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Abstract We recently reported the engineering of monomeric
streptavidin (mSA) for use in monomeric detection of bio-
tinylated ligands. Although mSA can be expressed function-
ally on the surface of mammalian cells and yeast, the molecule
does not fold correctly when expressed in Escherichia coli.
Refolding from inclusion bodies is cumbersome and yields a
limited amount of purified protein. Improving the final yield
should facilitate its use in biotechnology. We tested the ex-
pression and purification of mSA fused to GST, MBP,
thioredoxin, and sumo tags to simplify its purification and
improve the yield. The fusion proteins can be expressed
solubly in E. coli and increase the yield by more than 20-
fold. Unmodified mSA can be obtained by proteolytically
removing the fusion tag. Purified mSA can be immobilized
on a solid matrix to purify biotinylated ligands. Together,
expressing mSA as a fusion with a solubilization tag vastly
simplifies its preparation and increases its usability in
biotechnology.

Keyword Monomeric streptavidin . Fusion tag . Affinity
purification . Solubilization

Introduction

Streptavidin is a widely used tool in molecular science. The
popularity of the molecule (and its homologs, including avidin)
in biotechnology is based on its high biotin affinity. Biotin can
be introduced into target molecules using a variety of chemical
and enzymatic techniques (de Boer et al. 2003; Elia 2008;
Howarth et al. 2005; Trippier 2013), which allows facile

development of a molecular recognition system based on the
streptavidin–biotin interaction. Common applications of
streptavidin include detection, purification, labeling,
crosslinking, and immobilization (for a recent review, see
Dundas et al. 2013; Laitinen et al. 2006). The usage of the
molecule in various applications places a high demand on its
production. Fortunately, streptavidin can be efficiently pro-
duced in microorganisms and is commercially available at
affordable prices.

Despite its favorable molecular properties, wild type (wt)
streptavidin tetramer is not appropriate for some applications,
including monovalent detection of cell surface receptors.
Monovalent labeling is important to avoid ligand aggregation
that interferes with measurements at the cell surface. For
example, receptor crosslinking leads to receptor degradation
through internalization and also changes its dynamics in the
lipid membrane (Mellman and Plutner 1984). Monovalent
streptavidin containing a single active subunit was engineered
to overcome the limitations of streptavidin tetramer, and was
shown to be useful for labeling a membrane protein on
neuronal cells (Howarth et al. 2006b). As a tetramer, wt
streptavidin is also difficult to use as a recombinant fusion
tag without perturbing the quaternary structure of the target
molecule (Lim et al. 2012). Finally, the large size of the
molecule (~60 kDa) may hamper its use in crowded spaces.
To overcome these limitations, we engineered monomeric
streptavidin (mSA) based on a single subunit of
streptavidin (Lim et al. 2013) (Fig. 1a). The use of mSA
makes it straightforward to implement monovalent detec-
tion of biotinylated ligands. Because mSA is a structural
monomer, it can also be fused to other proteins to introduce
a biotin binding tag. We have recently determined the
atomic structure of mSA and used homology modeling
and molecular dynamics simulations to design an improved
mutant, mSA2, that has slower dissociation kinetics
(Demonte et al. 2013).
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One challenge that occurs during in vitro applications of
mSA (or mSA2) involves the preparation of the molecule.
While the production of wt streptavidin has been optimized in
engineered microorganisms (Markwick et al. 2003; Nagarajan
et al. 1993; Nogueira et al. 2013), the molecule is difficult to
express in the most common microbial expression host, i.e.,
Escherichia coli (Sano and Cantor 1990). mSA expressed in
E. coli is similarly insoluble and requires inclusion body
purification (Lim et al. 2011). Although in vitro refolding is
common, it is also an inconvenient way to prepare a reagent
for biotechnology application, since the process takes 7–
10 days to complete, increases the total cost of produc-
tion, and results in limited total yield. For example,
refolding mSA requires a combination of reduced and
oxidized glutathione in the folding buffer to ensure
proper formation of the disulfide bond. Even after opti-
mization, the final yield of purified mSA remains low
around 3 mg from 1 l of culture. Altogether, the prep-
aration of recombinant mSA presents a significant tech-
nical challenge to those who are less experienced and
creates a barrier to its intended applications.

We have searched for a simpler mSA purification method
so that the molecule can be used broadly to develop novel
applications based on the mSA–biotin interaction.
Importantly, expressing mSA in a soluble form should help
streamline its preparation, since the protein can then be iso-
lated from the soluble fraction of the cell lysate using a
number of available methods. We tested a variety of fusion
tags, including sumo (Panavas et al. 2009), maltose binding
protein (MBP) (Kapust and Waugh 1999), GST (Harper and
Speicher 2011), and thioredoxin (trx) (LaVallie et al. 2003), all
of which are commonly used to improve the solubility of a target
protein. Expression of wt streptavidin was similarly improved
by introducing fusion tags (Gallizia et al. 1998; Sorensen et al.
2003). We show that mSA can be expressed in a soluble form
using recombinant tags, thus simplifying the purification steps
and concurrently increasing the final yield. We demonstrate the

construction of mSA-based affinity matrix for purification of
biotinylated ligands under a mild elution condition.

Materials and methods

Cloning of mSA fusions

pET-MBP-BirA and pET-trx-BirA plasmids were fromYifeng
Li (Li and Sousa 2012). The GST fusion vector (pGEX-4 T-1)
was purchased from Addgene. The mSA gene was amplified
from pRSET-mSA (Lim et al. 2013) by PCR using the
primers: 5′-CCGTTCGAATTCGCTAGCGAGAACCTGT
ATTT-3′ and 5′-CCGTTCCTCGAGTTACTTGTCGTCAT-
3′). The PCR product was digested with EcoRI and XhoI
and ligated into pET-MBP-BirA (or pET-trx-BirA) doubly
digested with the same restriction enzymes to generate pET-
MBP-mSA (or pET-trx-mSA). The amplified PCR gene was
also doubly digested with NheI and XhoI and ligated into
pGEX-4 T-1 digested with NheI and XhoI to yield pGST-
mSA. pRSET-sumo vector was constructed by cloning the
Saccharomyces cerevisiae SMT3 sequence into pRSETa down-
stream of the 6xHis tag. pRSET-sumo-mSAwas constructed by
ligating the mSA PCR product digested with NheI and XhoI.

Induction of mSA fusion expression

E. coli BL21(DE3) pLysS competent cells were transformed
with pGST-mSA, pRSET-sumo-mSA, pET-trx-mSA or pET-
MBP-mSA and selected on LB plates containing
either 100 μg/ml ampicillin or 50 μg/ml kanamycin. Both
the starter and induction cultures contained 50 mM KH2PO4,
50 mM Na2HPO4, 25 mM (NH4)2SO4, and 2 mMMgSO4. A
1-ml LB starter culture containing 1 % glucose was grown
overnight at 37 °C and was used to inoculate 100 ml of LB
medium containing 0.05 % glucose and appropriate antibi-
otics at 37 °C Protein expression was induced by adding

Fig. 1 Engineered monomeric streptavidin and fusion proteins. a Wt
streptavidin is an obligate tetramer. Monomeric streptavidin structurally
corresponds to a single subunit of streptavidin yet retains ability to bind
biotin with high affinity. b Fusion constructs tested in the current study.
mSA was fused to four different expression tags, including maltose
binding protein (MBP), thioredoxin (trx), glutathione S-transferase (GST),

and small ubiquitin-like modifier (sumo). Each construct contains a TEV
protease recognition sequence (T) upstream of mSA and a C-terminal
FLAG (F) epitope. Each construct contains one or more recombinant tags
to allow a single-step affinity purification from the cell lysate. 6H,
hexahistidine affinity tag
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50 μM IPTG at OD600=0.8–1.0 and continued for 16 h at
20 °C.

mSA purification

The induced cells expressing MBP-mSAwere resuspended in
a lysis buffer (Buffer A) containing 50 mM Tris (pH 7.5),
150 mM NaCl, 900 μM biotin, 1 mM EDTA, 1 mM PMSF,
10 % glycerol, 0.2 % Triton X-100, 0.2 mg/ml lysozyme, and
kept on ice for 30 min prior to 6×10 second sonication.
Following 20 min centrifugation at 12,000 rpm and 4 °C,
the supernatant was collected and added to amylose resin
equilibrated in wash buffer containing 50 mM Tris (pH 7.5),
150 mM NaCl, 1 mM EDTA, 0.5 mM PMSF. After 2 h of
incubation at 4 °C with continuous rocking, the resin was
washed and bound MBP-mSA was eluted with 20 mM D-
maltose in the wash buffer. The cells expressing trx-mSAwere
lysed in Buffer A without EDTA and supplemented with
10 mM imidazole (Buffer B) by sonication. The soluble
fraction was mixed with Ni-NTA agarose (Clontech) equili-
brated in 50 mM Tris (pH 7.5), 150 mM NaCl, and 25 mM
imidazole and incubated for 2 h at 4 ºC. The bound fusion
proteins were eluted with 300 mM imidazole.

TEV protease expression and purification

To prepare TEV protease, BL21(DE3) pLysS cells were trans-
formed with the expression vector pRK793 for the tobacco
etch virus (TEV) protease (Addgene). A 5-ml LB starter
culture with 100 μg/ml ampicillin and 1 % glucose was
inoculated from several colonies and grown overnight at
37 °C. The starter culture was added to 500 ml of fresh LB
media and grown at 37 °C until OD600=0.8, at which point
IPTG was added to 50 μM and the temperature was shifted to
30 °C for overnight induction. 6xHis-TEVwas purified onNi-
NTA resin using the same procedure described above for trx-
mSA. Eluted TEV was buffer exchanged to 20 mM Tris
(pH 7.5) and passed through SP Sepharose Fast Flow (GE
Healthcare Life Sciences) pre-equilibrated in 20 mM Tris
(pH 7.5). TEV was eluted by applying a linear gradient from
0 to 500 mM NaCl over 50 column volumes. The fractions
containing TEV were pooled and concentrated to 1 mg/ml in
TEV storage buffer [50 mM Tris (pH 7.5), 1.0 mM EDTA,
5.0 mM DTT, 50 % glycerol, and 0.1 % Triton X-100] and
stored at −20 °C.

mSA isolation

MBP-mSA and trx-mSA were proteolyzed with TEV to iso-
late mSA. Each protein was concentrated to 10 mg/ml and
prepared in 50 mM Tris (pH 7.5), 150 mM NaCl, 900 μM
biotin, 0.5 mM EDTA, and 1.0 mM DTT. Proteolysis was
initiated by adding TEV protease at 1:100 TEV/fusion

dilution, and continued at 4 °C with continuous rocking for
24 h. After buffer exchange to 20 mM sodium phosphate
(pH 6.0), proteolyzed mSA was purified on Mono Q
5/50 GL (GE Healthcare Life Sciences) using a linear gradient
from 0mM to 125mMNaCl over 50ml. TEV cleavage of trx-
mSA followed an identical procedure except Q Sepharose
Fast Flow column was used with a gradient from 0 to
250 mM NaCl over 100 ml. Alternatively, the proteolyzed
fraction was heated to 55 °C or 75 °C for 10 min, briefly
chilled on ice, and centrifuged at top speed for 5 min to
remove precipitated proteins. Isolated mSA was buffer ex-
changed to 100 mM glycine buffer (pH 2.3) and then to
PBS at 4 ºC, or directly to PBS at 40 ºC, using a 10-kDa
cutoff Amicon Ultra Centrifugal Filter.

Dynamic light scattering

Purified mSA was analyzed by dynamic light scattering to
monitor potential aggregation. The sample was prepared to the
concentration of 1 mg/ml in PBS and passed through a 0.2-μm
syringe filter before analysis. The measurements were repeat-
ed five times and the hydrodynamic radius of each sample was
determined based on the scattered light intensity using
Zetasizer Software 6.0.

Preparation of mSA agarose resin

mSA was chemically conjugated to NHS-activated agarose
resin (Thermo Scientific) following the manufacturer’s in-
struction. mSA was added to a final concentration of 1 mg
protein/ml of swelled resin and incubated at 20 °C for 2 h. The
reaction was quenched by adding 1 M Tris pH 7.4. The
conjugated resin was washed and stored in PBS until use.

In vivo biotinylation of GFP

pET-MBP-BirA and pRSET-6xHis-AviTag-GFP plasmids
were co-transformed into BL21(DE3) pLysS in order to cata-
lyze in vivo biotinylation of GFP (Kay et al. 2009). Protein
expression was induced with the addition of 50 μM IPTG at
OD600=0.8–1.0, and the cells were grown for additional 16 h
at 20 °C. The cell pellet was resuspended in PBS with 1 mM
EDTA, 1 mM PMSF, 10 % glycerol, 0.2 % Triton X-100,
0.2 mg/ml lysozyme, and kept on ice for 30 min prior to
sonication. Biotinylated GFP (b-GFP) was purified on Ni-
NTA or on mSA resin.

Fluorescence polarization

Fluorescence polarization measurements were made using
the SpectraMax i3 Microplate Reader (Molecular Devices)
at 25 °C in PBS (pH 7.4) containing 0.1 mg/ml bovine serum
albumin (BSA) using black, flat bottom 96 well plates
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(Sterilin Ltd). 100 nM of biotin fluorescein (BF; AnaSpec)
was mixed with titrating amounts of mSA and incubated
overnight at 4 °C. The normalized signal was fit to the qua-
dratic binding equation, as previously described (Hsu and
Park 2010). To measure the dissociation rate, 100 nM of BF
was mixed with 500 nM of mSA for 1 h at room temperature.
The assay was initiated with the addition of excess biotin to a
final concentration of 100 μM and recordings were started
immediately. The normalized signal was fitted to an exponen-
tial decay function to compute koff.

Size exclusion chromatography

The molecular mass of mSA was estimated by gel filtration
using a Superdex 75 10/300 GL column (GE Healthcare) on
the ÄKTAprime plus workstation (GE Healthcare). The col-
umn was calibrated using the Gel Filtration Markers Kit for
Protein Molecular Weights 6,500–66,000 Da (Sigma-
Aldrich). PBS was used as the liquid phase.

Results

Soluble expression of mSA

Initial attempts to express mSA1 in a soluble form in BL21
(DE3) by adjusting the induction conditions, including the
temperature and duration of induction or the amount of
IPTG, were unsuccessful, as little to none of the protein was
observed in the soluble fraction by either Coomassie staining
or by Western blot. We next expressed mSA in Origami2, a
bacterial strain that contains mutations in both the thioredoxin
reductase and glutathione reductase genes to enhance disul-
fide bond formation in the cytoplasm of E. coli. Although
mSAwas expressed in the soluble fraction, the yield was too
low to warrant further investigation.

Because the addition of a fusion tag is commonly used to
increase the solubility of a protein that would otherwise form
inclusion bodies, we tested if introducing a solubilization tag
would help mSA stay in solution during expression and puri-
fication. For example, high-yield soluble expression of wt
streptavidin was reported by the addition of several different
fusion tags (Sorensen et al. 2003). There are a number of
fusion tags commonly used in E. coli, some of which are
useful for enhancing solubility while others are useful for both
solubility and purification (Walls and Loughran 2011). We
tested four commonly used fusion tags, including GST, MBP,
thioredoxin (trx), and sumo, because these are widely

available and represent a range of molecular size and chemical
properties (Fig. 1b).

In order to maximize protein expression, we considered the
effects of various additives to LB culture media on cell den-
sity. The addition of glucose to both the starter and expression
cultures helps prevent leaky expression, which was observed
even with the BL21 strain carrying the pLysS plasmid. Leaky
mSA expression reduces cell viability and limits overall pro-
tein yield. Furthermore, the addition of phosphate buffer to the
culture media greatly improved the final cell density, presum-
ably by buffering the medium from acidification over time.
Finally, addition of 2 mM MgSO4 doubled the total biomass
after overnight induction (Studier 2005). Under the optimized
growth and induction conditions, the final cell density consis-
tently reached OD600=10–11 after 16 h induction at 20 °C.

Each fusion protein was grown in modified LB medium
containing 50 mM KH2PO4, 50 mM Na2HPO4, 25 mM
(NH4)2SO4, 2 mM MgSO4, and 0.5 % glycerol, and 0.05 %
glucose. The cells were induced with a low concentration of
IPTG (50 μM) at 20 °C to keep the rate of protein synthesis
low. The induced cells were lysed and the soluble and insol-
uble fractions were analyzed by SDS-PAGE and Coomassie
staining (Fig. 2). All four fusion tags improved the percentage
of the induced protein that appears in the soluble fraction, with
the most noticeable improvement observed for MBP and trx.
Therefore, we proceeded to isolate MBP- and trx-mSA from
the soluble fraction. Each construct was isolated from the
soluble portion of the cell lysate by affinity purification. The
MBP fusion was first bound on amylose resin and eluted with
maltose. Greater than 200 mg of MBP-mSA was recovered
from 1 l of culture, of which 25 % of the mass, i.e., ~50 mg,
can be attributed to mSA (based on the molecular weights of
mSA, 14 kDa, and MBP-mSA, 60 kDa). Trx-mSAwas puri-
fied on Ni-NTA resin using an internal 6xhistidine affinity tag
with a yield of more than 100 mg of trx-mSA per 1 l culture
(molecular weight 33 kDa).

The affinity purified protein was treated with TEV protease
to remove the fusion tag and isolate mSA containing a C-
terminal FLAG tag (Fig. 3a,b). Near complete proteolysis was
observed in 24 h at 4 °C. Following proteolysis, the cleaved
MBP and trx fusion tags were removed by ion exchange
chromatography using Mono Q and Q Sepharose Fast Flow,
respectively (Fig. 3c,d). The use of ion exchange matrix helps
reduce the cost of purification compared to a second round of
affinity chromatography.

Fluorescence polarization spectroscopy (FPS) was used to
measure the equilibrium binding affinity and the rate of dis-
sociation for bound BF. Since this is the first reporting of mSA
purified from the soluble fraction, we compared its equilibri-
um and kinetic binding properties with the values reported in
the literature. The measured Kd=1.9±0.4 nM and koff=7.6±
1.1×10−3 min−1 are largely in agreement with previously
reported values (Fig. 4a,b) (Demonte et al. 2013). The

1 We use mSA to denote monomeric streptavidin without referring to the
specific variant of the molecule. Unless noted otherwise, mSA refers to
the monomer containing H25, which was described by Demonte et al.
(2013).
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molecular weight of mSA was estimated by gel filtration
chromatography (Fig. 4c), which showed mSA eluting as a
single peak with a predicted molecular weight of 22.7 kDa.
Although this is higher than the theoretical mass of 14.2 kDa,
the discrepancy can be explained by the presence of flexible
terminal residues, e.g., the FLAG tag, which contributes to an
overestimation of the apparent molecular weight (Lim et al.
2011, 2013). Finally, we tested the thermal stability of mSA,
since the formation of a disulfide bond is often challenging
within the cytosol of E. coli. The denaturation temperature of
purified mSAwas measured by circular dichroism (CD) spec-
troscopy to yield Tm=60 °C, similar to the reported value
(Fig. 4d).

Use of mSA in affinity purification

The moderate biotin affinity of mSA (Kd in low nM) may be
advantageous during affinity purification of biotinylated li-
gands, because the bound ligand may be eluted under mild
conditions. In contrast, biotin dissociates from wt streptavidin
only under harsh treatments that may potentially damage the
ligand. To test if mSA may be used in affinity purification, we
constructed affinity matrix by chemically crosslinking MBP-
mSA on NHS activated agarose beads and used the resin to
bind biotinylated BSA (b-BSA). Once captured, the bound b-

BSAwas eluted by incubating the resin with excess free biotin
(Fig. 5a). Alternatively, we used to MBP-mSA immobilized
on Ni-NTA resin to capture biotinylated GFP (b-GFP)
(Fig. 5b). Together, these studies suggest that mSA may be
used in affinity purification of biotinylated proteins.

However, it was also clear from these studies that the
majority of the ligand did not bind the resin and appeared in
the flow through. Low ligand binding would limit the utility of
mSA based affinity purification, since it would result in a
significant loss of the biotinylated ligand. The poor yield
was not due to steric hindrance from the agarose matrix itself,
since incubatingMBP-mSAwith b-BSA or b-GFP first before
mixing with Ni-NTA did not improve the yield (data not
shown). Crosslinking mSA directly to the agarose resin with-
out MBP also did not improve the outcome. Misfolding of
mSA is unlikely the source of the problem, because denatur-
ation study showed that the purified molecule undergoes a
temperature induced two state transition at the temperature
expected of a correctly folded protein (Fig. 4d). We therefore
hypothesized that the binding site of purified mSA may be
somehow occluded by biotin that was added during purifica-
tion, leaving only a small fraction of the protein in the apo
state. In this regard, the affinity of mSA was measured, both
here as well as in previous studies, using biotinylated-
fluorescein, but the affinity for free biotin may in fact be

Fig. 2 Solubility of mSA
fusions. For mSA and the four
fusion constructs, i.e., GST-mSA,
MBP-mSA, trx-mSA, and
sumo-mSA, the following
samples were loaded. L MW
standard, 1 uninduced cells, 2
induced cells, 3 soluble fraction
after cell lysis, 4 insoluble fraction
after cell lysis; asterisk (*)
denotes induced band
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higher because biotin contains a carboxyl group that interacts
electrostatically and contributes to the binding energy. Once
mSA binds biotin, the complex may not dissociate during the
subsequent purification and dialysis steps, which lasted
several days but were all conducted at 4 °C.

Revised purification protocol to prepare apo-mSA

We tested if the limited binding capacity of MBP-mSA is due
to binding site occlusion. To this end, we compared MBP-
mSA with mSA-Z that was purified from inclusion bodies
through in vitro refolding. The Z domain of protein A was
introduced to facilitate refolding by increasing the solubility of
the fusion protein. Equimolar concentrations of MBP-mSA
and mSA-Z were then mixed with biotinylated-phycoerythrin
(b-PE) and Ni-NTA. More b-PE was captured using mSA-Z
than with MBP-mSA, suggesting that there are more biotin
binding sites available on mSA-Z than on MBP-mSA
(Fig. 5c).

We tested if the binding capacity of MBP-mSA can be
improved by heating the protein to induce biotin dissociation.
After binding MBP-mSA on Ni-NTA, we heated the resin to
40 °C or 60 °C to induce biotin dissociation, but this led to the
release of the bound protein from the resin, preventing further
analysis. We then heated MBP-mSA in solution to 75 °C for

10 min and buffer exchanged the sample with PBS at 40 °C to
remove dissociated biotin. However, because MBP-mSA pre-
cipitated heavily upon heating, we were unable to evaluate
whether biotin in fact dissociated from mSA. Separately, we
noticed that MBP-mSA is aggregation prone and is difficult to
concentrate to above 10 mg/ml, whereas purified mSA can be
easily concentrated many times more. We therefore treated
MBP-mSAwith TEV to release mSA. The proteolyzed sam-
ple was then heated to 75 °C and centrifuged to separate
protein aggregates (Fig. 6a). Interestingly, the precipitation
contained MBP and MBP-mSA, while the soluble fraction
contained only mSA. Dynamic light scattering of the purified
mSA fraction showed a single peak with an estimated hydro-
dynamic diameter of 4.0 nm, smaller than commercially
available BSA (5.5 nm) (Fig. 6b). Therefore, heat treatment
at 75 °C provides a convenient one-step purification of mSA
from MBP and MBP-mSA. A similar result was observed
following heat treatment at 55 °C. The soluble fraction con-
taining mSAwas finally buffer exchanged at elevated temper-
ature to remove free biotin.

Recovery of bound ligand

Purified mSA was then coupled to agarose beads to prepare
affinity resin. To test if the mSA resin can be used to purify

Fig. 3 Purification of mSA. For a
MBP-mSA and b trx-mSA, the
following samples were loaded: 1
cell lysate supernatant, 2 affinity
purified fraction from amylose
resin (MBP-mSA) or Ni-NTA
resin (trx-mSA), 3 post-TEV
protease cleavage, 4 post-ion
exchange chromatography.
Asterisk (*): mSA, right arrow:
MBP (a) or trx (b). Purification of
c MBP-mSA on Mono Q and d
trx-mSA on Q Sepharose Fast
Flow after TEV protease
cleavage. Black: absorption at
280 nm, red: buffer conductivity
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biotinylated ligands, we added b-GFP to the resin prepared
with mSA heated to 75 °C and incubated the complex for 1 h
at 4 °C. For comparison, we repeated the same assay with
MBP-mSA that was not heat treated as well as mSA heated to
55 °C (Fig. 6c,d). Both the 55 °C and 75 °C samples bound b-

GFP significantly better than untreated MBP-mSA.
Therefore, heat treatment increased the capacity of mSA to
bind biotinylated protein, presumably by releasing bound
biotin. Bound b-GFP was eluted by addition of free biotin,
but the efficiency of recovery was low. A low pH buffer, such

Fig. 4 Biophysical characterization. a The binding affinity and b off-rate
of mSA were determined by fluorescence polarization spectroscopy
(FPS) using biotin–fluorescein. The normalized FPS values were fit to
the quadratic binding equation and the exponential decay function to
obtain Kd (1.9±0.4 nM) and koff (7.6±1.1×10

−3 min−1), respectively. c
The molecular mass of mSA was estimated using gel filtration. mSA
elutes as a single peakwith a predicted molecular weight of 22.7 kDa. The

four arrows on top are molecular standards and correspond to 66.0, 29.0,
12.4, and 6.5 kDa from left to right. Inset: SDS-PAGE gel to demonstrate
the quality of purified mSA used in the assay. d Temperature induced
unfolding of biotin bound mSA at pH 7.4 (open circle), apo-mSA at
pH 7.4 (open square), and apo-mSA at pH 3.0 (open triangle). The
measured Tm are 72.3±0.5 °C, 60.1±0.3 °C, and 55.6±0.5 °C,
respectively

Fig. 5 Affinity purification of biotinylated protein on mSA resin. a
Biotinylated BSA was incubated with MBP-mSA loaded amylose resin
and the bound fraction was eluted with free biotin. 1Ni-NTA resin before
elution, 2–4 three separate elutions of b-BSAwith 0.9 mM free biotin, 5
MBP-mSA used to construct affinity matrix. Asterisk: MBP-mSA, arrow:
BSA. b Biotinylated GFP was captured on MBP-mSA immobilized on
Ni-NTA. 1 b-GFP used in the study, 2 b-GFP in the flow through, 3wash,
4 boiled resin. Asterisk: MBP-mSA, arrow: GFP. c Comparison of

refolded mSA-Z (left) and MBP-mSA (right) for ability to bind b-PE.
mSA-Z was refolded from inclusion bodies in the absence of biotin to
ensure all binding sites are vacant and available for interaction. MBP-
mSAwas isolated directly from the cell lysate supernatant and potentially
exists as a biotin bound complex. An equal amount of each protein was
mixed with b-PE and subsequently bound to Ni-NTA. Nearly all b-PE
bound mSA-Z whereas only a subset of b-PE bound to MBP-mSA
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as 0.1 M citrate buffer pH 3, protonates the mSA residue
corresponding to D128 of wt streptavidin and dissociates
bound biotin (Wilchek and Bayer 1999). Because GFP dena-
tures under this elution condition, we conducted the study
with biotinylated fluorescein (BF), which remains structurally
intact in a low pH buffer. Using BF as a reagent, we evaluated
the performance ofmSA resin under repeated regeneration. To
this end, bound BF was released and the resin was re-

generated by washing in citrate buffer. The recycled resin
was able to capture more BF without loss of binding capacity
through five rounds of regeneration (Fig. 6e).

To facilitate recovery of bound ligand under a mild elution
condition, we tested two variants of mSA with faster biotin
dissociation rates. For example, a mutant containing two
mutations, T48F and G49A (mSA-FA), has an off-rate that
is ~7-fold higher, whereas another variant containing a T48H

Fig. 6 Removal of endogenous biotin. a To remove biotin bound in
purified MBP-mSA, MBP-mSAwas first cleaved with TEV (lane 1) and
heated to 75 °C. The solution was clarified by centrifugation and the
soluble (lane 2) and insoluble (lane 3) fractions were analyzed by SDS-
PAGE. The heat-stable, soluble fraction comprised mostly of mSA
whereas the precipitates contained MBP, MBP-mSA, and TEV protease,
a small amount of mSA and other unidentified impurities. b (black) mSA
that has been heated to 75 °C was analyzed by dynamic light scattering to
determine if the molecule may form soluble aggregates. (red) BSA
without heat treatment was similarly studied to provide a reference. c
Binding of b-GFP to various mSA affinity matrices. The matrix was
prepared with mSA that has been heat treated at 55 °C (mSA-55, 1) or
75 °C (mSA-75, 2) before conjugation to the resin; 3 purified MBP-mSA
without heat treatment was coupled to the resin; 4 empty resin without

mSA to estimate non-specific binding. d The same as c but an equal
amount of each resin sample was loaded on SDS-PAGE to demonstrate
efficient binding of b-GFP to mSA-55 and mSA-75. e To test the
durability of mSA affinity matrix, the resin was used to capture biotinyl-
ated fluorescein (BF). The amount of bound BF was quantified based on
fluorescence. The resin was regenerated by washing in pH 3 buffer and
reused to capture additional BF. The process was repeated five times, and
the amount of BF captured during each round is plotted (blue). To
evaluate non-specific binding to the agarose resin, binding of BF to
unconjugated agarose resin was measured (dark blue). f SDS-PAGE
showing purification of b-GFP from bacterial cell lysate using mSA-FA
conjugated to agarose resin. 1 Soluble fraction of the cell lysate, 2 resin
flow-through, 3 resin wash, 4 eluted fraction. Asterisk: BirA, right arrow:
GFP
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mutation (mSA-H) has an off-rate that is too fast to measure
on the yeast surface (Demonte et al. 2013). We purified mSA-
H and mSA-FA and conjugated each to agarose resin. mSA-H
resin showed binding of b-GFP, but the majority of protein
was lost during washing (data not shown). In contrast, mSA-
FA stably captured most of the in vivo biotinylated GFP from
the cell lysate. Furthermore, the bound b-GFP was recovered
under amild elution condition, i.e., PBSwith 900μMbiotin at
room temperature, to yield a highly pure sample (Fig. 6f).
However, chemically biotinylated b-BSA with potentially
multiple biotin molecules per protein could not be eluted using
free biotin, suggesting that recovery becomes progressively
difficult as the multivalency of interaction increases. The
mSA-FA resin can be regenerated in a pH 3 buffer and reused
at least five times without a noticeable decrease in binding
capacity.

Discussion

To date, the functional expression of mSA has been limited to
eukaryotic cells, e.g., mammalian cells and yeast (Lim et al.
2012), whereas its expression in E. coli led to the formation of
insoluble aggregates (Lim et al. 2011). As such, the only
method of preparing mSA for in vitro application was to
isolate it from inclusion bodies of bacteria and refold it
in vitro. Here, we present a method of purifying mSA in a
soluble form. There are a number of reasons for developing a
purification method that does not involve refolding. First,
inclusion body purification is inherently rate limiting and
labor intensive (Rudolph and Lilie 1996). The preparation of
inclusion bodies alone can take as long as the entire purifica-
tion described in this paper (Lim et al. 2013). The procedure is
also burdensome because the refolding step — whether it is
conducted by rapid dilution of denatured protein into a folding
buffer (Howarth et al. 2006a) or by slow dialysis— involves a
huge expansion in the liquid volume that can be increasingly
difficult to process as one scales up the production. Refolding
also requires various reagents that can increase the cost of
purification, including guanidinium hydrochloride and re-
duced and oxidized glutathione. As such, a scalable produc-
tion system based on soluble expression of mSA is likely to be
important to develop novel applications based on mSA–biotin
interaction.

Of the four solubilization tags we tested, MBP and
thioredoxin had the biggest impact on the synthesis of mSA.
It is usually difficult to predict which tag will work the best,
although a trend in yield and solubility enhancement is some-
times reported (Niiranen et al. 2007). Still, the improved
expression of mSA fused to MBP and thioredoxin is consis-
tent with numerous examples of similarly engineered proteins
(Lebendiker and Danieli 2011; McCoy and La Ville 2001).
The final yield of purified mSA from the soluble fraction was

similar for both constructs, i.e., >50 mg/l of purified mSA,
which is significantly higher than the GST fusion (3 mg/l).
Although significant degradation of sumo-mSA during puri-
fication precluded its further use, this may be overcome
through optimization of the linker sequence (Gustavsson
et al. 2001). MBP is both a solubilization tag and an affinity
tag, which adds flexibility to how the complex is purified. The
lower cost of amylose resin compared to hexahistidine affinity
resin may be another benefit of using the MBP fusion.

Biotin is added during the purification because it helps with
the folding of mSA. Without biotin, we observe significant
precipitation during purification with concomitant loss of
mSA. The potential role of biotin as a molecular chaperone
was demonstrated in the context of yeast display, in which
addition of biotin to the growth medium was shown to help
improve display efficiency of unstable mSA on the yeast
surface (Lim et al. 2012). The importance of including biotin
can be understood based on the structure of the binding
pocket, which includes a structurally and functionally impor-
tant disulfide bond (Demonte et al. 2013; Lim et al. 2013).
Because of the reducing environment in the cytosol, the
disulfide formation may not occur until after the protein is
extracted from the cell. The binding of biotin should ensure
the cysteine side chains are close to each other so that they can
form a disulfide bond. Immobilized iminobiotin is sometimes
used to purify high affinity streptavidin variants (Nagarajan
et al. 1993). Immobilized biotin or iminobiotin may also be
used to assist in the folding of mSA while avoiding the
complications arising from lodged biotin, although this would
lead to an additional round of affinity purification and increase
the cost of preparing mSA compared to the method presented
here.

We took advantage of the apparent difference in thermal
stability between MBP and mSA to develop a convenient,
temperature based separation step after TEV proteolysis. Both
the MBP tag and the unprocessed MBP-mSA readily precip-
itated when the sample is heated to 75 °C, whereas mSA
without the tag remained mostly soluble (>90 %) following
the heat treatment. Most other impurities also precipitated
when heated, resulting in highly enriched mSA preparation.
Heat treatment has been reported as a possible purification
method for other thermostable proteins as well. For example,
the recombinant antibodies from Camelidae (VHHs) are sta-
ble and refold rapidly after denaturation, which allows their
enrichment through heat treatment to yield purity similar to
that of affinity chromatography (Olichon et al. 2007). It was
surprising that mSAwould remain in solution at 75 °C when it
denatures at 60 °C. Given that the denaturation temperature of
MBP at pH 7.4 is 63 °C (Ganesh et al. 1997), it would have
been difficult to predict that MBP would selectively precipi-
tate during heat treatment. One possibility is that mSA man-
ages to stay soluble even when unfolded and also refolds
rapidly once the temperature is lowered. Because thioredoxin
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does not precipitate when heated, a mixture of thioredoxin and
mSA cannot be purified by this method and either affinity or
ion exchange chromatography is needed to isolate mSA.

That the biotin binding capacity of mSA did not rise above
5 % of the theoretical value after many days of dialysis and
numerous rounds of buffer exchange suggests that its biotin
affinity may be considerably higher than estimated based on a
biotinylated ligand. The difference in affinity for conjugated
and unconjugated biotin is not unexpected, and a similar
discrepancy in affinity has been reported for wt streptavidin
and a biotinylated ligand (Aslan et al. 2005). The discrepancy
likely arises from the chemical difference between a carboxyl
group in unmodified biotin and an amide group in a biotinyl-
ated ligand. Replacing a hydrogen bond acceptor (–COO−)
with a hydrogen bond donor (–CONH–) may result in juxta-
position of incompatible chemical groups (e.g., two hydrogen
bond donors) unless a complementary mutation is introduced
in mSA. To this end, the affinity to a biotinylated ligand may
be further improved through rational design of a mutant in
which the residue corresponding to S88 of wt streptavidin is
replaced to a hydrogen bond acceptor to better accommodate
the amide group of a bound ligand.

The binding capacity of wt streptavidin is sometimes mea-
sured with (4-hydroxyphenylazo) benzoic acid (HABA),
since its absorption maximum shifts from λ=500 to 350 nm
upon streptavidin binding (Green 1965). The change in ab-
sorption can be used to quantify available binding sites.
Because the binding of HABA to mSA does not change its
A500, the occupancy of mSA cannot be calculated in this way.
Similarly, biotin-4-fluorescein (B4F) was used to estimate the
available binding sites on streptavidin/avidin because binding
quenches its fluorescence (Mittal and Bruchez 2011). In con-
trast, binding to mSA does not change the B4F fluorescence.
Although the change in binding capacity was not directly
measured, that the molecule binds significantly more biotin
once heated (from ~5 % to ~80 % of the expected value)
indicates that the binding site of mSA was likely occluded
prior to heating, and heating released bound biotin to increase
the available binding sites.

The construction of an mSA affinity matrix needs to bal-
ance the efficiency of binding and recovery. For example, if a
low pH buffer is needed to release bound ligand, the matrix
will not be compatible with the purification of many macro-
molecules that may denature in the process, although it may
be used to purify small molecules or peptides. In this regard,
mSA-FA with faster dissociation kinetics was shown to be a
useful variant that allows both efficient and selective binding
of biotinylated ligands, and reliable recovery of bound ligands
using free biotin. Even when a low pH buffer is used during
elution, mSA-based resin may be preferred to wt streptavidin
resin in some cases, because some subunits of wt streptavidin
are only noncovalently associated with the matrix and may
leach during purification, whereas all mSA molecules are

covalently linked to the resin matrix and should not elute with
bound ligand as long as the physical integrity of the matrix is
maintained.

The thermal stability of mSA is nearly invariant between
pH 3 and 7 (Fig. 4d). Once mSA has been crosslinked to the
resin, its stability is further reinforced so that it can be heated
repeatedly or subjected to low pH conditions without apparent
loss of activity. For example, there is little loss of activity
following repeated regeneration in low pH buffer. Affinity
matrices of other monomeric streptavidin variants are available
through several vendors (Thermo Scientific, Sigma-Aldrich),
although the makeup of these resins is not well described.
Use of monomeric streptavidin with lower biotin affinity
(Kd >100 nM), such as one containing four interface mutations
(Wu and Wong 2005) was proposed for affinity purification
applications. Here we showed that an engineered streptavidin
monomer, mSA, and its fast dissociating variant, mSA-FA,
may be used to design affinity matrix with well-defined bind-
ing and elution profiles. We have also demonstrated that these
molecules can be easily produced from E. coli in large quan-
tities following a simple purification protocol. Together, they
should allow construction of a variety of affinity resin for
isolation of biotinylated ligands for downstream applications.
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