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Monovalent Streptavidin that Senses Oligonucleotides**

Steven K. Taylor,* Jingxian Wang, Natasa Kostic, and Milan N. Stojanovic

Streptavidin and its congeners occur naturally as homotet-
ramers binding up to four molecules of biotin between
monomer-monomer interfaces (Ky=107'*m). This system is
the cornerstone of a large number of bioassays, purification
procedures, and imaging protocols.l'! The popularity lies in its
robust nature, simplicity, and ability to couple virtually any
molecule of interest to either biotin or its receptor proteins.
However, the tetravalent nature of the protein can result in
undesirable effects that is, crosslinking of biotinylated mol-
ecules, which may complicate synthesis of reagents (for
example, streptavidin-antibody complexes become oligo-
meric),”! and disrupt normal cell function in live-cell imag-
ing.’! The individual monomeric units of streptavidin bind
biotin weakly (K,~10""m)M and hence do not provide an
optimal solution to unwanted crosslinking. A molecular
biology approach to this problem has been reported: strepta-
vidin tetramers with only one functioning biotin-binding
pocket, that is, a monovalent streptavidin, can be isolated
from random assemblies generated from expressed wild-type
monomers and monomers containing mutations blocking
biotin binding. This reagent was preferred over natural
streptavidin in live-cell imaging applications.”!

Our goal to make monovalent streptavidin easier to access
and thereby available for broader applications, stemmed from
the interest in rapid construction of molecular robotic
elements®®! (for example, molecular entities called “spiders”
are equivalent in their “three-legged” form to monovalent
streptavidin) and previous uses of streptavidin as nano-
technology building block.”’ We now report a straightforward
single-step route to a monovalent streptavidin by using
a trisbiotinylated oligonucleotide to block three of streptavi-
din’s four biotin-binding sites, thereby making use of the
“chelate effect” to increase stability and yield relative to
biotin or other reagents functionalized with one biotin moiety.
Additionally, in the course of our experiments, an unantici-
pated property of the monovalent streptavidin—oligonucleo-
tide conjugate was discovered: the complex is a sensitive
sensor of single point mutations: hybridization of the cyclized
oligonucleotide with a perfectly matched complementary
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strand triggers the dissociation of a biotin moiety (with
concomitant oligomerization) and does so with greater
efficiency than a complementary strand containing a single-
base mismatch.

We constructed the monovalent streptavidin through
a direct macrocyclization reaction with a trisbiotinylated
oligonucleotide (Figure 1a). The oligonucleotide was
designed with dimensions that enabled it to intramolecularly
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Figure 1. a) Assembly of a discrete trisbiotinylated oligonucleotide—
streptavidin complex, that is, a “monovalent streptavidin”, and its
ability to bind only one biotin. Streptavidin (STV) is represented by

a gray rectangle with a “bite” out of each corner representing biotin-
binding pockets; biotin is represented by black spheres; a single-
stranded oligonucleotide and organic spacers link the three biotin
moieties. b) lon-exchange HPLC trace showing the major product
STV-1 obtained when 1 and STV are combined in a 1:1 ratio at room
temperature, then heated to 70°C for 15 min, and allowed to cool
(minor products were composed of DNA and streptavidin, as deter-
mined by the ratio of absorbance at 260 nm/280 nm, and possess

a greater charge (and hence larger mass) as their elution times
indicate, but have not been characterized further). The left y-axis is
absorbance at 260 nm and the right y-axis is percentage of 1 m NaCl
in the mobile phase—the dashed line shows the NaCl gradient and is
read off the right y-axis. c) Native PAGE: Lane 1 is purified STV-1;
lanes 2—4 are a mixture of STV-1 with 0.1, 0.5, and 2 equivalents of
a monobiotinylated oligonucleotide, resulting in a single major prod-
uct, thus supporting that STV-1 is monovalent; lane 5 is the mono-
biotinylated oligonucleotide.
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bind to streptavidin using all three biotin moieties (Figure S1
in the Supporting Information). This is in contrast to
previously reported designs, in which intramolecular cycliza-
tion was disfavored by using very short trisbiotinylated
ligands.®*) We first tested the trisbiotinylated oligonucleotide
5-/52-Bio/TTTTTTTTTTITTTITTTTTTTTTITT-/
3BioTEG/-3 (1; 52-Bio = modification with two biotin moi-
eties at the 5'-end; 3BioTEG = modification with a tetraethy-
lene glycol spacer and one biotin moiety at the 3'-end): mixing
this oligonucleotide with one equivalent of streptavidin and
then heating for 15min at 70°C and cooling, resulted in
estimated yields around 55% for the major product STV-
1 (Figure 1b; all yields were estimated by integration of
HPLC chromatogram peak areas, see Figure S2 in the
Supporting Information for details).The monovalency of the
complex was confirmed by the ability of STV-1 to accept only
one additional biotinylated oligonucleotide (Figure 1c, lanes
2-4 and Figure S3 in the Supporting Information). The yield
could be increased to around 70 % by using two equivalents of
streptavidin with heating the mixture to 70°C and allowing to
cool (Figure S4 in the Supporting Information).

Analogous results were obtained when the T,s sequence
was substituted with arbitrarily chosen 24- or 20-mer nucleo-
tide sequences, STV-2 and STV-3, respectively (see the
Supporting Information for sequences). The yields for these
were lower, at around 30-40%, however, they could be
improved up to 70 % by using two equivalents of streptavidin,
heating to 70°C, and then cooling. Without heating, the yield
was increased to 50 % by adding the trisbiotinylated oligonu-
cleotide to streptavidin saturated with desthiobiotin (K,
~107'; Figure S5 in the Supporting Information).'*!!l The
longest nucleotide sequence tested (a 43-mer, 7) gave the
highest yield (70 %) on simply 1:1 mixing with streptavidin at
room temperature (Figure S10 in the Supporting Informa-
tion). The optimized yield of the monovalent streptavidin is
a significant improvement when compared to statistically
generated three-legged “spiders”® and modified streptavidin
incorporating nonbinding monomers, both at approximately
35% (the statistical maximum is 42 % ).”! Whilst the oligonu-
cleotide linker can be substituted with any other moiety of
sufficient length and flexibility, it had the important benefit of
straightforward isolation of the desired product by anion-
exchange HPLC.

Subsequently, we investigated the hybridization of the
bound oligonucleotide linker as an approach to incorporate
a fluorescent dye for imaging applications. However, when
monovalent streptavidin complexes were mixed with their
respective complementary oligonucleotides, we observed in
PAGE experiments the appearance of an extensive “ladder”
(Figure 2), indicating an oligomerization process. We
hypothesized that double helix formation forced dissociation
of one of the biotin moieties, thereby triggering intermolec-
ular crosslinking (e.g. Figure S12 in the Supporting Informa-
tion). Consistent with this mechanism, the extent of oligome-
rization observed is proportional to the amount of full-
complement strand, for example 6, added to STV-1,; that is,
substoichiometric amounts of 6 resulted in a diminished
ladder, because excess STV-1 bound dissociated biotin
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Figure 2. Native PAGE results: The effect of complementary strand
length (N) on the extent of oligomerization after 1 h and 24 h of
incubation at room temperature. For example, lane 24 shows the
products obtained when a 24-mer complementary strand is added to
STV-2; lane 23 shows the products obtained when a 23-mer comple-
mentary strand is added to STV-2, and so on. Lane 0 is the negative
control, that is, no complementary strand is added. In lane S a 24-mer
complementary strand is added in the presence of ten equivalents of
streptavidin; this is a control for an approximation of a crosslinked
dimer. In lane B a 24-mer complementary strand is added in the
presence of 1000 equivalents of biotin; this is a control for a dissoci-
ated biotin without crosslinking.

moieties and thus stopped the oligomerization process (Fig-
ure S7 in the Supporting Information).

Oligomerization could be inhibited by introducing an
additional biotin moiety at the monobiotin end (3’-end) of the
oligonucleotide to give STV—4, that is 4 is anchored with two
biotin moieties on both ends (Figure S8 in the Supporting
Information). This result is consistent with the hypothesis that
the biotin moiety that undergoes dissociation in STV-1, STV-
2, and STV-3 is the single biotin moiety at the 3-end.l”
Oligomerization after hybridization can also be prevented
either by “capping” the dissociated biotin with an excess of
free streptavidin or by blocking incipient biotin-binding sites
by an excess of free biotin (Figure S8).

The biotin dissociation is likely driven by the relief of
strain caused by the increased rigidity of the resultant double
helix in combination with the shortening of the length of the
oligonucleotide linker upon hybridization."*'¥ The out-
stretched length of the single-stranded 25-mer is approxi-
mately 14 nm and its duplex is approximately 8 nm long
(Figure S1). A double-helix trisbiotinylated oligonucleotide
of the same length as the single-stranded system used above,
that is, approximately 14 nm (measuring 43 base pairs),
showed no ability to form a monovalent streptavidin when
added directly to streptavidin and formed oligomers instead
(Figure S9b in the Supporting Information, lanes 2 and 3).
Further, when a monovalent streptavidin was assembled by
using single-stranded 43-mer 7 and then the full-complement
strand was added, the dissociation rate was severely reduced
(Figure S9b, see lanes 4 and 6, and compare with Figure 2). It
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was reported that force acting on the biotin—streptavidin
interaction diminishes the lifetime of the interaction.'”! The
proposed mechanism resembles the opening of molecular
beacons,!®! or beacon-like enzyme-oligonucleotide-tethered
inhibitors.'”! This oligomerization effect is also observed
when shorter oligonucleotide complements are utilized
(Figure 2). However, the oligomeric species produced over
the time course of the experiment are smaller with respect to
mass. This phenomenon can be explained by a decrease in the
rate of production of dissociated biotin, thereby leading to
preferential capture of starting material and also, in principle,
a higher chance of cyclic oligomer formation. This hypothesis
was supported by the fact that large oligomers were favored
when the single vacant biotin-binding site of STV-3 was
blocked, for example, with biotinylated fluorescein (as in F-
STV-3; Figure 3a compare lane 2 with lane 6). This observa-
tion is due to the fact that the dissociated biotin moiety of F-
STV-3 cannot form crosslinks to another F-STV-3 (i.e. all
biotin-binding sites are occupied in F-STV-3).

Furnished with the ability to translate the addition of
a complementary oligonucleotide into a “biotin label”, we
were interested in the sensitivity of this process with respect
to single-base mismatches—a desirable attribute for any
oligonucleotide detection system. We screened fully comple-
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Figure 3. Sensitivity of biotin dissociation to mismatches: a) Stacking
gel nondenaturing PAGE results of addition of perfectly matched
(dashed box) or single-mismatch oligonucleotide to STV-3 (lanes 1-4)
compared with F-STV-3 (where the lone vacant biotin-binding site is
blocked with fluorescein biotin (@-R); lanes 5-8) after 15 min incuba-
tion at 37°C. The mismatch occurs near the mid-point of the
complementary strand. b) Enzyme-linked immunosorbent assay
(ELISA) results after 15 min of plate-bound STV-3 in the presence of
a perfectly matched or mismatched oligonucleotide at room temper-
ature: 1) QuantaRed HRP substrate only; 2) positive control (biotin
present); 3) perfect match; 4) single-base mismatch (CC, as in (a)
above); 5) negative control (no complement added).
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mentary oligonucleotides (“targets”) of different lengths and
their single-mismatch counterparts against STV-2 (the
“probe”). The results (Figure S11 in the Supporting Informa-
tion) were consistent with the following trade-off: long
oligonucleotides caused opening more rapidly, while shorter
oligonucleotides were more sensitive to single-point mis-
matches. For example, for the 24-nucleotide target strand the
process was relatively rapid at about 15 min for approxi-
mately 100 % dissociation, whilst for a 17-nucleotide target
strand the forced biotin dissociation process took three days
to reach approximately 100 % dissociation (Figure S12¢), but
the 17-mer target was more sensitive to the mismatch than the
24-mer target. From this set of results we chose 17-nucleotide
length targets with various mismatches to study their effect on
the biotin dissociation and oligomerization products when
added to STV-2, STV-3, and F-STV-3 probes.

STV-3 and F-STV-3 showed high sensitivity towards 17-
mer target strands with single base differences (Figure 3a and
Figure S13 in the Supporting Information). STV-2, which
contains a longer (by four bases) trisbiotinylated oligonucleo-
tide, was less sensitive to single base differences than STV-3
(compare Figure S12a with S12b). Interestingly, mismatch
sensitivity was severely diminished (i.e. the rates of biotin
dissociation for a perfectly matched complement and one
with a single mismatch were similar), if the target strand is
hybridized to the 3’-terminus of the probe (Figure S11). Note:
over longer incubation times, the ability to discriminate
single-base mismatches is gradually diminished, because all
samples are moving towards equilibrium, where all starting
material is oligomerized (Figure S12¢).

Making use of the single vacant biotin-binding site to
incorporate an additional monobiotinylated oligonucleotide
provides a useful handle, for example, if the reagent needs to
be attached to a solid support, or as a spatial address in
various microarray applications."®! As a preliminary demon-
stration, the monovalent streptavidin STV-3 was attached
through an additional monobiotinylated oligonucleotide to
streptavidin-coated plates and newly dissociated biotin was
detected with an horseradish peroxidase (HRP)-labeled
streptavidin conjugate. We were able to distinguish between
a complementary oligonucleotide and an oligonucleotide with
a single point mutation, within 15 min at room temperature
(Figure 3¢ and Figure S14 in the Supporting Information).
This protocol is currently being studied and optimized for
direct detection of short oligonucleotides of clinical signifi-
cance."!

In conclusion, we present here a readily accessible
monovalent streptavidin, assembled in a straightforward
procedure that overcomes a statistical distribution of prod-
ucts, and substitutes protein expression with two commer-
cially available reagents (streptavidin and custom made
oligonucleotide). In addition, in one step one of the biotin
moieties becomes available for further binding in direct
response to a specific oligonucleotide sequence. This offers
advantages over current applied analytical methods where
biotin, or other labels are inserted requiring additional
steps.’®?! The new reagent can be fine-tuned with various
functionalities, by using a wide variety of custom analogues
available for synthetic oligonucleotides. The unique proper-
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ties of the complex and ease of synthesis opens wide
opportunities for practical applications in imaging and
biosensing.

Experimental Section

Full details for experiments are provided in the Supporting Informa-
tion. In general, trisbiotinylated oligonucleotide (250 puL of 1 pm) is
mixed as thoroughly and as rapidly as possible with streptavidin
(250 uL of 1 pum) at room temperature. The resulting mixture is
purified by anion-exchange HPLC.
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