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1. Introductio n

1.1. Weak protein–protein interactions 

Interactions between proteins are fundamental to life since pro- 
teins rarely act in isolation and very little happens in a cell without 
one protein making contacts with another. Speed and specificity
are two opposing features of biological interactions . Protein–
protein interactions are either stable or transient [1]. A stable 
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interaction is when the protein exists only in its complexed form 
and is, hence, a strong interaction. On the other hand, transient 
interactions are temporary in nature and require a set of condi- 
tions, such as conformationa l changes, phospho rylation or colocal- 
isation within the cell, to promote the interactions. When in
complex with interacting partners, transiently interacting proteins 
are involved in many cellular processes such as folding, electron 
transfer, protein modification, cell cycling and signalling.

It is now clear that many protein assemblies are weak and/or 
transient for biological reasons; complexes need to break and re- 
form with specificity and at appropriate rates as part of their bio- 
logical function and it is energetically preferable if the affinities
of these complexes are relatively low. Transient interactions can 
be strong or weak; strong transient associations require a trigger 
to shift the equilibrium to the stable state, such as binding of cofac- 
tors, whereas in weak interactions, a dynamic oligomeri c equilib- 
rium exists with the interaction being broken and formed 
continuously . Examples of common biological and cellular pro- 
cesses where weak interactions are desirable include reversible 
cell–cell contacts, rapid enzymati c turnover, electron transfer,
transient assembly/re assembly of large, and multiprotei n com- 
plexes in which target proteins are modified, regulated or translo- 
cated to other cellular compartme nts [1]. In addition, productive,
thermodyna mically stable specific protein–protein complexes are 
often formed through the initial assembly of low-affinity, diffu- 
sion-contro lled complexes .

Weak interactions are characterised by small protein–protein
interfaces. Typically, protein–protein interactions interfaces are 
over 1500 Å2; for weak complexes, however, the interface area 
can be as low as 500 Å2 [2]. In terms of strengths of interactions ,
KD values (KD = koff/kon) less than 10�9 M are described as strong 
interactions , and KD greater than 10�4 M, weak interactions. In pro- 
tein–protein interactions , kon is approximat ely 105–106 M�1 s�1

[3]; hence, for transient interactions, koff can be as fast as 104 s�1.
In the cell, a majority of the protein–protein interactio ns occur 
with KD less than 10�6 M.

Being able to detect and characteri ze these weak complexes is
crucial for understa nding biological processes, mechanisms and 
pathways. The common biophysi cal techniqu es for studying weak 
protein–protein interactions include hydrodynam ic methods, sur- 
face plasmon resonance, isothermal titration calorimetry, nuclear 
magnetic resonance spectroscopy (NMR) and optical techniqu es
such as fluorescence resonance energy transfer and biolumines- 
cence resonance energy transfer [4]. However, NMR spectroscopy ,
is the most versatile and information -rich for reasons given below.

Central to the function of a protein and its interactio ns are the 
dynamics of the protein and, hence, methods such as NMR that 
are able to detect and characteri se these are particularly powerful 
[5]. In addition, interactio n effects are not restricted to the localised ,
contact interface between two proteins; rather information can be
transmitted throughout the molecule [6]. NMR is able to provide 
such information for the entire protein at atomic detail. It is
undoubtedly one of the best techniques for measuring dynamics 
and conformation changes. The method is suited for interactions 
associated with the very rapid dissociation rates (koff) that are often 
found in weak protein–protein complexes [7–14]. The types of
information obtainable from NMR studies of weak complexes range 
from complete structure determination to examina tions of low res- 
olution datasets which simply highlight the possible regions in- 
volved in intermolecu lar interactio ns. Between these extremes,
other types of structural and dynamics information can be obtained 
including providing affinity constants [15], and detecting binding 
intermediates [16]. To obtain high resolution structures of a
complex, NMR-der ived restraint-dri ven docking and energy mini- 
misation methods are used, provided that the structures of the 
individual components are known [17–20]. For weak interactions ,

combined NMR and functional studies, often involving mutagen e-
sis, have been shown to be one of the most effective approach es
for detecting otherwise undetect able interactions.

One main drawback of the NMR method is the low sensitivit y;
in very weak interactio ns the population of molecules in the com- 
plexed forms are often very low, posing a significant practical chal- 
lenge in NMR studies. Two recent approaches have been 
particular ly useful for detecting lowly populated species which 
may also be transient. These are paramagnetic relaxation enhance- 
ments (PREs) [21,22] and relaxation dispersion spectroscopy [23].
Furthermor e, because many of the NMR experiments are con- 
ducted under equilibrium conditions, it is often possible to in- 
crease the population of complexed forms by increasing the 
initial concentr ations of the interacting proteins.

The focus of this review is on the use of NMR to study weak het- 
erotypic protein–protein interactions in which complexes are 
formed between different proteins rather the homotypic interac- 
tions which lead to the multimerisati on of a particular protein. Sec- 
tion 2 describes methods for preparin g weak protein complexes for 
NMR studies, and includes the different types of isotope labelling 
that are required, as well as the practicalities of making protein–
protein complexes that are functionally relevant. Sections 3–6 de-
scribe the common NMR techniques that can be used to study 
weak protein–protein complexes; although many of these are sim- 
ilar to those used for the investigation of tight complexes, some are 
particular ly relevant for the weaker complexes. Furthermore, in
studies of weak interactions , the different techniqu es can be used 
in the ‘titration’ mode where the NMR characterist ics are observed 
as a function of increasing concentr ations of a partner protein,
rather than as a single equilibrium mix with only one protein:pr o-
tein concentratio n ratio; in this mode special considerations must 
be given as to how the parameters in the fully bound forms are de- 
rived [24,25]. Section 8 describes how NMR-derive d information 
can be integrated with docking software to enable the determina- 
tion of the structures of protein complexes; this latter hybrid 
method is proving to be a very powerful approach for the 
weakly-i nteracting protein complexes. Many of the techniques 
and approaches described here can also be found in Ref. [26] and
Table 1 summari ses examples of the weak complexes which have 
been studied in some detail.

1.2. NMR timescale s

The success of an NMR method is dependent on the compatib il- 
ity of the particular chosen experiment with the dynamics of the 
system under consideration. This is particular ly pertinent to weak 
protein interactions where the populations of some of the states of
interests are very low.

The term exchange rate between species, kex, is often used in
NMR. It is related to the commonly used term koff or k�1(off rate)
for interactions between protein E and ligand L by the equation 
kex = koff/pL (when detecting the ligand signal) and kex = koff/pE

(when detecting the protein signal) where mole fraction pL = [L]/
LT (and LT = [L] + [EL], [L] is the concentratio n of ligand in the free 
state) and mole fraction pE = [E]/ET (and ET = [E] + [EL]) [26]. The ex- 
change rate is defined on the NMR timescale by considering the 
lifetimes of each state relative to the difference in the NMR param- 
eters of chemical shift, scalar coupling or relaxation rate. The 
chemical shift is the most common parameter, although exchange 
regimes on the relaxation timescales are becoming important 
especiall y when using relaxation-bas ed characterist ics such as
PRE and relaxation dispersion experiments . When using the 
chemical shift timescale, in a second-order exchange between 
two molecule s A and B as shown in Eq. (1), slow exchange is
defined by kex� |dA–dB| where dA and dB are the chemical shifts 
in Hertz (Hz) in the two states, intermediate exchange defined by
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