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Two-dimensional crystalline arrays of NADH:Q oxidoreductase preparations have been obtained by microdiffu- 
sion of protein dissolved in detergent against a 15 mM sodium acetate buffer of pH 5.5 containing 10% (w/v) 
ammonium sulphate. Electron microscopy was used to study the structure of negatively stained crystals. Com- 
puter-reconstructed images were obtained by the Fourier peak f'dtering method. The crystals have p4 symmetry 
and a square unit cell with dimensions of 15.2 -+ 0.5 nm. The four asymmetric units in the unit cell form a single 
tetrameric molecule with a dimension in the third direction of 8.2 nm. It is concluded on the basis of the esti- 
mated molecular mass that each tetramer cannot contain more than only one FMN molecule. This implies that 
the tetramers possibly are only a part of Complex I, since there is much evidence that one functional enzyme 
molecule of Complex I contains two FMN molecules. 

Introduction 

NADH:Q oxidoreductase (EC 1.6.99.3) is the 
most complicated enzyme of the mitochondrial respi- 
ratory chain. A purified form of the enzyme, that has 
been studied extensively, is Complex I from bovine 
heart which was first isolated by Hatefi et al. [1]. 
Complex I preparations are polydisperse at 5°C, con- 
taining equal amounts of two components, differing 
only in the state of dispersion [2]. In such prepara- 
tions about 26 different polypeptide chains can be 
detected by SDS-polyacrylamide gel electrophoresis 
[3]. Based on polypeptide labelling experiments the 
group of Ragan [4,5] has proposed a model for the 
functional unit of the molecule, in which 19 of the 
polypeptide chains are placed in five groups differing 

Abbreviation: SDS, sodium dodecyl sulphate. 

in accessibility for labels. According to this group the 
flavoprotein fragment forms the core of the enzyme, 
buried in a shell of  other more hydrophobic subunits. 
Another conclusion is that the iron-protein fragment 
is transmembranous but is excluded from direct inter- 
action with the lipid phase of the membrane by the 
hydrophobic shell. 

Despite much research in the last decade on the 
structure of NADH dehydrogenase [3], a picture of 
the overall structure is still lacking. Recently, electron 
microscopy has given much information on the struc- 
ture of membrane-bound enzymes, such as the 
respiratory chain enzymes cytochrome c oxidase (EC 
1.9.3.1) [6], QH2:ferricytochrome c oxidoreductase 
(EC 1.10.2.2) [7] and bacterial rhodopsin of the 
purple membrane [8]. For more detailed analysis of  
the structure it is advantageous to order the enzymes 
in a regular two-dimensional array. This arrangement 
enables the improvement of low-contrast images with 
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computer-aided noise-filtering techniques. 
This paper deals with an electron microscopic 

study on crystallized NADH:Q oxidoreductase. Low- 
dose pictures of two-dimensional crystals were ana- 
lyzed using computer Fourier peak filtering proce- 
dures. 

Materials and Methods 

Complex I prepared from heart muscle particles 
[9], according to the method of Hatefi et al. [1], 
was dissolved in 50 mM Tris-HCl buffer (pH 8.0), 
0.66 M sucrose and 0.5% (w/v) cholate in a final con- 
centration of 58 mg protein/ml. The protein content 
was determined by the biuret method [1]. The FMN 
content, determined as described in Ref. 11, was 
0.9/.tmol/g protein. 

Complex I was crystallized by means of equili- 
brium dialysis in glass capillaries (45 × 1 mm inner 
diameter) which were closed at the lower end with 
a dialysis membrane [12]. About 20 btl of the dilute 
protein solution (20 mg/ml) in 15 mM sodium ace- 
tate buffer of pH 5.0-6.0 or Tris-HC1 buffer of pH 
6.0-8.0 were brought into the capillaries, which were 
then placed into tubes containing 10 ml of the same 
buffer plus 10% (w/v) ammonium sulphate. After 
dialysis, the material was diluted with 1 or 2 vol. of 
the dialysis buffer and used without further purifica- 
tion. 

Specimens were prepared for electron microscopy 
with the droplet technique using aqueous 1% unbuf- 
fered uranyl acetate as a negative stain and formvar- 
carbon as supporting film. Electron microscopy was 
carried out on Phillips EM 300 or EM 400 electron 
microscopes at 80 kV with an electron optical magni- 
fication of 50000. Minimum-dose microscopy was 
performed as described by Unwin and Henderson [8]. 
Images were recorded on Kodak electron image film 
4463 with an electron dose of 100-500 electrons/ 
n m  2 . 

Electron micrographs were selected by optical dif- 
fraction for lack of astigmatism, proper focussing and 
sharpness of reflections. The selected micrographs 
were scanned with an Optronics P1000 rotating-drum 
densitometer using a 25 × 25 /.tm sampling aperture 
(and grid), corresponding to 0.53 ×0.53 nm on the 
specimen scale. The digitized images were processed 
using the IMAGIC software system [13] on a Nord 

10 minicomputer. The effect of noise due to 
statistical variation and radiation damage was 
minimized by the Fourier peak filtering method. 

Results and Discussion 

Two-dimensional crystals of  NADH:Q oxidore- 
ductase 

Equilibrium dialysis turned out to be a very simple 
method of crystallization of Complex I. The best 
results were obtained at pH 5.5. Up to approx. 20% 
of the total protein material, adsorbed and stained in 
specimens, was packed in crystalline sheets as checked 
with the electron microscope. The highest yield was 
at pH 5.2, however, at this value crystalline sheets 
tend to become stacked. This behaviour was almost 
absent at pH 5.5. At higher pH values, i.e., pH 5 .8-  
7.0, extensive crystals were seen sporadically. The 
crystals of NADH:Q oxidoreductase were ideally 
suited for study by electron microscopy. Fig. 1A 
shows a part of a single layered crystal. The rectangu- 
lar edges of the sheets are characteristic and allow 
easy recognition of the crystals on grids at a low elec- 
tron optical magnification. The interaction of the 
crystals with clots of the original detergent-lipopro- 
tein complex was very small over the whole pH range 
5.2-7.0. 

Two-dimensional reconstruction 
The lattice spacings were determined from the 

reciprocal lattice constants of several optical diffrac- 
tion patterns. The crystals have a square lattice with 
spacings of a = b =  15.2-+0.5 nm and a =90 ° , and 
the symmetry of the crystals is p4. In the optical trans- 
form Fig. 1B it can be seen that the odd reflections on 
both axes are missing, which might indicate p4g sym- 
metry for the crystal [14]. For reconstruction we 
have used seven orders of diffraction falling within 
the first zone of the contrast transfer function. This 
corresponds to reliable structural details up to a reso- 
lution of 2.2 nm. 

Further characterization of the crystals and their 
building blocks 

The thickness of the crystals was determined on 
platinum-shadowed specimens (Fig. 2). Before 
shadowing, the specimens were slightly stained with 
1% uranyl acetate which has a supporting effect. The 
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Fig. 1. Electron microscopy of NADH:Q oxidoreductase crystals from bovine heart mitochondria. (A) After negative staining 
with uranyl acetate. The bar represents 100 nm. (B) Optical diffraction pattern from a crystal similar to that in A, but the micro- 
graph was taken under low-dose conditions. The bar represents 0.175 nm "t. (C) Filtered image corresponding to the optical dif- 
fraction figure of B. One unit cell (15.2 X 15.2 nm) has been drawn. 

thickness o f  the crystals as determined from the sha- 
dow length was 8.0 + 0.6 nm (S.D., n = 10). Fig. 3 
demonstrates the building blocks of  the crystal. In 
most solutions obtained by equilibrium dialysis single 
tetrameric molecules were present, which were 
nearly absent in the original batch of  protein. The 
dimensions o f  this square tetramer are 15.2 +- 1.1 nm 
(S.D., n = 65) in both directions. This value is in good 
agreement with the 15.2 +-0.5 nm of  the largest 
repeating unit in the crystal. The visibility of  the 

single tetramers on the micrographs is often poor, 
possibly because the surrounding lipid excludes the 
uranyl acetate stain. Fig. 3 also shows oblong par- 
ticles, presumably side views of  tetramers because 
they  have a length of  about 15 nm or 2- or 3-times 
this value. These side views have a mean thickness of  
8.4 +- 1.0 nm (S.D., n = 33). In some specimens the 
side views are rather angular with a maximal thickness 
of  11.0 nm. However, we cannot rule out the possibil- 
i ty that these side views are not perpendicularly fixed 
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Fig. 2. NADH:Q oxidoreductase crystal, slightly negatively stained with uranyl acetate and shadowed with platinum from an angle 
of 26 °. The direction of shadowing is indicated by the arrow. The bar represents 100 nm. 

Fig. 3. Single molecules of NADH:Q oxidoreductase: the thick arrow indicates tetrameric front views, the thin arrow corresponds 
to side views of molecules. The bar represents 100 nm. In the lower half of the figure selected front and side views are shown. 



on the support film. If  our interpretation of  the mean 
value o f  the side views of  8.4 nm is correct, it is in 
good agreement with the value of  8.0 ± 0.6 nm for 
the shadowed crystal. 

On the basis of  dimensions of  15.2 × 15.2 × 8.2 
nm for the crystal unit cell and assuming a mean 
density for protein crystals corresponding to 0.0025 
nma/dalton [15], the relative molecular mass of  the 
protein within the unit cell is estimated as 750 000. 
The flavin content of  the Complex I used was 0.9 
/~mol/g protein. Hatefi et al. [1] and Galante and 
Hatefi [16] reported values of  1.3-1.5/~mol FMN/g 
protein, indicating a minimum molecular weight of  
about 700000. From these numbers we conclude 
that each tetramer cannot contain more than only 
one molecule o f  FMN. Dooijewaard et al. [2] have 
determined the molecular weight o f  Complex I from 
sedimentation velocity measurements and concluded 
that one enzyme molecule must contain two FMN 
molecules. This is in line with the finding [17,18] 
that the amount of  NADH-reducible Fe-S cluster I 
in the enzyme complex is only half that of  FMN. This 

implies that the tetrameric arrangement in the unit 
cell represents possibly only a part of  Complex I. 
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