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The binding transition state (TS) is the rate-limiting step for
transient molecular interactions. This important step in the molec-
ular recognition process, however, is largely understood only at a
qualitative level. To establish a more quantitative picture of the TS
structure, we exploit a set of biophysical techniques that have
provided major insights in protein folding applications. As a model
system representing the large class of ‘‘weakly charged’’ protein–
protein interactions, we examine the binding of a variety of human
growth hormone (hGH) variants to the human growth hormone
receptor (hGHR) and the human prolactin receptor (hPRLR). hGH
variants were chosen to probe different features of the TS struc-
ture, based on their highly reengineered interfaces. Both Eyring
and urea (m value) analyses suggest that the majority of binding
surface burial occurs after TS. A comprehensive � analysis showed
that individual hGH interface residues do not contribute energet-
ically to the stability of the TS, but there is a TS ‘‘hot spot’’ in the
receptor. Zinc dependence studies that take advantage of an
endogenous tetracoordinated interfacial metal binding demon-
strate that surfaces of the molecules have attained a high orien-
tational complementarity by the time the TS is reached. The model
that best fits these data are that a ‘‘knobs-into-holes’’ process
precisely aligns the two molecular interfaces in forming the TS
structure. Surprisingly, most of the thermodynamic character of
the binding reaction is focused in the fine-tuning process occurring
after TS.

equilibrium thermodynamics � hot spot � protein recognition �
transition state thermodynamics � binding pathways

Organized networks of transient protein–protein interactions
play fundamental roles in initiating many types of biological

processes. In most cases, proper function depends on the timing
and duration of the interaction, which is coordinated with a
finely tuned affinity between the binding partners. The energy
landscape describing the binding event between two molecules
consists of a number of intermediates whose magnitude and
location depend on the specific interaction. Nevertheless, highly
simplified models of the reaction pathway consist of three
principal states (1): Step 1, the unbound reactants; Step 2, the
transition state (TS); and Step 3, the bound complex. The
molecular details of two of the states, Steps 1 and 3, have been
captured in numerous high-resolution structure determinations.
However, the molecular recognition processes that connect
Steps 1 and 3 go through a poorly understood TS intermediate
step, which is characterized by a protein–protein interface that
is still partially solvated, containing unoptimized side-chain
interactions (2–7).

There are two major classes of protein–protein interactions
that describe most protein–protein association processes. One
class is regulated primarily by electrostatic forces that provide
both a long-range steering function and dominate the overall
binding energy. The second class is more predominant and
involves molecular contact interfaces having neutral or weakly
charged surfaces. The binding energy of weakly charged inter-

faces is governed chiefly by hydrophobic forces, although charge
interactions can still play a major role in defining specificity.

The majority of the detailed experimental work examining the
association component of the molecular recognition factors in
binding has been performed on systems displaying strong elec-
trostatic enhancement (3–7). In comparison, the partitioning of
binding energy within large, weakly charged interfaces appears
to be more complex because hydrophobic interfaces are more
malleable (8). Studies based on weakly charged interactions by
Schreiber and coworkers (3, 9) indicate that individual interface
side chains have little or no effect on association rates or
energetic consequence on forming the TS. However, a number
of fundamental questions about the thermodynamic and struc-
tural linkages that actually define the TS in weakly charged
interactions are yet to be answered.

To develop a deeper understanding of the thermodynamic and
structural nature of the TS complex, we analyzed the thermo-
dynamic, structural, and orientational properties that govern
formation of the TS of the Site 1 human growth hormone
(hGH)–human growth hormone receptor (hGHR) interaction,
a representative large, weakly charged protein–protein interface.
To evaluate the thermodynamic profile of the TS in this system,
we determined the TS-binding thermodynamics of wild-type
(WT) hGH and three related hGH variants. These variants were
selected to probe different features of the TS structure based on
their modified Site 1 interface. To establish the orientational
effects of the TS structure, the thermodynamics of hGH binding
to the prolactin receptor (hPRLR) were studied. This system is
particularly powerful in this regard because it has an interfacial
Zn2�-binding site that can be probed to establish the orienta-
tional precision of the TS structure with high accuracy.

Our experimental approach involved the application of a set
of biophysical techniques that have been used to characterize
protein-folding pathways. Using these techniques, we investigate
the amount of surface buried in the TS structure and at what step
do desolvation factors contribute most to the thermodynamics of
the binding event. We establish how the enthalpic, entropic, and
heat capacity components are partitioned between the associa-
tion and dissociation steps and estimate when the majority of the
conformational changes take place, before or after the TS state.
A comprehensive � analysis was performed to identify residues
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in the binding interface that contribute significantly to formation
of the TS and correlate the ‘‘hot spot’’ for TS formation with that
determined by traditional alanine scanning for the final bound
complex. Finally, we evaluate the orientational requirements of
forming the TS complex by using the influence of metal binding on
the hGH–hPRL interaction in a manner analogous to a � analysis
conducted with surface bihistidine-binding sites (10–12).

Based on these analyses, we conclude that the TS structure is
characterized by a high orientational complementarity between
interacting molecules driven by a ‘‘knobs-into-holes’’ mecha-
nism. Further, the thermodynamic partitioning of both the
enthalpic and entropic components of the association and dis-
sociation steps of binding showed that hypermutated interfaces
have surprisingly little effect on the thermodynamic factors
leading to the TS but differ drastically after TS. This suggests that
the fine-tuning process that occurs after TS is the main contrib-
utor to magnitude of the enthalpic and entropic components and
determines which of these components drives the binding event.
Although it is difficult to extend one set of findings into a general
mechanism, it appears that for weakly charged interfaces it is the
precise matching of surface terrains of the two molecules that
defines the competent TS state.

Results
Systems. Site 1 of the hGH–hGHR interface contains �30
residues on each side. Alanine-scanning mutagenesis identified
a set of binding hot-spot residues for each molecule (21–23).
These hot spots are characterized by a relatively small group of
clustered residues that in the context of the complex form the
major set of interactions in the interface.

Four individual complexes with hGHR were analyzed: the WT
hGH and three hypermutated variants. One variant, hGHv
(15 mutations) binds to hGHR with an extremely high affinity
(�10 pM vs. 1 nM for WT hGH) (13). This hGHv variant
possesses a different binding mechanism than WT hGH, as
characterized by different equilibrium thermodynamic and H/D
exchange profiles (8, 14). Thus, it is of interest to determine
whether the mechanistic differences manifest themselves during
the association or dissociation step of the binding pathway. The
two other Site 1 hGH variants, AS1 and AS2, contain a large
number of alanine substitutions of residues that participate in
Site 1 binding. AS1 has 24 Site 1 mutations, 13 of which are
alanine, and AS2 has 21 mutations with 11 alanines (8). Al-
though these ‘‘Ala-shaved’’ variants have a substantially reduced
set of possible side-chain interactions, surprisingly they have
binding affinities close to the WT hormone (�1–2 nM) (8). We
expect these variants to have significantly different side-chain
entropy and desolvation properties than the WT hGH.

TS Thermodynamics Evaluated by Eyring Analysis. We performed an
Eyring analysis for the four hormones binding to hGHR to
monitor the association and dissociation rates as a function of
temperature to determine the activation thermodynamic com-
ponents: �H‡, �S‡, and �Cp

‡. The resulting association and
dissociation thermodynamics are presented in supporting infor-
mation (SI) Fig. S1. Although the three hGH variants have very
diverse Site 1 interfaces, they have comparable �Gon

‡ values
based on their similar on-rates compared with WT hGH. In
addition, the analysis showed that during association all of the
hormones had similar �Hon

‡ and �Son
‡ contributions to binding.

In each case, the free-energy barrier to reach the TS is primarily
characterized by a larger enthalpic penalty than an entropic one
(at 1 M standard state).

In contrast, the dissociation thermodynamics showed signifi-
cant differences among the four hormones (Fig. S1). For in-
stance, dissociation of WT hGH involves both enthalpic and
entropic penalties (�Hoff

‡ � 22 kcal/mol; �T�Soff
‡ � 12 kcal/mol),

whereas for hGHv, dissociation is highly enthalpically opposed

�Hoff
‡ � 42 kcal/mol), yet favored entropically (�T�Soff

‡ � �18
kcal/mol). The other two variant hormones, AS1 and AS2, have
�Hoff

‡ and �T�Soff
† values intermediate to WT hGH and hGHv

(Fig. S1).

TS Surface Area Burial. A denaturant m value analysis was per-
formed to obtain an estimate of the percentage of the denaturant
sensitive surface area buried in the final Site 1 interface at the
stage where the TS complex is formed (15). The m values for
both association and equilibrium free energies of binding were
generated by measuring changes in the kinetic and equilibrium
binding constants as a function of urea concentration (Fig. S2).
The percentage of surface area burial in the TS was calculated
from the corresponding ratio between m values obtained for the
association and equilibrium free energies. For the WT hGH–
hGHR complex, the m value analysis yields a value of massoc/meq �
43 � 4%, or just under half the net surface area that is found in the
final complex.

We similarly analyzed the two Ala-shaved variants, AS1 and
AS2 (Fig. S2). Despite the large amount of remodeling where
several hundred square angstroms of interface surface area are
lost, both AS1 and AS2 possessed very similar fractional TS
surface area burial, 49 � 3% and 43 � 3%, respectively. As such,
the TS surface burial analysis provided a global picture of the
extent of intermolecular interactions required. This invariance in
surface burial (�50%) for the different hormone variants im-
plies that the TS surface burial is apparently insensitive to
changes in a set of individual side chains, even when these
changes are extensive (similar m value data for hGHv binding
could not be acquired because it binds too tightly to obtain
accurate binding data at low urea concentrations).

Heat Capacity (�Cp) Differences in the Association and Dissociation
Binding Steps. Previously, the equilibrium �Cp values for the
hormone–receptor Site 1 interactions were found to be relatively
large and negative (�600 to �1,000 cal/mol per K) (8). In
addition to suggesting significant surface burial/conformational
change upon binding, the large magnitude of the �Cp values
facilitated the observance and dissection of �Cp into its associ-
ation and dissociation components. Complementing the m value
analysis discussed above, changes in pre- and post-TS surface
burial/conformation change were inferred by comparing the �Cp
values between the association and dissociation steps for binding
(�Cp,on

‡ and �Cp,off
‡ ) (Fig. 1). Although error levels were expect-

edly high from the second derivative, several trends could be
established. Within error, �Cp,on

‡ values were similar and close to
zero among the four hormones, suggesting that similar overall

Fig. 1. TS �Cp values for hormone–receptor binding, which includes WT
hormone, the phage-optimized hGHv, and two alanine-shaved hormones,
AS1 and AS2.
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binding factors (e.g., surface burial) were involved in reaching
the TS. This interpretation is supported by the m value analysis
discussed above that indicated that the surface burial in the TS
complexes of all of the variants was similar. Conversely, �Cp,off

†

was large and positive among the four hormones, indicating that
the pathways from the TS complex to the bound state possess
steps involving the majority of the desolvation and/or confor-
mational changes.

The activation free-energy barriers for association and disso-
ciation binding steps as a function of temperature are shown in
Fig. S3. Although the �Gon for the four hormones exhibit
minimal changes across the temperature range �20–80 °C, the
comparable �Goff values are widely distributed across this
temperature range. The �Goff profiles exhibit a defined point of
maximum stability, 35 °C for WT hGH, 6 °C for hGHv, 26 °C for
AS1, and 18 °C for AS2. Interestingly, the hGH–hGHR complex
appears maximally stable (slowest dissociation rate) at 35 °C,
near the physiologically relevant temperature for the hGH–
hGHR interaction in vivo, whereas the phage display-generated
interfaces (hGHv, AS1, and AS2) possess maximum �Goff, max
values at lower temperatures. This finding is noteworthy in that
it relates protein–protein dissociation energetics with physiolog-
ical function. The importance of a high barrier against dissoci-
ation of a 1:1 complex may stem from the mechanism of hGH
signaling that occurs in a stepwise fashion where first a 1:1
hGH–receptor complex is formed followed by binding of a
second receptor to form a 1:2 active complex. Although the
finding represents a single example, such correlations have been
noted for protein folding from thermophillic organisms (16).

� Analysis: Determination of a TS Hot Spot. The relative energetic
contributions of individual side-chain groups to the TS energy
were determined from a mutational � analysis study performed
on 31 WT hGH residues in its Site 1 interface. The correspond-
ing � values were calculated from differences in the free energy
of association vs. the corresponding changes in the equilibrium
free energy upon individual WT-to-Ala substitutions � �
��Gon

‡ /��Geq (17–19). Residues playing a vital role in forming
the TS structure show an accompanying strong correlation
between the changes in the ��Gon

‡ and the ��Geq.
The data for the WT hGH–hGHR Site 1 interaction are pre-

sented in a Leffler plot of ��Gon relative to ��Geq (20) (Fig. 2),
which includes two lines representing � values of 1 and 0, respec-
tively. The � values for the hormone cluster tightly around 0 for the
entire set of interface mutations (Fig. 2). This indicates that for a
given WT-to-Ala mutation, there is very little fluctuation in the
binding association rates, even though the comparable effects on
��Geq values can approach �2 kcal mol�1 (21–23). This trend

suggests that any change in ��Geq stems from effects in the
dissociation rates. Additionally, AS1 and AS2, variants of hGHv
with multiple alanine substitutions, possess changes in �Geq almost
exclusively through �Goff (8). This suggests that even the simulta-
neous removal of a large number of side chains in the hormone
interface has surprisingly little effect on the influence of individual
residues on the TS structure.

The corresponding � analysis of the hGHR interface is
presented in Fig. 2. Generally, there is a tight clustering of the
majority of the hGHR interface residues around ��Gon

‡ �0,
which is similar to the WT hGH case. However, three residues
show significant variation in the ��Gon

‡ . These are W104, P106,
and W169 (see Fig. 3) with corresponding � values of 0.65, 0.59,
and 0.59, respectively. It is interesting to note that these same
three residues also make up the receptor’s interaction hot spot
(21–23).

Together, these data suggest a conceptual model of the TS
complex where only a small subset of residues (W104, P106, and
W169) contributes to the TS hot spot. This finding leads to
interesting interpretations about the nature of this complex on
several levels. First, the TS hot spot is asymmetric with respect
to the binding partners, individual residues possessing significant
energetic contributions reside on hGHR, whereas hGH residues
are energetically neutral toward TS formation even if they
significantly contribute to the equilibrium binding affinity. This
contrasts with what is observed from equilibrium alanine-
scanning results for WT hGH–hGHR, which display a more
symmetric layout with hot-spot residues residing on both sides of
the binding interface (22, 23).

Orientation Requirements at the Transition State. To evaluate the
orientational specificity of the TS structure, we exploited a
native zinc-binding site that bridges the interface between hGH
and hPRLR (hGH binds to the hPRLR extracellular domain
(ECD) by using virtually the same binding epitope as it does
binding to its cognate receptor (hGHR) (23, 24). In this inter-
face, Zn2� is bound by residues His-18 and Glu-174 of hGH and
Asp-187 and His-188 of hPRLR (see Fig. 3); however, neither
the hormone nor receptor binds Zn2� in their unbound states
with a Kd tighter than 1 �M (25). To form the Zn2�-binding site,
proper orientation is required for the side-chain ligands in-
volved, and hence binding requires that the proteins themselves
be aligned in a native, or near-native geometry. Although the
Zn

2 �
site is endogenous, association is still possible in the absence

of the ion. In this regard, ion binding is unlike zinc finger motifs
where metals are required for folding. Rather, this situation is
analogous to the � analysis approach using exogenous surface

Fig. 2. Leffler plots. (Left and Center) Kinetic response for an alanine scan of both the hGH (Left) and hGHR (Center) interfaces. Kinetic and equilibrium data
were analyzed from previous reports (21–23). The interface residues included in the analysis are described in Material and Methods. (Right) Zn2� binding to the
interfacial binding site. The solid line is a slope of 1, indicative of a � or � value of unity (native-like interaction).
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bihistidine ion-binding sites, which has been used to reveal
folding pathways (10–12).

To determine the effect of Zn2� binding on the TS structure, we
performed a � analysis by monitoring the association rate and
equilibrium constant as a function of Zn2�concentration (11).
Fig. 2 is the Leffler plot of the free-energy change for association
and free-energy equilibrium change for different Zn2� concen-
trations. A clear trend is observed exhibiting a unity correlation
between ��Gon and ��Geq as the Zn2� concentration is altered
between 5 nM and 5 �M. Over the measured range of 200–800
cal mol�1, the slope of this correlation 1.05 � 0.08. This strong
correlation indicates that the ion-binding site has native-like
affinity in the TS. Therefore, the side-chain ligands forming
Zn2�-binding site have adopted their native arrangement in the
TS. Ala substitutions at Asp-187 and His-188 of hGHR show �
values of close to 0, suggesting that the TS structure is not
dependent on any individual Zn2� ligand itself, but on the
presence of an ion-binding site that is formed by a specific
hormone/receptor orientation.

Discussion
The hGH–hGHR Site 1 interface is a classic example of a weakly
charged interaction. This class of interactions is believed to be
driven primarily by hydrophobic forces that provide an attractive
force over a small but significant region of the effective binding
surface (8, 23). A common feature of weakly charged interac-
tions is that changes in binding affinity are due principally to
effects involving the off-rates of the binding reaction (23). Even
in highly mutated systems, on-rates remain remarkably constant
(8). This trend has led to the interpretation that TS structures are
not very sensitive to individual or groups of mutations and thus,
can probably be characterized by a set of relatively nonspecific
interactions that loosely align the molecules that, nevertheless,
establish a productive orientation that can proceed to the final
bound complex. The object of this work was to provide new types
of experimental data to help refine this conceptual model and in
particular, to better establish the relationships existing between

measured thermodynamic parameters and the structural prop-
erties of the TS complex.

Orientation Factors in Formation of the TS Structure. Based on Zn2�

binding only influencing the on-rate for hGH– hPRLR associ-
ation, we conclude that the binding TS contains a native-like
Zn2�-binding site. Structural data indicate that Zn2� binding
requires the specific alignment of four ligands, two from the
hormone (His-18 and Glu-174) and two from the hGHR ECD
(Asp-187 and His-188) (24). These data provide strong evidence
that at the TS for binding, the two partners are correctly aligned
with high angular precision and minimal distance separation
(Fig. 3).

The Zn2� data are in contrast with the other structural probes
(� values, �Cp,on

† urea m value), which point to a less specific
complex at the level of individual side-chain interactions. Hence,
the critical element of the TS for binding is the precise orien-
tation of the two partners. This presents somewhat of a conun-
drum. How can the neutral interface be so well aligned in the
absence of specific interactions compared with the case for
electrostatic interfaces? To explain this we propose a knobs-
into-holes mechanism. The structure of the Site 1 interface
reveals that W104 and W106 in hGHR insert as knobs into holes
formed by a group of side chains from helix 4 and helix 1 of hGH
(Fig. 3). The � values for alanine mutations in the hormones
indicated that increasing the size of the holes has little effect on
on-rates; whereas removing either the knobs by the Trp to Ala
mutations or altering the scaffold orienting the knobs by the Pro
to Ala mutation at position 106 has a major influence on the
on-rate and the corresponding � value.

Our conclusions are largely consistent with models proposed
by Northrup and Erickson (26), and Janin (1) and the studies of
Schreiber and coworkers (5). They concluded that in electro-
statically driven barnase–barstar binding a high degree of ori-
entation is reached at the TS (1, 3), although a less specific
‘‘diffusive’’ TS was observed for the association of two nonelectro-
statically guided systems, TEM1-BLIP and IFN�2–IFNAR2 (9).

Fig. 3. hGH–hGHR complex structures. (A) Ribbon structure of the hGH(salmon)–hPRLR(green) complex highlighting the interface Zn2�-binding site. The four
Zn2� ligands include hGH residues His-18 and Glu-174 and hPRLR residues Asp-187 and His-188. (B) View of the hGHR interface residues (blue and red spheres)
illustrating the location of the transition state hot-spot residues (Trp-104, Pro-106, and Trp-169; shaded red). The Trp residues represent the knobs that fit into
the hGH interface hole. The Site 1 hGH interface residues (green sticks) are displayed in the foreground. (C) Side view of the hGHR interface displayed in B. Figures
were generated with PyMOl (35).
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Thermodynamic Partitioning Between Association and Dissociation
Steps. The �Gon

‡ thermodynamic values established for Site 1
binding are virtually identical between WT hGH and the three
highly mutated hGH variants. Even though these molecules
possess drastically different Site 1 interfaces, they bury approx-
imately the same amount of surface area (�50%) in their TS
structures compared with the final stable complex. It is expected
that at the atomic level the interfaces differ significantly in their
enthalpic and entropic propensities; however, Eyring analysis
indicates that their activation enthalpies and entropies are very
similar (Fig. S1). This trend holds even for variants that bind
through different thermodynamic mechanisms (8).

In contrast, the partitioning of the �Hoff
‡ and �Soff

‡ components
in the �Goff

‡ step of the reaction pathway is quite different
between WT hGH and the three variants. This difference is
particularly striking comparing the dissociation steps of WT
hGH and hGHv. Whereas for WT hGH both �Hoff

‡ and �T�Soff
‡

disfavor dissociation (12.8 and 8.7 kcal/mol, respectively), for
hGHv binding �Hoff

‡ is highly unfavorable (43 kcal/mol), coun-
terbalanced by a favorable �T�Soff

‡ (�17.8 kcal/mol). These
differences indicate that the energy landscapes characterizing
the dissociation processes (or post-TS-binding pathway) for these
two hormones differ in significant ways, as might be expected based
on previous thermodynamic and H/D studies (8, 14).

Interpretation of the Measured �Cp Values in the Association and
Dissociation Steps of Binding. It has been proposed that �Cp values
can be correlated with the amount of hydrophobic surface area
desolvated in the subsequent protein–protein interface (27, 28).
Based on a compilation of published thermodynamic data the
average equilibrium �Cp value for a dataset of ‘‘typical’’ protein–
protein interactions is �333 � 202 cal mol�1 K�1 (29). The �Cp
values obtained for the binding of hGHR to WT hGH and the
three variants are considerably larger, averaging �–750 cal
mol�1 K�1 (8). This large �Cp value allows the TS �Cp values to
be clearly assigned as the magnitude of �Cp increases the degree
of curvature in the Eyring plots.

The ability to dissect �Cp into its association and dissociation
components reveals unique insights into the binding mechanism.
For WT hGH–hGHR Site 1 binding, the measured �Cp value
for the association step was �Cp,on

‡ � �75 cal mol�1 K�1, whereas
the dissociation step was an order of magnitude larger, �Cp,off

‡ �
870 cal/mol�1 K�1. This partitioning suggests that the major
contribution to effects such as surface burial, conformational
change, and solvent reordering occur after the TS. Given our
evidence that the two constituents already have a near-native
orientation in the TS and the m value data indicate that �45%
of the contact interface between the proteins is buried at that
point, it is hard to reconcile why �Cp,on

‡ is so small compared with
its dissociation step counterpart. This would suggest that the
effects contained in the equilibrium �Cp are most affected in the
fine-tuning, post-TS stages of binding and not on the initial asso-
ciation process. Functionally, this may be advantageous because any
conformational change related to receptor signaling would only
occur after a productive hormone–receptor complex was formed,
thereby acting as a mechanism to prevent errant signaling.

Model of the Energy Landscape for Binding of Weakly Charged
Molecular Interactions. The thermodynamic data described above
allow for the generation of a more refined model for the TS
structure for weakly charged interactions (Fig. 4). We realize
that ‘‘weakly charged’’ is a subjective term and there will be
exceptions to any general rules, but the hormone–receptor
systems used as a model here have over the years proven to be
broadly representative of this class of interactions (8, 23). This
model includes the following components: (i) Comparing the
on-rates with diffusion controlled interactions, only �1 of 104 to
105 collisions are productive. (ii) Denaturant m value analysis

indicates a �45–50% surface burial at the TS. (iii) � value
analysis determined that no single residue on the hormones
alters on-rates, whereas three receptor side chains (W104, W169,
and P106) alter it significantly. The two tryptophans form a
dominant topographical feature (P106 orients W104) that
matches the overall surface terrain of the hormones. A fully
comprehensive scan of the hGH interface demonstrated that
binding could be improved by changes that optimized the holes
for the Trp knobs to fit into (30). (iv) The Zn2� dependence of
kon vs. Keq for hGH–hPRLR binding is a very stringent test that
indicates that the molecules are precisely aligned in the TS
structure. (v) Eyring analyses show that �H, �S, and �Cp values
for all hormone–receptor combinations leading to the TS are
similar but vary significantly in the dissociation step. (vi) Most of
the action happens after the TS. �H‡, �S‡, and �Cp

‡ are much
larger and varied after the TS. It is very clear that in this case the
major contributions to the measured equilibrium �H and �Cp
components come from the fine-tuning process, not global
effects. Taken together with the other data, this suggests that
although the precise alignment achieved in the TS is critical, it
is only the starting point. The final fine-tuning of the structure
after the TS contributes significantly to the thermodynamic
character of the interaction.

Materials and Methods
Protein Expression and Purification. All proteins were expressed in the
periplasm of Escherichia coli BL21 cells as described in ref. 31. All hormones
included the G120R mutation to limit hormone receptor binding to a 1:1
stoichiometry. The hGH variants, hGHv, SG1, and SG2 have been described (8,
13, 32). hPRLR was expressed at 20 °C and purified as described in ref. 33.

Surface Plasmon Resonance (SPR). All SPR experiments were performed on a
Biacore 2000 using a CM5 sensor chip. hGHR (29–238) with an engineered
cysteine (S237C), allowed site-specific, C-terminal, thiol coupling to the chip
surface as described in ref. 8. All urea solutions for m value analysis were
prepared in HBS buffer and used within 24 h. Zinc buffers were made with zinc
chloride (Puratronic grade, Alfa Aesar) and ranged in concentrations from 5

Fig. 4. Free-energy diagram of the hGH–receptor binding pathway. The first
barrier results in the unbound proteins collide to form an encounter complex
after which only a certain fraction (as indicated by the transmission coeffi-
cient, T, proceed to the rate-limiting step, the TS. �, urea, and � results
presented here suggest that this point along the pathway has very specific
orientation requirements. After this point, the post-TS pathway involves the
formation of detailed interactions (including those that energetically distin-
guish the different hGH variants).
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nM to 5 �M in 10 mM Tris�HCl, 150 mM NaCl, 0.005% Tween 20 (pH 7.4).
Additional details of the SPR chip preparation and run conditions are de-
scribed in SI Materials and Methods.

TS Thermodynamics. TS thermodynamics for protein–protein association and
dissociation (�Gà, �Hà, �Sà, and �Cp

à) were calculated by determining the on-
and off-rates as a function of temperature (15–40 °C) through an Eyring
analysis. The equations used to determine the TS thermodynamics are pre-
sented in SI Materials and Methods.

Denaturant Dependence Analysis. The m values relate how urea affects the
energetics (e.g., �Gon, �Gfolding, �Geq) of a particular process (e.g., folding or
binding). This value has also been used to estimate the amount of surface area
that is buried upon the particular process. To determine the m values and the
amount of surface area that is buried at the protein–protein TS, the effect of
urea (0–0.8M) on �Gassoc and �Geq was determined:

�Gon �urea	 � �G0,on � mon*
urea�

�Geq �urea	 � �G0,eq � meq*
urea�
[1]

where �G0,on and �G0,eq are association and equilibrium free energies at zero
urea and mon and meq are the association and equilibrium m values, respec-
tively. To determine the percentage surface area that is buried at the TS, the
ratio of the association and equilibrium m values are determined:

� burial �
mon

meq
[2]

Mutational Analysis of Binding Kinetics. Data examining the kinetics (associa-
tion and dissociation) and equilibrium dissociation constant for hGH–hGHR
binding have been determined (21, 34). A complete listing of the residues
included are presented in SI Materials and Methods. To analyze the contri-
bution of the residue to formation of the protein–protein TS, the ��Gon � �RT
ln (kon,mut/kon,WT) upon mutation must be compared with the ��Geq upon
mutation:

� �
��Gon

��Geq
[3]

Therefore, � values were determined by examining:

� �
�RT ln�kon,WT/kon,mut	

�RT ln�Keq,WT/Keq,mut	
[4]
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