




















https://doi.org/10.1088/2053-2563/ab19bach1






























https://doi.org/10.1016/0022-2836(74)90570-1
https://doi.org/10.1083/jcb.120.4.923
https://doi.org/10.1016/0926-6585(66)90333-5
https://doi.org/10.1016/S0006-3495(00)76630-6
https://doi.org/10.1091/mbc.12.6.1765
https://doi.org/10.1002/pol.1954.120120102
https://doi.org/10.1002/bip.1967.360050202
https://doi.org/10.1016/S0006-3495(99)77457-6
https://doi.org/10.1007/s002490100176


https://doi.org/10.1016/S0959-440X(96)80032-7
https://doi.org/10.1021/bi00249a001
https://doi.org/10.1083/jcb.5.1.11
https://doi.org/10.1016/0022-2836(79)90034-2
https://doi.org/10.1016/0022-2836(79)90078-0
https://doi.org/10.1083/jcb.142.6.1595
https://doi.org/10.1111/j.1749-6632.1983.tb23242.x
https://doi.org/10.1038/311267a0
https://doi.org/10.1016/S1047-8477(02)00546-4
https://doi.org/10.1251/bpo70
https://doi.org/10.1038/nsmb896
https://doi.org/10.1016/j.molcel.2004.12.019
https://doi.org/10.1038/nsmb1274
https://doi.org/10.1016/0092-8674(92)90085-Q
https://doi.org/10.1016/S0092-8674(00)80963-0


https://doi.org/10.1088/2053-2563/ab19bach2












https://doi.org/10.1039/df9531300051
https://doi.org/10.1038/256705a0
https://doi.org/10.1016/0022-2836(89)90494-4
https://doi.org/10.1002/pro.5560010117


https://doi.org/10.1088/2053-2563/ab19bach3


https://commons.wikimedia.org/w/index.php?curid=14929959
https://commons.wikimedia.org/w/index.php?curid=14929959














https://doi.org/10.1126/science.2426778
https://doi.org/10.2210/pdb1fdl/pdb
https://doi.org/10.1186/1471-2164-9-S1-S1
https://doi.org/10.1038/256705a0
https://doi.org/10.1016/0022-2836(74)90570-1
https://doi.org/10.1016/S0065-3233(08)60608-7
https://doi.org/10.1083/jcb.120.4.923
https://doi.org/10.1007/s12195-008-0004-z


https://doi.org/10.1088/2053-2563/ab19bach4






https://doi.org/10.1126/science.2426778
https://doi.org/10.1038/256705a0
https://doi.org/10.1038/347483a0
https://doi.org/10.2210/pdb1fdl/pdb
https://doi.org/10.1016/j.str.2011.03.009


https://doi.org/10.1088/2053-2563/ab19bach5








https://doi.org/10.1126/science.1549776
https://doi.org/10.1126/science.1948064
https://doi.org/10.1126/science.1249783
https://doi.org/10.1126/science.287.5456.1279
https://doi.org/10.1038/nsb0597-374
https://doi.org/10.1021/bi00512a001


https://doi.org/10.1088/2053-2563/ab19bach6




• ‘Eleven side-chains have essentially no effect on overall af�nity (each causing
less than a 2-fold reduction in af�nity). Five side-chains actually hinder
binding because when they are converted to alanine we see enhancements in
af�nity of 2- to 6-fold.’

• There was almost no correlation of ��G with the buried WASA of the side
chain, nor with the number of vdW contacts it made or its H-bond formation.
‘Thus, while buried surface area, number of vdW contacts … are useful
correlates for general binding af�nity, we �nd that these are poor predictors
of the role of individual side chains in this epitope.’

• A very important observation was con�rmed in the next paper and led to the
term ‘hot spot.’ ‘We �nd the residues important for binding cluster in a small
region near the center of the structural epitope. The functionally ‘null’ contact
residues tend to be near the periphery.’

6.2 Hot spot paper two—scanning GHR and matching the hot spots
The �rst study by Cunningham and Wells [2] did the comprehensive alanine
scanning on the GH side of the complex. The follow-up by Clackson and Wells
[1] scanned the GHR side of the complex: they mutated each of the 33 contact amino
acids of the GHR site 1 to Ala. As in the previous study they found that, ‘fewer than
half of the mutations caused substantial loss in binding af�nity’ (11 hot spot amino
acids out of 33 total contact amino acids). In this case two amino acids were hugely
important for binding: W104 and W169, where the af�nity of the mutant was too
weak to measure (��G > 4.5 kcal mol�1). This is reminiscent of the Gln 121 of HEL
(hen egg-white lysozyme), where mutation to any other amino acid reduced to
immeasurable its af�nity to the antibody D1.3 ([3] and chapter 4). This is also
expected from the Chothia–Janin model, since Trp and Gln bury large surface areas.

Figure 6.1 shows the main result of this study. The amino acids that contribute
most to binding af�nity are clustered in the middle of the contact interface. Clackson
and Wells called this cluster the ‘hot spot.’ The hot spot amino acids are almost all
hydrophobic. The hot spot is surrounded by amino acids that are part of the contact
surface as seen in the x-ray structure, but that don’t contribute much to ��G. These
peripheral, non-hot spot, amino acids are mostly polar or charged.

Clackson and Wells then compared their hot spot on GHR to that previously
determined on GH and made the important conclusion: ‘Now that both sides of the
interface have been mutated systematically, the two functional epitopes can be
compared (�gure 6.2). This reveals a striking complementarity—the energetically
critical and unimportant regions on one molecule match those on the other. Most of
the important residues on GH are involved in forming a hydrophobic pocket that
closely docks the side chains of Wl04 and W169 from the GHR.’

Why are the peripheral amino acids so unimportant for binding af�nity? An
important clue was that the peripheral areas appeared to be poorly packed, with
gaps that were often �lled with well-ordered water molecules. Recall that water is
largely excluded from the classical Chothia–Janin interface. Importantly, the bound
waters in the peripheral region frequently participated in H-bond networks to the
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amino acids on each side. This can explain why eliminating one side of an H-bond
can have minimal effect on ��G. The network of H-bonds across the interface has a
plasticity, especially where the bound waters participate, and H-bonds can rearrange
to compensate.

6.3 Plasticity in the evolution of protein–protein interfaces
Plasticity of the protein–protein interface was emphasized in a subsequent study
from the Wells lab. Atwell et al [4] started with the W104A mutant of GHR, whose
af�nity to GH was too weak to measure, and created random mutations in �ve
amino acids of GH that made contact with W104. They selected for mutants that
restored binding, and found one that restored binding to 14 nM (vs 0.3 nM for the
wt GH). A crystal structure of this mutant complex showed multiple rearrange-
ments. The cavity left by removing W104 was largely �lled by a new Tyr on GH, and

Figure 6.1. (�gure 2 in C–W). (a) shows the location of contact amino acids colored according to their ��G.
Hot spot amino acids (��G > 1.5 kcal mol�1) are red. Importantly the hot spot amino acids are clustered
together at the center of the contact interface, surrounded by amino acids that contribute less to ��G. (b)
colors the amino acids according to their hydrophobicity. The hot spot amino acids are mostly hydrophobic
(red), while the peripheral amino acids are polar or charged. Reprinted from [1] with permission from AAAS.
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further �lled by movements of a side chain on the GHR. Side chain movements
resulted in breaking an H-bond and formation of a new charged H-bond near this
site. There were also large movements distant from the W104 cavity. The entire
interface rotated 5°, resulting in movements up to 3 Å near the periphery. This
movement was accompanied by loss of four H-bonds and formation of three new H-
bonds. This paper is a nice introduction to the kind of changes that might occur in
the evolution of a protein–protein interface.

Although not contributing substantial binding af�nity, the peripheral amino acids
were suggested to serve at least two important functions. First, they would
contribute to the speci�city of the binding, since any protein that might bind the
hot spot would also have to sterically match the non-hot spot periphery, including
the peripheral region. Second, as documented especially by Cunningham and Wells
[2], charged amino acids in the periphery can enhance the on rate kinetics by
electrostatic steering.

6.4 Trying to predict hot spot amino acids, and protein–protein
interfaces

The hot spot is not unique to the GH–GHR complex, but is a general feature of
many protein–protein complexes. Clackson and Wells noted that it had already been
observed in antigen–antibody complexes, where alanine scanning had shown that
only 3–10 amino acids could account for most of the binding energy. Later studies
found hot spots in many more protein complexes.

Figure 6.2. (�gure 3A in C–W). The GHR–GH complex has been separated and rotated so the contact
surfaces face outward. Amino acids are color coded according to their ��G. The red amino acids caused the
most substantial reduction in binding, and are designated the hot spot. The hot spots on GH and GHR make
contact with each other in the complex. Reprinted from [1] with permission from AAAS.
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There has been a major research effort since the 1990s to computationally predict
protein–protein interactions. This has turned out to be as dif�cult as predicting
protein folding. Of course the two problems are related, and algorithms for both
depend on force �elds to measure the interactions between amino acids that make
contact. In 2002 two groups developed algorithms to predict the effect of Ala
mutations on protein–protein interfaces [5, 6]. Both groups trained their algorithms
to recognize the ��G of single Ala mutations on the folding of monomeric proteins.
They then applied the algorithms to a set of protein complexes for which crystal
structures and alanine scanning of the interfaces were available. The good news is
that the predicted ��G showed a nice correlation with the measured ��G. Guiros
et al obtained an R = 0.8 and standard deviation of 0.66 kcal mol�1 [5]. Kortemme
and Baker reported 80% and 84% correct identi�cation of hot spot and neutral
amino acids, where the hot spot cutoff was ��G = 1 kcal mol�1 [6]. The bad news is
that no simple rules appeared where one could predict hot spot amino acids by
simply looking at the x-ray structure. You had to run the full algorithm, and also
realize that it could have a signi�cant chance of mis-identifying the contribution to
�G of any single amino acid.

A 2007 review covers a range of issues related to the structure of protein–protein
interfaces and hot spots [7]. A more recent review focuses on antibodies binding to
protein ligands, and how the binding af�nity can be modulated by mutating only a
small number of amino acids in the complement determining loops [8]. An ambitious
project was initiated in 2013 where computational teams were challenged to predict
the effect of a broad range of single amino acid mutations on the binding af�nity of
two target pairs. The actual binding changes had been determined experimentally
but kept secret until the teams had submitted their predictions. There was much to
cheer in the successes, but also much room for improvement. The results are
presented in [9].

A more general community-wide challenge has been going on since 2001: Critical
Assessment of Predicted Interactions (CAPRI). The goal has been to predict the
binding interface of a protein pair, given the x-ray structures of the two monomers
and the knowledge that they form a complex. In this semi-annual challenge the
crystal structure of the challenge complex has been determined, but it is kept secret
until the predictions are in. A panel of scientists evaluates how well the submissions
succeeded. CAPRI prediction rounds from 2013 to 2016 have been published [10].
‘Models of acceptable quality or better were obtained for 14 of the 20 targets,
including medium quality models for 13 targets and high quality models for 8
targets, indicating tangible progress of present-day computational methods in
modeling protein complexes with increased accuracy.’ This article and related
articles from that competition will give the interested reader an entrée into this
highly technical �eld.

The hot spot discovery requires some major revisions of the simple Chothia–Janin
model. These are summarized in box 6.2.
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Box 6.2. The protein-protein bond revised from Chothia-Janin to hot spots.

H-bond complementarity: The original C-J theory required that H-bonds be completed
across the interface. The hot spot shows that, especially in the peripheral region, the
H-bond network is plastic, and can be rearranged to compensate for a missing donor or
acceptor. The H-bond plasticity is facilitated by water molecules bound in crevices in
the peripheral region.

Steric complementarity: This is still very important. However, in the peripheral region
the packing is less snug, and there are numerous cavities containing structured water
molecules.

Buried WASA: 1,200 – 2,000 Å2 buried WASA is still a good indication of a reasonably
tight bond. However, at 0.025 kcal mol�1 the hydrophobic bond energy is 2–3 times
larger than the actual value �Gbond. This is consistent with the hydrophobic bonding
being focused in the hot spot, which is only �1/3 of the total interface.
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Chapter 7

Cooperativity in protein–protein association and
efficiency of bonds

The principles discussed here are based on Erickson 1989 [1]. That paper addressed
the question of cooperative assembly, where a subunit associating with a polymer
formed two bonds at once. The question was, if we know the af�nity of each bond
separately, what is the af�nity for forming both at once? It turns out that the af�nity
is enormously enhanced relative to the single bonds. The key to the analysis is to
correctly account for the role of intrinsic subunit entropy. We will repeat the
derivation of �Gbond and �GS from chapter 2, and then use it to determine the
af�nity of two bonds at once. This chapter will conclude with a discussion of
ef�ciency of protein–protein bonds, and a novel analysis of cooperativity in
assembly of the GHR:GH:GHR complex.

7.1 Intrinsic bond energy and subunit entropy
To understand cooperativity in protein–protein association, we need to work with
free energy, not the equilibrium association constant. They are related by these
equations.

� = � = ��G RT K K eln( ); (7.1)G RT
A A A

/A

The free energy, designated �GA, describes all of the chemical and energetic factors
involved in the association reaction. Note again that a favorable association means a
negative �GA.

The advantage of free energy is that it is additive. To utilize the additivity it is
important to separate �GA into two opposing energies, one favoring association and
one opposing it. The two terms are the intrinsic bond energy and the intrinsic subunit
entropy.

� = � + � � = � � �G G G G G G; (7.2)A bond S bond A S
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The term �Gbond is the intrinsic bond energy. It includes all the chemical forces
operating across the protein–protein interface, which generate an overall attraction.
�Gbond is a negative number because it favors the association; the stronger the bond,
the larger its absolute value. The Chothia and Janin analysis discussed in chapter 3
and the hot spot in chapter 6 were directed at estimating this intrinsic bond energy
and determining how speci�c amino acid contacts contribute to it.

The term �GS is the intrinsic subunit entropy, expressed here in units of free
energy. Think of this as the free energy required to immobilize a subunit in a dimer
or polymer, independent of the strength or number of bonds formed. Free energy is
required because entropy is lost when the subunit is immobilized. Before dimer
formation each subunit has three degrees of translational and three degrees of
rotational freedom. In the dimer one subunit still retains its six degrees of freedom,
but the other subunit has lost its independent translation and rotation. The question
is, how much free energy does it take to immobilize a subunit, to compensate for the
loss of three translational and three rotational degrees of freedom? The best current
value is �Gs = +6 kcal mol�1.

Chothia and Janin estimated �Gs to be 20–30 kcal mol�1, based on a quantum
mechanical calculation [2]. Erickson noted that proteins in a dimer would retain
motions corresponding to ±1 Å, and calculated a Gs = 11 kcal mol�1 [1]. However,
he noted that this value was too high to �t a reasonable model of actin nucleation,
and suggested 7 kcal mol�1 as a reasonable upper limit. Later Horton and Lewis
plotted �G values for a range of protein complexes and the intercept gave a value of
�Gs = 6 kcal mol�1 [3], which we will use here. An important feature of �Gs is that it
depends very little on the size or shape of the protein subunit. That is because these
features enter the calculation as the logarithm. Therefore, the �Gs = 6 kcal mol�1

can be considered universal for immobilizing a protein subunit in a dimer, oligomer
or polymer.

It is useful to think about the intrinsic subunit entropy as an entropy tax. The tax
is a �at rate, not progressive. The entropy tax must be paid once for any association,
and the tax is the same regardless of the size of the subunit and the strength of the
bond. Another way to think about the equation (7.2) is that the intrinsic bond energy
must be suf�cient to achieve the observed KA, and it must also pay the entropy tax of
6 kcal mol�1.

� = � � �G G 6 kcal mol (7.3)bond A
1

Let’s put this in perspective and illustrate the calculations with some numbers. A
typical modest protein–protein association, such as actin assembly or a weak
antibody, will have a KD = 10�6 M (KA = 106 M�1). In equation (7.1), R has the
value 2 cal deg�1·mol, and T is the absolute temperature = 300 K (= 27 °C, chosen
here to make RT a round 600 cal mol�1 = 0.6 kcal mol�1). Consider the case of actin,
where KA � 106 M�1.

� = � = = � �G RT Kln( ) 0.6 ln(10 ) 8.3 kcal mol (7.4)A A
6 1
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� = � � = � � = �� �G G 6 kcal mol 8.3 6 14.3 kcal mol . (7.5)bond A
1 1

The net free energy of association, �8.3 kcal mol�1, is very similar in magnitude
to the intrinsic entropy term, 6 kcal mol�1, but of opposite sign. The intrinsic bond
energy must be larger than �GA because it must compensate for the entropic energy
loss.

Now let’s consider a higher af�nity interaction, KA = 109 M�1 (this would be
typical for a growth factor binding its receptor).

� = � = � = � �G RT Kln( ) 0.6 ln(10 ) 12.4 kcal mol (7.6)A A
9 1

� = � � = � � = �� �G G 6 kcal mol 12.4 6 18.4 kcal mol . (7.7)bond A
1 1

It is interesting to consider that the 1000-fold difference in KA is achieved by only
a 29% increase in intrinsic bond energy. That is because the bond energy enters the
KA as an exponential.

The primary utility of �Gbond is that components contributing to �Gbond are
simply additive. This becomes especially important in the calculation of coopera-
tivity, considered next.

7.2 Additivity of bond energies and cooperative association
What happens to KA if you make the bond area twice as big, i.e. you double the
intrinsic bond energy? A hypothetical example would be to compare binding a
bivalent Ab to binding of the monovalent Fab. Speci�cally, let’s assume we can
construct an HEL dimer, with the two HEL subunits held together so they can each
bind the Fab of the IgG (�gure 7.1).

To make the calculation easy we introduce two assumptions, neither of which are
really valid.

(a) Assume that the Ab is rigid. The Fab fragments on an IgG have
considerable rotational �exibility, but for this exercise consider them rigid.
Assume that the crosslinked HEL dimer is also rigid.

(b) Assume that the crosslinking presents the HEL epitopes so that the two
Fabs of the rigid IgG can bind both of them without strain or distortion.

Essentially the problem now asks what happens to KA if we double the intrinsic
bond energy. Is KA also doubled? Do you square it? Both of these quick guesses have
been proposed in the literature, but they are wrong. To do the calculation correctly
we need to consider the intrinsic bond energy. Most important, we have to pay close
attention to the intrinsic subunit entropy.

(a) Calculate �Gbond
Fab = �RT lnKA � �Gs = �9.7 � 6 = �15.7 kcal mol�1.

(b) Calculate �Gbond
IgG. This is simply 2 × �Gbond

Fab = �31.4 kcal mol�1.
(c) Calculate �GA

IgG = �Gbond
IgG + 6 = �31.4 + 6 = �25.4 kcal mol�1.

(d) KA
IgG = exp (�GA

IgG/RT) = exp (25400/600) = 2.4 × 1018 M�1.
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Note that in (a) we have subtracted the �GS once to obtain �Gbond
Fab. In (c) we

have added �GS once to obtain �GA
IgG. If we had added �GS twice, this would be

equivalent to squaring �GA
Fab, which is wrong.

This is an enormous enhancement from doubling the intrinsic bond energy. The
binding af�nity KA goes from 4.5 × 107 to 1018 M�1. The key to this effect, and to
this calculation, is to realize that the entropy tax is paid only once, while the intrinsic
bond energy is fully counted twice. Since the IgG is assumed to be rigid it is fully
immobilized when the �rst Fab binds. The second Fab then binds ‘for free’ (no
entropy tax) and all of its energy goes to increasing KA.

Of course this is an oversimpli�cation, since it depends critically on the
assumptions of (a) rigidity of the Ab, and (b) the perfect �t to the HEL dimer. In
a real Ab the second Fab will still have substantial rotational entropy after the �rst
one has bound. This will be smaller than 6 kcal mol�1, but it would have to be
compensated when the second Fab binds. Also an IgG binding to two coat proteins
on a virus will have to strain a bit or a lot to make the bivalent attachment.
Experimental measurements of Abs binding to viruses show �1000 × greater af�nity
for IgG compared to Fab [4]. This is much less than the maximum enhancement we
calculated, but still a big increase.

This treatment of cooperativity was originally developed to explain the nucleation
and cooperative assembly of actin [1]. Actin is a two stranded helix, and subunits
make longitudinal contacts along the helix and diagonal contacts across the helix.
Estimates were made for �Gbond of a subunit forming a single longitudinal or
diagonal bond, and for forming both at once as it associates onto the end of a
�lament. The numbers provided an explanation for the very unfavorable nucleation

Figure 7.1. If the monovalent Fab binds monovalent HEL with KA
Fab = 4.5 × 107 M�1, what is KA

IgG for
binding bivalent HEL to bivalent IgG?
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step, where subunits made only a single bond. The reader is referred to the original
article for this example [1]. Next we will apply this cooperativity analysis to the case
of the trimeric complex of GHR–GH–GHR.

7.3 Analysis of cooperativity in GH–GHR association, and
comments on the ‘efficiency’ of hydrophobic bonding

The following analysis is a simple and novel extension of the cooperativity analysis.
Table 7.1 summarizes data on interface area and actual bond energy for a number of
proteins, with a particular interest in the question—how does the actual bond energy
compare to the Chothia–Janin prediction based on 0.025 kcal mol�1 Å�2? It is
comforting to see that actual bond energies are always less than the maximum
hydrophobic bond energy predicted from interface area. This suggests that some
imperfections in the interface may decrease the bond energy from its full hydro-
phobic potential. The full potential is WASA × 0.025 kcal mol�1 Å�2. We can
calculate a ‘bond ef�ciency’ as the ratio of the actual bond energy to the maximum
hydrophobic energy available from the interface area. Table 7.1 presents this
calculation for a number of protein pairs. We see that the �rst four proteins vary
in ef�ciency from 70% to 46%.

The GHR–GH–GHR complex [5] presents an interesting case. There are three
interfaces, sites 1, 2 and 3 (see chapter 6). The formation of the single GH–GHR
dimer through site 1 is well characterized from a mutant GH that can’t bond the
second GHR [6]. The area of this interface, 2460 Å2 (this is the area from both sides
of the interface; de Vos et al presented the area from one side, which I have doubled)
is relatively large, giving this interface an exceptionally low ef�ciency, 30%. The
addition of the second GHR to the already-formed GH–GHR is also well
characterized. This involves two interfaces, the site 2 interface on GH binding the
second GHR, plus a site 3 GHR–GHR interface at the bottom of the C-terminal
FN-III domains. The areas are 1800 and 1000 Å2 for sites 2 and 3, for a total of
2800 Å2. The 2800 Å2 combined WASA of sites 2 and 3 is slightly larger than the
2460 Å2, consistent with the slightly larger KA: 5 × 109 M�1 for site 2 plus 3, versus
0.9 × 109 M�1 for 1. The bond ef�ciency for sites 2 plus 3 is 31%, essentially the same
as the ef�ciency of forming site 1. We will therefore assume that each of the
individual interfaces, site 1, site 2 and site 3, are 30% ef�cient.

Note that sites 2 and 3 form simultaneously when the second GHR binds, and this
binding is high af�nity. We can now use the reverse of the cooperativity argument to
estimate the af�nity of sites 2 and 3 separately. The calculations are presented in
table 7.1, with the assumption that each of these interfaces is 30% ef�cient, and using
the WASA determined by de Vos et al [5]. We see that site 2 alone is a weak bond,
KA = 3 × 105 M�1 or KD = 3 �M. The af�nity of site 3 is so weak it is meaningless for
proteins KA = 12 M�1 or KD = 0.08 M. Neither of these sites would generate any
signi�cant association alone. Yet once the GH–GHR has formed through site 1, the
cooperative binding of a second GHR to a weak site 2 plus an even weaker site 3
makes a high af�nity bond.
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7.4 Conclusions
1. Protein–protein bonds are always weaker than the maximum available

hydrophobic bond energy. The actual bonds utilize from 70% to 30% of
the maximum hydrophobic bond energy calculated from the WASA multi-
plied by 0.025 kcal mol�1 Å�2 WASA.

2. The GH:GHR bonds appear to be especially inef�cient, because the WASA
is much higher than for other proteins of comparable KA. Cunningham and
Wells demonstrated that the ‘hot spot,’ a small cluster of residues in the
center of the interface contributes most of the binding energy. This hot spot
cluster apparently contributes at near 100% ef�ciency, while the peripheral
residues contribute near 0%.

3. Cooperativity applied to the GHR:GH:GHR complex explains how the
small patch of site 3 interface can boost the af�nity for adding the second
GHR from weak (3 �M KD for site 2 alone) to very strong (0.2 nM for site 2
plus site 3).
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Note that tE1/2 is not the half time for a particular receptor to be occupied. This is a
stochastic process that can only be expressed as a probability. tE1/2 is an ensemble
parameter, speci�cally the time for half of the empty receptors in an ensemble to
become occupied. The factor ln2 = 0.7 comes from the exponential in the solution of
the differential equation. Importantly, the half time of the empty receptor is
inversely proportional to the concentration of G. If [G] is doubled, receptors will
be occupied twice as fast.

8.2 What is the half time of the complex?
Once a receptor has bound a G, how long will the complex last before the G
dissociates? This is again a stochastic process, and the time is inversely proportional
the off rate, k�1. The bound G vibrates back and forth and eventually dissociates,
and the time required depends on the bond energy and vibration. The Gs in solution
have no effect on this process, so their concentration does not matter. The half time
of the complex is given by.

=
�

t
k

ln2
1

C1/2
1

Importantly, the half time of the complex does not depend on the concentration
of G in solution. This may be seen by looking at the �gure above. The bound G fully
occupies the complimentary site on R, giving no access to G in solution until the
bound G fully dissociates.

8.3 The diffusion-limited rate constant for protein–protein
association

Koren and Hammes [1] surveyed a number of protein associations, and found that
many of them had k2 = 0.5–5 × 106 M�1 s�1. To some researchers considering protein–
protein association this rate seemed incredibly fast. The problem goes back to a
calculation by Smoluchowski [2] that the diffusion-limited rate of encounter of smooth
spheres was k2 = 7 × 109 M�1 s�1. According to this theory, if proteins behaved as

Figure 8.1. Schematic of two protein subunits associating and dissociating.
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smooth spheres, and if they formed a complex every time they collided—without
regard to orientation—they would form a complex at the rate k2 = 7 × 109 M�1 s�1.

This is very fast, but consider now how it should be affected by the extremely high
steric speci�city of the protein–protein bond. The correct bonding requires that each
subunit be oriented rotationally to about 1/1000 of its possible rotations (this would
correspond to a ± 1–2 Å rotation of a surface atom). A simple argument would
suggest that the kinetics of association should be slowed from the Smoluchowski
limit by a factor of 1000 for each subunit. This would give a maximum, diffusion-
limited rate of only (7 × 109)(1/1000)(1/1000) = 7 × 103 M�1 s�1. Actual proteins
associate 100–1000 times faster. How?

Northrup and Erickson [3] resolved this question by using Brownian dynamics, a
computer simulation that treats the protein subunits as Brownian particles. It turns
out the very slow rate, 7 × 103 M�1 s�1, would be appropriate if proteins were in a
vacuum. In a vacuum, if they bumped in to each other in the wrong orientation they
would bounce apart and never see each other again. The Smoluchowski limit,
modi�ed by the (1/1000)(1/1000) geometry would apply. However, for proteins in
water, if they collide in the wrong orientation, they simply diffuse a short distance
apart. Because of this ‘diffusive entrapment’ the proteins have a high probability of
rotating to a new position and bumping into each other again and again. The
Brownian dynamics simulation estimated that k2 = 2 × 106 M�1 s�1 would be the
generic, diffusion limited rate constant for protein–protein association in water.

It is important to note that some protein associations occur 10–100 times slower.
These slow complexes have an additional energy barrier to complex formation.
Also, some associations are also 10–100 times faster. Most of these very fast
reactions have been characterized as due to electrostatic steering. Charge groups on
the surface of the subunits steer them into correct alignment as they are approaching
each other. This is discussed later.

The value k2 = 2 × 106 M�1 s�1 also applies to many small molecule ligands
binding to a protein. It is a good number to remember.

8.4 Half time of the empty receptor and the complex—guessing the
kinetics

Often we don’t have experimental data for the kinetic constants, but we do know the
equilibrium dissociation constant KD. In this case we can make a guess of the
kinetics by assuming that the on rate is the diffusion limited k2 = 2 × 106 M�1 s�1.
Consider �rst the half time of the empty receptor. As stated above this depends on
the concentration of G and on k2.

=t
k G

0.7
1
[ ]E1/2

2

The second order association rate constant, k2, is a key parameter. If we don’t
know k2 we can start by assuming the association is diffusion limited, so set k2 = 2 ×
106 M�1 s�1.
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=
×

t
G

0.7
1

(2 10 )[ ]E1/2 6

If the protein–protein association is diffusion limited, the half time of the empty
receptor depends only on the concentration of free G. It does not depend on k�1 or
KD. The box tabulates some values. If the concentration of G is 1 nM, an empty
receptor will be occupied in 350 s. If [G] is increased to 10 nM, the receptor will be
occupied ten times faster. If one considers a much more abundant protein like actin,
whose concentration is �10 �M, subunits will add to an actin �lament with a half
time of 35 ms.

[G] tE1/2

GrFac 10�9 M 350 s
10�8 M 35 s

(Actin) 10�5 M 0.035 s

Consider next the half time of a complex. As stated above this is given by tC1/2 =
0.7 (1/k�1), and it would seem that we would need to know this rate constant. But
here again we can make a guess, assuming that the association rate may be diffusion
limited, where k2 = 2 × 106 M�1 s�1. If we know KD and can guess k2, we can
estimate k�1 and tC1/2.

= = =
×�

t
k K k K

0.7
1

0.7
1

0.7
1

(2 10 )C1/2
1 D 2 D

6

The table gives some numerical examples, ranging from the very strong complex of
trypsin–trypsin inhibitor, down to the moderate af�nity of an actin monomer
dissociating from the end of an actin �lament.

KD tC1/2

Trp–TrpInhib 10�13 3.5 × 106 s (40 days)
GH–GHR 10�9 350 s (6 min)
actin 10�6 0.35 s

It is interesting now to consider the association–dissociation as a cyclic event.
Consider a growth factor binding to its receptor. If the concentration [G] is 10�9 M,
the half time of the empty receptor is 350 s. Once a complex is formed its half time,
determined by KD = 109 M, is also 350 s. This is another way of saying that when [G]
is equal to KD, the receptor is 50% occupied. If the concentration of G is now
increased ten-fold to 10�8 M, the half time of the complex remains unchanged at
350 s, but the empty receptor now binds ligand in only 35 s. The receptor is on
average �90% occupied.
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8.5 Proteins can associate much slower and much faster than the
diffusion-limited rate

We should not overemphasize the generic diffusion-related on rate, since actual k2
rate constants can span a wide range. Pang and Zhou [4] examined four cytokine–
receptor pairs. Each of the cytokines and receptors had the same fold as hGH and
hGHR, and the complexes superimposed with RMSD �4 Å (except for IL4, which
bound in a different orientation). In spite of the similarity in structure, the on-rate
constants for association span a range of �104. From the structures of the cytokine–
receptor complexes, and applying their own transient-complex theory, Pang and
Zhou concluded that ‘the vast differences in receptor-binding rate constants of the
four cytokines arise mostly from the differences in charge complementarity.’ This
was also the conclusion of Cunningham and Wells [5], who observed that mutating
charged amino acids peripheral to the hot spot affected the on rate.

EPO (erythropoietin) 4.0 × 108 M�1 s�1

IL4 (interleukin-4) 1.3 × 107

hGH (growth hormone) 3.2 × 105

PRL (prolactin) 8.0 × 104

The reader is referred to Pollard and De La Cruz for a brief treatment of kinetics
that reinforces many of the points made in this chapter and extends into practical
issues of measurement and interpretation [6].
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Chapter 9

Techniques for measuring protein–protein
association—use and misuse of ELISA

Directed reading:
Tangemann K and Engel J 1995 Demonstration of non-linear detection in ELISA

resulting in up to 1000-fold too high af�nities of �brinogen binding to integrin
�IIb�3 FEBS Lett. 358 179–81 [1].

This chapter will discuss several techniques for measuring protein–protein
association in the laboratory, with the goal of obtaining a measure of KD. I will
�rst discuss methods that can be used in vivo for a qualitative screen of protein
association, and then discuss in vitro assays that can be used to con�rm association
and quantitatively determine KD. I will then discuss in detail one of the simplest and
most popular techniques, the ELISA (Enzyme Linked ImmunoSorbant Assay). The
ELISA is a great technique for qualitatively demonstrating a binding reaction, but it
is often misused to interpret a quantitative KD. The paper of Tangemann ane Engel
[1] clearly demonstrates the inadequacy of the simple ELISA. I will conclude by
discussing a competitive ELISA, which can give a true measure of the KD in solution
by incorporating extra steps and calibration [2].

9.1 Qualitative assays to screen for protein–protein association
in vivo

Several techniques have been developed to screen for binding partners in vivo,
without attempting to measure KD.

• Yeast two hybrid (Y2H) [3] fuses two potentially associating proteins to
separate domains of GAL4. If the proteins associate they bring the GAL4
domains together, inducing transcription of beta-galactosidase and producing
a blue color. A large library of cDNAs can be used for one of the pair,
screening for proteins that bind the other one.

doi:10.1088/2053-2563/ab19bach9 9-1 ª IOP Publishing Ltd 2019
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• Tandem Af�nity Puri�cation (TAP) [4] uses a pair of af�nity tags to purify
one speci�c protein by two successive binding columns. Mass spectrometry
(MS) is then used to assay for proteins bound to it. TAP requires that the
complex remain together during the two-step puri�cation so it will mainly
identify very strongly associating proteins. TAP has been applied to genomic
screens by tagging a broad array of proteins.

• BioID [5] fuses a promiscuous biotin ligase to a protein of interest (bait),
and this generates activated biotin that covalently labels proteins within
10–50 nm, in particular those in complex with the bait. The labeled proteins
are puri�ed by binding to streptavidin and identi�ed by MS. The labeling
takes place over several hours, so this technique is most useful for stable
cellular processes. Substantial improvements in speed and extension to RNA
and DNA have been reviewed [6].

• APEX2 [7] uses a genetically engineered peroxidase to achieve a similar
biotinylation of proteins bound to a bait protein of interest. It promises a
higher resolution range than BioID and a labeling time of minutes instead of
hours.

9.2 Quantitative methods for measuring the KD of protein–protein
association

The techniques discussed above are used to screen for protein–protein interactions
in vivo. They have many false negatives and false positives, so associations need to be
con�rmed by purifying the proteins and assaying them in vitro. In addition to
con�rming an association, the in vitro assays can quantitate the af�nity of the
interaction and determine the KD.

Using the nomenclature of chapter 2, we assume two proteins R (receptor) and G
(growth factor) associate to form the complex RG. One can determine the KD of the
association if there is an assay for the complex RG, or for free R or free G. The
emphasis here is on free R or G, as opposed to the total amount:

= � = �G G RG R R RG[ ] [ ] [ ] and [ ] [ ] [ ].free TOT free TOT

If one has an assay for [Gfree] or [Rfree] or [RG], and one knows the total amount of
G and R in the assay, one can calculate the others. Experimental systems for
measuring protein–protein association are based on assays for one of these
components. Here I describe three assays that can be performed in a general
biochemistry lab without specialized equipment, and then discuss assays that need
special equipment and expertise.

9.3 Assays that can be done in most laboratories
• Tryptophan �uorescence is frequently sensitive to the environment. If a Trp is

in or near the binding interface the �uorescence may be either enhanced or
quenched upon binding. Most proteins have several Trp, which can com-
promise the assay if the signal from a Trp at the interface is drowned by
emission from others. However, it is always worth checking to see if Trp
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�uorescence is altered by association, since this then provides a simple and
rapid assay, and it requires no modi�cation of the protein. Sometimes a Trp
can be introduced by mutation and it will report association. This was ideal
for FtsZ, which has no natural Trp [8].

• Environment sensitive �uorophores. It is sometimes possible to label a
protein with a �uorophore that changes its �uorescence in response to
binding. For example, pyrene–iodoacetamide labels one reactive Cys in actin,
and its �uorescence increases 20-fold upon assembly [9], providing a valuable
assay to study kinetics and nucleation. In some cases a Cys can be engineered
at a location near the binding site and coupled to a naphthalene �uor that
reports association [10].

• Pull-down assays. The goal here is to set up a reaction in which one
component, R, is dilute in solution, and the other, G, is coupled to beads
at a range of concentrations spanning from below to above the KD. The
reaction is allowed to come to equilibrium and the beads are pelleted,
bringing down all G and whatever fraction of R is bound at that concen-
tration of G. The supernatant is then assayed for [Rfree]. See Pollard [11] for
detailed discussion and an example (his �gure 1).

9.4 Assays requiring specialized equipment and expertise
The following assays are frequently available in major research institutions. The
instrumentation is in the range of $100–500k, and specialized expertise is needed to
run the equipment and interpret the results.

• Isothermal titration calorimetery. ITC measures association of native pro-
teins free in solution, the ideal situation. However, it is limited to KD in the
range mid nM to low mM. Also, it requires a lot of protein, 100 �l of one
protein at 200 times the KD.

• Fluorescence depolarization. This also measures binding of components free
in solution. It requires a �uorescent label on one component, so some care
must be taken to assure that the label does not affect the binding.

• Surface Plasmon Resonance (SPR) and Bio-Layer Interferometry (BLI).
These techniques immobilize one component on a surface and expose this
to the second by �ow or immersion. Binding increases the refractive index of
the surface layer, which alters a laser signal. SPR and BLI are typically used
to measure on–off kinetics, from which KD can be determined. Having one
component immobilized can cause deviations from solution-phase binding.
Schuck and Minton [12] pointed out the errors that could be caused by
limited mass transport, and how to control for them. However, these are
frequently ignored.

• MicroScale Thermophoresis (MST). This technique measures the diffusion of
protein molecules in a small thermal gradient, and is based on the practical
observation that the diffusion of one component is usually altered by binding
even a small partner. One component needs to be labeled with a �uorescent
tag. The binding is measured with both components in solution, and requires
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a volume of only 4 �l. See [13] for applications to various protein pairs and a
comparison to SPR.

9.5 Fitting the binding data to determine KD

Whatever the assay, you will end up with data for the concentration of the complex
GR with one of the components (RTOT) at a �xed concentration, and the other
(GTOT) varied over a range that hopefully surrounds the KD. Recall from chapter 2
the quadratic formula

=
+ + � + + �

GR
R G K R G K R G

[ ]
([ ] [ ] ) ([ ] [ ] ) 4[ ][ ]

2
TOT TOT D TOT TOT D

2
TOT TOT

The appendix to chapter 2 describes how to use excel solver to �t the data to obtain
the best estimate of KD.

The review by Pollard [11] is an excellent survey of ‘Simple and Informative
Binding Assays.’ The 2015 Springer Protocols ‘Protein–protein interactions: meth-
ods and applications’ (Methods in Molecular Biology vol 1278) provides detailed
discussion and protocols for many methods for assaying protein–protien interac-
tions, as well as several chapters discussing modern conceptual issues.

9.6 ELISA—use and misuse
Credit for inventing the ELISA is generally given to Engvall and Perlman, 1972 [14].
Their assay, and most applications in the 1970s, was used to identify antibodies in
serum against various antigens, and assay their af�nity semi-quantitativly. In the
1980s the ELISA began to be used as a test for association of any two proteins. The
conventional ELISA as used today is described in the Box. Step 5 is the key to
widespread use. One can purchase HRP conjugated goat anti-rabbit antibody and
use this in the �nal step for any protein for which you have a rabbit antibody.

Conventional ELISA to demonstrate association of protein X to protein Y.

1. Coat plastic wells (96-well format) with protein X. Adsorb non-specifically 2–18 h. Wash off
unadsorbed protein.

2. Coat with BSA to block plastic not coated by protein X. Wash 3×.
3. Add protein Y, incubate 2+ hrs to let Y bind to the plastic-bound X. Wash 3×.
4. Add (primary) rabbit antibody against protein Y, incubate 2 h. Wash 3×.
5. Add (secondary) antibody detection conjugate: this is a goat antibody against rabbit IgG. The

goat Ab is conjugated to horse radish peroxidase HRP. Wash 3×.
6. Add reagents to develop HRP (brown color).
7. Read (quantitate) the brown color.

The wash steps and incubation with antibodies pose a theoretical concern about
the ELISA. Since the initial X–Y association, as well as the binding of primary and
secondary antibodies, are reversible reactions, one should question whether the
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association will be reversed during the long incubations and washes. For a KA
�4.5 × 107 of a typical monoclonal antibody, assuming a diffusion-limited on rate
(chapter 8), the half time of the complex is 16 s. Each wash is typically �30 s or
more, so one would expect the antibodies to be largely eluted during the washes.
More important, one would expect the initial X–Y association to completely reverse
during the 2 h incubations with antibodies. However, this seems not to be a major
problem. ELISA works!

How can the conventional ELISA avoid the reversible detachment of ligands
during the antibody incubations and washes? Surprisingly, I have not found this
addressed in the literature. I will offer my own speculation, based on the concept of
cooperativity (chapter 7). This showed that a protein–protein bond of modest
af�nity could be enormously enhanced if one added even a small amount of
additional bonding surface. In the case of the ELISA this extra bonding surface
might be achieved by nonspeci�c contact with adjacent proteins on the substrate, or
to small bits of plastic not blocked by BSA. This contact would be too weak to
provide any signi�cant binding of protein Y to the control BSA-coated well. But if
the well is �rst coated with protein X, for which Y has a signi�cant af�nity, then Y
will initially bind reversibly to X. Following this initial binding, Y may contact an
adjacent non-speci�c protein or plastic, and this will form a cooperative bond of
very high af�nity. The same scenario would hold for the primary and secondary
antibodies. They are initially bound by their speci�c association of moderate af�nity,
but this is enhanced by non-speci�c contacts to adjacent protein or plastic.

9.7 A simple ELISA can over- or under-estimate the KD by orders of
magnitude

The ELISA has been used to identify thousands of protein–protein associations and
is excellent for a semi-quantitative analysis. False positives are rare or non-existent,
and strong binding proteins generally produce color at lower concentrations than
weak binding ones. It seems natural to plot the color versus concentration of the
soluble protein and use this curve to estimate the KD. A quick alternative is to take
the concentration producing 50% maximum color as an indication of the KD. This
simple interpretation of ELISA to estimate KD is found in thousands of papers
published in the most rigorous biochemical journals. But it turns out that the KD
estimated from the simple ELISA can be two or three orders of magnitude different
from the true KD. And the error can be in either direction.

Tangemann and Engel [1] documented this error by comparing three types of
ELISA to measure the association of �brinogen to the integrin �IIb�3. All assays
used �IIb�3 coated on plastic wells, and soluble �brinogen as ligand. The different
assays included one, two or three steps for detection of bound �brinogen. The most
direct assay used radiolabeled �brinogen, where the binding could be detected
directly following a quick wash, a one-step assay. The two-step assay used biotin-
labeled �brinogen, which was detected by incubating with HRP-conjugated strep-
tavidin, followed by HRP color development. The third assay was a conventional
ELISA, which used a three-step detection: bound �brinogen was labeled with a
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primary rabbit IgG against �brinogen, and this was labeled with a secondary HRP-
conjugated goat anti-rabbit IgG, followed by HRP color development. The curves
of color as a function of �brinogen were �t to the binding equation (equation
(Appendix) in chapter 2) to determine the apparent KD. The results of the three
assays are presented in table 9.1.

The 47 nM KD determined by the one-step radioligand assay agreed well with a
previous assay using an independent direct technique to measure bound �brinogen.
The two-step biotin–streptavidin assay gave a KD 10 or 100 times lower, indicating a
much higher af�nity. Note also that the apparent af�nity in this assay depended
strongly on the concentration at which the integrin was coated on the plastic. Most
scientists using ELISA ignore this variable and run only a single substrate coating
concentration. The three-step conventional ELISA indicated a KD that was 1000
times too low.

The concern raised above about dissociation during the lengthy incubation and
washing steps would predict that the ELISA would underestimate the af�nity of
binding, returning an apparent KD that was higher than the true KD. Tangemann
and Engel found the opposite, that the ELISA indicated a binding that was 1000×
higher af�nity than the true KD. The physical–chemical reason for this discrepancy is
not known.

Another test comparing ELISA to the true KD was presented by Peleg-Shulman,
Schreiber and colleagues [15]. They were studying the binding of interferon � (INF�)
to the ectodomain of its receptor. Mutants of INF� had been discovered previously
that enhanced its binding to the receptor (negative ��G) and these were further
characterized (table 9.2).

The true KD in solution was measured by a combination of stopped �ow (for k2)
and plasmon resonance (for k�1). For the ELISA the receptor, wt or mutant, was
coated on the plastic, and INF� was in solution at different concentrations. The
ELISA used a conventional secondary antibody detection. The number reported is
the concentration of INF� that gave 50% maximum color, which is often taken as an
estimate of the KD. The authors noted that the ‘ELISA 50%’ was about 160 times
above the true KD, which means that the ELISA here is indicating a weaker
interaction than the true KD. This is in the opposite direction to the discrepancy
found by Tangemann and Engel [1]. Again, no one has explored the mechanism.

This study is not all bad news for the ELISA. It actually suggests a potential for
quantitative interpretation. The encouraging point is that the ‘ELISA 50%’ was 160–
180 times the solution KD for all mutants tested. This suggests that the ELISA may

Table 9.1. Comparison of a conventional 3-step ELISA with 2- and 1-step assays.

Apparent dissociation constant KD (nM) determined by the different assays

Integrin coating concentration ELISA Biotin-streptavidin Radioligand

5 nM 0.09 5 47
21 nM 0.045 0.43 47
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be accurate in reporting the relative change in KD if one protein is constant and the
other varies only by point mutations. Although this needs to be tested more broadly,
it would suggest that ELISA may be able to determine the ��G in an Ala scanning
study.

In conclusion, the simple ELISA can be orders of magnitude off from the true KD,
and in either direction. However, if one is comparing relative binding of two
proteins that are altered by simple point mutations, the ELISA may be able to report
the ��G.

9.8 A competitive ELISA can be used to measure the true KD

Frigat et al [2] designed a competitive ELISA and demonstrated that it could be used
to measure the true KD. In this assay protein X is coated on plastic as above, and the
assay is �rst calibrated with dilutions of protein Y, and developed in the conven-
tional manner. The goal of this step is to identify a range of protein Y that gives a
linear response in the conventional ELISA. One then selects a concentration of
protein Y near the top of this linear range, and sets up competition samples in
separate tubes. These all have the same concentration of protein Y, and increasing
concentrations of soluble protein X, hopefully bracketing the KD. These competition
samples are incubated in tubes separate from the ELISA wells for an hour or more
to achieve equilibrium. Then the samples are added to ELISA wells and incubated to
allow the free protein Y to be captured by the substrate protein X. This is then
developed by primary and secondary antibodies in the conventional manner. The
important point is that protein Y that is bound to protein X in the equilibrium
cannot bind to the substrate protein X. The assay will therefore determine the
amount of free protein Y, which will vary from 100% with no soluble protein X, to
0% when protein X is in great excess over the KD. A plot of free Y versus total
soluble X can be used to determine KD.

A minor drawback to this competitive ELISA is that one has to calibrate the
ELISA initially, to determine a concentration of protein Y that gives a linear
response over a ten-fold dilution. This may require testing a few concentrations of
protein X to coat the substrate. Once a linear assay is demonstrated, the competition
step gives a measure of the equilibrium KD with both proteins in solution, and no

Table 9.2. Binding of INF� to interferon receptor (wt and mutants) measured in solution (stop �ow and
plasmon resonance) and by ELISA (data from [15]).

Receptor
mutant

KD solution:
nM

KD relative
to wt

ELISA
50%: nM

ELISA 50%
relative to WT

wt 0.1 1.0 16 1.0
H78A 0.024 0.24 8 0.5
N100A 0.009 0.09 1.6 0.1
H78A/N100A 0.002 0.02 0.35 0.02
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tags or modi�cations on either. A major advantage of the competition ELISA is that
it requires no specialized equipment and associated expertise.
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Chapter 10

Fibronectin, the FNIII domain, and artificial
antibodies

10.1 Fibronectin, cell adhesion and RGD
Directed reading of:

Pierschbacher M D and Ruoslahti E 1984 Cell attachment activity of �bronectin
can be duplicated by small synthetic fragments of the molecule Nature 309 30–3 [1].

In 1984, 11 years before Clackson and Wells de�ned the hot spot (chapter 6),
Pierschbacher and Ruoslahti found evidence that a small tri-peptide could dominate
the binding of a domain of �bronectin (FN) to its integrin receptor [1]. Before
discussing this paper we will cover some background on FN.

FN is a large extracellular matrix molecule that forms the primitive matrix �brils
in embryonic development and wound healing. The primitive FN matrix serves as a
scaffold for the more de�nitive collagen matrix. In addition to assembling the matrix
�brils, FN molecules provide attachment sites for cell adhesion.

Figure 10.1 shows the FN molecule in the context of its function in cell adhesion.
We will �rst address the FN molecule. FN was one of the �rst large proteins
discovered to have a modular structure, i.e. a string of homologous small protein
domains. Starting from the N terminus, there are six domains of type FN-I, two FN-
II and three more FN-I. The middle part of the molecule comprises a string of 15–17
FN-III domains (the domains labeled A and B can be included by alternative
splicing). These are followed by three more FN-I domains and a pair of Cys that
couple two FN subunits into a covalent dimer.

FN-III sounds highly specialized, the third type of domain discovered in
�bronectin. But FN-III is actually one of the most common protein domains,
ranking with Ig and EGF domains as one of nature’s favorite building blocks. The
FN-III domains in FN have only a limited sequence identity, ~15%–25%. FN-III
domains in other proteins have a similar limited sequence identity. However, all FN-
III domains share an identical protein fold, a beta sandwich with four strands on one
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side and three on the other. This is very similar to the structure of Ig domains, which
differ in having one strand swapped to the other side; also Ig domains have internal
disul�des, while FN-III domains have no disul�des.

FN-III domains have various functions. Some of them may serve as spacers,
separating speci�c binding functions. This is probably the case for many domains of
FN, tenascin and the giant muscle protein titin. Some FN-III domains have speci�c
binding functions. The 10th FN-III domain of FN binds integrins to mediate cell
adhesion. The growth hormone receptor (GHR), uses two FN-III domains to bind
its ligand (chapter 5). A number of other receptors use FN-III domains for binding
ligands or for linkers.

From experiments in the 1990s, it was known that FN had several binding
activities. Cell adhesion experiments suggested that some part of FN bound to
speci�c receptors on the cell surface. Binding to gelatin (denatured collagen)
suggested that FN might link cells to the collagen matrix. Before the sequence of
FN revealed its modular domain structure, scientists had used limited proteolysis to
break FN into large fragments and map the binding activities. Gelatin binding
mapped to the N-terminal fragment, now known to comprise FN-I and FN-II
domains. Cell adhesion mapped to a large central chymotryptic fragment of 120
kDa, which would contain ~12 FN-III domains. Prior to the RGD discovery in the

Figure 10.1. Diagram of an FN molecule and its integrin receptor. All of the molecules/domains are drawn to
scale. Cyan domains are alternatively spliced. Top center shows a ribbon diagram of an FN-III.

Principles of Protein–Protein Association

10-2



present paper, Pierschbacher and colleagues mapped the cell adhesion activity more
precisely by further digesting the 120 kDa fragment with pepsin. They obtained a
small ~11.5 kDa fragment that retained cell adhesion activity. This fragment, now
identi�ed as the tenth FN-III domain, was resistant to any further digestion. To
study it in �ner detail Pierschbacher and colleagues determined its sequence by
laborious protein sequencing. Then they constructed four synthetic peptides each
covering ~1/4 of the sequence. Three of these peptides had no adhesion activity, but
one 30-amino acid peptide, from the C terminus, mediated cell adhesion when
attached to a substrate.

The 1984 Nature paper presented here started with this 30-amino acid peptide
and tried to map the activity more precisely (�gure 10.2). The starting peptide,
designated IV, was divided into two halves and these were tested for cell adhesion.
The N-terminal half, IVA, retained substantial adhesion activity, while IVB was
completely inactive. IVA was then split in two, and only IVA1 had activity. This
peptide was shortened at each end, and the highest activity found was for the penta-
peptide GRGDS. A single amino acid substitution R � V completely destroyed the
activity. The conservative substitution D � E also completely abrogates adhesion,
and RGE has become the standard negative control. Later work con�rmed that the
tripeptide RGD was the key active site, while the �anking amino acids could
modulate the activity.

Pierschbacher and Ruoslahti used two assays to demonstrate the activity. The
�rst assay was a positive one, showing that the small peptides containing the RGD
sequence could mediate cell adhesion when they were coupled to the substrate. They
determined the concentration of peptide that would provide 50% maximal adhesion
when coupled to a substrate (see the paper for details of the coupling method). The
direct adhesion data are tabulated in �gure 10.2).

They followed this with a negative assay, showing that the peptides in solution
could inhibit adhesion to native FN on the substrate. This is shown in �gure 10.3.

Figure 10.2. These FN peptides were tested by Pierschbacher Ruoslahti for cell attachment [1]. Each peptide
has a C-terminal Cys that covalently coupled the peptide to IgG protein adsorbed on the plastic substrate. The
peptides were coupled at increasing concentration, and the concentration for 50% cell attachment is given in
the right-hand column. If this value was >50 there was no attachment observed. The smaller the value the
higher the attachment activity. Reprinted from [1] with permission from Springer Nature. Copyright 1984.
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One might be concerned that the inhibition required a high (mM) concentration
of peptide. This is because the peptide in solution is �exible and adopts multiple
conformations. If only a small fraction of these conformations are active in binding
the integrin receptor, that would explain the need for a high concentration.
Consistent with this, later studies found that cyclic peptides containing the RGD
sequence had higher activity, i.e. they were effective at lower concentrations.
Cyclizing the peptide locks it into a favorable conformation.

When this study was published in 1984 it was not clear how a tripeptide could
have such a large in�uence on the protein–protein bond. The answer came with the
crystal structure of a segment of FN containing the RGD sequence [2] (�gure 10.4).
This segment, called FN7–10, contained FN-III domains 7–10, where domain 10
has the RGD. The RDG is on the FG loop, between the F and G beta strands. This
loop in domain 10 is three amino acids longer than the FG loop in all other FN-III
domains, which lets the RGD sequence protrude signi�cantly from the surface. A
crystal structure of integrin �V�3 bound to FN10 showed the RGD loop inserted
into a cleft between the alpha and beta subunits of the integrin [3]. This is
reminiscent of the Gln121 of HEL inserting into a cleft between the VL and VH
chains of the D1.3 antibody (reference [4] and chapter 4). H-bonding amino acids
inserting into a cleft can have a powerful effect on binding af�nity.

Figure 10.3. Plastic wells were coated with 5 �g ml�1 FN, and cell adhesion was competed by increasing
concentration of soluble peptide. RGDS and GRGDSP blocked cell adhesion at concentrations ~0.3–1.0 mM,
while the control peptides did not. Reprinted from [1] with permission from Springer Nature. Copyright 1984.
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It might seem that the use of peptides to identify, mimic and inhibit protein–
protein bonds would be limited to special cases like the RGD inserting into the cleft.
However, the paradigm of peptide mimics has been extended to many different
proteins and has been remarkably successful in identifying binding sites and
potential inhibitory peptides. See [5] for a description of a miniaturized high-
throughput system for screening large numbers of peptides.

10.2 Antibody mimics—creating novel binding activities in a neutral
protein framework

Directed reading of:
Koide A, Bailey C W, Huang X and Koide S 1998 The �bronectin type III

domain as a scaffold for novel binding proteins J. Mol. Biol. 284 1141–51 [7].
The immune system has the ability to generate antibodies against almost any

antigen, protein or otherwise. As discussed in chapter 4, the human IgG is a complex
arrangement of Ig domains. Even the monovalent Fab comprises four Ig domains,
and the antigen-binding site includes CDRs from the VL and VH domains.
However, four or even two domains are not really needed for high af�nity binding.
The VH domain alone can have most of the binding activity and also generate a
broad range of antigen speci�city. Camels con�rm this point by having a class of
antibodies with only a heavy chain. The VH domain of these camel antibodies,

Figure 10.4. The structure of FN7–10 showing the RDG on a loop protruding from FN-III domain 10. The
beta strand structure is shown on the left, and a space�lling model is on the right. Reprinted from [2], copyright
1996, with permission from Elsevier.
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termed ‘Nano bodies’ [6], can be selected for high af�nity binding to almost any
antigen.

One does not even need an Ig domain to make an antibody mimic. Koide and
colleagues decided to explore an FN-III domain as an antibody mimic [7]. The FN-
III domain has a beta sandwich structure very similar to that of the Ig domain. A
particular advantage of the FN-III domain is that it has no disul�des, and can be
produced in large quantity by expression in bacteria (disul�des cause problems for
expression in bacteria).

Koide et al chose the tenth FN-III domain of FN, which they named FN3, for
their scaffold. This domain had been characterized by crystallography and NMR. It
is also extremely stable, remaining folded at 100 °C. A disadvantage of domain 10 is
that its FG loop with the RGD is extended by three amino acids and protrudes as a
�exible structure. Koide’s group removed three amino acids to eliminate this
�exibility. They decided to keep the RGD and delete the adjacent PAS. This should
leave the FG loop as a shorter, rigid structure comparable to other FN-III domains
(�gure 10.5). The authors noted that the BC and FG loops were in a similar
con�guration to the CDR1 and CDR3 loops of the VH Ig domain, and formed a
contiguous surface that might be modi�ed to make a binding site. To generate the
binding site they randomly mutated the �ve amino acids in each loop using site-
directed mutagenesis with primers degenerate at the designated sites.

As a target antigen Koide et al chose the protein ubiquitin, to which FN3 had no
binding af�nity. They used the phage display technique to select for mutants that
had af�nity for ubiquitin. Phage display is a powerful sorting technique that has
been used in thousands of studies. George P Smith discovered that he could insert
short peptides or even whole protein domains into the coat protein pIII of the
�lamentous phage M13, and the insert did not compromise viability of the phage [8].
The insert is exposed on the surface where it can bind an antibody or any other
binding partner. In the Koide application the library of randomly mutated FN3

Figure 10.5. The FN-III scaffold used to generate the antibody mimic. The left panel shows the ribbon
diagram of the tenth FN-III domain of FN (1fnf). The BC loop is colored magenta and the FG loop is colored
red (RGD) and cyan (PAS, which is the segment that was deleted). The two right panels show space-�lling
models of another FN-III domain (pdb 1ten) with the BC loop magenta and the FG loop red. The �ve colored
amino acids of each loop were randomly mutated to generate binding af�nity [7]. Displayed with PyMOL.
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domains was inserted into pIII, and the phage were selected for ubiquitin binding by
incubating them in plastic wells coated with ubiquitin. The wells were washed to
remove unbound phage, and bound phage were eluted with soluble ubiquitin. This
panning was repeated �ve times, and selected phage were sequenced. The table
shows three partial protein sequences from the enriched pool. One clone, dubbed
Ubi4, dominated the pool and was selected for further study.

Name BC loop FG loop

Wild type AVTVR GRGDS
Cl1 (Ubi4) SRLRR PPWRV
Cl2 GQRTF RRWWA
Cl3 ARWTL RRWWW

The authors �rst used a simple ELISA to con�rm the binding, then followed with a
more quantitative competition ELISA (described in chapter 9) to determine ‘the
concentration of the free ligand which causes 50% inhibition of binding … is
approximately 5 �M.’ This is a good estimate of the KD.

Koide et al [7] then expressed the Ubi4-FN3 protein in E. coli, and noted that it
was much less soluble than the wild type FN3. They substantially improved the
solubility ‘by adding a solubility tail, GKKGK, as a C-terminal extension’ and
named this protein Ubi4-K. They measured its folding stability by denaturation in
GuHCl. The �GO for unfolding at neutral pH was 7.2 kcal mol�1 for wild type FN3,
and 4.8 kcal mol�1 for Ubi4-K. This means that Ubi4-K was destabilized relative to
wild type, but since FN3 is such a stable domain, the Ubi4-K retained a healthy
stability. Comparison of Ubi4-K and the original FN3 by NMR showed ‘Only small
differences … in the chemical shifts, except for those in and near the mutated BC and
FG loops.’

An important point in this initial study was that their library of random mutants
contained only ~108 independent clones, which was a tiny fraction of the 1013

possible sequences from ten randomized amino acids. One could not expect to �nd
the highest af�nity binders in this limited library. Subsequent re�nements have
improved the af�nity from 5 �M to the nM range, by additional rounds of mutation
of the same ten amino acids.

The original Koide study developed FN3 to acquire a binding activity for
ubiquitin, but the method is actually universal. The FN3 scaffold has now been
used to develop binding reagents to hundreds of different antigens, with typical
af�nities in the nM range. Some of these have reached clinical applications [9].

FN3 is not the only scaffold for antibody mimics. The FN3 domain exploited by
Koide et al [7] had several advantages over previous scaffolds, but a variety of
scaffolds with unique advantages has now been developed. There is a rich literature,
which one can access in recent reviews [10, 11]. Methods in Enzymology vol 503
(2012) has chapters covering several of the most important antibody mimic
scaffolds.
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Chapter 11

Association of intrinsically disordered
proteins—flexible binding partners

Directed reading:
Old�eld C J, Meng J, Yang J Y, Yang M Q, Uversky V N and Dunker A K 2008

Flexible nets: disorder and induced �t in the associations of p53 and 14–3–3 with
their partners BMC Genomics 9 Suppl 1:S1 [1].

The previous chapters discussed the association of globular proteins to each
other, a topic dominated by the lock and key paradigm of Chothia and Janin. In the
past twenty or so years, it has been realized that a substantial fraction of proteins
lack a rigid globular structure or have a substantial segment of peptide lacking rigid
structure. These are now classi�ed as Intrinsically Disordered Proteins/Peptides
(IDPs). The disordered peptide is �exible and passes through a wide range of
conformations, similar to chemically denatured proteins. IDPs are not suitable for
enzymatic catalysis, but they participate in many protein–protein associations. In
fact, their �exibility seems to suit them to binding multiple partners.

We generally like to use important research papers for course reading, but we
would need several papers to cover the variety of associations of IDPs. Fortunately
the 2008 review of Old�eld et al [1] does a great job of covering this �eld, using two
prototypical examples: proteins named p53 and 14–3–3�. This is a long article, and
the following sections may be considered optional (they are primarily concerned
with induced �t motions in the globular domain, which we discussed in chapter 4).

Optional sections for directed reading of Old�eld et al are:
• Analysis of associations involving p53 using 3D structures.
• 14–3–3 binding to two different partners
• Figures 2, 5, 7.9

Their diagram of the protein p53, shown here in �gure 11.1, is complicated and
rich in details that will be explained. Start at the bottom.
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• The bottom graph shows the PONDR score, which is an evaluation of the
likelihood for disorder that is based solely on the sequence. The x-axis is the
sequence, and everything in the �gure is scaled to it. The web site pondr.com
allows the user to enter any protein sequence for evaluation of a PONDR
score. The VLXT algorithm (dashed curve) is thought to have the highest
accuracy while VSL2 (solid curve) is better at �nding potential binding
regions within longer disordered segments. A PONDR score greater than 0.5
indicates disorder. From this graph, one concludes that the N- and
C-terminal segments are disordered and the central domain is ordered. This
is indicated on the bar above the graph, where red indicates disordered and
blue the ordered segments.

• Lines above the bar indicate the locations of post-translational modi�cations,
phosphorylation, acetylation, etc. These are much more frequent in the
disordered segments than the central globular domain.

Figure 11.1. Diagram of protein p53 showing ordered and disordered segments and binding partners. See text
for discussion. Reprinted from [1] (open access). Copyright Old�eld et al; licensee BioMed Central Ltd. 2008
CC. BY 2.0.
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• The top two panels show ‘p53 interaction partners’ and ‘p53 complexes from
PDB.’ The general list of interaction partners is impressive for the number,
but the important information is in the panel showing binding complexes with
a PDB crystal structure.

Look �rst at the central globular domain, which does not involve IDPs. It binds
three different proteins and DNA, each of them contacting 2–3 separate small
segments of sequence (the contact peptides are indicated by blue bars). This is
similar to the case of the antibody D1.3- HEL complex, where the antigenic site
comprised two separate segments that were separated in the sequence but clustered
together in the 3D structure ([2] and chapter 4). Also note that the three different
proteins all bind the same patch on the p53 globular domain. This is similar to the
case of GHR, where the same patch on GHR binds two different patches on
opposite sides of GH ([3] and chapter 5).

Now we turn our attention to the C-terminal IDP, especially the four binding
partners Cyclin A, Sirtuin, CBP and S100��. These are globular proteins, and, as
indicated in �gure 11.1, they all bind the same short sequence of the C-terminal p53
IDP. Figure 11.2 shows the crystal structures of these four complexes. The same
short segments of 7–12 amino acids from p53 adopt different structures when
binding the different globular proteins: alpha helix, beta strand and two coil
structures. Note that this IDP is �exible and can adopt multiple conformations
before binding one of the globular proteins. After binding it is locked into a rigid
structure, but this is different for the each globular binding partner.

The paper then turns to 14–3–3�, a globular protein that binds a number of
different IDPs. Crystal structures are available for at least �ve different complexes.

Figure 11.2. (a) Crystal structures of the Ct peptide of p53 binding to four different globular proteins. In the
top two structures the peptide adopts an alpha helix and a beta strand. In the bottom two it adopts a different
coil structure in each. (b) The WASA buried by each amino acid of the peptide in each structure. The hatched
bars are acetylated lysine. Reproduced from [1] (open access). Copyright Old�eld et al; licensee BioMed
Central Ltd. 2008 CC. BY 2.0.

Principles of Protein–Protein Association

11-3



Figure 11.3 shows the structures of the ligand peptides on the common structure of
14–3–3�. The bound peptides are short, only 5–8 amino acids, and they show partial
sequence identity. Importantly, all �ve peptides bind in the same groove on 14–3–3�.
They are almost superimposed near the middle, where most have a phospho-Ser/
Tyr, but diverge somewhat toward the ends. The peptide backbone of 14–3–3�
showed minimal changes upon binding the different peptides, although there were
some side chain movements to accommodate the different peptides.

The IDPs appear to form stable bonds with a much smaller buried surface area
than globular proteins. The interface of two globular proteins buries �600–800 Å2

WASA for each side of the interface (chapter 3). (This area would apply
approximately to the hot spot for an inef�cient bond like GH–GHR (chapter 5)).
The total area buried by the short IDP is less than half this, as tabulated in �gure
11.2(b). This suggests that the bond holding an IDP to its globular protein partner is
strengthened by contributions other than buried WASA. One candidate is the
multiple H bonds that the IDPs make to the globular protein partner (see �gure 3.3
in chapter 3 for the H-bonds formed by the m1 peptide binding to 14–3–3�).

The two examples above showed the binding of an IDP to a globular protein
partner, where the bound IDP adopted a de�ned structure. It is also possible for
IDPs to bind other IDPs. One example is the 30 amino-acid tetramerization domain
of p53. This is intrinsically disordered as a monomer, but it acquires a de�ned
structure of a beta strand and alpha helix upon association. The structural features
of the tetramer and the consequences of tetramerization for function are reviewed in
[4]. A more surprising association of two IDPs is that of H1 and ProT�. H1 is a �200
amino acid protein, mostly disordered and highly basic. ProTa is a �110 amino-acid

Figure 11.3. The structure of 14–3–3� showing �ve bound peptides from different IDP binding partners.
Reprinted from [1] (open access). Copyright Old�eld et al; licensee BioMed Central Ltd. 2008 CC. BY 2.0.
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IDP and highly acidic. These two IDPs form an ultrahigh-af�nity complex in which
the peptides retain their disordered state and motion [5]. The dimers are apparently
held together by electrostatic interaction of the oppositely charged peptides. Finally,
we should note that IDPs play key roles in the formation of biomolecular
condensates, cytoplasmic organelles formed by liquid–liquid phase separation [6].

A general conclusion is that IDPs participate in a wide variety of protein
associations. A single short IDP can bind to several different globular proteins,
and a given globular protein can bind several different IDPs. The binding of multiple
partners is occasionally seen when both are globular domains. When one partner is
an IDP this multiplicity seems more common.

The �eld of IDPs is growing in many directions. A review by Wright and Dyson
[7] discusses complexities and mechanisms beyond the presentation here.
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