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Based on homology of partial sequences, on physico~hemi~al evidence and on studies using chemical modi- 
fication, we came to the tentative conclusion that tetrameric glucose dehydrogenases from Bacillus megate- 
rium and B. subtilis should have a structure closely related to that of lactate dehydrogenase. The overall 
homology of primary structures was found to be very low, however, and independent predictions of secon- 
dary structure produced a clearly different pattern of p-strands and cr-helices. We nevertheless tried a manual 
prediction based on the hydrophobic nature of internal B-sheet and on the amphiphili~ character of external 
helices. This treatment led to the identification of analogues of all the b-strands present in lactate dehydroge- 
nase with the exception of j-X. Six amphiphilic helices were identified corresponding to uB, ctC, uD, cllF, 
u2F and a3G in lactate dehydrogenase. Conserved functional residues were found at analogous positions. 
The Q and R intersubunit contacts could be identified and partial proteolysis was found to occur on the 
outer surface of the tetramer. The structure was found to explain the better binding of NADP as compared 

to NAD’ and offered a rationalization of the role of the essential lysine at position 201. 

Integrated structural prediction; Structural homology; Sequence homology; Physico-chemical characterization; 
Chemical modification 

1. INTRODUCTION 

Pure predictions of protein structure usuaIly try 
to follow the hierarchic pathway [l]. From the 
known primary structure, the secondary structure 
is predicted first [2,3]. These methods yield correct 
structural predictions for about two-thirds of the 
amino acids [4}. This is not enough to proceed to 
the prediction of tertiary structure, however. The 
inclusion of ‘super-secondary-structure’ into 
prediction algorithms seems to be promising [5], 
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but in general, the problem of predicting from the 
amino acid sequence only up to the level of the 
functional oligomeric protein remains unsolved. 

Many proteins of unknown structure are 
characterized fairly well by means of chemical and 
physico-chemical methods. Subunit composition, 
function~ly important residues and content of CY- 
helices and &sheet may thus be used to add infor- 
mation relevant for the prediction of structure. In 
contrast to the ‘pure’ predictions, this approach is 
focused on single proteins rather than on a general 
prediction algorithm. It is an individualistic ap- 
proach needing modification for any new problem. 
The principle of our method of prediction is given 
in fig.1. Detailed results with glucose dehydro- 
genase are described in the following sections. 
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Fig.1. Scheme of structural prediction. The scheme 
proceeds via three levels from ex~riments to prediction 
and finally verification. The key step is the tentative 
identification of a structurally homologous protein with 
known structure. This might be tried from sequence data 
alone as described recently [14]. Our approach, in 
contrast, uses additional experimental evidence in order 
to narrow the range of possible structural analogues and 
to compensate for the limited precision [4] of the usual 

methods of secondary structure prediction [2,3]. 

2. EXPERIMENTAL RESULTS 

The amino acid sequence of glucose 
dehydrogenase from Bacillus megaterium was 
determined some years ago [6]. Recently, the 
DNA-derived sequence of the closely homologous 
enzyme from B. subtilis was also published [7]. In 
a computer search for homologies to other known 
dehydrogenases, a small strand of homologous se- 
quence at the amino-terminus was found [8]. This 
strand comprised the glycine-rich pyrophosphate- 
binding sequence. Predictions of secondary struc- 
ture using the methods of Chou and Fasman [2] 
and Robson and Suzuki [3] led to patterns of CZ- 
helix and &sheet without apparent homology to 
dehydrogenases of known structure. 

Chemical modification using bromoacetyl- 
pyridine was used to identify the essential histidine 
at position 148 [6]. The sequence around this es- 
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sential residue was found to be closely homologous 
to a small stretch of sequence comprising the essen- 
tial histidine in glyceraldehyde phosphate dehydro- 
genase. Further essential residues detected by 
chemical modification are Lys 201 and Tyr 254 [a]. 
Transa~nation of the Gino-ter~n~ residue by 
reaction with glyoxylic acid and Cu2+ [9] was used 
to introduce hydrazine labels. Circular dichroism 
and fluorescence of the labels provided strong 
evidence for a direct contact of two and two 
amino-termini. This was directly confirmed by 
crosslinking [IO]. Spectrophotometric titration 
with 3,6,8-triiodo-7-hydroxy-4-methyl~oumarin 
showed the existence of one hydrophobic binding 
site per subunit (Henes, J., unpublished). In lac- 
tate and malate dehydrogenase, this substance has 
been shown to bind to the hydrophobic adenine- 
binding pocket [ 111. Circular dichroism of the en- 
zyme was found to be very similar to the spectra of 
lactate and malate dehydrogenase (not shown). 

Even if some of these experiments were not strict 
proof, the following conclusions seemed 
reasonable. The enzyme was supposed to contain 
the pyrophosphate-binding structural moiety, the 
hydrophobic adenine-binding pocket and the 
essential histidine known from many other 
dehydrogenases. The content of (Y- and &structure 
evidently was very similar to that in lactate 
dehydrogenase. Furthermore, au intersubunit con- 
tact similar to the R contact in lactate 
dehydrogenase 1121 was probable. We concluded 
that glucose dehydrogenase most likely had a 
structure closely homologous to that of lactate 
dehydrogenase. 

3. PREDICTION OF STRUCTURE 

The structure of lactate dehydrogenase is 
characterized by an approximate alternation be- 
tween hydrophobic p-strands and amphiphilic (II- 
helices. Therefore @-strands in glucose dehydro- 
genase are predicted at the positions of hydro- 
phobic peptides around amino acid nos 10, 37, 62, 

Fig.2. Predicted amphiphi~c helices in glucose dehydrogenase. The helical-wheel method is used 1151. The helix is viewed 
along its axis with the amino-terminal residue at the top. The start and end of helices are ascribed to the first and last 
residue fitting into the amphiphilic periodicity. The borderline between the hydrophilic and hydrophobic regions is 
indicated. Exchanges in the B. subtilis enzyme are given in parentheses. Glu 52 is deleted from the B. megaterium 

sequence since it is absent in the B. subtilis protein and would break the amphiphilic periodicity of &. 
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90, 122, 155 and 230. Further &strands are by sequence homology. It is not a perfect am- 
predicted from sequence homology with glyceral- phiphilic helix since Ile 25 is located within the 
dehyde-phosphate dehydrogenase at around hydrophilic region (fig.2). Five other helices with 
residue 145 and from sequence homology with lac- perfect amphiphilicity are predicted at positions 
tate dehydrogenase at residues 187, 212 and 244. corresponding to CWC, aD, culF, (Y~F and r~3G in 
The two latter homologies are certainly weak, but lactate dehydrogenase (fig.2). cuE, alG, cu2G and 
9 of the 12 &strands necessary to form the com- crH are lacking, however. The remaining parts of 
plete #-pleated sheet can be clearly identified. The the sequence are predicted to be neither a-helix nor 
sequence of glucose dehydrogenase certainly is &sheet. The whole prediction is summarized in 
compatible with the existence of a P-pleated sheet fig.3. Finally, some details adding credibility to the 
homologous to the structural element found in lac- prediction should be noted. Residues with func- 
tate dehydrogenase. The only element lacking is tional importance for binding of NAD+ in lactate 
,4C at the amino-terminal border of the sheet. This dehydrogenase have identical or closely similar 
deletion at the outer border of the sheet certainly counterparts in glucose dehydrogenase (boxed 
is not crucial for the interconnection of strands. residues in fig.3). Two exchanges between the en- 
Amphiphilic helices are expected at sequence posi- zymes from B. megaterium and B. subtilis are sim- 
tions between the &strands. aB is identified easily ple displacements by one helix turn most probably 
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Fig.3. Predicted secondary structure of glucose dehydrogenases. The DNA-derived sequence of glucose dehydrogenase 
from B. subtilis (B.S., top) [7] is aligned to the protein sequence from B. megaterium (B.m., second line) [6]. The partia1 
alignment to lactate dehydrogenase (LDH) from pig heart and to a short piece of sequence from glyceraldehyde- 
phosphate dehydrogenase is given in the third line. Symbols in the fourth line refer to the structure of lactate 
dehydrogenase [ 121. Hydrophobic stretches used for the identification of &strands are underlined. Helices are identified 
on the base of amp~ph~icity (fig.2). Conserved functions residues are boxed. Essential residues in glucose 
dehydrogenase are marked by an asterisk. Proteolytic attack by trypsin at position 208 and by proteinase K at 231 is 
indicated by \ . Ala 230 is inserted to correct for an error of the original sequence 161. The original numbering is 

conserved, however. 
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not changing the position of the charged groups on 
the surface of the enzyme (Lys 55 - Lys 49 and 
Asp 115 -+ Asp 111; fig.2, helices CUC and culF). 
Finally the three helices cuB, CUC and a3G needed to 
form the intersubunit Q contact are present in 
glucose dehydrogenase. The imperfect amphiphili- 
city of UB may even be explained by its involve- 
ment in the contact. The results of the prediction 
seem to justify the initial tentative identification of 
the structure. 

4. VERIFICATION 

The prediction presented above allows for a ra- 
tionalization of the role of the essential Lys 201. 
Modification of this residue leads to loss of activity 
[6]. Furthermore, complete acetamidination of all 
other lysines under protection by NADP does not 
significantly alter the dissociation of the enzyme 
whereas additional modification of this lysine in 
the absence of protective coenzyme hampers the 
dissociation (Thumm, M., unpublished). Ac- 
cording to the prediction, Lys 201 is located at the 
outside of helix a3G in contact with CUC of the op- 
posing subunit. Thus, the influence on dissociation 
is easily explained. The nicotinamide moiety of 
NAD+ or NADP is bound on the opposite 
hydrophobic side of the same helix. The protective 
effect of coenzyme binding against dissociation 
and modification of Lys 201 may be rationalized 
by a small conformational change of helix cu3G. 
Therefore, the binding of coenzyme is disturbed 
and activity is destroyed by modification. Ob- 
viously, the conformation of the holoenzyme is 
destabilised with Lys 201 modified. A comparable 
rationalization of the role of Tyr 254 is not possi- 
ble, however. Partial proteolysis of the native 
tetrameric enzyme produces single nicks at the 
carboxy-termini of Arg 208 [lo] and Ala 231 [13], 
respectively. According to the structural predic- 
tion, these sites are located at the beginning of flK 
and at the end of PL on the surface of the enzyme 
in close proximity to one another. 

The aspartate in @B of lactate dehydrogenase 
binding 2’ -OH of the adenosine ribose is replaced 
by Asn 37 in glucose dehydrogenase. This finding 
led to the prediction that NADP should be bound 
better than NAD+ by our enzyme, since the un- 
favorable interaction of phosphate with carbox- 
ylate in lactate dehydrogenase should be replaced 

Table 1 

Binding of coenzymes to glucose dehydrogenase from 
Bacillus megaterium 

Coenzyme Km (M) (PI-I 8.0) Kd Of) (PH 6.5) 

NAD+ 7 x 10-3 >l x 1o-3 
NADP 7.5 x 10-5 1.7 x 1o-5 

K, was measured in 0.5 M Tris-HCl (pH 8.0) with 0.2 M 
glucose at 25°C. Kd was measured in 0.1 M phosphate 
buffer (pH 6.5) at 25°C by titration with NADP. The 
signal observed was the induced ellipticity from adenine 
at 255 nm. Curve fitting was done as described in [l l] 

by a favorable one. Exactly this is the result of 
kinetic experiments and titrations (table 1). The 
crucial role of this residue for discrimination be- 
tween NAD+ and NADP has been suggested 
earlier (cf. [l], p.221). 

According to these three pieces of evidence, the 
prediction seems reasonable. For a final judge- 
ment, we have to await the X-ray structural 
analysis which is in progress now. 
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