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Cell labeling and proximity dependent biotinylation 
with engineered monomeric streptavidin
Jasdeep K. Mann1,2,*, Daniel Demonte1,*, Christopher M. Dundas1,3 & Sheldon Park1

Because streptavidin is a homotetramer, it can bind multiple biotinylated ligands and cause target aggregation. To allow biotin detec-
tion without clustering, we previously engineered monomeric streptavidin (mSA) that is structurally similar to a single streptavidin 
subunit. Introducing the S25H mutation near the binding site increases the biotin dissociation half-life t1/2 to 83 minutes. The slowly 
dissociating mutant, mSA2, is useful in imaging studies because it allows stable labeling of biotinylated targets. We show that mSA2 
conjugated with Alexa 488 binds biotinylated receptors on HEK293 with high specifi city, and bound mSA2–Alexa488 does not dis-
sociate signifi cantly during an imaging study lasting 50 minutes. As a structural monomer, mSA2 can be fused to other proteins to 
create bifunctional molecules. We tested the use of mSA2 in proximity dependent biotinylation, in which mSA2 is fused to a peptide 
or a protein that binds a protein of interest (POI) and is used to recruit photoactivatable biotin (PA-biotin) to the target molecule. 
Once the resulting cluster of interacting proteins is subjected to UV-initiated distance-dependent biotinylation, subsequent affi nity 
purifi cation of biotinylated proteins on streptavidin beads can identify protein molecules that interact with POI. In addition to proteins 
that directly interact with the mSA2 fusion, mSA2 also induces biotinylation of other proteins that are associated through a series 
of noncovalent interactions. We show that mSA2 fused to an antibody recognition domain can be recruited to the kinase Erk-2 using 
a commercially available antibody and induce biotinylation of a known Erk-2 substrate, GST-Elk-1. Therefore, mSA2 can be used to 
implement proximity dependent biotinylation and detect transient enzyme-substrate interactions.
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INNOVATION
Streptavidin is used broadly in biotechnology applications that require 
high-affi  nity interaction with biotinylated ligands. Th e streptavidin–biotin 
system is versatile and easy to work with, which has contributed to its 
popular use. For example, biotin can be introduced using chemical and 
enzymatic reactions1, and biotinylated targets are readily detected using 
streptavidin. Because biotin is a small, chemically inert, hydrophilic 
molecule, biotinylation does not signifi cantly disrupt the native structure 
or stability of the target molecule or introduce a reactive group that 
results in non-specifi c interactions. Also, streptavidin has high thermal 
and aqueous stability, which are important to ensure the molecule retains 
function under many experimental conditions. Because streptavidin can 
be modifi ed with fl uorophores or enzymes without loss of function, it 
can be used for labeling biotinylated targets for detection and readout. 
Several excellent reviews on the applications of the streptavidin–biotin 
technology exist and may be referenced for additional information2–5.

While achieving the highest sensitivity is essential for some applica-
tions, optimizing properties other than the affi  nity of interaction may be 
more relevant in other applications. For example, biotin binds streptavidin 
irreversibly, which means bound ligands can be recovered only by denatur-
ing streptavidin. Since harsh elution conditions tend to disrupt the ligand 
structure, wild-type streptavidin cannot be used in affi  nity purifi cation 

when the ligand structure is susceptible to perturbation. In this case, the 
high biotin affi  nity of streptavidin becomes a liability and actually limits 
its utility. Also, as an obligate tetramer that requires oligomerization for 
stability and function6,7, streptavidin easily crosslinks biotinylated ligands. 
Since crosslinking leads to clustering of cell surface receptors on live cells, 
streptavidin labeling is inherently at odds with the goals of an imaging 
study, i.e. to measure the distribution and dynamics of cell surface proteins 
to draw biological insights. Labeling biotinylated cell surface receptors 
without crosslinking requires monovalent biotin-streptavidin interaction, 
which cannot be achieved with wild type streptavidin tetramer. 

It has been demonstrated that monovalent interaction with bioti-
nylated ligands can be achieved with an engineered heterotetramer 
containing a single active subunit8. However, preparation of the molecule 
is cumbersome and the molecule remains relatively large (~60 kDa). It 
also cannot be used as a fusion tag because it is still a structural tetramer. 
An alternative way to implement monovalent biotin binding involves the 
use of a monomer protein, e.g. one that corresponds to a single subunit 
of streptavidin. Th e monomer may be engineered from streptavidin by 
disrupting its subunit association with mutations at the interface. Studies 
have shown that disrupting the oligomer structure results in molecules 
that are unstable (Tm = 30°C), prone to aggregation9, and bind biotin 
weakly (Kd ~ 100 nM)10. 
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Toward designing a robust monomeric protein capable of monova-
lent biotin interaction, we combined the sequences of streptavidin and 
its homolog rhizavidin to engineer a structural monomer, mSA, that 
is stable (Tm = 60°C) and binds biotin with high affi  nity (Kd = 3 nM). 
To further extend the utility of mSA, we have since engineered other 
variants of mSA by optimizing its binding characteristics. For example, 
we engineered mSA2 with a slower dissociation rate to achieve stable 
binding of biotinylated ligands. We describe fl uorescent labeling of 
biotinylated cell surface receptors using Alexa488 conjugated mSA2, 
which was stable over 50 minutes. We also describe the application of 
mSA2 in proximity dependent biotinylation to study protein–protein 
interactions11. In its original implementation, proximity-dependent 
biotinylation used promiscuous biotin ligase to selectively biotinylate 
proteins that are physically close to a protein of interest11. Since then, 
others have shown that biotinylation can also occur with photoactivat-
able biotin that is recruited through fused monomeric streptavidin12. 
Because biotinylated target proteins can be purifi ed on streptavidin 
resin, proximity-dependent biotinylation may be used to detect specifi c 
protein–protein interactions in a complex mixture containing multiple 
potential interactors. We demonstrated that mSA2 can be used in 
proximity-dependent labeling to detect transient protein interaction 
between a kinase and its substrate, further extending the scope of the 
strategy. Our finding suggests that the technique may be useful to 
identify novel protein–protein interactions that are diffi  cult to detect 
using existing methods. 

RESULTS AND DISCUSSION

Engineering and characterization of mSA
Th e UniProt database contains over 200 sequences with statistically 
signifi cant similarity to streptavidin. Conservation of residues at the 
subunit interfaces suggests that these molecules mostly form either 
dimers or tetramers (Fig. 1). Importantly, no homolog of streptavidin 
has been discovered to date that is predicted to form a genuine structural 
monomer. Subunit association is clearly important for biotin binding 
because natural oligomers, including dimers, all have a higher biotin 
affi  nity than mSA. Given the diff erence in affi  nity, it is unlikely that 
mSA will ever replace streptavidin in applications that require the 
highest sensitivity that can be achieved. However, modest affi  nity alone 
does not preclude the usefulness of the molecule in imaging studies. 
For example, live cell imaging is routinely performed with antibodies, 

which typically have affi  nities that are similar to or lower than that of 
mSA. On the other hand, it is important that the designed monomer is 
thermally stable and does not cause nonspecifi c interaction. We have 
shown that mSA is stable up to 60°C and does not aggregate when 
concentrated or conjugated with a hydrophobic fl uorophore. We have 
subsequently determined its crystal structure (PDB 4JNJ) to confi rm 
that mSA forms a structural monomer13. Likewise, gel fi ltration chro-
matography and dynamic light scattering confi rmed that the molecule 
remains monomeric in solution. 

mSA has a half-life t½ of biotin dissociation ~11 minutes at room 
temperature, which then results in dissociation of ~99% of bound 
mSA in 1 hour. Since a mutant with a slower dissociation rate should 
improve the effi  ciency of labeling and result in more stable labeling 
of the targeted molecule, we designed and tested various mutants 
containing targeted substitutions around the binding pocket to improve 
its binding kinetics (Fig. 2). Th e dissociation rate, koff , was measured 
by fl uorescence polarization spectroscopy using fl uorescein–biotin as 
the fl uorescent ligand13. We determined the fraction of bound biotin 
as a function of time and fi tted the values to an exponential function to 
compute koff  and t½ of dissociation. A single mutation, S25H, increased 
t½ to 83 minutes, or roughly 7.5-fold longer than the original mSA. To 
understand how a single mutation on the surface can bring about such 
a large change in the off  rate, we analyzed the mutant by performing 
molecular dynamics simulations. An analysis of the molecular events 
around the mutated residue suggests that the mutation improves the 
dissociation kinetics by limiting access of solvent molecules into the 
binding pocket. Th e fi nding is consistent with the presumed role of 
W120 in streptavidin tetramer as well as the existence of a hydrophobic 
lid in shwanavidin, both of which are believed to help limit solvent 
access to the bound ligand14. 

Purifi cation of mSA2
mSA2 expressed in E. coli appears in inclusion bodies and needs 
to be folded aft er purifi cation. On the other hand, fusing mSA2 to 
maltose-binding protein (MBP) keeps the protein in solution so that 
the molecule can be affinity purified directly from the cell lysates 
(Fig. 3a,b). In this regard, we have found supplementing the culture 

Figure 1 Naturally occurring and engineered streptavidin variants. All naturally occurring 
streptavidin homologs form either a tetramer (e.g. streptavidin, avidin) or a dimer (e.g. rhizavidin, 
shwanavidin). Monomeric streptavidin was engineered through homology modeling24. Images 
were generated using PDB 1SWE (left), 3EW1 (middle) and 4JNJ (right).

Figure 2 Rationally designed mutations. Several 
residues near the biotin binding pocket were 
mutated to slow the dissociation kinetics. The 
mutational effects were recently described13. 
mSA2 contains a single S25H mutation and 
increases the half-life of dissociation t1/2 from 
11 minutes to 83 minutes. 
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medium and all buff ers used during purifi cation with biotin is critical 
to make sure that purified mSA2 is correctly folded. We expressed 
and purifi ed 6xHis–MBP–mSA2 on Ni–NTA and removed the MBP 
solubilization tag using an internal tobacco etch virus (TEV) protease 
recognition sequence. Th e cleaved MBP tag was then removed by bind-
ing to amylose resin. Instead of performing a second round of affi  nity 
purifi cation, the sample can also be heated to 75°C, which preferentially 
precipitates MBP and uncleaved MBP–mSA2, while leaving cleaved 
mSA2 in solution (Fig. 3c). Th is incidentally denatures mSA2 to release 
bound biotin since its denaturation temperature is 60°C13. mSA2 remains 
in solution during heat treatment and refolds upon cooling. Using this 
protocol, we have consistently obtained >100 mg of purifi ed, functional 
mSA2 from 1 L of culture. 

Labeling of biotinylated cell surface receptors
Because mSA2 dissociates more slowly than mSA, it may lead to more 
stable labeling of biotinylated ligands on the cell surface. We used 
fl uorophore conjugated mSA2 to label biotinylated proteins expressed on 
HEK293 and imaged the cells by confocal microscopy. Th e biotinylated 
receptor was constructed using pDisplay–AP–CFP–TM, which contains a 
gene for the biotin acceptor peptide (AP) fused to cyan fl uorescent protein 
(CFP) and a transmembrane domain15. Th e surface displayed protein was 
enzymatically biotinylated at the AP sequence by co-transfecting the cells 
with an expression vector for E. coli biotin ligase, BirA. Although this is an 
artifi cial system, the fusion protein is a useful model of a biotinylated cell 
surface protein to demonstrate the binding of engineered streptavidin8. 
Th e cells displaying biotinylated AP–CFP–TM were labeled with mSA2–
Alexa488, and fl uorescent images were obtained at t = 0–50 minutes at 
10-minute intervals (Fig. 4). We estimated the fraction of bound mSA2 
at diff erent time points by measuring the total fl uorescence within the 
view based on collected images. Th e Alexa488 fl uorescence decreased 
as a function of time, but normalized CFP fl uorescence within the same 
view also decreased during the same time period, indicating that at least 
part of the signal loss is due to factors unrelated to dissociation of mSA2, 
such as photobleaching of the fl uorophores. Alexa488 is more photostable 

than CFP, which may account for its 
stronger signal at later time points. 
Since multiple factors contribute to 
loss of Alexa488 signal, one cannot 
use the current data to determine 
the dissociation rate of mSA2 on 
the cell surface. However, the study 
shows that a signifi cant fraction of 
mSA2 remains bound on the cells 
aft er 50 minutes at 20°C, suggesting 
that the molecule may be useful as 
a cell labeling reagent. 

Proximity-dependent 
biotinylation 
One of the techniques used to 
study protein–protein interactions 
in the cell is proximity-dependent 
biotinylation, which uses either 
enzymatic or chemical biotinyla-
tion to identify interacting pro-
tein molecules16. For example, a 
promiscuous biotin protein ligase 
fused to a protein of interest can 
selectively biotinylate interacting 
proteins in the cell so that they can 
be affi  nity purifi ed using immobi-
lized streptavidin11,17. Interacting 

proteins are preferentially biotinylated because the ligase releases 
activated biotin, which is reactive and has a small sphere of infl uence. 
Reactive biotin can also be generated using other methods, including 
an engineered ascorbate peroxidase, which converts phenol derivatives, 
including biotin–phenol, to a phenoxyl radicals, which are short-lived 
and can covalently modify neighboring proteins at electron-rich amino 
acids18. Recently, monomeric streptavidin fused to a protein of interest 
was used to recruit photoactivatable (PA) biotin and induce proximity-
dependent biotinylation12. UV irradiation triggers activation of the 
photoactivatable group and causes activated biotin to preferentially react 
with nearby proteins and other macromolecules. In this regard, fused 
biotin ligase, ascorbate peroxidase and monomeric streptavidin are all 
used to locally generate a reactive biotin species and induce selective 
biotinylation of molecules in a distance-dependent manner. Wild-type 
streptavidin cannot be used for the purpose of recruiting PA-biotin 
because the irreversible interaction between streptavidin and biotin means 
the biotinylated molecules are already bound by a streptavidin molecule 
and thus cannot be purifi ed on streptavidin resin. 

We tested if mSA2 can be similarly used to recruit PA-biotin and induce 
proximity dependent biotinylation. While monomeric streptavidin was 
previously used12, the use of mSA2 may be preferred because of its higher 
biotin affi  nity and stability. Using mSA2 to recruit PA-biotin, we investigated 
the interaction between the mitogen activated protein (MAP) kinase Erk-2 
and its natural and engineered binders (Fig. 5a). All MAP kinases, includ-
ing Erk-2, use a short peptide found on their substrates and regulators to 
modulate enzyme activity. For example, the peptide ligand binds the kinase 
and uses the interaction to help impose the specifi city of interaction and 
improve the effi  ciency of catalysis. We have previously demonstrated that 
a short peptide (Dpept) from a known Erk-2 regulator, the hematopoietic 
protein tyrosine phosphatase, fused to GST can co-precipitate purifi ed 
wild-type Erk-2 but not mutant Erk-2 containing a mutation at the binding 
site, indicating that the peptide interacts specifi cally with Erk-219. 

We fused the Dpept sequence to mSA2 and mixed the fusion with 
purifi ed Erk-2 and PA-biotin to form a noncovalent ternary complex. 
We then irradiated the sample with UV to activate PA-biotin and 

Figure 3 Bacterial expression of mSA2. (a) When mSA2 is expressed alone, the molecule appears entirely in 
inclusion bodies. Purifying mSA2 thus requires in vitro refolding. L, Ladder. 1, Uninduced. 2, Induced. 3, Soluble. 
4, Insoluble. (*) mSA2. (b) MBP–mSA2 remains soluble during expression and can be isolated from the cell 
lysate using affi nity chromatography. L, Ladder. 1, Uninduced. 2, Induced. 3, Soluble. 4, Insoluble. (<) MBP–mSA2. 
(c) Purifi ed mSA2 and MBP–mSA2 were heated to 75°C for 10 minutes to develop a one-step separation protocol 
for isolating mSA2 after TEV cleavage of MBP–mSA2. MBP and MBP–mSA2 precipitate upon heating, whereas 
mSA2 remains in solution after heat treatment. Therefore, mSA2 can be easily isolated after proteolysis by 
heating the sample, which selectively removes MBP and unprocessed MBP–mSA2. 1, Purifi ed mSA2. 2, Soluble 
fraction after heating purifi ed mSA2. 3, Insoluble fraction after heating purifi ed mSA2. 4, Purifi ed MBP–mSA2. 
5, Soluble fraction after heating purifi ed MBP–mSA2. 6, Insoluble fraction after heating purifi ed MBP–mSA2. 
(*) mSA2. (<) MBP–mSA2.
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initiate proximity dependent biotinylation. Aft er UV irradiation, the 
biotinylated molecules were purifi ed on streptavidin beads and analyzed 
by SDS-PAGE and Coomassie staining. Both mSA2–Dpept and Erk-2 
bound streptavidin beads, indicating that they were both biotinylated 
(Fig. 5b). Although the reaction buff er contains 0.1% w/v BSA, little 
BSA was observed in the purified fraction. If Erk-2 and PA-biotin 
are mixed together without mSA2–Dpept and UV-irradiated, there 
is little biotinylation of Erk-2. Therefore, recruitment of PA-biotin 
by mSA2–Dpept is important for targeted biotinylation of Erk-2. To 
determine if biotinylation is specifi c to Erk-2, we repeated the reaction 
aft er adding bacterial cell lysates to introduce other protein impurities. 
Although some other proteins were biotinylated when mSA2–Dpept was 
added to a high concentration (150 μM), lowering the mSA2–Dpept 
concentration improved selective biotinylation of Erk-2 over other 
protein impurities (Fig. 5c).

Since mSA2–Dpept is used to form a complex with Erk-2 and recruit 
PA-biotin, the same objective may be achieved using other mSA fusions. 
To this end, we fused mSA2 to an engineered monobody, f7.4, which 
was selected from a library assembled by randomizing three interstrand 

loops of the 10th domain of fi bronectin type 3 
to bind Erk-2 with high affi  nity (Fig. 6)20. We 
mixed mSA2–f7.4 with Erk-2 and PA-biotin 
and irradiated the sample with UV. We then 
purifi ed biotinylated molecules on streptavi-
din beads and analyzed the bound proteins 
by SDS-PAGE. Both Erk-2 and mSA2–f7.4 
were purifi ed on streptavidin resin, indicating 
that they are biotinylated (Fig. 5b, lane 3). To 
compare the effi  ciency of biotinylation using 
diff erent recruiting reagents, we performed a 
comparative analysis of biotinylation using 
different concentrations of mSA2–Dpept 
and mSA2–f7.4. Aft er UV irradiation, bioti-
nylated proteins were bound on streptavidin 
microbeads and analyzed by fl ow cytometry. 
To visualize Erk-2 captured on streptavidin 
beads, we labeled the beads with anti-FLAG 
antibody and FITC-conjugated secondary 
antibody. Use of mSA2–f7.4 led to more 
efficient biotinylation of Erk-2 compared 
to the same concentration of mSA2–Dpept 
(Fig. 5d). Th e diff erence in the effi  ciency of 
biotinylation may be due to the higher affi  n-
ity of f 7.4 (Kd = 18 nM) compared to Dpept 
(Kd = 5–10 μM)19. A higher concentration 
of mSA2–f7.4 also resulted in more effi  cient 
biotinylation of Erk-2.

Modular construction of the recruiting 
complex
In these studies, reactive biotin was gener-
ated locally by creating a recombinant 
fusion of mSA2 and either Dpept or f7.4, 
and using the fusion to target molecules 
that interact with Dpept/f7.4, i.e. Erk-2, 
for biotinylation. On the other hand, it 
would be convenient if targeting can be 
achieved through noncovalent interaction. 
For example, the noncovalent interaction 
between mSA2–Dpept/f7.4 with Erk-2 may 
be used to introduce targeted biotinyla-
tion of molecules that interact with Erk-2 
without fusing mSA2 directly to Erk-2. We 

tested if mSA2–Dpept/f7.4 can be used to biotinylate MEK, a kinase 
that phosphorylates and activates Erk-2. We combined mSA2–Dpept/
f7.4 with Erk-2 and MEK, and initiated UV-induced biotinylation. Th e 
reaction mixture was purifi ed on streptavidin beads and analyzed by 
SDS-PAGE. Although Erk-2 and mSA2–Dpept/f7.4 were biotinylated 
and isolated with streptavidin, no MEK was observed in the purifi ed 
fraction (Fig. 7a). Th e lack of MEK biotinylation may have been because 
of the mutually exclusive interaction between MEK and mSA2–Dpept/
f7.4, both of which bind Erk-2 on the same surface patch21. For exam-
ple, if mSA2–Dpept/f7.4 is bound on Erk-2, this would preclude the 
binding of MEK, and vice versa, which would explain the lack of MEK 
biotinylation. Since Dpept and f7.4 both interfere with the interaction 
of Erk-2 with its regulators and substrates, an alternative method of 
targeting mSA2 to Erk-2 is needed to test the feasibility of the modular 
implementation of proximity-dependent biotinylation. 

Indirect targeting can be especially useful if an antibody is used to 
recruit reactive biotin to the target molecule since high-quality antibodies 
exist for many proteins of interest. To test if a commercial antibody can be 
used as a modular component in proximity-dependent biotinylation, we 

Figure 4 Fluorescent labeling of biotinylated cell surface receptors. (a) A biotinylated peptide on 
HEK293 was labeled with Alexa488 conjugated mSA2 and imaged by fl uorescence microscopy. 
(Top) CFP and (middle) Alexa488 images were obtained by exciting with 405 nm and 488 nm lasers, 
respectively; (bottom) DIC. The images were taken at 0–50 minutes. mSA2 selectively binds CFP-
positive cells, indicating high specifi city of interaction. Because CFP can localize both to the surface 
and to the interior, not all CFP positive cells are Alexa488 positive. (b) The total fl uorescence within 
the view was quantifi ed by opening CFP and Alexa488 jpeg images in MATLAB and summing all 
pixel intensities. The RGB color scheme was used. For Alexa488, the values for the Green channel 
were summed, whereas green and blue channels were summed for CFP. All values were normalized 
with respect to t = 0 minute.
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fused mSA2 to the 58-amino-acid Z domain from protein A, a three-helix 
bundle that binds the Fc domain of IgG22. We then formed a noncovalent 
antibody–Erk-2 complex using M2 antibody against a C-terminal FLAG 
epitope fused to Erk-2. Finally, mSA2–Z and PA-biotin were added so 

that biotin can be recruited toward Erk-2 through a chain of noncovalent 
interactions, i.e. biotin to mSA2, then to M2, then to Erk-2. Th e combina-
tion of M2 and mSA2–Z was suffi  cient to target Erk-2 for biotinylation 
(Fig. 7b). Th e formation of a noncovalent recruiting complex requires 
a structural monomer, such as mSA, so that the composition of the 
assembled complex can be controlled. In contrast, streptavidin tetramer 
fused to the Z domain can bind and crosslink antibodies, thus resulting 
in large aggregates of poorly defi ned composition. 

Because the binding of M2 to the FLAG tag does not interfere with 
other Erk-2 interaction, the resulting noncovalent complex should 
be competent to interact with known Erk-2 substrates. For example, 
Erk-2 bound to M2 and mSA2–Z should continue to interact with its 
substrates. We added a known Erk-2 substrate GST-Elk-1 to determine 
if proximity dependent biotinylation extends to Elk-1 as well while it 
interacts with Erk-2. Aft er UV irradiation, the reaction mixture was 
purifi ed on streptavidin beads and analyzed by SDS-PAGE and visualized 
by Coomassie staining. Th e gel now contains a new band not previously 
observed. Western blot with anti-phospho-Elk-1 antibody shows that 
the band corresponds to phosphorylated GST-Elk-1. Therefore, an 
anti-FLAG antibody and mSA2–Z together can recruit PA-biotin to 
Erk-2 and mediate proximity dependent biotinylation of GST-Elk-1 
as it interacts with Erk-2. Th e interaction between Erk-2 and Elk-1 is 
transient, because Elk-1 is an enzyme substrate of Erk-2 and not a typical 
protein–protein interaction partner. Th e effi  cient biotinylation of Elk-1 
and its subsequent isolation by streptavidin affi  nity chromatography thus 
raises the possibility that the technique may be useful to characterize 
unknown enzyme–substrate interactions. 

Figure 5 Proximity dependent bioti-
nylation. (a) Schematics of proximity 
dependent biotinylation. mSA2 fused 
to Dpept or f7.4 forms a noncovalent 
complex with Erk-2. mSA2 recruits 
PA-biotin to Erk-2 to target Erk-2 for 
biotinylation following UV activation. 
(b) Erk-2 and mSA2–Dpept/f7.4 were 
combined in the presence of PA-biotin. 
The samples were UV-irradiated and 
then purified on streptavidin beads 
prior to analysis by SDS-PAGE. (*) 
Erk-2. (→) mSA2–Dpept or mSA2–f7.4. 
(<) degradation product of mSA2–f7.4. 
L, ladder. (c) To examine the specifi city 
of proximity-dependent biotinylation, 
Erk-2 and mSA2–Dpept were mixed 
with bacterial cell lysates before bi-
otinylation was initiated with UV. All 
lanes contained 1 mM PA-biotin and 
were purified on streptavidin beads 
prior to loading on SDS-PAGE. Protein 
bands were visualized by Coomassie 
staining. (*) Erk-2. (→) mSA2–Dpept. 
(d) Quantitative analysis of Erk-2 
biotinylation by fl ow cytometry. Bioti-
nylated Erk-2 was captured on strepta-
vidin beads and visualized using anti-
FLAG antibody and FITC–secondary 
antibody. 

Figure 6 Specifi c binding of Erk-2 to Dpept and f7.4. (a) GST–Dpept was 
used to pull down purifi ed Erk-2. To show the specifi city of interaction, 
we competed the interaction with engineered monobody f7.4 that binds 
Erk-2 at the same site as Dpept or with a control monobody, f0.1. At 
high concentrations, f7.4 competes the binding of GST–Dpept, whereas 
a control monobody does not. 
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CONCLUSION
Th e versatility of the streptavidin–biotin interaction is clear from the 
numerous examples developed based on the technology. Monomeric 
streptavidin expands its potential use further by allowing experimental 
designs that are incompatible with the molecular properties of naturally 
occurring streptavidin variants, including obligate oligomerization and 
irreversible biotin binding. Here we describe two applications of mSA2 
that take advantage of its moderate biotin affinity and monomeric 
conformation, i.e. fl uorescent cell labeling and proximity-dependent 
biotinylation. Th e unique molecular properties of mSA2 may lead to 
other novel uses in the future.

MATERIALS AND METHODS

Expression and purifi cation of mSA
Th e purifi cation of mSA was previously described23. Briefl y, BL21(DE3) 
pLysS competent cells were transformed with pET-MBP-mSA and selected 
on LB plates containing 100 μg/mL ampicillin. Inoculated liquid culture 
was grown in LB overnight and diluted 100-fold into Terrifi c Broth (Difco). 

Th e cells were grown to OD600 = 0.8–0.9 and the 
mSA expression was induced for 24 hours at 20°C 
with 100 μM IPTG. Th e cells were harvested by 
centrifugation and re-suspended in cell lysis buff er 
(PBS, 0.2 mg/mL lysozyme, 900 μM biotin, 1 mM 
PMSF, 10% glycerol). Th e cells were incubated on 
ice in lysis buff er and sonicated with six cycles of 
10 × 30-second pulses. Th e lysate was clarifi ed by 
centrifugation and the soluble fraction was applied 
to the HisPur Ni-NTA Superfl ow agarose (Th ermo 
Scientifi c) equilibrated with 10 mM imidazole in 
PBS. Th e column was washed in 20 mM imidazole 
and the bound protein was eluted with 300-mM 
imidazole. To remove the MBP tag, the purifi ed 
protein was buff er exchanged to 50 mM Tris (pH 
7.5), 150 mM NaCl, 900-μM biotin, 0.5 mM EDTA 
and 1.0 mM DTT. TEV was added and the reaction 
was allowed to proceed at 4°C for 24 hours. Th e ef-
fi ciency of proteolysis was checked by SDS-PAGE. 

Labeling of biotinylated cell surface 
receptors
Adherent HEK293 cells were seeded on 18-mm 
glass coverslips and grown in DMEM supple-
mented with 10% FBS and antibiotics/antimycotic 
(Invitrogen). Th e cells were co-transfected with 
pDisplay–AP–CFP–TM and pDisplay–BirA–ER 
at 50% confluency and grown in a medium 
supplemented with 5 μM biotin and 5 mM ATP. 
After 24 hours, the cells were fixed with 4% 
formaldehyde and washed several times with 
PBS. Cells were labeled with Alexa488-conjugated 
mSA2 and visualized by confocal microscopy. 

Construction of mSA2 fusions
To create mSA2 fusions, the Dpept, f7.4 or Z insert 
sequence was prepared as below and cloned at the 
C-terminus of mSA2 between BamHI and XhoI. 
Dpept was constructed from two complementary 
DNA strands:

5′-GATCCAGATTGCAAGAAAGAAGAG-
GTTCTAATGTAGCTTTGATGTTGGAT-
GTGTAAC-3′ and 5′-TCGAGTTACACATC-
C A A C AT C A A A G C TA C AT TA G A A C -

CTCTTCTTTCTTGCAATCTG-3′

Th e annealed double stranded DNA was phosphorylated with T4 
kinase and ligated to pET–MBP–mSA2 cut with BamHI and XhoI. 

F7.4 was amplifi ed from pCT302-f7.420 with the primers: 

5′-AGACGTGCGGATCCGCTAGTGGTGGTGGTGGTTCT-3′ and 
5′-AGACGTGCCTCGAGTTACTGGGATGGTTTGTCAAT-3′ 

Th e Z-domain of protein A was amplifi ed from pDHZ plasmid (a gift  
from G.T. Montelione) using the primers: 

5′-CGCTGAGGATCCGGCGGTGGCGGTAGCAATGCGCAACAC-
GATGAAGCC-3′ and 5′-CGCTGACTCGAGTTATTTCGGCGC-
CTGAGCATCATT-3′

Th e PCR product was then digested with restriction enzymes and 
ligated to the mSA2 expression vector. 

Proximity-dependent biotinylation 
All mSA2 fusion proteins were expressed and purifi ed from BL21(DE3) 
pLysS. Purifi ed mSA2–Dpept and mSA2-f7.4 in 50 μl of PBS with 0.1% (w/v) 

Figure 7 Modular construction of the targeting reagent. (a) MEK kinase was mixed with Erk-2 
and mSA2–Dpept for proximity-dependent biotinylation. (Lane 1) MEK was added fi rst to allow 
formation of MEK–Erk-2 complex, which was then followed by addition of mSA2–Dpept. (Lane 2) 
mSA2–Dpept was added fi rst to form mSA2–Dpept–Erk-2, which was followed by addition of 
MEK. MEK biotinylation (<) was not observed in either case. (Lane 3) MEK alone, which resulted 
in some non-specifi c biotinylation. (*) Erk-2. (→) mSA2-Dpept. (b) mSA2-Z and monoclonal 
anti-FLAG antibody, M2, (inverted Y) were used together to recognize Erk-2 containing a C-
terminal FLAG tag. Following UV irradiation, biotinylated proteins were purifi ed and analyzed 
by SDS-PAGE and Coomassie staining. (*) Erk-2. (<) Antibody heavy and light chains. (→) 
mSA2–Z. (c) Fly-by capture of an enzyme–substrate interaction, in which proximity dependent 
biotinylation is used to detect the substrate (GST-Elk-1) as it interacts with the enzyme (Erk-2). 
After UV irradiation and purifi cation on streptavidin beads, the bound fraction was analyzed by 
SDS-PAGE and visualized by Coomassie staining. (Inset) Western blot with anti-phospho-Elk-1 
antibody confi rms the identity of the new band that appears (→). (*) Erk-2. 
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BSA were incubated with Erk-2 for 15 minutes at 20°C. A photoactivatable 
crosslinker, EZ-Link TFPA–PEG3–Biotin (Th ermo Scientifi c) in DMSO 
(10 mg/mL) was added in 20-fold excess to mSA2 and incubated for 
5 minutes. To initiate crosslinking, the reaction mixture was placed on 
ice and irradiated for 30 minutes with a 4W UV lamp (UVP-UVGL-15) 
with λ = 365 nm at a distance of 5 cm. Unreacted biotin was removed by 
buff er exchanging the sample into PBS. Alternatively, Erk-2 was mixed with 
purifi ed mSA2–Z and anti-FLAG antibody M2 (Agilent Technologies) 
and incubated at 20°C for 5 minutes to form a stable complex. Erk-2 and 
PA-biotin were then added as before, and the mixture was UV-irradiated. 
To supplement the reaction mix with bacterial cell lysates, cells from 10 mL 
of uninduced, saturated BL21(DE3) pLysS culture were dissolved in 1mL of 
lysis buff er containing 50 mM sodium phosphate (pH 7.2), 150 mM NaCl, 
1% Triton-X 100 and 1 mM PMSF. Th e cell lysate was clarifi ed at 12,000 
rpm and the soluble fraction was added to the biotinylation reaction. 

Detection of biotinylated proteins 
Biotinylated proteins were captured on 3-μm diameter streptavidin beads 
(Bangs laboratory) and analyzed by SDS-PAGE (Coomassie staining and 
Western blot) and fl ow cytometry. Th e streptavidin beads were boiled 
in SDS loading dye for 10 minutes and loaded on an SDS-PAGE gel. For 
Western blot, the proteins were transferred to a nitrocellulose membrane 
(0.2 μm). Th e membrane was then blocked with 5% nonfat dry milk in Tris 
buff ered saline (pH 7.6), 0.1% Tween-20 at room temperature for 1 hour. 
M2 was added (1:2,000) and incubated for 1 hour at room temperature, 
which was followed by incubation with alkaline phosphatase-conjugated 
anti-mouse antibody (1:30,000) for 1 hour. Th e bands were visualized 
using BCIP/NBT as substrates. 

For fl ow cytometry analysis, the beads were washed in PBS contain-
ing 0.1% BSA. Bound Erk-2 were labeled with 2 μg of anti-FLAG M2 
antibody at 4°C for 30 minutes. Th e beads were washed and incubated 
with 2 μg fl uorescein isothiocyanate (FITC) conjugated goat anti-mouse 
IgG antibody (Sigma) for 30 minutes at 4°C. Th e fl uorescence intensity 
was measured on BD FACSCalibur (Becton Dickinson). 
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