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Abstract F;-ATPase is a unique enzyme in terms of its
rotational catalytic activity. The smallest unit showing this
property is the o3f3y complex (351 kDa). For investigation
of such a huge system by means of solution NMR, we have
explored a suitable NMR method using F;-ATPase sub-
complexes from a thermophilic Bacillus PS3 including an
o3f3 hexamer (319 kDa). Pulse sequences for large mole-
cules, effects of deuteration and simplification of the
spectra were examined in this work. Since the f subunit
includes the catalytic site, this was the target of the analysis
in this work. The combination of ['°N,'H]-CRINEPT-
HMQC-[IH] -TROSY, deuteration of both « and f subunits,
and segmental isotope-labeling was found essential to
analyze such a huge and complex molecular system. Uti-
lizing this method, subcomplexes composed of « and f§
subunits were investigated in terms of inter-subunit inter-
actions. It turned out that there is equilibrium among
monomers, heterodimers and the o3f; hexamers in solu-
tion. The rate of exchange between the dimer and hexamer
is in the slow regime on the NMR time scale. In chemical
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shift perturbation experiments, the N-terminal domain was
found to be involved in strong inter-subunit interactions. In
contrast, the C-terminal domain was found to be mobile
even in the hexamer.
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Abbreviations

TF,- F|-ATPase from thermophilic Bacillus PS3

ATPase

TROSY Transverse relaxation-optimized spectroscopy

CRIPT Cross-correlated relaxation-induced
polarization transfer

CRINEPT Cross-correlated relaxation-enhanced
polarization transfer

HMQC Heteronuclear multiple quantum correlation

INEPT Insensitive nuclei enhanced by polarization
transfer

Introduction

H*-ATP synthase is a huge multisubunit enzyme that
consists of membrane-embedded F; (ab,c;(.14) and soluble
F| (o3f370¢), and synthesizes/hydrolyzes ATP conjugating
with H*-translocation (Boyer 1997; Capaldi and Aggeler
2002). The crystal structure of mitochondrial F; revealed
that three o and f subunits form a complex interacting
alternatively in a ring formation with the 7 subunit pene-
trating the central hole (Abrahams et al. 1994). It was also
shown that the catalytic site was located in the f§ subunit at
the o/f interface. Subsequently, the rotation of ¢3f53y from
thermophilic Bacillus PS3 F; (TF;) was proved to be
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coupled with ATP hydrolysis (Noji et al. 1997). These
observations support the binding-change mechanism pro-
posed by Boyer (1993). The details of the rotational
catalytic mechanism and the F; structure during rotation
have not yet been clarified because the crystal structures
(Abrahams et al. 1994) do not directly show the structures
in the catalytic reaction. In particular, the structure and
dynamics of the § subunit, which plays a crucial role in the
rotation and catalytic reaction, should be examined in a
more natural situation. Nuclear Magnetic Resonance
(NMR) spectroscopy is one of the most suitable methods
for this purpose. We have already reported that the con-
formational change of the § subunit monomer induced by
nucleotide binding is one of its intrinsic property and that
this is actually one of the driving forces of the rotation
(Yagi et al. 1999, 2004; Tozawa et al. 2001). For com-
prehensive elucidation of the rotational catalytic
mechanism, however, the whole F; complex should be
analyzed by means of NMR.

A serious problem for solution NMR is the size limit. To
overcome this, Wiithrich and his colleagues developed
NMR pulse sequences for macromolecular systems,
namely, transverse relaxation-optimized spectroscopy
(TROSY) (Fernandez and Wider 2003), cross relaxation-
induced polarization transfer (CRIPT), and cross-correlated
relaxation-enhanced polarization transfer (CRINEPT)
(Briischweiler and Ernst 1992; Riek et al. 1999, 2002), and
then succeeded in measuring an isotope-labeled 10 kDa
subunit in a 900 kDa GroEL-GroES complex by means of
CRIPT-TROSY (Fiaux et al. 2002). Kay and his colleagues
have also been developing new methods for large mole-
cules (Tugarinov et al. 2004; Mittermaier and Kay 2006;
Yang and Kay 1999). Recently, they reported structural
analysis of the 20 S proteosome (670 kDa) using methyl
protons in the fully deuterated protein (Sprangers and
Kay 2007). We would like to focus on the backbone
conformation in this work because of the drastic con-
formational change in the f§ subunit of F; on nucleotide
binding. Even the f subunit itself was shown to be dif-
ficult for NMR analysis because of its large molecular
mass (52 kDa) without segmental isotope-labeling (Yagi
et al. 2004). Since the molecular mass of the o3f3y
complex (351 kDa) is much larger than that of the f
subunit, a method for this type of large molecule was
developed in this work.

The F;-ATPase from thermophilic Bacillus PS3 (TF,)
was used for this purpose because of its thermal stability
(Yoshida et al. 1975), and the high efficiency of reconsti-
tution from individual purified subunit (Yoshida et al.
1977). The TF; a3f53 hexamer could be separated by gel
filtration column chromatography (Kagawa et al. 1989;
Miwa and Yoshida 1989; Saika and Yoshida 1995) and
successfully crystallized for structure determination
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(Shirakihara et al. 1997). In the crystal structure, all three f§
subunits take on the open forms, showing a three-fold
symmetry. This high symmetry is an advantage for high
resolution analysis in solution. Not only the o3/3y complex
but also the «ff heterodimer (110 kDa) and o3f3; hexamer
have been reported to show ATPase activity (Miwa and
Yoshida 1989). On the other hand, o3/5; has been shown to
dissociate into heterodimers in the presence of nucleotides
(Kagawa et al. 1989), while a3f3y does not under the same
conditions. This indicates that the hexamer structure is not
stable enough for the enzyme reaction. Therefore, the
dynamic properties of the off heterodimer and o333 hexa-
mer were investigated in this work to understand the
stability of the hexamer structure.

To obtain high resolution spectra of the o3f3; hexamer,
the combination of ['*N,'H]-CRINEPT-HMQC-['H]-
TROSY, deuteration of both o and f subunits, and seg-
mental isotope-labeling was found to be essential in this
work. The application of this method to the subcomplexes
showed equilibrium among monomers, heterodimers and
hexamers, and also the dynamic property of the 5 subunit
in the subcomplexes.

Materials and methods
Purification of o and f subunits

The F; o gene from thermophilic Bacillus PS3 (Ohta et al.
1988) was inserted into plasmid pET32a (Novagen Inc.,
Madison, WI). Escherichia coli BL21(DE3) (Novagen
Inc.) was used as a host strain. The transformed cells were
grown in LB medium. Cells were grown for 5 h after
induction with 1 mM isopropyl-f-p-thiogalactopyranoside
(IPTG), then harvested and disrupted. The supernatant was
applied to a Toyopearl DEAE-650M column (Tosoh Co.,
Tokyo, Japan) equilibrated with buffer A [20 mM Tris—
HCl, pH 8.0, 1 mM ethylenediamine tetraacetic acid
(EDTA), and 1 mM dithiothreitol (DTT)], followed by
elution with a linear gradient of 0-500 mM NaCl.
Ammonium sulfate was added to the o subunit fraction up
to 20% saturation for purification with a HiTrap'™ Phenyl
HP column (GE Healthcare UK Ltd, Buckinghamshire,
England). The column was eluted with a linear gradient of
20-0% saturated ammonium sulfate. Finally, the « fraction
obtained was applied to a Superdex200 column (GE
Healthcare UK Ltd) with buffer A. The purified o subunit
was stored as an 80% saturated ammonium sulfate sus-
pension at 4 °C. To obtain the deuterated « subunit, 95% or
80% *H,O was used for the medium.

The TF, f subunit was obtained by substitution of the o
gene with the f§ gene (Ohta et al. 1988) using the procedure
mentioned above. For '°N-labeling and high deuteration,
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the transformed cells were cultured in M9 medium
including dg-glucose and '"NH,CI. Although the fully
deuterated  was purified in H,O buffers, around 10 N*H
groups remained in the NMR sample. Segmentally-labeled
ones were prepared as in the previous study (Yagi et al.
2004). Since unfolding and refolding of the ligated f
subunit in a H,O buffer was included in the preparation
procedure, protons replaced all exchangeable deuterons.
The N-terminal (residues 1-124) and C-terminal (residues
391-473) domains were labeled independently. The former
can be used for monitoring interactions with the neigh-
boring o subunit in oligomers, and the latter would be a
good probe for a conformational change and interactions
with the y subunit.

The deuterated o and f subunits were examined as to
their deuteration ratio by means of MALDI-TOF-MS with
an Autoflex (Bruker Daltonics K.K., Tsukuba, Japan). The
actually deuterated fraction was 50—-80% for both subunits.

NMR measurements

The o and f subunits precipitated on 80% ammonium
sulfate saturation were dissolved in a complex reconstitu-
tion buffer (50 mM Tris-HCI, pH 8.0, 100 mM Na,SQOy,
and 0.1 mM MgSQO,) (Miwa and Yoshida 1989; Kagawa
et al. 1989; Saika and Yoshida 1995). The f subunit
monomer was dissolved at 0.3 mM in 450 pL including
10% 2H20. For titration with the o subunit, mixtures of o
and f subunits (o/ff mixtures) were adjusted to o/f3 ratios of
0.5, 1 and 2, and the concentration of f subunit in each
sample was kept constant at 0.13 mM in 330-350 pL
including 10% *H,0.

NMR spectra were recorded on a Bruker DRX-800
NMR spectrometer (Karlsruhe, Germany) equipped with a
cryoprobe™ at 40 °C. All kinds of spectra were recorded
with data size of 160 (*°N) x 2048 ('H) complex points
for monomer, and 128 (lSN) x 2048 (lH) complex points
for o subunit titration. The [ISN,IH]—heteronuclear single
quantum correlation (HSQC)-TROSY spectra (Yang and
Kay 1999) were recorded with spectral widths of 3086 Hz
(F,) and 12820 Hz (F,). The ["°N,'H]-CRINEPT-hetero-
nuclear multiquantum correlation (HMQC)-['H]-TROSY
and ["°N,'H]-CRIPT-TROSY spectra (Riek et al. 1999)
were obtained with spectral widths of 2,840 Hz
("°N) x 16,025 Hz ('"H). CRINEPT and CRIPT transfer
times were 3, and 4.4 ms, respectively. The accumulation
number for each FID and a typical measurement time for
CRINEPT and CRIPT were less than 160 and about 14 h
for o/f mixtures, respectively. All NMR data were pro-
cessed using NMRPipe and NMRDraw (Delaglio et al.
1995), and analyzed with Sparky (Goddard and Kneller
2006).

Results

Development of an NMR method for analysis
of F; subcomplexes

As the first step to investigate the structure and function of
o3f3y by NMR, a suitable NMR method was explored
using F; subcomplexes composed of o and f subunits.
Since one of them, the a3/53 hexamer, has a molecular mass
of 319 kDa, the method developed in this work can be
applied to the o3f3y complex (351 kDa). For this purpose,
we examined the three kinds of pulse sequences developed
for the analysis of large molecules (Fernindez and Wider
2003; Briischweiler and Ernst 1992; Riek et al. 1999, 2002;
Fiaux et al. 2002). ['°N,'H]-TROSY (TROSY), ['°N,'H]-
CRINEPT-HMQC-['H]-TROSY (CRINEPT) and ["°N,'H]-
CRIPT-TROSY (CRIPT) spectra of the [U-"N, *H]-labeled
f subunit were recorded in the absence and presence of the
o subunit (at o/f = 1 and 2). The spectra for TROSY and
CRINEPT are presented in Fig. 1. For the § monomer, the
TROSY spectrum (Fig. 1a) is clearer than CRINEPT one
(Fig. 1d). The CRIPT spectrum exhibited less signals
because of cancellation due to overlapping of positive and
negative signals (spectrum not shown). The CRINEPT
spectrum in Fig. 1d showed most signals from the 473
residues, but it was more complicated than the TROSY one
because of splitting into doublets. The monomer is too
small for CRIPT and CRINEPT pulse sequences to cancel
the fast relaxation components. The number of TROSY
signals decreased with an increase in the o/f ratio (Fig. 1b
and c). In contrast, CRINEPT provided enough signals in
spite of line-broadening (Fig. le and f). The a and f sub-
units form larger oligomers under these conditions (Miwa
and Yoshida 1989; Kagawa et al. 1989). Their molecular
weights might be too large for TROSY to provide a
spectrum of good quality. On CRIPT, the in-phase and
anti-phase components of neighboring signals canceled
each other out, presumably because of the presence of
flexible regions. Thus, CRINEPT turned out to be appro-
priate for the analysis of TF; subcomplexes.

As the next step, the effect of deuteration of the o and/or
f subunits was examined at o/ = 1 by means of CRIN-
EPT-HMQC-TROSY. Figure 2a shows a spectrum of an
o/"*N-f subunit mixture without deuteration (‘H-o/'H-p).
Fig. 2b and c are those with only £ deuterated ('H-o/°H-J3)
and both deuterated (*H-/*H-f3), respectively. The signals
were getting sharper and sharper, and their resolution was
more and more improved, as can be seen in the figures.
Therefore, all subunits in the subcomplexes should be
deuterated.

Even in Fig. 2c, the signals are too congested for anal-
ysis. To reduce the number of signals, segmental
>N-labeling of the f§ subunit with intein (Yagi et al. 2004)

@ Springer



168

J Biomol NMR (2008) 40:165-174

(a

(d)

+ £105

110

115

120

N /ppm

125

130

(b)

(e)

¢« 1105

110

115

120

N /ppm

125

130

() ' ()

105

110

115

120

N /ppm

125

130

10 9 8 7 6
'H chemical shift / ppm

Fig. 1 ['H,">N]-HSQC-TROSY (a, b and ¢) and ['H,"’N]-CRIN-
EPT-HMQC-['H]-TROSY (d, e and f) spectra of the uniformly '°N-
labeled ff subunit and the o/f mixtures at 313 K. The top, middle and

was carried out. Two kinds of samples were obtained. One
was labeled in the region of residues 1-124 (ﬂ*(1—124))
and the other in that of residues 391-473 ([3*(391—473)).
Here, 8 stands for the segmentally '*N-labeled  subunit.
The former and latter are labeled in the N- and C-terminal
domains, respectively. CRINEPT spectra of o/f (1-124)
and o/f"(391-473) mixtures are presented in Fig. 3. Their
resolutions were much improved in comparison with
Fig. 2c and Fig. 1f. This can be used for chemical shift
analysis. Although five extra residues were inserted into the
ligation point through the intein reaction, the segmentally
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bottom panels are for o/f = 0 (monomer), o/ff = 1 and 2, respec-
tively. The o and f subunits are 50 and 60% deuterated, respectively

labeled signals were identical to those of the uniformly
labeled samples (Yagi et al. 2004).

Consequently, we decided to utilize CRINEPT, deuter-
ation of both  and f subunits and segmental-labeling of
the S subunit for the analysis of F; subcomplexes.

Analysis of o/f" mixtures

At first we isolated the ¢33 hexamer on a gel filtration
column of Superdex200 (GE Helthcare Bio-Sciences
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Fig. 2 Effect of deuteration on the CRINEPT-HMQC-TROSY
spectrum of the uniformly '"N-labeled § subunit in the a/ff (=1)
mixture. (a) Non-deuterated ('"H-o/"H-p). (b) The § subunit is 80%-
deuterated (‘H-o/”H-f). (¢) Both are 80% deuterated (*H-o/*H-3)

Corp.), according to the reported method (Miwa and
Yoshida 1989; Kagawa et al. 1989). However, the obtained
CRINEPT spectrum was too complicated. It included two
different types of signals, broad singlets and sharp dou-
blets. This was not due to the degradation of proteins as
judged on SDS-PAGE. This suggested that smaller
molecular species are present in the sample solution, in
other words, the hexamers dissociate to some extent.
Therefore, we tried to identify the origin of the signals by
changing the amount of the o subunit. We prepared sample

solutions containing two subunits at oc/[)’* =0,0.5,1and 2,
using two kinds of segmentally labeled samples, namely,
B (1-124) and 7(391-473). The assignments were made
with reference to the § monomer chemical shifts that had
already been reported (Yagi et al. 2004; BMRB No. 5886).

Typical behavior of the CRINEPT signals for each
labeled region on changing of the o/f" ratio is presented in
Fig. 4. Signals in the N-terminal region revealed larger
chemical shift changes than those in the C-terminal region.
For example, Gly93 shows a doublet at 9.52 ppm, which
moved to 9.49 ppm in the 'H dimension with an increase in
the o subunit concentration from o/ff = 0 to 1 (Fig. 4a, in
red). Concomitantly, a broad and weak singlet appeared at
9.41 ppm. At o/ff = 2 the broader singlet became more
intense without a shift, and the doublet got weaker at
9.48 ppm (green). Since the chemical shift of the doublet at
of/f = 0.5 was 9.49 ppm, it does not move as well from
a/f* = 0.5 to 2. In the CRINEPT spectrum, a doublet
appears when the pair of spins is involved in a rapid motion
and only a singlet is observed when the motion is
suppressed. It is known that TF; has mainly two subcom-
plexes, o/ff heterodimer and o3f3; hexamer (Saika and
Yoshida 1995). In view of their molecular masses, the
doublet and singlet in Fig. 4a can be ascribed to the het-
erodimer and hexamer, respectively.

From o/ = 0 to 1, most signals in Fig. 3a and ¢ were
doublets. The intensity ratio obtained from the signal of
Gly93 in Fig. 4a was 5.1:1.0. The amount of the hexamer
would be underestimated because of the faster relaxation.
Nevertheless, this result seems to conflict with the fact that
the hexamer could be crystallized at o/ff = 1 (Shirakihara
et al. 1997). However, the crystallization would depend on
the protein concentration and solvent condition. At
o/f = 2, the aspect of the spectrum changed. The intensity
ratio of the dimer to hexamer became 1.0:4.7 for the signal
of Gly93 (Fig. 4a: green), showing that the hexamer is
dominant at o/f = 2. The line-widths on the "H axis were
35 and 87 Hz for the dimer and hexamer signals,
respectively.

Now we can conclude that there is equilibrium as
follows.

3 o monomer + 3 § monomer 3 heterodimer & o33
hexamer

The amounts of the heterodimer and hexamer were
changed by titration of « subunit in this work. The rate of
exchange between the dimer and o3f3 hexamer is in the
slow regime on the NMR time scale. This seems also
the case with the heterodimer and monomers. However, the
situation for the dimer is not straightforward, because there
is no detectable monomer signals at o/ff = 0.5 (spectrum
not shown). Furthermore, there are two possible configu-
rations for the heterodimer, namely, one with the o subunit
on the catalytic side of the f subunit (fa type), and the
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Fig. 3 CRINEPT-HMQC-TROSY spectra of the f subunit segmen-
tally '’N-labeled in the N- (1-124 residues) and C- (391—
473 residues) terminal domains. The former is on the left (a and b),
and the latter on the right (¢ and d). (a) and (c), the spectra at
O(/ﬂ* = 0 and 1 are shown in black and red, respectively. (b) and (d),

other with it on the opposite, non-catalytic side (a.ff type).
A possible explanation for this observation is that either fo
or off is involved in the slow exchange and the other is in
the intermediate-rate exchange with the monomer. The
latter would cause a broadening of the monomer signal. If
this is the case, the stability of the dimer is different for fo
and off. Although there is no biochemical evidence so far,
we cannot eliminate a possibility of trimer (/) formation.

As shown in Fig. 4b, some signals for the C-terminal
domain were remained as doublets for o/ff = 0 to 2. The
signal in Fig. 4b is Phe409, which is next to a loop region
of the C-terminal domain. Its apparent 7. should be much
smaller even in the hexamer, suggesting that the loop
region is flexible (Riek et al. 1999). Regarding the line-
widths of Phe409 on the 'H axis, black, red and green,
denote 36, 48, and 60 Hz, respectively (Fig. 4b).

Since the major species at /i = 1 and 2 are the het-
erodimer and hexamer signals, respectively, these spectra
could be used to determine their chemical shifts. Minor
peaks were not always observed, which made the spectra
simpler than expected. Although some areas in Fig. 3b
look congested, most signals could be identified with the
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at o/f" = 2. Signals obtained in a lower threshold are shown in blue.
An expanded spectrum of the dotted frame is given in the
supplementary Fig. S1. ﬁ* stands for the segmentally N-labeled p
subunit. The o and f§ subunits are 50 and 60% deuterated, respectively

better appodization and expansion of the spectrum as
shown in supplementary Fig. S1 (available on line). The
signals of the § monomer had already been assigned (Yagi
et al. 2004). The assignment was transferred to the dimer
signals on the basis of the proximity as far as the chemical
shift change is small as shown in the top panel of Fig. S1.
Although 115 and 80 cross peaks are expected for the
B°(1-124) and p"(391-473) monomers, respectively,
because of proline residues, 105 and 74 signals could be
identified on their 2D CRINEPT spectra. At o/ff = 1, 93
and 74 cross peaks could be assigned for the former and the
latter, respectively. In the case of the hexamer, the close
proximity to the dimer signals was used for the assignment
as far as the chemical shift change is small as shown in the
bottom panel of Fig. S1. The assigned cross peaks for
B(1-124) and f7(391-473) were 93 and 69, respectively.
Since the signals for " (1-124) were partly congested, we
performed 'N-Thr labeling, which led to the specific
labeling of 7 Thr, 2 Ser and 10 Gly because of metabolic
conversion. The spectra were used for the assignment of
the congested signals as shown in Fig. S2 for «/ff = 0 and 2
(available on line).
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Fig. 4 Expansion of the square boxes in Fig. 3. Black, red and green
lines stand for the signals at o/ = 0,1 and 2, respectively. (a),
Gly93; and (b), Phe409

The chemical shift perturbations induced by formation of
the subcomplexes (A,,) are calculated as A,, = {[(Ady)* +
(Adx/5)*1/2}"2, where Ady and Ady are the chemical shift
changes for 'H and PN, respectively (Grzesiek et al. 1996).
They are summarized as a function of the residue number in
Fig. 5a and b. The residues with A,, > 0.05 ppm are map-
ped on the crystal structure of the f§ subunit from the o333
hexamer (PDB: 1SKY) for the dimer and hexamer in Fig. 5c
and d, respectively. The perturbed residues are supposed to
interact with the neighboring o subunit or to be affected
indirectly by the interaction. The results indicate that the
perturbations are larger in the N-terminal domain than those
in the C-terminal one, and that the interaction between o and
f is weaker in the dimer than in the hexamer.

Discussion
NMR measurement of large molecular systems
TROSY is known to be powerful for large proteins of

around 50 kDa. However, CRINEPT worked better for
significantly large and complicated protein systems such as

F, subcomplexes. Since TROSY relies on the magnetiza-
tion transfer by the INEPT mechanism, its intensity decays
close to null with increase of the rotational correlation time
(tc) (Riek et al. 1999). The exchange among the monomer,
dimer, and hexamer may partially contribute to the line-
broadening. They would contribute to the lower efficiency
of TROSY. Although Wiithrich and his colleagues suc-
ceeded in measurement of a 900 kDa complex by means of
CRIPT (Fiaux et al. 2002), it was not as efficient as
expected in this case. CRIPT is driven by the cross-corre-
lation magnetization transfer and gives splittings not only
in the '"H dimension but also in the '’N dimension with
alternative phases for proteins with small 7. (Riek et al.
1999, 2002). The optimum intensity of the sharpest peak
scarcely depends on 7., supporting applications to much
larger molecular systems. Because of partial flexibility of
the S subunit, the positive and negative components may
remain even in the hexamer, canceling each other out.
Although more optimization in experimental conditions
such as t; might be possible, CRIPT seems to work better
for more rigid protein complexes. Consequently, CRIN-
EPT-HMQC-TROSY was found to be the most proper
method for investigating a complicated exchange system
such as F; subcomplexes. CRINEPT intensity is larger than
CRIPT one for the proteins with small 7. and is similar to
CRIPT one for those with large .. The simple and sym-
metric pulse sequence contributes to the better efficiency
(Riek et al. 1999, 2002). Furthermore, CRINEPT-HMQC-
TROSY can pick up signals not only from rigid parts but
also from flexible parts.

Considering the effect of deuteration, the build-up of
antiphase coherence on CRIPT and CRINEPT during the
magnetization transfer period, T, can be described as
follows (Riek et al. 1999).

(2I,S,)(T) = sinh(R.T)exp(—R;T)(IL;)(0) (1)
with
22 , 1 > 1 1
Ry = = |= (y,BoA — (R 3 e B
=3 9(71 0Aar)” + 2( VIVS/rls) Tc + 2Trs + 3T
(2)
4 3
Re = — (71BoAar) (hVIVs/’”Is)Tc (3)

15

where I and S are the 'H and °N nuclei, and y, B, Ag, 1,
and 7. are the gyromagetic ratio, static magnetic field,
chemical shift anisotropy, NH bond length and correlation
time, respectively. As discussed in detail previously (Riek
et al. 1999, 2002), the efficiency of CRIPT/CRINEPT
magnetization transfer is determined by the transverse
relaxation rate of 'H, 1/T,y in Eq. 2 with 1/Toy >> 1/T|n
for a large molecule. Signal-width increases with the
relaxation contributed by not only amide protons but also
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Fig. 5 Chemical shift perturbations (A,,) as a function of the residue
number (a and b), and mapped on the f structures (¢ and d). Red and
green stand for the perturbations in heterodimers and hexamers,
respectively. (a and b), no line means not-detected, and the asterisk
indicates proline residue. (¢ and d), residues with A,, > 0.05 are

remote ones. Thus, deuteration is necessary to obtain a high
quality spectrum. When both the « and f subunits were not
deuterated, the spectral resolution and the S/N ratio at
o/ff = 1 were extremely poor (Fig. 2a). With deuteration
of the f subunit, the spectrum was significantly improved
(Fig. 2b). This is reasonable because the protons in the f3
subunit are directly involved in the relaxation of NH pairs.
Moreover, it was further improved with deuteration of both
subunits (Fig. 2¢). It can be concluded that even the pro-
tons of the o subunit are involved in the relaxation of '>NH
spin pairs in the [ subunit through strong inter-subunit
interactions. There are two possible mechanisms for pro-
tons in « to be involved in the NH transverse relaxation in
f. One is the direct involvement through the interface. The
other is the spin-lattice relaxation time contributing to the
line-width (Slichter 1990). The contribution of the latter is
usually negligible. Because of slow tumbling of a large
molecular system, whole proton spins would form a com-
mon reservoir. Here, T; would be dominated by the flexible
hot spots, becoming short. Under high deuteration, the
short T; may become detectable.

@ Springer

0.2
N-terminal domain C-terminal domain
(1-124 residue) (391-473 residue)

1 1+ Il S

< Pl |

mapped on the f§ subunit (PDB: 1SKY). Left, a side view from the
catalytic side; and right, rotated around the vertical axis by 90 degrees
and from the putative y subunit side. These models were drawn using
UCSF Chimera (Pettersen et al. 2004)

In spite of the great improvement in its quality, the
spectrum in Fig. 2c still suffers from the congestion due to
too many signals. This was overcome by segmental iso-
tope-labeling in this work (Fig. 3). Segmental labeling
enabled us to get well-resolved information from a large
subunit in a huge complex, which is the essential difference
from the systems so far reported (Riek et al. 1999, 2002;
Fiaux et al. 2002). This work has revealed that the com-
bination of CRINEPT-HMQC-TROSY, deuteration of the
whole system, and segmental labeling is the most prom-
ising method for analysis of the F; complexes, which is our
final target.

Dynamic inter-subunit interactions in F; subcomplexes

As indicated above, the spectral change was observed for
both o/f"(1-124) and o/f"(391-473). It was larger for the
former than for the latter. This suggests that the N-terminal
domain is involved in a stronger inter-subunit interaction.
For the heterodimer, there are two possible configurations,
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off and fo, as already described. However, it could not be
decided which one is responsible for the observed signals
at o/ff = 1 from Fig. 5a and c. The weaker perturbations in
both N- and C-terminal domains than those of the hexamer
reveal that the dimer structure is not so stable as the hex-
amer one.

The chemical shift perturbations in the hexmaer are
scattered almost all over the labeled region of the N-terminal
domain (Fig. 5d). The strong perturbation in the N-terminal
domain is reasonable in view of the close contact between
the o and f subunits in the TF; a3fi; crystal structure
(1SKY). This strong interaction might be one of the reasons
for in the improvement of the CRINEPT spectrum on deu-
teration of the o subunit. In contrast, the perturbation in the
C-terminal domain (Fig. 5d) was unexpected, because there
is scarce contact at the interfaces of the C-terminal domains
of the o and f§ subunits in the crystal structure (Shirakihara
et al. 1997). This can be explained only by a movement of
the C-terminal domain making contact with the other sub-
unit in the hexamer. Actually, the B factor in the C-terminal
domain is larger (100 A% in average and 142 A? in the
DELSEED region) than those in the N-terminal and cata-
lytic domains (47 A? and 48 A% in average, respectively)
even in the crystal structure (Shirakihara et al. 1997).
However, the B factor does not manifest whether it comes
from structural distribution or motional fluctuation. As
indicated in Results, some signals of the C-terminal domain
were still doublets even for the hexamer (Fig. 4b). It means
that these residues are as mobile as a small molecule even in
the 319 kDa hexamer. Most of them fall on the loop regions.
These mobile loops may induce a fluctuation of the C-ter-
minal domain. This is completely different from the
situation for the loops in the N-terminal domain. Although a
well-defined structure is presented for the C-terminal
domain in crystal, it is mobile in solution even in the hex-
amer. Thus, NMR can provide a dynamic view at atomic
resolution in contrast to the crystal structure. The hexamer is
known to dissociate into dimers on addition of nucleotides
(Harada et al. 1991), which induces the conformational
change in the f§ subunit from the open to the closed form and
destabilizes the hexamer. Therefore, the motion in the
C-terminal domains in solution should be different from that
between the open and closed forms. However, the dynamic
structure of the C-terminal domain would be important to
form a functional structure on the introduction of the y
subunit. Here, a soft interaction between the § and 7y subunits
generates the catalytic rotation of the 7y subunit. The
dynamic nature of the C-terminal domain would make it
possible. These results suggest that structural heterogeneity
is an important feature of such complicated supramolecular
complexes as Fj-ATPase. The NMR method developed in
this work will contribute to elucidate the mechanism
underlying the rotational catalysis of F-ATPase.
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