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Structure, Dynamics, and Kinetics of Weak Protein—Protein Complexes
from NMR Spin Relaxation Measurements of Titrated Solutions**

Loic Salmon, José-Luis Ortega Roldan, Ewen Lescop, Antoine Licinio, Nico van Nuland,
Malene Ringkjpbing Jensen,* and Martin Blackledge*

Almost all cellular mechanisms are controlled by protein—
protein interactions, and the dynamic and kinetic properties
of these interactions determine cellular function.!"”) Weak or
transient protein—protein interactions, with equilibrium dis-
sociation constants approaching millimolar ranges, are known
to control numerous biological processes, including tran-
scription, replication, and signal transduction. NMR spec-
troscopy is an essential tool for the study of molecular
complexes because of its extraordinary sensitivity to inter-
actions whose affinities may vary over many orders of
magnitude. Although NMR spectroscopy can in theory be
used to study ultraweak complexes, they remain the least
well-characterized complexes in terms of molecular structure
and dynamics.”

The key problem with studying low-affinity complexes is
that the weakness of the interaction precludes the measure-
ment of parameters that originate uniquely from the bound
form of either protein when working with experimentally
accessible concentrations. Although chemical shift titration
provides information identifying the molecular interface,"
more precise structural information that determines the
relative orientation of the two partners is difficult to measure
in such systems. The study of local flexibility in the bound
forms of weak complexes is also essential for the under-
standing of the role and the specificity of the intrinsic motions
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in molecular recognition®® but again requires the measure-
ment of data that unambiguously derive from the complexed
forms of the protein.

We have recently presented a titration approach for the
determination of residual dipolar couplings (RDCs) from
experimentally inaccessible complexes.””) Here, we extend this
approach to the measurement of °N spin relaxation rates and
demonstrate that this can provide long-range structural,
dynamic, and kinetic information about these elusive systems.

Spin relaxation is a particularly attractive tool for the
study of protein complexes because it characterizes both
internal dynamics and long-range order from R,/R; ratios
(R, = longitudinal relaxation rate, R, = transverse relaxation
rate)."™ Here, we combine titration and “N relaxation
measurements to study the weakly interacting complex
between ubiquitin (Ub) and the third SH3 domain from the
human CD2 adapter protein (SH3).') We estimate the
dissociation constant (Kp) for this interaction to be (190 +
74) um at 35°C, such that measurement of NMR parameters
under saturating conditions of either of the partners is not
readily feasible. This is a particular problem for the inter-
pretation of spin relaxation where mixtures of free and bound
forms of the proteins may contribute very differently to the
measured relaxation rates, both in terms of the dipolar and
the chemical shift anisotropy (CSA) relaxation mechanisms,
and because of chemical shift exchange in the interaction site.
To accurately isolate these contributions, longitudinal and
transverse N relaxation rates were measured for different
mixtures of the two partners. The N heteronuclear single
quantum coherence (HSQC) spectra collected from mixtures
of the two ""N-labeled proteins were highly dispersed, such
that "N relaxation rates could be measured simultaneously
for both proteins in a single sample. Data measured at
600 MHz are shown in Figure 1 for three mixtures (pl, p2,
and p3) for which the estimated population of the bound
form, ppouna, ranges from 0.2 to 0.7 for both proteins.
Exchange between the two forms is fast on the chemical
shift timescale (Figure S2 in the Supporting Information).
Assuming this timescale is slower than the characteristic
rotational diffusion of the complex, the measured R, is given
by Equation (1).

RTXP = pbounthlwund + (1 - pbound)Riree (1)
R, obeys a similar relationship, with additional R., contribu-
tions in the sites that experience chemical shift changes upon
interaction [Eq. (2)].

R;XP = phounngound =+ (1 - phoum,l)l-\’;ree + ch (2)
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Figure 1. Experimental longitudinal and transverse °N relaxation rates (s™') in the two proteins
measured at 308 K and 14.1 T for the free forms and three different mixtures.

R, is defined by the known expressions for contributions to
transverse relaxation in the presence of a CPMG-based R,
experiment (CPMG = Carr-Purcell-Meiboom-Gill; see the
Supporting Information). R, values from the two partners
were fitted to all points and extrapolated to the expected
values in the bound form. Although a more complex regime
has been proposed for a related SH3—Ub complex,”! we have
restricted our analysis to a two-state model. The actual bound
fraction in the complex was simultaneously refined for both
proteins along with the K. Chemical shifts from the different
mixtures were incorporated into this fit, with limiting values
in the free and bound forms fixed to those obtained from the
Ky, titration (Figure S4 in the Supporting Information).
Examples of linear fits to the R, values are shown in
Figure 2AE.

In theory a similar approach can be applied to R,, with the
possible presence of an additional R., contribution that gives
rise to a deviation from the linearity with respect to the actual
bound fraction in the complex. This will be manifest as a
skewed bell-shaped distribution, the form of which depends
on the off-rate of the interaction (k,;) and on the protein
concentrations (Figure S1 in the Supporting Information).
For dissociation constants similar or weaker to that studied
here, it is impossible, in a viable concentration range, to
experimentally isolate mixtures where the bound fraction is
above 75%. The curvature of this dependence is in practice
therefore difficult to determine from experimental data
unless very specific exchange conditions are encountered.

We have therefore identified the exchange contributions
in each mixture by using a hybrid Lipari-Szabo-type analysis
of the relaxation data.l" Effective rotational diffusion tensors
were determined from the R,/R, ratios from both partners for
each fraction, which report on the population-weighted
average of the diffusion tensors from free and bound forms
of the proteins.'*?" This gives rise to an artificial second rank
tensor for each protein in each equilibrium mixture that
governs the orientational relationship between the dominant
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where the A, terms describe the orienta-
tional information encoded in the struc-
ture, 7, gives the effective correlation
times which define the anisotropic
tensor,?!! and $? and 7; represent the
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Figure 2. N Relaxation rates (s~') measured for different equilibrium
mixtures of Ub and SH3. AE) Linear fit of the R, values comprising
data from free proteins, and mixtures p1, p2, and p3 (A: SH3 Gly17,
E: Ub Asn25). B,F) Linear fit of the R, values for sites with no R, (B:
SH3 Gly42, F: Ub Val17). C,D,G) Linear fit of the R,—R,, values (red
lines) for sites experiencing exchange (C,D: SH3 Asn20, Asp57, G: Ub
Arg54). Blue dots: experimental values, red dots: fitted values.

H) Fitted R,, values with respect to pyounq for SH3 Thr18, Asp21, Tyr15,
Asp57, and Asn20 (from bottom to top).
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internal mobility. The R, value contributes only to R, and is
invoked as an additional parameter where necessary. To
illustrate the accuracy of the approach, high-resolution
structures of the free forms of the proteins, in the relative
orientation that was recently determined by using RDC-
based refinement of the complex, were compared to the
extrapolated values determined here.?!

The experimental relaxation rates were analyzed to
determine whether they could be reproduced within the
experimental uncertainty, by using the Lipari-Szabo-type
model-free approach [Eq. (3)]. Residue-specific models that
incorporate S% 7, and R., were compared by strict statistical
testing of models of increasing complexity using the program
Tensor2.”®! This procedure identifies sites with significant
exchange contributions for each mixture.**®! If a site was
found to require R, for all mixtures, and not for the isolated
forms of the proteins, these values were subtracted from the
measured R, and linearly extrapolated to the fully bound
form (Figure 2) As expected, these sites correlate well with
those showing chemical shift perturbation upon interaction
(Figure S3 in the Supporting Information). The dependence
of the R, terms with respect to the population of both
partners results in an estimated k. value of (15644 35)s™!
(Figure 2H shows the simultaneous fit of five sites).

The dependence of the experimental R,/R; ratios with
respect to the sequence for all fractions, and the extrapolated
values in the complex, are shown in Figure 3 for SH3 (a
similar dependence is seen for data from ubiquitin). The
values are compared to those calculated from the optimal
effective tensor and fitted using Equation (3). The different
range of the R,/R, ratios results from different rotational
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Figure 3. Experimental R,/R, ratios (red lines) for all fractions of SH3.
The Pyound Values were determined to be: p0: 0.0, p1: 0.217, p2: 0.360,
p3: 0.593. Extrapolated values in the complex (Cp). Sites exhibiting
significant exchange are not shown. Blue lines: calculated values for
optimal effective diffusion tensors (p0: D;=5.9x10"s™",

D, =48x10"s"", p1: Dy=4.8x10"s™", D, =3.9x10"s™", p2:
Dy=42x10"s"", D, =3.4x10"s™", p3: D;=3.5x10"s7",

D, =2.9x10"s™").
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diffusion anisotropies of the free protein and the complex
(eigenvalues shown in the legend). The good reproduction of
experimental and extrapolated values indicates that fluctua-
tions along the sequence derive mainly from the orientation
of the bonds with respect to the axes of the effective tensor.

The diffusion tensors for both proteins in the complex are
presented in Table 1. The eigenvalues are almost identical,

Table 1: Rotational diffusion tensors for the individual proteins in the
complex (Ub, SH3) and for both partners together (Cp). Molecules were
placed in a common referential axis system with their relative
orientations as defined from a previous study in which RDCs and
chemical shift titration were applied.

Di10"s™ D, [10"s7] 0[] ¢ 2N
Ub  3.00+£002 2314001 461414 83.0+14  76/54
SH3  2.96+0.02 231+001 —43.8+1.3 854+15  53/48
Cp 2994003 2314001 —446+14 846+13 137/102

[a] N is the number of points fitted. By using HydroNMR the tensor of
the complex is: (D, D, )= (2.9, 1.9) 107s™", (6, ¢) = (—44, 81)°.
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Figure 4. A) Angular dependence of the extrapolated R,/R; ratios in the
complex relative to the unique axis of the axially symmetric diffusion
tensor. Error bars are centered at experimental points, red dots are
calculated using the optimal tensor. The Pearson correlation coeffi-
cients are 0.92 and 0.87 for Ub and SH3, respectively. B) Representa-
tion of the diffusion tensor relative to the structure of the complex.
Distributions of axis orientations, determined from Monte Carlo simu-
lations, are shown as red dots.
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and the tensors are found to be axially symmetric (no
improvement is found when a fully anisotropic tensor is used).
This complex was studied using a related titration approach,
in which RDC values of different fractions of the partners
were measured, and the values in the complex were deter-
mined similarly. The eigenvectors in the molecular frame,
defined by the RDC-refined structure of the complex, are
identical within experimental uncertainty, and similar to those
calculated by HydroNMR.?! The fit is of equal quality using
both proteins together or separately. Figure 4 A shows the
dependence of the extrapolated R,/R, ratios on the angle (a)
of the internuclear vector with respect to the axis of the
diffusion tensor.”” The relative dimensions of the axes of the
diffusion tensor are visualized (Figure 4 B) with respect to the
RDC-refined structure. Noise-based Monte Carlo simula-
tions indicate the precision of the orientation of the diffusion
tensor axes.

Figure 5 shows the comparison between the extrapolated
R,/R, ratios and the RDCs determined from the study of the
complex when aligned in a sterically aligning liquid-crystal
medium. Considering that neither data set were experimen-
tally measured from the isolated complex, the similarity
between the data sets resulting from partial alignment and
anisotropic rotational diffusion in free solution, although
expected,® is quite striking. This provides further evidence
that the extrapolation techniques applied in these studies are
accurate and precise. Refinement of the structure of the
complex by using the program Sculptor® against these ratios,
in combination with ambiguous chemical shift restraints used
to raise the remaining orientational degeneracies (head to tail
and about the tensor axis), determines the same relative
orientation of the domains.

Finally, the availability of relaxation rates emanating from
the bound form of a very weak complex allows for a direct
comparison of the fast local dynamics which occur in the free
and bound protein. We have determined the motional

characteristics of both SH3 and Ub using the extrapolated
rates, obtained by a model-free analysis. In this case the
different 7, values represent the effective correlation times
which define the anisotropic diffusion tensor of the free and
the bound forms of the protein. The results are shown in
Figure 6 in terms of order parameters of the NH bond vectors,
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Figure 6. Internal mobility in the free and bound forms of SH3 (A)
and Ub (B). Hybrid Lipari-Szabo-type analyses using spectral density
functions of the form in Equation (3) were performed to determine the
NH bond vector order parameters (blue: free forms, red: bound
forms) by the program Tensor2.

indicating a very similar distribution of motions in the two
forms of both proteins, but revealing an increase in rigidity in
the C terminus of Ub, which interacts with SH3.

In conclusion, we have presented a general procedure for
the characterization of weak protein—protein interactions that
cannot easily be studied under saturating conditions. We
demonstrate that the measurement of spin relaxation changes
upon mixing of partner concentrations in the equilibrium

mixture leads to accurate deter-
mination of the relaxation rates
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from the bound forms of both
partners. These parameters are
experimentally unattainable
because of the difficulty of isolat-
ing the signal from the bound
forms of the proteins. The
method is applicable to a large

4.4

number of protein complexes that
are routinely studied by classical

RyIR,

NMR chemical shift perturbation.
Critically, however, this approach
goes further, by simultaneously
determining the long-range struc-
ture, internal dynamics, and
kinetic parameters of weak pro-

Sequence

Figure 5. Comparison between extrapolated RDCs (red lines), derived from equilibrium mixtures of the
complex, with extrapolated R,/R; values using the current approach (blue lines) based on the

measurement of ’N spin relaxation rates (s™').
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tein complexes. This technique
extends the unique capacity of
NMR spectroscopy to determine
the molecular basis of the largely
unexplored binding modes of
transient protein interactions.
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