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This paper describes a circular dichroism (CD) spectroscopy study of purified proton-pumping nicotinamide nucleotide transhydro- 
genase from beef heart. The CD spectrum obtained was used to estimate the content of secondary structures of the purified enzyme 
and suggests the presence of 40-458 a-helical structure and long, possibly membrane-spanning a-helices. The spectrum was 
essentially unaffected by the absence or presence of transhydrogenase substrates, suggesting that the catalytic and proton-translocat- 
ing activities of the enzyme occur without major rearrangements at the level of secondary structureS. 

1. Introduction 

The mitochondrial nicotinamide nucleotide 
transhydrogenase (EC 1.6.1.1) from beef heart 
catalyzes a hydride ion transfer between NAD(H) 
and NADP(H) with a concomitant translocation 
of protons across the mitochondrial inner mem- 
brane. In mitochondria, the transhydrogenase 
catalyzes a forward reaction (reduction of NADP+ 
by NADH) and a reverse reaction (reduction of 
NAD + by NADPH) linked to an inward and 
outward translocation of protons, respectively (for 
reviews, see refs l-3). The molecular mechanism 
by which protons are translocated across the 
membrane is still unknown. 

The amino acid sequence of the mitochondrial 
transhydrogenase has recently been deduced from 
the corresponding cDNA, revealing a chain length 
of 1043 amino acids and a molecular weight of 
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109212 [4]. About 14 possible membrane-span- 
ning helices, deduced from hydropathy plots, were 
found within a central region (residues 420-850) 
and C- and N-terminal regions containing the 
NAD(P)(H)-binding sites which probably are 
located on the matrix side of the mitochondrial 
inner membrane [4]. 

Recent data imply that the two separate nico- 
tinamide nucleotide binding sites constitute part 
of a less selective nicotinamide nucleotide pocket 
in the molecule [5]. The minimal functional assem- 
bly of active detergent-dispersed and of mem- 
brane-bound beef heart transhydrogenase has been 
found to be a dimer where both subunits are 
involved in the catalytic activity, possibly accord- 
ing to a half-of-the-sites reactivity mechanism [6]. 
Varying rates and dissociation constants [1,3,7], 
thermostability and proteolytic sensitivities [2] of 
the transhydrogenase, induced by an electrochem- 
ical proton gradient and/or NADP(H), may sug- 
gest that major conformational changes are in- 
duced under these conditions. The recently ob- 
served highly NADPH-sensitive phenylarsine 
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oxide reactive vicinal dithiol may be of impor- 
tance in these conformational changes [8]. Indeed, 
NADP(H) strongly regulates the pK, of Cys 893 
which may constitute part of this dithiol [9]. 

The present investigation is an attempt to dem- 
onstrate conformational changes directly using CD 
spectroscopy, by estimating the content of sec- 
ondary structures under different conditions. 

2. Materials and methods 

2.1. Preparation and assay of transhydrogenase 

Nicotinarnide nucleotide transhydrogenase was 
prepared essentially as described previously [lo] 
with the modification that the medium used for 
wash and elution of the enzyme bound to the 
calcium phosphate gel was 2 mM sodium phos- 
phate containing 0.5% potassium cholate, and 200 
mM potassium phosphate containing 0.5% potas- 
sium cholate, respectively. 

Transhydrogenase activity was assayed as re- 
duction of AcPyAD+ by NADPH at 375-420 nm 
using a dual-wavelength Aminco DW-2 spectro- 
photometer. The assay medium was composed of 
80 mM potassium phosphate (pH 6.3), 200 PM 
NADPH, 200 PM AcPyAD+, 0.025% Triton X- 
100, and 0.4 mg/ml of lysophosphatidylcholine 
(egg yolk). Temperature was 30°C. The specific 
activity of the transhydrogenase was about 7 
pmol/rnin per mg protein, and the homogeneity 
of the transhydrogenase preparation was ascer- 
tained by a 7.5% polyacrylamide gel electrophore- 
sis analysis in the presence of SDS [ll]. Staining 
was accomplished by a silver staining method [12]. 
Protein concentration of the purified enzyme was 
determined by a modified Lowry procedure [13]. 
Prior to the CD analysis the enzyme was dialyzed 
at 0 o C against 500 ml medium containing 5 mM 
potassium phosphate and 0.03% potassium cholate 
(pH 7.5) overnight with one change of medium 
after 4 h. 

2.2. CD 

CD was measured in a Jasco J-500 spectro- 
polarimeter which was calibrated in linear dichro- 

ism mode at a few selected wavelengths using 
glass tilted plates at various angles [14]. A cell 
with a diameter of 1 mm was used and the cell 
compartment was continuously purged with N, to 
avoid 0, absorption. Temperature was about 
20°C. A spectral bandwidth of 2 nm was used and 
the signals were always checked for stray light. All 
spectra were averages of at least two scans and 
five data points were collected per nm using an 
IBM PC-AT compatible computer. The concentra- 
tion of transhydrogenase was 0.043 mg/ml, equiv- 
alent to 0.394 PM, in a medium composed of 5 
mM potassium phosphate and 0.03% potassium 
cholate (pH 7.5). When present, the concentration 
of the nicotinamide adenine nucleotide substrates 
was 20 FM. The total absorption, i.e., of solvent 
plus solute plus cell, was checked on all samples to 
ensure enough transmittance to obtain reliable 
CD signals. All CD data are expressed in differen- 
tial molar absorptivities (E, - E,) per amino acid 
residue. 

3. Results and discussion 

3.1. CD spectra of purified transhydrogenase in the 
absence of substrates 

Fig. 1 shows a CD spectrum of purified, deter- 
gent-dispersed transhydrogenase measured as de- 
scribed in section 2. The spectrum was negative at 
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Fig. 1. CD spectrum of transhydrogenase m the absence of 
substrates. Medium contained 5 mM potassium phosphate and 
0.03% potassium cholate (pH 7.5). The spectrum is an average 

of 14 scans. 
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long wavelengths with a distinct plateau around 
220 nm and a minimum at 209 nm. The CD 
became positive below 200 nm and a maximum 
was observed at 194 run. The overall CD magni- 
tude was large and the ratio between the positive 
and negative CD maxima was 1.27. These features 
are characteristic for organized secondary struc- 
tures, suggesting that the protein was not signifi- 
cantly denatured and that the CD spectrum is 
likely to be representative for the protein in its 
native state. 

3.2. CD spectra in the presence of substrates 

Fig. 2A shows CD spectra of transhydrogenase 
in the presence of either of the transhydrogenase 
substrates NADH, NAD*, NADPH or NADP+. 
None of these spectra were significantly different 
from that of pure transhydrogenase and it is evi- 
dent that binding of a single substrate did not 
alter the secondary structure significantly. CD 
spectra of transhydrogenase in the presence of 
both NAD+ and NADPH, or of NADH and 
NADP+, are shown in fig. 2B. These CD spectra 
were also within experimental error the same as 
that of pure transhydrogenase. 

Since CD sensitively reflects secondary struc- 
tures, even small changes are expected to be detec- 
table. Binding of nicotinamide nucleotide sub- 
strates to the transhydrogenase is an obligatory 

AC A AE B 
12 12 

prerequisite for the enzyme-mediated transloca- 
tion of protons through a putative proton-con- 
ducting channel, and some structural effects upon 
interaction between the protein and its substrates 
would therefore be expected. Our finding that the 
CD spectrum of transhydrogenase was unaltered 
by either of the four substrates (figs 1 and 2) 
therefore indicates that this binding does not in- 
volve detectable changes in the secondary struc- 
ture of the protein. That similar results were ob- 
tained also in the presence of NAD+ plus 
NADPH, or NADH plus NADP+ means of course 
that all four nicotinamide nucleotides were pre- 
sent at concentrations of about 10 PM, since 
transhydrogenase under these conditions is cata- 
lytically active and rapidly equilibrates the reac- 
tion to an equilibrium constant of approximately 
unity [ 1,7]. The lack of effect on the CD spectra is, 
for example, consistent with transhydrogenase 
being in rapid equilibrium between two states with 
different CD, but which cancel each other in the 
resulting overall CD spectrum. However, it ap- 
pears unlikely that the two hypothetical conforma- 
tional states would result in CD changes which are 
opposite and exactly of the same magnitude. These 
results thus suggest that adduct coordination in- 
duces rearrangements of domains, possibly long 
cr-helices, which retain their local secondary struc- 
tures. Such rearrangements might not affect CD 
significantly. 

I I I I I I 
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Fig. 2. CD spectra of transhydrogenase in presence of substrates. Additions: (A) NAD+ ( p), NADH, offset + 1 (- - -), 
NADP+, offset + 2 (- - - - - -) or NADPH, offset+3 (- - -); (B), NADP+ plus NADH ( -) or NADPH plus NAD+ 

(- - -_). The concentrations of the nicotinamide nucleotides were 20 PM. 



270 B. Persson et al./ CD study of lranshydrogenase 

3.3. Secondary structure of transhydrogenase 

CD, the differential absorption of left- and 
right-handed circularly polarized light, is for sym- 
metry reasons zero for unperturbed achiral chro- 
mophores. For chiral molecules, or symmetric 
molecules in chiral arrangements or in chiral en- 
vironments, CD can attain substantial magni- 
tudes. This property makes CD especially useful 
for characterization of chromophoric arrange- 
ments, such as the organization of peptide bonds 
in proteins [15,16] and nucleic acid bases in DNA 
[17]. A quantitative interpretation of the observed 
CD is usually difficult because of the generally 
limited knowledge about the polarizations of mag- 
netic and electric transition dipoles in the chromo- 
phores, and their large dependence on the molecu- 
lar environment. Although some recent progress 
has been made in understanding the CD of nucleic 
acids - CD can be predicted for DNA in various 
conformations [18] and for dyes associated with 
DNA [19] - the interpretation of protein CD still 
remains mainly empirical. 

It is well known that polypeptides with unique 
secondary structures display characteristic CD 
spectra [20]. However, similar basis spectra of 
structurally equivalent polypeptides display nota- 
ble variations and it has been questioned to what 
extent such CD data represent structural confor- 
mations [21]. In order to avoid some of these 

AE IA 
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problems, Saxena and Wetlaufer [22] estimated 
the spectral CD profiles of a-helix, p-sheet, and 
random coil by correlating the CD spectra for 
some proteins to their established secondary struc- 
tures by X-ray crystallography. The CD spectrum 
of transhydrogenase cannot, however, be satisfac- 
torily explained by these profiles, since no combi- 
nation of them can simultaneously account for the 
minimum at 207 nm and the large positive signal 
at 194 nm - features that transhydrogenase shares 
with other proteins such as lysozyme [23], 
halo!hodopsin [24] and ribonucleotide reductase 
(A. Aberg, B.-M. Sjoberg and M. Kubista, unpub- 
lished results). The approach of Saxena and 
Wetlaufer [22] has been improved by several 
authors [25-271. We have chosen to use the method 
of Hennessy and Johnson [25], utilizing the five 
basis CD spectra they obtained by decomposing a 
set of 15 reference protein CD spectra. The ad- 
vantage of this method is that access to extensive 
protein CD spectra libraries is not required and 
further, it does not restrict the sum of secondary 
structures to one, thereby providing a quality check 
of the fit. 

The CD spectrum of transhydrogenase fitted to 
the five basis spectra is shown in fig. 3A. From the 
empirical correlation of the basis spectra and 
structural components [25], we estimate a content 
of 47% a-helix, 23% parallel P-sheet, 4% anti- 
parallel P-sheet, 9% P,-turns, 4% ,8,,-turns, -17% 

190 200 210 220 230 240 
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Fig. 3. Fit of the CD spectrum of transhydrogenase to the content of various secondary structures. (A) CD spectrum of 
transhydrogenase (~ ) fitted to the five basis CD components (- - -) determined by Hennessey and Johnson [25]. The fit is 
dominated by two of the basis components the other three being hard to distinguish in the figure; (B) CD spectrum of 
transhydrogenase (- ) fitted to fi (- - - - - -), random coil (. . -) and a length-dependent o-helix (- - -) contribution as 

suggested by Chen et al. [23]. The fitted spectra are shown with open circles (0). 
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other b-turns, and 44% other structures, where the 
numbers denote fractions of pure structures. The 
fit predicts some 45% a-helical structure, but also 
a rather large negative occurence of ‘other P-turns’. 
We checked the significance of the estimated 
parameters by smoothing the data prior to analy- 
sis. Although most parameters were essentially 
unaffected by the choice of smoothing procedure, 
the estimation of ‘other p-turns’ displayed large 
variations. Its predicted negative abundance is 
therefore not alarming. Further, since information 
about eight parameters is extracted from only five 
basis spectra, these eight parameters must be lin- 
early dependent. The relative amounts of sec- 
ondary structures in a protein are, however, inde- 
pendent and the linear dependence in the analysis 
is thus imposed by structural similarities between 
the 15 proteins used in the construction of the 
basis set. Since transhydrogenase is a membrane 
protein, and such were not included in the original 
set, the correlation between the basis spectra and 
secondary structures may be less valid for transhy- 
drogenase. Also, other factors may affect the pro- 
tein CD. Chen et al. [23] showed that the contri- 
bution from a-helices is expected to depend 
strongly on their lengths. The CD spectrum in the 
1855250 nm region of an ideal a-helix can be 
resolved into three Gaussian bands centered 
around 190, 206, and 222 nm representing the 
7T-7T=, 7r-lr,;, n-7r * transitions, respectively 
[28]. Chen et al. [23] showed that the CD intensity 
of the 206 nm band increases relative to the 222 
nm band with increasing length of the a-helix. 
This length dependence is most important for 
short helices and becomes negligible above about 
40 amino acid residues. The unusually large CD 
amplitude of transhydrogenase around 208 nm is 
thus indicative of long cr-helices. In a different 
systematic study of protein CD spectra, Manava- 
lan and Johnson [29] correlated the larger CD 
amplitude of the 206 nm band as compared with 
that of the 222 nm band with proteins having 
separate cr-helix and P-sheet-rich regions. Al- 
though this interpretation does not necessarily ex- 
clude a correlation with helical length, it suggests 
that more factors may affect the relative ampli- 
tudes at these bands. 

The CD spectrum of transhydrogenase fitted to 

P-sheet, random coil and a length-dependent a- 
helical CD component according to Chen et al. 
[23] is shown in fig. 3B. The best fit was obtained 
for 30% fi, 49% random coil and 41% a-helix, 
where the latter is described with three Gaussian 
bands with fitted energy maxima (198, 204, 223 
nm), halfwidth (12.5, 8, 8 nm) and length-depen- 
dent amplitudes (30 amino acid residues). Al- 
though all estimated values are reasonable, the 
large number of fitted parameters makes the indi- 
vidual values uncertain. We checked especially the 
parameters for a-helical content and helix length, 
since they are closely correlated - increasing the 
parameter for the average helical length slightly 
decreases the parameter for the total amount of 
helical structures. Good fits could be obtained for 
an a-helical content of some 40-45% with an 
average length of at least about 13-15 residues. 

The estimated amounts of secondary structures 
in both fits sum up to more than unity. This is 
most likely owing to additional spectral contribu- 
tions to CD that are erroneously accounted for by 
the basis spectra used, and consequently limit the 
accuracy of the analysis. Since essentially only 
a-structure contributes to protein CD above 220 
nm [l&16], where both fits are good (cf. fig. 3), the 
estimation of its abundance is likely to be accu- 
rate, However, the estimations of other structural 
elements, which also are known to have less con- 
served CD spectra among various proteins, are 
rather uncertain and will not be considered. 

From the two slightly different approaches to 
fit the CD spectrum of transhydrogenase, we 
therefore conclude that the CD is consistent with 
some 40P45% a-helical structure with a rather 
long average helical length. The latter could indi- 
cate the presence of long a-helices traversing the 
entire membrane, the orientation of which may be 
affected by substrate binding. However, single or 
pairwise binding of nicotinamide adenine di- 
nucleotide adducts does not significantly alter the 
protein secondary structure, 
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