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Abstract

The possible relation of strength and selectivity of ligand binding to biomacromolecules and its theoretical limitation is discussed and illus-
trated with some examples. It is shown that a linear correlation between selectivity and affinity may be expected on the basis of thermodynamic
principles, which also imply that multivalency is as important for selectivity as for affinity enhancement. That strictly linear correlations are
often not observed is, apart form statistical problems, mostly due to interactions which may remain constant only at some sites but can differ
significantly at other sites, which, e.g., dominate the affinity. Nevertheless, some drugs exhibit in line with theory at the same time a peak affinity
and selectivity, such as etonitazene with different opioid receptors. Double-stranded nucleic acids feature relative stable and uniform structures
and therefore show relatively good correlations with simple polyamines as ligands and RNA or DNA model receptors. Metalloproteins possess
strong binding centers with additional discrimination sites, and can exhibit linear correlations, at least with structurally related metalloprotei-

nases and their inhibitors.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Complex formation by intermolecular interactions is the
basis of most biological functions. Strength and selectivity
of such supramolecular complexations are therefore of para-
mount importance in life and medical sciences. Efficient
ligands with non-covalent interactions require high affinity
as well as high selectivity, both in synthetic host—guest com-
plexes and in natural systems. Although drug action is not sim-
ply ruled by optimization of receptor occupancy [1] all
available models rely on high and selective binding between
drug and receptor. The question to which degree binding
strength and selectivity correlate with each other is of obvious
significance in synthetic supramolecular as well as in biolog-
ical or pharmaceutical chemistry [2], but has only recently
been reviewed for relatively simple host—guest complexes
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[3]. Affinity together with selectivity data in particular of
drug receptor complexes is used as valuable basis for QSAR
approaches, but little attention has been paid until now to their
possible interdependence. As will be seen one rarely finds
quantitative linear correlations between the two parameters.
A recent principal component analysis (PCA) of many inhib-
itor affinity data with two metalloproteins has for instance re-
vealed families with strong and selective as well as unselective
complexations and vice versa [4]. Force field interaction
energies (GRID), knowledge-based statistical potentials
(DrugScore), and PCA analysis can on the basis of many,
mostly X-ray derived structures reveal important insight into
the specificity requirements of, e.g., matrix metalloproteinases
(MMPs) [5]. Other promising approaches towards selectivity
prediction rely not on structures of the biological targets but
on patterns of chemical similarity between many ligands [6].
The present review aims to illustrate with some representative
biopolymer associations how far affinity—selectivity correla-
tions can hold, which recently [3] were analysed for low
molecular weight supramolecular complexes.
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2. Some fundamental aspects

Emil Fischer’s lock and key model requires an optimal
geometric fit between effector and receptor molecules, which
we will basically assume to be given in the following discus-
sion although mismatch may actually contribute to selectivity.
An optimal geometric fit — which can of course optimize by
an induced fit, although at the expense of some additional
strains — will usually result in an optimal number » of inter-
actions between acceptor and donor functions of host and
guest. Theoretically one can then expect that indeed both affin-
ity and selectivity of a receptor R with either ligand i or ligand
j will increase to the same degree; this follows quantitatively
from the equations describing changes in free energy of
complexation:

KRi /KR] = exXp [(AGR, — AGRJ) /RT] (1)

Biological receptors and most synthetic host compounds
use a number n of interactions; this chelate effect leads to
correspondingly enhanced affinity AG,;, which usually can
be described by adding the single binding increments AAG.
With AG i = nAAG, one obtains

Kri/Kyj = exp[n(AAG; — AAG;) /RT] (2)

This characterizes how the presence of multiple binding
sites (the chelate effect) not only enhances affinity but also se-
lectivity in supramolecular complexes. Hence, if there is only
one kind of interaction, such as in complexation of spherical
guest compounds (halides, metal ions, etc.) one expects linear
correlations between total binding strength and selectivity,
which indeed is observed (cf. Fig. 1).
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Fig. 1. Logarithms of stability constants of Mn>" and Ni** complexes with
linear polyamine ligands H,N(CH,CH,NH),,_;H as a function of total number
n of nitrogen donor atoms. As n increases from 1 to 5 the selectivity of binding
of Ni" over Mn?" increases in terms of Kni/Knm by nine orders of magnitude
[3]. Reprinted with permission from Royal Society of Chemistry.

3. Limitations of linear selectivity—affinity correlations in
complexes with biological macromolecules

If all binding sites in a biomacromolecule complex contrib-
ute to selectivity and affinity to the same degree one could
expect linear correlations as in Fig. 1. The usual situation in
biological complexes, however, is that interactions of different
nature and strength contribute, often at one binding site A,
which can, e.g., dominate the affinity, and at further binding
sites B, C, D, etc. which may control selectivity. Scheme 1
illustrates how two complexes may differ by a factor of,
e.g., 10 exp 5 in strength, but will retain the same selectivity
between guest molecules i and j as long as the secondary
discriminating interactions at the sites B, C, D, etc. remain
constant. Only if single contributions, such as AG, remain
the same in, e.g., two complexes: X and Y we can expect a lin-
ear selectivity—affinity correlation to hold. In many cases,
however, the primary interaction AG 4 can change with the oc-
cupation of the second binding sites, which is the major reason
why complexes with natural, strongly anisotropic substrates
will often not exhibit a simultaneous increase or decrease of
binding selectivity and affinity. It can even happen that the dis-
crimination factors AGg, AG¢, AGp, etc., including geometric
mismatch, can actually counteract the primary binding contri-
bution AG 4, with the consequence of an increased selectivity
with decreasing total complexation free energy. Obviously, the
requirement of a constant, affinity-dominating contribution
AG, is only met in complexes with structurally related recep-
tors; on the other hand, discrimination between those targets is
of particular interest for practical applications. The total free
energy AG, involved in associations with efficient ligands,
such as inhibitors usually amounts to values, which exceeds
the differences necessary for a selectivity ratio of, e.g., Kgy/
Kgj =100 by orders of magnitude, as will be exemplified be-
low with some metalloproteinase inhibitors. As consequence
even percentage-wise minor alterations of AG, at the affin-
ity-dominating site can have the same impact on selectivity
as relatively larger changes at the weaker discrimination sites,
thus making strictly linear correlations between AG, and AAG
again less likely.

It should be stressed that the rules derived above from fun-
damental principles hold independent of the nature of partici-
pating non-covalent interactions, notwithstanding that, e.g.,
hydrogen bonds usually provide for higher selectivity than,
e.g., salt bridges. It can happen that a perfect interaction at
a single discrimination site may lead to larger selectivity
than less discriminating interactions at multiple sites. Never-
theless, an increased ligand size will usually provide for
more interactions and hence, in line with Eq. (2), to higher
selectivity. For enzyme—substrate complexes specificity is de-
fined by substrate competition, measured by the value of &,/
K., and thus evades a simplified thermodynamic analysis as
given above for reversible complexations.

In a first approach one will check if there is a correlation
between binding free energies (or log K values) of several
ligands with a receptor X or Y; if there is a fairly linear cor-
relation one can conclude that a similar binding mechanism
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Scheme 1. Schematic illustration of complexes with same selectivity but different affinities: the discriminating binding free energy difference AAG between to
guest molecules i and j with two host molecules X and Y is the same; only the primary interaction AG differ (all AG values in kJ/mol).

with both X and Y prevails. One can hope then to see a linear
selectivity—affinity log K, vs. log K, correlation; for the slope
m =1 the sensitivity of the ligands of course is the same in
all complexes. Unfortunately, if the sensitivity is very differ-
ent, and the selectivity therefore high, the slope is small, and
the quality of the correlation will decrease solely due to
statistical reasons. Another problem is that the available
experimental data are often not well-defined association con-
stants, but, e.g., ICsy values; then one has to use data taken
under the same conditions, such as concentration. In view
of the limitations it will be rarely possible to obtain linear
selectivity—affinity correlations in biological complexes; in-
stead one can try to just find examples were the principle
of parallel decreased or increased binding strength and selec-
tivity holds.

4. Associations with nucleic acids

Selective binding of natural or synthetic ligands to nucleic
acids is of great medicinal importance, not only for, e.g., tu-
mor therapy but also for selective modulation of gene expres-
sion as a promising future alternative to targeting proteins
which stem from aberrant gene transcription [7]. Compared
to the structural diversity of proteins nucleic acids exhibits rel-
atively uniform binding characteristics which could lead to
more transparent correlations between affinity and selectivity,
particular if there is a uniform binding mechanisms. Associa-
tion of polyamines with double-stranded DNA is essentially
due to ion pairing with the phosphates. Fig. 2 illustrates that
as consequence there is a relatively linear correlation for the
selectivity between DNA and RNA-like polymers, with poly-
A-polyU as RNA and poly(dA)-poly(dT) as DNA model. The
preference of RNA over DNA is due to a deeper RNA groove
with higher negative charge density [8]. In line with this, a sim-
ple synthetic hexamine (‘““TAL”) has recently been shown to
exhibit the largest known discrimination between RNA and
DNA-like double-strands [9]. The particular high charge den-
sity in this ligand makes it so efficient that it lies above the
correlation line of other amines and surpasses significantly
the selectivity of the most discriminating natural antibiotic.

Many natural antibiotics, such as the minor groove binders’
neomycin, gentamycin, kanamycin, streptomycin and specti-
nomycin bind much better to RNA than to DNA [8]. The melt-
ing points with RNA increase regularly with the number n of
basic nitrogen functions, with AT=7°C for n=3 to

AT =33 °C for n = 6 (measured with a ligand to polymer ratio
of r =0.3 in MES buffer with 0.1 M NaCl), in line with Fig. 1
[10]. The DNA polymer, however, shows almost no binding
(negligibly small AT < 1 °C), remarkably independent of the
total affinity. One complication is that the particular location
of the NH,/NH3/OH groups within aminoglycosides can
also modulate their RNA binding properties by affecting the
conformational preferences and flexibility of these drugs [11].

Complexes of five well known minor groove binders
(Hoechst33258, Hoechst33342, DAPI, netropsin, berenil)
with different 12mer-duplexes’ sequences [12] also show no
linear correlation; e.g., the binding constant ratio K5/Kg for
a duplex with dJAdAdAdA to a dAdTdAdT repeat units is for
the strongest complexes with the Hoechst33258 ligand (with
dAdAdAdA  duplex Kx=12x10") Ka/Kz=24; for
Hoechst33342 one observed K =6.6 x 10° and Kx/Kg =
3.7, with berenil (Kx=2.1x 10°) the ratio is with Ku/
Ky =0.32 even reversed. Similarly, binding constant ratios
Ka/Kg for a 5'-dAdAdAdA-3' to a 5'-dAdTdAdT-3" duplex are
for distamycin Kx/Kg=4.4 (Kx=1.7 X 107), whereas for
the stronger complex with netropsin (K, = 35 x 107) the ratio
is reversed (Ka/Kg =0.28) [13]. The investigation of DNA
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Fig. 2. Selectivity of polyamine binding to DNA/RNA as function of affinity
towards RNA; measured as melting point changes AT with polyU-polyA as
RNA, and poly(dA)-poly(dT) as DNA model, correlation coefficient
R*=0.8628 [3].
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interactions with diphenylfuran dications has shown that the
binding mode for unfused aromatic cations can change com-
pletely depending on substituent position and DNA sequence
[14]. Similar observations emerge from studies with 4,4’-bispi-
peridine and related derivatives [10], which show preference
for polyA-polyU, indeed increasing as theoretically expected
with enhanced affinities, but a reversed preference for DNA-
like polymers as soon as phenylrings are incorporated into
the ligands.

Oligoamides consisting of pyrrole—imidazole combina-
tions can bind DNA double-strand sequences in the minor
groove with spectacular subnanomolar affinity and remarkable
sequence selectivity (Fig. 3). Alkylation of adenine, mostly in
pure A/T tracts, is brought about by the electrophilic cyclo-
propyl residues of the ligands [15]. Most recently hairpins
containing base selective heterocycles, such as hydroxybenzi-
midazole and oxazole, and/or chlorothiophene rings were
shown by DNase footprinting to reach affinities approaching
107" M [16]. The remarkable sequence selectivities which
can be reached with peptide nucleic acids (PNAs) [17], par-
tially also with amide-type ligands [8] can only be mentioned
here.

Fig. 3. Hairpins of pyrrole—imidazole combinations binding selectively to ds-
DNA with subnanomolar affinity. Reprinted with permission from Ref. [15].
Copyright (2000) American Chemical Society.

Macrocyclic polyamines exhibit either rather distinct prefer-
ence for RNA or DNA models, depending on position of
aromatic moieties within the ring system and the size of mac-
rocycle, with no clear dependence of AT, on the total affinity.
It has been shown also by NMR and modeling studies that the
binding mechanisms of such ligands vary from ‘“normal”
groove binding to incorporation of nucleobases which can
flip out of the double helix [18]. The results demonstrate
how high selectivities (favoring, e.g., DNA-over RNA poly-
mers with AAT,, =33 °C) can be reached by using different
binding mechanisms with properly designed synthetic ligands,
whereas inverse preferences of similar magnitude are observed
for RNA either with natural antibiotics, or even more with
simple synthetic polyamines (see Fig. 2), then with the theo-
retically expected correlation to the total affinity.
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Intercalation into double-stranded nucleic acids [19] usu-
ally is dominated by stacking forces which essentially depend
on the size of aromatic surfaces, and thus is not very selective
with respect to the nature of the nucleobases or aromatic
ligands. Most classical monointercalators prefer binding to
DNA-like double-strands [20], with melting points A7m for
polydA-dT ranging from 11 to 22 °C and for the RNA-type
polyA-U polymer from 1 to 13 °C . There is no systematic se-
lectivity increase with binding strength increase, e.g., the melt-
ing point differences are for mitoxanthrone AAT,,=11°C
(AT(DNA) 23 °C), but for adriamycin AAT,, =12 °C with
AT, (DNA)=only 13°C, or for coralyne AAT,=16°C
with AT,(DNA) = 18 °C. Few intercalators show the opposite
preference for RNA-type double-strands, such as ethidium
bromide (EB), with AT, =17 °C for polyA-U and AT, =7
for polydA-dT (all melting points at a ratio of 0.3 mol of
ligand to nucleic acid bases) [20]. Small structural variations,
such as an exchange of the EB amine groups for guanidinium
substituents (ligand DB950) can lead to preferential interac-
tions with the groove phosphates, and a much more
pronounced, even sequence-selective minor groove binding
with AT-containing double-strands [21]. This illustrates how
changes in binding mode obviously render any selectivity—
affinity relations even between structurally quite similar
ligands impossible.

Bisintercalators can lead to somewhat enhanced selectiv-
ities, e.g., for C:G sequences [19,22]. Significantly enhanced
affinity and selectivity with respect to the nucleobase sequence
of the double-strand can be achieved by appending large inter-
calators to oligonucleotides. The intercalator then determines
essentially the total affinity, and the oligonucleotide by, e.g.,
Hoogsteen hydrogen bonds the selectivity (Fig. 4). This is
an obvious illustration of the separation between primary
and secondary interactions shown in Scheme 1. A related
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Fig. 4. Selection site (groove binding) and affinity site (intercalation) at
double-stranded DNA.

approach is using unspecific polyamine binding for enhancing
affinity to nucleic acids [23].

5. Protein complexes

Protein complexes are usually characterized by a multitude
of interaction sites and the occupation of a single site can
considerably change the binding properties of others. In con-
sequence, linear correlations between affinity and selectivity
will be rather exception than rule. As mentioned above en-
zymes pose particular problems with, e.g., serine protease
kea/ K depends only on the binding and acylation steps k1,
k — 1, and k2; any increase of k.,/K,, stems from an increase
in k¢, rather than from a decrease in K,,; hence specificity is
primarily determined by the acylation step. Moreover, the
specificity of ester hydrolysis may be dominated by substrate
association in solution prior to action with the enzyme [24].
Specificity in some serine protease reactions was also as-
cribed to induce fit mechanisms and allosteric interactions
[24]. The understanding of the structural mechanisms for
the specificity of serine protease has been characterized to
be still at an introductory stage [25]. In protein tyrosine phos-
phatases, e.g., two binding sites have been identified; specific
and high-affinity bidentate inhibitors bind simultaneously to
the active site and to a second adjacent site [26]. For kinases

/—\__'/_\/__\
Zinc Substrate
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/‘_"\__,z“-
A pocke
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a five-point pharmacophore has been identified for the dis-
crimination between nonselective so-called frequent hitters,
which still may have <2 pM affinity and selective ligands
[27]. Structural investigation of nuclear hormone receptors in-
dicates induced conformational changes in the tertiary protein
structure, which affects the ligand-specific receptor/cofactor
interactions [28].

In many metalloproteins, interactions between the metal ion
and complementary ligand parts provide high affinity, whereas
selectivity is achieved by interactions of other ligand parts
within neighbouring protein pockets. It has been noted that,
e.g., three inhibitors of metalloproteinases (MMPs) obey the
rule of increasing selectivity with affinity, but three other do
not [29]; side effects of MMP in clinical trials inhibitors
have been ascribed to lack of specificity [30]. MMP complexes
with strong, nanomolar, inhibitors; with the specificity resid-
ing mainly in a pocket close to the catalytic Zn>" ion
(Fig. 5A) illustrate this situation [31]. The binding free ener-
gies with a series of related inhibitors with different substitu-
ents Ry, R, and R; (Fig. 5B) and one MMP structure have been
analysed [31] on the basis of X-ray derived structures with
a force field and docking program [32]; a pairwise comparison
between single ligands showed semiquantitative agreement
with experimental AAG values, although sizeable entropic
contributions complicate the prediction. The affinity differ-
ences between structurally related different ligands are semi-
quantitatively predictable; peak selectivity against different
MMP proteinases is observed for the strongest ligand in
some, but not all cases.

A large number of data from more than 90 metalloprotei-
nase inhibitors have been compiled recently for a chemomet-
rical study with respect to affinity and selectivity [4]. The
best linear correlation with R*=0.966 is observed if only
seven, chemically related inhibitors are compared
(Fig. 6a), with a, however, small selectivity difference, as
the slope is close to one. In consequence, there is no linear
correlation between the parameters for selectivity and affin-
ity. The first 14 inhibitors of the data provided in Ref. [4],
which structurally are still related, show a good correlation
of log(1/ICs09) values between the receptors MMP 3 and
MMP 8 (R*=0.95), but again almost the same sensitivity
(slope = 1.1, Fig. 6b). Other inhibitors show a poor correla-
tion of log(1/ICso) values between MMP 3 and MMP 8 (for
all 90 compounds R2:0.835); the sensitivity, however, is
generally higher of the MMP 8 in comparison to the

R
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HT(_('* (3
T~ )) 5

B

Fig. 5. Metalloproteinases (MMPs): strong binding site at Zn, discrimination at a separate selection site. Reprinted with permission from Ref. [31]. Copyright

(2007) American Chemical Society.
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MMP 3 receptor (slope =0.86, Fig. 6¢). As expected there
is no visible linear correlation between selectivity and affin-
ity if all 90 inhibitors are analysed indiscriminately. In spite
of this nearly same sensitivity, however (slope close to one)
nine of the structurally related first 14 inhibitors exhibit the
theoretically expected increase of the selectivity with de-
creasing ICsy values.

6. Opioid receptors: correspondence of large affinity
and selectivity

The p, k and d type of opioid receptors have been studied
intensively with a wide range of morphine-related drugs and
peptides; in particular occupation of the & receptor is known
to lead to a manifold of other than analgesic reactions [33]. In-
deed the largest selectivity of, e.g., K./K,, = 11.650 has been
found for a ligand of particularly high affinity: etonitazene,
the most potent benzimidazole-type opioid currently known,

H.-J. Schneider | European Journal of Medicinal Chemistry 43 (2008) 2307—2315

Ki, =0.01 or 0.02nM, depending on presence of Na ions
(Scheme 2) [34]. Peptides in particular bind to these receptors
via multiple binding pockets [35], which by themselves may
not differ much in their single affinity contributions.
This may explain why one can barely observe here linear
selectivity—affinity correlations. Naltrindole shows K;=
0.2 nM and K, /K5 = 120 a moderate selectivity, but some nal-
trindole analogs exhibit K,/K5 = 1900 with a, however, larger
Kis =7 nM [36]. With a series of carbamate morphinane ana-
logs [37] a moderately linear correlation (R? = 0.86) between
log K5 and log K, can be deduced (Fig. 7); the slope as measure
of relative sensitivity is with a value of 0.85 within the scatter so
close to one that there is no Alog K — selectivity correlation of
ratios between the log K; values.

7. Correlations between artificial and biological receptors

Finally, a question of interest also with respect to drug de-

exhibits a potency 1000—1500x of morphine, with sign is to which degree one could possibly draw conclusions
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Fig. 6. Correlations with metalloproteinase inhibitors; always with log(1/ICsg) of ligands with metalloproteinase MMP 3 or metalloproteinase MMP 8 (data from
Ref. [4]); ICsq values in nanomolar concentrations. Fig. 6a: log(1/ICsp) of MMP 8 vs. those with MMP 3 for the first seven structurally related inhibitors from
Ref. [4]; Fig. 6b: same for the first 14 structurally related inhibitors from Ref. [4]; Fig. 6¢: same for all 90 inhibitors.
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®Data: Ref. [36]; Ki [nM] with rat brain membrane receptors.

Scheme 2. Examples of opioid receptor ligands with particularly large affinity and selectivity.

from affinity values obtained with artificial small host com-
pounds to those with biopolymers. Fig. 8 shows as an example
[3] the affinity differences of 1-alkanols as function of the li-
gand chain length in comparison between the cyclodextrins as
small host, and the urinary protein MUP-1 as large biological
receptor [38]. Obviously, the selectivity is determined by the
same hydrophobic binding mechanism, with a typical affinity
increase with each additional methylene group in the alcohols.
The binding constants with the protein are about 100 times
higher than those with the cyclodextrins; Fig. 8 illustrates
once more that in line with the theoretical prediction the selec-
tivity is simultaneously increased, with a factor of 7 in binding
constant per additional methylene group in comparison to only
threefold increase with cyclodextrin.

T
] |y=0,8456x + 1,198
2 R?=0,8576
. . . 8 . .
A5 -1 -0,5 0 05 1

log Ki(m)

Fig. 7. Correlation between log K;5 and log Kj,, for morphinane analogs (data
from Ref. [37]).

8. Conclusions

Correlations between binding strength and selectivity can
be derived on the basis of first principles, in particular as con-
sequence of multivalency in supramolecular complexes which
not only increases affinity but at the same time selectivity. In
addition to the disturbances by mutual interactions between
binding sites and the statistical problems mentioned above
the major problem in establishing explicit quantitative linear
selectivity—affinity correlations with biopolymer complexes
is the usually much higher total binding free energy AGioa

6 MUP-1
¥ 4- o-CD
=2
o B-CD

2

naphthalene appended
/ p-cD
0 T T T T T T T T T T T
3 4 5 6 7 8
n

Fig. 8. Logarithms of binding constants of 1-alkanols (CH;—(CH,),,_;—OH) to
a- and B-cyclodextrins (open and solid squares, respectively) and to the MUP-
1 protein (solid triangles), values for naphthalene appended B-CD are also
shown (open triangles), as well as binding constants for fert-butanol. Reprinted
with permission from Royal Society of Chemistry.
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in comparison to the energy difference AAG with different li-
gands. In particular for inhibitor complexes the total AG often
amounts to over 50 kJ/mol, whereas AAG = 10 kJ/mol is
enough to warrant already a significant selectivity ratio of
Ki/Ki, =100. Thus, the maximal selectivity difference ob-
served for just two compounds out of the abovementioned
90 high-affinity metalloproteinase inhibitors is Alog =2.0;
with about nine inhibitors Alog is 1.5, for all others Alog is
between 0.2 and 0.5. In consequence, alterations at the pri-
mary interaction site — e.g., the metal binding site — by few
percent will have the same order of magnitude as the ones
at the secondary binding site which determines the selectivity.
Even though explicit linear correlations will be rather excep-
tion than rule, the examples given for the opioid complexes
(Scheme 2) illustrate that in line with the theoretical prediction
a ligand of very large in vitro affinity and biological activity
can also exhibit a particularly high selectivity. Binding affinity
correlations between complexes with small synthetic hosts and
biological receptors can shed light on the underlying binding
mechanisms and can be helpful for the design of more selec-
tive ligands.
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