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Abstract

Weak protein-protein interactions are critical in numerous biological processes. Unfortunately,
they are difficult to characterize due to the high concentrations required for the production and
detection of the complex population. The inherent sensitivity of nuclear magnetic resonance
(NMR) spectroscopy to the chemical environment makes it an excellent tool to tackle this
problem. NMR permits the exploration of interactions over a range of affinities, yielding essential
insights into dynamic biological processes. The conversion of mMRNA to protein is one such
process that requires the coordinated association of many low affinity proteins. During start codon
recognition, eukaryotic initiation factors assemble into high-order complexes that bind mRNA and
bring it to the ribosome for decoding. Many of the structures of the eukaryotic initiation factors
have been determined; however, only little is known regarding the weak binary complexes formed
and their structure-function mechanisms. Herein, we use start codon recognition as a model
system to review the relevant NMR methods for the characterization of weak interactions and the
development of small molecule inhibitors.
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Introduction

Non-covalent protein interactions exist over a wide range of affinities, from tight complexes
with femtomolar affinities to transient interactions with weak, millimolar affinities. These
weak protein-protein interactions (PPIs) play fundamental roles in a wide range of biological
processes. An excellent example is protein synthesis, where the assembly/disassembly of
large, multiprotein complexes is required to occur at fast rates. In eukaryotes, this process is
highly regulated at its first step, translation initiation, which requires elFs to form high-order
complexes for regulation of the final step of gene expression. At least a dozen elFs operate
in concert within the decoding center on the 40S ribosome to prime the preinitiation
complexes (PICs) with the initiator tRNA hybridized to the mRNA (Figure 1). Two
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multiprotein complexes assemble independently and then converge to produce an active
scanning preinitiation complex (P1C): 1.) elFAE binds the 5° cap of the mRNAs along with
elF4A the scaffolding protein elF4G, along with elF4B and PABP. 2.) 40S ribosomes serve
as platforms for the following elFs to bind directly: elF3, elF2-TC, elF1, elF1A and elF5.
Upon mRNA recruitment to PICs, mRNAs are then siphoned through a channel of the 40S
ribosome while triplets of nucleotides are inspected for the proper start codon. This dynamic
process culminates with the initiator tRNA properly hybridized to the canonical AUG codon
of the mRNA [1-3].

Despite the wealth of structural information for the eukaryotic 40S and the majority of elFs
[4-6], we are only at the cusp of understanding how these actors interact to promote start
codon recognition. A major stumbling block to fully understanding the inner workings of the
PICs is the weak nature of interactions among elFs. An arsenal of traditional biochemical
techniques have been applied within the field of translation initiation, but it is the
implementation of NMR spectroscopy that facilitates the understanding of molecular
mechanisms through the characterization of weak PPIs. NMR is extremely sensitive to
changes in the chemical environment (i.e. electron environment), which enables the precise
mapping of weak protein-protein interfaces that are intractable to other methods.
Furthermore, determination of the NMR structure is not a prerequisite to examining
molecular interactions. The only requirement is assignment of spectral resonances to the
nitrogen, carbon, and hydrogen atoms within a given amino acid sequence. Once this
standard task of assigning the polypeptide backbone is complete, a variety of NMR
experiments can be performed to map the interface of weak PPls. NMR can then be applied
to screen and rationally develop weak-binding small molecule leads into high affinity drug-
like antagonists. This review highlights the most commonly used NMR experiments for the
characterization of weak PPIs using start codon recognition as a model system.

Exchange Regimes and Weak Protein-Protein Interactions

Complex formation is governed by the rate constants for association and dissociation, Kqp,
and ks, respectively. These two rate constants are combined to produce the exchange rate
constant, Key.

kex:kon X [ L} +koﬁ

The relationship between ke, and the chemical shift difference frequency (Aw = wp — wp)
between bound (wp ) and unbound (wp) states has an important effect and is used to classify
NMR resonances as either fast, intermediate or slow exchange [7, 8]. Slow exchange on the
NMR timescale occurs when the exchange rate constant is significantly smaller than
chemical shift difference frequency (kex << Aw). A resonance in slow exchange yields two
peaks, corresponding to the free and bound form, where the intensities are proportional to
concentration of each state in equilibrium.

In contrast, fast exchange (Kex > Aw) results in a single peak whose position is the
population-weighted average of the two states. Intermediate exchange occurs when the
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exchange rate is similar to the chemical shift difference frequency (kex ~ Aw) and leads to
broadening of the resonance. Qualitatively, slow, intermediate, and fast exchange regimes
can be used to identify strong (nanomolar), intermediate (low micromolar), and weak
(micromolar to millimolar) interactions, respectively.

Chemical Shift Perturbation Assay

This review describes the use of NMR to probe the weak PPIs of elFs with known structures
or backbone assignments. The resonance frequency, or chemical shift, of a resonance
reflects the unique chemical environment of a given nuclei [9-11]. Changes in the chemical
shift, also known as chemical shift perturbations (CSPs), are manifested in NMR spectra by
movements in the position of each cross-peak (Figure 2A) [8].

In the field of translation initiation, CSPs have been used to map the interaction interfaces of
many elFs [12-19]. Typically, 1H-15N heteronuclear single-quantum coherence (HSQC)
spectra are collected on 15N-labeled protein in the presence and absence of an unlabeled
ligand. The 1H-1°N HSQC provides a “fingerprint” of the protein in which each cross-peak
corresponds to an individual NH groups and therefore reports on the environment of every
amino acid with the exception of proline. Ligand binding causes changes in the chemical
environment of nuclei responsible for the interaction with the most perturbed residues
qualitatively playing the most critical role (Figure 2B). The amino acid residues with the
largest chemical shift changes can then be mapped onto the protein to identify the binding
interface (Figure 2C). Since the interactions are studied at equilibrium at high protein
concentrations, the assay is suitable for detecting even weak interactions and are limited
only by the solubility of the binding partners (reviewed in [7]). Since the amide groups only
reflect changes to the protein backbone upon ligand binding, sidechain CSPs can be
measured, for example, by collecting 1H-13C HSQC spectra of deuterated proteins labeled
with 13C-1H methyl groups.

It was shown previously that mammalian elF5-CTD interacts with elF2p-NTD [20],
however, the binding interface was unknown. Titration of elF2p-NTD into elF5-CTD
resulted in broadening of the resonances, indicative of intermediate exchange on the NMR
timescale, and hampered determination of the interface. Repeating the titration with elF2p-
K2K3, a variant of elF2B-NTD shortened by one of its three K-boxes, pushed the complex
into the fast exchange regime and enabled determination of the interface. Figure 2A
demonstrates how the chemical shift of each elF5-CTD cross-peak changes throughout the
titration of elF2B-NTD. The chemical shift changes are plotted as a function of residue
number (Figure 2B) and mapped onto the structure of elF5-CTD to highlight the binding
epitope (Figure 2C). Mapping of the interface was critical for elucidating the role of elF5-
CTD in terminating start codon recognition [15].

In some cases, chemical shift perturbation might be very small and inconclusive. For these
situations, we previously developed a small-angle X-ray scattering (SAXS) reconstitution
assay to analyze changes to the radius of gyration (Rg) upon increasing the concentration of
one of the complex components [21]. A general scheme is shown in Figure 2D. If no
binding occurs the readout would be a weighted average of the Ry values of the monomeric
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compounds. Upon complex formation, the Ry value would increase. A sharp increase in Rg
value would occur for strong binding affinities and a more gradual increase for weaker
interactions [21]. We have applied this method previously to translation initiation complexes
important for start codon recognition [15]. Figure 2E shows an example of the SAXS
reconstitution assay for the complex formation of elF5-CTD with elF2p-K2K3 and elF23-
NTD. The first two points of the SAXS titration cover the entire concentration range of the
NMR titration shown in Figure 2A. Increasing elF23-K2K3 concentrations produced no
further change in Ry and suggested saturation of binding. In contrast, further increases in the
elF2B3-NTD concentration resulted in a more gradually increasing, non-saturating Rq value
and suggest a second, lower affinity binding site. Because addition of elF2p-K2K3 did not
show a second, gradual increase this data suggests that all three K-boxes are required for
binding to both sites. SAXS is an excellent independent tool to complement the study of
weak PPIs. Another orthogonal method to complement NMR data in the study of complexes
that require binding of divalent cations such as Mg2* is XAFS (X-ray absorption fine
structure). Similar to SAXS, XAFS can be used as a reconstitution assay by titrating protein
into a constant concentration of the Mg-bound ligand (substituting Mn2* for Mg2* for
technical reasons) [22].

Residual Dipolar Couplings

Residual Dipolar Couplings (RDCs) have become a routine constraint in NMR structure
determination by providing short- and long-range orientation information (see for example
[23]). Figure 3A and B provide a schematic of the principle of RDCs. Under isotropic
conditions, dipolar couplings average to zero. Weak partial alignment of the protein in an
anisotropic medium (such as phage, nanotubes, bicelles etc.) leads to non-zero averaging of
dipolar couplings. Conveniently, RDCs contribute to the observed 1\ coupling in TH-15N
HSQC experiments and, therefore, can be extracted by taking the difference of the
effective LJyy coupling value in the presence and absence of alignment media [24]. The
RDCs obtained are an average of all conformations in solution and would therefore present a
mixture of contributions from the free and bound state making the analysis very
complicated. Recently, Blackledge et al. developed a protocol for measuring and analyzing
RDCs for weak protein-protein complexes by combining differential isotope labeling and
linear extrapolation [25]. They successfully applied this protocol to the complexation of
CD2AP SH3-C and ubiquitin (Kp = 132 uM).

Paramagnetic Relaxation Enhancement Experiments

Paramagnetic relaxation enhancement (PRE) is a method that can not only qualitatively
identify the complex interface, but also provide distance restraints between one protein and
its cognate partner. Hence in combination with the CSP assay, PRE experiments serve as a
complimentary method to map an interaction interface. As opposed to NOEs which require a
relatively long time to develop and are only observable up to 5 A, PREs can monitor
transient, long-range interactions up to 20-25 A. Attachment of a paramagnetic prosthetic
group, usually via thiol linkage, to an otherwise unlabeled protein leads to the broadening of
cross-peaks present at the interface of an isotopically-labeled binding partner (Figure 3C,
left). A reducing agent, such as ascorbic acid, is then added to return resonances to their
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normal peak height and intensity for assignment (Figure 3C, right). For a comprehensive
overview over this method see [26]. Often PREs are more sensitive than RDCs for
measuring low populated conformations. The Ubbin k group has utilized PREs extensively
in the study of the transient complex between cytochrome ¢ and cytochrome c peroxidase
[27, 28]. In the field of translation initiation, PRE experiments were performed on elF4E to
collect distance information for refining structures with limited NOE data [29].

Regarding start codon recognition, PRE experiments were used to map the distances of elF
interfaces, which validated the CSP experiments and confirmed that elF1 binds to one face
of the elF5 CTD [15]. The reagent (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-A3-methyl)
methanethiosulfonate (MTSL) was incubated with the single cysteine mutant elF1-K57C.
Following MTSL attachment and purification via column chromatography, we combined
elF1-K57C-MTSL with 1°N-isotopically labeled elF5-CTD. The paramagnetic property of
the hydroxyl radical on the elF1-K57C mutant broadens the resonances of elF5-CTD
(Figure 4A,; red), while the addition of ascorbic acid (vitamin C) reduces the spin label
(Figure 4A; black). The paramagnetic broadening effect can be readily observed in

the H-15N HSQC overlay of the of oxidized and reduced forms (Figure 4A). Since the
backbone resonance assignments of elF5-CTD have been previously determined [15], the
magnitude of resonance broadening can be quantified from the HSQC overlay (Figure 4B).
In addition, elF1-K57C mutant’s interacting interface on elF5-CTD was mapped using this
PRE data (Figure 3C). Since the structures of both elF1 and elF5-CTD have been solved
previously, we combined our CSP mapping data along with the distance restraints obtained
from the PRE data to model a protein complex (Figure 4D).

Cross Saturation Transfer as an Alternative Method to Determine Binding

Interfaces

Chemical shift perturbations do not exclusively occur in resonances at the complex interface
but may also manifest in nuclei distal to the binding site (for example, as a result of changes
in hydrogen bonding or conformational changes). Cross saturation transfer, and related
methods, provide an alternative for the identification of large protein-protein interfaces and
can be applied to complexes with strong or weak affinity [30, 31]. Figure 5A illustrates the
principle of cross saturation and cross saturation transfer. The non-labeled receptor (protein
1) binds the ligand (protein 2) which is 1°N,2H labeled. The aliphatic frequencies of protein
1 are then selectively irradiated leading to saturation of the aliphatic, aromatic and amide
resonances through spin diffusion. The magnetization is transferred to the 1H-15N pairs of
protein 2 located at the binding site, which results in diminished *H-1°N HSQC peak
intensities. If the complex has high affinity, the chemical shift values in the HSQC spectrum
represent the bound form of the ligand. However, if the complex is weak, the peak positions
represent the free ligand. Regardless, the saturation has a longer lifetime than the exchange
rate between the free and bound forms and the free form still “remembers” the saturation.

Use of NMR for Fragment-Based Drug Design and Rational Drug Discovery

Following the identification and characterization of weak interfaces, such as occur during
start codon recognition, our goal as biomedical researchers is to modulate protein function

FEBSJ. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luna et al.

Page 6

by developing therapeutics. Traditional drug discovery focuses on screening large
compound matrices by characterizing their effect in functional tests. Unfortunately, the
number of successful inhibitors or “hits’ typically comprises less than 0.1% the compound
array [32]. The low success rate is attributed to the high affinities that are required to
antagonize functional tests. The hits are further disadvantaged in that they possess higher
molecular mass and suboptimal physiochemical properties. In contrast to their larger
counterparts, smaller compounds, or fragments, serve as optimal starting places for
developing high affinity molecules. NMR fills a niche in drug discovery by being well
suited to characterize weak-affinity molecular fragments with the added benefit of providing
atomic level information on the binding site. As thorough reviews exist elsewhere for the
design, development, and screening of fragment libraries, we will only touch briefly on
these topics [33, 34]. Here, we will review how NMR’s power to characterize weak binding
interfaces can be turned towards the development of small molecule antagonists.

Exploring low molecular weight molecules by NMR vyields several advantages (Figure 5C).
Foremost, the diversity of chemical space is smaller in low molecular weight compounds
and therefore coverage can be achieved with a smaller library [35]. Additionally, starting
with small scaffolds affords chemists’ the opportunity to improve binding affinity and
activity by modifying a scaffold, which almost ubiquitously results from adding
functionalities, while still maintaining a molecular weight consistent with good ADME
properties. The work of Shuker and colleagues on the calcineurin-inhibitor, FKBP, is the
prime example of the fragment-based drug discovery method [36]. Known as structure-
activity relationships by NMR (SAR by NMR), the method relies on identifying and linking
molecules that bind to an adjacent site (Fig. 5D). A compound library is built around small
chemical scaffolds that are easily modified by chemistry. Molecules are typically 50-250 Da
and correspondingly bind weakly (K4 ~ 1073-10"4 M). As illustrated in Figure 5D,
fragments are screened for a single site. After a molecule is identified, that site is saturated
and more fragments are screened with the goal of identifying adjacent binding pockets.
Although far from a trivial task, subsequent linking of these compounds together produces
an additive free energy of binding. SAR by NMR is usually performed by recording the
protein chemical shift changes in 2D H-15N HSQC spectra. Fragments can be easily
characterized using routine NMR experiments as outlined in previous sections (for example,
chemical shift perturbations and cross saturation), but various other experiments have been
devised to improve the screening throughput.

The majority of NMR-based screening experiments are considered ligand-based because
they focus on the NMR signal originating from the small molecules. The throughput of these
techniques can be increased by judiciously combining compounds, which possess unique
chemical shifts that are easily discriminated. Ligand-based methods also conserve the
quantity of precious isotopically-labeled protein samples. Saturation-transfer difference
(STD) experiments, a ligand-based analog of cross saturation, are primarily used for
screening large fragment libraries. Water ligand observation via gradient spectroscopy
(WaterLOGSY) is a similar ligand-based technique that relies on the transfer of
magnetization from bulk water to the protein binding site and to the bound ligand [37].
These are the two most common ligand-screening techniques, but there are a variety of
others such as diffusion filters [38], NOE-pumping [39], line-broadening, and target
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immobilized NMR screening (TINS) [40]. In addition to high sensitivity for identification of
weak protein-protein interactions, NMR has the additional advantage of providing structural
information on the binding site at the atomic level.

Knowledge of the protein-ligand interface provides a unique opportunity to rationally
develop small molecule therapies. The protein structure is first inspected for druggable
epitopes, such as residues critical for complex formation. Until recently, NMR structures
were considered too low-resolution for structure-based drug development. However, the
realization that the inherent conformational flexibility of NMR ensembles may improve
compound identification (similar to docking models that promote flexible side chains) has
been proven successful. Virtual compound libraries, that contain molecules on the order of
tens of millions, are screened in silico in several days to weeks. The docking quality is then
scored and the top ranking molecules are prioritized for NMR compound screening — such
as 1H-15N HSQC or STD experiments. Molecules with the highest affinity and binding site
specificity should then be confirmed in an independent assay (such as fluorescence
polarization). If affinities are sufficiently strong a functional assay may be utilized. A series
of similar compounds should then be screened by NMR to explore structure-activity
relationships and refine the pharmacophore. This information can be simultaneously used to
rescreen for molecules in silico as well as chemically optimize the hits into lead-like
compounds. The ability of NMR spectroscopy to examine both weak and strong interactions
at atomic resolution is a powerful tool for the rational design of small molecule inhibitors.

Concluding Remarks

The importance of weak interactions cannot be understated, since it is the cumulative effect
of weak interactions in combination with stronger interactions that allow for dynamic
biological processes to occur. NMR is a unique tool capable of monitoring both weak- and
strong-affinity complexes at an atomic level without necessitating structure determination.
Furthermore, NMR spectroscopy is also an excellent tool for rational drug design of small
molecules, wherein one can precisely determine the amino acids involved in the ligand
interface. Although we utilized start codon recognition as a model system, the utility of
NMR spectroscopy can be readily applied to elucidating the biological mechanisms of other
dynamic processes involving weak PPlIs.
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Abbreviations

ADME absorption, distribution, metabolism, and excretion
CTD C-terminal domain

elF eukaryotic initiation factor

CspP chemical shift perturbation
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HSQC heteronuclear single-quantum coherence

MTSL (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-A3-methyl)
methanethiosulfonate

NMR nuclear magnetic resonance

NTD N-terminal domain

PIC preinitiation complex

PPI protein-protein interaction

RDC residual dipolar coupling

PRE paramagnetic relaxation enhancement

SAR structure-activity relationship

SAXS small-angle X-ray scattering

STD saturation transfer difference

TC ternary complex

WaterLOGSY water ligand observation via gradient spectroscopy

XAFS X-ray absorption fine structure
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Figure 1. Overall schematic of the scanning process that translation preinitiation complexes
undergo to reach the start codon
The messenger RNA is activated by elF4E binding to the 5" cap of messenger RNAs (blue)

and operates within the larger complex of elF4F (elF4E/elF4G/elF4A) along with elF4B
and PABP (Top left). elF1, elF1A, elF2-TC, elF5 and elF3 bind to the 40S ribosomal
particle and prepare it for the recruitment of mMRNA. elF3 binds to the solvent side of the
40S particle, while elF1A, elF1, elF2-TC and elF5 bind to the subunit interface of the 40S
particle, which is assembled into the translation preinitiation complex PIC (open) (Top
right). These elF-driven higher order complexes combine to form a scanning PIC, which
inspects triplets in search of the proper start codon (Bottom left). Once the PIC recognizes
the start codon, elF1 is released and the PIC switches from the open to the closed state
(Bottom right).
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Figure 2. Chemical shift perturbations and SAXS as complementary tools for the study of
protein-protein interfaces
A) Overlay of H-15N HSQC spectra of 1°N-elF5-CTD titrated with increasing

concentrations of elF2B—-K2K3 from 0-1 molar equivalents (colored from gray to red). The
inset shift perturbation exemplifies the expected pattern of chemical shift averaging for fast
exchange. B) Plot of chemical shift changes at a 1:1 ratio of elF5-CTD: elF2p-K2K3 versus

the residue number. Chemical shift perturbations were calculated using the following
2 2. 0.5
equation; CSP=((A'H)"+(AN/5)") " Gray bars indicate residues with no assignment.

C) Mapping of the perturbations onto the structure of elF5-CTD (color corresponds to
magnitude of shift perturbation). D) Principle of the SAXS reconstitution assay. A mixture
of proteins is subjected to the X-ray beam and Ry vales are extracted from the scattering
profile. If the two proteins in the mixture don’t interact with each other, the R represents a
concentration-weighted average of the individual proteins’ R values. If the two proteins
associate, the Ry is the weighted average of the complex’s Rq and the Ry of the protein in
excess. Titration of one protein to another will produce a typical binding curve for the
change in Ry values. E) Using the SAXS reconstitution assay, the titration of eIF2B-NTD
(left) and elF2B-K2K3 (right) to elF5-CTD clearly show that a complex is formed in both
cases. In the case of elF2B—NTD, a second binding event is observed at increasing elF2p—
NTD concentrations.
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Figure 3. Principles of residual dipolar couplings and paramagnetic r elaxation enhancement
A) In an isotropic medium (left) proteins tumble freely averaging out any dipolar couplings.

Addition of filamentous phage, nanotubes, bicelles, compressed gels etc. produces a modest
anisotropy of the proteins (right). For illustration purposes all molecules here are aligned;
however, in practice, the media are tuned to produce about 0.1% alignment. This partial
alignment leads to an incomplete averaging of anisotropic magnetic interactions manifested
in residual dipolar couplings. B) In isotropic conditions, the spectrum of a coupled
resonance yields two peaks separated by the J-coupling. In anisotropic conditions, the peaks
are separated by the sum of the J-coupling and the residual dipolar coupling. Therefore,
RDCs can be easily extracted by comparing the effective couplings under isotropic and
anisotropic conditions. C) For paramagnetic relaxation enhancement, a paramagnetic spin
label, which is a stable free radical, is covalently linked to the thiol of a lone cysteine residue
(left side). This spin-labeled protein is then added to 15N-labeled cognate partner, which
subsequently broadens the interface resonances on its tH-°N HSQC spectrum.
Subsequently, the radical is quenched by reduction with ascorbic acid, and the spectrum is
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collected under the same conditions. Upon reduction, the previously broadened resonances
reappear, which facilitates mapping of the interaction interface within ~20 A of the spin-
labeled probe.
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Figure 4. Modeling weak protein complexeswith PREs
A) Overlay of 1H-15N HSQC spectra of 0.2 mM 1°N-labeled elF5-CTD in the presence of

0.2 mM elF1-K57C-MTSL (oxidized, red; reduced, black). B) This histogram corresponds
with the TH-15N HSQC spectra in A; oxidized and reduced, elF1-K57C-MTSL. The ratio of
oxidized/reduced cross-peak intensities is plotted as a function of elF5-CTD residue number
(adapted from [15]). Grey bars represent backbone resonances that are not assigned. C)
elF5-CTD residues most effected by elF1-K57C-MTSL are mapped onto the protein
surface. D) CSP and PRE experiments were used to restrain a model for the elF1:elF5-CTD
complex using the software HADDOCK (Adapted from [15]).
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Figure 5. Cross-saturation transfer experimentsfor protein-protein complexesand drug
discovery
A) Principle of cross saturation transfer: The unlabeled receptor (protein 1) binds

the 15N,2H-ligand (protein 2). The aliphatic frequencies of the receptor are then selectively
irradiated, which then saturates the aliphatic, aromatic and amide resonances of the receptor
through spin diffusion. This saturation is also transferred to ligand resonances located at the
binding site and leads to a decrease in the respective HSQC peak intensities. If the complex
has a high affinity, the HSQC spectrum would show the peaks of the bound form of the
ligand. If the complex is weak, the HSQC would show the spectrum of the free ligand;
nonetheless, the saturation has a longer lifetime than the exchange rate between free and
bound form and the free form still “remembers” the saturation. B) Application of the cross
saturation transfer principle to a mixture of fragments. The same principle as described in A)
applies to any ligand binding to the receptor. C) In a mixture of compounds, only fragments
that bind to the receptor (gray compound) would exhibit a change in peak intensities. D)
[llustration of the SAR by NMR method [35]. First, a fragment library is screened against a
protein of interest until two compounds, A and B, are identified that can simultaneously bind
to proximal sites. These compounds are then linked together and again screened against the
protein. Theoretically, these compounds can be linked into a single molecule whose binding
affinity is the summation of the individual binding energies.
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