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The interaction between two physiological redox partners, trimethylamine dehydrogenase and 
electron-transferring flavoprotein, has been characterized quantitatively by analytical ultracentrifugation 
at 4°C. Analysis of sedimentation-equilibrium distributions obtained at 15000 rpm for mixtures in 10 mM 
potassium phosphate, pH 7.5, by means of the psi function [Wills, P. R., Jacobsen, M. P. & Winzor, D. 
J.  (1996) Biopolymers 38, 119-1301 has yielded an intrinsic dissociation constant of 3-7 pM for the 
interaction of electron-transferring flavoprotein with two equivalent and independent sites on the homodi- 
meric enzyme. This investigation indicates the potential of sedimentation equilibrium for the quantitative 
characterization of interactions between dissimilar macromolecules. 
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The coexistence of protein . protein complexes in dissoci- 
ation equilibrium with their constitutive reactants is a general 
feature of interprotein-electron-transfer reactions. Whereas the 
specific interactions involved in the formation of tightly bound 
protein . protein complexes may be elucidated by NMR and X- 
ray -crystallographic procedures, those responsible for the 
weaker electron-transfer complexes are poorly understood be- 
cause of the inability of current structure-determination pro- 
cedures to accommodate the lability of the weaker protein . pro- 
tein complexes. It is thought that the components of the electron; 
transfer complex may associate initially in unreactive configura- 
tions via non-specific interactions, and undergo a diffusional 
search for the specific configuration commensurate with electron 
transfer, termed the speculative reduction-in-dimensionality 
principle. The relatively weak interaction between two physio- 
logical redox partners, trimethylamine (Me,N) dehydrogenase 
and its electron-transferring flavoprotein (ETF), forms an arche- 
typal example that is an excellent model for studying interpro- 
tein electron transfer. 

Me,N dehydrogenase is a complex iron-sulfur flavoprotein 
that converts Me,N to dimethylamine and formaldehyde via the 
reaction [I] 

(CH,),N + H 2 0  - (CH,),NH + HCHO + 2e- + 2H'. 

I n  vivo, the electrons derived from this conversion are passed 
to ETF, thereby generating the oxidised form of the enzyme [2]. 
Both components of this redox system have been cloned and 
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overexpressed [3, 41, and a high-resolution structure for Me,N 
dehydrogenase has been described [5]. A structure for ETF is 
still awaited [6], but is known to be a heterodimer with polypep- 
tide subunits of M, 28900 and 33700. Me,N dehydrogenase is 
a symmetrical dimer of subunits (Mr 81 623 each) in which each 
subunit contains a single [4Fe-4S] centre [7] and one FMN pros- 
thetic group attached to the protein by a unique 6s-cystei- 
nylFMN bond [8, 91. Removal of the 6s-cysteinylFMN bond 
does not render the enzyme inactive [ 101, but the detailed cata- 
lytic consequences of its removal remain to be determined. The 
enzyme also binds ADP, but the function of this cofactor re- 
mains obscure [11, 121. The homodimeric enzyme contains a p/ 
a barrel domain at the N-terminus of each subunit, this being 
the region in which the active site resides. In terms of folding, 
the C-terminal domains resemble the dinucleotide-binding do- 
mains found, for example, in glutathione reductase. A buried 
loop contains the iron-sulfur centre, which is positioned at the 
boundary between the N-terminal and C-terminal domains. 

From the high-resolution structure of Me,N dehydrogenase 
[5] and kinetic analysis of wild-type and mutant proteins [13], a 
tentative ETF-docking site has been identified on each subunit 
of Me,N dehydrogenase. A detailed study of electron transfer 
from reduced Me,N dehydrogenase to ETF [14] has yielded a 
kinetically determined dissociation constant for the protein-pro- 
tein interaction, but has not taken explicit account of the homo- 
dimeric state of Me,N dehydrogenase. This investigation ex- 
ploits analytical ultracentrifugation to measure the intrinsic 
dissociation constant [I51 for the interaction of ETF with two 
equivalent and independent sites on Me,N dehydrogenase. The 
present demonstration of the potential of sedimentation-equilib- 
rium studies for the quantitative characterization of electron- 
transfer-complex formation augurs well for corresponding 
studies of the assembly of Me,N dehydrogenase . ETF com- 
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plexes from mutant forms of the two physiological redox 
partners. 

MATERIALS AND METHODS 
Preparation of reactants. Me,N dehydrogenase was puri- 

fied from Methplophilus methylotrophus (bacterium W,A,) as 
described by Steenkamp and Mallinson [I]. except that the last 
gel-filtration step was replaced by chromatography on phenyl- 
Sepharose [lo]. ETF was also obtained from M. melhylotrophus 
as described by Steenkamp and Gallup 121, except that gel chro- 
matography was performed on Sephacryl S-I 00-HR instead of 
Sephadex G-100, and 1 mM phenylmethylsulfonyl fluoride was 
included throughout the preparation to suppress proteolysis. 

Preparation of reactant solutions. Prior to analytical-ultra- 
centrifuge experiments, the MejN dehydrogenase and ETF prep- 
arations were dialyzed exhaustively against 10 mM potassium 
phosphate, pH 7.5, 10.027. Concentrations of Me,N dehydroge- 
nase solutions were based on a molar extinction coefficient ( E )  

of 27.3 mM- '  cm- '  at 443 nm for the subunit [16], and those of 
ETF on an extinction coefficient of 11.3 mM-' cm- ' at 438 nm 
after oxidation with ferricyanide [2]. From the absorbances of 
solutions with concentrations determined on the above bases, the 
absorption coefficients at 280 nm (the wavelength used in the 
ultracentrifugal study) were as follows: ezxo = 66.1 mM-' cm-' 
for ETF; erxr, = 404 m M - '  cm-' for the Me,N dehydrogenase 
homodimer. 

Sedimentation-equilibrium studies. The separate reactants, 
and mixtures thereof, were subjected to sedimentation equilib- 
rium at 4°C in a Beckman XL-A analytical ultracentrifuge. Ro- 
tor speeds of 10000 rpm and 17000 rpm were used in the re- 
spective experiments on Me,N dehydrogenase and ETF, whereas 
mixtures were centrifuged at 1.5 000 rpm. Equilibrium distribu- 
tions were recorded spectrophotometrically at 280 nm, and the 
baseline determined at the end of each experiment by increasing 
the rotor speed to pellet all protein. The loading concentration 
of ETF was maintained at 0.5 mg/ml in all reaction mixtures, 
whereas that of Me,N dehydrogenase ranged between 0.7 mg/ 
ml and 2.0 mg/ml. 

Psi analysis of sedimentation-equilibrium distributions. 
The sedimentation-equilibrium distributions were analyzed di- 
rectly by expressing the total absorbance, At(r), at radial distance 

as 

where the absorbances of AS and AS, at each radial distance 
must also be related to those of free A and S by the law of mass 
action describing the chemical equilibria, an aspect that is taken 
into account later. Advantage is taken of the basic sedimenta- 
tion-equilibrium equation, which allows the thermodynamic ac- 
tivity of a solute species. n,(r),  at any radial distance r to be 
expressed in terms of that, n,(rF), at some fixed radial distance 
rl. as 117, 181 

a,(r) = a,(r,.)exp[M,,(l- C 1 ~ ) 0 ~ 2 ( ? - r l , 2 ) / 2 R ~  Eqn 2 

where o is the angular velocity in an experiment conducted at 
temperature and R is the universal gas constant. Mr, is the 
relative tnolecular mass of species i and 5, its partial specific 
volume, and Q is the solvent density [19]. Because of the identity 
of concentrations and thermodynamic activities for (assumed) 
ideal solution behaviour and the proportionality between absor- 
bance and concentration, Eqn 1 may be written in the form 

Eqn 3a A,(r) = A A ( ~ F ) v A ( ~ - )  + As(r f~)y~s( r )  + AAdrF)y/,,dr) 
+ AAL(rI.) vI/\SL(r) 

where the psi function w,(r),  defined as 

~ , ( r )  = exp(M,,(I -C,~)cu~(i-r,2)/2RTl Eqn 3b 

has been introduced [20] as a parameter to express the conse- 
quences of sedimentation-equilibrium requirements. Although 
the psi function is a transformed variable, the virtual lack of 
uncertainty in measurements of radial distance renders irrelevant 
the usual concern about distortion of error by such transforma- 
tion 1211. 

For the present system, it is convenient to write Eqn 3 a  in 
the form 

At(r)/V~(r) = AdrF) + AA(rF)[WA(r)/V/S(r)I ''In 4 
+ A A S ( ~ F ) [ I U A S ( ~ ) / ~ ~ ( ~ ) I  + .... 

which signifies that the dependence of At(r)/ys(r) upon yA(r)/  
ws(r) has an ordinate intercept of A,(r,) and a limiting initial 
slope of AA(rF). The potential utility of this means of evaluating 
the two parameters in this manner is examined later. In the appli- 
cation of Eqn 4 to sedimentation-equilibrium distributions for 
mixtures of ETF (S) and Me,N dehydrogenase (A), the magni- 
tudes of ws(r)  and yA(r) were calculated on the basis of partial 
specific volumes of 0.738 ml/g for ETF [22] and 0.731 ml/g for 
Me,N dehydrogenase [23] : relative molecular masses were 
taken as those of the heterodimer (63500) and homodimer 
(163 000) for S and A respectively. 

To cover the possibility that the slope of the required limiting 
tangent may be d cult to define experimentally, AA(rF) has 
been determined by the analog of an earlier direct analysis of 
sedimentation-equilibrium distributions 1241. The value of As(r), 
calculated as As(rl ,)ys(r) in accordance with Eqns 2 and 3, was 
subtracted from the corresponding total absorbance at each 
radial distance to obtain a revised sedimentation-equilibrium 
distribution with A (Me,N dehydrogenase) as the smallest 
macromolecular species. The counterpart of Eqn 4 for this re- 
vised distribution, namely, 

[ASr)-As(r)l/wA(r) = AA(rF)  + A,,(r,)[w,s(r)/~A(rl Eqn 5 

has allowed a second estimate of AA(rF) to be obtained as the 
ordinate intercept of the dependence of [A,(r)-AS(r)]/y*\(r) upon 

Evaluation of AS(rF) and AA(rF) by such means allowed de- 
lineation of the respective absorbance distributions for free li- 
gand and free acceptor as As(rF)ys(r) and AA(rF)yA(r), which 
were converted to molar concentration distributions, c,(r), by 
means of  the absorption coefficients reported above. The resid- 
ual absorbance at each radial distance r, namely, AA,(r) = A,(r)- 
A S ( r - A A ( r ) ,  reflects the combined absorbances of acceptor . 
ligand complexes, and has therefore been analyzed in terms of 
the expression 

AA,(r) = 2Kc,,c,(r)cs(r) + KZeAs2 cA(r)[cS(r))IZ Eqn 6 

where K is the intrinsic association constant [lS] for the interac- 
tion of ETF with two equivalent and independent sites on the 
Me,N dehydrogenase homodimer. Absorption coefficients of 
235000 M-' cm- ' and 179000 M-' cm- ' were calculated for 
AS and AS,. respectively, by combining those for Me,N dehy- 
drogenase and ETF with the stoichiometry of complex forma- 
tion: t:,, = ( E ,  + eJ2 and eAS2 = (c, + 2cJ3. 

The intrinsic binding constant was therefore obtained by 
non-linear-regression analysis in terms of the relationship 

AA,(r)/c,(r) = 2K~,,~cJr) + KzcAsL[cs(~~)Jz  Eqn 7 

wherein the left-hand side is fitted to the single independent 
variable c,(r). 

Numerical simulation of sedimentation-equilibrium dis- 
tributions. Equilibrium distributions were generated for systems 

+ A,drF) l  ~ d r ) / ~ . . \ ( r ) l  

[ w A S ( r Y w A ( r ) l .  



(EM% J .  Biochem. 243) 395 

0.3 

0.2 

0.1 

Fig. 1. Illustration of the psi procedure for determining the free concentrations (absorbances at 280 nm) of free acceptor and ligand by its 
application to simulated sedimentation-equilibrium distributions. (a) Analysis of data for systems with M., = SO000 and M,* = 100000 (---) 
or M,, = 1.50000 (- - .  -) according to Eqn (4) to assess the feasibility of determining As(rF) and A,,(rp) as the ordinate intercept and limiting 
slope, respectively. The solid line denotes the theoretical limiting slope in these simulated experiments at 4°C and 1.5 000 rpm. (b) Alternative 
estimation of AA(rr)  by analysis of a revised absorbance distribution in terms of Eqn (8). 

involving reversible 1 : 1 complex formation between a ligand 
(M,s  = 50000) and an acceptor (Mr, = 150000 or 100000) sub- 
jected to ultracentrifugation at 15000 rpm at 4°C. The radial 
extremities of the liquid column were taken as 6.90 cm and 
7.20 cm, and the column midpoint was selected as the reference 
radial position ( r ,  = 7.05 cm). After assigning magnitudes to 
c,,(rF) and cS(rF), the equilibrium distributions of the free reac- 
tants were generated via Eqn 2 on the basis of a value of 0.25 
for (1 -v,e) and ( 1 - v , ~ ) .  Chemical equilibrium was ensured 
by making c,,(r,) equal to the product of cA(rF), cS(r,;) and the 
association constant K,  which was taken as 10' M-'. Eqn 2 was 
used to define the concentration of complex throughout the equi- 
librium distribution. The three concentration distributions were 
converted to their absorbance counterparts by assigning a com- 
mon molar absorption coefficient of lo5 M-' c m ~ - '  to all species, 
after which the equilibrium distribution in terms of A,(r) was 
obtained as the sum of the three absorbance contributions at each 
radial distance. 

RESULTS 

Although use of the psi function for the characterization of 
solute interactions is a recent development [20], the direct analy- 
sis of sedimentation-equilibrium distributions for such purposes 
is not. However, because the omega procedure [18, 241, from 
which the psi analysis evolved, has had such little impact north 
of the equator, it is appropriate to illustrate the application of 
the present approach to simulated sedimentation-equilibrium 
distributions of reversible 1 : 1 complex formation between two 
dissimilar macromolecular reactants. 

Illustrative application of the psi analysis to simulated equi- 
librium distributions. The application of Eqn 4 to simulated 
diistributions is illustrated in Fig. 1 a, which refers to data gener- 
ated on the basis of a rotor speed of 15000 rpm and a temper- 
ature of 4°C to comply with the experimental study of ETF. A 
value of 50000 was assigned to M,,, while the relative molecular 
mass of the acceptor has been taken as either 150 000 (- . - .  -) 
or I00000 (---). The patterns have been generated in such a 
manner that A,(r , )  = AA(rk) = 0.15. Although these two depen- 
dences of At(r)/ty5(r) upon tyA(r)/tyS(r) yield a common ordinate 
intercept that coincides with that of the theoretical limiting tan- 

gent As(rF), their limiting slopes [as y,(r)/y,(r) tends to 01 di- 
verge slightly from the theoretical value. Consequently, even 
though reasonably accurate definition of a limiting tangent may 
ensue from such analysis of an experimental sedimentation-equi- 
librium distribution, caution should be exercized in assigning 
a magnitude to A,,(rF) on the basis of its slope. The extent of 
overestimation of this parameter by such means is likely to vary 
inversely with the size difference between acceptor and ligand, 
and with rotor speed. The optimal situation would entail the se- 
lection of a rotor speed that rendered the experiment a low-speed 
run [25] from the viewpoint of the distribution of free S but a 
run of meniscus-depletion design [26] for A and AS com- 
plex(es). However, irrespective of the uncertainty that surrounds 
the evaluation of AA(rF) by this means, the analysis of the total 
absorbance distribution according to Eqn 4 should provide an 
acceptable estimate of As(rF), which is an important consider- 
ation because knowledge of this parameter and hence of A,(r) 
throughout the distribution is a prerequisite for determination of 
AA(rF) by the suggested alternative procedure. 

The application of Eqn 5 to the revised sedimentation-equi- 
librium distribution that results from subtraction of A,(r) is 
shown in Fig. 1 b. Consistent with the theoretical requirements 
of Eqn 4 for a system restricted to 1 : 1 complex formation 
[AASL(rF) = 01, the plots for the two systems are coincident and 
linear, with an ordinate intercept and slope that define the mag- 
nitudes of A,(r,;) and A,,,(rF), respectively. Upward curvature of 
this secondary plot would signify the existence of a contribution 
to [A,(r)-As(r)]/yA(r) from higher-order complexes, i.e. the AS, 
term in Eqn 5 and the higher-order terms if the multivalence of 
A is greater than 2. Thus, whereas the curvilinear form of the 
plots in the primary psi analysis (Fig. l a )  merely confirms the 
equilibrium coexistence of A and S in free and complexed states, 
a curvilinear secondary plot signifies the existence of complexes 
with greater than 1 : 1 stoichiometry. 

In summary, these analyses of simulated sedimentation-equi- 
librium distributions have served two major purposes. First, they 
have identified a potential experimental problem with the deter- 
mination of A,(r,?) from the slope of the primary plot (Fig. 1 a), 
but have supported the theoretical prediction that a reasonable 
estimate of As(rF) should emanate from this analysis of the total 
absorbance distribution in accordance with Eqn 4. Secondly, 
they have indicated the feasibility of using an alternative analy- 
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I sis for the evaluation of A,(r,). This alternative procedure, based 
on Eqn 5 ,  employs the magnitude of As(rF) evaluated from the 
primary analysis to allow calculation of a revised absorbance 
distribution in which acceptor (A) becomes the smallest 
macromolecular species. Both analyses originate from the corre- 
sponding treatment of sedimentation-equilibrium distributions in 
terms of the omega function 124, 271. 

I 

Macromolecular states of the two reactants. Characterization 
of Me,N dehydrogenase by analytical ultracentrifugation under 
the present conditions (pH 7.5,I0.027) has confirmed an earlier 
conclusion (231, based on studies at higher ionic strength 
(pH 7.5, I 0.1), that Me,N dehydrogenase exists in solution as 
the homodimer ( M ,  = 163000), which is consistent with the X- 
ray -crystallographic structure of the enzyme (51. Correspond- 
ing studies with ETF 1221 have established the existence of this 
tlavoprotein as a heterodimer ( M ,  = 63500) that coexists in 
equilibrium with its two dissimilar subunits. The magnitude of 
the association constant (40 l/g) under the present conditions is 
such that consideration needs to be given to this dissociation of 
ETF in reaction mixtures with Me,N dehydrogenase. 

Psi analysis of sedimentation-equilibrium distributions for 
Me,N dehydrogenaseETF mixtures. To accommodate the 
consequences of ETF dissociation on the proposed treatment of 
distributions for mixtures of ETF and Me,N dehydrogenase, 
Eqn 1 requires an additional term to include the absorbance con- 
tribution from monomeric ligand (D). To examine the conse- 
quences of including this additional term, we write the counter- 
part of Eqn 4 as 

from which it is evident that a plot ofAr(r)/yD(r)] versus [yS(r) /  
tyD(r)] has the potential to yield A,,(rl,) as the ordinate intercept 
and As(rl) as the limiting initial tangent. 

Analyses of sedimentation-equilibrium distributions for mix- 
tures of ETF (0.5 mg/ml) and 0.7 mg/ml or 0.9 mg/ml Me,N 
dehydrogenase in terms of Eqn 8 are summarized in Fig. 2 a, the 
corresponding treatment of the same results in accordance with 
Eqn 4 being presented in Fig. 2 b. The former plot cannot pro- 
vide an accurate estimate of the ordinate intercept, a feature that 
contrasts markedly with the corresponding dependence of A,(r)/ 
iys(r)] upon yA(r)lys(r). If the absorbance contribution by disso- 
ciated ETF (D) at the reference radial position were essentially 
zero, interpretation of Fig. 2 b  in terms of Eqn 4 would imply 
that the absorbance contributed by free S to the selected A,(rF) 
of 0.45 is 0.15, a value which should also describe the slope of 
the limiting initial tangent in Fig. 2a. The required limiting tan- 
gent is not defined by the experimental data, which are, how- 
ever, consistent with the description in terms of a line drawn 
through the origin with the slope predicted from the intercept 
of Fig. 2 b, even though calculations based on the dimerization 
constant of 40 I/g [22] indicate the existence of roughly equal 
proportions of S and D. Analysis of sedimentation-equilibrium 
distributions in terms of Eqn 4 is therefore considered to suffice 
for the purpose of defining the free concentration of ETF, 
whether it be as a heterodimer or subunits thereof. 

The same relationship, A,(r) = 0.147 (?0.006) + 0.30 
( i O.Ol)[y,,(r)/tys(r)], effectively describes the entire sedi- 
mentation-equilibrium distributions obtained for both reaction 
mixtures. The superimposition of the two sedimentation-equilib- 
rium distributions reflects the essential absence of Me,N dehy- 
drogenase in the meniscus region and hence the presence of 
comparable concentrations of this reactant at r ,  which was cho- 
sen on the basis of a total absorbance of 0.45 in both experi- 

0 
0 0.4 0.8 1.2 1.6 

$A(r)/$s(r) 

Fig.2. Search for the consequences of ETF dissociation on the psi 
analysis for determining the concentrations (absorhances at 280 nm) 
of free ETF and Me,N dehydrogenase in mixtures thereof. Data from 
sedimentation-equilibrium distributions for mixtures (0.5 mg/ml ETF) 
containing 0.7 mg/ml (0) or 0.9 mg/ml (0) Me,N dehydrogenase are 
plotted according to Eyn 8 (a) and Eqn 4 (b) with the reference radial 
positions ( r r )  selected on the basis of a common absarblmce, At(rr), of 
0.45. 

ments. The linearity of Fig. 2 b  signifies the absence of any sig- 
nificant contribution of Me,N dehydrogenase . ETF complex(es) 
to the right-hand side of Eqn 4. In other words, these two results 
reflect the combined absorbance distributions for a non-interact- 
ing mixture of Me,N dehydrogenase and ETF. Since the magni- 
tude of the ordinate intercept in Fig. 2 a should be maximal, inas- 
much as complex formation would lead to an even smaller 
A,,(r,.) in a reacting mixture with the same ETF concentration, 
we shall employ the counterpart of Fig. 2 b for determinations 
of AS(rF) and AA(rF) for an interacting mixture. 

The results of the use of Eqn 4 for analysis of a sedimenta- 
tion-equilibrium distribution for a mixture with a higher loading 
concentration of Me,N dehydrogenase (2 mg/ml) is summarized 
in Fig. 3a,  which implicate the existence of acceptor . ligand 
complex formation by virtue of its curvilinearity. Least-squares 
calculations on results in the region 0.4<yA(r)/tyS(r)<0.7 
yielded the relationship At(r ) /ys (r )  = 0.1 30 ( % 0.005) + 0.28 
(t 0.Ol)[y+,(~)/t+~~(r)] for the initial limiting tangent. Respective 
values of 0.13 and 0.28 for A,(rF) and AA(rF) are thus indicated 
by the ordinate intercept and slope. However, a smaller magni- 
tude for A,(r) is obtained from the plot (Fig. 3 b) of the revised 
absorbance distribution [after subtraction of As(r)] in accordance 
with Eqn 5 ,  for which linear-regression analysis signifies an or- 
dinate intercept of 0.24 ( 2 0.01). These results thus reinforce 
the earlier inference that the limiting tangent to the dependence 
of'At(r)/ys(r) upon [yA(r)/ws(r)] is likely to overestimate A,(r,). 

Use of the ordinate intercept from Fig. 3 b for AA(r,) to cal- 
culate the absorbance distribution of free Me,N dehydrogenase 
as A,,(rF)yA(r) allowed the determination of residual absor- 
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Fig. 4. Quantitative characterization of the Me,N dehydrogenase . 
ETF interaction by sedimentation equilibrium in 10 mM sodium 
phosphate, pH 7.5, at 4°C. Analysis of residual absorbances, dA,(r), 
from sedimentation-equilibrium distributions for mixtures containing 
0.5 mglml ETF and 2.0 mg/ml (0) or 1.7 mg/ml (0) Me,N dehydroge- 
nase according to Eqn (7) (-) and the corresponding expression for 
a univalent acceptor (- - -). 
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Fig. 3. Determination of the absorbances of free ETF (S) and Me,N 
dehydrogenase (A) at the reference radial position from the sedi- 
mentation-equilibrium distribution for an interacting mixture of the 
two reactants in 10 mM sodium phosphate, pH 7.5, at 4°C. (a) Data 
from the sedimentation-equilibrium distribution for the mixture (0.5 mg/ 
ml ETF, 2.0 mglml Me,N dehydrogenase) according to Eqn (4) with the 
reference radial position selected to achieve a value of 0.45 for A,(r,).  
A5(rF) is given by the ordinate intercept. (b) Secondary plot of the revised 
absorbance distribution in accordance with Eqn (5 )  to obtain A,,(rF) as 
the ordinate intercept. 

bances, AA,(r), throughout the sedimentation-equilibrium distri- 
bution. These residual absorbances are summarized in Fig. 4, 
together with those from an experiment with 1.7 mg/ml Me,N 
dehydrogenase and the best-fit description obtained by non-lin- 
ear-regression analysis in terms of Eqn 4. On this basis, the in- 
teraction of ETF heterodimer with two equivalent and indepen- 
dent sites on Me,N dehydrogenase is described by an intrinsic 
association constant of 6.7 ( +- 0.4) pM. In that regard, the results 
could equally well be construed in terms of ETF interaction with 
a single site on the Me,N dehydrogenase homodimer, in which 
case the best-fit linear relationship would signify a dissociation 
constant of 3.0 ( -t- 0.2) yM. However, the existence of a twofold 
axis of symmetry in the crystal structure of Me,N dehydrogenase 
homodimer [ S ]  is considered to favour interpretation of the re- 
sults in terms of an intrinsic equilibrium constant for a site on 
each subunit. Distinction between the two possibilities would 
require the use of a much greater range of ETF concentrations to 
enhance the proportion of AS2 species sufficiently to introduce 
significant curvilinearity into Figs 3b and 4. The essentially lin- 
ear form of these two plots signifies the dominance of com- 
plex(es) with 1 : 1 stoichiometry, but does not comment upon the 
number of ways in which complexes with that stoichiometry 
have been formed. 

Although there is supportive evidence (Fig. 2) for neglect of 
the effects of ETF dissociation in the elucidation of the absor- 
bance distribution of free ligand via Eqn 4, no justification has 

been provided for the use of those A,(r)  values to interpret the 
residual absorbances, AA,(r),  in terms of Eqn 7. The inherent 
assumption that free ETF exists solely in the heterodimeric state 
is in conflict with the prediction [22] that ETF should comprise 
approximately equal concentrations (by mass) of heterodimeric 
and dissociated states over the A,(r) range covered in Fig. 4. 
Because the subunit bearing the potential site for interaction 
with Me,N dehydrogenase represents only half of the dissociated 
material, there is also an equimolar distribution of free ETF be- 
tween heterodimeric and active subunit states. The possible con- 
sequences of ETF dissociation on the interpretation of Fig. 4 
need to be addressed. 

First we consider the situation in which the affinity of Me,N 
dehydrogenase for the ETF subunit bearing the binding site is 
unaffected by dissociation of the heterodimer. The consequent 
identity of the intrinsic association constant (ZQ for either ETF 
state would render redundant the need to apportion cs(r) between 
values for the heterodimeric and dissociated states, because the 
relevant parameter for use in Eqn 7 would be the summed molar 
concentrations of the two forms of free ligand, i.e., cs(r) .  The 
above interpretation of Fig. 4 would thus retain validity for this 
simplest situation involving equivalent and independent binding 
of the two ligand states. 

The second case to be considered is an extreme situation in 
which Me,N dehydrogenase only exhibits affinity for the hetero- 
dimeric state of ETF. Under those circumstances, the depletion 
of the concentration of free heterodimer as the result of complex 
formation would necessarily be countered by association of dis- 
sociated ETF to re-establish equilibrium between the two states 
of free ligand. The net result of such re-equilibration would be 
maintenance of the ETF distribution between heterodimeric and 
dissociated states applying to the free ligand concentration in 
the absence of acceptor (approximately equal proportions in the 
present instance). This situation is readily reconciled with inter- 
pretation of results in terms of Eqn. 7, the only consequential 
change to which is the replacement of cs(r)  by Fc,(r), where F 
is the fraction of free ETF in the heterodimeric state. On the 
basis that F is about 0.5, the magnitude of K would then be 
twice the value inferred from Fig. 4. In other words, an intrinsic 
dissociation constant of 3.3 ( 2 0.2) pM would describe the ex- 
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clusive binding of ETF heterodimer to two equivalent and inde- 
pendent sites on homodimeric Me,N dehydrogenase. 

Another extreme situation requiring consideration is that in 
which Me,N dehydrogenase exhibits no affinity for heterodim- 
eric ETF. Exclusive binding of the relevant dissociated ETF sub- 
unit to form Me,N dehydrogenase . ETF complexes would ne- 
cessitate re-establishment of the dissociation equilibrium be- 
tween heterodimeric and dissociated states of free ETF. Provided 
that interaction between ETF subunits is restricted to hetero- 
dimer formation (the possibility favoured by the failure of X- 
ray studies to obtain evidence of a homodimeric ETF structure), 
the distribution of free ETF between heterodimeric and dissoci- 
ated forms would be unaffected by acceptor . ligand-complex 
formation. Because the fraction of free ETF in the dissociated 
state ( I - F )  is 0.5. an intrinsic dissociation constant of 3.3 
( -t 0.2) pM would describe the exclusive binding of the relevant 
dissociated ETF subunit to Me,N dehydrogenase. 

An outcome of the above deliberations is that consideration 
of these three markedly differing situations has led to relatively 
similar estimates for the magnitude of the intrinsic binding con- 
stant for the interaction of ETF with Me,N dehydrogenase. In 
the absence of any specific information about the nature of the 
ETF state involved in physiological electron transfer, we can 
therefore only invoke an intrinsic dissociation constant of 3 - 
7 pM for the interaction of ETF with two equivalent and inde- 
pendent sites on homodimeric ETF, a range that encompasses 
the intermediate values that would emanate if Me,N dehydroge- 
nase were to exhibit preferential, rather than exclusive, affinity 
for the heterodimeric or dissociated forms of ETF. 

DISCUSSION 

This investigation of the interaction between Me,N dehydro- 
genase and ETF has served two main roles. From the ultracen- 
trifugation viewpoint, this use of the psi function continues inter- 
est in the prospect of direct analysis of sedimentation-equilib- 
rium distributions recorded in terms of total solute concentration 
as a means to characterize interactions between dissimilar 
macromolecules [24, 27 -29 1, some 20 years after development 
of the omega analysis [24, 271 from which the present procedure 
has evolved. In that regard, the present results illustrate the man- 
ner in which sedimentation-equilibrium studies can be used to 
characterize protein-protein interactions, but grossly understate 
the potential precision and accuracy with which such character- 
ization can be accomplished under more favourable circum- 
stances. A limiting factor in the present study was the necessity 
to examine the Me,N dehydrogenase . ETF interaction in a con- 
centration range that was too low for optimal quantification but 
was the highest commensurate with the optical system available 
in the new-generation analytical ultracentrifuge. The imminent 
re-introduction of the Rayleigh interference optical system 
should restore the precision of sedimentation-equilibrium mea- 
surements to that attainable in the older-generation instruments. 
Fortunately, ambiguity about the macromolecular state of func- 
tional ETF in its physiological elecron-transfer role has rendered 
less important the matter of precision in the present estimates of 
the dissociation constant by sedimentation equilibrium. 

This investigation has contributed to our knowledge of the 
physiological electron transfer between Me,N dehydrogenase 
and ETF. The present results could have been interpreted in 
terms of a 1:1 interaction and a dissociation constant in the 
range 1.5-3 pM. However, the emphasis has been placed on 
their interpretation in terms of ETF interaction with two equiva- 
lent and independent binding sites on Me,N dehydrogenase 
(dissociation constant of 3-7 pM) to comply with other evi- 

dence [5, 71 that the enzyme is a symmetrical homodimer with 
two [4Fe-4S] centres. It seems reasonable to surmise that the 
dissociation constants of 10-20 pM obtained by stopped-flow 
measurements [14] were also intrinsic values for the interaction 
of ETF with two Me,N dehydrogenase sites. Although those 
analyses were based on an expression for a 1 : 1 interaction [30], 
it would also accommodate, upon re-identifying the nature of the 
dissociation constant, equivalence and independence of ligand 
interactions with a multivalent acceptor. 

In summary, the important finding from the viewpoint of 
electron-transfer-complex assembly is that the results of this ul- 
tracentrifugal investigation are compatibile with the existence of 
two independent and equivalent binding sites for ETF on the 
surface of Me,N dehydrogenase. This observation is consistent 
with published crystallographic data [5]  and the refined version 
thereof (White, S. A. & Mathews, F. S., personal communica- 
tion), which signify a twofold axis of symmetry in the homodi- 
mer. Recent stopped-flow kinetic data on wild-type and mutant 
complexes (Wilson, E. K., Huang, L., Hille, R. & Scrutton, N. 
S., unpublished data) signify that Tyr442 is located at the center 
of the interaction surface of Me,N dehydrogenase. The precise 
size of this su$ace is unknown but is postulated 1131 to be as 
large as 1200 A’, the positions of the putative docking sites on 
the Me,N dehydrogenase dimer being compatible with bivalent- 
complex formation. Further studies entailing site-directed muta- 
genesis of residues in the interaction surface will benefit greatly 
from the information on reaction stoichiometry provided by ul- 
tracentrifugal analysis to supplement the quantitative character- 
ization of complex assembly by stopped-flow kinetics. 
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