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High-Throughput Measurement of Binding Kinetics by mRNA Display

and Next-Generation Sequencing

Farzad Jalali-Yazdi, Lan Huong Lai, Terry T. Takahashi, and Richard W. Roberts*

Abstract: There is great demand for high-throughput methods
to characterize ligand affinity. By combining mRNA display
with next-generation sequencing, we determined the kinetic on-
and off-rates for over twenty thousand ligands without the need
for synthesis or purification of individual members. Our results
are reproducible and as accurate as those obtained with other
methods of affinity measurement.

Various in vitro selection techniques (e.g., phage display,!!
ribosome display,”) and mRNA display)® facilitate the
generation of polypeptide ligands against targets of in-
terest. Recent advances combining in vitro selection with
high-throughput sequencing have greatly accelerated the
process of generating large lists of potential ligands."! The
current challenge is to rank the molecules based on their
desirable properties, in particular in terms of their target af-
finity.[!

Initially, we hypothesized that the affinity of a ligand
would directly correlate with its frequency rank order in an
affinity-enriched pool of ligands. Although we have shown
with mRNA display that higher-ranked sequences do exhibit
functionality,” we observed that the rank of a sequence does
not accurately predict its binding affinity. One source of this
variation is that all sequences above the threshold of each
enrichment step will show near-quantitative pull-down. The
enrichment efficiency of high-affinity versus ultrahigh-affinity
sequences can thus depend on other factors during selection,
such as PCR bias, transcription bias, ligation bias, translation
efficiency, and the efficiency of the fusion formation. This
means that whereas after the convergence of a pool of ligands,
the highest represented sequences exhibit functionality, their
rank order is poorly correlated to their affinity.
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Owing to this effect, there is a great need for methods that
evaluate the affinity of a ligand for its target in a high-
throughput manner. Advances in the field have increased the
throughput of K, measurements by using radioactivity,* SPR
or fluorescence microarrays,® and ELISA assays.”® How-
ever, all of these methods require individually expressed and
purified ligands, greatly reducing their throughput. Measuring
the K, value for thousands of potential ligands simultaneously
has not yet been achieved.

Herein, we combined high-throughput DNA sequencing
with mRNA display to obtain kinetic on- and off-rates, and
consequently K, values, for tens of thousands of ligands
simultaneously. To demonstrate the applicability of our
method, we chose two enriched pools from our selection
against B-cell lymphoma extra-large protein (Bcl-x;).""! The
first pool is the final enriched pool from a selection resulting
in 21 amino acid long peptide ligands against Bcl-x; (exten-
sion selection). The second pool is the final enriched pool of
a doped (biased) selection based on one of the top sequences
(E1) from the extension selection to further optimize binding.
mRNA from both pools were ligated to a 3' DNA linker
attached to puromycin, invitro translated, purified, and
reverse-transcribed.”! A small fraction of each pool was also
translated using radiolabeled methionine to track pool bind-
ing.

To obtain on-rates by high-throughput sequencing kinet-
ics (HTSK), a library of mRNA-peptide fusions was first
mixed with Bel-x; immobilized on magnetic beads. A portion
of the beads was removed at various time points, washed,
PCR amplified, and sent for next-generation sequencing. A
sample calculation is shown for peptide sequence ES5 in
Figure 1a. High-throughput sequencing of each time point
allowed for identification of all of the ligands bound to the
beads at that point as well as the frequency of each sequence.
We were able to calculate the fractional composition of each
sequence by dividing the sequence frequency by the total
number of sequences at each time point (Figure 1b, left
panel). Sequences with high on-rates bind to the target
quickly; therefore, they have a high fractional composition at
early time points. As time passes, a greater number of slow
on-rate ligands bind to the beads, reducing the composition
fraction of the ligands with fast on-rates.

We separately measured the total amount of peptide
bound to the beads at each time point using the radiolabeled
samples (Figure 1b, middle panel). The amount of radio-
activity at each time point represents the sum of all of the
peptides bound to the beads at that point. For ligand pools of
small diversity, where the composition of a pool can vary
significantly during the association and dissociation phases, it
will be prudent to normalize the radiolabeled signal to the
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Figure 1. Obtaining kinetic rates for ligands by HTSK. a) Transforming high-throughput sequencing data for peptide E5 into usable form. The pool
of MRNA-peptide fusion molecules was incubated with Bcl-x, (immobilized on beads). At each time point, a fraction of the beads was washed
and subjected to next-generation sequencing (association phase). The behavior of the pool was characterized by using radiolabeled ligands. To
determine the dissociation rate, ligand-bound beads were placed in a solution with excess Bcl-x, to prevent dissociated ligands from re-binding to
the beads. Time points were obtained similar to the association phase (where t=0 is the start of the dissociation phase). Dividing the frequency
of E5 by the total number of sequences in each pool yields the fractional composition at each time point. By multiplying the composition fraction
of E5 obtained by the radiolabeling approach, we obtain the ligand’s contribution to the total radiolabeled binding at each time point.

b) Determining the kinetic on-rate. The fraction of each ligand at each time point was calculated from the sequencing data and normalized with
respect to the final data point (left). Separately, the binding of a pool was determined at each time point (middle). By multiplying the composition

fraction of each ligand by the radiolabeled binding at each data point, we obtained the ligand’s contribution to the radiolabeled binding, and
subsequently the on-rate (right). c) Determining the kinetic off-rate. The fraction of each ligand at each time point was calculated from the
sequencing data and normalized with respect to the first data point (left). The counts remaining on the beads at each time point were measured
using the radiolabeled sample (middle). By multiplying each ligand’s composition fraction by the radiolabeled binding at each data point, we
obtained the ligand’s contribution to the radiolabeled binding and the off-rate (right).

average number of methionine residues per peptide in each
pool to obtain a more accurate measure of the total number of
peptides bound to the beads. This normalization will only be
needed when radiolabeling is used to measure the total
amount of bound peptide at each time point and when the
pool diversity is low. The radiolabeling approach is not the
only method of measuring the total amount of peptide bound
to the beads. Similar calculations can be performed using
immunosorbent or fluorescence assays, or simply by quanti-
tating the amount of DNA/RNA bound to the beads. To
obtain the kinetic on-rates for each ligand, we simply
multiplied the fractional composition of each ligand by the
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total amount of peptide bound to the beads. This results in
a measure for the binding of each sequence as a function of
time (Figure 1b, right panel).

Using this analysis, and knowing the concentration of
immobilized Bcl-x;, we obtained the kinetic on-rate for each
sequence by fitting the binding data to a simple kinetic on-
rate equation (see the Supporting Information, Figure S1). As
the concentration of Bel-x; (7 nM) was much higher than the
concentration of the mRNA-peptide fusion molecules
(<1 nm), the fraction of bound ligand is not a function of
the ligand concentration. The contribution of the dissociation
rate to the binding equation has been removed because on the
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age), the contribution of the dissociation
rate is minimal. These assumptions
enable the independent calculation of
the on- and off-rates (see Figure S1).
To obtain the HTSK off-rates, we
followed a similar approach. After the
kinetic on-rate experiment, the remain-
ing beads were washed, and excess Bcl-
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calculate the kinetic off-rate (Figure 1c,
right panel). The data for generating
Figure 1c is presented in Table S1. We
were also able to obtain the on- and off-
rates of the pool by quantitating the
amount of DNA on the beads at each
time point. The kinetic rates obtained by
DNA quantitation matched the rates
obtained by the radiolabeling approach
(<30% deviation; see Table S2).

Figure 2a shows the K, values
obtained for the 50 highest-frequency
ligands in each tested pool. As expected,
on average, the ligands in the doped pool
exhibit a higher affinity than the ligands in the extension pool.
It is also clear that the frequency rank poorly correlates with
sequence affinity. To show the reproducibility of the obtained
kinetic constants, we compared the values obtained for the 40
ligands that appeared in both the extension and doped pools
(Figure 2b). The results show that the HTSK values are
remarkably reproducible and highly precise.

To confirm the validity of the obtained results, we tested
the off-rate of several ligands using invitro translated
radiolabeled peptides. The peptide ligands were made using
a C-terminal HA tag and affinity-purified. The off-rate of the
radiolabeled peptides was then measured. Figure 2c shows
the HTSK k,; values versus the off-rates obtained with
radiolabeled peptide. The two sets of values correlate very
well; however, there is a consistent bias between the two
methods. The measured bias is approximately sevenfold for
the fastest off-rate clone, and less than twofold for the lowest
off-rate clones. This bias is relatively small in comparison to
those obtained for other established methods for affinity
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Figure 2. The HTSK results are reproducible and accurate. a) The obtained K, values for the top
50 clones in the extension and doped pools. Whereas on average, the extension pool (red line)
consists of lower-affinity binders than the doped pool (blue line), some sequences in the
extension pool showed higher affinity than the doped-pool average. b) The obtained HTSK
values are reproducible. Forty sequences appeared in both the extension and the doped pools.
Comparing the kinetic constants for these sequences shows that the results are reproducible.

) The k. values obtained by HTSK correlate well with the values obtained using radiolabeled
peptides. There is a consistent bias in the measured off-rate values for the two methods. d) The
off-rates for the radiolabeled peptide of the previously identified sequences E1 and D1, and the
HTSK-identified sequence D79. The off-rate for sequence D79 is over three times lower than the
off-rate of D1, the previously identified highest-affinity binder. The lowest reported value for the
off-rate of biotin and streptavidin in the literature (2.4x107°)" is shown as a reference.

measurements, which frequently vary by as much as a factor
of 60.% One factor that contributes to this difference could
be the context of binding. The HTSK results are obtained for
mRNA-DNA-peptide fusion molecules whereas the kg
values obtained by the radiolabeling approach are for the
peptide with a short C-terminal HA tag. To further demon-
strate the accuracy of this assay, we compared the HTSK
K, values for two of the peptides with previously published
results.”) The E1 peptide has a K, value of 3946 pM by
ELISA and 23+2pm by HTSK, and the D1 peptide has
a K, value of 9+2 pm by ELISA and 15 pm by HTSK (see
Table S3).

Using HTSK, we identified peptide D79 (frequency rank
79 in the doped selection pool) with a k. value of 5.9 x 1077,
which is over three times lower than that of the previously
identified lowest off-rate peptide ligand (D1) or the biotin—
streptavidin interaction (Figure 2d). We also identified pep-
tide E1452 (frequency rank 1452 in the extension selection
pool) with a ky value of 8.5x1077, which is over twofold
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lower than that of D1 (see Figure S2). Indeed, for this modest
chain length (21 amino acids), using HTSK, we have
identified thousands of sequences with K, values of 10 pm or
better by HTSK (ca. 2600 in the supporting dataset). The
presence of rare sequences that display higher affinities than
the most frequent sequences suggests the need for testing less
abundant sequences for functionality. Whereas this is not
practical when individual sequences must be synthesized and
tested, our HTSK method provides a viable approach to
testing thousands of sequences simultaneously.

Although we used mRNA display for determining the
HTSK of an in vitro library, the HTSK approach is directly
transferable to aptamer selection techniques or any mono-
meric genotype—phenotype linked display system (e.g., ribo-
some display). The results from such a high-throughput
analysis could be used not only to find the highest-affinity
binders, but also to obtain structural information from the
mutational analysis of a protein.'”! Here, we have shown our
HTSK method to be reproducible and accurate, and have
identified the highest-affinity peptide—protein interaction
discovered thus far.
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