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Abstract Streptavidin and its homologs (together referred to as
streptavidin) are widely used in molecular science owing to their
highly selective and stable interaction with biotin. Other factors
also contribute to the popularity of the streptavidin–biotin sys-
tem, including the stability of the protein and various chemical
and enzymatic biotinylation methods available for use with
different experimental designs. The technology has enjoyed a
renaissance of a sort in recent years, as new streptavidin variants
are engineered to complement native proteins and novel methods
of introducing selective biotinylation are developed for in vitro
and in vivo applications. There have been notable developments
in the areas of catalysis, cell biology, and proteomics in addition
to continued applications in the more established areas of detec-
tion, labeling and drug delivery. This review summarizes recent
advances in streptavidin engineering and new applications based
on the streptavidin–biotin interaction.

Keywords Streptavidin . Biotinylation . Proteomics .

Enzyme . Protein design

Introduction

Streptavidin (SA) is an ~56-kDa homotetramer from the bacte-
rium Streptomyces avidinii that binds up to four biotin molecules
withKd ~ 10

−14M. The protein also has high thermostability (Tm

of 73 °C for apo-SA and 112 °C for biotin-SA) and is resistant
against extreme pH, denaturing agents, and enzymatic degrada-
tion, which are important traits for use under a wide range of
experimental conditions. Streptavidin homologs have been iden-
tified from distantly related organisms, including fungus, bacte-
ria, frogs, and chickens (Helppolainen et al. 2007; Maatta et al.

2009; Meir et al. 2009; Takakura et al. 2009, 2013), but there are
likely to be many more, as a BLAST search against the UniProt
database identifies at least 104 unique sequences that show
statistically significant sequence similarity to streptavidin. Most
streptavidin sequences share similar tertiary and quaternary struc-
tures, suggesting that the structure represents an energetically
favorable folding unit. Because the molecule can tolerate exten-
sive mutations, it constitutes a good platform for engineering
studies. Not surprisingly, a large number of streptavidin mutants
have been reported in the literature. The engineered mutations
range from a single residue substitution that predictably changes
the glycosylation pattern of chicken-derived avidin (Marttila
et al. 2000) to rational design of a novel host–guest system for
organometallic chemistry applications (Ward 2011) and to large
scale protein engineering studies that alter the tertiary topology
and the quaternary structure (Lim et al. 2013). These studies and
others demonstrate continued interest in the streptavidin–biotin
interaction for use in biological and chemical systems.

Most streptavidin-based applications require biotinylation of
the target molecules. Although chemical biotinylation is straight-
forward and commonly used, the technique lacks target selectiv-
ity and stochastically modifies a broad range of chemically
similar groups. On the other hand, several chemoenzymatic
techniques developed in recent years can introduce selective
biotinylation of proteins in cultured cells and in vivo (Popp
et al. 2012). An alternative to chemical biotinylation includes
enzymatic biotinylation, which uses a fused biotin acceptor
sequence and a biotin ligase to introduce site-specific modifica-
tions (Kim et al. 2009). Enzymatic biotinylation results in highly
selective modification of a small number of proteins and is
appropriate for live cell imaging or for affinity purification and
downstream analysis. Together, improvements in biotinylation
techniques, both chemical and enzymatic, and newly engineered
streptavidin variants have played an important role in advancing
the streptavidin–biotin technology in new areas of science.

Excellent reviews exist that provide general introduction to
the streptavidin–biotin technology (Bayer and Wilchek 1980;
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Wilchek and Bayer 1988) and describe the unique properties of
the streptavidin–biotin system (Laitinen et al. 2007; Sano et al.
1996; Wilchek et al. 2006). Specific applications of the
streptavidin–biotin interaction based on detection, immobiliza-
tion, and drug delivery were also discussed in previous publica-
tions (Raiteri et al. 2001; Sakahara and Saga 1999; Skerra and
Schmidt 2000). Yet, there are also other emerging areas of
application which have not been adequately presented in avail-
able reviews, including cell biology and proteomics applications.
In the following sections, we will summarize recent develop-
ments in the engineering of streptavidin molecules as well as
chemical and enzymatic biotinylation techniques that have been
developed for use in new applications. Select examples will be
used to highlight the advances in chemistry, biology, biotechnol-
ogy and medicine that are based on the streptavidin–biotin
technology.

Engineered variants

Monovalent streptavidin

The four high-affinity binding sites of streptavidin can bind
multiple biotinylated ligands and cause target aggregation.

Since protein aggregation can change its biological functions,
the use of wild type (wt) streptavidin in live cells is thus prone
to artifacts. For example, labeling of biotinylated cell surface
receptors with streptavidin results in receptor crosslinking,
which perturbs cellular signaling, induces receptor internaliza-
tion and changes receptor dynamics, all of which interfere with
intendedmeasurements at the cell surface. Taking care to ensure
that streptavidin is present in excess does not always avoid the
problem. Because of this, the use of streptavidin in cell biology
is limited to fixed cells, whereas live cell imaging is conducted
with such tools as the Fab fragment of an antibody.

Two fundamentally different solutions have been pursued to
extend the use of the streptavidin–biotin technology to situa-
tions where multivalency is a liability. One proposed solution is
based on reducing the number of functional binding sites by
changing the tertiary and quaternary structure of the molecule
(Fig. 1a). The construction of a heterotetramer containing dif-
ferent subunits was first reported by Chilkoti et al., who mixed
wt and mutant streptavidin containing W120A during in vitro
refolding and biochemically isolated the variant with 1:1 ratio
of the two chains (Chilkoti et al. 1995). A similar strategy based
on in vitro refolding was later adopted by Howarth et al. to
engineer a monovalent tetramer that contains three inactive
chains (“D”) and one wt active chain (“A”) (Howarth et al.

Fig. 1 Advances in streptavidin engineering. The recent engineering
efforts that target the streptavidin–biotin interaction include the design
of a monovalent tetramer and b streptavidin monomer to avoid target

aggregation. Other engineered mutations either c reduce the affinity or d
slow the dissociation kinetics. The resulting mutants each have unique
properties that are useful in various applications. See the text for details
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2006). Because the mutations in the D chains essentially abro-
gate its binding (Kd ~ 1 mM), the A1D3 tetramer behaves as a
functional monomer. The utility of the engineered molecule
was demonstrated by labeling postsynaptic adhesion protein
neuroligin-1 without inducing clustering.

An alternative method to engineer the binding sites sepa-
rately is by constructing a single chain version of the tetramer,
so that each subunit can be engineered at will. Because of the
internal D2 symmetry of the molecule, the C terminus of one
streptavidin subunit is far from the N terminus of an adjacent
subunit. Connecting the subunits together in their original
conformation would thus require long intersubunit chains.
Instead, the topology of the subunits was modified by creating
circularly permutated mutants so that the sequential subunits
could be joined together using short connecting sequences
(Nordlund et al. 2005). The engineering of a single chain
tetramer was reviewed previously (Laitinen et al. 2007).

Monomeric streptavidin

We and others have searched for an alternative method of
achieving monovalent biotin detection. A structural monomer
corresponding to a single streptavidin subunit binds one biotin
molecule at a time and thus offers the simplest solution for
biotin recognition that does not result in target aggregation
(Fig. 1b). The smaller size of the mutant (~14 kDa or approx-
imately 25 % of a tetramer) may also be advantageous for
in vivo applications by increasing access to various tissues.
Because the subunit interactions are important for the stability
of the molecule, mutations that disrupt the tetrameric structure
often destabilize the molecule (Aslan et al. 2007). Studies
have shown that monomeric streptavidin is unstable and ag-
gregation prone (Wu and Wong 2005), which makes the
molecule unsuited for most applications. The source of struc-
tural instability includes both solvent exposure of hydropho-
bic residues at the tetramer interface and lost van der Waals
contacts at the dimer interface. The interactions at the dimer
interface are rarely discussed, but we have shown through site-
directed mutagenesis studies and simulation studies that the
polar interactions buried at the dimer interface are likely
important for structural stability as well as biotin binding
(Hsu and Park 2010; Lim et al. 2011).

Structural and biochemical studies have also established the
importance of intersubunit interaction for biotin binding (Chilkoti
and Stayton 1995; Weber et al. 1989). To this end, W120 from
one subunit is donated to a neighboring subunit to form part of
the binding pocket. It was believed that the loss of such
intersubunit contacts would inevitably result in low affinity
monomer. However, the discovery of rhizavidin and
shwanavidin (Meir et al. 2009, 2012) have shown that at least
in principle high affinity biotin binding may be achieved using
the residues from a single subunit. Both rhizavidin and
shwanavidin are native dimers, whose binding sites are

comprised of residues from a single subunit without explicit
contribution from a neighboring subunit. The rhizavidin and
streptavidin sequences were thus combined to engineer a mono-
mer, mSA, which had sequence similarity of ~60 % with each
parent and bound biotin with Kd=3 nM (Lim et al. 2013).
Importantly, we showed that the engineered monomer had sig-
nificantly improved solubility and stability (Tm=60 °C) and can
be efficiently used in biochemical and cell labeling experiments.

As a structural monomer, mSA may be fused to other
molecules to create a biotin binding tag. In contrast, fusing
wt streptavidin perturbs the oligomeric state of the target and
results in large aggregates if the target itself forms an oligomer.
The use of mSA as a fusion protein was demonstrated by
displaying the monomer on the cell surface as a fusion to the
transmembrane (TM) domain of a platelet-derived growth
factor receptor (PDGFR), which was then labeled with a
biotinylated fluorophore. As expected, wt streptavidin fused
to the TM helix was expressed poorly and bound biotin
poorly. Similarly, mSA was readily expressed on the yeast
surface in a functional form, while the expression and activity
of wt streptavidin was significantly lower by comparison (Lim
et al. 2012). To further explore the use of mSA as an affinity
tag, we fused mSA to GFP to create a bi-functional molecule,
which was then purified from Escherichia coli and used to
fluorescently label biotinylated proteins on the cell surface.
Therefore, both cell biology and biochemical studies strongly
support the novel and useful properties of mSA.

The monomeric conformation of mSA was later verified by
determining its atomic structure (Demonte et al. 2013). ThemSA
structure is highly similar to that of a wt streptavidin subunit,
suggesting that the mutations do not alter the tertiary structure of
the molecule. The crystal structure was subsequently used to
rationally engineer an improved mutant with slower dissociation
kinetics. Slow dissociation is important to achieve consistent
labeling during an experiment. We used homology modeling
and simulated dynamics to design themutations that are expected
to reduce the off rate. The binding pocket of shwanavidin con-
tains a hydrophobic lid, F43, which occupies the same space as
W120 of wt streptavidin. Although F43 andW120 are known to
be functionally important in their respective proteins, introducing
a comparable mutation in mSA (i.e., T48F) had only modest
improvement in its binding characteristics. On the other hand, a
mutation near the bicyclic ring of bound biotin, S25H, reduced
koff by 7.5-fold.Molecular dynamics simulations showed that the
mutation helps stabilize the binding loop in the closed confor-
mation and reduce solvent accessibility to the binding pocket.
Directed evolution studies of mSA should be useful to further
optimize its molecular properties.

Affinity and dissociation kinetics

While high biotin affinity of streptavidin is an asset in detection
and labeling, lower affinity mutants can also be useful for affinity
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purification since the bound ligand can be recovered under mild
elution conditions. To this end, mutations were introduced in the
loop 7,8 (L7,8) between β7 and β8 to lower the binding affinity
by accelerating biotin dissociation (O’Sullivan et al. 2012)
(Fig. 1c). The affinity of the mutant Kd~2×10

−8 M is signifi-
cantly lower than that of wt streptavidin but still sufficiently high
to be useful in bioseparation. Alternatively, when two mutations,
S52G and R53D, were introduced in the binding loop L3,4, the
dissociation rate koff was reduced by ten times compared to wt
(Chivers et al. 2010) (Fig. 1d). The mechanism for the mutations
was elucidated in a later study, which showed that they work by
destabilizing the open conformation of the binding loop in the
absence of bound biotin. This improvement is surprising in that
the wt streptavidin–biotin interaction is one of the most stable
protein–small molecule noncovalent interactions known in na-
ture, and any further stabilization of the interaction was thought
to be difficult. The engineered mutant, trapavidin, was shown to
bind biotin stably under conditions that dissociated wt
streptavidin, which is useful in biophysical experiments that
require ultrastable binding (e.g., force measurements of biologi-
cal motors).

Streptavidin-based enzymes

Enzymes are frequently used to create useful chemical products
(Golynskiy and Seelig 2010). Streptavidin is an attractive plat-
form from which to engineer novel enzymes, because it is
structurally robust and tolerates extensive amino acid substitu-
tions. For example, avidin shows moderate ability to catalyze the
hydrolysis of an ester bond in biotinylated conjugates
(Huberman et al. 2001). Through rational engineering,
streptavidin was designed to hydrolyze biotinyl p-nitrophenyl
ester by replacing its L3,4 with the avidin counterpart (Pazy et al.
2003). An engineered hydrolase activity could be useful for
cleaving a biotin affinity purification tag. The binding of biotin
is especially useful for engineering enzymatic capability since it
can be used to recruit and hold reactive species in desired spatial
orientation. In this regard, various metalloenzymes were
engineered on the streptavidin scaffold by anchoring biotinylated
inorganic cofactors in the binding pocket (Ward 2011). For
example, a biotinylated Rh-diphosphate anchored in the
streptavidin binding pocket was used to carry out hydrogenation
ofN-protected dehydroamino acids with 96% enantioselectivity
(Collot et al. 2003). By saturation mutagenesis of the active site
residues, the Ru-catalyzed hydrogenation of p -methylace-
tophenone was achieved with 98 % enatiomeric excess (ee)
(Pordea et al. 2010). Other engineered streptavidin me-
talloenzymes include a Ru-complex for ketone reduction
(Letondor et al. 2005), a Pd complex for asymmetric allylic
alkylation (Pierron et al. 2008), a vanadyl ion-complex for
asymmetric sulfoxidation (Pordea et al. 2008), an OsO4 complex
for dihydroxylation of olefins (Kohler et al. 2011), a Rh complex

for asymmetric C–H activation (Hyster et al. 2012) or for asym-
metric transfer hydrogenation (Zimbron et al. 2013). A hybrid
streptavidin catalyst containing an immobilized metal center was
also engineered by directed evolution using a high throughput
screen for the hydrogenation of α-acetamido-acrylic acid esters,
showing that powerful protein engineering techniques, such as
directed evolution, can be applied to evolve improved
streptavidin-based enzymes (Reetz et al. 2007). Some of the
chemical reactions catalyzed by engineered streptavidin
metalloenzymes are summarized in Table 1.

Engineered streptavidin enzymes may be used to create de
novo cellular pathways to increase the microbial production of
high value chemicals for pharmaceutical and industrial applica-
tions (Andrianantoandro et al. 2006). For example, an artificial
hydrogen transferasewas engineered by anchoring a biotinylated
hydrogen transfer moiety. The designed metalloenzyme showed
compatibility with NADH, FAD and heme-dependent
biocatalysts by producing a chain of reactions that achieved
double stereoselective amine deracemization of a cyclic amine
substrate (Kohler et al. 2013). The ability to introduce synthetic
reaction cascades into model organisms using artificial and
natural catalysts demonstrates a potential application of
streptavidin-based metalloenzymes in metabolic engineering.

Live cell imaging

Fluorescent imaging of live cells helps visualize the molecular
events at the cell surface, including receptor interaction and
dynamics. To enable fluorescent labeling with streptavidin, cell
surface molecules need to be selectively biotinylated.
Staudinger ligation or Huisgen 1,3-cycloaddition (commonly
referred to as click chemistry) are two commonly used tech-
niques for chemical biotinylation at the cell surface (Tanaka
et al. 2012). Alternatively, enzymatic biotinylation by theE. coli
biotin protein ligase BirA may be used to introduce site-specific
biotinylation of a fused acceptor peptide (AP) (Chen et al.
2005). The AP tag is a short peptide of 15 amino acids and
may be introduced at either terminus of a target or internally
without interfering with the target function (de Boer et al. 2003).
Importantly, BirA has high specificity toward its AP and does
not cross react with endogenous proteins. BirA may be co-
expressed in the cells expressing AP fusions. Or, displayed
AP tags may be biotinylated using purified BirA. Biotinylated
tags may then be labeled with fluorophore conjugated
streptavidin or used in affinity purification using immobilized
streptavidin. The AP tag may also be replaced with the biotin
acceptor domain from Propionibacterium shermanii 1.3S-
transcarboxylase (PSTCD), which is recognized and
biotinylated by an endogenous biotin ligase inmammalian cells.
A displayed protein containing PSTCDmay be directly labeled
with streptavidin conjugated to magnetic nanoparticles or
fluorophores (Tannous et al. 2006).
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Proteomics applications

Chemical biotinylation

An important biological application of the streptavidin–biotin
interaction includes affinity purification of rare proteins for
analysis by mass spectrometry (MS) (Emerman et al. 2010).
Characterizing surface proteins, many of which are N -
glycosylated, is useful for immunotyping of cells (Zola et al.
2007), but purifyingmembrane proteins is difficult because they
are usually present at low concentrations and membrane prep-
arations are often contaminated with cytosolic and intracellular
membrane proteins. To enable MS-based characterization of
different cell types, a streptavidin-based method of isolating
N-glycoproteins was developed (Wollscheid et al. 2009). For
example, the cells were first oxidized to introduce aldehyde or
keto groups on the cell surface and labeled with biocytin hydra-
zide (BH) to induce selective biotinylation of glycoproteins.
Because BH is not cell permeable, only the proteins at the
plasma membrane are subject to modification. The affinity
purified N-glycoproteins were then used to characterize the cell
type and analyze primary cells, tissues, and organs.

A novel method that uses engineered ascorbate peroxidase
(APEX) to introduce distance dependent chemical biotinylation
was recently reported (Martell et al. 2012; Rhee et al. 2013)
(Fig. 2a). In the presence of H2O2, the enzyme oxidizes phenol
derivatives to phenoxyl radicals, which are reactive, short lived
(<1 ms), and have a short labeling radius (<20 nm). By using a
phenol derivative of biotin, APEX can thus catalyze proximity-

based biotinylation of proteins. To demonstrate the use of
APEX for compartment-specific biotinylation, APEX was
targeted to the mitochondrial matrix and biotin–phenol and
H2O2 were added. MS analysis of purified biotinylated mito-
chondrial proteins identified several proteins that had previous-
ly been thought to reside in the intermembrane space or outer
membrane but are in fact associated with the matrix.

Chemoenzymatic biotinylation

One proteomics application of the streptavidin–biotin system
involves identification of the proteins that undergo posttransla-
tional modification (PTM). Reversible glycosylation of intracel-
lular proteins is a known regulatory mechanism of in vivo
protein functions, but the targets of O-glycosylation in vivo are
not well known (Zeidan and Hart 2010). To identify the proteins
that undergo addition of O -linked β-N -acetylglucosamine
(O-GlcNAc) in mammalian brain, the cells were transfected
with an engineered galactosyltransferase enzyme to incorporate
modified O-GlcNAc substrates containing a ketone–biotin tag
(Fig. 2b). The modified proteins were then enriched by affinity
purification on streptavidin beads and analyzed by MS, which
led to the identification of 25 new proteins involved in gene
expression, signaling, and synaptic plasticity (Khidekel et al.
2007). The tagging-via-substrate strategy was also used to char-
acterize the farnesylated proteins (Kho et al. 2004). For example,
a synthetic azido-farnesyl analog wasmetabolically incorporated
by an engineered farnesyl transferase and subsequently
derivatized with a biotinylated phosphine capture reagent to

Table 1 Engineered streptavidin metalloenzymes

The listed reactions were performed using streptavidin enzymes containing embedded metal catalysts. The metal catalysts were anchored in the
streptavidin binding pocket using the covalently attached biotin moiety or by dative interactions with binding site residues. Substrates and products
chosen are representative of the class of reaction catalyzed by each enzyme. The enatiomeric excess (ee) values denote the maximum reported for each
class of reaction
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enable streptavidin-based enrichment. A recent study reported
structure-guided design of mutant prenyltransferases, which
were then used to introduce biotin-geranylpyrophosphate to
modify prenylated proteins and analyze the effects of protein
prenyltransferase inhibitors (Nguyen et al. 2009). Together, these
examples illustrate the utility of chemoenzymaticmodification in
proteomic analysis. However, they also highlight a notable lim-
itation of the substrate mediated biotinylation, i.e., each applica-
tion requires development of a specialized substrate and an
engineered enzyme. It is unlikely that such enzyme–substrate
pairs can be synthesized for all reactions of interest.

Enzymatic biotinylation

Enzymatic biotinylation was used to study PTM, protein–pro-
tein, protein–RNA and protein–DNA interactions (Lau and
Cheung 2013; Tenzer et al. 2013; van Werven and Timmers
2006). For example, ubiquitinated proteins are easily lost dur-
ing purification due to contaminating ubiquitin hydrolases,
which makes their characterization challenging. To perform
proteome-wide ubiquitin profiling experiments in yeast,
ubiquitin containing 6xHis and PSTCD tags was expressed
and used to modify native proteins (Tagwerker et al. 2006)
(Fig. 2c). In situ biotinylation was achieved by endogenous
biotin ligase. The conjugated proteins were then purified under
fully denaturing conditions to prevent enzyme-mediated loss of
ubiquitin and identify novel ubiquitinated proteins.

The AP tag can be shortened by removing three carboxy
residues to increase the Michaelis constant Km for BirA modifi-
cation and develop an MS-based tool for studying protein–
protein interaction. For example, if the shortened AP tag and

BirA are each fused to two different proteins, efficient
biotinylation occurs only when the fused proteins interact with
each other (Fernandez-Suarez et al. 2008) (Fig. 2d). Proximity
dependent biotinylation may thus be used to isolate the protein
fraction in a specific functional state and examine the molecular
properties associatedwith an intermolecular interaction. This was
demonstrated by fusing BirA to the polymerase PolH and the AP
tag to the processivity factor PCNA (Shoaib et al. 2013). Because
PCNA recruits PolH to DNA following UV irradiation,
biotinylated PCNA belongs to the activated fraction. It was
shown that the active and biotinylated fraction of PCNA is
ubiquitinated, whereas the fraction that is not activated is not
ubiquitinated. Similarly, proximity utilizing biotinylation was
used to target histone H2A or H3.1 for biotinylation and charac-
terize the chromatin composition in different physiological states.
Biotinylating the histones with BirA fused to the repair related
protein RAD18, which forms foci in the nuclei after UV treat-
ment, showed that the RAD18 proximal chromatin is enriched in
phosphorylated H2A. Analysis of the biotinylated chromatin by
MS showed increased acetylation of histone H4, demonstrating a
change in the chromatin structure based on protein–protein
interaction.

Quantitative MS

Since changes in the cellular state often induce changes in
protein expression, quantifying the expression level of key pro-
teins is an important diagnostic tool. However, comparing iden-
tical proteins from different MS runs is difficult due to signal
fluctuation. Selective biotinylation with a built-in encoding
mechanism was developed to compare the abundance of a

Fig. 2 Methods of selective biotinylation. a Selective chemical
biotinylation: engineered ascorbate peroxidase, APEX, catalyzes the
oxidation of biotin–phenol to generate a molecule with a reactive radical
group. Biotin–phenol radicals are shorted lived and label proteins in a
distance-dependent manner. b Chemoenzymatic biotinylation: metabolic
tagging introduces a PTM that includes a biotin tag (shown) or a func-
tionalized group to allow selective chemical biotinylation (not shown). c

Enzymatic biotinylation: A protein is targeted for enzymatic biotinylation
by fusing a biotin AP or domain. A biotin ligase (e.g., BirA or an
endogenous ligase) introduces selective biotinylation in the protein of
interest. d Proximity driven enzymatic biotinylation:When a biotin ligase
and its cognate sequence are fused to two separate proteins, efficient
biotinylation occurs only when the fused proteins interact with each other
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protein in different samples in a singleMS run (Gygi et al. 1999;
Ong andMann 2005). To associate each protein molecule with a
unique sample, each cell lysate was chemically labeled with
isotope-coded affinity tags (e.g., biotin). The proteomes corre-
sponding to different cellular states were labeled with different
mass-encoded biotin tags. The proteins representing different
treatment conditions, different metabolic states, different tissues,
etc., were then combined and analyzed together, so that the
changes in protein expression can be determined from the MS
peak intensity.

Targeted drug delivery

Pretargeted cancer therapy

The streptavidin–biotin interaction is frequently used in drug
delivery for cancer and gene therapy, because it separates the
targeting agent from the actual drug to improve the therapeutic
index of a treatment (Park et al. 2011) (Fig. 3). For example,
streptavidin was used to develop a cancer therapy based on
pretargeting, in which biotinylated antibodies against known
cancer biomarkers are used to recruit radiolabeled streptavidin
(Lesch et al. 2010). By clearing unbound antibodies from the
patient before addition of streptavidin, the contrast of radiation
exposure between cancer and normal tissues can be further
optimized. Several variations of the strategy have been devel-
oped, some of which included separate clearing steps, and
were investigated in clinical trials (Paganelli et al. 1999). In
addition to radionuclides, the cargo delivered to the tumor
may also include liposomes containing chemotherapeutic re-
agents (Chen et al. 2013; Xia et al. 2009). A challenge that
remains in developing a successful streptavidin-based drug

targeting system derives from the immunogenicity of
streptavidin, which precludes its long term use. To this end,
mutations that reduce the immunogenicity of streptavidin
have been described (Yumura et al. 2013).

Targeting of viral vectors

To constitute an effective gene therapy, an engineered vector, i.e.,
a viral particle, carrying a therapeutic gene needs to selectively
infect the target cells. Some viruses interact nonspecifically with
different cell types (Pizzato et al. 2001), which increases the
toxicity of a therapy and reduces its efficacy. Streptavidin was
used to improve the efficiency of viral targeting toward a given
cell type (Barry et al. 2003;Waehler et al. 2007). To improve cell
specific targeting, the viral particles were chemically or enzy-
matically biotinylated first. Enzymatic biotinylation is preferred
to chemical biotinylation for this application because it mini-
mizes nonspecific labeling and potential functional loss. Fusing a
biotin acceptor domain to the viral capsid protein induces
biotinylation by an endogenous biotin ligase in HEK293T so
that a separate purification step can be avoided. The modified
viral particles were then recruited to pretargeted cells using
streptavidin and biotinylated antibodies or ligands (Pereboeva
et al. 2007). The strategy was shown to work with a number of
different viruses, including adenovirus, adeno-associated virus,
vaccinia virus, and lentivirus, and improve their targeting effi-
ciency (Morizono et al. 2009; Parrott et al. 2003; Purow and
Staveley-O’Carroll 2005).

Cellular import module

A cellular import module has been engineered by fusing
streptavidin to the arginine-rich TAT peptide (Rinne et al.

Fig. 3 Streptavidin-based strategies for targeted drug delivery. A
targeting reagent (e.g., antibody or ligand) that is either covalently or
noncovalently conjugated to streptavidin can be used to recruit a
biotinylated molecule of interest (MOI) to specific cells. Separating the

recognition of targeted cells from the subsequent delivery of therapeutic
reagents helps increase the therapeutic index of a treatment. Streptavidin
may also be used to induce cellular import of biotinylated MOI by fusing
a peptide or a tag capable of promoting cellular uptake

Appl Microbiol Biotechnol



2007) or the C2 toxin of Clostridium botulinum (Fahrer et al.
2013). Since direct TAT fusion can lead to target protein aggre-
gation or loss-of-function (Chauhan et al. 2007), TAT–
streptavidin may be used as a universal carrier to mediate drug
uptake while circumventing the problems associated with fusion
proteins (Fig. 3). The TAT–streptavidin fusion may be used to
mediate endocytosis of both proteins and non-proteinaceous
particles, including magnetic particles, liposomes, or DNA con-
jugated nanoparticles (Josephson et al. 1999; Suk et al. 2006;
Torchilin et al. 2001). TAT–streptavidin can enhance gene trans-
fer, suggesting that the method may be useful as an alternative to
viral gene transfer (Sun et al. 2012).

Streptavidin-based sensors

The high biotin affinity of streptavidin makes it an attractive tool
for development of novel sensors. A recent study describes tris-
biotinylated oligonucleotides (so-called “spiders”) that are capa-
ble of binding three binding sites of streptavidin simultaneously
(Taylor et al. 2013). This work is noteworthy in that the designed
molecule can be used to construct a monovalent streptavidin
starting from wt tetramer. Because the remaining binding site
retains high biotin affinity, the spider–streptavidin complex may
be appropriate for various applications that require high affinity
monovalent biotin binding. Interestingly, addition of a single
stranded DNA that is complementary to the spider sequence
was shown to induce dissociation of one of the bound biotin,
which can be detected by ELISA using horseradish peroxidase-
conjugated streptavidin. A single mismatch reduced the rate of
biotin dissociation, suggesting that the complexmay be used as a
novel sensor for detecting an oligonucleotide of a specific
sequence.

Other sensors have also been reported that do not require biotin
binding but rather use streptavidin as a generic receptor for
binding engineered ligands. For example, screening of nucleic
acid libraries has identified streptavidin-binding DNA and RNA
aptamers for use in purification or as fluorescent reporters (Bing
et al. 2010; Ruigrok et al. 2012; Srisawat and Engelke 2001;
Wang et al. 2009). Further demonstrating the use of streptavidin in
sensor design, a streptavidin bindingDNA aptamerwas rationally
engineered to detect the presence of Hg2+. The designed aptamer
contains thymine–thymine mismatches that form metal–base
pairs with mercury ions. Since the formation of metal–base pairs
stabilizes the duplex structure needed for streptavidin binding, the
device directly couples mercury recognition with streptavidin
binding and detect mercury concentrations down to 50 nM.

Conclusion

The interaction between the small molecule biotin and
streptavidin-like proteins is used in numerous chemical and

biological applications. As simple as the technology is in its core
concept, the streptavidin–biotin system is robust and adaptable to
new applications — as may be clear even from the limited
examples included in this review. Streptavidin has been
engineered extensively to modulate its structure and function
andmany usefulmutants exist to complement wt proteins. Novel
biotinylation techniques, including both chemical and enzymatic
techniques, have been developed to improve selective labeling of
proteins for biological applications. Together, the progress in
streptavidin engineering and biotinylation strategies push the
boundaries of the streptavidin–biotin technology into new areas,
inwhich the versatility of the technique continues to complement
the advances in other molecular sciences. It is curious to see how
years after their initial discovery, streptavidin and its homologs
manage to defy the odds and still find novel usage in emerging
disciplines.
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