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Surfaces of many binding domains are plastic, enabling them to interact
with multiple targets. An understanding of how they bind and recognize
their partners is therefore predicated on characterizing such dynamic
interfaces. Yet, these interfaces are difficult to study by standard biophysical
techniques that often ‘freeze’” out conformations or that produce data
averaged over an ensemble of conformers. In this study, we used NMR
spectroscopy to study the interaction between the C-terminal SH3 domain
of CINS85 and ubiquitin that involves the ‘classical’ binding sites of these
proteins. Notably, chemical shift titration data of one target with another
and relaxation dispersion data that report on millisecond time scale
exchange processes are both well fit to a simple binding model in which free
protein is in equilibrium with a single bound conformation. However,
dissociation constants and chemical shift differences between free and
bound states measured from both classes of experiment are in disagree-
ment. It is shown that the data can be reconciled by considering three-state
binding models involving two distinct bound conformations. By combining
titration and dispersion data, kinetic and thermodynamic parameters of the
three-state binding reaction are obtained along with chemical shifts for each
state. A picture emerges in which one bound conformer has increased
entropy and enthalpy relative to the second and chemical shifts similar to
that of the free state, suggesting a less packed interface. This study provides
an example of the interplay between entropy and enthalpy to fine-tune
molecular interactions involving the same binding surfaces.

© 2008 Elsevier Ltd. All rights reserved.
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Introduction

Protein association reactions can be characterized
by a large variety of biophysical techniques."” Struc-
tures produced by such methods as X-ray diffraction
and NMR spectroscopy provide detailed atomistic
descriptions of the end points of the binding reaction
(ie., free and bound forms of the molecular players)
but do not report directly on the kinetics or thermo-
dynamics of the binding process. Calorimetric

approaches are extremely powerful for obtaining
detailed thermodynamic parameters that describe
binding,* but site-specific information about the
interactions that contribute to the energetics are
difficult to infer from the thermodynamic techniques
alone. Kinetic measurements report directly on rates
of binding” but provide little information about the
atomic-level details of the association. For reactions
involving more than two states, placement of each of
the states along the reaction pathway is often difficult.

In principle, NMR spectroscopy can circumvent
many of the limitations associated with other
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techniques (i) because it is a high-resolution method
that provides detailed site-specific information and
(i) because experiments have been developed for
probing the kinetics and thermodynamics of
exchange processes over a range of time scales that
extend from the second to the microsecond.®'? Not
surprisingly, therefore, NMR has emerged as a very
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useful technique for studies on ligand-binding reac-
tions.!~1> Among the most established of experiments
are those that record chemical shift changes of one
molecular partner as a function of increasing concen-
trations of a second partner that can provide estimates
of affinity constants. Concomitant changes in line-
widths of resonances can often also be quantified to
obtain the kinetics of the exchange process.'®” In the
great majority of cases, these titrations are analyzed in
terms of a simple single-step binding process involving
free and bound protein states that assumes the absence
of intermediates. Very often, high-quality data fits are
obtained, suggesting that the simple binding model
may be appropriate. However, the fact that few
intermediate states have been detected may also
simply reflect the fact that if formed they are present
at low concentrations and hence escape detection, or
that under the conditions of the titration they are in
rapid exchange with either free or bound states,
rendering their observation and characterization
difficult. In what follows, we provide one such
example.

In this work, we present a study on the binding of
ubiquitin to the C-terminal SH3 domain from the
adaptor protein CIN85 (SH3-C), an interaction that
modulates the ubiquitination of both CIN85 and the
epidermal growth factor receptor (EGFR), leading
ultimately to down-regulation of EGFR activity.!81%
This is a particularly interesting system because
ubiquitin does not contain a proline-rich motif that
is normally associated with binding to SH3
domains. A very recent structural model for the
ubiqituin-SH3-C complex has been proposed based
on solution NMR data,”’ showing that the site of
interaction includes the surface of SH3-C that would
normally bind proline-rich motifs as well as a
hydrophobic patch on the surface of ubiquitin
centered at Ile44, a region involved in the interaction
of ubiquitin with most of its target proteins.”!
Chemical shift titrations involving the addition of
unlabeled ubiquitin to '°N-labeled SH3-C or wvice
versa could be very well fit to a simple P+L«~PL
binding model producing dissociation constants, Ky,
on the order of 200 pM. However, these values are
not consistent with those obtained from additional
NMR experiments that explored the kinetics of the
binding reaction. Relaxation dispersion measure-
ments that quantify exchange contributions to '°N
linewidths in spectra were recorded that, assuming
the simple P+L<~PL binding model, provide
exchange rates between free and bound conformers
as well as chemical shift differences between the
interconverting states.” Here, too, the data are fully
consistent with a two-state model;, however, Ky
values calculated are an order of magnitude larger
(~3-4 mM), while the shift differences do not coin-
cide with those expected on the basis of the titration
data. This finding strongly suggests that the binding
mechanism is more complex than that described by
the assumed model. The titration and relaxation
dispersion data are, however, consistent with a
model of three-state binding that involves a pair of
distinct binding modes, and a combined analysis

that includes titration profiles, relaxation dispersion
data recorded over a range of temperatures, and
isothermal titration calorimetry (ITC) measurements*
provides the thermodynamics and kinetics of the
binding reaction. Because the dispersion data are
sensitive to chemical shifts of the interconverting
states, structural information for both bound con-
formers are obtained,”**® and the picture that
emerges from these data is consistent with expecta-
tions based on the measured thermodynamic para-
meters. This work thus provides a powerful
demonstration of how a combination of methods,
each of which is consistent with the simplest of
binding models, can be used to generate a detailed
picture of a more complex binding mechanism
involving the formation of alternative binding modes.

Results and Discussion

Ubiquitin—-SH3-C binding probed by solution
NMR studies

NMR spectroscopy has long been regarded as a
primary experimental technique for studies on weak
protein interactions because of the exquisite sensi-
tivity of NMR chemical shifts to small perturbations
of the local electronic environment that accompany
the titration of one protein with another. To avoid
excessive line broadening, titration experiments are
performed under conditions where the exchange
between free and bound forms of the protein is fast
on the NMR time scale and the data are typically
well described by a simple two-state binding model,
P+L<PL. This is the case for the binding of
ubiquitin and SH3-C at 25 °C illustrated in Fig. 1,
which shows titration profiles of '’N chemical shifts
of '°N-labeled protein P as a function of added
unlabeled binding partner L. In Fig. la, profiles
where P is "°N-labeled ubiquitin and L is unlabeled
SH3-C are illustrated; this order is reversed in Fig.
1b. Titration curves for 30 NH groups of ubiquitin
(or 23 for SH3-C) were fit together to a model of a
two-state binding process, P+L~PL, yielding a
dissociation constant, Kg i, that is a global para-
meter and chemical shift differences between bound
and free states, Awyy,, that are specific for each NH
moiety. Kguy values of 167+22 and 215+13 uM
were obtained when '°N-labeled ubiquitin (Fig. 1a)
and '"N-labeled SH3-C (Fig. 1b) were titrated with
their unlabeled partners, respectively. It is clear from
Fig. 1 that high-quality fits of the data are obtained,
with similar values of Kg i measured from both sets
of titrations. The data are thus consistent with a
simple binding model, and if, in fact, multiple
binding modes are present, they cannot be inferred
from these experiments alone.

In the past few years, NMR relaxation dispersion
methods have become a powerful tool for studies of
protein interactions in cases where chemical shift
differences between corresponding nuclei in the free
and bound protein states are on the order of the
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Fig. 1. Titration and relaxation dispersion data are well fit to a two-state binding model. (a and b) Typical fits of NMR
titration profiles (25 °C) for select residues of 15N-labeled ubiquitin titrated with unlabeled SH3-C (a) and vice versa (b).
(c and d) Temperature-dependent >N CPMG relaxation dispersion data measured either at two or three magnetic fields
(blue, 11.7 T; green, 14.1 T; red, 18.8 T) for Thr14 of 15N-labeled ubiquitin (1.0 mM)/unlabeled SH3-C (0.11 mM) (c) and
Val304 of '®N-labeled SH3-C (1.2 mM)/unlabeled ubiquitin (0.15 mM) (d). All fits (continuous lines) are to a global two-

state binding model, P+L~PL.

exchange rate, corresponding to the intermediate
exchange regime.?*26 This situation leads to
exchange line broadening that is undesired in
titration experiments and in experiments that are
used for structure determination. Contributions to
linewidths of resonances from conformational
exchange on the millisecond time scale can be
quantified by relaxation dispersion NMR, providing
detailed information on the exchange process. Here,
effective transverse relaxation rates, Rjof, that are
directly related to linewidths are modulated by
application of radiofrequency pulses to produce
Carr-Purcell-Meiboom-Gill (CPMG) relaxation dis-
persion profiles”*”® that plot R; s as a function of a
parameter that depends on the number of pulses,
vepmc. Such plots can be fit to the appropriate
exchange model to extract the thermodynamics and
kinetics of the reaction along with structural
information in the form of chemical shifts of the
interconverting conformers.”**’

Figure 1c highlights "N relaxation dispersion
profiles measured at five temperatures and two
static magnetic fields for Thrl4 of an '°N-labeled
ubiquitin (1.0 mM) sample prepared with unlabeled
SH3-C (0.11 mM). The corresponding data for
Val304 of °N-labeled SH3-C (1.2 mM) with unla-

beled ubiquitin (0.15 mM), recorded at three static
magnetic fields, are illustrated in Fig. 1d. As
expected, relatively small exchange contributions
to °N transverse relaxation were observed at 25 °C,
where exchange between free and bound protein
states is fast on the NMR chemical shift time scale,
while pronounced dispersion profiles were obtained
at lower temperatures, where exchange rates slow
into the intermediate regime. The data for 27 NH
groups of °N-labeled ubiquitin (12 NH groups of
5N-labeled SH3-C) at all temperatures and mag-
netic fields were fit together to the simple binding
model, P+ L PL, assuming that (i) the temperature
dependencies of the association and dissociation
rate constants, kon and kg, respectively, obey
transition-state theory™ and that (i) the chemical
shift differences between bound and free states,
Awgisp, are independent of temperature.22 The
continuous lines correspond to the fits of the
experimental data (circles), and it is clear that
profiles from both *N-labeled ubiquitin and N-
labeled SH3-C are (independently) well fit by the
two-state binding model, with reduced x* target
functions of 0.85 and 0.66, respectively.

The populations of the bound and free forms of the
protein are directly accessible from fits of '°N
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relaxation dispersion data sets that have been
recorded on samples of ubiquitin and SH3-C. The
population of the bound conformer, pg, at 25 °C is
2.8% (1.0 mM "°N-labeled ubiquitin and 0.1 mM SH3-
C)and 3.0% (1.2 mM °N-labeled SH3-C and 0.15 mM
ubiquitin), well below the approximate value of 10%
that is predicted using the Ky 4 obtained from the
titration data and the known concentrations of added
proteins. The corresponding Ky qisp Values of 2.9+0.1
and 3.7+ 0.3 mM (25 °C) obtained from fits of >N
dispersion profiles of ubiquitin and SH3-C, respec-
tively, are in relatively good agreement with each
other but close to 1 order of magnitude higher than
the Kg ity value of 200 uM estimated from analysis of
the titrations. Notably, very different chemical shift
changes upon complex formation are also obtained
from the titration and relaxation dispersion metho-
dology (Fig. 2a and b). The "N chemical shift
differences between bound and free states extracted
from relaxation dispersion data, Awgis, (red bars in
Fig. 2a and b), are systematically larger than the
corresponding values of Aty obtained from NMR
titration profiles (black bars). The observed differ-
ences are far beyond the experimental uncertainties
and cannot be reconciled within the framework of
the two-state binding model. Thus, although both
the titration and relaxation dispersion data are
individually well fit assuming two-state binding
and results from each type of measurement (titration
or dispersion) are internally consistent in the sense
that studies on '°N-labeled ubiquitin-SH3-C and
>N-labeled SH3-C-ubiquitin are in good agree-
ment, the combined data strongly argue that a more
complex binding process is operative.

Combining titration and relaxation dispersion data

The apparent inconsistency between the titration
and relaxation dispersion data can be resolved by
considering more complex binding models that
involve (at least) two binding modes. In what
follows, we consider the simplest of schemes
involving the interconversion between P, (PL),,
and (PL),, where (PL); and (PL), are distinct
bound conformations. Such interconversions can
be described by (i) P+ L« (PL); < (PL), (consecutive
binding model), (ii) (PL); ~P+L<«(PL), (parallel
binding model), or (iii) a general ‘triangular’ model
that combines the first two models (this model is
more complex and is not considered here, since the
first two models can fit the combined titration/
dispersion data well; see below). At 25 °C, where
interconversion between all states is fast, the
titration data can be described by the two-state
P+L«~{(PL),(PL),} binding model where the brack-
ets indicate that (PL); and (PL), interconvert rapidly
such that it is not possible to distinguish between
them; the properties of the bound form are thus a
weighted average of these two states. CPMG
relaxation dispersion data recorded at lower tem-
peratures give rise to pronounced dispersion pro-
files (see Fig. 1c and d), consistent with exchange
between a pair of states on the millisecond time scale
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Fig. 2. Chemical shift differences from fits of titration
and dispersion data to a two-state binding model were not
in agreement. Backbone "N chemical shift differences
between the free and bound forms of ubiquitin (a) and SH3-
C (b) obtained from global fits of 5N CPMG dispersion
data, |Awagsp! (red), and NMR titration data, | Aoy !
(black), using a two-state binding model (not shown are the
data for W306 N°'H of SH3-C: | Awgsp | =1.440.03 ppm
and | Aoy, | =0.98+£0.02 ppm). Insets to plots show
correlations between | Amgssp | and | Awgy |

(intermediate exchange regime). However, the fact
that excellent fits of the CPMG profiles to a two-state
model are obtained implies further that two of the
three states interconvert rapidly at all temperatures
and cannot be separated solely on the basis of
relaxation dispersion data. Note that (PL); and (PL),
cannot interconvert rapidly at low temperatures,
since then the exchange event monitored by both
NMR titration and relaxation dispersion would be
described by the same process, P+L < {(PL),,(PL)}.
Thus, Kq from titration at 25 °C would be in
agreement with the corresponding value calculated
at 25 °C from extracted changes in entropies/
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enthalpies that are obtained from fits of the disper-
sion data. In addition, the chemical shift differences
that are obtained from the two types of data would
be identical. This is clearly not what is observed
experimentally. Therefore, a three-state model emer-
ges where at low temperatures (5-15 °C), P and one
of the bound states [arbitrarily chosen to be (PL)4]
interconvert rapidly but other states do not, denoted
in what follows by the scheme {P,(PL)} < (PL),. In
contrast, at higher temperatures (2025 °C), inter-
conversion between all states is rapid. Finally, we
note in passing that flat dlspersmn profiles were
obtained for both isolated '*N-labeled proteins over
the temperature range studied such that the
exchange process quantified by titration and dis-
persion data must involve at least two bound
conformations.

Although the equations that describe chemical
exchange in a relaxation dispersion experiment can
be expressed in terms of rates of interconversion and
the populations of the interconverting species”*"*!
that might then be used as fitting parameters, we
prefer to fit the temperature-dependent dispersion
data recorded here in terms of thermodynamic
parameters, such as entropy/enthalpy differences
between states as well as actlvatlon entropies /
enthalpies, as discussed previously” and in detail
in Materials and Methods. Temperature-dependent
populations and rates can then be readily calculated
from the thermodynamic and activation parameters
that form the primary fitting variables.

The extraction of reliable thermodynamic/activa-
tion parameters describing three-state binding based
on titration profiles or relaxation dispersion data
alone is complicated, since each type of data is
already well fit to a two-state model that requires
fewer adjustable parameters. For example, in the case
of a two-state model, entropy and enthalpy differ-
ences between bound and free states, AH and AS
(two parameters), are required to fit the temperature-
dependent dispersion data, while for the three-state
model, four parameters, corresponding to enthalpy
and entropy changes upon formation of (PL); AH;
and AS; (i=1, 2), are needed. As described in detail in
Materials and Methods, the ‘missing’ two thermo-
dynamic parameters that are necessary for the three-
state model can be obtained by noting that the
apparent two-state dissociation constant Kg 4, that is
obtained from titration is given by

Kd;ilr =Ky ' +Kg ! (1)

and that the calorimetric association enthalpy,
AH_;;=0.62+0.17 kcal/mol, measured from ITC,*
can be used to define the temperature dependence
of Kg st according to the van’t Hoff relation,

AHe =RT?dIn(Ky; ' + Ky, ) /dT, (2)

from which it follows that dKg s,/dT=-0.7+0.2 pM/K
at 25 °C. In Egs. (1) and (2), the dissociation constant for

(PL); is given by Kg=exp((AH;=TAS)/(RT)) (i=1,2),
where R is the universal gas constant and T is the
absolute temperature. In principle, the temperature
dependence of Ky could also be obtained by
repeating the titration experiments recorded at
25 °C at a number of additional temperatures. In
practice, however, the small temperature depen-
dence noted from the ITC data implies that over a
temperature range of 10-15 °C that might be used
for NMR data collection, Kgr values would
change by only 7-10 uM, well below experimental
accuracy. Furthermore, as the temperature is
lowered, the exchange becomes slower such that
it lies outside the fast-exchange regime, leading to
severe line broadening as a function of added
ligand that significantly compromises the quality of
spectra. We have chosen the ITC approach instead,
although an accurate value of K4 cannot be
obtained from the calorimetric data because of the
low AH,, value and the low affinity of the complex
that makes it difficult to titrate to completion at the
protein concentrations used. Fortunately, the AH
value alone (obtained by fitting the ITC data using
Kaitr) provides the ‘missing’ information that
allows extraction of the thermodynamic and activa-
tion parameters describing the three-state binding
reaction from fits of the NMR data (see below and
Materials and Methods).

A scenario similar to that described above in the
context of extracting thermodynamic parameters
occurs in the extraction of chemical shift differences
in that, here, too, information additional to that
provided by relaxation dispersion is required. In the
two-state binding model, each residue-specific
relaxation dispersion profile is described by a single
chemical shift difference, Awgisp, corresponding to
the difference in shifts between free and bound con-
formers. In contrast, in the case of a three-state
association process, two chemical shift differences
are necessary, Awgp=wp, ~Wr and Awg,r=wp, ~
wp, where F, By, and B, denote protein P in the free
state, in complex (PL);, and in complex (PL),
respectively. However, the chemical shift differences
required to describe a three-state binding reaction,
Awgr and Awgy can be directly calculated by
combining Ay, that was obtained from titration
measurements at 25 °C and Awgisp from dispersion
data:

(prwor + pB, ws, )/ (PF + pB, )
— pe, Awp,r/(pr +pB,), 3)

A"ndisp =WBsB, —
= AWB2F

A®iitr = (pB, Ws, + PB, W8, )/ (P8, + PB,) — W
= (ps, Awg,F + pp, AwB,r)/ (P, +PB,)  (4)

where pg, pg, and pg, are equilibrium populations of
states F, By, and B,, respectively, that are calculated
from the three-state thermodynamic parameters at
T=25 °C. As described in detail in Materials and
Methods, the parameters of the ubiquitin-SH3-C
binding reaction were extracted by a global fit of the
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CPMG dispersion data using a three-state model that
enforces Egs. (1), (2), and (4) assuming that (i) the
chemical shift differences Awpyr and Awgy are
independent of temperature and (ii) the temperature
dependencies of the rates of interconversion between
states follow transition-state theory. Note that iden-
tical Awg Awp and equilibrium entropies/enthal-
pies [AH; and AS; (i=1,2)] are obtained for both the
consecutive and parallel binding models (see below
and Materials and Methods).

Association kinetics and thermodynamics

Figure 3 shows the populations of exchanging
states, exchange rate constants, and changes in
thermodynamic parameters between states that are
obtained in the analysis of the >N CPMG relaxation
dispersion data measured on '°N-labeled ubiquitin—
unlabeled SH3-C and '*N-labeled SH3-C-unlabeled
ubiquitin samples using the three-state consecutive
binding model. Results from analyses of both
samples show that pg, decreases with temperature
and is between 3% and 4% (Fig. 3a), while the total
fraction of bound protein is essentially temperature
independent (~10%). Very similar exchange rate
constants ke s s,=ks, B, +ks,s, describing the inter-

conversion (PL)1k]=2 (PL),, are obtained from mea-
ByBy
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surements on the separate samples (Fig. 3b),
increasing from 2000 s~ ' at 7.2 °C to over 6000 s~ '
at 24.8 °C. Recall that at all temperatures intercon-
versions between P and (PL); are fast such that
relaxation dispersion data are well described by a
model of two-state exchange.

The temperature-dependent dispersion data are
fit to extract the entropic (TS) and enthalpic (H)
contributions to the free-energy (G) profiles that
describe ubiquitin-SH3-C association. In what
follows, we have fit each set of dispersions (those
for "’N-labeled ubiquitin and those for '*N-labeled
SH3-C) independently to generate separate G, TS,
and H profiles that can then be used for cross-
validation. Panels (c) and (d) of Fig. 3 plot the
energy diagram for the three-state consecutive
binding process at 25 °C. Very similar free-energy
profiles are obtained from analysis of the two sets
of dispersion data, with differences in TS and H for
(PL), resulting from the somewhat different tem-
perature dependencies of pg, that emerge from fits
of the two sets of dispersions (Fig. 3a). In principle,
the pp, versus temperature profiles should be
identical, and we are uncertain as to the origin of
the difference. The observed differences may reflect
inaccuracies in the fits of the SH3-C dispersion data
resulting from (i) only half the number of high-
quality SH3-C dispersion profiles reporting on the
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Fig. 3. Parameters of the three-state exchange model P +L « (PL); < (PL), describing the binding of ubiquitin and SH3-
C. (a) Temperature dependencies of fractional populations of (PL),, pg, and of (b) the exchange rate constant for
interconversion between (PL); and (PL), kex8,8,=kB 5, +kp,B,, Obtained from global fits of 5N CPMG dispersion data.
(c and d) Profiles of free energy, G (green), along with enthalpic, H (red), and entropic, TS (blue), contributions to G
(at 25 °C). Results from analysis of data recorded on samples of 5N-labeled ubiquitin (1.0 mM)/unlabeled SH3-C
(0.11 mM) are shown in (c) and indicated by blue lines in (a) and (b); those from 15N-labeled SH3-C (1.2 mM)/unlabeled
ubiquitin (0.15 mM) are shown in (d) and indicated by red lines in (a) and (b). Activation parameters are only obtained
for the interconversion between (PL); and (PL), (see the text).
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binding event relative to the case for ubiquitin and
(ii) Awgisp values for SH3-C that are somewhat
smaller on average than the corresponding values
for ubiquitin, that make it more difficult to separate
ps, from Awmgi, in this case, especially at higher
temperatures. In any event, the TS and H profiles
of Fig. 3c and d are qualitatively similar and both
establish that formation of (PL); is accompanied by
an increase in both entropy and enthalpy. (PL), in
turn is enthalpically stabilized but entropically
destabilized with respect to (PL);, leading to a
very slight (~0.5 kcal/mol) increase in free energy
relative to (PL);. The barrier between (PL); and
(PL), (based on the consecutive binding model) is
enthalpic at 25 °C, likely pointing to conforma-
tional rearrangements of the binding surfaces of P
and L that must occur prior to the formation of
(PL),.

The thermodynamic parameters that have been
obtained are in keeping with expectations based on
a model of protein association put forth by Ross
and Subramanian.®? According to their scheme,
individually hydrated species first associate to
form a complex in which the hydration layers of
each binding partner are ‘disrupted,” leading to an
increase in entropy and a concomitant increase in
enthalpy that reflects the loosening of water—
hydrophobe interactions. Values of AH and AS>0
that are predicted are observed for the P+L «~ (PL)
association studied here. Subsequently, in a second
step, formation of short-range contacts, including
van der Waals interactions and hydrogen bonds,
occurs, along with immobilization of the binding
surface, leading to decreases in both enthalpy and
entropy that are again consistent with what has
been measured here for the transition from (PL); to
(PL),.

It is worth emphasizing that it is not possible to
distinguish between the parallel and consecutive
three-state binding models, since the experimental
data are equally well fitted by both schemes, nor is
it possible to conclude that these are the only
models that are consistent with the data. If the
interchange between P and (PL); could be slowed
such that conversion was outside the fast-exchange
limit, then the dispersion data could very likely
distinguish the two binding scenarios. Fortunately,
as mentioned above, the two models result in
identical equilibrium thermodynamic parameters
and chemical shift differences between states. The
energy profiles obtained for the parallel binding
model are shown in Fig. 4, and they differ from
those generated for the consecutive model only in
the placement of states of P+L and (PL), along the
binding pathway.

Notably, the parallel binding model predicts
significantly different association rates ko1 and konz
for the formation of (PL); and (PL),. Since the
dispersion data over the complete temperature
range are well fit to a two-state binding model, one
of the two binding processes, P + L k%l (PL),, must be
fast on the NMR time scale, with the second process,
P+ijf:;i (PL),, in the intermediate-exchange regime

(@)

E [keal/mol]
20— ;
t Ubqg
= t
10; (PL),
J: (PL),
0 — 1 P+L TS
[ _-‘ H
-5} G
10t
(b)
E [kcal/mol]
20 .
SH3-C
15
oL ey,
50—t}
ar =)
5 —_—
-10

Fig. 4. Profiles of free energy, G (green), along with
enthalpic, H (red), and entropic, TS (blue), contributions to G
(at25°C) for the parallel binding model (PL); < P+L < (PL),.
Results from analysis of data recorded on samples of °N-
labeled ubiquitin (1.0 mM)/unlabeled SH3-C (0.11 mM) are
shown in (a); those from '°N-labeled SH3-C (1.2 mM)/
unlabeled ubiquitin (0.15 mM) are shown in (b).

at 5-15 °C. A k,,» value of ~7x10° M s ! at 25 °C is
obtained from a combined analysis of the titration
and relaxation dispersion data recorded on either
°N-labeled ubiquitin or "’N-labeled SH3-C samples,
which is faster than rates of 10°~10° M ' s™! that are
expected for diffusion-controlled association.’
Although ko1 cannot be determined with precision,
since the P+L < (PL); binding event is fast, it must be
at least an order of magnitude faster than k,,. Within
the context of the parallel binding model, kon1 > konz
reflects the fact that significantly more conforma-
tional changes are involved in the formation of (PL),
relative to (PL);. This is consistent with a more
loosely formed interface for (PL);, which is also
suggested by a comparison of the relative thermo-
dynamic parameters of (PL); and (PL),. The kinetic
and thermodynamic parameters are summarized in
Tables 1 and 2.

Insights into the structural features of (PL); and
(PL), based on NMR chemical shifts

The chemical shift differences Awgr=tp —wr
and Awpr=wp,~wr obtained from a combined
analysis of titration and relaxation dispersion data
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Table 2. Free energy, G, along with enthalpic, H, and entropic, TS, contributions to G (calculated at 25 °C) for states F, By,
and B, corresponding to apo-P and bound states (PL); and (PL),, respectively, for the ubiquitin-SH3-C binding reaction

Ubiquitin® SH3-C®
State H (kcal/mol) TS (kcal/mol) G (kcal/mol) H (kcal/mol) TS (kcal/mol) G (kcal/mol)
F 0 0 0 0 0 0
B, 2.43 (2.23+0.29) 7.26 (7.04+0.32)  —4.83 (—4.81+0.03) 0.88 (0.74+0.39) 573 (5.58+0.40)  —4.85 (—4.84+0.02)
i 9.17 (10.19+1.98) 1.13 (2.21£2.10) 8.04 (7.98+0.12) 10.33 (10.83+£1.63)  2.21 (2.72+1.68) 8.12 (8.11+0.07)
B, —3.45(-2.86+1.13)  0.88 (1.50+1.19) —4.33 (—4.36+0.06)  —0.03 (0.26+0.99)  4.28 (4.57+1.02)  —4.31 (—4.31+0.04)

Errors in thermodynamic parameters were estimated using a jackknife procedure (shown in parentheses are the mean+SD values of the
distributions obtained from the jackknife fit). The thermodynamic parameters are independent of the choice of the three-state binding
model.

2 Obtained from fits of >N relaxation dispersion data recorded on a sample of *N-labeled ubiquitin and unlabeled SH3-C, with
approximately 10% mole fraction of SH3-C. The dissociation constants for B, and B, are K4, =0.29 mM and K4, =0.67 mM, respectively.

b Asin (a), but SH3-C is N labeled and ubiquitin is unlabeled. K4;=0.28 mM; K4,=0.69 mM.

are >0.5 ppm are those where interactions that are
present in (PL), are at least partially formed in
(PL);. In the context of the consecutive binding
model, the Awgr/Awpyr ratios can be used as
qualitative indicators that ‘map’ the formation of
contacts during binding, with larger than average
Awg,r/ Awg,r ratios reflecting ‘hot spots” of asso-
ciation that are already formed in (PL); and values
of Awpr/Awgyr that are close to zero indicating
interactions formed in (PL), but not yet emerged
in (PL);.

Surprisingly, both Ile44 (and neighboring Phe45)
of ubiquitin and Phe322 of SH3-C, identified as key
residues for ubiquitin-SH3 association, have small
Awgr values and low Awg r/ Awg f ratios, suggest-
ing that the network of contacts involving these
residues is not fully formed in (PL);. Another region
of interest comprising Trp306 (and neighboring
residues) of SH3-C and Leu8 of ubiquitin also has
small Awop f values and low Awg p/ Awp,r ratios for
the backbone amide groups, although higher Awg ¢
(0.79 ppm) and Awgr/Awg,r (0.55) values are
observed for ’N¢! of Trp306, suggesting that the
side chain of this residue may form some interactions
in (PL);. In contrast, higher than average Awgr/
Awp f ratios with Awg >0.5 ppm were obtained for
the backbone amides of Phe276 (and neighboring
[1e275) located in the beginning of the RT loop of
SH3-C and for His68 and Gly47-GIn49 in ubiquitin
that flank the side chain of Phe276 from both sides
(Fig. 5¢ and e). This region is thus relatively well
formed in (PL); and, in the context of the consecutive
binding model, would be considered as a ‘hot spot’
that forms early on in the association of SH3-C and
ubiquitin. Two more residues in SH3-C with pro-
nounced Awg r and high Awg r/Awgr values are
Asn282 and Asp283, which are located opposite to the
C-terminal region of ubiquitin. Note that the penulti-
mate residue in ubiquitin, Arg74, also has a relatively
high Awg r/ Awg,r value.

In summary, we have presented a binding study
on ubiquitin-CIN85 SH3-C in which NMR titration
and relaxation dispersion data that independently
are well fit by a two-state binding model can be fit
together only if a more complex three-state binding
model is chosen. A combined analysis establishes

that there are two binding modes with similar
stabilities and similar binding interfaces that have
distinct levels of organization. Modular domains
of regulatory proteins have evolved to allow
versatile interactions involving multiple binding
partners,”>* often by utilizing the same binding
surface. This is the case for the interaction between
the SH3-C of CIN85 and ubiquitin that involves the
‘classical’ binding sites of these proteins. The
distinct binding modes that have been quantified
in this study emphasize the interplay between
entropy and enthalpy in stabilizing complexes in
which the level of organization of the binding
interface can vary significantly. This provides yet
another layer of complexity to fine-tune molecular
interactions.

Materials and Methods

Protein expression and purification

°N-labeled samples of ubiquitin (residues 1-76) and the
third SH3 domain of the CIN85 adaptor protein (SH3-C,
residues 267-328) were expressed and purified as
described previously.”’ Proteins were expressed in Escher-
ichia coli BL21(DE3) cells in M9 minimal medium with
NH,Cl and [* Celglucose as the sole nitrogen and carbon
sources, respectively, while unlabeled proteins were
grown in LB medium.

NMR titration experiments

Titration of '"N-labeled ubiquitin with the SH3-C
domain was performed at 25 °C by gradually adding a
stock solution of concentrated unlabeled SH3-C into a
0.14 mM "°N-labeled ubiquitin sample as described
previously.” Similarly, titration of '°N-labeled SH3-C
with ubiquitin was performed b5y adding unlabeled
ubiquitin to a 0.5 mM sample of "’N-labeled SH3-C. To
monitor binding-induced changes in >N chemical shifts,
we collected 'H-""N heteronuclear single-quantum coher-
ence spectra at each point in the titration. Changes in 1°N
chemical shifts as a function of added ligand (titration
profiles) for n,=30 NH groups of '*N-labeled ubiquitin
(n,=23 NH groups of "’N-labeled SH3-C) were fit together
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Fig. 5. Chemical shifts probe structural features of (PL); and (PL),. Chemical shift dlfferences Awpr (black) and Ao p
(red) obtained from the analysis of "’N CPMG dispersion data recorded on samples of *N-labeled ublqultm/ unlabeled
SH3-C (a) and °N-labeled SH3-C/unlabeled ubiquitin (b) based on a three-state exchange model. For clarity of
presentation, absolute values of Awgy are plotted, while values of Awpy are plotted positive (negative) for
Awg,rAwp >0 (Awp,rAwpp<0). Color-coded values of Awgr and Awgyr are mapped onto the structure of the
ub1qu1t1n—SH3 -C complex in (c) and (d), respectively, where blue and red are reserved for ubiquitin and SH3-C. (e) 5N
At/ A, ratios color mapped onto the interaction interface of the ubiquitin-SH3-C complex.

to a model of two-state binding, P+L<~PL, using the
following equations:

Lo —[L]
Po

()

w = wr + (W — WF)

and

=5 (V- Lo Ko valoka - (o - Lo+ k). (6)

where Kq=[P][L]/[PL]is the dissociation constant; [P], [L],
and [PL] are concentrations of free protein, free ligand, and
the complex, respectively; Py and L, are the total
concentrations of protein and ligand at each 5pomt in the
titration, respectively; wr and wg are the '°N chemical
shifts of the ligand-free (P) and ligand-bound (PL) protein

states, respectively; and @ is the measured chemical shift
at a given [L]. The model [Egs. (5) and (6)] include np,.=
2n,+1 adjustable parameters: 1, values of "’N chemical
shifts in the free state, wg; 71, chemical shift differences
between bound and free states, A, =wp— wg; and the
dissociation constant, Kg . The data were fit using a script
written in Mathematica software (Wolfram Research). The
errors of the extracted model parameters were estimated
using the covariance matrix method.”

NMR relaxation dispersion experiments

!°N relaxation dispersion measurements were performed
for two protein samples (both in 50 mM phosphate buffer,
pH 6.4, 150 mM NaCl, 2 mM DTT, and 90% H,O/10% D,0O)
containing (i) 1.2 mM 1®N-labeled SH3-C and 0.15 mM
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Table 3. '°N chemical shift differences for ubiquitin, Awy, and A, obtained from global fits of 15N relaxation
dispersion and titration data using two-state binding models, along with values of Awg r and Awg, that are obtained
from fits of relaxation dispersion data to three-state models of binding

Two-state model Three-state model
Residue A (ppm) A®@gisp (ppm) Awg r (ppm) Awgr (ppm)
13 -0.34+0.07 -0.73+0.03 —0.17 (-0.15+0.03) —0.75 (—0.745+0.002)
K6 0.12+0.07 1.29+0.02 ~0.38 (—0.41=0.08) 1.28 (1.274+0.005)
T7 -1.01+0.07 —2.75+0.03 -0.24 (-0.17+0.11) —2.79 (—2.782+0.008)
L8 -0.59+0.07 -1.29+0.02 —0.27 (-0.25+0.06) —1.31 (-1.311+0.004)
K11 ~0.32+0.07 ~0.64+0.03 ~0.18 (—0.17+0.03) ~0.65 (—0.652+0.003)
113 1.24+0.08 3.57+0.04 0.22 (0.11£0.15) 3.61 (3.597+0.015)
T14 0.98+0.07 2.62+0.03 0.25 (0.20+0.12) 2.65 (2.647+0.006)
N25 —0.09+0.08 —0.94+0.04 0.27 (0.31+0.06) —0.94 (—0.935+0.002)
E34 -0.15+0.07 -0.71+0.03 0.09 (0.13+0.04) —0.71 (-0.713+0.002)
Q41 -0.32+0.07 -0.67+0.03 —-0.16 (—0.14+0.03) —0.69 (—0.688+0.002)
R42 -0.35+0.08 — — —
144 0.50+0.07 1.66 0.02 —0.01 (—0.04+0.09) 1.68 (1.674+0.002)
F45 0.59+0.07 2.16+0.03 ~0.10 (—0.20=0.09) 2.18 (2.1810.007)
G47 1.52+0.08 2.66+0.04 0.99 (0.93+0.09) 2.75 (2.748+0.017)
K48 ~2.63+0.11 ~5.50+0.07 ~1.33 (-1.39+0.07) ~5.63 (~5.651+0.024)
Q49 ~1.24+0.08 ~2.34+0.03 ~0.74 (—0.69=0.09) ~2.40 (~2.395+0.003)
L50 0.72+0.07 1.43+0.03 0.40 (0.37+0.06) 1.46 (1.460+0.003)
E51 0.33+0.07 — — —
G53 -0.91+0.07 —3.37+0.04 0.17 (0.27+0.17) —3.39 (—3.379+0.015)
E64 0.36+0.07 0.89+0.03 0.13 (0.12+0.04) 0.90 (0.897+0.002)
T66 0.59+0.07 1.39+0.02 0.23 (0.20+0.06) 1.41 (1.406+0.002)
L67 -0.18+0.07 -1.25+0.03 0.28 (0.33+0.08) —1.25 (—1.245+0.007)
H68 ~1.54+0.08 ~2.62+0.04 ~1.03 (-0.96+0.09) ~2.71 (-2.707+0.027)
L69 -0.62+0.07 -1.79+0.02 —-0.10 (—0.01+0.06) —1.81 (—1.804+0.003)
V70 -1.14+0.08 — — —
L71 0.17+0.07 2.33+0.03 —0.75 (—0.88+0.11) 2.31 (2.300+0.004)
R72 0.57+0.07 1.52+0.02 0.15 (0.0940.07) 1.54 (1.540+0.007)
L73 0.32+0.07 0.79+0.02 0.11 (0.09+0.03) 0.81 (0.804+0.002)
R74 -0.31+0.07 -0.62+0.02 —0.17 (-0.16+0.02) —0.63 (—0.629+0.003)
G75 ~0.30+0.07 —0.84+0.02 ~0.06 (0.04%0.03) ~0.85 (0.854+0.002)

Signs of Ay, were determined from the analysis of 15N NMR titration profiles, while the signs of A@ais, and Awp,r were assumed to be
the same as the sign of Ay, (see Materials and Methods). Errors in (Awyy, A@gisp) and (Awp pAwp,r) were estimated using the
covariance matrix method and by the jackknife approach® (shown in parentheses are mean=SD values), respectively.

Table 4. >N chemical shift differences for SH3-C

Two-state model Three-state model
Residue A (ppm) Awgisp (Ppm) Awgr (ppm) Awgr (ppm)
1275 2.49+0.05 3.28+0.07 2.11 (2.11+0.03) 3.44 (3.456+0.010)
F276 —2.68+0.04 -3.76+0.08 —2.18 (—2.18+0.05) —3.92 (-3.917+0.011)
A280 -0.63+0.03 — — —
N282 0.85+0.02 1.18+0.03 0.69 (0.69+0.02) 1.24 (1.234+0.005)
D283 0.92+0.02 1.20+0.03 0.79 (0.79+0.01) 1.26 (1.256+0.003)
D284 —0.38+0.02 — — —
L286 0.48+0.02 — — —
K289 0.30+0.02 — — —
V294 0.37+0.02 — — —
C301 0.29+0.02 — — —
1302 -0.56+0.06 -0.76+0.03 —0.47 (-0.47+0.01) —0.80 (—0.799+0.002)
D303 —0.58+0.02 — — —
V304 —0.38+0.02 -2.15+0.04 0.33 (0.35+0.05) —2.13 (—2.128+0.005)
G305 -0.65+0.02 -2.14+0.04 —0.05 (=0.07+0.04) —2.14 (—2.143+0.004)
W306 -1.14+0.02 -2.60+0.05 —0.54 (—0.50+0.04) —2.64 (—2.642+0.012)
W307 -0.55+0.02 — — —
E308 -0.60+0.02 — — —
V317 0.26+0.02 — — —
D320 1.67+0.05 3.96+0.09 0.73 (0.72+0.08) 4.01 (4.015+0.012)
F322 -0.21+0.02 -1.94+0.04 0.47 (0.49+0.07) —1.91 (-1.904+0.005)
V323 0.34+0.02 — — —
K324 —0.74+0.04 -1.66+0.04 —0.36 (—0.36+0.03) —1.69 (—1.685+0.004)
W306 N*! -0.98+0.02 -1.39+0.03 —0.79 (-0.78+0.03) —1.45 (—1.447+0.003)

See the legend to Table 3.
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unlabeled ubiquitin and (i) 0.98 mM '°N-labeled ubiquitin
and 0.11 mM unlabeled SH3-C. The experiments were
performed at five temperatures (7.2, 12.2, 16.1, 20.8, and
24.8 °C) and two or three magnetic fields (11.7 and 18.8 T
for "*N-labeled ubiquitin; 11.7, 14.1, and 18.8 T for "°N-
labeled SH3-C) using the pulse scheme of Tollinger et al.*®

Relaxation dispersion profiles for n,=27 NH groups of
®N-labeled ubiquitin (1,=12 NH groups of '*N-labeled
SH3-C) were measured at 114=2 (3) magnetic fields and n,=5
temperatures. The dispersion profiles were fit together
initially to a simple two-state binding model, P+L«~PL, to
extract chemical shift differences between bound and free
states, Awgisp, and Kggisp for comparison with the
corresponding values obtained from analysis of titration
data. The fits assumed that (i) Awagisp=1p— @ values are
independent of temperature and (ii) the temperature
dependencies of the association and dissociation rates,
kon and k., respectively, obey transition-state theory. The
model includes 7, =nmg, +n.+4 adjustable parameters:
nggn, values of intrinsic R, rates assumed to be the same in
the free and bound states (specific for each NH group,
temperature, and field); 7, values of "N chemical shift
differences, Atg;sp=tp—w@F (specific for each NH group);
and four thermodynamic parameters, including the entropy
and enthalpy differences between the bound and free states,
AH and AS (bound —free), and activation parameters for
the dissociation process, AH" and AS' (common for all
NH groups). Although the intrinsic relaxation rates are not
expected to be the same for ubiquitin or SH3-C and the
ubiquitin-SH3 complex, this is not expected to affect the
accuracy of the extracted relaxation dispersion parameters
in the case where the fraction of the minor state (complex)
is small and the difference in relaxation rates is negligible
relative to the chemical shift differences between exchan-
ging states,®® as is the situation here.

The data were fit using home-written software as
described in detail elsewhere.”” The errors of extracted
model parameters were estimated using the covariance
matrix method.*

ITC measurements

Experiments were carried out at 25 °C with a Calorimetry
Sciences Corporation Model 4200 isothermal titration
calorimeter. A value for the association enthalpy AH, for
the binding reaction was measured by titrating 2.0 mM
SH3-C into 0.45 or 0.95 mM samples of ubiquitin (two
experiments) and vice versa by titrating 2.3 mM ubiquitin
into 0.40 mM SH3-C (one experiment). The heat of dilution
was estimated by titrating the same stock solutions into
buffer. The data were analyzed with K4 fixed to 200 uM,
resulting in AH.,=0.62+0.17 kcal/mol (averaged over
three measurements), which corresponds to dKg tit,/dT=
0.7 uM/K at 25 °C.

Analysis of relaxation dispersion data using
titration and ITC results

As described in Results and Discussion, the inconsis-
tency between the apparent two-state parameters obtained
from relaxation dispersion and titration data (dissociation
constants and chemical shift differences between states)
establishes that the binding mechanism is more complex

—Ror — krs, — krs, ks, F
A= ke,
kFBz kBl B>

—Rop, — kg,r — kg, TiAwg,F

than that described by P+L<PL and that it involves the
formation of at least two alternative binding modes, (PL),
and (PL),. A number of binding models that are consistent
with both the ITC, titration, and relaxation dispersion data
include P+L < (PL); < (PL), (consecutive binding) and
(PL); < P+L <« (PL), (parallel binding). NMR titration and
ITC data can be described by a process where (PL); and
(PL), are in rapid equilibrium, P+L < {(PL),(PL),}, such
that it is not possible to discriminate between them. This
gives rise to two-state binding that would produce a
binding profile identical with that obtained with the
simpler P+L < PL scheme. An effective dissociation constant,
referred to as Kq i, is obtained that is given by

Ko [PIL] %

PL), ]+ [(PL),]

In contrast, the relaxation dispersion data report on an
apparent two-state process, {P,(PL),} < (PL),, where it is not
possible to distinguish between protein P in the free state
or in one of the complexes [arbitrarily chosen to be (PL);].
Thus, relaxation dispersion data are consistent with either
P+L«~ (PL); < (PL), or (PL); < P+L« (PL), binding models
where (i) the P+L < (PL); interconversion is fast on the
NMR time scale at all temperatures and (i) (PL); < (PL),
(consecutive binding model) or P+L<(PL), (parallel
binding model) falls into the intermediate-exchange
regime at low temperatures (5-15 °C), where pronounced
CPMG dispersion profiles are observed.

The parameters of the three-state binding models can be
readily calculated by minimization of the following x>

target function:
2
1 exp
(RSsu(0) — RST)

20¢ =
X0=) (ARZTQ)Z

where R§Sx(() is the calculated relaxation rate from
numerical solution of the Bloch-McConnell equations*
for magnetization evolution during the CPMG sequence,
{={x1,...,x,,} is the set of adjustable model parameters
described befow, Mpar is the number of model parameters,
RY%: is the experimental value with error ARS&;, and the
summation is over the number of experimental data points,

Ngat- Theoretical values of Rgllgff were calculated according to

1 . Mg(4nd)
e _ 4 F
Roeit = = 25" My (0), ®

; (8)

where
M. (4n6) = (exp(A+8)exp(A+8)exp(Azd)exp(A+5)) "M (0), (10)

Tcp=4nd is the duration of the constant time (6-180°,-5),,,
CPMG pulse train with 21 refocusing 180°, pulses [applied
with frequency vepmg=1/(49)], M(f)=M.(t)+M_(t) is the
magnetization vector given by [Mg(t), Mg (t), Mg (t)]" in
the case of three-site exchange between states F, B;, and
B, [here, F By, and B, refer to free protein P, (PL),,
(PL),, respectively], M(0) is the initial magnetization vector
set to the fractional populations of each of the states
(vw P8, pBZ)T (here, T denotes transpose), and M. =M, +iM,,
i=+—1. For a general ‘triangular’ three-site exchange
model where interconversions between all states are
allowed, the 3x3 evolution matrices A, and A_ are
given by

kg, F
sz Bl ) (]' 1 )
—Rog, — kg,r — kg,B, LiAwg,F
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where kg denotes the rate of transition from state k to
state 1 (k, 1=F, By, and B;), Ry is the intrinsic transverse
relaxation rate in state k, Awy=w0NA®my is the frequency
difference between state k and state 1 (in radians per
second), and oy is the Larmor frequency of the N
nucleus.

The rates and populations can in turn be recast in terms
of the following fitting parameters:

Keur = kotn = (ksT/) exp(—AG}/(RT)), (12)

ke, = kon1[L] = (Koge1/Kar) [L]
= (ks T/hexp(~ (AG1 + AG]) /(RT)) (L),

K.k = ko2 = (ks T/)exp(~AG/(RT) )

ke, = kon2[L] = (kofr2/Kaz) [L]
= (esT/h) exp(— (G, + AGE) /(RT) )L,

kg,B, = (ks T/h) exp(—AGT/(RT)),

ks,B, = ks,p, ( Ka1/Kq2)
= (ksT/h) exp(—(AG, — AGy + AG") /(RT)),

where Kg;=exp(AG;/(RT)), kogri=(ksgT/h) exp(fAG}L /(RT)),
and koni=(kofri/ Kg;) are the equilibrium dissociation con-
stant, the dissociation rate constant, and the bimolecular
association rate constant for the (PL); complex (i=1,2),
respectively; AG;= AH,—TAS;, AH;, and AS; are equilibrium
free-energy, entropy, and enthalpy changes upon formation
of (PL); respectively; AG/=AH!-TAS!, AH!, and AS/
are the activation parameters for the (PL);— P +L dissocia-
tion process; AG'=AH"-TAS", AH', and AS' are the
activation parameters for the (PL),— (PL); transition; and
kg, h, and R are the Boltzmann, Planck, and universal gas
constants, respectively. Thus, the general equilibrium three-
state exchange processes is completely described by four
equilibrium and six activation parameters: AH;, AS;, AH,,
AS,, AHj, AS], AH}, AS}, AH', and AS'. The populations
can be readily calculated from these parameters using the
conditions for detailed balance (microscopic reversibility),
prk=piky and the fact that >, px =1. The consecutive
P+L <« (PL); < (PL), and parallel (PL); <P +L < (PL), bind-
ing models are limiting cases of the general triangular
model. The former is obtained by setting kg r=kgp,=0 in Eq.
(11), while the latter model is generated with kg g =kg,,=0.
Thus, there are eight thermodynamic/activation para-
meters that are necessary to fully describe each of the
models that reduce to six in the limit of fast interconversion
between (PL); and P, as is the case here. Note that fast
exchange can be modeled by (arbitrarily) setting ko to a
very high value (e.g., 10%/s).

The above discussion establishes that for the specific
cases considered here, the three-state binding models
include nmgm,+2n,+6 parameters: ngmm, intrinsic R,
relaxation rates (assumed to be the same for all states),
2n, temperature-independent chemical shift differences,
Awp p=wp, ~wr and Awp =g, ~wf along with the six
thermodynamic/activation parameters mentioned above.

Because the temperature-dependent "N CPMG data
are well fit to a two-state binding model, including nnm,
+n,+4 adjustable parameters, the extraction of nyn, +2n,
+6 parameters based on the three-state models above
requires an additional 7n,+2 parameters that must be
independently determined by other methods. These

additional parameters are the 7, chemical shift differences,
Ay, and Kg i, obtained from NMR titration data and
the calorimetric association enthalpy, AH, [for the pro-
cess P+L « {(PL),(PL),}], measured by ITC (see below for
more details). Note that we have neglected any potential
temperature dependence in the thermodynamic and
activation parameters. In this regard, the relatively small
temperature range over which data were collected (18 °C) is
noteworthy. The parameters of the P+L < (PL); <(PL), and
(PL); <P+ L« (PL), binding models (they are equivalent)
can therefore be extracted by a global three-state fit of
!N CPMG relaxation dispersion data for n, selected
residues measured at all temperatures and magnetic
fields while enforcing Egs. (1), (2), and (4) (n.+2
relationships; see Results and Discussion). Specifically,
values of Kg uty and dKg g,/ dT [Egs. (1) and (2)] at 25 °C
were fixed to 200 pM and —0.7 pM/K (as obtained from
NMR titration and ITC data), respectively, while the
relations that connect Awg r and Awgr with Ay, were
enforced [Eq. (4)]. Note that relaxation dispersion data
do not provide information about the signs of Awg rand
Awg,r [although the relative signs of Awpr and Awpr
can be determined; see Eq. (4)], since the data are equally
well fit using either Awgp, Oor —Awgs,. Here, we
assumed that Awgip, and Awye have the same sign,
since the opposite assumption produced unreasonable
Awgr and Awpyr values that were comparable in
magnitude but opposite in sign for each residue.

Errors of the three-state binding parameters were
estimated using a jackknife procedure®* where data for
30% of the NH groups (nine and four residues for
ubiquitin and SH3-C, respectively) were randomly
removed and the data were subsequently refit (process
repeated 10 times). With the use of the #,+2 constraints
described above, both three-state and two-state models
have the same numbers of degrees of freedom and (as
expected) result in the same quality of data fit (i.e., the
same values of the global x? target function).

In order to gain insight into why the ngmm,+2n,+6
parameters of each of the three-state binding models
[P+L«~ (PL); <~ (PL), and (PL); < P+L«~(PL),] can be
obtained from the analysis considered above, it is useful
to consider an alternate solution of the problem in which
the ngmm, +2n,+ 6 parameters of the three-state models are
calculated directly from the apparent two-state parameters
obtained from (i) two-state fits of "> N CPMG relaxation
dispersion data (that include ny¢n, + 1, +4 parameters), (ii)
two-state fits of NMR titration profiles (1, +1 parameters),
and (iii) ITC data (1 parameter). This is accomplished by
solving a system of equations that relate the three-state
parameters and apparent two-state parameters. An
important relation in what follows is Eq. (1) in Results
and Discussion, which can be directly obtained from Eq. (7)
(as an aid to the reader, we repeat it here along with other
equations that are relevant):

Kyt =Ko +K33, (13)

where K4, and Ky, are dissociation constants for (PL); and
(PL),, respectively. An additional useful relation can be
obtained by noting that the relaxation dispersion profiles
are well fit by an apparent two-state model in which P and
(PL); are in fast exchange such that the apparent Ky that is
obtained from analysis of these data is given by

[Pl +[(PL);])[Llgep  1+Kg[L
Kd,disp = ( [[(PL 2]]) dip = ;led[ig } [L]disp (14)




404

Alternate Modes of Ubiquitin-SH3 Binding

Equation (14) can be rearranged to give

Ka L] -1
= [L] 15
1+ Kall [L} d,dlsp[ ]dlsp ( )

In Egs. (14) and (15), [L] (concentration of free ligand from
the three-state binding model) is calculated from Eq. (6) by
substituting Kgq e for Ky, while [L]gisp the free ligand
concentration obtained from fitting the relaxation disper-
sion data to a two-state binding model, {P,(PL);} < (PL),, is
calculated directly from Eq. (6) by substituting Kg qisp for
K4. Note that, in general, [L]#[L]qisp, since [L]=Lg
—[(PL);]-[(PL),], while [Llgisp=Lo—[(PL),]. Equations
(13) and (15) can be recast in a way that connects the
equilibrium three-state thermodynamic parameters AH;,
AS,, AH,, and AS, with the apparent two-state AH and AS
obtained from two-state fits of the relaxation dispersion
data, AH,, measured by ITC, and Ky st =exp(AGeiw/ (RT)),
derived from titration profiles

exp(—(AH; — TAS,)/(RT))
+exp(—(AH, — TAS,)/(RT)) = exp(—AGg /(RT)) (16)

exp(—(AH; — TAS,)/(RT))[L]
/(exp(—(AH; — TAS;)/(RT))[L] +1)

= exp(—(AH — TAS)/(RT))[L] (17)

disp
where Kaaisp=exp((AH—-TAS)/(RT)) and Kai=
exp((AH;—TAS;)/(RT)) (i=1,2). Equations (16) and (17)
follow directly from Egs. (13) and (15), respectively. Note
that all thermodynamic values AX are defined in terms of
the ligand-binding reactions P+L« (PL); and P+L«<(PL),
(i~e~/ Xpound ™ Xfree)

Two additional relationships can be obtained by equating
the temperature derivatives of the right and left sides of Eqs.
(16) and (17) to produce Egs. (18) and (19), respectively:

d/dT(exp(f(AHl —TAS;)/(RT))
+exp(—(AH; — TASZ)/(RT))>

18
:d/dT(GXp(—(AHcal - TAS*)/(RT))) 1

d/dT (exp(—(AHz — TAS,)/(RT))|L]

J(exp(—(AH; — TAS,)/(RT)[L] + 1))
/dT(exp(~(AH ~ TAS)/(RT) Ll ) (19)

where AS* is calculated from the known values of AH,,; and
AGy, that have been measured at 25 °C (AGyr=AH 4
—TAS*). In Egs. (18) and (19), we assume that AH and AS
are temperature independent (AC, of binding is 0) but note
that the values of [L] and [L]uisp are not since they depend on
Kai (Ka sitr) and Ky gisp [Eq. (6)], respectively; the temperature
dependencies of [L] and [L]4ssp, must therefore be taken into
account in Egs. (18) and (19). Thus, by solving the system of
four equations, Egs. (16)-(19), in terms of the four
unknowns, AH;, AS;, AH,, and AS,, the equilibrium
thermodynamic parameters of the three-state binding
models, P+L« (PL); < (PL), and (PL); < P+L<« (PL),, can
be obtained from parameters derived from relaxation
dispersion, titration, and ITC data that are based on the
simple two-state binding model. Note that Egs. (16)—-(19)
are valid for both three-state models such that identical

equilibrium entropy/enthalpy differences are obtained in
both cases.

In addition to the equilibrium thermodynamic para-
meters that are obtained in fits of the dispersion data, values
of activation enthalpy and entropy are also generated. These
correspond to the activation parameters for the
(PL), —(PL); transition in the P+L <« (PL); < (PL), model
and for the (PL),»P+L transition in the case of the
(PL); <+ P+L < (PL), model, from which kg and kg are
calculated, respectively. Note that kg g, (consecutive model)
is therefore the same as kg f (parallel model), although the
corresponding values kgp, and kpg, are not; these are
obtained from detailed balance,

P, PB, 1
k = —k k = —k =
BB B, ByB1 s FB, PE ByF> PE 1 _'_K:ilﬁtlr [L] y
i = = 17 2 5 20
PP T K L] (=12 (20)

where pg, pg, and pg, are equilibrium populations of states F,
By, and B, respectively. Based on the above discussion, it is
not surprising that the energy profiles for the consecutive
and parallel models (Fig. 3c and d and Fig. 4) are essentially
the same. The only differences [aside from the rearrange-
ment of P, (PL);, and (PL); in the figures that reflects the
difference in connectivities in the two models] are the value
of one of the barriers and the identity of the states that are on
either side of this barrier [(PL), and (PL), for the consecutive
model and P and (PL), for the parallel model].

The chemical shift differences Awopr=wp —wr and
Awpp=wp,~wr that pertain to the three-state binding
models P+L« (PL); < (PL), and (PL); <+P+L <~ (PL), can
be directly calculated from the apparent two-state shift
differences Awgp and Ay, obtained from relaxation
dispersion and titration data, respectively, by solving Egs.
(3) and (4) (see Results and Discussion):

Awop,r = (Awtie (P8, +PB,) — Aw@aispPs, ) (PE + P8, ) /p5,  (21)

Aap,r = Awie (P8, + PB,) + A®disp (PE + B, ), (22)

where pg, pg, and pg, are calculated from the three-state
thermodynamic parameters at 25 °C. As described above,
in these calculations, it is always assumed that Awgaisp (OF
Awgr) and Awy, have the same sign. Note that identical
chemical shift differences are obtained for both three-state
binding models.
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