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Using protein-DNA chimeras to detect and count small

numbers of molecules

Ian Burbulis!, Kumiko Yamaguchil, Andrew Gordon!, Robert Carlson? & Roger Brent!

We describe general methods to detect and quantify small

numbers of specific molecules. We redirected self-splicing
protein inteins to create ‘tadpoles’, chimeric molecules
comprised of a protein head covalently coupled to an
oligonucleotide tail. We made different classes of tadpoles that
bind specific targets, including Bacillus anthracis protective
antigen and the enzyme cofactor biotin. We measured the
amount of bound target by quantifying DNA tails by T7 RNA
polymerase runoff transcription and real-time polymerase chain
reaction (PCR) evaluated by rigorous statistical methods. These
assays had a dynamic range of detection of more than 11 orders
of magnitude and distinguished numbers of molecules that
differed by as little as 10%. At their low limit, these assays were
used to detect as few as 6,400 protective antigen molecules,
600 biotin molecules and 150 biotinylated protein molecules.
In crudely fractionated human serum, the assays were used to
detect as few as 32,000 protective antigen molecules. Tadpoles
thus enable sensitive detection and precise quantification of
molecules other than DNA and RNA.

Numerous questions in biology depend on detection and quanti-
fication of very small numbers of specific molecules mixed among
large numbers of other molecules. For example, understanding how
genetically identical cells behave differently will require quantifica-
tion of differences in the amounts and modification states of small
amounts of regulatory proteins. Similarly, early detection of many
diseases from clinical samples will be facilitated by the ability to
detect and quantify small numbers of signature molecules. The
mainstay methods for quantification of biological molecules other
than nucleic acids remain enzyme-linked immunoabsorption
assays! (ELISAs) and their predecessors, radioimmune assays?
(RIAs), developed in 1971 and 1959, respectively. One limitation
to the sensitivity and accuracy of these assays has been the means
used to quantify the target bound by the antibody.

One approach to target quantification that promises great
sensitivity has been to bring specific DNA sequences to the target
and then detect and count the bound sequences by nucleic acid
hybridization or amplification approaches. The idea of detecting
target binding by DNA amplification dates from 1992 (ref. 3), as
does the use of DNA tags to detect small numbers of target bound

antibodies®. These experiments demonstrated the application of
the extraordinary sensitivity of PCR detection to non-nucleic acid
molecules. Since these initial developments, other investigators
have described detection of DNA-linked antibodies bound to
targets by PCR>3, T7 runoff transcription® and hybridization'®.
For a number of reasons, including in many cases the molecular
heterogeneity of the antibodies and the lack of precise chemical
control of the site(s) of DNA attachment, assays based on DNA—
linked antibodies have not gained wide use. We envisioned that the
ability to effect well-controlled synthesis of defined protein-DNA
conjugates in large quantities might enable wider development of
target-binding and amplification measurement methods.

Here, we devised the means to covalently link chemically
homogeneous affinity proteins and DNA molecules by controlled
site-specific chemistry. The chemistry is catalyzed by inteins,
protein domains that excise from polypeptides and join the
remaining amino and carboxyl moieties to form a mature pro-
tein!!. After excision, the amino terminal moiety acquires a single
thioester residue at its C terminus. This thioester can couple with
synthetic peptides in trans'2. It has been used to couple single-chain
antibodies to fluorescent labels!®> and has recently been shown to
join proteins to cysteine-conjugated polyamide nucleic acids'?.

We used a collection of modified inteins to generate thioester-
tagged recombinant antibodies as well as other affinity proteins and
coupled them to synthetic oligonucleotides. The resulting chimeric
tadpole molecules were composed of a protein head and a DNA tail.
We adapted absorption and crosslinking, PCR, T7 amplification
and statistical methods to use tadpoles to detect and count small
numbers of different molecules, such as biotin and native proteins,
including the ‘protective antigen’ (PA) subunit of the B. anthracis
toxin. These methods enabled detection and quantification of non-
nucleic acid molecules with great precision, great dynamic range
and, in some cases, sensitivity near the limits of PCR.

RESULTS

Tadpole synthesis

To explore the diversity of protein structures suitable for the
tadpole heads, we directed the synthesis of three classes of affinity
protein moieties in Escherichia coli: streptavidin, a protein that
specifically binds the vitamin biotin!® single-chain antibodies
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Figure 1 | Design and synthesis of chimeric detector molecules. (a) An
illustration of the typical three-part fusion proteins containing, from N to C
terminus, an affinity domain with 6-His sequence, an intein and the CBD,
except for the streptavidin fusion, which lacked the 6-His tag. An asterisk
denotes the active-site cysteine. (b) Cysteine-like residue incorporated at
the 5 terminus of the forward strand of the DNA tail (represented by ‘R’)
that serves to covalently couple with the reactive thioester on the affinity
protein. (c) Thioester-dependent ligation of protein to DNA. Chitin-purified
recombinant intein fusion proteins are reacted with 0.2% thiophenol, 1 mM
TCEP and modified DNA in situ. Thiophenol helps promote the hydrolysis of
the peptide backbone to yield a reactive thioester at the C terminus of the
affinity protein. Next, the thiol moiety on the synthetic DNA tail displaces
the thiophenol'?, which then undergoes an N-S acyl shift!! resulting in an
amide linkage between protein and DNA.

containing disulfide linkages'® and thioredoxin (TrxA) peptide
aptamers!” (Supplementary Table 1 online). We expressed these
affinity moieties as fusion proteins that comprised, from N to C
terminus, an affinity protein, an intein and the 52-residue chitin
binding domain (CBD) from Bacillus circulans WL-12 Chitinase
A1'8 (Fig. 1a). For the DNA components, we synthesized double-
stranded (ds) oligonucleotides containing a cysteine-like residue!®
at one 5 end (Fig. 1b and Supplementary Table 2 online). We
purified the three-part fusion proteins on chitin columns®® and
activated intein excision and DNA coupling by filling the columns
with buffer containing the reducing agent, thiophenol and cysteine-
modified DNA (Fig. 1¢). In the subsequent reaction, the thiophe-
nol allows the intein to hydrolyze the peptide backbone, excising
the affinity protein from the fusion and placing a reactive thioester
at its C terminus. The thiol moiety on the cysteine in the synthetic
DNA tail displaces the thiophenol'?> and undergoes an N-S acyl
shift'!, resulting in an amide bond between the protein and DNA.
We allowed the cleavage-coupling reactions to run overnight and
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purified the protein-DNA chimeras from the column eluate. The
resulting tadpole molecules have an affinity protein head covalently
linked by an amide to a DNA tail (Fig. 1c).

Tadpole characterization

The first tadpoles we created contained the ‘core’ domain of
streptavidin®! linked to a 149-mer DNA tail. We purified them by
anion-exchange and hydrophobic-interaction chromatography to
apparent homogeneity (effectively >95% purity) as judged by the
presence of a single SYBR gold (Molecular Probes) stained band on
native acrylamide gels. A number of observations were consistent
with the idea that these molecules comprised a single affinity
protein linked to a single DNA moiety (Fig. 2). On native gels
stained for DNA, digestion with protease K caused a shift in the
mobility from that expected for a single protein-DNA chimera to
that of the free DNA tail. On size exclusion columns, the tadpoles’
apparent molecular weight was as expected for a molecule contain-
ing a single protein and a single DNA moiety. As assayed from the
change in mobility on native gels in the presence of biotin (and by
ELISAs, data not shown), both the anti-biotin tadpole and the free
protein head recognized biotin, which indicates the attachment of
DNA did not interfere with the binding activity of the protein
domain. Parental fusion proteins not treated with thiophenol or
Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) did not
form detectable amounts of this species, consistent with the idea
that linkage occurs at the C-terminal thioester resulting from the
intein reaction (Fig. 2a).

Biotin quantification

We used these tadpoles to detect and count small numbers of biotin
molecules in vitro. We determined the biotin content of biotiny-
lated bovine serum albumin (BSA; Pierce) and carbonic anhydrase
preparations (data not shown) using 2-(4’-hydroxyazobenzene)-
benzoic acid (HABA) in spectrophotometric assays®? as described
in Methods. We diluted biotinylated BSA into mixtures that
contained an excess of BSA coupled to two other dyes into wells
on a standard ELISA dish. We blocked the wells with casein and calf
thymus DNA and added to them anti-biotin tadpoles. We washed
the wells and quantified tadpoles that remained bound by loading
the wells with T7 polymerase and ribonucleotide triphosphates
and allowing run-off transcripts to accumulate?®, We quantified the
amount of RNA by measuring the fluorescence intensity of a
stained band on denaturing polyacrylamide gels. The signals
for biotinylated BSA were linear over six orders of magnitude,
whereas controls containing only NDA- and Texas Red—coupled
proteins gave no signal above background (Fig. 3a). In parallel
experiments, we quantified biotin immobilized on carbonic
anhydrase with equivalent sensitivity as that for biotinylated BSA
(data not shown), indicating that the measurement of biotin was
independent of the protein substrate. These results show that a
tadpole can detect and quantify small numbers of an organic
molecule against a background of very large numbers of molecules
of similar mass.

To determine the smallest number of biotin molecules detectable
using these tadpoles, we adapted real-time PCR?. We serially
diluted biotinylated BSA into BSA, covalently coupled proteins in
the dilution mixtures to epoxy-modified magnetic beads®>?°
(Dynal Biotech) and blocked the beads as above. We incubated
the beads with tadpoles, washed the beads to remove non-bound
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Figure 2 | Characterization of anti-biotin

tadpole. (a) To monitor the coupling of DNA to the
protein head we resolved sample before and after 1 2 3
conjugation on a native 12% Tris-borate-EDTA 7
polyacrylamide gel. Lane 1 is the DNA tail alone, L
lane 2 is DNA tail added to the streptavidin-intein
fusion protein without thiophenol activation and
lane 3 is the DNA tail added to the intein fusion
protein in the presence of thiophenol and TCEP.
(b) Superdex-200 size exclusion chromatography
of the streptavidin tadpole with absorbance
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monitored at 260 nm. The arrows indicate the conjugated tadpole, free DNA and free protein in the elution. The mobility of the streptavidin tadpole is
consistent with one DNA tail attached to a single protein. (c) Confirmation that the streptavidin tadpole is composed of protein and DNA. Samples were digested
with proteinase K and resolved on a gel as above. Lane 1 is mock-treated tadpole and lane 2 is tadpole digested with proteinase K. The arrow indicates the
increase in electrophoretic mobility from a low-mobility tadpole conjugate to a size consistent with a free DNA tail. (d) Confirmation that the streptavidin
tadpole bind biotinylated BSA in vitro. Lane 1 is the tadpole alone and lane 2 is the tadpole in the presence of biotinylated BSA. The arrow indicates the reduced
electrophoretic mobility in the presence of biotinylated BSA as compared to tadpole alone, and this is consistent with the formation of a complex between the

tadpole and the biotinylated BSA.

species and counted the number of target-tadpole complexes by
including the beads in real-time PCRs (Supplementary Table 3
online). We quantified bound tadpoles by comparing the reaction
cycle at which the accumulated fluorescent signal surpassed an
arbitrary threshold to a calibration curve generated from known
numbers of tadpoles (Fig. 3b).

We found that standard linear regression methods typically used
to determine numbers of template molecules in real-time PCR
experiments were inadequate to determine the actual limit of
detection for these tadpole-based assays. The small amount of
tadpole binding that occurred on the beads in the absence of target
ligand resulted in a non-linear signal output at the transition
between background binding to the beads and specific binding to
the ligand. At these concentrations, the use of linear regression
resulted in less precise measurements and frequently exaggerated
the sensitivity of the measurement.

To better quantify the data, we constructed a ‘confidence belt’ for
the measurements according to published methods?”?8, We defined
the limits (area) of our confidence belt as two standard deviations
of the PCR cycle measurement (Fig. 4). For this work and for other
applications of this method, we assumed that when testing an
unknown sample, researchers would perform measurements in
triplicate. Given the boundary limits of our confidence belt, we
evaluated the estimated number of target molecules present

Figure 3 | Quantification of biotinylated BSA

diluted in an excess of nonspecific organic 100 1
molecules. (a) The fluorescence signal of SYBR ]
green-stained RNA, is graphed as a function

biotin quantity. The circles, triangles and squares

represent biotinylated, NDA-labeled and Texas
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Red-labeled BSA, respectively. Error bars represent
2 s.d. The measurements were performed in
triplicate. (b) Quantification of biotin using
real-time PCR. The x-axis shows the PCR cycle

at which the change in fluorescence surpassed 2 4 6
a designated threshold. The y-axis shows the
number of molecules of target-bound tadpole
tails determined by reference to a calibration
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in a sample that will result in a mean number of PCR cycles falling
within the specified limits in 95 out of 100 measurements.
As long as measurement results are distributed normally (Supple-
mentary Fig. 1 online), this approach is valid across the entire
dynamic range of the assay, including the lowest values, as well as
the linear range.

Using this technique to evaluate the PCR data, we detected as few
as 600 biotin molecules (or 150 biotinylated BSA molecules) with
>95% confidence (Fig. 4). In our hands, the detection limit for
this tadpole-based assay was 10°-fold lower than for a conventional
ELISA (Supplementary Fig. 2 online); by combining PCR and T7
polymerase data, the dynamic range of these measurements
spanned 11 orders of magnitude. In the linear range, the smallest
difference between the numbers of molecules these assays could
distinguish was consistently below 27%. The resolution of these
measurements is relatively high; for example, these methods
can distinguish between 50,000 and 64,000 molecules with
>97% confidence.

Synthesis of tadpoles to quantify native proteins

We then made tadpoles to quantify native proteins. First, we
made tadpoles that contained TrxA peptide aptamers that bound
human E2F1%° and CDK2!7. In bead-based real-time PCR assays
performed as above, these tadpoles allowed quantification of
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curve using known numbers of free tadpoles. Circles represent the mean of five replicate measurements and the error bars represent 2 s.d. The dashed line
indicates the lower limit of detection for this assay: the smallest number of molecules from a single triplicate measurement that could be distinguished from

zero with >97% confidence.
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Figure 4 | Statistical analysis of biotin

quantification. (a) Limit of detection of biotin 330 B
measurement. Shown in the left graph is the 2 o5
plot of data with the mean PCR cycles/N biotin §
molecules as the solid line and the confidence @20
belt, corresponding to 2 s.d., as dashed lines. 15
These dashed lines define the confidence belt 10

we used to calculate the limit of detection and
precision of measurement. The solid arrow
extending from the curve to the x-axis represents
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the signal measured in an assay with zero biotin molecules. The dashed arrow extending from the curve to the x-axis represents the intercept corresponding to
the limit of detection illustrated in the right plot. The right plot illustrates the PCR cycle distribution, corresponding to the arrow in the left graph, representing
a mean value (solid line) that is distinguished from the zero distribution (dashed line), given our confidence belt. (b) Precision of biotin measurement in the
linear range of our assay. The left graph is the same as in a, except that the arrow corresponds to the intercept where the distributions in the right graph were
evaluated. The right plot illustrates the PCR cycle distributions in the linear range of the assay where the standard deviation is low.

recombinant E2F1 and CDK2 over a 10°-fold range, but presum-
ably due to the relatively weak Ky (~1 uM) of the TrxA aptamers,
the limit of detection in these experiments was only marginally
lower than in ELISAs using existing antibodies (data not shown).
Because of these findings, we chose to explore the use of single-
chain variable fragments'® (scFvs) from mammalian antibodies as
affinity reagents. We made tadpoles to quantify PA, a protein
subunit of anthrax toxin®®. The tadpole heads were scFvs that
bound PA with subnanomolar afﬁnit)r3 1 and the tails were
82-nucleotide dsDNAs (Supplementary Table 2 online). The
use of scFvs as tadpole heads presented substantial challenges
(see Methods) because scFvs require disulfide bonds to form
correctly, but the intein-mediated protein-DNA ligation requires
reducing chemistry.

We expressed and purified soluble, full-length three-part fusion
protein in the cytosol of E. coli Origami B (DE3), which carries
lesions in trxB, gor and an unspecified suppressor mutation®2. For
this protein, we used an intein from Mycobacterium xenopi gyrA
chosen after pilot experiments revealed that it gave efficient fusion
protein hydrolysis even for the large scFv moiety. We treated the
purified fusion with thiophenol, TCEP and the 82-mer to catalyze
the excision-ligation reaction. We eluted the tadpole from the
column and allowed the scFv disulfide bonds to reform by slowly
dialyzing away the TCEP. We characterized the anti-PA tadpole by
the methods used to evaluate the anti-biotin tadpole and measured
its affinity for PA by evanescent wave experiments. The whole
tadpole bound PA with a K4 of 4.5 nM, and the free scFv tadpole
head bound with a K3 of 0.46 nM, a good match to the published
affinity’!. Reduced binding by the complete tadpole compared to
the free scFv was largely due to slower association with the target

(Supplementary Table 4 online), possibly caused by the presence
of the DNA tail; consistent with this idea, the off rate for the
complete tadpole was also twofold slower.

Quantification of PA protein

We diluted protective antigen and coupled dilution mixtures to
carboxylate-modified magnetic beads, as above. We blocked beads,
probed with tadpoles for one hour, washed and quantified bound
tadpoles by real-time PCR, as above (Fig. 5a). These measurements
had a 10°-fold dynamic range and a 10°-fold linear range. We
evaluated the PCR data for these PA assays as we did for the biotin
measurements, using a confidence-belt*”>?® consisting of two stan-
dard deviations. At the low limit, the smallest number of molecules
that could be distinguished with confidence from zero was 6,400
(Fig. 6a). In the linear range, the smallest difference in numbers of
molecules these assays distinguished was about 10%, enabling for
example 5.0 x 108 molecules to be distinguished from 5.5 x 10%
molecules with >95% confidence (Fig. 6b). In our hands, this
tadpole-based assay was thus considerably (10°-fold) more sensitive
than conventional ELISAs using goat anti-PA IgG (List Biologicals)
or purified anti-PA scFv (Supplementary Fig. 3 online).

Quantification of PA from human serum

We quantified PA in human serum. Unfractionated serum coupled
to carboxylate beads bound tadpoles nonspecifically, regardless of
the specificity of the protein head (data not shown). To circumvent
this effect, we diluted PA into human serum and crudely fraction-
ated it by running each dilution mixture on a 2-ml hydrophobic
resin column (T-gel; Pierce). We eluted bound protein at low salt,
coupled 2 pg of it to beads, blocked the beads, probed with tadpole,

a b Figure 5 | Quantification of recombinant PA
12 - 84 diluted in BSA or human serum. (a) Dilution in
"910 1 J o BSA. Circles represent the mean of ten separate
‘_8’ ] ¢ ° ' L & e : measurements and the error bars represent 2 s.d.
o 81 ] ' b e ' The x- and y-axes indicate the PCR cycles and
[0} 4 ° ! = —e— :
S 6 ° 3 41 ' numbers of PA molecules respectively, and the
8 1 .. @ ! dashed line indicates the limit of detection,
o 41 L] [e] o . . P .
£ 1 ¢ £ 24 e as in Figure 3. (b) Dilution in human serum.
E 21 . E : The x- and y-axes indicate the PCR cycles and
1Y S 0 — . —.—— y numbers of PA molecules respectively, and the
20 30 40 50 20 30 40 50 dashed line indicates the limit of detection. The
PCR cycles PCR cycles circles represent the mean of eight separate
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measurements and the error bars represent 2 s.d.
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Figure 6 | Statistical analysis of PA quantification. a
(@) Limit of detection of PA measurement. The 45

left plot shows the measurement data and error ” =

boundaries corresponding to 2 s.d. The dashed 3 40

arrow represents the intercept corresponding to 335

the limit of detection, as depicted in the right % 30

graph. The right plot illustrates the PCR cycle & 25

distribution at the limit of detection (solid line) & Ll T

compared to the distribution corresponding to
zero molecules (dashed line). (b) Precision of PA
measurement in the linear range. The left plot is
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the same as in a except that the arrow represents the intercept where the distributions in the right graph are evaluated. The right plot illustrates calculated
PCR cycle distributions in the linear range of the assay where the standard deviation is low.

washed and quantified PA-bound tadpole as above. From serum,
the precision of the measurement was lower than that in buffered
BSA (the smallest difference in the numbers of molecules distin-
guished ranged from 55% to 98%), and the limit of detection
corresponded to about 32,000 molecules (Figs. 5b). Tadpole-based
detection from serum was thus about 10 times less sensitive than
tadpole based detection in buffered BSA but about 200 times more
sensitive than a corresponding ELISA of PA in serum using goat
anti-PA (data not shown).

DISCUSSION

The intein-mediated chemistry used to assemble tadpoles from
molecularly homeogeneous synthetic DNA and recombinant pro-
tein subunits is exceedingly efficient, precise and well controlled. In
our hands, the chemistry allowed generation of milligram quanti-
ties. The resulting molecules were molecularly homogeneous: they
had a precise (1:1) protein DNA stoichiometry with and the DNA
was attached to the protein at a site chosen to not interfere with
protein function. The molecules were made from a recombinant
protein and synthetic DNA, allowing, as opposed to antibodies
made in animals, new affinity proteins to be selected quickly in vitro,
fusion proteins containing these affinity moieties to be expressed

@and purified rapidly and synthesis of the tadpoles to be scaled up
=¥ rapidly. The resulting tadpoles are chemically stable for long periods

at —20 °C.

We presented methods to measure the amounts of non-nucleic
acid target molecules present in samples with a sensitivity approach-
ing that for detecting nucleic acid targets by PCR. We adapted a
statistical treatment®”?%, normally used to analyze low-incidence
events, to evaluate real-time PCR data. This statistical treatment
enabled us to distinguish the mean of a measured distribution from
the mean of other measured distributions or of distribution from
samples containing zero target molecules. This statistical treatment
is valid throughout the linear and non-linear ranges of the data
curve. Use of calibration standards internal to each PCR may
further improve measurement precision, and the use of second—
affinity reagent capture methods®® (‘sandwich methods’) and
methods dependent on binding by two different tadpoles (such as
proximity-dependent ligation assays®) should further improve
sensitivity, perhaps allowing detection and quantification of extre-
mely small amounts of molecules from crude mixtures.

The antibodies now used in ELISAs are typically generated by the
immune systems of vertebrate animals. These antibodies recognize
limited sets of protein epitopes. But tadpole heads can be chosen
from the entire range of possible affinity protein scaffolds, and

affinity molecules based on those scaffolds can then be selected
from combinatorial libraries in vitro. It should therefore be possible
to make tadpoles against molecules including proteins, carbohy-
drates, fatty acids and organic chemicals that the vertebrate
immune system does not normally recognize.

The assays are accurate and fast, requiring as little as three hours
to measure the number of molecules present. The materials and
skills needed to synthesize tadpoles are widely available, and the
infrastructure, including real-time PCR machines for quantitative
measurements, is widely deployed. Thus, these reagents might be
applied to problems in biology, medicine, environmental monitor-
ing and industry.

We also note that a reaction mix consisting of target, tadpole and
polymerase can be considered a ‘molecular amplifier’; viewed in
this manner, tadpole-containing ‘devices’ may have utility beyond
detection. Moreover, hybridized by their DNA tails, or oligomer-
ized by their protein heads, tadpoles may also be useful in assembly
and self-assembly of other nanoscale structures of defined geometry
and function.

METHODS

Fusion-protein expression plasmids. Plasmids directed the synth-
esis of three-part fusion proteins that contained, from N to C
terminus, an affinity domain with 6-His sequence, an intein and
the CBD, except for the streptavidin fusion, which lacked the
6-His-tag. PCR products encoding affinity proteins were cloned
into EcoRI and HindIlI sites in the parent vectors pTYB1, pTWINI
or pTWIN2?, The plasmids created, inteins used, E. coli expres-
sion host strains and DNA tail sequences are listed in Supple-
mentary Table 1 online. In initial attempts to express the scFv
fusion proteins under oxidizing conditions, we targeted fusion
proteins containing two model scFvs, 1H and 14B731, for export to
the periplasm. Under these expression conditions, the proteins
were hydrolyzed at the affinity protein-intein junction, even after
changing residues at the hydrolysis junction®* and co-expression of
the chaperonin Skp1p3>~37 (data not shown).

DNA synthesis. We synthesized oligonucleotides on a controlled-
pore glass (CPG) matrix with 2,500 A pore size (Glen Research)
using conventional phosphoramidite-based chemistries*®3%, We
incorporated a cysteine-like residue into the 5" terminus of the
forward strand of each dsDNA tail during synthesis. After synth-
esis, we treated the oligonucleotide-CPG matrix with 20% piper-
idine in dimethylformamide (DMF), washed with 10 ml of DMEF,
washed with 10 ml of acetonitrile and released oligonucleotides
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from the CPG with 30% ammonium hydroxide. We deprotected
samples at 65 °C for 1 h and purified DNA tails by anion-exchange
chromatography. The DNA tail for the streptavidin tadpole
(Supplementary Table 2 online) contained a T7 gene 10 promoter
that directed transcription away from the affinity protein head;
other tails did not contain the T7 promoter. We activated the
oligonucleotide for covalent coupling by reduction with 1 mM
TCEP for 30 min prior to incubation with the activated thioester
on the recombinant proteins.

Intein-mediated protein-DNA ligation. We expressed recombi-
nant intein fusion proteins in strains listed in Supplementary
Table 1 online and purified these fusions from the soluble fraction
of E. coli lysates using a chitin column. After thorough washing, we
passed the cysteine-modified DNA over the column in the
presence of 0.2% thiophenol and 1 mM TCEP. We incubated
the equilibrated column at 22 °C for 16 to 20 h, collected the
column eluate and exchanged the reaction buffer to phosphate-
buffered saline (PBS) or Tris-buffered saline (TBS) using NAP-25
columns (Pharmacia). To allow the tadpoles containing scFv
domains to refold into an active form, we exchanged into buffer
containing 1 mM TCEP and allowed refolding by slowly dialyzing
out the TCEP. We purified tadpoles to apparent homogeneity
(as judged by observing a single band on SYBR gold-stained
polyacrylamide gels) by serial ion-exchange, hydrophobic and
affinity chromatography.

Characterization of tadpoles. To monitor the coupling of DNA to
the protein head we resolved samples from before and after
conjugation in native 12% Tris-borate-EDTA polyacrylamide gels,
stained DNA with SYBR gold, imaged with a STORM 860 scanning
fluorimeter, and displayed the image using ImageQuant software
(Molecular Dynamics). To verify the composition of the tadpoles
we resolved conjugates in a Superdex-200 size exclusion column
(Pharmacia) and monitored absorbance at 260 nm. To confirm
that tadpoles contain a protein head, we digested with 0.1 pg of
tadpoles with proteinase K and examined the sample by PAGE as
above. To test ligand-binding activities, we incubated 0.1 pg of
tadpole and 0.5 pg of specific ligand for 1 h at 22 °C and resolved
reaction mixtures on native 12% polyacrylamide gels as above.

Quantification of biotinylated BSA diluted in an excess of
nonspecific organic molecules. We verified the biotin content
of our biotinylated BSA (Pierce) and carbonic anhydrase prepara-
tions using 2-(4’-hydroxyazobenzene)-benzoic acid (HABA) in
soluble spectrophotometric assays essentially as described??. To
quantify the amount of biotin in vitro, we diluted 100 ng of
biotinylated BSA (containing 4 biotins per BSA) into NDA- and
Texas red-coupled BSA and bound to polystyrene microtiter
plates. We blocked the plates with 0.2% casein, 0.01% Tween
and 10 pg/ml calf thymus DNA in PBS, incubated with 100 nM
streptavidin tadpole, washed away unbound species and amplified
bound tadpole with 100 U of T7 RNA polymerase and 100 uM of
each NTP for 4 h at 37 °C. We resolved synthesized RNA on a
denaturing gel, stained with SYBR gold*’ (Molecular Probes) and
scanned the gel with 100 micron resolution at a photomultiplier
tube voltage of 1,000 mV on a STORM 860. We computed signal
values using ImageQuant software and graphed relative signal as a
function of biotinylated BSA.
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Quantification of biotin using real-time PCR. We covalently
attached biotinylated BSA to glycidyl ester*! (epoxy-modified)
M-270 magnetic beads (Dynal Biotech) in PBS at pH 8.5 for
3 h at 30 °C, and unreacted epoxy groups were quenched with
50 mM ethanolamine for 2 h. By measuring free protein concen-
tration*? before and after coupling and by direct ELISA of the
beads using mouse anti-biotin (Pierce) and goat anti-mouse HRP
conjugate (Pierce), we determined that each bead immobilized
approximately 50 fg of biotinylated BSA (data not shown). We
serially diluted these biotinylated BSA-labeled beads into dilutions
of unlabeled beads to create samples containing a total of 1.0 X
107 beads. The samples were blocked with 0.2% casein, 0.01%
Tween and 10 pg/ml calf thymus DNA in PBS in 100 pl at 22 °C
for 1 h and probed with 100 nM anti-biotin tadpole in 100 pl at
22 °C for 20 min. We quickly washed beads 5x with 500 pl
blocking buffer for each wash at 22 °C and quantified the amount
of bound tadpole by real-time PCR?* using specific primers
(Supplementary Table 3 online) at a concentration of 0.2 UM
with SYBR green®? in 50 pl reactions.

Quantification of recombinant PA diluted into BSA. We diluted
recombinant PA into 0.1 mg/ml BSA and covalently-coupled
10 pg of total protein from the dilutions to 1 pm diameter
carboxylate-modified ‘MyOne’ magnetic beads (Dynal Biotech)
using 1-ethyl-3-(3-dimethylaminopropyl) carbodimide?® (EDC)
and N-hydroxy-succinimide?® (NHS) for 2 h at 22 °C and
quenched with 50 mM ethanolamine as above. Under these
conditions, ~ 10 fg of total protein was immobilized to each bead.
We confirmed the numbers of PA molecules on the beads by
Bradford analysis*? of the protein solutions before and after
coupling and by direct ELISA of the beads using goat anti-PA
(List Biologicals) and donkey anti-goat HRP conjugates (Pierce)
(data not shown). We blocked beads with 0.2% casein, 0.01%
Tween and 10 pg/ml calf thymus DNA in 10 mM Tris pH 8, 0.2 M
NaCl, probed samples with 100 nM anti-PA tadpole, washed using
blocking buffer and heated to 95 °C for 5 minutes to release bound
tadpoles. We quantified tadpole tail by real-time PCR using
primers that hybridized to the oligonucleotide tail (Supplemen-
tary Table 3 online) and SYBR green fluorescent dye.

Quantification of recombinant PA diluted into human serum. We
diluted PA into 100 pl aliquots of EDTA-treated human serum and
fractionated each dilution over 2 ml of T-gel (Pierce). We eluted
bound protein with low salt buffer and covalently-coupled 2 pg of
protein from the eluate of each column to carboxylate-modified
‘MyOne’ magnetic beads as above. We assayed these beads for PA
using the anti-PA tadpole as above.

Note: Supplementary information is available on the Nature Methods website.
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