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Introduction

Dynamic combinatorial chemistry (DCC) combines synthe-
sis and screening in a single-step approach to the discovery
of new functional molecules.[1,2] A set of building blocks is
allowed to combine through reversible bond formation, cre-
ating a library that is under thermodynamic control. Addi-
tion of a template causes stabilization and hence amplifica-
tion of the host compounds[3] that bind effectively to the
template. The key concept, that amplification and host±
guest binding strength are strongly correlated may be intui-
tively reasonable but is experimentally untested.
Using computer simulations, Severin et al.[4] have con-

structed small example DCLs where the correlation between
amplification and binding strength is very poor, posing a
challenge to the usefulness of the DCL technique. We de-
scribe here a versatile computer simulation approach to ex-
plore this phenomenon in large DCLs. Whereas the work by
Severin et al. highlights a set of selected cases where ampli-
fication and binding strength do not correlate, our work sys-
tematically varies ™experimental conditions∫ and maps
under which conditions the correlation between binding
strength and amplification is acceptable.

Severin×s simulation considers a library of trimers made
from equimolar amounts of three building blocks: A, B and
C. If two of the trimers–AAA and ABC–are both stabi-
lized by a factor of 1000,[5] then only the ABC trimer will be
amplified, and the concentration of AAA will actually go
down. In this example, amplification efficiency and stabilisa-
tion are not well correlated. This observation challenges the
generality and practicality of the dynamic combinatorial li-
brary approach, but how serious and how general is this
challenge? How well do the amplifications in an average li-
brary reflect the host±guest binding constants? Can libraries
be set up under conditions where good correlation between
amplification efficiency and binding constants can be guar-
anteed beforehand? These are questions that we will ad-
dress herein.
Gaining statistically significant answers to these questions

requires the comparison of binding constants and amplifica-
tion efficiencies for a large number of libraries. Since ob-
taining the necessary information experimentally is a formi-
dable task for even a single library, the only practical ap-
proach is to use computer simulations.

Methods of Calculation

We simulated[6] dynamic combinatorial libraries made using an arbitrarily
chosen number of seven different building blocks[7]–A to G–which
were allowed to assemble into all possible oligomers up to tetramers,[8]

giving 28 dimers, 84 trimers and 210 tetramers.[9] The exchange processes
in the library were simulated using a set of equilibrium constants such
that the concentrations of library members matched the statistical prefer-
ence for hetero-oligomers over homo-oligomers. A preference for dimers
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over trimers and tetramers was also programmed, to reflect the behav-
iour of a library that does not result in polymer formation.[10]

A binding constant (K) was randomly assigned to each host, drawing
from a normal distribution of log10K, with a standard deviation of 1 and a
mean of 2. Lognormal distributions of binding constants have been used
in a previous theoretical study of dynamic combinatorial chemistry,[11]

and appear to be good descriptors of ensembles of biological receptors.[12]

The standard deviation of 1 (or values close to it) is commonly used,
whereas literature values[11,12] of the mean in these examples range from
zero to 3.4. We have chosen a mean of 2 which gives binding constants in
the high end of the distribution that are roughly in accord with those that
we have observed experimentally for the stronger binders in our
DCLs.[2a±g,k]

The concentration of each of the library members was calculated, both in
the presence and absence of template. The ratio of these concentrations
gave the amplification factor for each host.

Results and Discussion

The results from a typical randomly generated library are
shown in Figure 1a, which compares the free energy of bind-
ing[13] of each of the receptors to their amplification factors,
using total concentrations of 10 mm for both the building
blocks and the template. The correlation between the bind-
ing strength and the amplification factor is satisfactory, and
the best receptor is amplified to the greatest extent. Fig-
ure 1b shows the results for another randomly generated
DCL, that only differs from that in Figure 1a in the way the
binding constants are distributed over the various receptors.
Here, the correlation is poor, and the best receptor is hardly
amplified at all. The results in Table 1 explain the cause of
the remarkable difference in the behaviour of these two li-
braries. In the library in Figure 1b, the dimer CG has a fair
affinity for the template, and a high initial concentration.
This combination results in CG accounting for 74% of the
available C and G in the presence of the template. The con-
centration of the best host, CCCE, critically depends upon
the availability of the building block C, and so CCCE is
only amplified to a small extent despite its high affinity for
the template. In the library in Figure 1a, however, there are
no dimers with a stronger free energy of binding than
�18.5 kJmol�1, and so there is no significant ™drag∫ on
building blocks that make up the best host, DDDE. These
examples demonstrate that the disruption of the correlation
between amplification and binding is not limited to small li-
braries as described by Severin,[4] but can also occur in
larger libraries.

In an attempt to assess how the correlation between bind-
ing affinity and amplification depends on experimental con-
ditions, DCLs were simulated for a range of template and
building block concentrations. Seventeen values in the range
of 0.1 mm to 1m were chosen for each concentration, giving
a total of 289 different ™experimental∫ conditions. To get
statistically significant data, a set of fifty DCLs was random-
ly generated, and the library composition was simulated for
each of the 289 sets of conditions, thus generating a total of
14450 DCL simulations. For each simulation, the correlation
between binding energy and the logarithm of the amplifica-
tion factor was quantified by calculating the correlation co-
efficient R 2 using all of the hosts that were significantly am-
plified (at least doubled in concentration).[14] Some typical
examples of libraries exhibiting different R 2 values are
shown in the Supporting Information.

Table 1. Concentration and amplification data for selected hosts in the DCLs shown in Figure 1.

Hosts from Figure 1a Hosts from Figure 1b
Ranking[a] Host DG 0

binding
c [mm][b] Amplification Ranking Host DG 0

binding
c [mm] Amplification

[kJmol�1] factor [kJmol�1] factor

1 DDDE �26.7 6.22 183.9 1 CCCE �30.0 0.04 1.2
2 FGG �25.4 102.68 38.8 2 ACE �28.7 30.30 5.7
3 BBBE �25.2 0.43 12.8 3 BDDF �26.7 9.74 96.0
4 AAAF �24.5 0.27 7.9 4 AA �24.8 562.57 6.1
± ± ± ± ± 5 BE �24.2 962.37 5.2
101 AE �14.6 223.31 1.2 6 BBFF �23.8 0.20 3.8
114 AD �13.5 218.66 1.2 7 CG �23.6 1050.72 5.7

[a] Ranking indicates order of binding affinity. [b] The concentration in the templated libraries.

Figure 1. The relationship between amplification and free energy of bind-
ing for all of the hosts in two randomly-generated DCLs, that differ only
in the way the binding constants are distributed over the various hosts. In
both DCLs, the total concentration of the building blocks and the con-
centration of the template is 10 mm. R 2 values for the correlation be-
tween free energy and the logarithm of the amplification factor (taking
only significantly amplified hosts into account) are 0.72 and 0.24, respec-
tively.
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The results from these simulations are summarized in
Figure 2, which shows how the mean (Figure 2a) and the
standard deviation (Figure 2b) in R 2 in the fifty libraries
vary across the range of conditions. An alternative metric of
the correlation between binding affinity and amplification is
the fraction of libraries from which the best receptor is the
one that is the most strongly amplified.

Figure 3a shows the results. The chance of finding the
best receptor among the three most highly amplified com-
pounds is shown in Figure 3b. At high building block con-
centrations (>10 mm), the correlation is dependent upon
the ratio of template to building blocks. Here, keeping the
concentration of template at a tenth of the total concentra-
tion of building blocks gives an acceptable R 2 of 0.8�0.1, or
a probability of the best host being the one that is most
strongly amplified of about 90%. Using a large excess of
template gives a much poorer correlation, as this allows for
the strong amplification of the dimers with moderate affini-
ty. At lower concentrations (<10 mm), the concentration of
the template alone becomes important, and results of a simi-
lar quality can be obtained for these libraries by keeping the
template concentration at around 0.3 mm–about the affinity
of a �20 kJmol�1 (K=3î104m�1) receptor. However, in this

region, the correlation coefficient varies more from one li-
brary to the next (Figure 2b). It is encouraging that it is rare
for a very poor receptor to be significantly amplified, even
under the worst conditions.

Conclusion

In summary, our simulations have demonstrated that the
correlation between host±guest binding and host amplifica-
tion can vary, depending on how the binding constants
happen to be distributed over the various library members.
In the libraries we have analyzed, the main disruption of the
correlations results from moderately good hosts that are al-
ready present in relatively high concentrations in the ab-
sence of template and increase in concentration even further
upon addition of template to become a ™drag∫ on the build-
ing block reservoir. This hampers the amplification of better
hosts that require some of the same building blocks.
However, our simulations have identified experimental

conditions under which this effect is reduced to an accepta-
ble level. As a rule of thumb, restricting the amount of tem-
plate to a tenth of the total building block concentration
means that the different receptors have to compete for the

Figure 2. The a) mean and b) standard deviation of the correlation be-
tween binding affinity and amplification in DCLs, as a function of tem-
plate and total building block concentration.

Figure 3. The probability of the most strongly binding host in a DCL
being a) the most amplified compound or b) among the three most highly
amplified compounds, as a function of template and total building block
concentration.
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template, and the best binder has a high probability of being
the most strongly amplified compound. However, restricting
the concentration of template tends to reduce amplification
factors across the whole library, increasing the chance that
good hosts remain undetected because their concentrations
are below detection limits. It may therefore be advisable to
screen libraries in two rounds, starting with a relatively high
(equimolar with respect to the total building block concen-
tration) template concentration. For those libraries where
amplification of some hosts is observed, a second round of
screening using a reduced amount of template will then be
likely to reveal the best receptors. In short, the effects noted
by Severin et al. can also be present in large libraries under
some experimental conditions, but we have demonstrated
here that they need not restrict the usefulness of dynamic
combinatorial chemistry in general.
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