when the starting 30 uM strepta-
vidin forms were incubated with 200 uM biotin. Less than
2 min before introducing into the mass spectrometer, the
buffer-exchanged samples were diluted with a solution of
1:1 15 mM ammonium acetate pH 7.8 and 78% acetonitrile,
0.01% trifluoroacetic acid.

[0080] An Advion nanospray robot (Advion BioSystems,
Ithica, N.Y.) with a back-pressure of 0.45 Psi introduced the
samples into the mass spectrometer, an 8.5 Tesla custom-
built Electrospray lonisation-Fourier Transform Mass Spec-
trometer. To visualize the non-covalent tetramers and non-
covalent biotin binding in the high m/z range, the following
settings were used: Chirp rate=750 Hz, Amplitude=0.5 V
p-p, Tube lens=200 V, Capillary heater 2 V, Quad filter=-20
V, Skimmer=0 V, Capillary offset=34 V, X-fer=-110 V, Leak
gas=4.2x107> Torr. The capillary heater was kept low and
the Quad filter and Skimmer were kept either high or off to
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prevent subunit dissociation. The transfer was set to this low
value of =110 V in order to visualize the high m/z region.

[0081] The masses were calculated manually by first
determining the charge state. The final mass was determined
by multiplying the observed m/z by the charge and subtract-
ing the mass corresponding to the addition of protons to give
that charge. For example, for the 15+ charge state of D4 an
n/z of 3534.159 was obtained.
(15%3534.159)-(15x1.00727) gave a mass for this ion of
52,997 Da. This calculation was repeated for each charge
state and the mean and standard deviation reported. The
spectra were calibrated with tetrameric streptavidin, after its
monomer mass was determined under denaturing conditions
(Mr=13,271.4 Da). Average masses were predicted from the
DNA sequence, using the ExPASy PeptideMass Calculator
(ca.expasy.org/tools/peptide-mass.html) and  assuming
removal of the N-terminal formyl-Methionine.

K, Measurements

[0082] The K, of A1D3 streptavidin (A is “Alive” subunit;
D is “Dead” subunit) was obtained using a competition
assay modified from Klumb et al. (Klumb, L.. A. et al., 1998.
Biochemistry 37: 7657-7663). Wild-type streptavidin was
depleted of the small amount of co-purifying monomeric
streptavidin by gel filtration. Fully tetrameric wild-type
streptavidin (60 nM each subunit) was mixed with 20 nM
(Kada, G. et al., Biochim. Biophys. Acta 1427: 33-43, 1999;
Bayer, E. A. et al., Electrophoresis 17: 1319-1324, 1996)
*H-biotin (Amersham; Piscataway, N.J.) and 0-1.4 uM of
competing A1D3 in PBS pH 7.0. Mixtures were incubated at
37° C. for >20 hr to allow sufficient time for equilibration.
To separate the His,-tagged A1D3 from wild-type strepta-
vidin, an equal volume of a 50% slurry of Ni-NTA beads
(Qiagen) in PBS with 15 mM imidazole was added. After 1
hr at room temperature, the beads were cleared by centrifu-
gation at 15,600 g for 1 min. Aliquots were taken from the
supernatant containing the biotin-bound wild-type strepta-
vidin, an equal volume of 10% SDS in water was added, and
samples were heated to 95° C. for 30 min, and counted in a
Beckman Coulter LS6500 Liquid Scintillation Counter. The
K, ratio was obtained using Matlab (Mathworks; Natick,
Mass.) using the formula from Klumb et al. (Klumb, L. A.
et al. Biochemistry 37: 7657-7663, 1998). The affinity of
A1D3 was calculated from this K, ratio multiplied by the
previously determined K, of wild-type streptavidin for
biotin of 4x107'*M (Green, N. M. Methods Enzymol. 184:
51-67, 1990) and divided by four, since only one of the four
subunits of A1D3 showed significant biotin binding (FIG.
4A).

[0083] It was difficult to detect biotin binding by D4 using
a competition assay against wild-type streptavidin because
of its extremely low binding affinity, and so the following
assay was used instead to determine the K, (Reznik, G. O.
et al., Proc. Natl. Acad. Sci. USA 95: 13525-13530, 1998):
24 uM D4 was incubated with 0-500 uM *H-biotin in 100 uL
total volume. After incubation at room temperature for 20 hr,
the protein was precipitated by adding 50 pL to 200 ul, 0.2
M ZnSO, followed by 200 uL. 0.2 M NaOH. The protein
precipitate was pelleted by centrifugation at 16,500 g for 5
min. The biotin bound by D4 was calculated from the total
*H -biotin added minus the *H -biotin in the supernatant. The
K, was obtained using a nonlinear regression analysis (one-
site binding hyperbola) with SigmaPlot (Systat Software;
Point Richmond, Calif.).
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Off-Rate Assay

[0084] The off-rate of biotin-fluorescein from streptavidin
was measured in PBS with 20 mM HEPES pH 7.4 (PBS-H)
using a Safire plate-reader and XFluor4 software (Tecan US;
Durham, N.C.) with 494 nm excitation and 527 nm emis-
sion. In this assay the binding of biotin-4-fluorescein to an
excess of streptavidin results in quenching of fluorescein
emission (Kada, G. et al. Biochim. Biophys. Acta 1427:
33-43, 1999). As the biotin-4-fluorescein dissociates, the
fluorescence recovers. The assay was performed in the
presence of excess biotin so that sites left open by biotin-
4-fluorescein dissociation are immediately re-filled by
biotin. Streptavidin tetramer at 1 uM in 10 pl. PBS-H was
added to 12 nM biotin-4-fluorescein (Molecular Probes) in
170 pL. PBS-H and incubated for 30 min at 37° C. 20 pL
PBS-H or 20 uL. PBS-H 10 mM biotin was then added and
recording immediately started, with incubation at 37° C.
Percentage dissociation was calculated as (signal with
biotin—signal without biotin)/(mean maximal signal of
T90I with biotin—initial T90I signal without biotin)x100.
The concentration of competing biotin was saturating, since
reducing the biotin concentration ten-fold produced indis-
tinguishable dissociation rates.

Thermostability Assay

[0085] 2.3 uM wild-type streptavidin or chimeric strepta-
vidin in PBS was heated at the indicated temperature for 3
min in a PTC-200 PCR machine (MJ Research; Waltham,
Mass.) and then immediately placed on ice (Bayer, E. A. et
al. Electrophoresis 17: 1319-1324, 1996). Samples were
mixed with 6x SDS-PAGE loading buffer and loaded onto a
16% polyacrylamide gel.

Cell Culture, Biotinylation and Imaging

[0086] HelLa cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) with 10% Fetal Calf Serum, 50
U/mL penicillin and 50 pg/ml. streptomycin. HelLa stably
expressing AP-CFP-TM or Ala-CFP-TM have been previ-
ously described (Howarth, M. et al. Proc. Natl. Acad. Sci.
USA 102: 7583-7588, 2005). Dissociated primary neuronal
cultures were prepared from Embryonic Day 18 or 19
(E18/19) rats and transfected with Lipofectamine 2000 at
DIV6 as in Levinson et al. (Levinson, J. N. et al. J. Biol.
Chem. 280: 17312-17319, 2005).

[0087] Enzymatic biotinylation and imaging of HeLa
transfectants were performed as previously described
(Howarth, M. et al. Proc. Natl. Acad. Sci. USA 102: 7583-
7588, 2005), except instead of 10 uM biotin and 1 mM ATP,
we added 10 puM biotin-AMP (synthesized according to
Coleman and Huang; Coleman, T. M. and Huang, F. Chem.
Biol. 9: 1227-1236, 2002) to give equivalent biotinylation
but minimizing the risk of purinoreceptor activation by ATP
(Rathbone, M. P. et al., Prog. Neurobiol. 59: 663-690, 1999).
Hela transfectants were biotinylated for 10 min at room
temperature, and stained with 10 pg/ml Alexa Fluor 568-
conjugated wild-type streptavidin, D4 or A1D3 for 10 min
at 4° C. Biotinylation of neurons was performed at day in
vitro (DIV) 8 in Hanks’ Balanced Salt Solution (HBSS)
(Invitrogen) with 0.2 uM biotin ligase and 10 uM biotin-
AMP for 5 min at 37° C. Neurons were then washed with
HBSS and incubated for 2 min with 5 pg/ml. Alexa Fluor
568-conjugated wild-type streptavidin (Molecular Probes)
or A1D3 at 37° C. Neurons were washed with NeuroBasal
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media (Invitrogen) supplemented with B-27 (Invitrogen), 50
U/mL penicillin, 50 pg/ml streptomycin, and 0.2 mM
L-glutamine and chased in the same medium for O or 2 hr at
37° C. Cells were then fixed in —~20° C. methanol. There was
no signal from wild-type streptavidin labeling if neurons
were instead transfected with Ala-neuroligin-1 containing a
point mutation in AP, confirming the specificity of labeling
(Howarth, M. et al. Proc. Natl. Acad. Sci. USA 102: 7583-
7588, 2005). To observe synapse formation, cells were
biotinylated and stained with streptavidin as above, bioti-
nylation and streptavidin staining was repeated at 6 hr, and
then after 24 hr total chase cells were fixed in methanol.
Samples were stained for pre-synaptic markers using guinea
pig anti-VGLUT1 (1:1000, Chemicon; Temecula, Calif.),
followed by goat anti-guinea pig Alexa Fluor 488 (1:1000,
Molecular Probes). All antibody reactions were performed
in blocking solution [PBS with 0.3% Triton X-100 and 2%
normal goat serum (Vector Laboratories; Burlingame,
Calif.)] for 1 hr at room temperature or overnight at 4° C.

[0088] Images of Hela cells were collected on a Zeiss
Axiovert 200M inverted epifluorescence microscope using a
40x oil-immersion lens and a MicroMAX CCD camera
(Roper Scientific; Tucson, Ariz.). CFP (420DF20 excitation,
450DRLP dichroic, 475DF40 emission) and Alexa568
(560DF20 excitation, S85DRLP dichroic, 605DF30 emis-
sion) images were collected and analyzed using Openl.ab
software (Improvision; Lexington, Mass.). Fluorescence
images were background-corrected. Neuron images were
acquired on a Zeiss Axiovert 200M microscope with a 63x
1.4 NA Acromat oil-immersion lens and a monochrome
14-bit Zeiss Axiocam HR charged-coupled camera with
1300x1030 pixels. To correct for out-of-focus clusters
within the field of view, focal plane z-stacks were acquired
and maximum intensity projections performed off-line.
Images were scaled to 16 bits and analyzed in Northern
Eclipse (Empix Imaging; Ontario, Canada) with user-written
software. Briefly, images were processed at a constant
threshold level (of 32,000 pixel values) to create a binary
mask image, which was multiplied with the original image
using Boolean image arithmetic. The resulting image con-
tained a discrete number of clusters with pixel values of the
original image. Only dendritic clusters greater than 5 pixels
in size, and with an average pixel values 2 times greater than
background pixel values were used for analysis. Results
were then calculated in terms of clusters per micrometer of
dendrite. For assessment of pre-synaptic terminals, clusters
were determined as before and average grey levels of
clusters were compared between transfected dendrites and
untransfected dendrites within the same field of view. The
two-tailed parametric Student’s t-test was performed to
calculate statistical significance of results between experi-
mental groups. “n” represents the number of transfected
neurons for which clusters were measured.
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Example 1

[0089] The strategy used to generate monovalent strepta-
vidin is shown is FIG. 1A. Methods provided in the Methods
section above were used to make and test the monovalent
streptavidin. We wished to produce a streptavidin tetramer
consisting of three subunits unable to bind biotin and one
subunit that binds biotin as well as wild-type streptavidin.
Many of the known mutations of streptavidin reduce biotin
binding affinity dramatically (Qureshi, M. H. et al., J Biol.
Chem. 276: 46422-46428, 2001; Chilkoti, A. et al., Proc.
Natl. Acad. Sci. USA 92: 1754-1758, 1995; Klumb, L. A. et
al., Biochem. 37: 7657-7663, 1998) but still leave K, values
in the nanomolar range and disrupt tetramerization (Qureshi,
M. H. et al., ] Biol. Chem. 276: 46422-46428, 2001; Wu, S.
C. and Wong, S. L., J. Biol. Chem. 280: 23225-23231,
2005). The double mutant N23A, S27D has one of the
weakest reported affinities for biotin (K 7.1x107> M*°) and
is still a tetramer. Nevertheless we observed that N23A,
S27D streptavidin still bound to biotinylated cells. A triple
mutant N23 A, S27D, S45A was produced. The triple mutant
N23A, S27D, S45A showed negligible biotin binding and
left the tetramer structure intact. The binding of this triple
mutant (composed of “Dead” subunits-D in FIG. 1) was so
weak that it was difficult to measure but a K, 0of 9.18+1.17x
107* M (s.e.m.) was obtained. (FIG. 4A). To generate
monovalent streptavidin (FIG. 1B), the wild-type subunit
was first tagged with a His,-tag (“Alive” subunit-A in FIG.
1). Then D and A subunits were combined at a molar ratio
of'3:1 in guanidinium hydrochloride and refolded by rapidly
diluting the mixture into PBS. This refold generated a mix
of tetramers of different compositions.

[0090] The different tetramers were purified using a Ni-
nitrilotriacetic acid (NTA) column, eluting according to the
number of His-tags with increasing concentrations of imi-
dazole. The tetramers could be distinguished by SDS-PAGE,
if the samples were not boiled, according to the number of
His-tags present, showing that at least 30% were of the
monovalent A1D3 form (FIG. 1C, lanes 1 and 3). Thus
purified fractions of the monovalent A1D3 were obtained
(final yield 2 mg/L), as well as the other chimeric strepta-
vidins, A2D2 and A3D1. The tetramer composition was
further confirmed by boiling the samples before loading on
SDS-PAGE, to determine the ratio of A to D subunits (FIG.
1D), and by electrospray ionization mass spectrometry. In
Table 1 (Schwartz, B. L. et al., J. of the Amer. Soc. for Mass
Spec. 6: 459-465, 1995) the observed mass (+s.d.), deter-
mined by Electrospray lonization-Mass Spectrometry, is
compared to the mass predicted from the sequence. From the
change (s.e.m.) upon addition of biotin (mass 244.31), we
determined how many biotin molecules were bound to each
tetramer.

TABLE 1

Mass of different streptavidin tetramers with or without biotin.

#
Tetramer Predicted Observed — biotin Observed + biotin Change + biotin  biotins
D4 52,962 52,997 = 4 52,996 = 12 -1x2 0
A1D3 53,816 53,848 £ 5 54,088 = 6 240 = 4 1
A2D2 54,669 54,704 = 6 55,193 = 3 489 = 4 2
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TABLE 1-continued
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Mass of different streptavidin tetramers with or without biotin.

#
Tetramer Predicted Observed — biotin Observed + biotin Change + biotin  biotins
A3D1 55,523 55,490 = 45 56,201 = 13 711 = 39 3
A4 56,377 56,394 = 8 57,378 = 8 984 =7 4

[0091] Despite the large mass of the streptavidin tetramer
and non-covalent interaction between subunits, good agree-
ment was found between expected and observed masses for
D4, A1D3, A2D2, A3D1 and A4 (Table 1 and FIG. 3).

Example 2

[0092] Methods described in the Methods section above
herein were used for the following production and testing of
monovalent streptavidin. Tests were performed to determine
whether monovalent streptavidin would rearrange its sub-
unit composition over time. A1D3 was incubated at room
temperature or at 37° C. and analyzed by SDS-PAGE, to
look for the appearance of D4 and A2D2 from subunit
exchange (FIG. 2A). 2% of the A1D3 rearranged into D4
after 37° C. incubation for one day and 3% rearranged after
room temperature incubation for one week. Formation of
A2D2 was not detected in either case, indicating that sig-
nificant fractions of multivalent streptavidin will not be
generated upon storage. Next the stability of AI1D3 to
dissociation into monomers was tested, since many muta-
tions in the biotin binding site of streptavidin weaken
tetramer stability (Qureshi, M. H. et al., J Biol. Chem. 276:
46422-46428, 2001; Wu, S. C. and Wong, S. L., J. Biol.
Chem. 280: 23225-23231, 2005). Wild-type streptavidin and
A1D3 were heated in PBS at various temperatures and
tetramer disassembly was determined by SDS-PAGE (FIG.
2B). A significant fraction of A1D3 remained tetrameric
even at 100° C. There was little difference in thermostability
between wild-type and monovalent streptavidin, suggesting
that the mutations in D have minimal effect on the subunit
interfaces and that it should be possible to use A1D3 in
assays requiring high temperatures.

[0093] Electrospray ionization mass spectrometry was
used to characterize the number of biotin molecules bound
per tetramer. Spectra of the different streptavidin tetramers
with or without biotin were acquired. As expected, all four
subunits of A4 were associated with biotin (Table 1 and FIG.
3). No biotin binding by D4 could be detected. A1D3 was
monovalent, binding a single biotin. The other chimeric
tetramers bound one biotin per A subunit.

[0094] The biotin binding affinity of A1D3 was deter-
mined by measuring competition with wild-type streptavidin
for *H biotin (Klumb, L. A. et al., Biochem. 37: 7657-7663,
1998) (FIG. 4B). This indicated that the active biotin binding
site in A1D3 has an affinity of 4.9+0.7x107**M (s.e.m.),
based on the affinity of wild-type streptavidin of 4.0x107**
M (Green, N. M. Methods in Enzymol. 184: 51-67, 1990).
The stability of biotin-conjugate binding to A1D3 was also
evaluated (FIG. 5). A previously characterized streptavidin
mutant with a fast off-rate, S45A (Hyre, D. E. et al., Protein
Sci. 9: 878-885, 2000), and a streptavidin mutant that was
found to have a fast off-rate, T90I, were used as a positive

control for biotin-conjugate dissociation. S45A and T90I
streptavidin showed >50% dissociation in 1 hour, whereas
wild-type and A1D3 both dissociated less than 10% in 12
hours at 37° C.

[0095] To determine the off-rate of biotin from A1D3, 10
nM *H-biotin was pre-incubated with 1 uM A1D3 or wild-
type streptavidin for 20 minutes at 37° C. (Green, N. M.
Methods in Enzymol. 184: 51-67, 1990). Dissociation was
then initiated by addition of cold biotin at a final concen-
tration of 50 uM and time-points taken over 5 hours at 37°
C. 50 uL aliquots were removed and added to 200 pl. 0.2M
ZnSO, chilled on ice, followed by 200 ulL 0.2 M NaOH. The
protein precipitate was pelleted by centrifugation at 16,500
g for 5 min, and *H-biotin in the supernatant was measured
by liquid scintillation counting. Data were plotted as In(frac-
tion bound) versus time, and fit to a straight line by linear
regression. Dissociation rates were deduced from the slope
of the line and the equation:

In(fraction bound)=-k g(t)

where fraction bound=(total *H-biotin—free *H-biotin at
timepoint)/(total *H-biotin—free *H-biotin before cold biotin
chase). Results are shown in FIG. 5C. The measured off-
rates were 5.17+0.25x107s™" (s.e.m.) for wild-type strepta-
vidin and 6.14£0.19x107°s7* (s.e.m.) for A1D3.

[0096] Site-specific biotinylation was used to study cell
surface protein trafficking (Howarth, M. et al., Proc. Natl.
Acad. Sci. USA 102: 7583-7588, 2005). Proteins of interest
were tagged with a 15 amino acid acceptor peptide (AP),
which was biotinylated by incubating cells with biotin ligase
(BirA). The biotinylated protein was then tracked by label-
ing with fluorophore- or quantum dot-conjugated streptavi-
din (Howarth, M. et al., Proc. Natl. Acad. Sci. USA 102:
7583-7588, 2005), resulting in an interaction that was stable
for many hours, unlike antibody labeling or other non-
covalent site-specific labeling methods (Chen, 1. and Ting,
A.Y. Curr. Opin. Biotechnol. 16: 35-40, 2005).

[0097] Labeling of site-specifically biotinylated cell sur-
face proteins with monovalent streptavidin was performed.
Cyan fluorescent protein was tagged with AP and targeted to
the surface of Hela cells with a transmembrane domain
(AP-CFP-TM). CFP-TM is cyan fluorescent protein with an
acceptor peptide (AP), targeted to the cell surface with the
transmembrane helix of PDGF receptor. HelLa expressing
AP-CFP-TM or Ala-CFP-TM (a control with an alanine
point mutation in AP) were biotinylated with biotin ligase
for 10 min and stained with wild-type or monovalent
(A1D3) streptavidin conjugated to Alexa Fluor 568. The
Alexa-labeled and CFP-labeled images were overlaid. The
results indicated no Alexa staining of AP-CFP-TM was
observed when D4 was used or when biotin ligase was
omitted and the cells were labeled with A1D3. Thus, after
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brief incubation with biotin ligase, biotinylated AP-CFP-TM
was detected equally well with wild-type streptavidin or
A1D3. However, an equivalent dye-conjugate of D4 gave no
detectable staining, indicating that binding of A1D3 should
only be through the A subunit. A point mutation in the
acceptor peptide (Ala-CFP-TM) that blocked biotin ligase
recognition abolished all staining. Staining was also abol-
ished by omission of biotin ligase. Thus monovalent strepta-
vidin did not give increased background in cell staining
experiments compared to wild-type streptavidin.

Example 3

[0098] Cross-linking is a central method of control of
signal transduction, for example in the activation of growth
factor receptors and transcription factors (Klemm, J. D. et
al,, Annu. Rev. Immunol. 16: 569-592, 1998), but is a
concern when labeling cells with antibodies. Although Fab
antibody fragments could be used to avoid cross-linking,
Fabs are rarely of high affinity (making it difficult to label
low abundance antigens) and will tend to dissociate on the
time-scale of minutes. Cross-linking is disastrous for single-
particle tracking experiments because the presence of an
extra anchor slows protein diffusion (lino, R. et al., Biophys
J. 80: 2667-2677, 2001). It is normally said that using a
ligand in excess will minimize cross-linking. However,
labeled ligand must be present at a density of <1 per um?® for
individual particles to be resolved. Thus these two require-
ments are only compatible if one is studying a target protein
present at very low levels. There is still a need for a way to
label surface proteins with an interaction of high stability
that does not cross-link.

[0099] Methods described in the Methods section above
were used for the following neuroligin tests. Neuroligins are
post-synaptic adhesion proteins that play a role in the
development of excitatory and inhibitory synapses
(Scheiffele, P. et al., Cell 101: 657-669, 2000; Levinson, J.
N. et al., J. Biol. Chem. 280: 17312-17319, 2005). Cluster-
ing of neuroligin has been observed during synapse devel-
opment, but neuroligin’s role in synapse initiation versus
synapse stabilization is not clear.

[0100] To examine the effect of artificially-induced neu-
roligin clustering, AP-neuroligin-1 was site-specifically
biotinylated at the cell surface with biotin ligase, and
detected with either wild-type or monovalent streptavidin.
Hippocampal neurons were transtected with AP-neuroligin-
1, biotinylated with biotin ligase, and labeled with Alexa
Fluor 568-conjugated wild-type streptavidin or A1D3. Cells
were incubated for 0 or 2 hr at 37° C. and Alexa staining was
visualized by fluorescence microscopy. Neurons were bioti-
nylated and labeled with wild-type streptavidin or A1D3 as
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above, but incubated for 24 hr and then stained for the
pre-synaptic marker VGLUT1. Streptavidin and VGLUT1
signals were assessed and their images overlaid for com-
parison. It was determined that the AP-neuroligin-1 clusters
were not apposed to pre-synaptic terminals. At zero hours,
diffuse surface staining of AP-neuroligin-1 was observed
with both wild-type and monovalent streptavidin. After a
two hour incubation, however, monovalent streptavidin-
labeled AP-neuroligin-1 was still predominantly diffuse
[clusters/um 0.087+0.021 (s.e.m), n=9], but wild-type
streptavidin-labeled AP-neuroligin-1 had formed distinct
aggregates [clusters/um  0.266+0.011 (s.em), n=9,
p<0.0001], consistent with tetramer-induced protein cross-
linking. The same staining pattern was observed after 24
hour incubation.

[0101] The aggregation of AP-neuroligin-1 by wild-type
streptavidin correlated with reduced formation of excitatory
pre-synaptic contacts, determined by the intensity of vesicu-
lar glutamate transporter-1 clusters (VGLUT1) (fold-en-
hancement of VGLUT1 cluster intensity: wild-type
1.71x£0.07, monovalent 2.15£0.12, n=17, p<0.01), and by
the fact that many of the aggregates induced by wild-type
streptavidin were not apposed by pre-synaptic terminals
positive for VGLUT1. Thus induction of neuroligin cluster-
ing by wild-type streptavidin had a deleterious effect on
pre-synaptic differentiation. The increase in VGLUT1 clus-
ter intensity for neurons transfected with AP-neuroligin-1
and labeled with monovalent streptavidin was similar to the
increase seen for HA-neuroligin-1 transfected neurons
(Prange, O. et al., Proc. Natl. Acad. Sci. USA 101: 13915-
13920, 2004), suggesting that AP, biotin, and monovalent
streptavidin did not disrupt the function of neuroligin-1 or
neuroligin-neurexin interactions. Taken together with previ-
ous observations (Levinson, J. N. et al., J. Biol. Chem. 280:
17312-17319, 2005; Graf, E. R. et al., Cell 119: 1013-1026,
2004), these results suggest that while gradual neuroligin
clustering from DIV7 to DIV14 may promote pre-synaptic
differentiation, rapid clustering does not. These results also
indicate that monovalent streptavidin can efficiently label
proteins on the neuron surface, while avoiding the compli-
cations of aggregation of its target.

EQUIVALENTS

[0102] Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many
equivalents to the specific embodiments of the invention
described herein. Such equivalents are intended to be
encompassed by the following claims.

[0103] All references, including patent documents, dis-
closed herein are incorporated by reference in their entirety.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 15

<210> SEQ ID NO 1

<211> LENGTH: 183

<212> TYPE: PRT

<213> ORGANISM: Streptomyces avidinii

<400> SEQUENCE: 1
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-continued

Met Arg Lys Ile Val Val Ala Ala Ile Ala Val Ser Leu Thr Thr Val
1 5 10 15

Ser Ile Thr Ala Ser Ala Ser Ala Asp Pro Ser Lys Asp Ser Lys Ala
20 25 30

Gln Val Ser Ala Ala Glu Ala Gly Ile Thr Gly Thr Trp Tyr Asn Gln
35 40 45

Leu Gly Ser Thr Phe Ile Val Thr Ala Gly Ala Asp Gly Ala Leu Thr
50 55 60

Gly Thr Tyr Glu Ser Ala Val Gly Asn Ala Glu Ser Arg Tyr Val Leu

Thr Gly Arg Tyr Asp Ser Ala Pro Ala Thr Asp Gly Ser Gly Thr Ala
85 90 95

Leu Gly Trp Thr Val Ala Trp Lys Asn Asn Tyr Arg Asn Ala His Ser
100 105 110

Ala Thr Thr Trp Ser Gly Gln Tyr Val Gly Gly Ala Glu Ala Arg Ile
115 120 125

Asn Thr Gln Trp Leu Leu Thr Ser Gly Thr Thr Glu Ala Asn Ala Trp
130 135 140

Lys Ser Thr Leu Val Gly His Asp Thr Phe Thr Lys Val Lys Pro Ser
145 150 155 160

Ala Ala Ser Ile Asp Ala Ala Lys Lys Ala Gly Val Asn Asn Gly Asn
165 170 175

Pro Leu Asp Ala Val Gln Gln
180

<210> SEQ ID NO 2

<211> LENGTH: 127

<212> TYPE: PRT

<213> ORGANISM: Streptomyces avidinii

<400> SEQUENCE: 2

Ala Glu Ala Gly Ile Thr Gly Thr Trp Tyr Asn Gln Leu Gly Ser Thr
1 5 10 15

Phe Ile Val Thr Ala Gly Ala Asp Gly Ala Leu Thr Gly Thr Tyr Glu
20 25 30

Ser Ala Val Gly Asn Ala Glu Ser Arg Tyr Val Leu Thr Gly Arg Tyr
35 40 45

Asp Ser Ala Pro Ala Thr Asp Gly Ser Gly Thr Ala Leu Gly Trp Thr
50 55 60

Val Ala Trp Lys Asn Asn Tyr Arg Asn Ala His Ser Ala Thr Thr Trp
65 70 75 80

Ser Gly Gln Tyr Val Gly Gly Ala Glu Ala Arg Ile Asn Thr Gln Trp

Leu Leu Thr Ser Gly Thr Thr Glu Ala Asn Ala Trp Lys Ser Thr Leu
100 105 110

Val Gly His Asp Thr Phe Thr Lys Val Lys Pro Ser Ala Ala Ser
115 120 125

<210> SEQ ID NO 3

<211> LENGTH: 127

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide
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-continued

<400> SEQUENCE: 3

Ala Glu Ala Gly Ile Thr Gly Thr Trp Tyr Ala Gln Leu Gly Asp Thr
1 5 10 15

Phe Ile Val Thr Ala Gly Ala Asp Gly Ala Leu Thr Gly Thr Tyr Glu
20 25 30

Ala Ala Val Gly Asn Ala Glu Ser Arg Tyr Val Leu Thr Gly Arg Tyr
35 40 45

Asp Ser Ala Pro Ala Thr Asp Gly Ser Gly Thr Ala Leu Gly Trp Thr

Val Ala Trp Lys Asn Asn Tyr Arg Asn Ala His Ser Ala Thr Thr Trp
65 70 75 80

Ser Gly Gln Tyr Val Gly Gly Ala Glu Ala Arg Ile Asn Thr Gln Trp
85 90 95

Leu Leu Thr Ser Gly Thr Thr Glu Ala Asn Ala Trp Lys Ser Thr Leu
100 105 110

Val Gly His Asp Thr Phe Thr Lys Val Lys Pro Ser Ala Ala Ser
115 120 125

<210> SEQ ID NO 4

<211> LENGTH: 133

<212> TYPE: PRT

<213> ORGANISM: Streptomyces avidinii

<220> FEATURE:

<221> NAME/KEY: MISC_FEATURE

<222> LOCATION: (128)..(133)

<223> OTHER INFORMATION: Poly-Histidine Tag

<400> SEQUENCE: 4

Ala Glu Ala Gly Ile Thr Gly Thr Trp Tyr Asn Gln Leu Gly Ser Thr
1 5 10 15

Phe Ile Val Thr Ala Gly Ala Asp Gly Ala Leu Thr Gly Thr Tyr Glu
20 25 30

Ser Ala Val Gly Asn Ala Glu Ser Arg Tyr Val Leu Thr Gly Arg Tyr
35 40 45

Asp Ser Ala Pro Ala Thr Asp Gly Ser Gly Thr Ala Leu Gly Trp Thr

Val Ala Trp Lys Asn Asn Tyr Arg Asn Ala His Ser Ala Thr Thr Trp
65 70 75 80

Ser Gly Gln Tyr Val Gly Gly Ala Glu Ala Arg Ile Asn Thr Gln Trp
85 90 95

Leu Leu Thr Ser Gly Thr Thr Glu Ala Asn Ala Trp Lys Ser Thr Leu
100 105 110

Val Gly His Asp Thr Phe Thr Lys Val Lys Pro Ser Ala Ala Ser His
115 120 125

His His His His His
130

<210> SEQ ID NO 5

<211> LENGTH: 127

<212> TYPE: PRT

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic peptide

<400> SEQUENCE: 5
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Ala Gl

Phe Il

Ser Al

u Ala Gly Ile Thr Gly Thr Trp Tyr Asn Gln Leu Gly Ser Thr
5 10 15

e Val Thr Ala Gly Ala Asp Gly Ala Leu Thr Gly Thr Tyr Glu
20 25 30

a Val Gly Asn Ala Glu Ser Arg Tyr Val Leu Thr Gly Arg Tyr
35 40 45

Asp Ser Ala Pro Ala Thr Asp Gly Ser Gly Thr Ala Leu Gly Trp Thr

50

Val Al

Ser Gl

55 60

a Trp Lys Asn Asn Tyr Arg Asn Ala His Ser Ala Ile Thr Trp
70 75 80

y Gln Tyr Val Gly Gly Ala Glu Ala Arg Ile Asn Thr Gln Trp
85 90 95

Leu Leu Thr Ser Gly Thr Thr Glu Ala Asn Ala Trp Lys Ser Thr Leu

Val Gl

<210>
<211>
<212>
<213>
<220>
<223>

<400>

ggcacc

<210>
<211>
<212>
<213>
<220>
<223>

<400>

100 105 110

y His Asp Thr Phe Thr Lys Val Lys Pro Ser Ala Ala Ser
115 120 125

SEQ ID NO 6

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial sequence

FEATURE:

OTHER INFORMATION: Synthetic oligonucleotide

SEQUENCE: 6

tggt acgcccagct gggagacacc ttcatcgtta c¢ 41

SEQ ID NO 7

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial sequence

FEATURE:

OTHER INFORMATION: Synthetic oligonucleotide

SEQUENCE: 7

gtaacgatga aggtgtctcc cagctgggcg taccaggtge c 41

<210>
<211>
<212>
<213>
<220>
<223>

<400>

tctgac

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 8

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial sequence

FEATURE:

OTHER INFORMATION: Synthetic oligonucleotide

SEQUENCE: 8

cggt acctacgaag ccgctgttgg taacgctgaa t 41

SEQ ID NO 9

LENGTH: 41

TYPE: DNA

ORGANISM: Artificial sequence

FEATURE:

OTHER INFORMATION: Synthetic oligonucleotide

SEQUENCE: 9

attcagcgtt accaacagcg gcttcgtagg taccggtcag a 41

<210>
<211>
<212>

SEQ ID NO 10
LENGTH: 29
TYPE: DNA
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<213> ORGANISM: Artificial sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 10

cgctcactce gctatcacct ggtctggece

<210> SEQ ID NO 11

<211> LENGTH: 29

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 11

ggccagacca ggtgatagcg gagtgagcg

<210> SEQ ID NO 12

<211> LENGTH: 28

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 12

tccagaattc gtaactaact aaaggaga

<210> SEQ ID NO 13

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 13

agacaagctt ttattaatgg tggtgatggt gatgggaagc agcggacggt tt

<210> SEQ ID NO 14

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 14

ccggtceggece tgaacgatat cttcgaggcec cagaagatcg agtggcacga ga
<210> SEQ ID NO 15

<211> LENGTH: 52

<212> TYPE: DNA

<213> ORGANISM: Artificial sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic oligonucleotide

<400> SEQUENCE: 15

gatctctcgt gccactcgat cttcectgggec tcgaagatat cgttcaggcc ga

29

29

28

52

52

52




US 2007/0099248 Al

We claim:

1. A monovalent streptavidin tetramer comprising three
modified streptavidin monomer subunits and one wild-type
streptavidin monomer subunit, wherein the modified strepta-
vidin monomer subunits each bind biotin or a fragment
thereof with a K, of greater than or equal to about 5x10™* M.

2. The monovalent streptavidin tetramer of claim 1,
wherein the wild-type streptavidin monomer subunit binds
biotin or a fragment thereof, with a K, of a wild-type
streptavidin monomer subunit for binding biotin or a frag-
ment thereof.

3. The monovalent streptavidin tetramer of claim 1,
wherein the monovalent streptavidin tetramer has a proximal
streptavidin K, for binding biotin or a fragment thereof.

4. The monovalent streptavidin tetramer of claim 1,
wherein the monovalent streptavidin tetramer has a single
femtomolar biotin binding site.

5. The monovalent streptavidin tetramer of claim 1,
wherein the monovalent streptavidin tetramer has a proximal
streptavidin overall biotin off-rate.

6. The monovalent streptavidin tetramer of claim 1,
wherein the amino acid sequence of the modified streptavi-
din monomer subunit consists of the amino acid sequence of
a wild-type streptavidin monomer subunit with at least three
substituted amino acid residues.

7. The monovalent streptavidin tetramer of claim 6,
wherein the substituted amino acid residues are in the
sequence of a biotin binding pocket of the streptavidin
monomer subunit.

8. The monovalent streptavidin tetramer of claim 6,
wherein the three substituted amino acid residues are N23A,
S27D, and S45A.

9. The monovalent streptavidin tetramer of claim 1,
wherein one or more of the modified or wild-type strepta-
vidin monomer subunits further comprises a purification tag.

10. The monovalent streptavidin tetramer of claim 9,
wherein the purification tag is a polyhistidine tag.

11. The monovalent streptavidin tetramer of claim 9,
wherein the streptavidin monomer subunit further compris-
ing the purification tag is the wild-type streptavidin mono-
mer subunit.

12. The monovalent streptavidin tetramer of claim 1,
further comprising a detectable label.

13. The monovalent streptavidin tetramer of claim 1,
wherein the monovalent streptavidin tetramer is made by
mixing together streptavidin monomers under conditions in
which the monomers associate into tetramers.

14. A streptavidin monomer subunit that comprises a
modified wild-type streptavidin monomer amino acid
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sequence and binds biotin or a fragment thereof with a K, of
greater than or equal to about 5x107* M.

15. The streptavidin monomer subunit of claim 14,
wherein the amino acid sequence of the modified streptavi-
din monomer subunit consists of the amino acid sequence of
a wild-type streptavidin monomer subunit with at least three
substituted amino acid residues.

16. The streptavidin monomer subunit of claim 15,
wherein the substituted amino acid residues are in the
sequence of a biotin binding pocket of the streptavidin
monomer subunit.

17. The streptavidin monomer subunit of claim 15,
wherein the three substituted amino acid residues are N23A,
S27D, and S45A.

18. The streptavidin monomer subunit of claim 14,
wherein the streptavidin monomer subunit is associated with
three additional streptavidin monomer subunits in the form
of a streptavidin tetramer.

19-21. (canceled)

22. A method of making a plurality of monovalent strepta-
vidin tetramers, wherein the tetramers are formed by asso-
ciating wild-type streptavidin monomer subunits and modi-
fied streptavidin monomer subunits, wherein the monovalent
streptavidin tetramer has one or more of the following
characteristics:

(a) a proximal streptavidin K, for binding biotin or a
fragment thereof,

(b) a single femtomolar biotin binding site,
(c) a proximal streptavidin overall biotin off-rate,

wherein a streptavidin monomer subunit modification
consists at least of the substituted amino acid residues
N23A, S27D, and S45A in the amino acid sequence of
the streptavidin monomer subunit and the unmodified
streptavidin monomer subunit is a wild-type streptavi-
din monomer subunit.

23-54. (canceled)

55. A method of binding biotin or a fragment thereof
comprising: contacting a biological sample comprising
biotin or a fragment thereof with a monovalent streptavidin
tetramer of claim 1 under conditions that permit binding of
biotin or a fragment thereof with a monovalent streptavidin
tetramer.

56. (canceled)



