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ABSTRACT: The streptavidin-biotin set is one of the most 
widely utilized conjugation pairs in biotechnological applica-
tions. The tetravalent nature of streptavidin and its homo-
logs, however, tends to result in such undesirable complica-
tions as crosslinking or ill-defined stoichiometry. Here, we 
describe a mutagenesis-free strategy to manipulate the valen-
cies of wild-type streptavidin that only requires commercially 
available reagents. The basic idea is simple: one obtains the 
desired streptavidin valency by blocking off unwanted bind-
ing sites using ancillary biotin (“plug”); this way, the extraor-
dinary fM-biotin-binding affinity is fully retained for the 
remaining sites in streptavidin. In the present implementa-
tion, the ancillary biotin is attached to an auxiliary separation 
handle, negatively charged DNA or His-tagged protein, via a 
photochemically or enzymatically cleavable linker. Mixing 
streptavidin with the ancillary biotin construct produces a 
distribution of streptavidin valencies. The subsequent chro-
matographic separation readily isolates the construct of de-
sired streptavidin valency, and the auxiliary handles are easily 
removed afterwards (“go”). We demonstrate how this “plug-
and-go” strategy allows a precise control for the composi-
tions of streptavidin-biotin conjugates at the single-molecule 
level. This low-entry-barrier protocol could further expand 
the application scope of the streptavidin technology. 

INTRODUCTION. 
The tetrameric S. avidinii	 streptavidin and chicken avi-

din are widely used “hubs” for bioconjugation in biochemis-
try, bio- and nano-technology, as well as medicine.1, 2 At the 
heart of these applications are the extraordinarily strong and 
specific non-covalent interaction (dissociation constant Kd ~ 
0.1–10 fM),3, 4 and the near–diffusion-limited reaction rate 
(kon ~ 106–107 M-1 s-1) between streptavidin/avidin and its 
ligand, biotin.5, 6 The streptavidin/avidin-biotin pair enables 
a broad spectrum of applications, including affinity-tagged 
protein purification,7, 8 surface immobilization,9, 10 nanofabri-
cation,11, 12 protein microarray,13 among others. Extensive 

efforts have been devoted to expanding the functionality of 
this pair, which has one of the strongest protein-ligand inter-
actions in nature. A new line of homologous proteins from 
various organisms with the similar biotin-binding capacity 
has been reported, such as rhizavidin from R. etli,14 tamavidin 
from P. cornucopiae15 and xenavidin from X. tropicalis.16 In 
addition, more than 100 mutants around the biotin-binding 
pocket in streptavidin and avidin17 and assorted single-chain 
streptavidin/avidin constructs from circular permutation18-20 
have provided valuable information for fine-tuning this pro-
tein-ligand interaction. 

Though it is easy to implement the streptavidin/avidin-
biotin conjugation, the fact that a streptavidin/avidin mole-
cule has four binding sites and could result in undesirable 
multimerization of biotinylated molecules on a single te-
tramer,21 preventing the precise control of conjugate compo-
sitions. Two general approaches have been demonstrated to 
circumvent this issue; both involve genetic engineering of the 
streptavidin/avidin. The basic idea of the first method is to 
alter the oligomerization state of streptavidin/avidin by ge-
netic modifications. Kulomaa and co-workers generated a 
monomeric avidin mutein by introducing two mutations at 
the subunit-subunit interface.22 Park and co-workers engi-
neered a novel monomeric construct by combining sequenc-
es from rhizavidin and streptavidin.23, 24 Wong and co-
workers converted the streptavidin tetramer to soluble mon-
omers via site-directed mutagenesis of structure-maintaining 
residues.25-27 Along a similar vein, a handful of dimeric strep-
tavidin muteins has been reported by Cantor and co-workers 
by altering the subunit interface.28-30 Of note, the Kd’s for the 
aforementioned constructs (~nM at best) are many orders of 
magnitude lower than that of the wild-type streptavidin, cor-
roborating the notion that inter-subunit interactions are like-
ly a contributing factor to the extraordinary biotin-binding 
affinity.31, 32 While the greatly elevated binding reversibility 
and the relatively greater dissociation rate constant are useful 
in certain applications, e.g. affinity-tag–based purification, 
application, where the prolonged immobili-
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Scheme 1. The “plug-and-go” strategy to preparing streptavidin with well-defined valencies.  

zation are a must, e.g., protein or DNA array or single-
molecule experiments.  

The basic idea of the second approach, developed by 
Ting and co-workers, is to genetically engineer a biotin-
binding–incapable “dead” streptavidin subunit and to mix it 
with the wild-type streptavidin subunit with a poly-histidine 
tag (His-tag).33-35 The subsequent refolding of such mixed 
subunits afforded a distribution of multi-valent streptavidin. 
The unaltered subunit retained the fM-Kd affinity towards 
biotin binding. In this approach, a Ni-column was used to 
separate the desired streptavidin valency based on the num-
ber of His-tag’s. More recently, Howarth and co-workers 
extended this “dead”/wild-type mixture approach and used 
ion-exchange to separate out different stoichiometric ratios 
using the genetically-engineered negatively-charged poly-
glutamic/aspartic-acid handles; they have observed a better 
separation resolution than that from using the Ni-column.36 

Not only have these pioneering works offered solutions 
to controlling the valency of streptavidin/avidin, but they 
also have provided additional insights for the streptavidin-
biotin interaction. Yet, for a practitioner whose main inter-
ests are in utilizing the stoichiometric or structural aspect of 
streptavidin with well-defined binding sites, the aforemen-
tioned methods might still represent a relatively high tech-
nical barrier. Because streptavidin with clearly specified va-
lencies is still not commercially available, one will have to 
make the genetically modified constructs in house; the in-
vestment in resources could be significant even for those who 
are familiar with molecular biology techniques. As such, a 
robust and easy-to-implement method is expected to further 
expand the application scope of the streptavidin/avidin 
technology. 

Here, we introduce another strategy to manipulating 
streptavidin valency generally, which does not require any 

genetic modification to the core streptavidin. Inspired by the 
successful separation of streptavidin using different number 
of negatively charged handles,36 we reasoned that a simple 
statistical mixing of wild-type streptavidin and biotin tagged 
with negatively charged scaffolds could afford a similar ani-
on-exchange separation. In this way, the precise control over 
streptavidin’s valency could be achieved by “counting” the 
number of tagged biotin on one streptavidin. Since the native 
binding surface of streptavidin would not be altered, the re-
sultant construct should retain the same high affinity toward 
biotin as the unmodified streptavidin. For this proof-of-
concept experiment, we chose short double-strand DNA 
(dsDNA) as the auxiliary handle; dsDNA was selected to 
prevent the oligomerization of streptavidin-DNA conjugates 
by DNA hybridization as shown by Talyor et al. in their work 
using trisbiotinylated single-strand oligonucleotides to block 
three biotin-binding sites in streptavidin.37 The constitutive 
negative charge from DNA under neutral pH has been used 
to separate quantum dots or gold nanoparticles by gel elec-
trophoresis.38 To permit the removal of the auxiliary DNA 
handles after purification, we also included a photocleavable 
(PC) 2-nitrobenzyl linker39 in the design (Scheme 1). This 
strategy proved to be convenient because the biotinylated 
forms of DNA with and without PC are commercially availa-
ble. We showed that our scheme could accurately manipulate 
the valency of streptavidin. We further generalized the scope 
of separation handles to a His-tagged TEV-cleavable auxilia-
ry protein to achieve the similar valency-control. To show-
case the use of such conjugates in biotechnological work, we 
applied the DNA-cleaved trans-divalent streptavidin to stoi-
chiometrically immobilize one protomer from a dimeric R. 
reniformis green fluorescence protein (rrGFP)40 at the single-
molecule level. 

RESULTS AND DISCUSSION. 
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A short 12-base-pair 5’-biotinylated DNA with the PC 
group between the biotin and the 5’ position was chosen in 
this work as the auxiliary DNA handle to assist valency selec-
tion (Scheme 1, DNA handle abbreviated as bi-
oPC12bpdsDNA). The DNA sequence was from the bacte-
riophage M13mp18 vector. Only one strand of the dsDNA 
carried the photo-cleavable biotin. The DNA was annealed 
prior to the mixing with streptavidin. The DNA sequence 
was such that its melting temperature (~45 °C) was higher 
than room temperature (25 °C), to ensure thermal stability 
of the auxiliary DNA handle. A pre-packed Mono Q column 
(1-mL bed volume) was used as the anion-exchange medium 
for this study. The use of Mono Q to separate and to purify 
DNA fragments is a well-established protocol that has a reso-
lution of ~10 bp.41, 42 We applied a low Na+ gradient slope (0 
to 1 M Na+ in 400 mL during a time course of 200 min) to 
improve the separation resolution based on the number of 
auxiliary DNA handles, where constructs of high DNA han-
dle number are expected to be eluted under high Na+ con-
centrations due to better Debye screening (see Supporting 
Information for details).  

We first characterized individual components to estab-
lish the baseline chromatogram readout. The completely 
annealed bioPC12bpdsDNA was injected to the Mono Q 
column and eluted as a single peak centered around 187 mL 
(~38 mS/cm peak conductance, Figure S1). As a control, we 
also annealed another design of the auxiliary DNA handle 
without the PC moiety (designated as bio12bpdsDNA); we 
observed that it was eluted in a similar fashion (Figure S1). 
In our design, we anticipated that the elution position of un-
conjugated auxiliary DNA would be far away from that of 
streptavidin alone. In another two control runs, we showed 
that indeed this was the case: The wild-type core streptavidin 
(E14–S136, ProSpec, Figure S2) was eluted much earlier 
regardless whether it contained biotin or not (20–30-mL 
elution volume, Figure S3). 

We next turned to the main experiments. The auxiliary 
bioPC12bpdsDNA was incubated with streptavidin at a 5:2 
molar ratio at room temperature for 10 hours. The mixture 
was then injected to a Mono Q column for separation, moni-
tored at both 260 nm (DNA) and 280 nm (streptavidin). 
Since the binding of biotin to streptavidin is non-
cooperative,43, 44 we expected streptavidin-DNA conjugates 
with a distribution of streptavidin:DNA ratios. Indeed, the 
Mono Q chromatogram in Figure 1a clearly shows a well-
separated mixture of four components. The 260 nm to 280 
nm (DNA/streptavidin) absorbance ratio is seen to scale 
linearly with the peak conductance (Figure 1b) that is a di-
rect measure of the salt (Na+) concentration, suggesting that 
anion-exchange separation was dependent on the number of 
DNA handles. A similar elution profile was seen for 
bio12bpdsDNA conjugated with streptavidin under the 
same condition (Figure S4), indicating that the presence of 
the PC group did not affect the separation of streptavidin-

DNA conjugates. Based on the evidence presented above and 
the finite possible combinations of streptavidin binding-site 
occupancy, we assigned a streptavidin:DNA ratio to each 
peak on the chromatogram as 1:1, 1:2, 1:3, and 1:4, from 
early elution to late elution. 

 

Figure 1. Anion-exchange separation of streptavidin with 
different valencies. (a) Mono Q chromatogram of the strep-
tavidin-DNA conjugates. The relative absorbance is offset to 
the beginning of elution (~188 mL) for a better visual 
presentation. (b) The 260 nm/280 nm absorbance ratio 
which is proportional to DNA/protein ratio, scales linearly 
with the peak conductance which is a direct measure of salt 
concentration. 

The structures for the 1:1, 1:3, and 1:4 streptavidin-
DNA conjugates are self-evident (cf. the cartoon shown as 
inter-panel inset of Figure 1). The 1:2 conjugate, however, 
could have two possible geometrical arrangements; the D2 
symmetry of streptavidin architecture45 affords cis-1,2 or 
trans-divalent streptavidin (we refer both 1,3 and 1,4 con-
structs as the trans-divalent streptavidin in our experimental 
scheme as the inter-biotin distances are very similar for these 
two constructs.36 Also see Scheme 1). As demonstrated by 
Fairhead et al.,36 the purified trans-1,3-divalent streptavidin 
readily reacted with biotinylated DNA whereas the cis-
divalent streptavidin clearly showed a negative cooperativity 
in binding biotinylated DNA. We reasoned that analogous 
negatively cooperative binding between streptavidin and 
biotinylated DNA would occur in our work—presumably 
due to the steric repulsion—such that the trans-divalent 
streptavidin would be favored in reactions with a short incu-
bation time (denoted as the major species in Scheme 1). We 
went on to test this idea by increasing the incubation time to 
increase the population of the less-favored cis-divalent strep-
tavidin. Since much of the physical property of our auxiliary 
DNA handle was similar to that of the C-terminal poly-
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glutamic-acid–tag used by Fairhead et al.,36 the cis-divalent 
streptavidin in our case would be expected to elute after the 
trivalent and before the trans-divalent streptavidin-DNA 
conjugates, if any. Our control experiment showed that, as 
expected, a minor peak with conductance around 41 mS/cm 
appeared. This peak was assigned to the cis-divalent streptav-
idin (Figure S5). The valency assignments for all peaks were 
further supported by biotin-4-fluoresceine titration (Figure 
S6).  

 

Figure 2. Native gel electrophoresis to resolve the UV-
cleaved conjugates. (a) 8% native gel stained by Coomassie 
blue. (b) The same gel stained by 0.1% ethidium bromide. 
DNA refers to bioPC12bpdsDNA. 

Having assigned stoichiometries and structures to the 
chromatogram peaks, we next proceeded to photo-cleave off 
the auxiliary DNA from the conjugates. The photo-cleaving 
approach is advantageous over a chemical-cleaving method 
because the steric effect could be a constraint for the latter,46 
whereas for the former the distance between biotin and the 
cleavable tag is not critical.47 We analyzed the DNA off-
loading reaction using native gel electrophoresis. The biotin-
bound streptavidin exhibited a faster mobility (lane 1 and 2 
in Figure 2a), consistent with the additional negative changes 
on the biotin carboxylate43, 48 (also see Figure S3) and possi-
bly the reported binding-induced structural compactness.49 
The binding of biotinylated DNA further increased the mo-
bility of streptavidin (lane 3 in Figure 2a), owing to the high-
density of negative charges on DNA.50 For DNA of such a 
short length, the 8%-native gel could not resolve the number 
of DNA handles.51 The co-localization of the DNA with 
streptavidin, stained by ethidium bromide (lane 3 in Figure 
2b), supported this interpretation. We then optimized the 
UV exposure time to be 30-s under our current experimental 
condition, which was sufficient to cleave off DNA. We point 
out that it is necessary to tune the UV exposure time because 
over-exposure to UV could lead to aggregation or misfolding 
of streptavidin (Figure S7). After 30-s UV exposure, the pho-
to-cleaved released DNA (without the PC group) was seen 

to migrate further to a position similar to that of the un-
cleaved DNA control (lane 4 and 5 in Figure 2b). Due to the 
loss of the negatively charged auxiliary DNA, the streptavidin 
post UV-exposure (lane 4 in Figure 2a) was migrated faster 
than the free streptavidin and slower than the biotin-bound 
streptavidin. The smearing of this band supported the non-
cooperative binding between biotin and streptavidin,44 which 
was also supported by a biotin titration experiment (Figure 
S8). A separate SDS-PAGE analysis also revealed a similar 
migration pattern (Figure S9). The purity of Mono Q-
purified multi-valent streptavidin constructs were confirmed 
by a native PAGE analysis (Figure S10).  

As an example illustrating the application of streptavidin 
with well-defined valencies, we utilized trans-divalent strep-
tavidin to stoichiometrically immobilize individual pro-
tomers of the dimeric rrGFP on the single-molecule level 
and visualized via confocal fluorescence microscopy (Figure 
3a–3b and also see Supporting Information for experimental 
details). We chose rrGFP because fluorescent proteins have 
been widely used for labeling and, in increasing cases, for 
assaying assembly stoichiometry. We were able to observe 
reversible blinking events for single rrGFP (Figures 3c), simi-
lar to the findings of the more studied GFP from A. victoria.52 
We also immobilized rrGFP by trivalent streptavidin and 
observed a distinct histogram of emission intensity that was 
shifted to higher photon counts (Figure S11), indicative of 
the relative enrichment of the immobilized dimeric rrGFP, as 
also seen in individual trajectories with the two-step bleach-
ing behavior (Figure S12).     

 

Figure 3. Application of the trans-divalent streptavidin to 
imaging of single protomer rrGFP. (a) Scheme to stoichio-
metrically immobilize one rrGFP (PDB ID: 2RH7). (b) A 
representative scanning image of immobilized rrGFP. (c) A 
representative blinking trajectory of a single rrGFP.  

As suggested by previous studies, the biotin-streptavidin 
interaction at the solution-surface interface may be weaker 
than that in solution.53 Therefore, we also tested the stability 
of our divalent streptavidin for prolonged surface immobili-
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zation and found that the biotin-streptavidin interaction was 
stable up to three or four days even under the single-
molecule conditions (data not shown). The high stability of 
our divalent streptavidin is most likely due to the two bound 
ancillary biotin molecules—stoichiometrically delivered by 
the auxiliary DNA to the construct; it is known that streptav-
idin is significantly stabilized if all its four binding sites are 
occupied by biotin.44, 54  

In summary, we have demonstrated a robust and easy-
to-implement method to produce streptavidin of well-
defined valency. The central concept is intuitive: The valen-
cy of the four-site streptavidin can be specified by plugging 
up unwanted sites using ancillary biotin. Such a “plug-and-
go” strategy does not require any genetic manipulation, uses 
commercially available reagents, and involves only a simple 
two-step mixing and separation. Our strategy consists of 
three basic elements: the ancillary biotin, the cleavable linker 
bridge, and the chromatographically resolvable auxiliary 
handle. The ancillary biotin modifies the available sites in 
streptavidin and confers stability to the streptavidin such that 
the resulting valence-specified streptavidin retains the strong 
biotin-binding capability. The cleavable bridge linking the 
ancillary biotin and the auxiliary handle allows the easy re-
moval of the handle after purification. Finally, the auxiliary 
handle enables resolution of different streptavidin valencies 
via a standard chromatography separation. 

We point out that this plug-and-go strategy is general. 
For example, the cleavable bridge does not have to be photo-
activated; similarly, the auxiliary handle does not have to be 
DNA. As an illustrating example of generalizing the idea, we 
showed that streptavidin valency could also be manipulated 
using ancillary biotin linked to a tobacco etch virus (TEV)-
protease–cleavable bridge linked to a His-tagged ~30-kDa 
protein, where the His-tag on the auxiliary protein allows the 
isolation using a Ni-affinity column (Figure S13). Integrating 
with various reported multi-biotinylated “linkers”,37, 55, 56 this 
strategy could be potentially extended to manipulate the 
valency of cross-linked streptavidin/avidin or other homolo-
gous proteins that go beyond tetra-valency. 

While an immediate biophysical application of the plug-
and-go strategy has been demonstrated in this work, we 
speculate that it would find further direct applications in bio- 
and nano-technology as well as materials sciences, fields that 
will benefit from a precise composite and structural control 
of conjugated modules. The relatively low-entry-barrier 
strategy reported here to manipulate streptavidin valencies 
and to control bioconjugation compositions would greatly 
accelerate expanding the application scope of the streptavi-
din/avidin technology and stimulate further innovations.  
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