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Research Article

Predicting efficiency of NECEEM-based
partitioning of protein binders from
nonbinders in DNA-encoded libraries

Nonequilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) is an affinity
method for separating binder-target complexes from nonbinders by gel-free CE. NECEEM
is a promising high-efficiency method for partitioning protein binders from nonbinders
in DNA-encoded libraries (DEL), such binders are used as “hits” in drug development.
It is important to be able to predict the efficiency of NECEEM-based partitioning, which
is the efficiency of collecting binders while removing nonbinders for a specific protein
and a specific DEL with a minimum of empirical information. Here, we derive and
study the dependence of efficiency of NECEEM-based partitioning on electrophoretic
mobilities of the protein and the DNA moiety in DEL compounds. Our derivation is
based upon a previously found relation between the electrophoretic mobility of protein-
binder complex and measured electrophoretic mobilities of the protein and unbound DEL
and their estimated sizes. The derivation utilizes the assumption of Gaussian shapes
of electrophoretic peaks and the approximation of the efficiency of partitioning by the
background of nonbinders – a fraction of nonbinders, which elutes along with protein-
binder complexes. Our results will serve as a guiding tool for planning the NECEEM-based
partitioning of protein binders from non-binders in DELs. In particular, it can be used to
estimate a minimum number of rounds of partitioning required for the desired level of
DEL enrichment.
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1 Introduction

Most therapeutic targets are proteins and most modern drugs
are protein binders, i.e. compounds capable of forming sta-
ble noncovalent complexes with their protein targets [1, 2].
A major approach to find protein binders is the screening
of large combinatorial libraries of small molecules such as
DNA-encoded libraries (DELs) with as many as 1010 dif-
ferent compounds each possessing a DNA-tag encoding its
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structure (see Ref. [3] for a comprehensive review on DELs in-
cluding their preparation) [3–7]. Screening DELs for protein
binders includes four major steps (Fig. 1A) [8–12]. The first
step is multiple consecutive rounds of affinity partitioning
of binders from nonbinders; this step results in a binder-
enriched DEL. The second step is sequencing DNA tags on
the compounds in the binder-enriched DEL and decoding
the small-molecule structures based on the sequence infor-
mation. The third step is synthesis of individual DNA-free
compounds. The final step is confirmation of binding of in-
dividual DNA-free compounds to the target protein and mea-
surements of binding parameters such as the equilibrium
constant, Kd, and the rate constant, koff, of dissociation of
protein-binder complex.

The first step, i.e. the partitioning of binders (B) from
nonbinders (N), is the most critical step in DEL screen-
ing [5, 13]. Partitioning is schematically depicted in Fig. 1B,
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Figure 1. A: Schematic representation of the four major steps
in DEL screening for protein binders. B: Schematic representa-
tion of the features of the step of partitioning of binders (B) from
non-binders (N). Bin and Nin are amounts of binders and non-
binders at the input of partitioning, respectively. Bout and Nout are
amounts of binders and nonbinders at the input of partitioning,
respectively. Each round of partitioning is performed with trans-
mittancies kB and kN of binders and nonbinders, respectively. m
is the number of rounds.

where Bin, Nin, and Bout, Nout are amounts of binders and non-
binders at the input and output of partitioning (see Ref. [14]
for evaluation of Bin, Nin, Bout, and Nout), and m is the number
of consecutive partitioning rounds. Any partitioning method
acts as a filter letting binders pass while cutting off non-
binders; we adopted the term transmittance from optical fil-
ters to describe this filter function. Transmittancies of a
single round (m = 1) of partitioning for binders and non-
binders can be defined as kB = Bout / Bin and kN = Nout / Nin,
respectively. The single-round efficiency of partitioning of
binders from nonbinders can then be defined as � = kB / kN.
In ideal partitioning, kB = 1, kN = 0, and � → �. In real
partitioning, the value of kB � 1 can be achieved so that
� � 1/kN [15]. Maximizing � requires minimizing kN, which
is an absolute measure of the background after partitioning
caused by nonbinders – a smaller value of kN corresponds
to a lower background. There is a continuing effort to de-
velop partitioning methods with low background or small
values of kN [16–19]. A partitioning method can be consid-
ered highly efficient if its background is of the order of mag-
nitude of binder abundance in the starting DEL (Bin / Nin),
which can be as low as 10−5 [20]. Highly-efficient partitioning
with such abundance can uniquely facilitate DEL enrichment
to the level of Bout / Nout � 1 in just a single round; there-
fore, we consider 10−5 as a maximum acceptable value for
kN.

We suggested nonequilibrium capillary electrophoresis
of equilibrium mixtures (NECEEM) as an efficient tool for
partitioning protein binders from nonbinders in DELs [21].
NECEEM is an affinity method for separating binder-target

Figure 2. Schematic electropherogram of NECEEM-based parti-
tion of binders from nonbinders showing the peaks of protein,
protein-binder complexes, and nonbinders (the unbound DEL
compounds). The peaks are assumed to have Gaussian shapes.
The transmittance kN and, thus, the background after partition-
ing is simply the ratio between the green area and the total area
under the peak of nonbinders (Eq. (5)). Note that the concentra-
tion axis is in log scale and the presented case corresponds to
kN � 10−5.

complexes from nonbinders by gel-free CE. NECEEM was
developed by us and proven by others to be an efficient
tool for aptamer selection [20, 22–24]; in aptamer selection,
values of kN � 10−5 for one-round selection were demon-
strated with lower values being potentially achievable [20]. In
principle, these values should also be achievable for binder
selection from DELs. In NECEEM-based partitioning, the
protein-binder complexes migrate faster and exit the capillary
before nonbinders, which excludes the contribution of non-
binder adsorption onto the capillary wall to the background.
Therefore, the background in NECEEM-based partitioning is
caused solely by the overlapping between the electrophoretic
peak of protein-binder complexes and that of nonbinders
(Fig. 2). This deterministic nature of the background of non-
binders in NECEEM makes it possible to predict its lowest
theoretically-achievable level if the shapes and positions of
these two peaks are defined. Accordingly, the goal of this
study was (i) to develop an approach for such prediction and
(ii) proof the theoretical feasibility of NECEEM for one-round
binder selection from DELs by achieving a maximum back-
ground of kN � 10−5.

The efficiency of partitioning increases with increasing
separation resolution of the peaks of protein-binder com-
plexes and nonbinders. The resolution as a measure of over-
lapping, in turn, depends on the sizes and charges of the
protein and the DNA moiety of DEL compounds. Accord-
ingly, we derived and studied the dependency of kN on
the sizes and charges of the protein and the DNA moi-
ety in DEL compounds. We applied these dependencies to
find the smallest protein size for which a desirable value
kN � 10−5 can be theoretically achieved for a DEL with
known published structures of DNA moieties [25]. The re-
sult of our study is a guiding tool for planning the NECEEM-
based partitioning of protein binders from nonbinders in
DELs.
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2 Results and discussion

2.1 Peak parameters in an electropherogram

Electrophoretic peaks of unbound protein and unbound DEL
(nonbinders) can be easily recorded as an electropherogram:
intensity (proportional to analyte concentration) versus mi-
gration time, t (Fig. 2). The electropherogram provides po-
sitions of peak maxima and peak dispersions (full width at
half maximum, FWHM) for the protein, tP and � tP, and non-
binders, tN and � tN, respectively. The values of tP and tN can
be used to find electrophoretic mobilities of the protein, �P,
and nonbinders, �N:

�P = l

E

tEOF − tP

tEOFtP

�N = l

E

tEOF − tN

tEFOtN

(1)

Here tEOF is the migration time of a neutral marker in
the electropherogram; the neutral marker is propagated by
the electro-osmotic flow (EOF) only. E is the strength of elec-
tric field and l is the distance from the position of start of
electrophoresis to the point of detection.

2.2 Mobility of protein-binder complex

The found mobilities �P and �N allow predicting the elec-
trophoretic mobility of the protein-binder complex (PB) [21]:

�PB = d2
P�P + (ddsDNA LdsDNA + dssDNA L ssDNA) �N

d2
P + ddsDNA LdsDNA + dssDNA L ssDNA

, (2)

where dP is the hydrodynamic size of the protein assumed to
be globular, ddsDNA and dssDNA are diameters of the single-and
double-stranded regions, respectively, in the DNA moiety of
DEL compounds, and LdsDNA and LssDNA are lengths of these
regions (for details on these parameters see Fig. 3 in [21]).
Equation (2) was tested on a series of DNA moieties (several
DNA chimeras and a DNA moiety used in actual DELs) and
two proteins (streptavidin (SA) and carbonic anhydrase II
(CAII)) and showed to predict mobility deviating from the
experimental one by less than 11% [21].

The value of dP can be found from structural data or
accurately estimated from a known diffusion coefficient of
the protein, DP, using the Stokes-Einstein equation [26]

dP = RT

3��DP NA
109 [nm], (3)

where R � 8.31 kg m2 s−2 K−1 mol−1 is the gas constant, T
is the absolute temperature in K, � is the solvent viscosity,
and NA � 6.02 × 1023 mol−1 is the Avogadro number. For
example, we can estimate for SA (DP � 9 × 10−11 m2 s−1) [27]
at T � 300 K and in water (� � 9.0 × 10−4 kg m−1 s−1) that
dP = 5.4 nm which is in good agreement with 5.3 nm found
in crystallographic studies [28]. Under the same conditions
and for CAII (DP � 1 × 10−10 m2 s−1) [29], Eq. (3) leads to

dP = 4.4 nm, which is also in good agreement with 4.5 nm
found in crystallographic studies [30].

For the DNA moiety, the diameters are ddsDNA = 2.6 nm
and dssDNA = 1.6 nm, which include the hydration shells
around the dsDNA and ssDNA regions [31]. The lengths
of moieties can be calculated by LdsDNA = bdsDNA × ndsDNA,
LssDNA = bssDNA × nssDNA, where bdsDNA = 0.34 nm and
bssDNA = 0.43 nm are the lengths of dsDNA and ssDNA
monomers and ndsDNA and nssDNA are numbers of nucleotides
in all double-stranded regions and all single-stranded regions,
respectively [32].

The predicted value of �PB can be used to predict the
migration time of the complex:

tPB = tEOF
l

�PB EtEOF + l
(4)

Based on the observed behavior, we assume the disper-
sion of the peak of complexes, � tPB to be equal to the dis-
persion of nonbinders, � tPB � � tN, which is always larger
than that of the protein because of the heterogeneity of
DELs. The values of tPB and � tPB define the binder-collection
window which is necessary for defining and predicting the
background of nonbinders in NECEEM-based partitioning
(Fig. 2).

2.3 Defining kN for its prediction

kN is defined as the ratio between the number of nonbinders
remaining after partitioning, Nout, and the number of non-
binders at the input of partitioning, Nin, i.e. kN = Nout/Nin.
In an electropherogram (Fig. 2), Nout and Nin correspond, re-
spectively, to the area of the background (Aout) and the total
area of the peak of nonbinders (Ain). Therefore, assuming
that all the peaks have a Gaussian shape, kN can be calculated
as

kN = Nout

Nin
= Aout

Ain
=

tPB,2∫
tPB,1

IN,max exp
(−(t − tN)2

2�2
N

)

+∞∫
−∞

IN,max exp
(−(t − tN)2

2�2
N

) =

=

tPB,2∫
tPB,1

exp
(−(t − tN)2

2�2
N

)

+∞∫
−∞

exp
(−(t − tN)2

2�2
N

)

(5)

where �N = 0.425 × � tN. The limits of integration in
the upper integral are defined as tPB,1 = tPB – 3�PB and
tPB,2 = tPB + 3�PB, respectively, to capture 99.73% of the peak.
Taking into consideration our assumption of � tPB � � tN,
we can rewrite these limits as tPB,1 = tPB − 3�N = tPB –
1.275 × � tN and tPB,2 = tPB + 3�N = tPB + 1.275 × � tN.

The definite integral with infinite limits in the denomi-
nator of Eq. (5) can be simply written as

+∞∫
−∞

exp
(−(t − tN)2

2�2
N

)
≈ � tN (6)
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In contrast, the indefinite integral function of a Gauss
function is the non-elementary error-function, which cannot
be evaluated in closed form [33, 34]. Thus, the integral with
non-infinite limits in the numerator must be found numeri-
cally or by approximation.

2.4 Numerical study of kN

For our further study we used the following equation obtained
from Eqs. (5) and (6):

kN =

tPB + 1.275� tN∫
tPB − 1.275� tN

exp
(−(t − tN)2

0.36� t2
N

)

� tN
(7)

As example, we evaluated some of the models described
in Ref. 25 for both SA and CAII proteins and a series of dif-
ferent DNA moieties used in actual DELs (see Supporting
information Table 1 in ESI). The original electropherograms
of this reference (see Supporting information Figs. 1 and 2 in
ESI) were used to determine tP, tN, � tN, and tEOF. The value
of �PB was calculated using Eq. (2) (see details above). The
value of tPB was calculated with Eq. (4). The value of � tPB was
assumed to be equal to � tN as justified above. The theoreti-
cally achievable values of kN were then calculated with Eq. (7).
All obtained data is available in the Supporting information
Figs. 1, 2 and Table 2.

We found that for large proteins such as SA (53 kDa)
and CAII (29 kDa) and DNA moieties of 40–117 bases the
theoretically achievable values of kN are �10−20, which is sev-
eral orders of magnitudes lower than the desired maximum
value of 10−5. The lowest kN values are achieved for 1:1 (P:B)
complexes (from �10−300 up to 10−144) while the highest value
of 10−20 is for a 1:4 complex for SA and a biotin ligand with
a large DNA moiety (117 bases). The results for different P:B
ratios show that kN raises by 20−40 orders of magnitude with
each step of increasing binding stoichiometry, i.e. when an-
other biotin DNA ligand binds to a biotin-SA complex (up to
a ratio of 1:4). This extreme rise in kN suggests that small and
medium sized DNA moieties (40–117 bases) have a great in-
fluence on the mobility of the protein complex even for large
proteins such as SA. In turn, such DNA moieties can signif-
icantly reduce the efficiency of NECEEM-based partitioning
of binders from nonbinders in DELs.

2.5 Influence of protein size on kN

The DNA moiety possesses a great electric charge because
every nucleotide bears a single negative charge. Typically,
proteins bear a much lower net charge. In our example sys-
tem (pH 8, 50 mM TRIS·HCl) both SA and CAII possess the
same charge to size ratio resulting in the same electrophoretic
mobility of about −4.3 ± 0.2 mm2 (kVs)−1. In contrast, the
mobility of DNA moieties, independent of their length, pos-
sess a 6 × higher mobility (−26.5 ± 0.3 mm2 (kVs)−1).
Thus, in the first approximation, proteins can be considered

Figure 3. Transmittance of nonbinders, kN, as a function of the
molecular weight of the target protein, MWP, for different binding
stoichiometries and a typical DNA moiety present in a DEL (117
base pairs). The results indicate that in NECEEM-based partition-
ing, target proteins should have at least a molecular weight of
0.8, 2.4, 4.3, and 6.7 kDa for P:B ratios of 1:1, 1:2, 1:3, and 1:4,
respectively.

electrical neutral (�P = 0) in contrast to the DNA moiety. This
assumption allows neglecting the first term in the numerator
of Eq. (2). Further, the protein diameter dp can be estimated
by

dp = 1.32 × MW1/3
p [nm], (8)

where MWp is the molecular weight of the protein in kDa [35].
Combining Eq. (8) with Eq. (2) and using the assumption that
�P = 0 gives:

�PB = (ddsDNA LdsDNA + dssDNA L ssDNA) �N

1.74 × MWP
2/3 + ddsDNA LdsDNA + dssDNA L ssDNA

(9)

We used Eq. (9) to study the dependence of kN on MWp

(which relates to the protein size) in a range of 1–20 kDa and a
stoichiometry up to 1:4 (targets with small MWp and high sto-
ichiometry constitute a greater challenge for NECEEM-based
partitioning of binders from nonbinders). The rest of param-
eters, which relate solely to DEL, were taken from Supporting
Information Table 2. The results are listed in Supporting In-
formation Table 3 and depicted in Fig. 3. We can see that the
smallest protein size for which a desirable value kN � 10−5

can be theoretically achieved is 0.8 kDa, 2.4 kDa, 4.3 kDa,
and 6.7 kDa for a complex binding stoichiometry of 1:1, 1:2,
1:3, and 1:4, respectively. This result suggests that NECEEM-
based partitioning of binders may work for small oligopep-
tides and proteins but becomes inefficient for smaller
peptides with molecular weights below the above-mentioned
values. Note that the found values of kN are theoretically
achievable minima obtained for ideal Gaussian peaks. The
real peak of nonbinders may have non-Gaussian fronting
(because of the concentration, weak binders, etc.) which will
make real kN values larger than the estimates found here.
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2.6 kN of other partitioning methods

We were unable to find any data on background calcu-
lations or measurements for other partitioning methods,
which makes it impossible to directly compare background in
NECEEM-based partitioning with those of other partitioning
methods. However, most partitioning methods are based on
chromatography and filtration and require multiple-round se-
lection because of their low efficiency of partitioning or high
background [36, 37]. The need of multiple rounds strongly
suggests that the values of kN are far above 10−5 in these par-
titioning methods. In contrast, we show here that NECEEM
is theoretically feasible of doing single-round selection with
kN far below 10−5.

3 Concluding remarks

In this study, we developed an approach to predict the lowest
theoretically achievable level of background (kN) in NECEEM-
based partitioning for selecting protein binders from DELs.
The efficiency of partitioning increases with increasing sep-
aration resolution of the peaks of protein-binder complexes
and nonbinders. The resolution, in turn, depends on the sizes
and charges of the protein and the DNA moiety of DEL com-
pounds. Accordingly, we derived and studied the dependency
of kN on the sizes and charges of the protein and the DNA
moiety in DEL compounds. We found that the mobility of the
protein is negligible in contrast to the mobility of the DNA
moiety. Therefore, protein mobility can be considered zero,
i.e. neutral charge. Furthermore, we found that the smallest
protein sizes for which a desirable value of kN � 10−5 can
be theoretically achieved are 0.8, 2.4, 4.3, and 6.7 kDa for
a complex binding stoichiometries of 1:1, 1:2, 1:3, and 1:4,
respectively. Our results will serve as a guiding tool for plan-
ning NECEEM-based partitioning of protein binders from
nonbinders in DELs. In particular, they can be used to esti-
mate a minimum number of rounds of partitioning required
for the desired level of DEL enrichment.
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