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ABSTRACT: Switchavidin is a chicken avidin mutant
displaying reversible binding to biotin, an improved binding
affinity toward conjugated biotin, and low nonspecific binding
due to reduced surface charge. These properties make
switchavidin an optimal tool in biosensor applications for the
reversible immobilization of biotinylated proteins on biotiny-
lated sensor surfaces. Furthermore, switchavidin opens novel
possibilities for patterning, purification, and labeling,

B INTRODUCTION

Avidin and streptavidin are homologous tetrameric biotin-
binding proteins from chicken and Streptomyces avidinii,
respectively.' The binding to their ligand biotin is practically
irreversible, and biotin can be coupled to virtually any target by
using chemical coupling or a biotinylation signal, i.e., a peptide
tag that is recognized by an ATP-dependent biotin ligase such
as BirA.” Avidin and streptavidin are therefore used in a broad
variety of applications, for example, in affinity purification of
biotinylated proteins,}5 in targeting and labeling techni-
ques,é_8 and in immobilization of biotinylated molecules,
such as on the surface of a biosensor.”'® The tight interaction
between (strept)avidin and biotin has an undesired side effect:
it is not possible to quickly release the complex between
(strept)avidin and a biotinylated substance without harsh
treatment. For example, it has been described that release of
biotinylated BSA from streptavidin Sepharose can be achieved
only by using treatment with 2% SDS, 30 mM biotin, 50 mM
phosphate, 100 mM NaCl, 6 M urea, and 2 M thiourea solution
(pH 12) for 15 min at room temperature, followed by 15 min
at 96 °C, whereas a 30 min incubation in 8 M guadinium
hydrochloride, pH 1.3, at room temperature was incapable of
releasing the biotinylated BSA."" Interestingly, Holmberg et al.
described efficient release of terminally biotinylated DNA from
streptavidin beads by incubation in salt-free aqueous solution at
70 °C."> Similarly, Nguyen et al. demonstrated the release of
multibiotinylated molecules from streptavidin in the presence
of biotin and high temperatures."> However, the release of
biotinylated molecules was incomplete.'® Trials to change the
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properties of (strept)avidin to enable release of biotin under
mild conditions by modifying the biotin-binding pocket
resulted in a biotin affinity that was too low,"* an incomplete
modification due to the chemical approach,"”® or a high
dissociation rate.'®

Furthermore, there have been attempts to develop more
sophisticated systems for controlled release of (strept)avidin
from biotinylated substrates. One example is the attachment of
biotin on the target material via oligonucleotides, allowing
removal of the bound (strept)avidin layer by dissociation of the
hybridized DNA molecules.'” Another strategy stems from the
use of a monolayer of hydrophobic molecules, which enables
attachment of biotinylated lipids and their subsequent release
by detergents.'®'® Unfortunately, our recent study revealed that
none of these strategies allow complete and robust release of
layers consisting of (strept)avidin and (multi)biotinylated
proteins.”® As an alternative, it is possible to utilize chemically
cleavable biotinylated linker molecules such as cleavable
biotinylated nucleotides®® or EZ-Link Sulfo-NHS-SS-Biotin
(Thermo Scientific) for the immobilization of molecules on a
(strept)avidin layer, but this does not allow the substrate to be
reused.

We previously reported a switchable avidin mutant, avidin
MO96H, which was obtained by introducing a histidine residue at
the tetramer interface.”® The additional histidine causes the
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Figure 1. Mutation R114L enhances binding of conjugated biotins. (A) Dissociation rate constants (k) of biotin probes from avidin mutants at S0
°C (see also Table S1 and Figure S1). Error bars display the standard deviation calculated from three measurements. (B) Location of M96H and
R114L in the tetrameric structure of avidin and (C) close-up view of the biotin-binding site of avidin (top) and avidin R114L (bottom).

avidin tetramer to disassemble into its monomers by the
combination of mild acid with SDS.*® This allowed us to
prepare regenerable biosensor chips by repeated formation and
destruction of biotin—avidin—biotin bridges on the biotinylated
sensor’s surface by the complete removal of avidin from the
biotinylated surface.”® Unfortunately, avidin M96H showed
high nonspecific binding, due to its positive surface charge at
neutral pH. The adsorption problem was reduced by
acetylation of avidin M96H, but adverse side effects resulted
from the statistical nature of acetylation.”® Another drawback of
avidin M96H is that avidin has been found to bind conjugated
biotins with lower affinity as compared to that of streptavidin.**
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Here, we describe an improved variant of avidin M96H that
addresses these challenges. Mutation M96H is combined with
mutations tailoring the surface of the protein, resulting in low
nonspecific binding. By mutating residue 114, close to the
opening of the ligand-binding site, we were able to improve the
binding affinity toward conjugated biotin. The resulting protein,
switchavidin, can be attached on biotinylated substrates to
create an avidinylated surface, which, in turn, can be further
functionalized with other molecules via attached biotins. After
the desired function, the system can be reversed to its original
state by completely removing the avidin layer form the
biotinylated substrate with a mild treatment.
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B RESULTS AND DISCUSSION

Mutation R114L Increases the Affinity of Avidin and
Avidin M96H toward Conjugated Biotin. In avidin—biotin
technology, biotin is typically conjugated to a target material/
molecule. However, avidin’s affinity toward biotin is drastically
decreased when biotin is conjugated to other molecules (Figure
1A, red and blue bars). The dissociation rate of free biotin from
streptavidin is ~100-fold higher as compared to that from
avidin (Figure 1A, green bars), and the dissociation rate of
conjugated biotin from streptavidin is ~100-fold lower as
compared to that from avidin (Figure 1A, red and blue bars), in
accordance with earlier findings.”> In order to improve the
binding of avidin to conjugated biotin, we selected arginine 114
as a target for mutagenesis because we found that it formed
transient interactions with dissociating biotin in steered
molecular dynamics simulations (not shown). A previous
structural analysis also identified interactions between R114
and biotin-conjugated molecules’* (Figure 1B). Bulky amino
acids leucine and phenylalanine were selected, based on
molecular modeling and on the comparison with related
proteins (streptavidin has a leucine in this position). We first
studied the effects of the mutations on the thermal stability of
avidin by using differential scanning calorimetry. The
introduction of the mutation R114L to avidin had only a
minor effect on the thermal stability, whereas in the case of
avidin R114F, the thermal transition midpoint (T,,) was
decreased by 19.3 °C as compared to that of the wild-type
protein (Table 1). To evaluate the binding of biotin, the
dissociation rate constant (kg,,) of tritiated biotin was
determined and found to be closely similar to that of the
wild-type protein in both mutants (Figure 1A and Table S1). In
conclusion, R114 does not appear to be important for the
binding of unconjugated biotin. However, the dissociation rates
of conjugated biotins (fluorescently labeled biotin BF560—
biotin and biotin—4-fluorescein) decreased by more than 40-
fold for both avidin R114L and avidin R114F in comparison to
that of WT avidin, which places it in the range of the
dissociation rate of conjugated biotins from streptavidin (Figure
1A and Table S1). In addition, the association rate constant of
conjugated biotin was increased by more than 1.5-fold in avidin
R114L and 2-fold in avidin R114F (Figure S1).

Table 1. Thermal Stability (Thermal Transition Midpoint,
T,,) Determined by Differential Scanning Calorimetry®

protein (=) biotin (+) biotin AT,, (biotin)
WT avidin 78.1 + 0.4 119.6 + 1.1 41.5
streptavidin 78.5 + 0.6 112.0 + 0.1 33.5
avidin R114L 747 + 0.3 1179 + 1.1 432
avidin R114F 58.7 + 0.7 1153 + 0.6 56.6
avidin M96H 562 + 0.2 117.5 £ 0.2 61.3
avidin M96H/R114L 53.6 + 0.2 1149 + 0.1 61.3
switchavidin 52.0 + 0.3 1142 + 0.1 62.2

“Average T,, values and errors are calculated from three measure-
ments.

Therefore, by comparing the association rate constants
(Figure S1) and dissociation rate constants (Table S1)
determined for WT and mutated avidins, we found 90- and
115-fold increases in the binding affinity of conjugated biotin at
50 °C resulting from mutations R114L and R114F, respectively.
This comparison assumes similar differences between proteins
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in the association kinetics over the temperature range from 25
to 50 °C, which is justified by the close structural similarity of
the mutants. Overall, the introduction of mutation R114L is
more beneficial than that of mutation R114F, due to the
negative effect of R114F on the thermal stability. We therefore
chose mutation R114L for further use.

It is tempting to compare our results with other studies
aimed at increased affinity toward biotin or biotinylated
molecules: Despite numerous studies in the field, only a
small number of studies have reported increased binding
affinities for avidin proteins. Recently, Chivers et al. described
traptavidin,” a streptavidin form carrying mutations $52G and
RS3D in the loop connecting f-strands 3 and 4, which can be
considered as a lid shielding the bound ligand from the
surrounding solvent. They observed >10-fold decrease in the
biotin dissociation rate as compared to that for WT streptavidin
as well as a ~10-fold decreased association rate, thus resulting
in a roughly 2-fold higher affinity for free biotin. They also
reported a decreased association rate (2-fold decrease) and
dissociation rate (not quantified) for biotin—4-fluorescein.
Another study utilized a in vitro compartmentalization method
to select streptavidin variants with tight binding to
desthiobiotin.?® One of the resulting protein variants, R7-6,
showed a ~50-fold decrease in the dissociation rate of the
desthiobiotinylated DNA complex, but it also had a ~50-fold
decreased association rate, thus resulting in an insignificant
change in binding affinity. Our avidin R114L differs from
traptavidin and R7-6 by having a simultaneous decrease in the
dissociation rate and increase in the association rate of
conjugated biotin.

Next, we applied mutation M96H to avidin R114L to
introduce the regeneration capability. Mutation MO6H caused a
decrease in thermal stability by 25.7 °C (Table 1). Never-
theless, the protein avidin M96H/R114L was found to be
tetrameric (Figure S2), and mutation M96H did not
compromise the tight binding of conjugated biotin (Figure
1A). Therefore, we were able to improve the biotin-binding
characteristics of avidin M96H with the introduction of
mutation R114L.

However, it is not simple to explain how mutation M96H
causes a drop in thermal stability without affecting the biotin-
binding affinity: First, it is important to keep in mind that the
relation between ligand-binding affinity and thermal stabiliza-
tion has several parameters, and AT, alone cannot be used as a
measure of ligand-binding affinity.”” Second, in the case of
avidin and other oligomeric proteins, high thermal stability in
the presence of the ligand may reflect both increased stability of
the protein subunit and increased stability of the tetrameric
assembly, as described earlier by Gonzélez et al.*® In the case of
M96H avidin, tetrameric assembly of the protein can be
destroyed by exposing the protein to low pH, as shown by size-
exclusion chromatography.*” However, only tetrameric species
are present when the same analysis is performed in the
presence of the ligand.** We thus observe that biotin binding
controls the penetration of water and ions to the subunit
interface. Importantly, this is not limited to avidin mutant
M96H. An extensive study by Katz” revealed that the
configuration of subunit—subunit interactions at low pH was
affected by the presence of biotin in streptavidin. Therefore, we
propose that the ligand-binding affinity and the stability of the
(strept)avidin tetramer are tightly interlinked. Although there
may not be clear cooperativity between the binding sites,”>°
the presence of tetrameric structure is a prerequisite for tight
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ligand binding.®" In the case where the tetrameric assembly is
compromised by mutations, ligand binding may have a more
dramatic effect on the thermal stability, as shown here for
M96H-containing avidin forms. In other words, M96H
mutation increases the importance of biotin binding in the
structural cooperativity between the subunits.

We can find further support for this model from the results
observed earlier for avidin interface mutant 1117Y.** This
mutation is located in the same subunit interface as that of
MO96H, but it has a stabilizing effect, leading to an increased T,
of 14 °C in the absence of ligand. However, the stability in the
presence of ligand exceeded the T, of WT avidin by only 6.7
°C, leading to a smaller AT, than that measured for WT
avidin. However, avidin I117Y had a decreased biotin
dissociation rate as compared to that of WT avidin. Therefore,
it appears that the dynamics of the (strept)avidin tetramer is
tightly involved in the ligand dissociation process. Indeed, it has
been previously proposed that water movement within the
interface between the subunits of the tetramer is a key factor
regulating the dissociation of biotin from streptavidin.>> Not
surprisingly, disruption of the tetrameric assembly of (strept)-
avidin leads to a radically decreased biotin-binding affinity, as
was demonstrated by several studies.'***™3® Taking into
account the importance of water movement and structural
dynamics of the protein for the tight ligand binding, it might be
impossible to reach affinities comparable to that of chicken
avidin or streptavidin without oligomeric structure.

Mutations K9E, R124H, and K127E Lower the Net
Charge of Avidin M96H without Affecting Its Phys-
icochemical Properties. Our preceding study showed that
undesired nonspecific binding of protein to avidin M96H was
successfully suppressed by chemical acetylation. At the same
time, the statistical nature of acetylation produced a significant
fraction of overacetylated proteins with reduced stability.*’
Now, we genetically engineered avidin M96H by introducing
neutralizing mutations to improve the stability of the protein
(we found chemically acetylated M96H to suffer from long-
term storage at —25 °C) and to ensure full homogeneity of
protein preparations. We first tested the neutralizing mutations
described in an earlier study,®” but the resulting avidin would
not express in Escherichia coli, and it showed poor yield when
produced in insect cells. Therefore, we carefully consulted the
previously determined X-ray structures of avidin (2AVI), AVR2
(IWBI), and AVR4 (1Y55)*"***® and selected residues that
have no important role in the structural integrity of the
tetramer or in ligand binding. On the basis of this information,
we constructed switchavidin by introducing the three
neutralizing mutations, K9E, R124H, and KI127E, in avidin
MO96H/R114L, which resulted in an experimental isoelectric
point of ~7 (Figure S3), close to that estimated based on the
polypeptide sequence (7.1). The resulting mutant protein,
named switchavidin, was robustly expressed in E. coli, and the
neutralizing mutations had no effect on thermal stability (Table
1), biotin-binding characteristics (Figure 1A and Table S1), or
oligomeric structure (Figure S2).

Switchavidin Forms Highly Specific Biotin—Avidin—
Biotin Bridges. Switchavidin was well-suited to form
reversible biotin—avidin—biotin bridges on a biotinylated
biosensor’s surface, as previously shown for avidin M96H on
a biotinylated self-assembled monolayer (SAM, with biotin on
20% of the SAM components>®) and the subsequent binding of
biotin—IgG on the switchavidin surface. The switchavidin—
biotin—IgG layer was completely removed by treatment of the
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surface with 2.5% citric acid and 0.25% SDS, followed by 0.5%
SDS. The same cycle was performed in triplicate with avidin
M96H, avidin M96H/R114L, and switchavidin (Figure 2B).
The average layer thickness of the three avidin mutants
measured in flow cell 1 (FC1) was 2507 + 15 RU, 2494 + 3
RU, and 2416 + 8 RU, respectively. These values were used as
reference values (100%). The other resonance angles measured
with the same mutant were normalized to these reference
values. The baseline drift between the start and end of each
cycle (Figure 2A) was also normalized to the reference value.
As can be seen from the bar diagram in Figure 2B, the baseline
drifts were usually negligible (<1.2% of the avidin layer
thickness in FC1). The slightly higher drift (2.2 + 2.2%)
measured with avidin M96H was due to the fact that these
experiments were performed on a new chip that had not been
used before. The reproducibility of mutant layer thickness
values was very good, as can be seen from the low standard
deviation values measured with all mutants in FC1 (Figure 2B,
red bars without fill) and flow cell 2 (FC2; Figure 2B, blue bars
without fill). The reproducibility of the biotin—IgG layer on top
of avidin is also very good (Figure 2B, green bars with yellow
fill); only with switchavidin was the standard deviation slightly
higher (+2.7%). These data confirm that the switchavidin-
functionalized biosensor surface is reliably regenerated multiple
times with very low deviation in the thickness of the layers of
bound molecules between cycles.

The observed layer thickness is similar to that measured
earlier for streptavidin (~3000 RU).*® The slightly lower
thickness observed for the avidin variants might reflect a less
regular arrangement on the surface as compared to that with
streptavidin, which is known to form highly ordered 2D crystals
on lipid monolayers containing biotinylated lipids.** A previous
study has shown that the binding signal in SPR measurements
can be converted to layer thickness so that 1000 RU
corresponds to 1 + 0.1 ng/mm>* On the basis of this
model, 2500 RU corresponds to a lateral density of 2.5 ng/mm®
(or 2.5 mg/mz). Assuming a protein density of 1.35 g/cm3, 2.5
mg/m* corresponds to a layer thickness of 1.85 nm effective
height. This clearly suggests that we have a loosely packed
monolayer of avidin, as expected for a random distribution of
fixed biotins on the SAM surface (shown for sulfonamide ligand
and carboanhydrase binding by Lahiri et al.).**

To determine the extent of nonspecific binding of analyte
molecules to switchavidin, the specific binding (hybridization)
and nonspecific adsorption of DNA on monolayers of
switchavidin was compared with the performance of avidin
MO96H and avidin M96H/R114L (Figure 3). In the experiment
shown in Figure 3A, FC2 was functionalized with switchavidin,
followed by binding of biotinylated single-stranded DNA
(biotin probe). Subsequently, the control cell (FC1) was also
functionalized with switchavidin, and both cells were treated
with BSA to minimize nonspecific adsorption. Next, the
complete absence of nonspecific adsorption of DNA on
switchavidin was demonstrated by injection of unlabeled
DNA, which had the identical sequence as that of the biotin
probe; no increase in the resonance angle was seen in FC1 and
EC2.

Finally, the complementary DNA strand (analyte DNA) was
injected into both flow cells, resulting in pronounced
hybridization to the immobile biotin probe in FC2 and
complete absence of nonspecific adsorption in FC1 where no
biotin-probe had been immobilized. The experiment shown in
Figure 3A was performed with the three avidin mutants avidin
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Figure 2. Reversible binding of switchavidin (+biotin—IgG) on a biotinylated self-assembled monolayer (SAM). (A) Outline of the experiment.
After the measurement cycle, the proteins were completely removed by regeneration buffer (2.5% citric acid and 0.25% SDS) and SDS (0.5%). The
binding and release of switchavidin and biotin—IgG are schematically shown above the sensorgram. Numbers in the scheme refer to the
corresponding steps in the sensorgram. (B) High reproducibility of reversible binding of avidin M96H, avidin M96H/R114L and switchavidin to
biotin—IgG on a biotinylated SAM.*® FC1 was functionalized with mutant avidin only, whereas FC2 was additionally functionalized with biotin—IgG,

as shown in the schematic representation.

MO96H, avidin M96H/R114L, and switchavidin. Magnified
traces from the analyte DNA injection (late period of Figure
3A) are shown in panels B and C of Figure 3. Flow cell 1
contained no biotin probe; therefore, the corresponding traces
in Figure 3C reflect only nonspecific adsorption of DNA to the
avidin mutants. The extent was high on avidin M96H (blue
trace), intermediate on avidin M96H/R114L (red trace), and
negligible on switchavidin, where only a slight bulk effect was
seen (green trace). Flow cell 1 contained the biotin probe; thus,
the corresponding traces in Figure 3B were expected to reflect
both hybridization and nonspecific adsorption. The comparison
of Figure 3, panels B and C, indicates, however, that only
hybridization is seen on switchavidin (green trace in Figure
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3B), whereas the larger signals for the other avidin mutants are
caused by adsorption that occurs in addition to hybridization
(blue and red traces in Figure 3B).

Switchavidin also exhibited reduced nonspecific binding
toward protein analyte molecules (Figure 4). Panel A shows the
standard test experiment on switchavidin. It was performed in
triplicate with all three avidin mutants (see Table S2), and
representative results are depicted in Figure 4B. Nonspecific
binding of BSA (filled bars) was strongly reduced in the series:
avidin M96H > avidin M96H/R114L > switchavidin. The
tendency was less pronounced for IgG binding (red bars
without fill), due to the beneficial effect of BSA pretreatment.
The latter findings conform to our previous findings that avidin
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Figure 3. Characterization of specific binding (hybridization) and
nonspecific adsorption of DNA on monolayers of the different avidin
mutants. (A) Measurement of hybridization between biotinylated
single-stranded DNA (immobilized on switchavidin) and the
complementary oligonucleotide. Specific binding was probed in FC2,
whereas nonspecific binding was probed in FC1. Labels in black refer
to reagents added to both flow cells, whereas labels in red and blue
refer to reagents added to FCl or FC2 only, respectively. The
experiment is exemplified for switchavidin, but it was also performed
with avidin M96H and with avidin M96H/R114L in separate runs
(not shown). (B) Expanded view of the response to the analyte DNA
in FC2, corresponding to the sum of specific binding (hybridization)
and nonspecific adsorption on switchavidin (green), avidin M96H
(blue), and avidin M96H/R114L (red). (C) Switchavidin (green)
shows a low amount of nonspecific binding. Expanded view of the
response to the analyte DNA in FCI, corresponding to nonspecific
adsorption only. The color code is the same as that in panel B.

with M96H mutation alone can well be used for protein
interaction studies, provided that nonspecific binding of protein
is suppressed by binding of biotin—BSA and BSA.*° Never-
theless, Figure 4 shows that switchavidin offers further
improvement over avidin M96H when studying protein
interaction. It can be summarized that switchavidin seems
generally to be the optimal choice for reversible biofunction-
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alization of sensor surfaces, being indispensable for nucleic acid
analytes (Figure 3) and beneficial for protein analytes (Figure
4).
Switchavidin Is Suitable for Reversible Labeling of
Biotinylated Cells and Surfaces. Besides biosensor
applications, fluorescently labeled switchavidin was found to
be suitable for labeling of biotinylated mammalian cells (Figure
SA), and the specificity of the labeling was confirmed by
blocking the interaction with free biotin (Figure SA). The
suitability of switchavidin for reversible labeling of biotinylated
patterns on glass was demonstrated by covalently coupling
biotinylated BSA on aminosilanized glass and by visualizing the
pattern with fluorescently labeled switchavidin (Figure SB).
The bound switchavidin was then washed away with low pH/
SDS treatment, followed by subsequent labeling rounds.

In conclusion, switchavidin enables preparation of avidiny-
lated materials in a regenerable manner, displaying high affinity
and specificity. Switchavidin thus makes it possible to reuse
biotinylated surfaces (sensors, patterns, particles, chromatog-
raphy gels, etc.) multiple times for immobilization and
controlled release of biotinylated molecules or particles, with
the number of regeneration cycles being limited only by the
chemical stability of the underlying surface itself. However, the
technology demonstrated here makes it necessary to attach a
new avidin layer on the biotinylated material after each cycle.
This may limit the applicability of the technology for tasks such
as purification of biotinylated materials. For biosensing and
bioanalytical assays, however, this design offers significant
advantages over the irreversible immobilization of (strept)-
avidin with switchable biotin-binding sites: (i) biotinylated
substrates are easily prepared and commercially available for
many applications and (ii) perfect switching from completely
stable biotin—avidin—biotin bridges under measurement
conditions to complete removal of the biotinylated molecules
during regeneration has not yet been demonstrated for
(strept)avidins with engineered biotin-binding sites. Further-
more, despite the vast amount of avidin—biotin technology
tools available, the combination of reversibility with high
affinity and specificity is unique, and the availability of
switchavidin opens possibilities for completely new approaches.

B EXPERIMENTAL PROCEDURES

Cloning of Avidin Mutants. OmpA WT avidin pET101/
D* was used as the template from which all other mutants
were constructed. Mutations M96H, R114L, and R114F were
constructed by introducing the respective mutation to OmpA
WT avidin pET101/D by QuikChange mutagenesis according
to the manufacturer’s instructions (Stratagene, La Jolla, CA,
USA). OmpA avidin M96H/R114L was subsequently con-
structed by a second QuikChange mutagenesis using OmpA
avidin M96H as the template. Primer sequences are listed in the
Supporting Information.

Neutralizing mutations K9E, R124H, and KI27E were
introduced in a two-step PCR procedure by sequence overlap
extension.* The 5’ end was amplified using primers
Chim_to_2 S5’ and K9E_3'. The 3’ end was amplified using
primers for AVD S’ and R124H_KI127E 3’. The two ends
were combined in a PCR reaction using primers Chim_-
to_2 5’ and R124H_KI27E 3'. PCR intermediates and full-
length products were analyzed on a 1% agarose gel (Top Vision
LE GQ Agarose, Fermentas) and purified from the gel with
Illustra GFX PCR DNA and Gel Band Purification Kit (GE
Healthcare, Buckinghamshire, UK). The purified full-length
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Figure 4. Specific and nonspecific binding of protein analytes on monolayers of the avidin mutants. (A) Analysis of nonspecific binding of
representative proteins (hen egg lysozyme, BSA, goat IgG) to a monolayer of avidin M96H that had been immobilized on a biotinylated SAM. The
same experiment was performed in triplicate on each avidin mutant. The results for the observed extent of protein adsorption are reported in Table
S2 (average + SD). (B) Nonspecific binding of BSA and goat IgG on monolayers of avidin M96H, avidin M96H/R114L, or switchavidin. Standard

deviations are indicated by unilateral error bars to avoid data overlap.
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Figure S. Switchavidin as a regenerable surface labeling agent. (A) Cells stained with fluorescently labeled switchavidin and avidin. Control
experiment (lower panels) indicates high specificity of the labeling. (B) Reversible binding of fluorescently labeled switchavidin to biotinylated BSA
on a glass surface: (1) fluorescently labeled switchavidin added, (2) excess switchavidin removed with PBS + 1 M NaCl wash, (3) regeneration with
2.5% citric acid + 0.5% SDS, and (4) wash with PBS + 1 M NaCl. The intensity of the regions indicated in the captured snapshots was determined by
averaging the intensity over an area of 500 um?> Three out of five performed cycles are shown.

PCR products were cloned into the pET101/D plasmid
(Invitrogen, Carlsbad, CA, USA) using the TOPO cloning
protocol followed by a standard heat shock transformation of
chemically competent Topl0 E. coli cells (Invitrogen). The
cells were grown overnight at 37 °C after plating them onto an
LB (Lysogeny Broth) medium plate containing ampicillin (100
ug/mL). Ampicillin-resistant colonies were used to isolate the
plasmid with GeneJET Plasmid Miniprep Kit (Fermentas
International Inc., Thermo Fisher Scientific Inc., Waltham, MA,
USA). The sequences of the constructs were confirmed using
the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, Carlsbad, CA, USA).

Protein Production of Neutralized Avidin Mutants.
The pET101/D vector containing the mutated avidin gene was
transformed into E. coli BL21-Al (Invitrogen) cells. Single
colonies were grown overnight in 10 mL of LB medium
containing 100 yg/mL ampicillin, 10 pg/mL tetracycline, and
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0.1% glucose at 27 °C with shaking at 200 rpm. The following
day, the cell culture was diluted in 500 mL of LB medium
containing the same additives as mentioned above. Cells were
grown at 27 °C until an ODy, of 0.25 was reached. The culture
was induced with 1 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) and 0.2% (w/v) L(+)-arabinose. Cells were collected
after overnight expression at 5000 rpm and 4 °C for 15 min.
Cell pellet was stored at —20 °C or directly used for protein
purification.

Protein Purification by Affinity Chromatography.
Protein was purified by affinity chromatography using a
method described by Airenne et al.*® The cell pellet from 1
L of culture was dissolved in 150 mL of 50 mM sodium
carbonate, 1 M NaCl, 2 mM EDTA, pH 11. The cell
suspension was homogenized twice using an EmulsiFlex C3
homogenizer (Avestin Inc, Ottawa, Canada) using guiding
pressure set to 40 psi to obtain a homogenizing pressure of
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15000 psi. The crude cell lysate was clarified by centrifugation
at 16 000g and 4 °C for 60 min. The cleared lysate was mixed
with 1.5 mL of 2-iminobiotin Sepharose 4 Fast flow (Affiland
S.A., Ans Liege, Belgium) and incubated for 2 h at 4 °C
followed by centrifugation at 1000g for 15 min. The
supernatant was removed and the resin was washed with 200
mL of buffer and centrifuged again. The wash step was
repeated, after which the Sepharose was transferred to an
Econo-Pac column (BioRad Laboratories Inc.,, Hercules, CA,
USA) and additionally washed with S0 mL of buffer by gravity
flow. The protein was eluted from the 2-iminobiotin Sepharose
with 50 mM Na-acetate, pH 4.0. The protein concentrations in
the eluted fractions were determined using the theoretical
molar absorption coefficient of the mutants at 280 nm (23 615
M cm™) and the estimated molecular weight (14300 g/
mol). The A,g, values were measured using a NanoDrop 2000
(Thermo Scientific, Wilmington, DE, USA). The molecular size
and purity of the protein were analyzed by SDS-PAGE (15%
gel) and subsequent Coomassie brilliant blue staining. A
molecular marker (Page Ruler Prestained Protein Ladder,
Fermentas) was used for size determination.

Isoelectric Focusing. Isoelectric points of neutralized
mutants were analyzed on Immobiline DryStrips pH 3—11
NL, 13 cm (GE Healthcare/Amersham Biosciences AB,
Uppsala, Sweden). Proteins were dialyzed to H,O. For each
mutant, 15 g of non-neutralized form and 15 ug of neutralized
form were diluted in 2% Pharmalyte 3—10 for IEF (GE
Healthcare) containing 3.75 mg DeStreak reagent (GE
Healthcare) in a volume of 250 uL. DryStrip was rehydrated
using sample solution at 20 °C for 6 h. Samples were run in
Ettan IPGphor3 IEF unit (GE Healthcare) for 5.3 h at 20 V, for
45 min at 150 V, for 45 min at 300 V, for 45 min at 600 V, and
then with a linear gradient from 600 to 5000 V in 1 h, followed
by a linear gradient from 5000 to 8000 V in 1 h. Finally, the run
was continued at 8000 V for 6.1 h. After focusing, the DryStrips
were fixed in 20% TCA for 10 min, followed by a wash with
destaining solution (0.1% CuSO, 10% acetic acid, 30%
methanol) for 2 min. The DryStrips were stained with staining
solution (0.25% Coomassie blue, 30% methanol, 0.1% CuSO,,
10% acetic acid) for 1 h. DryStrips were destained in destaining
solution for overnight. DryStrips were impregnated in 5%
glycerol, 10% acetic acid for 10 min and air-dried. The
isoelectric point was determined by comparison with standard
protein IEF mix 3.6—9.3 (Sigma-Aldrich, St. Louis, MO, USA).

Size-Exclusion Chromatography (SEC). The molecular
size of the proteins in solution was measured by size-exclusion
chromatography using a Superdex200 10/300GL column
connected to an AKTA purifier-100 equipped with a UV-900
monitor (GE Healthcare/Amersham Biosciences AB, Uppsala,
Sweden). As the mobile phase, PBS, pH 7.3, was used.
Approximately S0 ug of protein was injected per run. p-Biotin
was added to the samples in 4-fold higher molar concentration.
All analyses were performed at a flow rate of 0.5 mL/min and
were executed at RT. Absorbance at 280 nm was used to detect
the protein peaks in the chromatograms. A molecular weight
calibration curve was prepared by using a gel filtration standard
protein mixture containing thyroglobulin (670 kDa), y-globulin
(158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa)
(Bio-Rad).

Differential Scanning Calorimetry (DSC). The thermal
stability of the studied proteins in the presence and absence of
ligand was analyzed using an automated VP-Capillary DSC
System (Microcal Inc., Northampton, MA, USA). Thermo-
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grams were recorded between 20 and 140 °C with a heating
rate of 120 °C/h. Proteins were dialyzed into 50 mM
NaH,PO,/Na,HPO,, 100 mM, pH 7. Samples were degassed
prior to measurement. The protein concentration in the cell
was 30 uM, and the biotin concentration was 105 yM. Results
were analyzed using the Origin 7.0 DSC software suite
(Microcal Inc.). Examples of DSC thermograms corresponding
to the data shown in Table 1 are shown in Figure S4.

Fluorescence Spectroscopy. The dissociation rate
constant (kg,) of fluorescently labeled biotin was determined
by fluorescence spectrometry using the biotin-labeled fluo-
rescent probe ArcDia BF560 (ArcDia, Turku, Finland BF560)
as described in Hytonen et al* or biotin—4-fluorescein
(Sigma-Aldrich). In principle, the changes in the fluorescence
intensity of a 50 nM dye in 50 mM NaH,PO,/Na,HPO,, 650
mM NaCl, 0.1 mg/mL BSA, pH 7, were measured after the
addition of 100 nM biotin-binding protein. The dissociation of
this complex was observed by addition of a 100-fold molar
excess of free biotin. The assay was performed at 50 °C using a
QuantaMaster Spectrofluorometer (Photon Technology Inter-
national, Inc., Lawrenceville, NJ, USA). The biotinylated BFS60
was excited at 560 nm, and emission was measured at 578 nm.
Biotin—4-fluorescein was excited at 494 nm, and emission was
measured at 521 nm.

The association rate constant (k) of fluorescent probe
ArcDia BFS60 to the analyzed mutants was determined in a
similar experimental setup as that used for the dissociation rate.
Protein (2.5, S, or 10 nM) was added to 50 nM dye in 50 mM
NaH,PO,/Na,HPO,, 650 mM NaCl, 0.1 mg/mL BSA, pH 7,
stirred continuously with a magnetic stirrer. The association of
fluorescence probe to protein was measured for 300 s. To
analyze the data, a simple equation of exponential decay was
fitted to the measured data using an unweighted least-squares
method. Because the protein sample was injected into the
cuvette through an opening in the lid of the spectrofluorometer,
the ongoing measurement was perturbed as the tip of the pipet
entered the path of the light beam and bubbles were formed at
the end of the injection. Moreover, the mixing of the two
solutions took time. These perturbations were momentary, but
the data affected by it needed to be identified and excluded
from the data analysis. This was done by calculating the k-value
with different starting times and comparing the results. In an
ideal case, all k-values would be the same. In reality, the fitting
tends to yield a consistent value for k from only 1 or 2 s after
the injection. The reported k,, values are averages of the
consistent values.

Radioactive [*H]Biotin Assay. The dissociation rate
constant (kg.) of d-[8,9-°*H(N)]-biotin (PerkinElmer, Boston,
MA, USA) was determined at S0 °C by competition with free
biotin as described in Klumb et al.** Measurements were
carried out in a S0 mM NaH,PO,/Na,HPO, buffer (pH 7)
containing 100 mM NaCl and 10 ug/mL BSA to prevent
nonspecific binding. Counts of radioactive biotin (10 nM) were
measured before the addition of proteins to a concentration of
50 nM. The level of unbound radioactive biotin was
subsequently measured. An excess of normal biotin was
added to the samples to replace bound radioactive biotin.
The amount of free radioactive biotin was used to determine
ks from the slope of the best-fit line in a plot of In(fraction of
bound biotin) versus time, as described earlier by Klumb et al.**
Free d-[8,9-°H(N)]-biotin was assayed for radioactivity in a
liquid scintillation counter (Tri-Carb 2910 TR, PerkinElmer,
Walthman, MA, USA).
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Surface Plasmon Resonance Biosensing. All experi-
ments were performed on a Biacore X instrument, as previously
described for avidin M96H.> Specific binding (hybridization)
and nonspecific adsorption of DNA on monolayers of
switchavidin, avidin M96H, and avidin M96H/R114L was
determined on self-assembled monolayers with 20% biotin
content. The chip was treated with BSA and SDS, after which a
monolayer of avidin mutant was formed in flow cell 2 (FC2,
blue trace). The monolayer in FC2 was selectively function-
alized with the biotinylated DNA (S’-biotin-GCACC-
TGACTCCTGTGGAGAAGTCTGCCGT)," and both flow
cells were washed with buffer injections to remove biotinylated
DNA from the microfluidic system. Subsequently, avidin
mutant protein was injected in FC1 (red trace), followed by
injection of BSA in both flow cells. Then, the identical DNA
strand but without a biotin label (unlabeled probe, §'-
GCACCTGACTCCTGTGGAGAAGTCTGCCGT) was in-
jected in both flow cells in order to monitor the nonspecific
adsorption in both flow cells. Finally, the complementary DNA
strand (analyte, digoxigenin-5'-ACGGCAGACTTCTCCACA-
GGAGTCAGGTGC) was injected in both flow cells, giving
rise to nonspecific binding in FC1 and to specific plus
nonspecific binding in FC2, which contained the biotinylated
DNA.

Cell Labeling. Fibroblast 3T3 cells in high-glucose (with
Na-pyruvate) DMEM, supplemented with 5% FBS, 1% P/S,
and 1% L-glutamine, were cultured in 75 cm? cell culture flask.
The cells were washed twice with warm PBS and treated with a
solution containing 200 pg/mL NHS-biotin (EZ-Link NHS-
LC-LC-Biotin, Thermo Scientific no. 21343) for 10 min at
room temperature. Cells were then washed twice with PBS,
followed by trypsination and plating to a fibronectin (fn)-
coated glass coverslips. The fn coating of the coverslips was
conducted prior to the experiments by incubating the coverslip
in a 50 pug/mL solution of human plasma fn in PBS for 1 h,
followed by 3X wash with PBS. Biotinylated cells were allowed
to adhere to the fn-coated coverslips for 30 min and were then
washed with PBS and fixed with 4% PFA in PBS. The cells were
labeled with a 1:100 dilution of Alexa Fluor 555-conjugated
phalloidin (Life Technologies, no. A34055) together with 10
ug/mL Alexa Fluor 488-labeled switchavidin or Alexa Fluor
488-labeled WT avidin produced in E. coli for 30 min at RT.
Negative controls were prepared by first incubating the avidins
in a solution containing 10 ug/mL free biotin. Finally, the
samples were washed twice with PBS and embedded using
Prolong Gold antifade agent with DAPI (Life Technologies no.
P-36931).

Fluorescence microscopy of the cells was performed by using
Zeiss LSM780 confocal system on Zeiss Cell Observer
microscope and using Plan-Apochromat 20X/0.8 dry objective
(Zeiss, Jena, Germany). DAPI, Alexa Fluor 488, and Alexa
Fluor 5SS were excited using 405, 488, and 561 nm laser lines,
respectively. Fluorescence emission bands were selected to
avoid overlap, and scanning was conducted sequentially to
negate spectral bleed through.

Regeneration of Biotinylated Glass Coverslips. The 18
X 18 mm’ coverslips were washed by immersing them in 70%
ethanol, followed by immersion in distilled water to remove any
contaminants. The coverslips were placed on a hot plate at 80
°C, and 400 pL of 0.1 M NaOH was added to the coverslip so
that the solution covered the entire glass surface. The 0.1 M
NaOH solution was evaporated completely on the hot plate at
80 °C, leaving a white uniform layer of NaOH. The coverslips
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were removed from the hot plate, and 100 pL of (3-
aminopropyl)triethoxysilane (APTES) (Sigma-Aldrich) was
added to the surface of the coverslips and left in the fume
hood for 5 min to react, before washing the coverslips
thoroughly with distilled water. After allowing the coverslips to
dry, 200 uL of 0.5% glutaraldehyde solution in H,O (Sigma-
Aldrich) was added to each coverslip and incubated for 30 min.
The coverslips were washed with distilled water and left to dry.
After glutaraldehyde treatment, the coverslips were mounted on
a 3 mL dish containing a hole on it. Biotinylated BSA
(approximately 1 biotin/BSA) in 1 mg/mL concentration was
applied in 0.5 uL drops on selected areas of the coverslip and
allowed to dry. The remaining surface was blocked with 10 mg/
mL BSA in PBS at 37 °C for 30 min. The resulting pattern was
investigated using a Zeiss LSM780 confocal microscope (Zeiss)
with a 63X water immersion objective. Alexa 488 fluorescently
labeled switchavidin in PBS + 1 M NaCl was applied on the
surface for S min, and the intensity of the pattern edge was
measured. The sample was subsequently washed with PBS + 1
M NaCl, followed by regeneration with 2.5% citric acid + 0.25%
SDS. After careful washing with PBS, the pattern was again
labeled with switchavidin, washed, and regenerated again. This
cycle was performed five times in total.

Miscellaneous Methods. The theoretical pI of switch-
avidin was determined using the ProtParam tool available on
the ExPASy webpage (http://web.expasy.org/protparam/).
Residues M96 and R114 and mutation R114L were visualized
using a crystallographic structure of WT avidin in complex with
biotin (PDB ID: 1AVD*®) and the PyMOL Molecular Graphics
System, version 1.5.0.4 (Schrédinger, LLC).
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