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Abstract. Earlier studies using x-ray crystallography 
have shown that trimethylamine dehydrogenase 
(TMADH) from methylotropic bacteria exists as homo- 
dimers in the crystalline state. In this present hydrody- 
namic study we show that this is true also in dilute solu- 
tion conditions and investigate the degree of swelling or 
relaxation of the protein in solution. Analytical ultracen- 
trifugation was used to determine the molar mass and to 
investigate whether the homodimeric nature of this mole- 
cule in crystal form - as visualized by x-ray crystallogra- 
phy - is reproduced in dilute solution at temperatures 
between 4 and 40 °C. The globular solution structure de- 
termined at 4 and 40 °C is in good agreement with crystal- 
lographic data although trimethylamine dehydrogenase 
was found to be either more asymmetric in solution - or 
highly hydrated - ,  a phenomenon found to increase with 
temperature. In agreement with the crystallographic struc- 
ture, the enzyme sediments as a homodimer with a molar 
mass of (163,000_+5,000) g/tool. The concentration depen- 
dence of the sedimentation coefficient in the range of 
0 - 1  mg/ml, indicates that no association or dissociation 
occurs. These findings are additionally supported by sed- 
imentation equilibrium data in the concentration range of 
0 to 1.8 mg/ml. Finally, from the sedimentation coefficient 
distribution at various temperatures, it was concluded that 
the enzyme is conformationally flexible and assumes an 
even more expanded structure at higher temperatures 
which is in good agreement with the hydrodynamic calcu- 
lations performed. 

Key words: Trimethylamine dehydrogenase-  Analytical 
ultracentrifugation - Hydrodynamics - Homodimers 

* Present address: Max-Planck-Institute for Colloid and Inter- 
face Research, Colloid Chemistry Department, Kantstrasse 55, 
D-14513 Teltow, Germany 

Correspondence to: S. E. Harding 

Introduction 

Trimethylamine dehydrogenase (EC 1.5.99.7) is an iron- 
sulphur flavoprotein and a member of a growing family of 
enzyme molecules which contain flavin-binding ~/a  bar- 
rel domains (Scrutton 1994; Raine et al. 1994). The en- 
zyme catalyses the oxidative demethylation of trimethyl- 
amine according to the equation 

(CH3) 3 N + H20 ----> (CH3) 2 NH + HCHO + 2H + + 2e- 

The enzyme is responsible for the ability of some meth- 
ylotrophic bacteria to subsist on trimethylamine as the sole 
source of carbon. The crystal structure of trimethylamine 
dehydrogenase from Methylophilus methylotrophus (bac- 
terium W3A1) has been solved at 2.4 A resolution (Lira 
et al. 1986). The enzyme from crystallography appears as 
a homodimer and comprises three domains, a larger amino 
terminal eight-fold ]3/abarrel domain (about 380 residues) 
and two smaller domains at the C-terminus of the enzyme. 
The covalently attached flavin, the iron-sulphur centre and 
the substrate binding residues are located in the/3/a  bar- 
rel domain. The other two domains contain 5-stranded par- 
allel ]3-sheets flanked by helices and other structural ele- 
ments, and are similar in fold to the dinucleotide-binding 
domains of glutathione reductase (Scrutton 1994). ADP is 
bound to this part of the enzyme and occupies a position 
equivalent to the ADP moiety of FAD in the FAD-binding 
domain of glutathione reductase. This observation has led 
to the proposal that the C-terminal domains of trimethyl- 
amine dehydrogenase are the vestigal remains of dinucle- 
otide-binding domains present in an ancestral protein 
which were modified by a process of divergent evolution 
(Scrutton 1994; Lim et al. 1988). 

The trod gene encoding trimethylamine dehydrogenase 
has been cloned (Boyd et al. 1992) which, in turn, has al- 
lowed the enzyme to be expressed in the heterologous host 
Escherichia coli (Scrutton et al. 1994). The apoenzyme 
subunit molar mass calculated from the inferred amino 
acid sequence is 81,623 g/tool (including the N-terminal 
methionine which is absent when the protein is expressed 
in Methylophilus rnethylotrophus). In this study we show 
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that the dilute solution data are consistent with the crys- 
tallographic data for TMADH in that the enzyme is a ho- 
modimer of approximate molar mass 163,000 g/mol but 
relaxes to a considerably more expanded form in dilute so- 
lution through molecular hydration and an increase in 
asymmetry. Detailed investigations of sedimentation ve- 
locity and equilibrium data at increased temperatures sug- 
gested that these effects increased with temperature al- 
though TMADH remained as a homodimer. 
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Experimental 

Trimethylamine dehydrogenase was purified from Meth- 
ylophilus methylotrophus (bacterium W3AI) as previously 
described by Steenkamp and Mallinson (1976) except that 
the last gel filtration step was replaced by a hydrophobic 
interaction chromatographic separation using phenyl 
sepharose (Scrutton et al. 1994). For analytical ultracen- 
trifugation experiments, TMADH was exhaustively dia- 
lysed against potassium phosphate-chloride buffer, pH 7.5 
(I = 0.1). Enzyme concentrations were determined from the 
443 nm absorbance of oxidised enzyme using an extinc- 
tion coefficient of 27.3 mM -1 cm -1 in potassium phos- 
phate-chloride buffer, pH 7.5 (I=0.1) (Kasprzak et al. 
1983). 

The partial specific volume of the polymer was calcu- 
lated from the amino acid composition of TMADH using 
a formula given by Perkins (1986) giving V=0.731 ml/g. 
The molar mass of TMADH was calculated to be 
163,000 g/tool, consistent with the homodimeric molar 
mass calculated from the amino acid sequence of TMADH 
by Boyd et al. (1992). 

To investigate the concentration dependence of the sed- 
imentation coefficient at 4 °C, TMADH solutions were 
prepared using phosphate-chloride buffer, pH 7.5 (I = 0.1) 
as solvent containing TMADH at concentrations ranging 
from 0 .10-1 .00  mg/ml. The temperature dependence of 
the sedimentation coefficient was studied using a 
0.5 mg/ml solution at 4, 15, 20 and 30 °C. All sedimenta- 
tion equilibrium experiments were performed in phos- 
phate-chloride buffer at 4 & 40 °C, with the TMADH load- 
ing concentration ranging from 0 .05-  1.8 mg/ml. 

The Beckman Optima XL-A (Beckman, Spinco divi- 
sion) analytical ultracentrifuge equipped with modern 
scanning absorption optics was used in all investiga- 
tions. The sedimentation velocity experiments were car- 
ried out at various speeds between 25,000 rev/min and 
50,000 rev/min, depending on the temperature of the 
experiment, whereas the sedimentation equilibrium ex- 
periments were performed at 10,000, 13,000 and 
20,00 0 rev/min. The sedimentation coefficients as well as 
the sedimentation equilibrium data were obtained using 
the absorption optics of the Optima XL-A, scanning at 240, 
280 and 443 nm. For the evaluation of the sedimentation 
equilibrium data, the "MSTARA" program was used 
which is described elsewhere (Harding et al. 1992). For 
the sedimentation velocity experiments, KELF double 
sector centerpieces and for the sedimentation equilibrium 
experiments 6-channel KELF "Yphantis cells" (Yphantis 
1964; Teller 1973) have been used. 
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Fig. 1. Spectrophotometric sedimentation velocity patterns for 
TMADH in phosphate-chloride buffer at 4 °C, 45,000 rev./min and 
4 °C in a Beckman Optima XL-A analytical ultracentrifuge. Experi- 
mental scans (A280) at a) = 8, b) = 18, c) = 28, d) = 38, e) = 48, J9 = 58, 
g)=68, h) =78, i)=88,j)=98, k)=108,/)= 118, m)= 128, n)= 138, 
o)-- 148, p) = 158 min of ultracentrifugation 

Results 

Sedimentation velocity 

At 4 °C, the sedimenting TMADH boundary is quite well 
defined as seen in Fig. 1. The well defined boundary sug- 
gests a narrow molar mass distribution of the sample. Fur- 
thermore, it can be seen that there is no evidence for het- 
erogeneity in the TMADH preparation as only a single sed- 
imenting species was observed. All sedimentation coeffi- 
cients wer evaluated at least three times to minimize the 
errors resulting from the graphical evaluation. The derived 
sedimentation coefficients in the buffer sT, b have been cor- 
rected to that at 20 °C in water S20,w using the standard for- 
mula (Tanford 1961): 

_I(1-VP)20,w (q T ,b  / 
S20,w-- L (I_VP)T, b ~ ~20,wjST,b (1)  

with V=partial specific volume of the polymer, p=den-  
sity, 7/= viscosity and s-- sedimentation coefficient with 
the indices w = water, b = buffer and T = temperature. 

The concentration dependence of s2o, w 

The first point of interest in this study was to determine 
the concentration dependence of the sedimentation coef- 

0 (1-ksc) which pro- ficient Sao,w according to s20,w = s 20,w 
vides information about a possible concentration depen- 
dent association/aggregation of the molecules. In this 
equation s°20,w is the corrected sedimentation coefficient 
at 20 °C at infinite dilution, c the concentration and k s the 
concentration dependent regression coefficient. The con- 
centration dependence of Szo,w at 4 °C is shown in Fig. 2. 
After the correction of the solution concentrations for ra- 
dial dilution, the following values are obtained: 

S°o,w=(8.49 +0.10) S ks=(61.37+24.77) ml .g  -I 
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Fig. 2. Concentration dependence of S2o,w for TMADH in phos- 
phate-chloride buffer at 4 °C 
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Fig. 3. Temperature dependence of the corrected sedimentation co- 
efficient S2o,w for TMADH in a 0.5 mg/ml solution in phosphate- 
chloride buffer (pH 6.8, I = 0.10). The line is included to indicate on- 
ly the trend in the data 

The positive k s value indicates the absence of either asso- 
ciation or dissociation behaviour in the concentration 

0 and range investigated. The above given values for s 2O,w 
k s can also be used to derive more information about a pos- 
sible association of the molecules (Harding and Rowe 
1982). These simulation calculations clearly confirmed 
that no interaction between the TMADH molecules occurs 
in phosphate-chloride buffer at 4 °C. The TMADH in so- 
lution is therefore homodimeric at all concentrations stud- 
ied in the sedimentation velocity experiments and this is 
in agreement with studies on the enzyme in the crystal- 
lized state (Lim et al. 1986). To obtain information on the 
question of a possible interaction between the TMADH 
molecules at different temperatures, the temperature de- 
pendence of the sedimentation coefficient was investi- 
gated for TMADH in a 0.5 mg/ml solution. Furthermore, 
this investigation might also reveal any conformational 
changes of TMADH at higher temperatures. The experi- 
ments were carried out in the temperature interval 4 - 30 °C 
and the results are presented in Fig. 3. The data clearly in- 
dicate that at elevated temperatures TMADH sediments 
more slowly which is suggestive of some conformational 
flexibility in the enzyme dimer. 

Sedimentation equilibrium 

The apparent weight average molar masses  Mw, app. have 
been determined for different concentrations at 10,000, 
13,000 and 20,000 rev/min at 4 and 40 °C and 3 differ- 
ent wavelengths (Fig. 6). The Mw, app. obtained for the 
different wavelengths agreed well. The results for 
20,000 rev/min generally had larger error ranges of up to 
_+15,000 g/mol due to the relatively small amount of data 
points suitable for the evaluation resulting from the steep 
concentration gradient in the high speed equilibrium ex- 
periment performed at 20,000 rev/min. Nevertheless, the 
Mw, app. agree for different rotational speeds. The equilib- 
rium results clearly indicate the absence of any associa- 
tive or dissociative behaviour in the temperature range 
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Fig. 4. Sedimentingboundariesofa0.5 mg/mlsolutionofTMADH 
in phosphate-chloride buffer at different temperatures and different 
rotational speeds scanned at 240 nm. The zoom function of the Mi- 
crocal Origin software has been used to show more detail 

of 4 to 40°C. The predicted homodimeric value of 
163,000 g/tool (dashed line on Fig. 6) from the amino acid 
composition is clearly confirmed (Fig. 6) within the ex- 
perimental error at all temperatures and rotational speeds 
selected: only 8 of the 34 values determined lie outside 
+5,000 g/mol (_+3%) of this value. Furthermore, the data 
point for the lowest concentration (i. e.<0.1 mg/ml) indi- 
cates no tendency for dissociation at low concentrations, 
indicating the subunits are quite strongly bound. 

Discussion 

Sedimentation velocity 

From the S2o,w vs. c plot (Fig. 2) no evidence of any dis- 
sociative or associative behaviour is seen (i. e. increase of 
S2o,w with c): The observed small decrease of S2o,w with 
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c indicates a slight non-ideality of TMADH, but the con- 
centration range covered is too small to accurately describe 
non-ideal behaviour. This is reflected in the large error in 
the concentration dependence coefficient k s (+40%), an 
unavoidable feature of the absorption optical system in this 
concentration range. 

It can clearly be seen in Fig. 3 that the temperature has 
a significant effect on the corrected sedimentation coeffi- 
cient S2o,w. From 4 - 3 0  °C, the Szo,w value is decreased by 
nearly 1 S. This cannot be explained by temperature-de- 
pendent partial degradation of TMADH because TMADH 
is stable and retains activity in this temperature range (see 
also the constant Mw, app. for 4 and 40 °C, Fig. 6). Also, as 
shown above, partial dissociation of TMADH does not oc- 
cur and, therefore, dissocation of the dimer cannot account 
for the observed decrease in the sedimentation coefficient 
with temperature. 

As sedimentation coefficients depend on the solution 
structure, any change in the sedimentation coefficient as 
a function of temperature must be attributed to some struc- 
tural reorganisation of the TMADH dimer. The decrease 
in s for TMADH with increasing temperature is likely to 
be caused by a change from a compact globular structure 
to a somewhat more extended or swollen (through hydra- 
tion) structure. With increasing temperature, single sym- 
metric boundaries were obtained (Fig. 4) showing no ev- 
idence of associative or dissociative phenomena. 

If one bears in mind the very well defined sedimenting 
boundaries at 4 °C (Fig. 1), the sedimentation coefficient 
distribution of the sample must have considerably in- 
creased at 30 °C. The observed boundary spreading is un- 
likely to be explained by increased diffusion at higher tem- 
peratures alone (the experiment was designed to suppress 
diffusion as much as possible by using high rotational 
speeds), as the velocity of the sedimenting boundary was 
comparable at both temperatures. 

Further insight into the conformational flexibility of 
TMADH at higher temperatures can in principle be ob- 
tained, if the distribution of the sedimentation coefficients 
g(s*) is calculated for different temperatures according to 
the time derivative analysis described by Stafford (1992). 
This analysis does not take the diffusion of the molecules 
into account as it only determines sedimentation coeffi- 
cients. The results for the temperatures 15, 20 and 30 °C 
are given in Fig, 5. Clearly, the sedimentation coefficient 
distribution of TMADH is broadened with increasing tem- 
peratures. In Fig. 5 the weight average sedimentation co- 
efficient corrected for water, S2o,w (as indicated by the lines 
in Fig. 5) is first shifted to higher s-values with increasing 
temperature and then to lower ones again in contrast to the 
results for S2o,w in Fig. 3. As in this case the sa0,w values 
from the g(s*) distribution are too high, only the qualita- 
tive finding that the sedimentation coefficient distribution 
gets broader with increasing temperature can be treated as 
reliable. 

Sedimentation equilibrium 

The weight average molar mass Mw--(163,000+5,000 
g/mol) (Fig. 6) is consistent with the crystallographic and 
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Fig. 5. Sedimentation coefficient distribution g(s*) for TMADH 
(corrected using the correction factors given in equation 1) in phos- 
phate-chloride buffer at different temperatures 
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Fig. 6. Concentration dependence of the apparent molar mass 
Mw, app. for TMADH in phosphate-chloride buffer at 4 & 40 °C from 
sedimenation equilibrium data derived at different rotational speeds. 
The dashed line indicates the TMADH homodimer Mw, app. of 
163,000 g/tool based on the amino acid sequence. The values have 
been derived at 240, 280 and 443 nm. Concentrations given are the 
ultracentrifuge cell loading concentrations 

protein sequence data (Lim et al. 1986; Boyd et al. 1992). 
No clear concentration dependence was observed in the 
range studied (0 -1 .8  mg/ml) and this is probably a result 
of the fact that non-ideality effects are likely to be negli- 
gible in this concentration range (Teller 1973; Laue 1992). 
This is clearly confirmed by sedimentation equilibrium re- 
sults (see Fig. 7). No evidence for non-ideality can be 
found as the in A vs ~ plots are linear in most cases (from 
the results given above, it can be assumed, that TMADH 
is not self-associating and not too polydisperse which 
might cancel out the effect of non-ideality) though some 
of the plots slighty bend upwards indicating either poly- 
dispersity or self-association. As these plots are the mi- 
nority and contradict all other results presented here, they 
seem to result from some experimental artefacts for these 
particular samples. 
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Shape and hydration calculations for TMADH at 4 °C 

0 It is possible, on the basis of the measured M and s aom 
data together with the known crystallographic dimensions 
of TMADH (Lim et al. 1986) to make some observations 
on the overall shape and/or hydration (i. e. amount of "ex- 
pansion" or "associated water") of the TMADH homo- 
dimer in solution. For these, we need to calculate the fric- 
tional ratio fifo and approximate the homodimer shape as 
either a prolate ellipsoid of revolution or a general tri-ax- 
ial ellipsoid. For this, we need to use the following two 
equations relating fifo with M and s °o, w , and the shape pa- 
rameter P (also known as the "frictional ratio due to 
shape") with fifo and the hydration w (i. e., mass of water 
associated or "bound" per mass of protein) of the homo- 
dimer: 

( f ) = f  M ( I _ - V P 0 ) _  1 ( 4 / l r N A )  1/3 

fo ) LNa(6 .oS°o,w)Jk-FFffJ (2) 

{ where N A is Avogadros number, and Po and r/o the den- 
sity and viscosity of water at 20 °C } and 

P =  |_~w +1[ 
Lvpo J 

(3) 

P, named after F. Perrin who first evaluated these (Perrin 
1936), has been worked out for ellipsoids of revolution in 
terms of the axial ratio a/b, and for general triaxial ellip- 
soids in terms of the 2 axial ratios a/b, b/c. Computer pro- 
grams are available for this type of hydrodynamic analy- 
sis uch as "ELLIPS2" (Harding 1995) - see also (Harding 
1982). Using values of M=(163,000+5,000) g/tool, 
S°o,w=(8.49-+0.10).10-13s, V=0.7312ml/g, /)0=0.9982 
g/ml and qo=0.01 poise, we estimate fifo = 1.26_+0.06. 

l. Axial ratio a/b calculation of the TMADH homodimer, 
based on f/fo = 1.26 and assuming a value w for the hydra- 
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Fig. 8. Possible  model  for the T M A D H  homodimer  in dilute solu- 
tion. a monomer ,  b homodimer  

tion of 0.35 g/g. From Eq. (3), and using a "typical" pro- 
tein value of 0.35 g H20/g protein for the hydration, w, a 
value of P-- 1.1 is predicted. For a prolate ellipsoid of rev- 
olution this corresponds to an a/b between 2 and 3. This is 
a little more asymmetric as could be inferred from the crys- 
tallographic dimensions of 80 Ax70 Ax60 ~ (Lim et al. 
1986). So the TMADH homodimer might relax to a more 
asymmetric structure in dilute solution compared to the 
crystal state. An alternative and perhaps more plausible 
explanation is that the hydration of the homodimer is 
higher than for a "typical" monomeric protein. 

2. Hydration w of the homodimer, based on f/fo=l.26 
and the known crystallographic dimensions of 80 ~ x  
70 ~ :<60 f~. (Lim et al. 1984). It is possible to predict the 
P and hence w values based on approximating the homo- 
dimer to a general triaxial ellipsoid (of semi axes a > b > c 
and axial ratios a/b, b/c). Taking (a/b, b/c) = (1. ! 25, 1.142) 
from the crystallographic dimensions, a value for P of 
1.004 is predicted. From Eq. (3) this gives an estimate for 
w of --0.7 g H20/g protein. This is quite high for a protein 
(corresponding to almost a doubling of the effective vol- 
ume of the homodimer in dilute solution compared to the 
crystalline state), but could be explained by a high degree 
of trapped or physically entrained solvent for the homo- 
dimer (see Fig. 8 b). 

Cases 1 and 2 represent the two extremes, and the most 
probable explanation of the M and s °o, w data lies some- 
where between these extremes. Unfortunately, with just 
one shape parameter (P) it is impossible to pin both the 
hydration and the shape unequivocally. To do this addi- 
tional hydrodynamic measurements are required (so that 
for example the hydration independent shape functions 
ks/[r/] o r /7  can be used), but such analyses require much 
more sample than is currently available. 

Shape and hydration of TMADH at higher temperatures 

It is clear from Fig. 3 that there is a small but nonetheless 
significant decrease in the corrected (apparent) sedimen- 
tation coefficient, S2o,w, as the temperature is increased 
from 4 °C to 30 °C. Since the molar mass appears, within 
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the experimental error, invariant in this range (Fig. 6) 
this must mean there is either a further increase in asym- 
metry or swelling of  the homodimer  due to increased hy-  
dration. 

Although the S2o,w values in Fig. 3 are apparent ones 
o (i. e. at a finite concentration of  =0.5 mg/ml),  and not s 20,w 

values, it is still possible to make an approximate estimate 
to the change in the asymmetry/hydrat ion.  Figure 3 sug- 
gests an =10% steady decrease in s20,w in the range 
4 - 3 0 ° C ,  and hence, by Eq. (2) a =10% increase in fifo. 
This corresponds to a further relaxing of  the molecule f rom 
its "tight" crystalline state, either through a further in- 
crease of  its axial ratio, or an increase in its hydrat ion w 
(to =0.8 g/g) or (more likely) a combinat ion of  both ef- 
fects. 

In conclusion, we think it is reasonable to say that the 
T M A D H  system is another example o f  how a crystallo- 
graphic picture o f  a macromolecule  doesn ' t  always tell the 
complete story, and whereas although we have confirmed 
the homodimeric  nature of  this molecule in dilute solution, 
it appears to swell considerably (a swelling which, not sur- 
prisingly, increases with temperature) f rom its "tight" 
crystalline state. 
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