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Abstract. Structural analyses of protein—protein interactions are required to reveal their
functional mechanisms, and accurate protein—protein complex models, based on experimental
results, are the starting points for drug development. In addition, structural information about
proteins under physiologically relevant conditions is crucially important for understanding
biological events. However, for proteins such as those embedded in lipid bilayers and transiently
complexed with their effectors under physiological conditions, structural analyses by conventional
methods are generally difficult, due to their large molecular weights and inhomogeneity. We have
developed the cross-saturation (CS) method, which is an nuclear magnetic resonance
measurement technique for the precise identification of the interfaces of protein—protein
complexes. In addition, we have developed an extended version of the CS method, termed
transferred cross-saturation (TCS), which enables the identification of the residues of protein
ligands in close proximity to huge (> 150 kDa) and heterogeneous complexes under fast
exchange conditions (>0.1 sf‘). Here, we discuss the outline, basic theory, and practical
considerations of the CS and TCS methods. In addition, we will review the recent progress in the
construction of models of protein—protein complexes, based on CS and TCS experiments, and
applications of TCS to in situ analyses of biologically and medically important proteins in
physiologically relevant states.
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I. Introduction

Technical advances in structural biology have greatly accelerated the processes of protein
structure determination, as reflected in the increasing numbers of three-dimensional (3D) struc-
tures available in the Protein Data Bank (PDB). As of January 1st 2014, 96956 structures atre
available in the PDB, and the number may reach 0.1 million at some point in 2014. Although
the individual structures of the proteins themselves provide important information to understand
their functions, most of the proteins, actually, would act together with other proteins and macro-
molecules, including oligonucleotides and lipids, as well as small molecular ligands, by forming
constitutive and/or transient complexes. Towatd this end, thete are only 12% of the structures
in the PDB are in the hetero-complex forms. Thus, the structural analyses of protein complexes,
in addition to the development of novel strategies to solve the associated problems, are essential
for understanding the biological functions of proteins in the physiological state.

Furthermore, proteins can work as oligomers and/or aggregated states under the physiological
conditions. Some proteins are embedded in or associated with phospholipid-bilayer membrane

to exert their functions. Above all, living cells are quite inhomogeneous, in the sense of their
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components and contain an abundance of the complex architectures existing in both solid and
liquid phases. Conventional structural analyses of proteins are generally not applicable to these
inhomogeneous systems, and thus the development of novel strategies is important to elicit struc-
ture information from physiologically relevant states.

Due to their importance in cellular functions, protein—protein interactions are now considered
as attractive sites of action in drug development (Berg, 2008). Targeting protein—protein intet-
actions with small molecules is still challenging, due to the large protein—protein interaction
surfaces and absence of obvious binding pockets (James & Christopher, 2007). Since accurate
structure models of protein—protein complexes would be quite useful in providing starting points
for the drug design, as well as the following optimization steps, strategies that readily provide re-
liable structural information about protein complexes are greatly desired in pharmacological
applications.

Solution-state nuclear magnetic resonance (NMR) spectroscopy methods have extensively con-
tributed toward solving these problems in the structural analyses of protein—protein and protein—
macromolecule complexes, as the techniques allow significant variations of the experimental
conditions, as compared to other structural-biological methods. In addition, solution-state
NMR is a unique methodology to handle and extract dynamic information from heterogeneously
behaving systems, and thus is suitable to approach the cellular systems and problems discussed
above.

Among other successful strategies using solution-state NMR for the analyses of protein
complexes in the physiological states, we have developed NMR measurement techniques, the
cross-saturation (CS) and transferred cross-saturation (T'CS) methods (Nakanishi ez a/ 2002;
Shimada, 2005; Shimada e /. 2009; Takahashi ez a/. 2000). The TCS experiment is an extended
version of the CS experiment, which significantly elevates the molecular weight limitation of CS
methods to >150kDa, given that fast exchange conditions between the bound and unbound
states are achieved (£.>0.15""). Both techniques provide precise identification of the interfaces
of protein—protein complexes in solution, and have been used to investigate the interactions of
proteins, including large and/or membrane-embedded proteins, with their biological binding
partners (Shimada, 2005; Shimada ez a/. 2009). The techniques have also been successfully applied
to systems with huge molecular weights and/or inhomogeneity, such as liposomes and insoluble
fibrils, as previously reviewed (Shimada, 2005; Shimada ez a/. 2009). Furthermore, the nature
of the TCS experiment, which has higher sensitivity toward low-affinity transient interactions,
is optimal for analyzing ‘encounter complexes’, which represent the first dynamic step in the pro-
tein complex formation and are crucial for accelerating stable productive complex formation.

Here, along with the theoretical and practical considerations of the CS and TCS methods, we
will review the recent applications of TCS to the analyses of biologically and biomedicinally im-
portant proteins in physiologically relevant states. We will also discuss the recent progress in con-
structing accutate structural models of protein—protein complexes, based on the information
obtained from CS and TCS experiments, which would be in the early stages of drug development
processes. The TCS method has also contributed toward revealing dynamic views of the protein
complex formation, which are represented by the formation of the encounter complex or multi-
step protein—protein/protein-membrane interactions, as discussed in detail in this review.
Through these examples, we hope to convince the readers that the CS and TCS methods are suit-
able to provide accurate structural information from dynamic and inhomogeneous systems,
which are quite abundant in living cells. The information may be complementary to or inaccess-

ible from the static views of the interactions provided by other structural biological methods.
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Fig. 1. Schematic diagrams of the CS method.

2. Outline of the CS and TCS methods

Schematic diagrams of the CS experiments are shown in Fig. 1 (Takahashi e /. 2000). In
the CS experiments, the complex of the uniformly *H,'°N-labeled protein I, with residues to
be identified as the interface residues, and the non-labeled protein II is formed in a solvent
with a low H,O/D,O ratio, typically 10% H,O/90% D,O. Under these conditions, the proton
density in protein I is very low, because the protons in protein I are all exchangeable and each
exchangeable hydrogen site is occupied by 'H with low probability. The complex is irradiated
at a frequency corresponding to the aliphatic proton resonances, which exclusively affects protein
II, because almost no aliphatic protons exist in the deuterated protein I. In the case of large
proteins, the saturation in the aliphatic protons of protein II is instantaneously transferred to
all of the hydrogen atoms of protein II, which has high proton density. This phenomenon is
known as the spin diffusion effect (Akasaka, 1981; Kalk & Berendsen, 1976). Although the deut-
erated protein I is not directly affected by the radiofrequency field, the saturation can be trans-
ferred from proteins II to I through the interface of the complex, in a phenomenon called the CS
effect. The saturation transferred to protein I is limited to the interface, due to its low proton
density. The saturation of each amide proton of protein I can be observed as an intensity
reduction in 'H—""N shift correlation spectra, measured by transverse relaxation-optimized
spectroscopy (TROSY) coherence transfer (Pervushin ez a/. 1997, 1998). Therefore, the residues
that are in close proximity to protein II can be identified by observing their signal intensity
reductions.

As exemplified by previous studies, the binding interfaces determined by the CS method
are more precise than those provided by conventional methods, such as chemical shift per-
turbation and H-D exchange rates (Matsuda e# 2/ 2004; Shimada e a/ 2009; Takahashi
et al. 2000). These differences could arise because the chemical shifts and the H-D exchange
rates are affected by various factors, such as differences in the microenvironment and subtle
conformational changes upon binding. Therefore, the combination of the CS and chemical
shift perturbation methods provides a useful means of separating the direct intermolecular con-
tacts from the secondary effects due to ligand-induced conformational changes (Takeda ez /.
2003).

For the effective suppression of spin diffusion in protein I, a solvent with a low concentration
of H,O is used in the CS experiment. However, since the CS effect is detected by the labile main
chain amide protons, this experimental limitation causes a loss of sensitivity. Furthermore, be-
cause the main chain amide protons usually form the framework structure of the protein, and

thus are less exposed on the molecular surface, they are generally less susceptible to saturation
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Fig. 2. Schematic diagrams of the TCS method.

transfer from protein II to protein I. Therefore, we utilized the side chain methyl protons of pro-
tein I in the CS method (Takahashi ez a/. 2000).

The probability of methyl protons being located in the molecular interface of a protein—protein
complex is comparable to or even larger than that of amide protons (Takahashi ez a/ 2000).
Furthermore, the 'H-""C shift correlation spectra of the methyl groups are generally well-
resolved, and because of the fast rotation about the methyl symmetry axis, the methyl group exhi-
bits narrow line widths, leading to excellent sensitivity (Goto e¢f a/. 1999; Hajduk ez a/. 2000; Rosen
et al. 1996). Additionally, the relatively short longitudinal relaxation time of the methyl protons
ensures the short relaxation delay in the experiment, which decreases the total measurement
time. Therefore, the methyl protons are very suitable probes in the CS experiments used for iden-
tifying molecular interfaces.

In the CS method, the resonances originating from the complexes should be directly
observed. Therefore, the CS method is not so effective with protein complexes larger than
150 kDa. To overcome these limitations, we have developed an extended version of the CS
method, termed TCS measurement (Nakanishi ez a/ 2002). The TCS experiments are
performed with an excess amount of protein I, relative to protein II (Fig. 2). If the complex
has sufficiently large exchange rates between the free and bound states, then the saturation of
the interface residues is efficiently transferred to the free state of protein I. The TCS method
is applicable to latge and/ot heterogeneous protein complexes, for which NMR signals in the
complex state are not directly observable, because we do not need to directly observe the complex
signals.

3. General theory of the TCS method

The efficiency of the TCS effects depends on experimental condition and sample properties, such
as solution conditions, binding constant of proteins I to II, molecular weights of the complex,
and the spatial configurations of the protons in the complex. Therefore, a theoretical description
of the TCS method will be helpful for the rational optimization of the experimental conditions.

In the samples prepared for analyses by CS or TCS method, the exchangeable hydrogen sites
are occupied by either "H or °H at the probability of the fractional content of protons in the sol-

vents, and therefore, the samples are mixtures of isotopomers. The time-course of the
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longitudinal magnetizations of the protons of each isotopomer in the TCS method during the
irradiation is given by Matsumoto ez a/. (2010)

dM
df’) = —(R +K)(M() — M) + Q, 0

where M(7) is a vector consisting of the longitudinal magnetizations of protons of proteins I and
II that are not directly irradiated, M is a vector consisting of the magnetizations at thermal equi-
librium, R is a relaxation matrix, K is a kinetic matrix, Q is a vector consisting of the sum of the
products of the magnetization at thermal equilibrium and the cross-relaxation rate constants be-
tween the protons that are directly irradiated and the protons that are not directly irradiated, and
¢ is the duration of the irradiation.

In order to suppress the spin diffusion in protein I, due to the lower proton density, protein I is
deuterated and water with a low proton concentration is used as the solvent. In the presence of
the extremely low proton concentration, it can be assumed that only protein I isotopomers that
contain one proton are predominantly exist in sample solution. For simplicity, we also assume
that all of the protons in protein II are instantaneously saturated upon irradiation, and thus,
the magnetizations of all of the protons in protein II are assumed to be zero. Under such
conditions, the time-course of the magnetization of each proton in protein I, described by
two-coupled differential equations, are given by

SN (O (Dl 200y o
dr\mn) — L\o p, —kotr oot My(#) — My 2 oMy |’
@)

where M (7) and M, (§) are the magnetizations for the proton of protein I in the free and bound
states, respectively, pr and py, are the longitudinal relaxation rate constants for the proton of pro-
tein I in the free and bound states, respectively, £, and £ are the second-order association rate
constant and the dissociation rate constant, respectively, [R] is the concentration of the free pro-
tein 11, and ZfeceP " 5, M, is the sum of the intermolecular saturation transfer rates. Note that all
of the magnetizations are defined as values per unit concentration; therefore, the kinetic matrix in
Eq. (2) is corrected from the previously reported conventional kinetic matrix (Jayalakshmi &

Krishna, 2002) by multiplying the corresponding concentration ratios, as

[L]

konlR] Rt X TRy | (,éon[R] —/eon[R]> 3
" _ , 3)
—kon [R] X m Kof

— Rof Kofe

where [L] and [LR] are the concentrations of the free protein I and the complex, respectively.

Pss P, and 0; can be calculated from the rotational correlation times of protein I in the free and
bound states and the distances between protons in the complex, although not described in detail
here (Matsumoto ¢# a/. 2010). [K] can be calculated from £y, £o5r, and the total concentration of
proteins I and IL

The effects of the radiofrequency (tf)-irradiation in each proton of protein I are evaluated
by the ratio of the signal intensities from spectra recorded with and without irradiation, given
by Mg2)/M,.
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Fig. 3. Schematic diagrams of the samples used in TCS experiments. Protein I is deuterated, and water with
a low proton concentration is used as the solvent. Under these conditions, the spatial configurations of the
protons of each isotopomer in protein I can be highly variable.

If we assume that the initial magnetizations of all protons in protein I are at thermal equilib-
rium (M (0)=M,(0)=M,), then the analytical solution of Eq. (2) is given by

receptor 2’7 71 l+ 71
/ /éon R](1 - -
(Mf(n)_(Mo) 2 oM f Kol ]( T T )
My(2) My PiPyFPkex ae—a (1 A — Ay e, (14 Ae — Iy s
T — i T — I

(4)
whete Ae=pet&onlR], Ab = PotKots £ex = £on[Rl Ao and p = (1 — pu)ps + popy,- A+ and A_ are

the eigenvalues of the dynamic matrix, and are given by

e p ke £\ — P+ 205 = p)( — Pk + R

dy = 5 . (5)

v and pr are the free and bound fractions of protein I, respectively. Therefore, the ratio of the
signal intensities of each proton can be calculated from £, £, the total concentration of pro-
teins I and II, the rotational correlation times of protein I in the free and bound states, and the
distances between the protons in the complex, by using these equations. £, £, and the rota-
tional correlation times of protein I in the free and bound states are dependent on temperature.

The above relatively simple theoretical descriptions are invalid in the cases where more than
two protons exist in each protein I molecule. The spatial configuration of the protons of each
isotopomer in protein I can be quite variable, because protein I is deuterated and water with a
low proton concentration is used as the solvent (Fig. 3). Therefore, the observable magnetizations
in the CS or TCS methods need to be formulated as an ensemble average of the magnetizations
over all of the isotopomers in the sample solution. Although not described in detail here, we have
established the theoretical description of the TCS method, which explicitly incorporated isotopo-
mers in the sample solution (Matsumoto ef al. 2010).

4. Practical considerations for TCS experiments
4.1 Estimation of the effects of the experimental conditions on CS phenomena by model
spin simulation

To estimate the effects of the experimental conditions in the TCS method, we performed numeri-
cal simulations of TCS experiments using a model spin system that mimics large complexes, as
shown in Fig. 44 and &, based on the theories that incorporate isotopomers (Matsumoto ¢ al.
2010).

https://doi.org/10.1017/S0033583514000043 Published online by Cambridge University Press


https://doi.org/10.1017/S0033583514000043

I50 T Ueda et dl.

(a)

13 L2 L1 4 |1
Q o 7o) . e . - e

3A 3A 5A

3

Fig. 4. Model spin system used in the simulation study. () Basic structure of the model spin system.
Protein I is composed of three exchangeable protons, L1, 1.2, and L3 (open circles) placed linearly with
3 A spacing. Protein 1T is composed of non-exchangeable protons (closed circles) placed at 3 A -spaced
grid points in a cube. The distance between the L1 proton and the closest proton of protein II is set to
5A. () CPK model of the model spin system. The total number of protons in protein II is 13°. The
protons of proteins I and II are colored gray and white, respectively.

In the theoretical description of the TCS experiments, we made several assumptions for
simplification (Matsumoto ¢f a/. 2010). In the model spin simulation, we also assumed that the
model spin system sufficiently mimics the spatial configuration of protons in protein—protein
complexes. Nevertheless, the intensity ratios in the TCS experiments of the complex of ubiquitin
(Ub) and yeast ubiquitin hydrolase 1 (YUH1) were similar to those in the model spin simulation
under the corresponding conditions, suggesting that the simulation was effective for the
optimization of the TCS experimental conditions (Matsumoto ez a/. 2010).

Although not described in detail here, the simulation studies indicated that: (i) the proton
concentration in the solvent should be 10-30%; (ii) a larger py, is preferred for higher saturation
efficiency; (i) the TCS method is applicable to systems where Aqi>0.1 s7Y (v) for
foss = 10 s_l, P = 0.1 is preferred; (v) for Ayg~1 s_l, Po = 0.5 is preferred; and (vi) the
TCS method is applicable to systems with large 7. (~1 us), where p, is ~0.01 (Matsumoto
et al. 2010).

4.2 Residual protons in protein |

High deuteration ratio for protein I (=95%) is important in the CS and TCS experiments,
because residual aliphatic protons in protein I may induce unfavorable intensity reductions for

non-binding site tesidues. Although the effects of the residual protons are usually negligible
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for properly prepared perdeuterated samples, the protons in the thiol and hydroxyl groups
located inside of proteins may slowly exchange with water and behave as residual aliphatic
protons (Matsuda ez al. 2004), especially in the case of a larger protein systems, in which the
saturation transfer rates are significantly enhanced (Mase ¢ a/. 2012; Yokogawa ez al. 2011).
These effects may be avoided by optimization of the center frequency and the bandwidth of
the saturation pulses to guarantee instantaneous saturation for protein II (Sugiki e a/ 2012;
Yokogawa ef al. 2011).

4.3 Subtraction of the non-specific binding effects

The samples used in CS and TCS experiments often contain additional non-deuterated additives
or impurities as well as proteins I and II. The irradiation saturates these additional substances,
and the saturation may transfer from the substances to the observed protein I via water or non-
specific interactions. Therefore, control experiments are important, in order to rule out these
effects. In the cases where deuterated protein II is available, the non-specific binding effects
can be examined by control experiments in which both of the proteins are deuterated (Mase
et al. 2012). In the cases where inhibitors are available, the non-specific binding effects can be
examined by competitive control experiments in the presence of the inhibitors (Kanaba e /.
2013; Kofuku et al. 2009; Kubo e al. 2013). In the cases where protein II is embedded in vesicles,
and vesicles in which the binding site of protein II is inwardly oriented are available, the
non-specific binding effects can be examined by control experiments with the inwardly oriented
vesicles (Ueda ez al. 2012).

5. Model building based on an amino-acid selective cross-saturation
(ASCS) method

5.1 ASCS method to identify intermolecular proximal residue pairs

As described in Section 1, accurate protein—protein complex models based on precise experimen-
tal information about the intermolecular interactions are required, as the starting points for
drug development. In this section, we will describe the construction of protein—protein complex
models, based on ASCS and TCS methods (Igarashi e 2/ 2008; Kanamori ef al. 2011).

Although the CS experiments provide reliable information about the protein II-binding inter-
face of protein I (Fig. 1), the CS method, in principle, provides no information about the binding
residues of protein II, and thus about the relative orientation of the two proteins, because the
protons of the non-labeled protein II are subjected to saturation by irradiation and subsequent
spin diffusion to the whole protein II molecule. In order to build a complex model, the intermo-
lecular proximal residue pairs must be identified. In conventional NMR experiments, the inter-
molecular nuclear Overhauser effect (NOE) must be observed and assigned. However, the
intermolecular NOE:s that are observed within 5 A are mostly those between side chain protons,
which often cannot be assigned in larger systems, due to the degeneracy of the NMR signals. We
obtained such information by development of an ASCS method, in which only the main chain
assignments of protein I are necessary (Igarashi ez a/. 2008).

5.2 Outline of the ASCS method

In the conventional CS method, in which proteins I and II are unlabeled and uniformly
’H,"*N-labeled, respectively (Fig. 1). In the ASCS method, on the other hand, protein 1I is
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Fig. 5. Schematic representations of ASCS methods. (@) The ASCS method. Protein II molecules are amino
acids, X, Y, and Z selectively 'H-labeled in a 2H-background on each panel, respectively, whereas protein I is
labeled in the same way as in conventional CS. The amide protons affected by the rf-irradiation on the ligand
are depicted as H1, H2, H3, and H4. (§) Combinatorial approach to determine the proximal residue pairs.
The CS-source residues can be identified by combining several ASCS results, based on the spatial
complementarity of the CS-source candidates and the amide protons affected by the rf-irradiation.

amino acid selectively 'H-labeled in a *H-background, while protein I is uniformly “H,"’N-
labeled. With this labeling method, CS originates from the 'H-labeled amino-acid residues on
protein II. Figure 52 schematically depicts the amino acid X, Y, and Z selective CS, where the
amide protons of protein I, H1, H2, and H3 and H4, are affected by the rf-irradiation, respect-
ively. As shown in Fig. 54, the distribution of the CS-source residues of amino acid types X, Y,
and Z overlaps with that of the amide protons affected by the rf-irradiation on protein I at the
binding interface. Therefore, given each 3D structutre of proteins I and II and the combinatorial
analysis of multiple ASCS results using several differently labeled protein II, the identification of
the CS-source residue(s) on protein II is possible. Thus, the ASCS method can identify the
CS-source residue(s) of protein II and the residue(s) of protein I affected by the rf-irradiation,
as the intermolecular proximal residue pairs.

This amino-acid selective 'H-labeling in a *H-background applied to ASCS requires highly
selective and efficient 'H labeling. Our quantitative analyses of the labeling efficiency of model
proteins revealed that the amino-acid selective lH—labeling was applicable to Ala, Arg, His, Ile,
Leu, Lys, Met, Phe, Pro, Tyr, Ttp, Cys., and Gly, but not to Asp, Gln, Ser, Thr, and Val. Gly
and Cys have intermediate incorporation efficiencies.

5.3 Observation of CS from the amino-acid selectively 'H-labeled protein

The ASCS observations were validated using the known structure of the complex of yeast Ub and
the C90S mutant of YUH1 (Johnston ez al. 1999). The C90S mutant of YUH1 was found to bind
Ub with a dissociation constant of 43 nM. Hereafter, we refer to the C90S mutant of YUHT1 as
YUHI1.

First, the CS experiments were performed using unlabeled YUH1 (the conventional CS
method, Fig. 64) and uniformly *H-labeled YUH1 as a negative control (Fig. 64). While the
’H-labeled YUH1 showed no signal intensity reduction, the conventional CS experiment pro-
vided signal intensity reductions for residues 7-11, 36, 40—42, 47, and 69-75 of Ub (Fig. 6a).

ASCS experiments were then performed for Ala, Arg, Leu, Met, Phe, Pro, or Tyr selectively
'H-labeled YUH! in complexes with uniformly 2H,lSN—labeled Ub. Figure 66—z shows each of the
ASCS results. The CS was observed from ['H-Ala] YUH1 to Leu”" and Leu” of Ub (Fig. 6¢);
from ['H-Leu] YUH1 to Leu”®, Arg’®, and Gly” (Fig. 6d); from ['H-Pro] YUH1 to Gly”
(Fig. 6¢); and from ['H-Tyr] YUH1 to Gly” (Fig. 6f). Although no signal intensity reduction

was observed for Met and Phe under the same conditions as those for the other amino acids
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Fig. 6. CS from YUHI to Ub. (4) Conventional CS experiment using unlabeled YUH1. Residues 7-11, 36,
40-42, 47, and 69-76 of Ub were significantly affected by the rf-irradiation. (b)) CS experiment using
uniformly “H-labeled YUH1. No Ub residue was affected by the rf-irradiation. (9) Ala, (4) Leu, (¢) Pro,
(f) Tyr, (g) Met, (h) Phe, and () Arg-selective CS experiments. (—f and 7) ASCS experiments were
performed at 30 °C with irradiation for 1.5s. Numbers show Ub residues affected by the rf-irradiation.
(g and h) ASCS experiments wete petformed at 10 °C with irradiation for 4.5s. Asterisks indicate the Ub
residues within 4-5 A from the "H-labeled amino-acid residues of YUHI.
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(data not shown), small intensity reductions were observed by changing the saturation duration
from 1.5 to 4.5 s and the temperature from 30 to 10 °C to increase the spin diffusion rate, con-
sidering the molecular weight of YUH1 (26 kDa) (Fig. 6g and /). No CS was detected from Arg
to Ub (Fig. 67).

We note a possibility of the insufficient saturation in protein II, due to the amino-acid-selective
labeling, leading to the low sensitivity to the detection of CS. To enhance the sensitivity, lowering

temperature in the ASCS experiments is useful.

5.4 Search for the CS-source residues

We then tried to identify the Ub-binding site on YUH1 by analyzing the Ala, Leu, Pro, and
Tyt selective ASCS results, with reference to the individual structures of Ub and YUHI1. The
saturation of Pro residues on ['H-Pro] YUH1 and Tyr residues on ['H-Tyr] YUH1 caused
the signal reduction at Gly” of Ub (Fig. 6e and /), indicating that the CS-source Pro and Tyr
residues are located in close proximity to the YUH1 surface. The combinations of proximal
Pro and Tyr residues (<7 A) found on the YUH1 surface were Pro'’/Tyr'®’, Pro'/Tyr"’,
Pro49/ Tyr37, and Prolgs/ Tyrwo. The Ub molecule was then placed on the YUHT1 surface, to
allow Gly” of Ub to approach each of the four Pro/Tyr sites. While keeping the amide proton
of Gly75 of Ub in the proximity of each Pro/Tyt site, vatrious otientations of Ub were examined
to satisfy other ASCS results, i.e., the CS-source Ala residue(s) close to the Leu”' and Leu73,
which were affected by the rf-irradiation (Fig. 6¢), and the CS-source Leu residue(s) close to
Leu”, Arg™, and Gly” (Fig. 6d) of Ub. As a result, this manual analysis identified Pro'’ and
Tyr167 as the CS sources for Gly75 of Ub; Ala®'® and/or Ala**" for Teu’' and Leu” of Ub;
and Leu’®, Leu'®, and/or Leu”™ for Leu”, Arg74, and Gly”® of Ub (Fig. 7).

All possible combinations of the CS-source residues were then systematically evaluated, based
on the maximum distance deviation of the CS-source residues and the amide protons affected by
the rf-irradiation. From the ASCS results, shown in Fig. 66—, we extracted two Ala residues, three
Leu residues, one Tyr residue, and one Pro residue in the YUH1 surface as the CS-source resi-
dues. Since YUH1 has 10 Ala, 17 Leu, 11 Pro, and 4 Tyr residues, the number of combinations
of CS-source candidates is 10°x17°x4'x11'x21617200. For each combination of CS-source
candidates, the best relative orientation of Ub and YUH1 was then searched, so that the geometry
of the selected CS-source candidate on the YUH1 structure could overlap the geometry of the
amide protons on Ub affected by the rf-irradiation. The CS-source candidates were sorted
by the maximum distance deviation in ascending order. As a result, the top eight among the
22 million combinations were the same candidate sets as those obtained by the aforementioned
manual analysis (Igarashi ez a/. 2008).

5.5 Building a complex model satisfying the ASCS results

Based on the amino-acid residue pair list, the candidate Ub—YUH1 complex structures were coar-
sely generated by docking the Ub and YUH1 models, and 76 candidate complex structures with
maximum deviations <6.0 A were first generated (Kanamori ef a/. 2011). Subsequently, structural
clustering based on the RMSD selected 42 candidate complex structures among the 76 structures,
as shown in Fig. 8a. In Fig. 84, the centers of mass of the 42 candidates of Ub are widely dis-
tributed around YUHI.

We then developed a simulated annealing protocol incorporating a penalty function, Eascs,

which is the sum of the squares of the differences between the experimentally observed and
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L71 ¥L73
R74

Fig. 7. Identification of proximal residues on Ub and YUH1 by ASCS. () Left: Amide protons affected by
the rf-irradiation (red spheres) in four ASCS experiments. The Ub backbone is shown as a blue tube model.
Right: Candidates of residues on YUH1 proximal to Ub residues affected by the rf-irradiation. Ala, Pro, Tyr,
and Leu are colored pink, red, orange, and green, respectively. (/) The residue proximal to the residues
affected by the rf-irradiation on the crystal structure of Ub—YUHIT.

that are theoretically calculated CS values, based on the Bloch equation. This protocol was
applied to generate 84 (42X2) structures. Figure 8/ shows the RMSD,,, against the reference
structure and the Exgcs values of snapshot structures of the 84 (42X2) structural trajectories,
where RMSD ., is the RMSD value of the backbone atoms of the model Ub structure, when
the model YUHT1 structure was superimposed onto the reference YUHT1 structure. The snapshot
structures were captured every 1.0 ps. The correlation coefficient between the RMSD ., and the
Eascs value was 0.61. This result shows that RMSD,,,; correlates with Exgcs, and that the struc-
ture with a lower E ygcs value is more probable than that with a higher E zgcs value. The structure
with the minimum Egcs value (Eascs=7.88 keal mol_l) has an RMSD,, equal to 3.05 A, as
indicated in Fig. 84; the 3D structure is shown in Fig. 8¢, as superimposed on the complex ref-
erence structure. The structure of the protein assembly was very well reproduced.

A model of protein—protein complexes can be built by incorporating the ASCS results, as the
intermolecular structural constraints, within the simulated annealing protocol. Assuming that the
individual structures of proteins I and II are available, the ASCS method provides the intermo-
lecular proximal residue pairs, without side chain resonance assignments. Thus, the method is
beneficial for larger systems with weak interactions, where the TCS method is applicable
(Kanamoti et al. 2011).
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Fig. 8. Model building of a protein—protein complex satisfying the ASCS results. (@) Initial structures for the
simulated annealing calculations. Green spheres represent the centers of mass for 42 candidates of Ub. The
initial structures of Ub generated from the 1st and 34th pair list are shown and colored red and blue,
respectively. The YUH1 and Ub of the reference complex are shown and colored light blue and orange,
respectively. The C-terminal Ca atoms of Ub are displayed as space-filled models. (b)) Relationship
between the Ejgcs values and the RMSD,, values of Ub, determined using the simulated annealing
procedure. The open circle represents the Eagcs value calculated from the reference complex. The
dashed line represents Eagcs=15.4kcalmol™". () Complex structure of YUH1 and Ub. YUH1 and Ub
of the complex with the lowest Eagcs value are shown and colored blue and red, respectively. The
YUH1 and Ub of the complex after equilibration in explicit water are shown and colored green and
purple, respectively. Furthermore, the YUH1 and Ub of the reference complex are shown and colored
light blue and orange, respectively. The YUH1 of the model complex is superimposed on the YUH1 of
the reference structure.
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6. In situ TCS studies of biologically and medically important systems under
physiologically relevant conditions

6.1 Multidomain and multisubunit proteins

Vatrious proteins form huge multidomain and/or multisubunit structures, composed of multiple
structural domains. In traditional structural studies, each single structural domain is separated, in
order to decrease the size of the molecule of interest. However, their functional sites are often
composed of several domains or subunits, and thus 7 situ structural studies of the multidomain
and/ot multisubunit, not isolated single ones, ate requited for understanding their functions.
In this section, we will describe the TCS studies of the interactions between the intracellular
side of G-protein-gated inwardly rectifying potassium (GIRK), which forms a homotetramer,
and the multidomain protein G-protein a subunit (Ga) or the heterodimeric protein
G-protein fy subunit (GfY).

6.1.1 GIRK as an effector of G-proteins

GIRK ion channel is a member of the inwardly rectifying potassium ion channel (Kir) family,
regulating heart rate, neuronal excitability, and other physiological events (Hibino e¢# a/ 2010).
GIRK functions as a tetramer, in which a long, 88 A K" permeation pathway is formed by
the transmembrane (TM) and cytoplasmic pore (CP) regions (Whorton & MacKinnon, 2011).
The crystal structure of GIRK revealed two K" -ion gates: the helix bundle crossing on the cyto-
plasmic side of the TM region and the loops on the membrane side of the CP region, referred to
as G-loops. Although the gating of Kir family proteins is generally regulated by phosphatidylino-
sitol 4,5-bisphosphate, the opening of the GIRK gate is also triggered by the direct binding of the
Gpy. The stimulation of G-protein-coupled receptors (GPCRs) causes the exchange of GDP
with GTP on Ga, which decreases the affinity of Ga for Gfy. Gfy then dissociates from Ga
in the GTP-bound state (Ga(GTP)) and associates with GIRK, resulting in the opening of
the GIRK gate (Hibino e a/. 2010). When the GPCR stimulation ends, the GTP on Ga is hydro-
lyzed to GDP, and then Ga in the GDP-bound state (Ga(GDP)) removes Gfy from GIRK,
resulting in the closure of the GIRK gate. Although Gpy directly binds to and activates
GIRK, Ga also plays important roles in regulating GIRK. In particular, Ga(GTP) reportedly
interacts with GIRK directly, and accelerates the deactivation of GIRK (Benians e a/. 2003;
Berlin ez al. 2011). Altogether, it is now evident that Ga not only functions as the donor and
acceptor of Gfy but also modulates the gating properties of GIRK.

6.1.2 The Gpfy binding and conformational rearrangements of GIRK

To reveal the structural mechanism by which Gfy-binding activates GIRK, we investigated the
direct interaction between the CP region of GIRK1 (GIRKp; residues 41-63 and 190-371 as a
single polypeptide) and Gfy (Yokogawa et al. 2011). To identfy the Gpy-binding site on
GIRKp, TCS experiments were performed. The residues affected by the rf-irradiation were
mapped on a single subunit of GIRK¢p (Fig. 94). Although the mapped residues are dispersed
on a single subunit of GIRKcp, these residues formed two adjacent contiguous surfaces in the
two neighboring subunits of the GIRK¢p tetramer (Fig. 94), suggesting that the two surfaces
could form a single Gfy-binding site.

On the other hand, the mutational analyses suggested several residues of Gfy that are import-
ant for GIRK activation. It should be noted that most of these tesidues are located in the
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Fig. 9. Gfy-binding interface on GIRK¢p. (@) Mapping of the affected tesidues in the TCS expetiment on a
single subunit of the GIRKp structure (PDB code 1N9P). The residues with large intensity reduction ratios
and small but significant intensity reduction ratios are colored red and orange, respectively. In the surface
representations (center and right), proline residues and residues with no data are colored black and gray,
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Ga-binding site, in the ctystal structure of the heterotrimeric Gafly complex (Fig. 9¢). In addition,
the Gfy-binding sites on GIRK possess surface properties similar to those on Ga. Therefore, it is
tempting to speculate that GIRK binds to Gfy in a similar manner to Ga in the crystal structure
of the heterottimetic Gofly complex.

The Gpy-binding effects on GIRKcp wete also investigated by chemical shift perturbation
experiments, which reflect the effects of the direct binding of Gfy as well as the conformational
change of GIRK¢p induced by Gy binding. Upon the addition of 50, 100, 200, and 400 uM GBy
to 50 M uniformly 2H,lsl\l-labeled GIRKp tetramer, no signals exhibited normalized chemical
shift changes (Mulder ez a/. 1999; Osawa ez al. 2009) larger than 0.05 ppm, but significant intensity
reductions were observed for a number of signals.

The observed intensity reductions of the NMR signals are caused by slower tumbling, due to
the increased average molecular weight of the complex of GIRKp and Gfy. Furthermore, the
intensity reductions are induced by the chemical shift differences of GIRK¢p between the free
and bound states (Matsuo ez /. 1999). The differences reflect the changes of the microenviron-
ments on the Gfy-binding site on GIRK¢p, including the disruption of the fourfold symmetry of
the GIRKp tetramer, as well as the concomitant conformational changes of remote regions
from the binding site.

The residues with large intensity reduction ratios seemed to be distributed widely on the mol-
ecular surface of the single subunit of GIRK¢p (Fig. 104). However, mapping on the neighboring
two subunits revealed that the affected residues are clustered at the subunit interface and its sut-
rounding regions on both the inside and the outside of the pore (Fig. 104). The residues located
on the outside of the pore reside in the Gfy-binding site (Fig. 94) and its proximity. The other
residues are located on the inside of the pore, at the membrane side, and at other distal sites
(Fig. 104, right). In particular, the significant chemical shift perturbations observed for the resi-
dues located at the subunit-subunit intetface away from the Gfy-binding site (Fig. 104, right)
strongly suggested that the rearrangements of the four subunits are induced by Gfy binding.
Indeed, two distinct conformations of the CP region by rigid body subunit rearrangements
were observed in the crystal structure of a chimeric channel of KirBacl.3, KirBac3.1, and
GIRK1 (PDB code 2QKS). As shown in Fig. 10, significant chemical shift perturbations
upon Gpy binding were observed for Gly™”” and Met™™ on the G-loop, suggesting that the

respectively, because they lacked CS data. (b)) Mapping of the affected residues in the TCS experiment on two
adjacent subunits of a GIRK¢p tetramer (white and cyan), viewed from the outside (left) and the inside
(right) of the pore, with the same color code as in (@). (¢ Important residues for the interaction between
GIRKp and Gpfy. (Upper) Sutface representations of Ga (tight) and Gpy (left), viewed from the
contacting surfaces in the crystal structure of the Gafly complex (PDB code 1GOT). The residues
involved in the intermolecular interaction between Ga and Gfy, within a distance of 4 A in the Gafy
complex structure, are colored according to their side chain properties: hydrophobic, hydrophilic, acidic,
and basic residues are green, yellow, red, and blue, respectively. The interacting residues between the
N-terminal helix of Ga and Gfy ate labeled in gray. The important residues of Gfy for GIRK binding,
identified by mutational analyses, are labeled with astetisks. The region of the Gfy-binding site on Ga
(the Gpy-binding motif), composed of a hydrophobic area flanked by two acidic residues, and the
interacting surface on Gpfy are enclosed in citcles. (Lower) The Gpfy-binding sutface of GIRK,
determined by TCS experiments, on the GIRKcp structure, colored according to the side chain
properties. The similar Gfy-binding motif to that found on the Ga surface in the upper panel is circled
and enlarged, where the residues without TCS information are also labeled in black and blue, for the
residues from one subunit colored in white and the other subunit, colored cyan, respectively.
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Fig. 10. Binding mode of Gfy-and GIRK. (4) The residues with large intensity reductions and small but
significant reductions upon addition of Gfy in the chemical shift perturbation experiments, mapped on
the surface of a single subunit of the GIRKcp structure and colored red and orange, respectively. Proline
residues and residues with no data are colored black and gray, respectively. (b)) Mapping of the residues
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telative positions between the loops of the four subunits change upon Gfy binding, which could
result in the opening of the K ion gate.

6.1.3 Structural basis for the modulation of the gating properties of GIRK by Ga

In order to reveal the undetlying mechanism by which Ga modulates GIRK, we performed
NMR analyses of the interaction between the CP region of GIRK1 (GIRKcpy; residues
41-63 and 190-386) and Gia;3(GTP), which accelerates the deactivation of GIRK (Mase ¢ al.
2012). To identify the GIRKcp,, -binding site on Gay;, TCS experiments were performed.
The residues with large intensity reductions atre located on the helical domain and the GTPase
domain. The mapping of these tresidues on the structure of Ga revealed that the residues
identified on the GTPase domain of Gay; are mostly clustered, indicating that this site (hereafter,
referred to as the ‘@2/a3 site’) mainly contributes to the GIRKcp 1, binding (Fig. 114).

The residues identified on the helical domain, which are distant from the a2/a3 site, do not
form a contiguous sutface but are located on the same side of the protein sutface as the a2/a3
site, suggesting that they transiently contact GIRK¢p 1. We further investigated the interactions of
the helical domain with GIRK¢py, (see below).

Conversely, to identify the Gas-binding site on GIRKcpy, TCS experiments observing
GIRKp 1, were performed. The affected residues were mapped on a single subunit (Fig. 115)
and two adjacent subunits (Fig. 11¢) of GIRK¢p (PDB code 1N9P). Almost all of these residues
are located on the C-terminal region, around the aA helix of GIRK¢p, (Fig. 11). Therefore, we
concluded that these residues are the Gays-binding residues.

The interaction between the helical domain of Ga;; and GIRKp_j, was further investigated
by paramagnetic relaxation enhancement (PRE) experiments. PRE arises from magnetic dipolar
interactions between the nuclear spin and the unpaired electron spin of the paramagnetic center,
which enhances the relaxation of the nuclear spins, leading to the line-broadening and thus the
intensity reduction of the NMR signals of the residues within about 20 A of the spin label
(Battiste & Wagner, 2000; Clore & Iwahara, 2009). In addition, PRE can detect a transient inter-
action, because the PRE effect occurs within 250—500 us (Clore, 2011), which is a much shorter

with significant intensity reductions clustered in the interface on the outside surface of the two neighboring
subunits of GIRK¢p (left), and mapping of the other residues, which are not exposed to the outside surface,
on two neighboring subunits of GIRK¢p viewed from the inside of the pore (right), with the same color
scheme as in (4). The buried residues are labeled with dashed lines. (¢) Interacting residues between the
CP and TM regions of the chimeric channel. (Left) Backbone structure of the chimeric channel of
KirBac1.3 and GIRK1 (PDB code 2QKS). Two neighboring subunits are shown from the outside, and
are colored gray and cyan, respectively. The regions lacking electron density are depicted by dashed lines.
The interface between the CP and TM regions is boxed, and the residues in G-loop (the loop between
the H and I strands of one subunit), proximal to those in the TM region of the same and adjacent
subunits within 4 A, are depicted by stick models. (Right, upper) Enlarged view of the interface between
the CP and TM regions boxed in the left panel. The residue numbers are labeled according to those of
GIRK1. (Right, lower) Schematic drawing of the interface between the CP and TM regions of the
chimeric channel, shown in (b). The residue pairs within 4 A of each other are connected by green lines.
The following are the shortest distances between the inter- and intra-subunit residues: intersubunit, 4.0 A
(Phe’® (CE2) —Thr’®® (CG2)), 40A (Tht”® (OG1) —Thr’” (OG1)), 3.7 A (Ile'® (CG2) —The™ (O)),
and 2.6 A (GIn'* (NE2)=Thr’” (O)); and intrasubunit, 3.4 A Ser'® (O)-Thr’"® (OG1)), 3.1 A (Ser'®
(O)-Met™® (CG)), 3.7A (GIn'*® (NE2)-Met™™® (CE)), 3.6A (Pro'® (CB)-Val™” (CG2), and 3.8 A
(Pro"® (CG)—Cys®'” (CB)). The positions of the Cat atoms are depicted as red dots, except for those of
the residues with significant chemical shift perturbations, which are indicated as yellow dots.
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Fig. 11. Direct interactions between GIRKcp 1, and Gays, revealed by TCS. (2) Mapping of the affected
residues in the TCS experiment from GIRKcpy, to Gayz is shown on the Ga structure (PDB code
1GIA). The affected residues are colored red on the Ga structure, whereas residues with no data,
including proline tesidues, are colored black. The aA, aB, a2, and a3 helices are colored green.
(b) Mapping of the affected residues in the TCS experiment from Ga;z to GIRKpy, on a single subunit
of the GIRKcp, tetramer. Residues 371-386 are depicted by gray tubes. The affected residues are
colored red on the GIRKcp . structure, whereas residues with no data, including proline residues, are
colored black. The aA helix is colored green in the ribbon diagrams. (¢) Mapping of the affected
residues (colored red) in the TCS experiment on two adjacent subunits of a GIRKcp, tetramer (white
and gray), viewed from the outside (left) and the inside (right) of the tetramer.
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Fig. 12. PRE results of the interaction between GIRKcp 1, and Ga;;. Mapping of the affected residues in
the PRE experiment using HexalII-I82C-MTSL (g, left) and HexallI-S153C-MTSL (4, left), respectively, on
a single subunit of the GIRKcp structure. The affected residues are colored red. Proline residues
and residues with no data are colored black. (Right) Mapping of the spin-labeled site of Ga;z on the
structure of Ga.

duration than that of the CS (the effective saturation time of 200-300ms for the TCS
experiments in this study) (Matsumoto ef a/. 2010).

Figure 124 shows that the PRE effects from Hexa III-I82C-MTSL, in which the six natively
existing cysteine residues that are exposed and reactive were substituted with other residues,
and Tle* was substituted by Cys and chemically modified by MTSL, were observed for 13 signals
from residues within the C-terminal region of GIRK¢p 1. It should be noted that most of the
other residues in the C-terminal region could not be analyzed due to signal overlapping, and
thus these residues might also be affected by MTSL. On the other hand, only Cys® was detected
for Hexa III-S153C-MTSL (Fig. 124), which might be caused by the partial MTSL modification
of Cys™. Since the spin label was introduced at I82C, which is at the center of the three residues
identified by TCS, we concluded that the Tle® side of the helical domain can approach within
20 A of the C-terminal region of GIRKp.

To build a model of the Ga;3-GIRK ¢p 1, complex satisfying the NMR-derived structural infor-
mation, rigid body docking was performed by using the HADDOCK program. The residues in
the a2/a3 site of Ga and in the aA helix of GIRKcp, identified by the TCS expetiments,
were specified as the ‘active residues’ in the program, so that they formed the interface of the
complex. Although the information about the residues on the helical domain derived from the
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(b)

Fig. 13. Proposed model of Ga(GTP) and the cytoplasmic region of the GIRK complex. (4, Left) Two
adjacent subunits of a GIRKcp,y, tetramer, viewed from the inside of the tetramer, are depicted by a
ribbon diagram, and a homology model of Gays is shown in a surface representation. The nitrogen
atoms of the GIRK¢p, residues identified in the TCS experiments, and the residues with PRE effects
from the MTSL modification of I82C on the helical domain of Ga;;, are shown as red and magenta
balls, respectively. The a2/a3 residues of Gays identified in the TCS expetiments ate colored blue.
(Center and right) Binding model of Gay3(GTP) and the cytoplasmic region of GIRK1 (PDB code
1N9P), obtained with the HADDOCK software. Only the two adjacent subunits of the GIRK tetramer
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TCS and PRE experiments was not used for the calculation, the helical domain of Ga was
calculated to be proximal to the aA helix in a neighboring subunit of GIRK¢pj, probably
due to the restraint of Glu®** on the subunit interface of GIRKp.;, as determined from the
TCS experiments (Fig. 134). In this binding mode, Glu*** of GIRKp . at a distance from the
aA helix, approaches the side chain of Glu'® of Guay3, which accounts for its intensity reduction
in the TCS experiment. Altogethet, we concluded that the a2/a3 site of Goy; mainly recognizes
the oA helix of GIRKp_;, in one subunit of the tetramer, whereas the helical domain of Gais
transiently approaches the aA helix in another neighboring subunit.

The mapping of the Gfy-binding tesidues on the structute of the Ga-GIRK complex
indicated that the binding sites of Gay;(GTP) and Gfy on GIRK do not ovetlap with each
other, and therefore, Gay; (GTP) and Gpy can simultaneously bind to GIRK (Fig. 135).
Furthermore, the mapping of the RGS-binding site on the structure of Ga suggested that regu-
lator of G-protein signaling (RGS) can bind to Ga;; in the complex with GIRK (Fig. 130).
Therefore, the Gay/,-GIRKGpYy ternary complex model obtained hete provides the structural
basis for the rapid closure of the GIRK channel upon signal termination, through the efficient
removal of the proximal Gfy from GIRK.

6.2 Interactions within oligomers and aggregations
6.2.1 Oligomerization of chemokines

Chemokines are an important class of signaling molecules that activate leukocytes. Chemokine
concentration gradients on endothelial layers and in the surrounding tissue provide directional
cues to guide cell movement. One factor that may be vital to the establishment and maintenance
of a gradient is the chemokines’ ability to oligomerize (Appay et al. 1999). Several studies using
non-oligomerizing variants have shown that the induction of migration 7z vive is dependent on
oligomerization (Campanella ¢f a/. 20006), although monomeric chemokines are capable of causing
cell migration 7z vitro (Laurence ez al. 2000).

Therefore, structural knowledge of chemokine oligomers could provide insights into the
molecular mechanisms by which chemokines facilitate the recruitment and activation of leuko-
cytes in vivo.

An oligomer interface of the CCL5 chemokine was investigated by the CS method (Wang e# a/.
2011). NMR and SAXS analyses revealed that the CCL5 primarily form a tetramer at pH 4.5.
In order to observe the homooligomer-binding interface, *H, ""N-labeled CCL5 was mixed
with unlabeled CCL5 in a 1:3 ratio. To distinguish the monomer-monomer from dimer—dimer
interfaces, the same experiment was performed for an E66S mutant, which forms the dimer ex-
clusively. For WT CCLS5, the intensities of N-terminal residues 68 (red in Fig. 14), 10, 15-17, 23,

are shown, from the inside of the tetramer. (4) Model of the Ga-GIRK-Gfy ternary complex. (Left) The
nitrogen atoms of the Gfy-binding residues on GIRK1 are mapped as magenta balls on the complex model
of Ga and the GIRK tetramer. (Right) Ternaty complex model of Ga-GIRK-Gfy. Gf and Gy are colored
magenta and violet, respectively. The residues involved in the intermolecular interactions between Ga and
Gpy, within a distance of 4 A in the Gy (GDP)Byy, (PDB code 1GP2) structure, are colored orange.
(¢) GIRK- and RGS-binding sites on Ga. The GIRK-binding residues identified in this study are
colored red, and the residues involved in the intermolecular interaction between Ga and RGS, within a
distance of 4 A in the Ga;(GDP/Mg**/AIF;) — RGS4 complex structure (PDB code 1AGR), are
colored green. The overlapping residues, Lys>’ and His®'?, are colored blue.
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Fig. 14. Identification of the oligomer interface of CCL5 by CS expetiments. Surface representation of the
CCLS5 tetramer model. The residues involved in the dimer—dimer contacts (residues 26-29, 33, 34, 66, and
67), and the monomer—monomer contacts (residues 6—10) are colored red and orange, respectively.

26-29, 33-34, and 49-50 were highly reduced. Additional intensity changes were seen for resi-
dues 40-43 and 64-68. The decreased intensities for the N-terminal residue signals are clearly
due to the interactions at the monomer—monomer interface in the dimer units, because the
same residues are perturbed in the spectra of the E66S mutant. Residues 26-29, 33 and 34,
and 64-68 were perturbed in the WT data only (orange area in Fig. 14), suggesting that they
are in the dimer—dimer interface. On the whole, the binding interface defined by the CS exper-
iment agreed with the tetramer model found through the SAXS/RDC grid search procedute
(Wang et al. 2011). The perturbation of residues 40-43 and 48-51 can be explained by the
fact that these residues are in the vicinity of the monomer—monomer interface, and may be

indirectly saturated by their proximity to the interfacial residues.

6.2.2 Formation of amyloid fibrils

B2-Microglobulin (f2m) is one of the most extensively investigated amyloidogenic proteins. In
the body of a healthy individual, the f2m molecules released into the plasma are degraded by
the kidneys. However, in patients on long-term hemodialysis, released f2m cannot be degraded
because of the dysfunction of the kidneys, and the f2m concentration can reach 40 ug ml™ .
Such a high concentration is considered to be a risk factor for the formation of amyloid
fibrils (Yamamoto ez a/. 2005).

Kinetic measurements of Trp fluorescence revealed that the seed-dependent fibril extension
reaction of f2m proceeds by two steps (Chatani e a/ 2010) (Fig. 154). The first step is the
association of the free monomer with the seed to form a transient monomer—seed complex
(hereafter referred to as TMSC). In the next step, the conformation of the monomer converts
to the final, fibril structure. The conformational conversion from the TMSC to the fibril structure
is thought to be the rate-limiting step of fibril extension.

To determine which residues participate in the TMSC interactions, TCS experiments were per-
formed, using a sample containing unlabeled fibrils and 2H,lSN—labeled f2m monomers in
12.5mM NaCl, to achieve equilibrium between the free and bound states (Yanagi ez /. 2012).
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Fig. 15. Identification of the fibril seeds-binding site in f2-microglobulin. (#) Scheme of two-step fibril
formation by f2m. (b) Profiles of TCS experiments performed in the presence (blue bars) and the
absence (black diamonds) of fibril. The intensity ratios of signals with and without RF irradiation
(Lat/ Inon-sar) ate plotted. The red circle indicates the residues that showed significant R, relaxation
dispersion.

The results of the TCS experiments in the presence of fibril revealed that most of the residues in
the middle of the molecule, including the loop regions in the native structure, showed significant
reductions in the relative intensity Lo/ Lnon-sar) (Fig. 156, blue bar), indicating that these residues
interact with the fibril, whereas the N-terminus is excluded from the binding site. On the other
hand, the TCS experiment in the absence of fibril exhibited no significant reduction in the relative
intensity (Fig. 154, diamond). The residues with significant reduction in the TCS experiment cor-
related to those with significant R, values in the R, dispersion expetiments of f2m monomers,
which reflect the exchange between partially structured and extensively unfolded forms (Fig. 154,
red circle). Considering these results and those from H/D exchange experiments in the presence
of fibril, it was postulated that the extensively unfolded form is the precursor for the fibril (Yanagi
et al. 2012).

6.3 Dynamic interactions between membrane proteins and their ligand proteins

Some proteins, for example, intrinsically disordered proteins, reportedly recognize their
substrates by complex multistep binding reactions (Dogan e al. 2013). TCS is applicable to
the multistep recognition mode. In this section, we will describe TCS studies of the two-step
binding mode of a chemokine receptor, CXCR4, and its ligand, stromal cell-derived factor-1
(SDF-1).
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SDF-1 and CXCR4 participate in many essential physiological processes, such as homeostatic
regulation of leukocyte traffic, hematopoiesis, and embryonic development (Nagasawa et 4.
1999). SDF-1 adopts a typical chemokine fold: an unstructured N-terminus followed by a
long flexible loop (N-loop), a three-stranded anti-parallel S-sheet, and an a-helix (Crump e# al.
1997; Gozansky et al. 2005). CXCR4 is a member of the GPCR family, characterized by
seven TM helices. In the crystal structure of CXCR4 in complex with its inhibitor, the inhibitor
binds to a pocket within the TM region (Wu e a/. 2010).

A two-step/two-site binding model has been proposed for the SDF-1-CXCR4 interaction
(Crump et al. 1997): the SDF-1 N-loop interacts with the CXCR4 N-terminus, and subsequently
the SDF-1 N-terminus interacts with the CXCR4 TM region to trigger receptor activation.
However, there is no direct evidence that the SDF-1 N-terminus and the N-loop interact with
structurally independent sites on CXCR4.

In order to analyze the interaction between the detergent-solubilized full-length CXCR4 and
SDF-1, methyl-utilizing TCS (methyl-TCS) experiments were performed. The results revealed
that the methyl resonances that were significantly affected by the rf-irradiation formed a con-
tiguous surface, including f-sheet, 50s-loop, and N-loop, on the SDF-1 structure (Fig. 164).
In addition, the resonances from the SDF-1 N-terminal residues were also significantly affected
by the tf-irradiation. These tesults suggested that the SDF-1 f-sheet, 50s-loop, N-loop, and
N-terminus are in close proximity to CXCR4 in the complex.

TCS experiments were also performed under conditions where the CXCR4 TM region was
blocked by the CXCR4-selective antagonist, AMD3100 (Schols ef al. 1997). As a result, the re-
sonances from the N-terminal residues were not significantly affected by the rf-irradiation in
the presence of AMD3100 (Fig. 164). Except for the N-terminus, the resonances from SDF-1
that were significantly affected by the rf-irradiation in the presence of AMD3100 are almost
identical to those in the absence of AMD3100.

Considering that AMD3100 binds to the TM region of CXCR4 (Getlach ez a/. 2001), these
TCS experiments demonstrated that the SDF-1 N-terminus should bind to the CXCR4 TM re-
gion, whereas the other SDF-1 region should bind to the CXCR4 extracellular regions. These two
interactions should occur independently, because AMD3100 could only block the interaction be-
tween the SDF-1 N-terminus and the CXCR4 TM region. Consequently, the novel structural evi-
dence provided here strongly supports the two-step binding model, as illustrated in Fig. 16¢, with
the characteristic features of the two independent interactions. In the absence of AMD3100, the
SDF-1-CXCR4 complex would exist equilibrium between the 1st- and 2nd-step states. In ad-
dition, the Ist-step intermediate state could be successfully mimicked by adding AMID3100,
which selectively inhibits the formation of the final 2nd-step complex.

The two-step interaction would be important for the efficient binding of SDF-1, which is a
relatively large GPCR ligand, to the deeply buried cavity in the CXCR4 TM region (Fig. 16¢).
The independent interaction between the SDF-1 f-sheet, 50s-loop, and N-loop, and the
CXCR4 extracellular region should facilitate the rapid and efficient anchoring of SDF-1 near
the CXCR4 TM region. Even in this 1st-step bound state, the SDF-1 N-terminus should exhibit
a highly dynamic nature in the limited space. Since an unstructured protein has a large capture
radius, the dynamics of the SDF-1 N-terminus would increase the efficiency for searching the
space for its binding site, through the well-known ‘fly-casting’” mechanism of intrinsically dis-
ordered proteins (Wright & Dyson, 2009). Consequently, the SDF-1 N-terminus can effectively
bind to the buried cavities within the CXCR4 TM helices, to trigger the conformational changes
in the CXCR4 TM region that lead to the activation of G-protein.
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G-protein
signaling

Fig. 16. CXCR4-SDF-1 interaction revealed by methyl-TCS experiments. (2) Results of the methyl-TCS
experiments performed in the absence of AMD3100. The SDF-1 structure (PDB code 1VMC) is shown
in a CPK representation. Isoleucine, leucine, and valine residues are colored according to the reduction
ratios (RR) originating from the specific interactions, as follows. Red: RR>0.150. Light red:
0.150>RR>0.110. Orange: 0.110>RR>0.100. Cyan: RR<0.100. For the leucine and valine residues, the
larger RR of their two methyl resonances was utilized. (/) Results of the methyl-TCS experiments
performed in the presence of AMD3100. Red: RR>0.125. Light red: 0.125>RR>0.100. Orange:
0.100>RR>0.075. Cyan: RR<0.075. The other details are the same as in (@). (¢ Schematic diagram of
the two-step mechanism for the SDF-1-CXCR4 interaction. The Ist-step interaction between the SDF-1
p-sheet, 50s-loop, and N-loop, and the CXCR4 extracellular region facilitates the rapid binding and
efficient anchoring of SDF-1 on the extracellular side of CXCR4. The SDF-1 N-terminus is highly
dynamic even in this state, which is used to search for the binding cavities buried within the TM helices.
Consequently, the 2nd-step interaction between the SDF-1 N-terminus and the CXCR4 TM region
occurs, and the SDF-1 N-terminus triggers the conformational changes in the CXCR4 TM to induce
G-protein signaling.

6.4 Interactions between proteins and membrane proteins embedded in lipid bilayers

Membrane proteins, which are embedded in the lipid bilayers of biomembranes, have
various important functions in signal transduction, transportation, and bioenergetics, and over
half of the currently available drugs target membrane proteins (Rask-Andersen e a/. 2011).
Conventionally, membrane proteins are solubilized by detergents in traditional structural studies.
However, the solubilization environments of membrane proteins can influence their structures
(Zhou & Cross, 2013), and thus structural studies of membrane proteins embedded in a lipid-
bilayer environment are important.
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Fig. 17. Interaction between CCR5—rHDL and MIP-1a variant. (z and &) Stability of the solubilized CCRS5.
Normalized SPR responses for 2D7 antibody binding to CCR5 in DDM micelles, immediately after
solubilization (dotted line) and after a 24 h incubation at 4 °C (solid line) are shown in (#). Responses
were normalized for the amount of captured CCR5. Relative values of the responses for 2D7 antibody
binding of CCR5 in DDM micelles (immediately after solubilization=100%) over time are shown in (4).
(¢) Schematic representation of the preparation of CCR5—rHDL. CCR5 embedded in Sf9 cell membranes
was solubilized, immediately reconstituted into rHDL, and subsequently purified using the His-tag and
the 1D4-tag in MSP and CCR5, trespectively. (¢) Normalized SPR responses for the binding of the 2D7
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In this section, we will describe the TCS studies of another chemokine receptor, CCR5, re-
constituted into a lipid bilayer of reconstituted high-density lipoprotein (tHDL) (Yoshiura ez .
2010), and photosynthetic membrane proteins embedded in lipid bilayers of vesicles prepared
from thylakoid membranes (Ueda ez a/. 2012).

6.4.1 Reconstitution of CCR5 into rHDLs

CCR5, like CXCR4, belongs to the GPCR family, and the interactions between CCR5 and its
chemokines, MIP-1a, MIP-1f, and RANTES (CCL5), induce chemotactic tresponses in
CCR5-expressing leukocytes (Rajagopalan & Rajarathnam, 2006). CCR5 is reportedly the
major coreceptor for HIV-1, and its ligands are potent inhibitors of HIV infection (Berger
et al. 1999). However, the structural basis for the interactions between CCR5 and its ligands re-
main pootly understood.

The methodology applied for CXCR4 was not directly applicable for CCR5, because CCR5 in
detergent micelles was much less stable than CXCR4. Surface plasmon resonance (SPR) analyses
revealed that the response of the conformation-dependent antibody 2D7 for CCR5 immobilized
on the sensor chip was reduced to 50% after a 3 h incubation at 4 °C (Fig. 175), and was un-
detectable after a 24 h incubation (Fig. 174, solid line).

Membrane proteins maintain their native conformations more stably in lipid bilayers than
in detergent micelles. It has recently been reported that rHDLs, also known as nanodiscs, can
accommodate membrane proteins within a 10-nm-diamter disc-shaped lipid bilayer, in a
detergent-free solution (Bayburt ez a/. 2002; Nath ef al. 2007). tHDLs are composed of phospho-
lipid bilayers, containing embedded membrane proteins, and membrane scaffold proteins (MSPs),
which stabilize the discoidal bilayer and control its size. tHDLs are a promising resource for
solution NMR studies, because of their water solubility and monodisperse character (Glueck
et al. 2009; Lyukmanova ef a/. 2008; Raschle ez a/. 2009). Therefore, it is important to reconstitute
CCR5 into a lipid bilayer by using tHDLs for NMR analyses of the interaction between CCR5
and its ligand.

Due to the extreme instability of the detergent-solubilized CCR5, it was difficult to apply the
general tHDL reconstitution procedure, in which the membrane proteins are first purified in
detergents, and then the rHDLs are reconstructed by adding lipids and MSPs. Therefore, a
novel tHDL reconstitution procedure was employed for the preparation of functional CCR5
in rtHDLs (CCR5-rHDLs), as follows (Fig. 17¢). The plasma membrane of the CCR5-expressing
Sf9 cells was partially purified by sucrose gradient ultracentrifugation. CCR5 was solubilized by
detergents and then immediately reconstituted into rHDLs, by adding MSP and removing
the detergents. CCR5-tHDLs were purified by sequential affinity chromatographies, utilizing
the His-tag and the 1D4 epitope-tag on MSP and CCR5, respectively. This method minimized

antibody to CCR5-rHDL, immediately after preparation (dotted line) and after a 24 h incubation at 4 °C
(solid line). Responses were normalized for the amount of captured CCR5-rtHDL. (¢ SPR analyses of
the interaction between the MIP-1a variant and CCR5-rHDL. Overlay plots of the sensorgrams obtained
for the interaction between 0.33 and 13.2 uM of the MIP-1a variant and the immobilized CCR5-tHDL..
(f) Determination of the CCR5 binding interface on MIP-1a by methyl-TCS experiments. Mapping of
the affected residues in the TCS expetiment with CCR5-rHDL are colored orange on the MIP-la
structure (PDB code 1B53). Glu®’, whose mutations were identified in SNPs involved in HIV-1
infection, is also colored red.
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the period during which CCR5 is in the detergent-solubilized state to as short as 90 min, by
reconstituting CCR5 directly from the lysate of Sf9 cells before putification.

To examine the stability of CCR5-rHDL, we analyzed the time course of the binding activity
to 2D7 by SPR (Fig. 174). About 85% of the initial 2D7 antibody binding was retained after a
24 h incubation at 4 °C.

We applied SPR to examine the binding between the monometric P8A/F13Y/E67Q vatiant of
MIP-1a, which was utilized for the TCS study, and CCR5-rHDLs. As a result, the responses were
observed upon the addition of the MIP-1a variant to CCR5-tHDLs immobilized on the sensor
chip, and the estimated dissociation constant was ~5uM (Fig. 17¢). In addition, the activation of
G proteins by CCR5-rHDLs with the MIP-1a variant was revealed by a GDP—GTP exchange assay.

The methyl-TCS experiments were performed with CCR5-tHDL and the MIP-1a variant.
These results revealed that the methyl resonances detived from Val® and Val® are significantly
affected by the rf-irradiation (Fig. 17/), suggesting that the region including MIP-1a, Vals(), and
Val®, which has not been investigated in previous structure—function studies, is in close proxim-
ity to CCR5 in the complex.

Several single nucleotide polymorphisms (SNPs) with non-synonymous amino-acid changes
were recently identified within the MIP-1a gene, and one of the SNPs, with the E57D mutation,
reportedly has a protective genetic influence on HIV-1 infection (Modi ef /. 2006). However, it
was unknown how these SNPs affect the MIP-1a function. The present TCS study suggested that
the protective influence on HIV-1 infection of the SNP may be due to the change in the inter-
action mode between CCR5 and MIP-1a, which causes the increased affinity, because Glu™ is in
close proximity to Val™ and Val®. In addition, another SNP containing the V63F mutation was
also reported (Paximadis e# a/. 2009). Although this SNP has not been well characterized, it may
also have a genetic influence on HIV-1 infection.

6.4.2 Interaction between photosynthetic membrane protein complexes and an electron
transport protein

In photosynthetic light reactions, ATP and NADPH are produced by light-driven electron
transfer from water to NADP", mediated by proteins such as cytochrome b f (cyt bqf) and
photosystem I (PSI), which are thylakoid membrane-embedded protein complexes, and plasto-
cyanin (Pc). Pc is a soluble electron carrier protein that shuttles between cyt 4/ and PSI. The
heme molecules in the cytochrome f (cyt /) subunits of cyt bgf donate electrons to the copper
ions in Pc, and the chlorophyll molecules, P700, in the PsaA and PsaB subunits of PSI accept
electrons from Pc. Pc rapidly cycles through the following steps: binding to cyt 4/, accepting
an electron from cyt b/, dissociating from cyt b/, binding to PSI, donating an electron to
the photo-excited PSI, and then dissociating from PSI. These electron transport reactions are im-
portant in plant growth (Chida ez /. 2007).

Pc forms separate electron transfer complexes with PSI and cyt 4/, and the distances between
their reaction centers are sufficiently short to accomplish their electron transfer reactions in
<107"*s (Hope, 2000). In addition, the Pc—PSI and Pc—cyt 4/ electron transfer complexes
rapidly associate and dissociate, at rates of ~10°M™'s™" and ~10°s™", respectively. The for-
mation of such rapidly associating and dissociating electron transfer complexes facilitates
efficient electron transport (Busch & Hippler, 2011).

Mutational analyses of Pc revealed that the residues in the hydrophobic patch that surrounds
the copper ion, and those in the acidic patch located adjacent to the hydrophobic patch, are
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Fig. 18. Determination of the interface residues of Pc for cyt bgf or PSI by TCS. (4) Distribution of the
hydrophobic and acidic patches in spinach Pc (PDB code 1YLB). The surface of Pc is transparent, and
the copper atom and the ribbon diagram are simultaneously displayed. The residues in the hydrophobic
and acidic patches that were proposed to be responsible for the electron transport in previous mutational
analyses are labeled, and colored green and red, respectively. (bg) TCS experiments with excess amounts
of Pc relative to (h¢) PSI and cyt bgf embedded in thylakoid vesicles, (de) solubilized PSI, or (fg)
solubilized b f. Panels (b), (d), and (f) are schematic diagrams of the experiments. Panels (¢), (¢), and (g)
are maps of the residues affected by the rf-irradiation in the TCS experiments. The residues with signal
intensity reduction ratios >0.3 and within the 0.2-0.3 range are colored red and pink, respectively.
Proline residues and residues with intensity reductions that were not determined, because of low signal
intensity or spectral overlap, are white. The surface of Pc is transparent, and the copper atom and the
ribbon diagram are simultaneously displayed. The molecular diagrams were generated with Web Lab
Viewer Pro (Molecular Simulations, Inc.).

reportedly important for Pc—PSI and Pc—cyt &4 f electron transport in eukaryotic plants (Fig. 184)
(Hope, 2000). PSI and cyt & f from eukaryotic plants contain several hydrophobic residues sut-
rounding P700 and the heme in cyt £, respectively, and clusters of basic residues located adjacent
to the hydrophobic residues. These residues in PSI and cyt 4 falso participate in electron trans-
port, based on mutational analyses (Busch & Hippler, 2011; Hope, 2000). However, the roles of
these residues in the rapid turnover of Pc remain unknown.
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Therefore, we performed TCS experiments to identify the residues of Pc in close proximity to
PSI and/or cyt b, f embedded in the thylakoid vesicles, in which the Pc-binding sites of PSI and
cyt bgf are exposed to the solvent (Ueda e¢f /. 2012). Based on the spectra with and without
irradiation, we calculated the reduction ratios of the peak intensities. The affected residues
formed a continuous surface on the hydrophobic patch of Pc (Fig. 18/ and ¢).

In order to observe the Pc—PSI and Pc—cyt 4, f interactions separately, we also performed the
TCS experiments using detergent-solubilized PSI and cyt &4 f from spinach thylakoid membranes.
These results showed that the affected residues formed a continuous surface on the hydrophobic
patch of Pc (Fig. 184-g).

These TCS experiments revealed that the acidic patch of Pc is not close to either PSI or cyt &g f
in the electron transfer complexes. In the TCS experiments using vesicles, no detergents were
employed, and therefore no decomposition of the subunits of PSI and/or cyt by f caused by detet-
gents occurred.

According to the classification proposed by Kumar and Nussinov, an ion pair is defined as a
salt bridge if the side-chain charged group centroids and at least one pair of side-chain nitrogen
and oxygen atoms are within 4 A (Kumar & Nussinov, 2002). The definition of a stable salt
bridge is based on the distance between the side-chain atoms, whereas the distances between
the main chain amide protons of Pc and the protons of PSI or cyt b f are reflected in the
TCS experiments. However, our statistical analyses of the salt bridge structures revealed that
most of the stable salt bridges could be identified by the T'CS experiments, and thus the acidic
patch residues of Pc do not form stable salt bridges with either PSI or cyt 4/ in the electron
transfer complexes.

The previously reported mutational analyses, cross-linking studies, and ion strength dependen-
cies of the Pc—PSI and Pc—cyt /g f electron transport rates showed that the acidic patch residues
of Pc and the basic residues of PSI and cyt b4 f are responsible for the Pc—PSI and Pc—cyt &g/
electron transport reactions (Busch & Hippler, 2011; Hope, 2000). Therefore, the acidic patch
of Pc may increase its local concentration around PSI and cyt b, thus facilitating the rapid
formation of the electron transfer complex by occasionally forming dynamic salt bridges or
long distance ion pairs (Fig. 194—d). Most of these loose electrostatic interactions would not
contribute to the complex stabilization or be observable in the present TCS experiments. The
absence of stable salt bridges in the acidic patch is in agreement with the rapid dissociation of

the complexes.

6.5 Interactions between proteins and phospholipids embedded in lipid bilayers

Lipid bilayers are essential to provide barriers to separate cellular components from the external
environment and to form subcellular structures, such as the nucleus, within cells. Lipid bilayers
are also involved in cell metabolomics and/or signal transduction, by providing an ideal environ-
ment for membrane-embedded proteins. In addition, the lipids embedded in the bilayer
membrane directly participate in the physiological functions of cells. Phosphatidylinositol is es-
pecially important among the lipid components in the bilayer membrane, as it is the precursor
of a family of lipid second-messengers, known as phosphoinositides (PIs). PIs differ in the phos-
phorylation status of their inositol group, and play crucial roles in different physiological pro-
cesses, including cell signaling, intracellular membrane trafficking, cell growth/survival, and
cytoskeletal organization, through specific interactions with their effector proteins (Balla, 2013;
Simonsen ez al. 2001).
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Fig. 19. Schematic views of the interaction modes in the Pc—PSI and Pc—cyt 44 f complexes.

Specific recognition of PIs by PI-binding domains in effector proteins is fundamental for
their cellular functions. To date, a number of distinct, PI-binding motifs have been identified
and characterized including the epsin amino-terminal homology (ENTH) domain, the Fabl,
YOTB, Vacl, and EEA1 (FYVE) domain, the band 4.1, ezrin, radixin and moesin (FERM)
domain, the pleckstrin homology (PH) domain and the phox homology (PX) domain (Cullen
et al. 2001; Hutley & Meyer, 2001). These PI-binding domains ate found in a diverse array of
multidomain proteins, and they recruit their host protein to specific regions in cells via their intet-
actions with PIs. In addition to the spatial and temporal organization of PI signaling, these
domains also serve as allosteric regulators of enzyme activity and protein—protein interactions.

Under physiological conditions, PIs interact with effector proteins in the context of lipid
bilayers. Thus, the interactions of Pl-binding proteins with the PI-containing phospholipid
bilayer are not simply the recognition of the head groups of Pls, and the surrounding
phospholipid-bilayer environments functionally contribute to the interactions. In fact, the ability
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of the actin regulatory protein N-WASP to sense the PIP, density in the membrane was lost
when soluble PIP, or IP5 head groups were used instead of PIP, embedded in the lipid bilayer
(Papayannopoulos e a/. 2005). In addition, the lipid components and the lengths of the acyl chain
have been shown to significantly affect the affinity of PH domain to phosphotidylinositol-4-
phosphate (PI4P) (Lenoir e a/. 2010). Thus, the detergent micelles that are commonly used as
membrane mimetics would not be suitable for studying the PI-binding proteins. In addition,
their significant curvature is completely different from the planer bilayer structure, and thus
may even cause the denaturation of the target protein.

Toward this end, it is essential to use a Pl-embedded lipid bilayer for structural studies of
PI-binding proteins. It should also be noted that the lipid-bilayer environment is important for
interactions of lipid-binding proteins that recognize other lipid components. TCS is an ideal
method to analyze the protein—lipid interactions in a bilayer environment, and a few of examples
have already proven its applicability to lipid-bilayer systems (Nakamura e# a/. 2005; Takeuchi e 4.
2004). In this section, we will describe three recent applications of TCS to the interactions
between PI-binding proteins and PI-embedded lipid bilayers, which contributed toward the eluci-
dation of the structural basis of cellular functions mediated by PI.

6.5.1 Interaction of the ceramide transporter (CERT) PH domain with Pl4P-embedded
membrane

In mammalian cells, a de novo synthesized ceramide in ER membranes is transported to the
Golgi in a non-vesicular manner by an ER-to-Golgi-specific CERT (Hanada ¢ a/ 2003).
CERT is a cytoplasmic 68-kDa protein, and its N-terminal PH domain specifically recognizes
PI4P in membranes. Since PI4P is the most abundant and preferentially distributed PI in
trans-Golgi membranes, it is assumed that the PH domain is required for the efficient association
of CERT with the Golgi membrane (Hanada e¢# 2/ 2003; Kawano ez al. 2006). However, the
detailed mechanism by which the CERT PH domain interacts with PI4P in the Golgi membrane,
to exert the transportation activity, remain unclear. To clarify the structural basis of the PI4P
interaction by the CERT PH domain in the Golgi membrane, we determined the structure of
the CERT PH domain, and separately identified the interaction sites for the PI4P head group
and the Golgi membrane in the CERT PH domain (Sugiki ez a/. 2012).

The determined structure of the CERT PH domain (residues 23—-117) revealed that the basic
residues are clustered in the middle of the molecule, forming a basic groove around the pro-
truding part of the f1/f2 region on the sutface of the CERT PH domain (Fig. 204 and 5).
The site that interacts with the head group of PI4P on the CERT PH domain was mapped
onto the tertiary structure of the CERT PH domain by chemical shift perturbation experiments,
using a soluble form of PI4P (diC4~PI4P). The mapping clearly defined a phosphatidylinositol
phosphate-binding pocket in the CERT PH domain (Fig. 204), which shates the common phos-
phatidylinositol phosphate-binding site with the other PH domains (Lemmon, 2008). However,
the affinity of the CERT PH domain for the soluble form of PI4P was quite weak
(Kp: ~0.76 mM), as compared to its affinity for the PI4P-embedded Golgi-mimetic liposomes
(Kp: ~3uM). This indicated that the additional interactions between the CERT PH domain
and the PI4P-embedded membrane are essential to maintain sufficient affinity for the membrane
trafficking function of CERT.

Therefore, we performed TCS experiments with CERT PH domain and the PI4P embedded
Golgi-mimetic liposomes, to identify the additional membrane-interaction site in the CERT PH
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Fig. 20. Interaction of CERT PH domain with PI4P-embedded membrane. (2) Ribbon representation of
the CERT PH domain, with magnification of the basic groove. The side chains of the basic and aromatic
residues in the basic groove and the protruding part of the f1/52 region are displayed as blue and green
sticks, respectively. (b) Electrostatic potential surface of the CERT PH domain. Negative and positive
electrostatic surfaces are colored red and blue, respectively. (¢) Mapping of the residues that were
significantly perturbed by the titration of diC,~PI4P on the surface representation of the CERT PH
domain structure. The side chains of the residues with Ad>0.2 and 0.1-0.2 ppm chemical shift
perturbation are indicated by red and orange surfaces, respectively. (¢) Schematic representation of the
TCS experiment using PI4P-embedded liposomes. The proton resonances originating from the lipid head
group were saturated by radiofrequency irradiation, and this saturation was transferred to the residues in
the CERT PH domain that were proximal to the PI4P-embedded liposome. (¢) Mapping of the residues
affected by the TCS on the sutrface of the CERT PH domain. The side chains of the residues with
signal intensity reduction ratios >0.4 and 0.3-0.4 are indicated by red and orange surfaces, respectively.
(f) Proposed mechanism of PH domain-mediated CERT translocation to the Golgi apparatus.
I, Unbound state of the CERT PH domain. II, Weakly bound CERT PH domain. A non-specific
electrostatic interaction occurs between the basic groove in the CERT PH domain and the surface of the
phospholipid membrane. III, Orientation of the CERT PH domain for high affinity interaction. The
specific high affinity interaction with the PI4P-embedded membrane is shown.
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domain (Fig. 20¢). The mapping of the residues affected by the rf-irradiation indicated that the
membrane interaction surface of the CERT PH domain extends through the entire region of
the basic groove, including the PI4P-binding site (Fig. 204). Based on these observations, we pro-
posed a model that describes the PH domain-mediated Golgi association of the CERT protein
(Fig. 20¢). The initial membrane association of the CERT PH domain might be driven by a non-
specific electrostatic interaction between the basic groove and the phospholipid membrane.
The interaction using the basic groove would optimally orient the protruding membrane insertion
P1/2 loop of the CERT PH domain toward the bilayer normal, which would be suitable for the
efficient recognition of PI4P in the membrane. In addition, the protruding membrane insertion
P1/p2 loop contains multiple aromatic/hydrophobic residues (Fig. 204), and thus, it would be
optimally located deeper in the membrane. Unlike other PH domains that show greater con-
tributions of specific PI recognition in the binding, the specific PI4P-binding and non-specific
phospholipid membrane interactions contribute almost equally to the binding of the CERT
PH domain to PI4P-embedded liposomes. Indeed, immunofluorescence microscopy experi-
ments using HeLa cells verified the Golgi mislocalization of the CERT with a mutation in the
PI4P-binding pocket or the non-specific basic groove. Thus, the multistep interaction model
revealed by the TCS methods is crucial for the membrane trafficking activity of CERT, and
clearly confirms the methodological advantage of this NMR method.

6.5.2 Atypical membrane-embedded PI(3,4)P,-binding site on p47°™* PX domain

An interaction analysis of the PI-embedded lipid-bilayer membrane by TCS also revealed the
unique Pl-binding site in the p47”’”* PX domain (Stampoulis ¢ a/. 2012). Both p47”"* and
p40”"™ are pivotal components of the phagocyte NADPH oxidase, which is a multicomponent
enzyme that produces reactive oxygen species (ROS) as a defense against invading microorgan-
isms. p47”"" and p4("** contain PX domains, which are crucial for the recruitment of cytosolic
components and the activation of NADPH oxidase (Ago et al. 2001, 2003). While the p40””** PX
domain specifically binds to PI3P, the p47” /% PX domain reportedly binds to PI(3,4)P,, PA, and
PtdSer (Sato ez al. 2001).

The crystal structure of p40””* in complex with diC4~PI3P has been solved (Bravo ez al. 2001)
(Fig. 214), and the 3D structures of p47””" PX alone have been determined by solution NMR
(Hiroaki ez a/. 2001) and X-ray crystallography (Karathanassis ef /. 2002). However, the structure
of p47”"™ PX in complex with its ligand has not been reported. The crystal structure of its free
form revealed two sulfate molecules bound in two distinct sites (Karathanassis es a/ 2002)
(Fig. 215). One of the sulfates is at the C-terminal end of the 3 strand (Fig. 21/), which coincides
with the three-phosphate of the bound PI3P in the crystal structure of p4(0?”* PX (Fig. 214). The
second sulfate is on the surface composed of the al helix and the adjacent loop that leads to
the distorted left-handed PPyy helix. Based on these results and SPR-based mutational analyses,
the first sulfate-binding site was proposed to be the PI(3,4)P,-binding site, and the second
sulfate-binding site was considered to be the PA-binding site. However, there are no direct struc-
tural data that have specified the PI(3,4)P,-binding site as well as the PA and PtdSer-binding sites
in p47”"" PX. Thus, it was unclear whether these sulfate-binding sites of p47”" PX are the
actual ligand-binding sites, and the structural basis of the broad ligand specificity of p47"™
PX remained enigmatic.

We applied the TCS experiments to identify the interacting interface of the p47”" PX domain
to PI(3,4)P,-embedded liposomes (Stampoulis ¢f a/. 2012) (Fig. 21¢). The residues affected by the
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Fig. 21. Interaction of p47””"* PX domain with PI(3,4)P,-embedded membrane. (4) Ribbon representation
of the p47” 4 PX_ domain. The bound diC4~PI3P; is displayed in a ball-and-stick representation. (4) Left:
Ribbon representation of the p47” % PX domain, with mapping of residues displaying strong intensity
reductions in the TCS experiment with PI(3,4)P,-containing liposomes. Right: Mapping of residues
displaying strong intensity reductions in the TCS experiment with PI(3,4)P,-containing liposomes on the
surface of the crystal structure of p47” % PX. Residues are color-coded according to their intensity
reduction (IR), with red for strong (IR>0.3) and orange for moderate (0.25<IR<0.3) reduction. The
bound sulfates are shown in a ball-and-stick representation. () Schematic representation of the TCS
experiment using PI(3,4)P,-embedded liposomes. The proton resonances originating from the lipid head
group were saturated by radiofrequency irradiation, and this saturation was transferred to the residues in
the p47” % PX domain that were proximal to the PI(3,4)P,-embedded liposome. (4) Mapping of residues
displaying strong diC4—PI(3,4)P,-induced chemical shift perturbations onto a ribbon representation of the
crystal structure of the p47””"* PX domain. Normalized chemical shift changes were calculated based on
the equation Ad=((ASH)*+(ASN/ 5212 Residues that showed strong (Ad0>0.2 ppm) and moderate
(0.12 ppm<AJ<0.2 ppm) normalized chemical shift changes are colored red and orange, respectively.

rf-irradiation coexisted in a well-defined area on the surface of the p47” " PX domain (Fig. 215).
This area is outlined by helix al, helix a1’, and the following loop that leads to the distorted,
left-handed PPy helix, which clearly indicated the interacting interface of the pd7’ % PX domain
with the PI(3,4)P,-embadded membrane near the second sulfate-binding site. Iz vitro and in vivo
mutational analyses corroborated these results. The interface determined for PI differs from
those of all of the PX domains elucidated so far, including the p40p 72 pX domain.

It is notable that the chemical shift perturbation area on p47”’™ PX, caused by the addition
of diC4-PI(3,4)P,, is larger than the PI-binding site determined by the TCS experiments, and
includes residues in the site that corresponds to the PI3P-binding site of p40™™ PX
(Fig. 21d). Considering that chemical shift perturbation is induced by both the direct binding ef-
fects and conformational changes (Takeda e# /. 2003), the perturbation of the residues in the site
that corresponds to the PI3P-binding site of p4(?””* PX would be a secondary effect, due to a
conformational change. Thus, these results confirmed the significant advantage of the TCS

7pbox

experiments, which led to the correct identification of the p4 PX domain interaction with

membrane-embedded PI(3,4)P,.
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Fig. 22. Interaction of EEA1 FYVE domain with PI3P-embedded rHDL. (4) Schematic representation of
the TCS experiment using PI3P-embedded tHDL. The proton resonances originating from the lipids
were saturated by radiofrequency irradiation, and the saturation was transferred to the residues in the
EEA1 FYVE domain that were proximal to the PI3P-embedded rHDL. (b)) Mapping of the residues
affected by the TCS on the sutface of the EEAT FYVE domain. Residues with differences in the
reduction ratio (ARR) values larger than 0.10, and within the 0.06-0.10 range are indicated by
red and orange sutfaces, respectively. The ARR value was calculated by the following equation:
ARR=RRp13p_rtipr.—RRppfrec—rtipr,  Where  RRppzp_eppr, and  RRppgeerppr, were obtained  from
(Lunsat—Tsa)/ Lunsar in the presence of PI3P—tHDL and Pl-free tHDL. (¢ Model for the complex of
EEA1 FYVE domain bound to PI3P-embedded in the membrane. The residues on the EEA1 FYVE
domain affected in both the TCS and PRE (green), only in TCS (blue), and only in PRE (yellow)
experiments are mapped on the surface of EEA1 FYVE domain. The Ins(1,3)P, bound to EEA1
FYVE is depicted by a stick model, and the residues that were not analyzed in either TCS or PRE
experiments are colored black. Lipid molecules within the membrane are schematically shown, with the
phosphate and choline head groups depicted as orange and blue spheres, respectively.

6.5.3 Remarks for structural analyses of membrane-associating proteins by TCS

We have used liposomes, which provide the physiological characteristic of a cellular membrane,
for our NMR studies. However, liposomes are not always amenable for conventional solution
NMR studies because they can be quite unstable and precipitate, depending on the lipid compo-
sition. In this regard, Yokogawa ef a/. (2012), utilized rHDLs, which have been proved to be use-
ful for the stable reconstitution of membrane proteins by vatious groups (Gluck ez /. 2009; Hagn
et al. 2013; Raschle ef al. 2009; Ritchie ef al. 2009; Shenkatev ef al. 2010; Yoshiura e al. 2010), for
their NMR study of the interaction between the FYVE domain of early endosome antigen 1
(EEA1), denoted as EEA1 FYVE domain, and PI3P-embedded in rHDL (Fig. 224). As dis-
cussed above, tHDLs are composed of a lipid bilayer in which the hydrophobic edge is sealed
by a pair of engineered human apolipoprotein A-I (apoA-I). Due to their high solubility in
water, variability in lipid composition, and lipid bilayer characteristics, tHDLs are also suited
to structural studies of membrane—protein interactions in water.

In the TCS experiment using the PI3P-rHDLs, the residues affected by the rf-irradiation
were mostly located on a specific side of EEA1 FYVE domain (Fig. 22/). Based on the results
of TCS analyses, the model of EEA1 FYVE bound to a PI3P-embedded membrane was
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constructed (Fig. 22¢). The authors also used PI3P-rHDILs containing 1,2-dipalmitoyl-
sn-glycero-3-phopho(tempo)choline (TEMPO-PC) for a PRE study. The results from the TCS
and PRE experiments are largely consistent with each other, and thus PRE can be used as an
orthogonal method to confirm the TCS results. The PRE results would be sensitive to the
position of TEMPO introduced with the membrane, and it should be carefully noted that
TEMPO-PC can unevenly distributed in the rHDLs, due to its rather bulky head group.
Nevertheless, it is evident that tHDL can be used as an alternative membrane system for analyses
of membrane-protein interactions by the TCS method.

The different patterns of PI recognition between p47”’” PX and p4(0’’™ PX, despite their
similar overall structures, underscore the feat that substitutions of the key residues on the surface
of the PI-binding domain can significantly alter its function. It was also shown that a few muta-
tions can completely change the specificity and binding modes of the p47”"* PX domain
(Stampoulis ef al. 2012), and thus the direct determination of the binding interfaces by structural
biological methods is crucial for understanding the function of PI-binding proteins. In addition,
the functional interactions of the PI-binding domains are not solely dependent on specific
PI-binding. Non-specific phospholipid membrane interactions were equally important for func-
tional PI-binding by the CERT PH domain (Sugiki e/ @/ 2012). This might be true for other
membrane-associating proteins as well. Currently, NMR techniques are the only structural
method to access these interactions at the membrane interface with atomic-resolution. For
these purposes, TCS would be the method of choice, due to its accuracy in determining the intet-

faces of inhomogeneous systems.

6.6 Interactions of proteins in living cells

Investigations of protein—protein interactions inside living cells are crucially important for under-
standing the biological events actually occurring within the intracellular environment, where the
total protein concentration exceeds 200 mgml ™. To achieve this goal, several ‘in-cel’ NMR
methods have been developed to introduce isotopically labeled molecules within living cells
(Ito & Selenko, 2010). Our group reported an in-cell NMR method for mammalian cells,
using a pore-forming toxin, streptolysin O (SLO), to introduce target proteins by diffusion
(Ogino et al. 2009) (Fig. 234).

To perform TCS experiments inside living cells, it is necessary to perform in-cell NMR
measurements longer than those just for signal detection. However, the major limitation of
the in-cell NMR experiments is the occurrence of cell death during the NMR measurement.
To suppress the cell death during NMR measurements, we developed a bioreactor for in-cell
NMR spectroscopy (Kubo ef al. 2013) (Fig. 235). In this bioreactor, the cells are encapsulated
within Mebiol gel, which thermoreversibly forms the gel state at temperatutes above 25 °C,
and fresh culture medium is supplied continuously to the bottom of a 5 mm NMR tube, through
a glass capillary. By using a Pasteur pipette, we prepared the Mebiol gel as a coil-shaped string, so
that the exchange of the medium and the removal of the leaked protein would be efficient. The
effectiveness of the bioreactor was demonstrated by monitoring the time-dependent changes of
the ATP concentration inside the HelLa S3 cells by >'P NMR spectroscopy. In the absence of the
bioreactor, the signals derived from the three phosphate groups of ATP completely disappeared
after a 30 min incubation period (Fig. 23¢), suggesting that the intracellular ATP was entirely
depleted within 30 min. In contrast, for the >'P NMR spectra acquired in the presence of
the bioreactor, the signal intensity of the ATP remained almost constant during the 5h of
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Fig. 23. Determination of binding sites in CG1 for endogenous MTs by in-cell TCS. (4) Schematic
representation of the method to introduce the target proteins into mammalian cells by SLO.
(b) Schematic of the gel-encapsulated bioreactor system for the long-term in-cell NMR measurements.
(¢) Time-dependent changes of intracellular ATP concentration monitored by *'P NMR signals of the 8
P atom of ATP, with (red) and without (blue) the bioreactor. The medium injection was stopped at 5h
(arrow). The error bar is based on the signal-to-noise ratio for each spectrum. (d) The results of the
in-cell TCS experiments, mapped on the CG1 structure (PDB code, 2CP5) according to the intensity
reduction ratio. Red and light green spheres indicate intensity reduction ratios greater or less than 0.5,
respectively, and black spheres represent methyl groups for which TCS data were unavailable. (¢) The
putative MT-binding region of CG1 indicated by a previous z witro study. Hydrophobic and basic
residues are colored green and blue, respectively.

measurement, and then rapidly declined when the injection of the medium was stopped (Fig. 23¢).
Therefore, it was demonstrated the gel-encapsulated bioreactor system can maintain the cells in a
metabolically active state during in-cell NMR measurements over a long period of time.

Using this established bioreactor system, in-cell TCS experiments were performed to identify
the binding interface of externally introduced CG1, which is the 9 kDa microtubule (MT)-binding
domain of CLIP-170, with the endogenous MTs, which are present in the cytoplasm at
concentrations greater than 20 M. In-cell TCS measurements was performed for 5.5h using
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the bioreactor. A comparison of the ratios of intensity reduction of the signals in the presence and
absence of RF irradiation revealed that Leu’’, Ilego, Leugz, Valm?’, and Tle'!” were significantly
affected (Fig. 23d). The residues significantly affected by the rf-irradiation are localized on the
same side of the CG1 structure, and are consistent with the MT-binding region of the CG
domains of CLIP-170 that was identified in the 7 vitro study (Mishima ef /. 2007) (Fig. 23e).
Therefore, it was demonstrated that the in-cell TCS method can identify the binding site of an
externally introduced protein for the endogenous macromolecules, which are difficult to recon-

stitute in an z vitro system.

7. Conclusions and outlook

The CS and TCS methods enable the precise identification of the interfaces of protein—protein
complexes, and thus are useful for the construction of accurate protein—protein complex models.
TCS is applicable to huge (>150 kDa) and heterogeneous complexes under fast exchange con-
ditions, and thus 7 situ studies of biologically and medically important systems under physiolo-
gically relevant conditions can be accomplished by TCS. Further increases in the sensitivity and
the speed of the NMR data acquisition are desired for TCS studies of the targets with low yields
and stabilities.
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