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Abstract: Fi-ATPase has been shown to be a stepwise molecular motor. Its rotation mechanism has been
explained by the interaction of the y axis with the open and closed forms of the 3 subunit. Although NMR
should be a powerful method for elucidating its mechanism, its molecular size (473 amino acid residues,
52 kDa) is a major obstacle. We have applied segmental labeling based on intein ligation to the  subunit,
and succeeded in assigning 89% of the NH (402/451), 89% of the C, (417/473), 83% of the Cg (357/431),
and 90% of the CO (425/473) signals of the 5 subunit monomer. The secondary structures predicted from
the chemical shifts of the main chain atoms and the relative orientations determined from residual dipolar
couplings indicated that the subunit 5 monomer takes on the open form in the absence of nucleotide.
Furthermore, the chemical shift perturbation and the residual-dipolar-coupling changes induced by nucleotide
binding show that conformational change from the open to the closed form takes place on nucleotide binding.
The intrinsic conformational change of the 8 subunit monomer induced by nucleotide binding must be one
of the essential driving forces for the rotation of F1-ATPase.

Introduction of the 8 subunit. We have proposed, on the basiskbiNMR

experiments, that thé subunit monomer has an intrinsic ability

to change the conformation from the open to the closed form

on the binding of a nucleotide, which could be one of the

essential driving forces for the;Fotation212 Since thef

p subunit consists of 473 amino acid residues (52 KBals
molecular mass was much larger than the molecular limit for

FoF1-ATP synthase is a multisubunit enzyme that catalyzes
ATP synthesis in oxidative phosphorylation and photophospho-
rylation using the electrochemical potential of a proton gradieht.
This enzyme consists of two componentg &d R. The
simplest i (Fi-ATPase) comprises five kinds of subunits wit
a stoichiometry ofozf3yde.>8 The catalytic site is located in ‘ . ) )
the 8 subunit at thex-g interfacel7€In the crystal structure of ~ NMR analysis. Thus, the information obtained so far by
F; from bovine heart mitochondria (MF; the three catalytic ~ NMR has been limited.
sites are not equivaleAfThe 8 subunit in K takes on the closed The size limit is caused by the signal broadening due to rapid
form in the presence of a bound nucleotide, while it takes on transverse relaxation in a slowly tumbling molecule and by the
the open form in its absence. Recently, a half-closed conforma-Signal overlapping due to the huge number of resonating nuclear
tion of the subunit was reported for MFwhich was assumed ~ SPins in a protein. The former has been improved by means of
to be a transient conformation during the release of (ABJP° deuteration of the proteth'®and innovative pulse techniques.
Fi-ATPase has been shown to be a stepwise molecular mo-Development of TROSY spectroscopy has contributed to a
tor1011ts rotation mechanism is explained by the interaction revolutionary improvement of the resolution &f—*°N and

of the y subunit in the center with the open and closed forms ‘H—'3C(aromatic) correlation specttd.The combination of
deuteration and TROSY raised the molecular mass limit to more

Tinstitute for Protein Research, Osaka University. than 50 kDa. For example, the assignment of a dimeric construct
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p53 (67 kDa, 279 residuég)and homooctameric construct of
7, 8-dihygroneopterin aldose (110 kDa, 121 residé&snhd

at 37°C in 1 L of LB medium or 80% RO M9 minimal medium
containing 0.5 ¢°NH4Cl and 2 g*C glucose as the sole nitrogen and

deta”ed analys|s of the S|ng|e Cha|n protein Of Ma'ate Synthase carbon sources, respectively. Gene eXpreSSiOn was induced with 1 mM

G (81.4 kDa, 723 residue’8j22 has been performed. Further-

more, cross-correlated relaxation-enhanced polarization transfe

(CRINEPT® increases the sensitivity of NMR. Using TROSY
and CRINEPT, Wthrich and his colleagues obtainéd->N
correlation spectra of the 900 kDa GroEGroES complex#2>

IPTG (isopropylg-p-thiogalactopyranoside) at Qg = 0.5, followed

lby incubation for 4 h. After cell disruption by sonication, the N-terminal

fragments were dissolved in the supernatant, while the C-terminal
fragments were precipitated as inclusion bodies. The C-terminal
fragments were solubilized with buffer A (20 mM Tris/HCI, 1 mM
EDTA, 1 mM DTT (dithiothreitol), pH 8.0) containgn6 M GdnHCI

Kay and his C0”eag_ues recorded the methyl signals of a 305 (guanidine hydrochloride). The N- and C-terminal precursors were
kDa 14-mer protein, Clap, by cross-correlated relaxation mixed together in buffer A containing M GdnHCI and 50% glycerol.

enhancedH-13C spectroscop#t

The mixture was dialyzed against buffer A at@ for 12 h to remove

The overlapping of signals may be overcome by increasing the denaturant. Then, the solution was heated t6@Gor 1 h for
the dimensions of a NMR Spectrum This approach, however, SpIICIng The Ilgatqu subunit W.as purified on a.n ion eXChange column
is difficult when the number of atoms increases to a great extent. ©f Hitrap Q and a hydrophobic column of Hitrap Phenyl Sepharose

Another approach is to decrease the number of observable peak
Techniques for such an approach are specific labeling and seg

mental isotope-labeling. Specific labeling is useful for obtaining
local information, but not suitable for obtaining global informa-

Syvith a NaCl gradient (6500 mM) and an ammonium sulfate gradient

(30—0 w/v saturation) in buffer A, respectively. Additional residues,

Gly-Gly-Gly-Thr-Gly, were introduced at the ligation site.
NMR Measurements. For NMR measurements, the protein was
dissolved at 0.20.4 mM in 20 mM Tris/HCI buffer (pH 8.0),

tion. On the other hand, segmental isotope-labeling is a powerful containing 1 mM DTT, 1 mM Nab and 10% RO. Sequential

technique for getting global information. Segmental labeling has assignment was carried out for the four kinds of regionally3G:FN,2H]
been carried out by either intein splicing reaction or chemical labeleds subunit. To check the assignments, amino acid specifically

ligation26-2° However, there is no application to a really large

15N labeledf subunits were used. For the measurement of residual

molecule. We have applied segmental labeling by intein splicing dipolar couplings (RDC), thg subunit monomer was partially aligned

reaction to thes subunit of bF-ATP synthase in this work,

in a poly(ethylene glycol) (C12E5)/hexanol (molar ratio, 1/0.96) liquid

and have succeeded in obtaining the detailed information on crystal solutior’* The weight ratio of3 subunit to surfactant was 5%.

the conformational change of tifesubunit monomer.
Materials and Methods

Intein Reaction and Purification. An intein, PIful, from Pyro-
coccus furiosusvas used for segmental isotope-labefit@he PIPful

For the nucleotide-boung@ subunit, the molar ratio of MgADP to
protein was five. The sample solution was completely homogeneous
and pearly in color.

All NMR spectra were obtained with a Bruker DRX800 NMR
spectrometer at 40C. The *®N—!'H TROSY-HSQC spectra were

andg subunit genes were cut in the middle of the sequence, respectively.recorded with a data size of 258N) x 1024 {H) complex points,

The N- and C-terminal fragments of tifiesubunit genes were ligated
with those of the PPful genes in such a way that the subunit

and with spectral widths of 2912 Hz {jFand 9615 Hz (k). Backbone
chemical shift assignments were carried out using the 3D TROSY-

fragments formed exteins. The ligation was carried out by PCR. The HNCO, 3D TROSY-HNCA, 3D TROSY-HN(CO)CA, 3D TROSY-

genes encoding the N-terminal parts of {hesubunit (4 types) and
PI-Pful intein (1—160 residues) were amplified separately using PCR

HNCACB, 3D TROSY-HN(CO)CACB, and 3DB°N-edited NOESY
spectra with a matrix of 256'N) x 1024 {H) x 1024 {H) points,

primers containing nucleotide sequences corresponding to a linker, Gly- and spectral widths of 2912 Hz {9615 Hz (F), and 1111 Hz (F).
Gly-Gly, and the overlapping sequences. The two PCR products were The 'H, 13C, and!*N carrier frequencies were set at 4.7, 54, and 118

mixed and annealed. The ligated gene ofgtibunit-intein precursor

ppm, respectively*H-15N dipolar couplings were recorded by means

was obtained by PCR and then cloned into pET32a (Novagen) at the of a 2D IPAP-type"*N-'H HSQC correlation experimeftAll 2D IPAP
Ndel and BamHiI restriction sites. The genes encoding the C-terminal experiments were carried out with 51¥N) x 1024 {H) complex

parts of the PIPful intein (161—454 residues) and subunit (4 types)
were obtained similarly except that Thr-Gly was used as a lirker.
coli BL21 (ADE3) was transformed with each plasmid, and then grown
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points. The final data sets comprised 307RI{ x 4096 {H) real points
with digital resolutions of 0.84'¢N) and 3.9 tH) Hz/point. All NMR
data were processed using NMRPipe and NMRD¥aand analyzed
with Sparky.

Determination of the Alignment Tensor. The alignment tensors
of weakly oriented samples were determined with program Module.
Residual dipolar coupling between spinandj, Dj;, can be described
in terms of the orientationd( ¢) of the internuclear vector relative to
a common alignment tensor for the molecule

jtth
D, = - sigrl_’:os[Aa(sco@ 1)+ Asin’ocosz} ()
T

whereA, andA, are the axial and rhombic components of the alignment
tensor rj the internuclear distance, a&the order parameteA,, A,

and the Euler anglesu( 3, andy) describing the orientation of the
tensor relative to the PDB frame were obtained by least squares

(31
(32
(33

(34

Rickert, M.; Otting, G.J. Am. Chem. So200Q 122, 7793-7797.
Ottiger, M.; Delaglio, F.; Bax, AJ. Magn. Reson1998 131, 373-378.
Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJ A.
Biomol. NMR1995 6, 277-293.

Dosset, P.; Hus, J.-D.; Marion, D.; Blackledge, MBiomol. NMR2001,
20, 223-231.
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Figure 1. Two-dimensionalH—1N HSQC (A) and TROSY-HSQC (B, C, D, E, and F) spectra (at 800 MHZ4ft)rof 15N uniformly and regionally
labeleds subunits. A and B; uniformly labeled. C, D, E and F;8 subunits'3C, N-labeled in the 271, 1-124, 272-473, and 391473 segments,

respectively.

minimization of the target functiony?, over all couplings associated
with a given domain

1=y OFF = Df"Yioy? @

n

wheregj is the uncertainty in the experimentally measured couplings.
The standard coordinate file of tiflesubunit obtained from the crystal
structure of theng; complex (PDB entry 1SKY) was converted to a
new file that includes proton coordinates generated with Insight II. The
experimental uncertainty;, was estimated to be 0.5 Hz for all signals
and the order paramete®, was assumed to be one.

Results

Sincef subunit of TH consists of 473 amino acidéa two-
dimensionalH—15N correlation NMR spectrum in the amide
region showed poor resolution because of chemical shift

overlapping and line broadening (Figure 1A). To suppress the

line broadening, a TROSY-HSQC spectrum was obtained for
the uniformly 3N and 2H labeled 8 subunit (Figure 1B).

Although the quality of the spectrum was significantly improved,
there is still severe signal overlapping. This problem was

overcome by segmental isotope-labeling. We designed four

kinds of § subunits, which are labeled in the segments
comprising residues-1271, 1-124, 272-473, and 391473,
respectively, with!>N, 13C, and?H. The other halves are not
isotope-labeled. The cutting sites of tfiesubunit gene were
set in loop regions with reference to the crystal structure of
TF10333.2% 1H—1N TROSY-HSQC spectra of the four kinds

of regionally isotope-labeled proteins were successfully obtained

(Figure 1C,D,E, and F). The signal resolution was significantly

improved in these spectra. The expected signal numbers are 259,

16634 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004

115, 191, and 80 for spectra C, D, E, and F, respectively,
including the residues added through the intein reaction. All
spectra completely coincide with the corresponding parts of the
spectrum of the uniformly®N labeled authenti@ subunit except

for the signals of the inserted amino acid residues, confirming
the intact structure of the ligatg#isubunit. Sequential assign-
ment was carried out using 3D TROSY-HNCO, 3D TROSY-
HNCA, 3D TROSY-HN(CO)CA, 3D TROSY-HNCACB, 3D
TROSY-HN(CO)CACB, and 3B°N-edited NOESY spectra for
the four kinds of'3C/A5N/2H labeledp.

The four kinds of spectra were assigned as follows. Because
the region giving rise to the signals in spectrum C in Figure 1
contains the amino acid residues in spectrum D, spectrum D
was assigned at first and then unassigned signals in spectrum
C were assigned. The same procedure was carried out for spectra
E and F. To confirm the sequential assignment, amino acid
specific!®>N labeling was performed for Tyr, Thr, Lys, Ser, and
Gly. Thus, 89% of the NH (402/451), 89% of the, ¢417/
473), 83% of the ¢(357/431), and 90% of the CO (425/473)
signals of thes subunit were assigned. The chemical shift values
have been deposited in BioMagResBank (accession no. 5886).

The unassigned residues include the sequences UG8
188—-201, 301310, and 316-322 (colored white in Figure 2A).
The signals of most unassigned residues (34 out of 49) are
missing in the spectra. There could be two reasons for the
missing. Since the spectra were measured at pH 8.0, the fast
exchange of amide protons in the flexible regions would broaden

(35) Shirakihara, Y.; Leslie, A. G. W.; Abrahams, J. P.; Walker, J. E.; Ueda,
T.; Sekimoto, Y.; Kambara, M.; Saika, K.; Kagawa, Y.; Yoshida, M.
Structure1997 5, 825-836.
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Figure 2. Comparison of the chemical shift perturbation in the monomer 4
with the conformational change in For 8 subunit. (A) The chemical shift (ppml | o 251 301 351 401 451 473
perturbation larger than 0.1 ppm fofAvy)2 + (0.15x Avy)3H2on binding 00 —sslesdedusbossdasisbsdsbsbsibslasbsbosbsin
of MgADP to the subunit is mapped on the closed form of the F 15 @ w el (EED NED O 0D § @
subunit® The residues perturbed and unperturbed are colored red and yellow, N R o> @o0 ¢ (NDE i § ER O &
respectively. White indicates the residues whose signals were not aSSIQnedFigure 3. Chemical shift deviation (CSD) from a random coil and TALOS-

The ratio of MgADP to protein is 3. Helices,C andaG, and af sheet,

7, are indicated in the figure. The bound nucleotide is shown in green.
(B) Local conformational change in tiflesubunit between the empty (open)
and ADP-bound (closed) forms. It was evaluated by the distance of the
same Gs in different forms @) calculated for two cases. At first, N-halves

of the two forms were superimposed with the smallest RMSD (used residues,
9-120 and 216-297). Then, C-halves were superimposed (3805 and
420-474). Residue numbers are for MAhe region with a large difference

is shown in red. Namelydo>0.8 A for both cases. RMSD between the
ADP and AMPPNP bound forms is about 0.8 A. The surface on the left in
this figure interacts with thes subunit in k. These figures were drawn
using Mol Mol.

or extinguish the signals. On the other hand, some aromatic different. Therefore, the domain orientation would provide direct

rings of these residues showed doubl&t The exchange information on the structures of tifiessubunit in different states.
between these conformations could be the second reason of thd © 0btain such information, two kinds of tifiesubunits labeled
signal broadening. Although the doublets became singlets onin the N-terminal (1-124) and C-terminal (396473) domains,
MgADP binding, the missing signals were not recovered. respectively, were used. Each one was patrtially aligned in liquid-
Therefore, the major reason of the loss of signals should be theCTystal composed of poly(ethylene glycol) (C12ES)/hexanol
fast exchange of amide protons in the flexible regions, which (molar ratio, 1/0.96), and the residual dipolar couplings (RDC)
includea helices ¢C andaG), af sheet g7), and the P-loop ~ Were measured in the absence and presence of MgADP. RDCs

derived¢/y angles with thes subunit sequence. Theandy angles are
presented as black and white circles with error bars, respectively, for residues
where 9 or 10 matched in 10 database. CSD was obtained from the equation
SAO = AOC* — ASCF + AOC'. The chemical shifts of3Ce, 13CA, and

13C’ in the random coil are subtracted from those obtained fof thebunit
monomer. The secondary structure elements commonly predicted from the
TALOS and CSD analyses are shown in the upper row at the bottom. Gray
boxes indicate unassigned regions. The secondary structure elements in the
lower row are those from the crystal structure of thedgBs; complex (PDB

code 1skyf®

that form a conical tunnélThis indicates that even anhelix were obtained for 65 and 40 residues for thel24 and 39+
is flexible in the isolategd subunit. This is consistent with the 473 labeleds subunits, respectively.
protease susceptibility of heliC.36 Discussion

To examine the conformational change induced by the  Chemical Shift Analysis of the Subunit Monomer. The
nucleotide binding, the protein solution was titrated with C,, Cs, C, and N chemical shifts of the assigned residues were
MgADP. The signals of the 136139, 164-186, 209-212, analyzed with TALOS to estimate dihedral angiesind .37
311-314, 328-352, and 416430 residues shifted in the These angles could be predicted at high reliability (matching 9
presence of MgADP. These regions are mapped in red on theor 10 in the 10 database) for 268 residues, corresponding to
crystal structure of MgADP-bounl of MF1 in Figure 2A. The 67% of the 402 residues. The obtained angles are presented in
328-352 and 416-430 sequences form the binding pocket for Figure 3. The secondary structures were predicted on the basis
the adenine ring of ADP in the crystal structure, suggesting that of TALOS angles and the results of chemical shift deviation
the chemical shift perturbations can be ascribed to direct (CSD) analysis® and are shown at the bottom of Figure 3. The
interaction with adenine. In contrast, those in the other sequencesN- and C-terminal domains of the J&monomer are composed
can be ascribed to conformational changes induced by nucleotideof 3-sheets and-helices, respectively, in good agreement with
binding. As can be seen in Figure 2A, these sequences fall inthe structures in the TB3B3 complex3” Comparison of the
the hinge region and its proximity. This is in good agreement secondary structures of the monomer with thoses8 strongly
with previous results obtained on NMR analysis of Tyr and His suggested that the general fold of the isolgeibunit is similar
residues, for which a conformational change from the open to to that inoz33 despite the absence of helix 27290. The crystal
the closed form was proposé#!3 structure of the TEB subunit inagBs is in good agreement with

In the open and closed forms in the crystal structure of MIF  the open form of thes subunit in the ME crystal structure.
the relative orientations of the N- and C-terminal domains are

(37) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.
(36) Tozawa, K.; Odaka, M.; Date, T.; Yoshida, M.Biol. Chem 1992 267, (38) Wishart, D. S.; Bigam, C. G.; Holm, A.; Hodges, R. S.; Sykes, BJD.
16484-16490. Biomol. NMR1995 5, 67—81.
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One of the major differences in the secondary structure between 40
the open and closed forms of M#5 in residues N174Y178 30
in the nucleotide-binding domain. This region takes on an
a-helix conformation in the open form, but an extended 201
conformation in the closed form. The secondary structure N 104
predicted for this region in thé subunit monomer with TALOS o
and CSD was aw-helix. So, the T3 monomer should take 8y 07
on the open form in the absence of a nucleotide. Q04
The chemical shift perturbations shown in Figure 2A are in 204
good agreement with our earlier NMR resuftd2a conforma-
tional change from the open to the closed form taking place on -30 1
nucleotide binding being proposed. In the Mffystal structure, -40 : . : : , : .
the conformational variations between the open and closed forms -40 -30 -20 -10 0 10 20 30 40
only occur in the hinge region and its proximity besides the D, IHz
adenine binding pocket and the regions interacting withythe
subunit. This is shown in Figure 2B. The perturbed regions in 40
Figure 2A are quite similar to the regions with great confor- 30 4
mational variations (colored red) in Figure 2B except for the
regions interacting with the subunit. It should be indicated 20 -
that most of the flexible regions colored white in Figure 2A N 104
are included in the red regions in Figure 2B. Thus, we can L
conclude that the conformational change of thenonomer §I 07
induced by nucleotide binding is similar to that from the open Q  -10-
to the closed form in the crystal structure of MHrom the
perturbation map in Figure 2A, we can clearly identify the hinge 207
as the stretch of N1741182, where N174Y178 takes on an -30 |
o-helix conformation in the open form but an extended chain -40 . 1 : 1 : . 1
conformation in the closed form. 40 -30 -20 -10 0 10 20 30 40
Relative Orientation of the N-Terminal and C-Terminal D™ IHz

Domains.The effect of ligand binding on the backbone chemi- . 15 I

| shift showed that the nucleotide-binding domain of fhe ~ /9“¢ % Comparison of the observédi—*N RDCs D) with the
cal s . i : g : . values back-calculated using best-fit parameters and the crystal coordinates
subunit monomer changes its conformation, responding to ligand of the o333 complex Dnrc9. A; In the absence of MgADP and B; in the
binding. On the other hand, the intra-domain structures do not presence of MgADP. The open and closed circles denote the data for the
deviate for the N-terminal domain comprising residues32 N-and C-terminal domains, respectively.
and the C-terminal domain comprising residues-3423. Al-
though chemical shift changes were observed for residues 410 43 and 20 for the N- and C-terminal domains, respectively. As
420, thIS .I’egl(.m InC|ud€SPhe4l4 and Phe420 that Interact W|tha resu't’ the f|tt|ng became much better, as can be seen |n F|gure
the adenine-ring, according to the crystal structure of the MF 4. The alignment tensor and the Euler angles describing the
agf3sy complex? Judging from the secondary structures in Figure  grientation of the tensor relative to the PDB frame were obtained
3, the main folds of two domains are similar for the monomer g the fitting. The Euler angles, and the axial and radial
and the crystal structure ofy3s. Therefore, we can ugésub- componentsAq and A, are summarized in Table 1 for each
units labeled at residues-124 (5(1-124)) and 396-473 (3- domain. The error ranges of the Euler angles were estimated
(390-473)) to determine the relative orientation of the N-and py removing one point from the data set. The error range of
C-terminal domains in the absence and presence of ligand. Thisgjer angles was relatively small in comparison with that of
will provide direct information on the conformational change . All values were similar for the N-terminal domains of the
suggested by the chemical perturbation shown in Figure 2A. |igand-bound and fre@ subunits. In contrast, the rhombicity

The experimentally measuréti—15N RDCs of 5(1—124) and orientation of the tensor were different for their C-terminal
and 3(390-473) were analyzed by a program Module, using domains. The relative orientations between the N- and C-
the crystal structure of the corresponding region in @83 terminal domains were determined using their alignment tensors,
complex (1SKY) as the structure of tllemonomer. At first, as shown in Figure 5. To evaluate the change in the relative

we used all of the observed RDCs for the analysis. However, orientation, the N-terminal domains of interest were completely
the fitting was poor. This can be ascribed to the conformational superimposed. In the case of the ligand-figesubunit, the
difference between thg subunits in the monomer anhfs orientation of helix 399409 in the C-terminal domain was
complex. The influence of contacts with the neighboring different by 5 for the obtained and crystal (1SKY) structures
subunits is included fangfs. Furthermore, the loop and terminal  (Figure 5B). In view of the error ranges shown in Table 1, these
regions would be flexible. Since the proton coordinates were structures are practically the same. Since the crystal structure
generated by means of a software, the directions of some NHof the subunit in thensf; complex is in good agreement with
vectors could be different from the real ones. To avoid these the open form of th@ subunit in the Mit o33y crystal structure
problems, the residues located in either thbelix or 5-sheet (1BMF), we can conclude that tiflesubunit monomer also takes
were used for the calculation. The number of RDCs used were on the open form in the absence of a nucleotide in solution.
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A B C D

Figure 5. Relative orientations between the N- and C-terminal domains gf téunit obtained from RDCs and crystal structures. A; The labeled segments
(residues +124 and 39%+473) are colored blue on the TB subunit®® B, C, and D; Comparison of the relative orientations with the N-domains of the two
structures being superimposed. B; The relative orientation obtained from RDCs in the absence of MgADP (red), and that ingtheciystal structure

(blue). C; The orientations of the C-domain obtained from RDCs in the absence (red) and presence (green) of MgADP. The solid line is an axis connecting
the centers of mass of the N- and C-domains of interest. Broken lines are the axes of hel$099B; The orientations of the C-domain in the ligand-free

(red) and MgADP-bound (green) forms Sfsubunit in the Mir a3Bsy crystal structuré.Solid and broken lines are the same as in C.

Table 1. Alignment Tensor A, Euler Angles and y? for 8 Subunits Labeled in the N- or C-Terminal Domain in the Absence and Presence of
MgADP2?

o (deg) /3 (deg) 7 (deg) A, x 104 A x 104 b
N(—MgADP) —76.3+ 3.4 115.7+ 0.35 —45.24 0.40 27.34 2.57 3.3 10°3
N(+MgADP) —75.3+ 3.4 116.1+ 0.40 —44.8+ 0.42 26.24 2.55 3.2 10°3
C(—MgADP) —51.6+6.2 113.6+1.9 —56.4+ 2.7 10.33 1.88 2.6% 103
C(+MgADP) —49.2+ 7.1 78.4+ 3.5 —58.2+ 3.2 9.32 0.65 1.9% 108

aThe parameters describing the magnitude of teds@nd its orientation (Euler angles, 5, andy) relative to the coordinate frame of the crystal

structure (1SKY) were obtained with Modufey” = ¥ (DF*® — Df*9%o?, wheregy is the uncertainty in the experimentally measured coupling.
n

To elucidate the conformational change of thesubunit Concluding Remarks

monomer on MgADP binding, the relative orientation of the . .
N- and C-terminal domains was examined. When the N-terminal The ie(_:on(:ary strugtl:rr]e ba‘ls,etq on the tC rl_emmafll tihlﬁ,\sl of tr&e
domains of the Iiggnd-bound and free struc.tures obtained from gj::rrginzlr]d?);gqiisageterr?li:liz Ig; I;)Iggns ?nlgir;ac;ed t?wat[iha:an
RDCs were superimposed, the difference in Euler afige subunit monomer takes on the open form in the absence of a
the C-terminal domain was 3%as can be seen in Table 1. When pycleotide. Chemical shift perturbation and the change in the
an axis connecting the centers of mass of the N- and C-terminalre|ative orientation showed that the conformational change from
domains is defined (solid straight lines in Figure 5C and D), the open to the closed form takes place in {hesubunit
the angles between this axis and the direction of helix-399 monomer on MgADP binding. It should be noted that our earlier
409 are 110and 144 for the ligand-bound and frg&subunits, work showed that MgATP induces a similar conformational
respectively (Figure 5C). The difference in these angle§)(34 change>13This means that the conformational change from the
is similar to that in Euler anglgg. On the other hand, the open to the closed form on nucleotide binding is an intrinsic
difference of the corresponding angle between the open andProperty of thes subunit. This intrinsic property should be one
closed forms in the MEagsy complex (LBMF) is 25 (Figure of the essential driving forces for the Fotation. Actually, Wang _
5D). This finding indicates that the MgADP-bound structure is 2nd Oster proposed, on the basis of the results of thermodynamic
similar to the closed form in MF taking the error range for analy5||s, th(?t tkjhedglastlc slt(;aln energy s:)ore.d 'n'&m%ﬂqg
the obtained angles in Table 1 into account. In view of the lack on nucleotide bin Ing woulld cause tPGSH 'umt to rotate™

. . Normal-mode analysis of structural plasticity also supported the
of a crystal structure of thg subunit monomer, a relatively

N ) : idea of the storage of elastic energy in theubunit?! Our re-
large error range is inevitable. The rotation of the C-terminal g 1ts are consistent with this model. In contrast, our conclusion

domain around the same axis is small, as can be expected fromyearly contradicts the prediction of Bemann and Grubiiler,
Table 1, while it is about 10in the MR crystal structure. o the basis of multinanosecond molecular dynamics simulation,
Because of the relatively large error range, it would be difficult

to confirm this rotation at this stage. Nevertheless, it can be (39) Wang, H.; Oster, GNature 1997, 396, 279-282.
. . (40) Sun, S.; Chandler, D.; Dinner, A. R.; Oster,Bur. Biophys. J2003 32,
concluded on the basis of the clear change in Euler afigle 676-683.

indi i i (41) Cui, Q.; Li, G.; Ma, J.; Karplus, MJ. Mol. Biol. 2004 340, 345-372.
that the bmdmg of MgADP induced a conformational Change (42) Béckmann, R. A.; Grubriler, H. Nat. Struct. Biol.2002 9, 198-202.

. . )
from the open to the closed form in thifesubunit monomer. (43) Beckmann, R. A.; Grubriiler, H. Biophys. J2003 85, 1482-1491.

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16637



ARTICLES Yagi et al.

that the conformation of the closed form is more stable than  Acknowledgment. This work was partly supported by Grant-
that of the open form for ligand-fre@ subunit?243 in-Aids for Scientific Research from the Ministry of Education,
This work has shown that segmental isotope-labeling NMR Sci€nce, Technology, Sport and Culture of Japan (H.A.), and

is a really powerful method for investigating large proteins and 9rants from JST (Core Research for Evolutional Science and

supramolecular systems. In combination with improvement in Technology) (H.A.) and the Japan New Energy and Industrial

pulse sequences, segmental isotope-labeling will open a neWTechnoIogy Development Organization (H.Y.).

frontier for solution NMR. JA0452790

16638 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004



