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SUMMARY: The kinetics of the hydrogen-deuterium exchange 
reaction in a stable ATPase (TF1) from a thermophilic bacterium 
PS3 was followed by infrared absorption measurements. The rates 
of the hydrogen-deuterium exchange reactions decreased in 
following order: free form, 
TF1 does not dissociate 

TF,.ADP, TF,-ATP and TF,.AMP-P(NH)P. 
into subunits even in the absence of 

nucleotides, thus differences in exchange likely reflect 
differences in conformations of subunits. These results indicate 
that the structure is most restricted when ATP or AMP-P(NH)P is 
bound to the enzyme. 

INTRODUCTION: In oxidative phosphorylation and photophosphoryl- 

ation, coupling factor 1 (Fl) is known to catalyze the synthesis 

of ATP from ADP and inorganic phosphate (1). Recently, two of us 

(M-Y. and Y-K.), in collaboration with Sone and Hirata, purified 

an ATPase (TF,) from a thermophilic bacterium PS3 (2). This 

ATPase is stable enough to carry out a reconstitution of proteo- 

liposome (3) and the other experiments related to oxidative 

phosphorylation (4-6). 

During the phosphorylation, the trans-membrane electro- 

chemical potential energy of protons provides the energy source 

for synthesizing ATP (1) and Boyer has suggested that ATP 

Abbreviations used are AMP-P(NH)P, adenylyl-imidodiphosphate; 
Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; 
TF 1, soluble ATPase, i.e., -- coupling factor 1 obtained from a 
thermophilic bacterium PS3; CF,, chloroplast coupling factor 1; 
HMM, heavy meromyosin from rabbit muscle: EF-Tu, polypeptide 
chain elongation factor Tu. 
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formation is accomplished through energy-linked conformational 

changes in the ATPase complex (1). The hydrogen isotope exchange 

method is a useful technique to study a protein conformational 

change or a dynamic structural fluctuation of biopolymers. Ryrie 

et al. -- showed that illumination of chloroplast induced 

conformational changes in CF, of chloroplasts as assessed by 

tritium exchange (7). In this communication, we report the 

effects of various adenine nucleotides on the kinetics of the 

hydrogen-deuterium exchange reaction of peptide groups of TFI. 

Mesophilic F, dissociates easily, making exchange results 

difficult to interpret. But thermophilic F1 is sufficiently 

stable that no dissociation takes place even in the absence of 

a nucleotide (8). 

MATERIALS AND METHODS: TF1 was prepared according to the method 
of Yoshida et al. (2). -- AMP, ADP, ATP and an ATP-analogue, 
AMP-P(NH)P were purchased from Boehringer. Hepes was obtained 
from Nakarai Chemicals, Kyoto, and sodium azide (NaN3) was from 
Wako Chemicals, Osaka. The hydrogen-deuterium exchange experiment 
was carried out as follows: 200 pl of a TFI solution (7.5 mg/ml) 
in 5 mM Hepes/Na (pH 7.5) (when indicated with 1.25 mM sodium 
azidej was lyophilized, and this solid was dissolved at time zero 
in 50 ~1 2H,0 solution of 200 mM Hepes/Na + MgC12 + the indicated 
amount of a nucleotide. The amount of the peptide NH groups of 
TF1 remaining undeuterated at a given time was determined by an 
infrared absorption measurement (9). This was performed with a 
Perkin-Elmer 621 infrared spectrophotometer and a Digilab FTS-14 
Fourier Transform Spectrophotometer. The amount of undeuterated 
peptide groups of TF1 was taken as 

P 
ropotional to the ratio of the 

absorbance of amide II (at 1550 cm- ) to that of amide I (at 1650 
cm-l), i.e., A(amide II)/A(amide Ij. The baseline of the amide II -- 
band was taken as the absorption curve of a solution of completely 
deuterated TF,, which was obtained by incubation in 'Hz0 at pH 7.6 
and 57OC for 3 days. The A(amide II)/A(amide I) value for 
completely undeuterated protein was assumed to be 0.45 (10-12). 
Infrared difference spectra were obtained by the use of an on-line 
computer system of the Digilab FTS-14, and were output on an XY- 
plotter. Details of such experiments are described in our previous 
papers (11,13,14). 

RESULTS: The infrared absorption spectrum of TFI changes as its 

deuteration prodeeds (Fig. 1). Apparently, amide II band at 1550 

cm-' (undeuterated peptide N'Hgroups) decreased, while amide II' 

band at 1450 cm-4 (deuterated peptide N'Hgroups) increased. Some 
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Figure 1. A series of dtfference spectra showing a time dependent 
lowfring of the 1550 cm absorption peak and a rising of the 1450 
cm peak in a course of deuteration of TF, at 25'C and pH 7.60. 
Infrared absorption spectra were stored at 5, 11, 20, 35, 47, 68, 
105, 135, 170, and 235 min after TF1 was dissolved in 2H20 
soluiton, the spectrum at 2.5 min was subtracted from each of 
these spectra, and the results were recorded on an XY recorder. 
The solution contained 3% (w/v) TF1, 20 mM AMP-P(NH)P, 20 mM MgC12 
and 5 mM NaN3 in Hepes/Na buffer (200 mM). 

Figure 2. Semilogarithmic plots of the hydrogen-deuterium 
exchange of the peptide hydrogen in TFI at 40°C and pH 7.52 
in 200 mM Hepes/Na buffer. (O), TFl with 5 mM MgCl2, 
(X), with 20 mM AMP and 20 mM MgCl2, (cl), with 20 mM ADP 
and 20 mM MgC12, (A), with 20 mM AMP-P(NH)P and 20 mM MgC12. 

examples of kinetic plots obtained from infrared absorption 

measurements are shown in Fig. 2. The exchange rates of peptide 

hydrogens were slower in the presence of ADP and AMP-P(NH)P. In 

addition, the kinetics was followed at the various concentrations 

of ADP or AMP-P(NH)P from 0 to 20 mM. From this titration, the 

dissociation constant of AMP-P(NH)P with TF, was roughly estimated 

as 3-8 x lo-'M. Therefore, in the presence of 20 mM ADP or 20 mM 

AMP-P(NH)P, almost all of the TF, molecules would be in the form 

of the TFl.ADP or TFlsAMP-P(NH)P complex respectively. 

In order to express the rate of exchange reaction quantitatively, 

the p value defined as the probability of solvent exposure of the 

peptide hydrogens was used (11,15,16). The percent distribution 
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Table I 

Probability of solvent exposure of peptide hydrogens 
of TFI under various conditions. 

Percent of peptide hydrogens of different 
p values in presence at various additions 

p value 
Nonet NaN3t AMP* ADP* AMP-pNP*AMP-PNP* ATP* 

NaN3 NaN3 

0<~<10-~ 42 42 42 45 48 48 48 

o<p<10-5 33 33 34 36 38 38 38 

o<p<10-6 22 22 22 25 28 28 27 

t the solutions contained 5 mM MgC12, 
and, where added 5 mM NaN3. 

* 
the solutions contained 20 mM nucleotide and 20 mM MgC12, 
and, where added 5 mM NaN3. 

The p value is the probability of solvent exposure of the 
peptide hydrogens, hence, p=O means that the peptide hydrogens 
cannot be deuterated at all, whereas p=l means that the peptide 
hydrogens are exposed to the solvent, that is, can be deuterated 
freely. 

In general, the peptide groups undergo deuteration through 
the following scheme (lo), 

N- I k, exchange, 

where k = 50(10 -PH+ lO~H-6~10~('-20) min 
tempera?ure in degrees Celsius. 

-1, and e is the 

In this case, p = [IJ/([N)t[IJ). For details, see ref. (15). 

of TFI peptide hydrogens with p values of given ranges under 

various conditions are summarized in Table I. As shown in Table 

I, sodium azide, an inhibitor, did not affect the exchange rates 

with or i?ithout added nucleotides. Therefore, the rate in TF1.ATP 

with sodium azide was considered to be that in TFI.ATP complex. 

The fact that the rate is lower for TFlsAMP-P(NH)P than that 

for TFl.ADP is demonstrated in Fig. 3A by an infrared difference 

spectrum. In Fig. 3A, the difference spectrum between 

TFi*AMP-P(NH)P and TF,.ADP at an indicated time has a slightly 

higher peak at 1550 cm-' and a lower peak at 1450 cm-'. Fig. 3B 

indicates that sodium azide gives no effect on the exchange rates. 

Our findings in TFI are in agreement with independent 
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Figure 3. Infrared difference spectra of the following pairs. 
(A) (TFI with 20 mM AMP-P(NH)P at 235 min) 

- (TFl with 20 mM ADP at 235 min) 
(B) (TF1 with 20 mM AMP-P(NH)P at 105 min) 

- (TF1 with 20 mM AMP-P(NH)P and NaN3 at 105 min) 
All the solutions contained 3% TF1 (w/v), 20 mM MgC12 in 200 mM 
Hepes/Na buffer (pH 7.60). 
The broken curve indicates the baseline between 'H,O and 'H,O, 
and the arrow indicates the absorption of adenine. 

observations in CF, of spinach by Nebedryk-Viala et al. (16), -- 

except the following points; TF1 gives the amide I peak at 1650 

cm" whereas for CF, the peak is at 1633 cm" (at the protein 

concentration 154 pM). Therefore, TF, probably has a smaller 

amount of B-sheet than CF, (17). In contrast to observations with 

CF,, the secondary structure of TF, seems to be independent of 

its protein concentration as long as in the range of 130 JIM to 8 

TM' Finally, the decrease in deuterium exchange rates on binding 

ATP and ADP were smaller with TF1 than decreases of rates reported 

for CFl (16). This may reflect a partial dissociation Of CFI into 

subunits in the absence of nucleotides, leading to increased 

hydrogen exchange. 

DISCUSSION: Buried peptide groups require a greater free energy 

of activation for exchange. The difference in activation .free 

energy for buried peptide groups and exposed groups gives an 

approximation of the energy required for bringing a native 

conformation to a partially unfolded conformation. Our findings 
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in the kinetic experiments indicate that the above mentioned 

activation free energy is smaller for free TFl than for TFl*ADP 

by 1.8 kJ/mole, and that for TFI*ADP is also slightly smaller 

than for TF1.ATP by 1.2 kJ/mole. The activation free energy in 

question gives rise to the fluctuation of the polypeptide chain. 

Thus, the free energy of TFl.ATP is lower than of TFlaADP in the 

peptide groups which undergo the deuterium exchange. In brief, 

a more flexible conformation is higher in its free energy. 

In contrast to TF1, the hydrogen-deuterium exchange reaction 

was slower for heavy meromyosin (HMM) + ADP than for HMM + ATP 

system as reported previously (18). In addition, the relation of 

EF-Tu.GDP with EF-Tu.GTP was similar to the situation of HMM (14). 

Therefore, the free energy of HMM*ADP or EF-TueGDP seemed to be 

lower than that of the enzyme + nucleoside-triphosphate systems 

in the part of the protein which undergoes the hydrogen exchange. 

Such differences in the relative stability of ATPase + ATP 

systems could to be related to the corresponding function: TFI is 

synthesizing ATP (reversible system), whereas HMM is consuming 

ATP. 
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