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When the di- or trimethylamine dehydrogenases (trimethylamine:(acceptor) oxidoreductase (demethylating), 
EC 1.5.99.7) of certain methylotrophic bacteria are reduced by two electrons with substrate unusual EPR 
signals arise at g = 2 and g =  4 (Steenkamp, D.J. and Beinert, H. (1982) Biochem. J. 207, 233-239; 
241-252) indicative of spin-spin interaction between the FMN and iron-sulfur compounds of these enzymes. 
An attempt is made to understand, describe and simulate these spectra in terms of a triplet state with possible 
contributions from both dipolar and anisotropic exchange ( J )  interactions. No direct measurement of J is 
available, but various approaches to setting limits to J are outlined. According to these, J = 0.4 to 3 cm- ~ or 
15 to 50 cm- i. The spectra show, in the g = 2 region, a pair of rather sharp inner and a pair of broad outer 
lines; the latter broaden as well as move out from the center with increasing time (after substrate addition) 
and substrate concentration, while there is little change of g = 4. The best fits to such spectra were obtained 
by assuming distribution of D and E values, depending on substrate effects and arriving presumably from 
'g-strain'. The fact that both shapes and intensities at g = 2 and g = 4 could be reproduced simultaneously at 
two frequencies indicates that the assumptions underlying our approaches and interpretations are permissible 
and reasonable, although we cannot claim their uniqueness. The distance between the centers of the spin 
densities of the flavin radical and the Fe-S cluster is thought to lie between the limits 3 to 5 ~, if the 
asymmetries in the spin-spin interaction are magnetic dipole-dipole in origin. Because there is an indication 
that the interaction is anisotropic exchange, the upper limit is less stringent. 

Introduction 

We have previously reported on the purification 
and properties of di- and trimethylamine dehydro- 

* Present address: AT & T Bell Laboratories, 1600 Osgood St., 
North Andover, MA 01845, U.S.A. 

Abbreviations: W~A1, bacterium W3A 1 (source of TMAD); 
H.X, hyphomicrobium X (source of TMAD and DMAD), cf. 
Ref. 6. 

genases from methylotrophic bacteria [1-8]. These 
enzymes carry out the oxidative N-demethylation 
of di- a n d / o r  trimethylamine with the formation 
of formaldehyde. They are of particular interest to 
the student of electron transfer mechanisms in- 
sofar as they constitute the simplest examples of 
complex flavo- or Fe-S proteins that contain only 
a single flavin (FMN) and a single [4Fe-4S] cluster 
per subunit. Most enzymes in this class carry 
multiple Fe-S clusters a n d / o r  other prosthetic 
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groups. Attempts to separate in time the observa- 
tion of electron transfer from substrate to one of 
the electron acceptors in such an enzyme and of 
intrasubunit electron transfer between the electron 
carriers present has in general been unsuccessful. 
The methylamine dehydrogenases, however, allow 
a clear distinction between these processes. On 
addition of substrate to one of these enzymes, 
there is a very rapid initial two-electron transfer to 
the FMN prosthetic group with formation of 
FMNH 2, which is followed by a slow one-electron 
transfer from FMNH 2 to the Fe-S cluster. Com- 
plete three-electron reduction is not observed with 
substrate. This pattern becomes clearly evident 
through the development of a triplet state, which 
evidently arises through interaction between the 
neighboring FMNH and one-electron reduced 
[4Fe-4S] 1+ cluster. EPR signals for the individual 
components, viz. FMNH" and [4Fe-4S] ~+, are 
barely detectable. On the other hand, on partial 
reduction with the chemical reductant, dithionite, 
the triplet state does not arise, but separate EPR 
signals indicating F M N H ' a n d  a [4Fe-4S] a+ cluster 
are observed. On further reduction, FMNH 2 is 
formed and all Fe-S cluster present is reduced. 
This behavior suggested that binding of substrate 
induces a conformational change that brings about 
the geometry favorable for the strong spin-spin 
interaction observed. This explanation is sup- 
ported by experiments using a nonoxidizable sub- 
strate analog, viz. the tetramethylammonium ion, 
which is bound by the enzyme and induces the 
disposition in which the triplet state can arise also 
upon chemical reduction by dithionite. 

While biochemical studies of the enzymes were 
reported previously [1-7], in this paper an attempt 
is made to understand the unusual EPR signals of 
the triplet state found in these enzymes on interac- 
tion with substrate. It was of particular help in 
these efforts that three enzymes of this type were 
available that showed qualitatively very similar but 
quantitatively different behavior. A preliminary 
account of this work has been presented at the 
Seventh International Symposium on Flavins and 
Flavoproteins, Ann Arbor, MI, June 21-26, 1981 
[81. 

Materials and Methods 

Purification, characterization and storage of the 
enzymes and procedures for oxidoreductive titra- 
tions, rapid freeze-quenching experiments and 
routine EPR measurements were as described in 
previous publications [1,2,6]. 

EPR spectra for special purposes were taken on 
reflection type spectrometers at temperatures be- 
tween 10 and 20 K, which were produced 3oy 
helium flow systems. The S-band (3 GHz) spec- 
trometer was first constructed and described by 
Strong [9] with a Sperry Rand 2K41 Klystron tube 
as a microwave source and a quartz-filled dielec- 
tric cavity operating in the TEl02 mode. Steven- 
son [10] later rebuilt the cavity and added an 
improved AFC unit. The X-band (9 GHz) spectra 
were taken on a standard Varian Century Line 
spectrometer. The P-band (15 GHz) spectra were 
taken on a spectrometer first constructed by Reid 
[11] for ENDOR studies. Its microwave source is a 
Varian experimental klystron tube; its cavity is a 
frequency-tunable cylindrical cavity operating in 
the TE011 mode and was constructed and de- 
scribed by Stevenson [10]. 

Usually, the analog output of the spectrometers 
was recorded digitally on a T R A C O R / N o r t h e r n  
NS-570 signal averager, then transmitted to a DEC 
VAX 11/750 where the data were reduced to 
Hamiltonian parameters by simulating the signals 
with the computer program TRIPLET that was 
designed to be the most general possible for an 
S = 1 spin system [10,12]. The Hamiltonian for 
this program is 

+ E[s, ~- s:]}R(~, ~, ,)  (1) 

where d is the g-tensor, with three degrees of 
freedom, gx, g) and g:, and D and E are the 
zero-field splitting parameters. These latter param- 
eters, together with the Euler angles specifying the 
relative orientations of the g-tensor principal axis 
system and the frame of the zero-field splitting 
tensor, a, fl, and ~,, make up the five degrees of 
freedom in the D 2 representation [12] of the zero- 
field Hamiltonian. Thus, there are a total of eight 
degrees of freedom in the Hamiltonian, out of the 



nine possible for a spin one system; the scalar 
term is not measurable by EPR. Therefore, the 
Hamiltonian has all the generality possible for a 
spin one system. However, we need to qualify this 
claim because the analysis showed that D and E 
must necessarily be distributed variables to obtain 
good computer fits to the data for tri- and dimeth- 
ylamine dehydrogenases. 

With an assumption that D and E are distrib- 
uted variables, multivariate statistical analysis is 
necessary to describe these variables correctly. Be- 
cause the computation cost for a complete analysis 
is prohibitive, we assumed D and E to be inde- 
pendent, normally distributed, random variables. 
These assumptions led to acceptable fits, so that 
we did not make more complex assumptions nor 
did we test the uniqueness of the assumptions. 
Because D and E are distributed, one-spin Ham- 
iltonian cannot represent the physical system. 
Therefore, the g-values and zero-field splitting 
parameters must be considered as descriptors of 
an ensemble's average tendency rather than prop- 
erties of a unique physical system. For EPR, the 
observables are the position, intensity and lin- 
ewidth of a transition. If 'G-strain', 'D-strain' or 
'J-strain' is present (indicating protein micro- 
heterogeneties which are either locked-in by freez- 
ing or caused by freezing [13]), then these observa- 
bles are functions of random variables. The mo- 
ments of these observables are theoretically calcu- 
lable via multivariate analysis, although we did not 
attempt such a calculation. However, from similar 
calculations on other Hamiltonians [13] we are 
convinced that our use of G-tensors in the spectral 
simulations of TMAD and DMAD is sufficiently 
accurate for the purposes of this work. Some 
specific applications of strain theory distributions 
are considered in the conclusions. 

The details of the simulation program TRI- 
PLET along with several procedures for fitting 
multi-frequency EPR data have been published 
elsewhere [10,12]. The simulation program is for 
triplet EPR spectra. In this case, the use of this 
program implies that, J, the scalar coupling con- 
stant, is much larger than I[ GI-G2 l[ fiB where al 
and G2 are the G-tensors for the two interacting 
S = 1 /2  systems that give rise to the triplet. The 
importance of this bound will be discussed further 
after we have presented the results of our fitting 
efforts. 
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Results 

As mentioned in the introduction, oxidized tri- 
methylamine dehydrogenase can be fully reduced 
by three electron equivalents of dithionite. The 
result is a fully reduced, diamagnetic F M N H  2 
moiety and an S = 1 /2  [4Fe-4S] 1+(2+:1+) center. 
The X-band (9 GHz) spectrum of the fully re- 
duced trimethylamine dehydrogenase is shown in 
Fig. 1. In the early stages of titration by dithionite, 
spectrometer conditions can be optimized to dis- 
play the semiquinone state of FMN as a single line 
at g =  2.005 with a 17 G linewidth at X-band. 
Upon titration with substrate, the trimethylamine 
dehydrogenase from W3A ~ has the EPR spectrum 
shown in Fig. 2, this spectrum is different from 
either of that shown in Fig. 1 or that of the 
semiquinone, although small amounts of both are 
visible in Fig. 2a. For the moment, we shall ignore 
the questions regarding possible conformation 
changes associated with this signal and focus only 
on the physical interpretation of the signal itself. 

Our first reaction to seeing this signal was that 
it resulted from the interaction between the re- 
duced Fe-S center and the semiquinone state of 
the FMN molecule, since the overall appearance 
of the signal was similar to EPR interaction signals 
that we had seen before [14,15]. It was also clear 
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Fig. 1. The X-band EPR spectrum of fully reduced trimethyl- 
amine dehydrogenase from W3A 1 at 15 K. Spectrometer set- 
tings: frequency, 9.200 GHz; power, l mW; modulation ampli- 
tude, 10 G; sweep time, 240 s; time constant, 0.128 s. 
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Fig. 2. The g-'2 region of the P-band EPR spectrum of substrate 
reduced trimethylamine dehydrogenase from W3A a at 18 K. (a) 
Experimental spectrum; (b) simulation without zero-field split- 
ting distribution: (c) simulation with zero-field splitting distri- 
bution. Spectrometer settings: frequency, 14.974 GHz; power, 
0.2 mW; modulation amplitude, 15 G; sweep time, 900 s; time 
constant, 1 s. See Table I for simulation parameters. 

that the interaction was much stronger than we 
had seen previously. Since both of the interacting 
spin systems are S = 1/2,  then we might expect 
our previous computer program, RASCAL [16], to 
approach a good fit. When these fitting attempts 
failed, we decided to write a program for ' s t rong 
interactions', called TRIPLET [12], which would 
calculate the EPR spectra from an S = 1 system. 

We assumed that, in this case, the S = 1 state was 
formed by an exchange interaction between FMN 
and [4Fe-4S]. A P-band simulation is shown in 
Fig. 2b. 

The simulation has merit; however, it is not 
satisfactory for several reasons that mainly con- 
cern the 'half-field'  or g = 4 resonance shown in 
Fig. 3a (simulation in Fig. 3b). There are many 
parameters in these fits and although the problem 
of fitting triplet spectra is formidable, the parame- 
ters are uniquely determined by virtue of the inter- 
play between the fitting of the g =  4 and g =  2 
regions. 

For instance, the g = 4 region is very sensitive 
to changes in the g-values, linewidths, and Euler 
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Fig. 3. The g =  4 region of the P-band EPR spectrum of 
substrate reduced trimethylamine dehydrogenase from W3A l at 
29 K. (a) Experimental spectrum; (b) simulation without zero- 
field splitting distribution; (c) simulation With zero-field split- 
ting distribution. Spectrometer settings: frequency, 24.978 GHz: 
power, 4 mW; modulation amplitude, 15 g; sweep time, 900 s; 
time constant, 1 s, See Table I for simulation parameters. 
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angles, but less sensitive than the g = 2 region in 
the D and E values. By using this selective sensi- 
tivity to parameters, we can refine the fits and 
thereby determine the parameter  values by alter- 
nating between the two spectra. Figs. 2b and 3b 
represent the result of this procedure, the parame- 
ters having been uniquely and accurately de- 
termined. However, as one can see by comparing 
Fig. 2a with Fig. 2b, the linewidths in the simu- 
lated spectra for the outer resonances in the g = 2 
region seem to be too small to allow a good fit. 
The resonances in the g = 4 and the g = 2 regions 
are merely different transitions between the same 
three states; therefore, the linewidth of the g = 2 
region is not a free parameter and must be about 
twice that of the g = 4 region. Apparently, then, 

these fits show that the two spectra cannot be fit 
by the same parameters. For this reason and the 
existence of g-strain as discussed in the section on 
Conclusions, we introduced a distribution in the 
values for the parameters, D and E. In Figs. 2c 
and 3c, we show the fits after the addition of the 
distribution in the zero-field splitting parameters. 
To match the data, the distribution had to keep 
the inner lines at g = 2 narrow while broadening 
the outer lines. Therefore, we chose the variance, 
8D, in D to satisfy the condition, ~D/D= 
constant; i.e., the larger the zero-field splitting, the 
larger the variance. The reason that the distribu- 
tion does not broaden the g = 4 linewidths is that 
even though the intensity of the g = 4 resonance is 
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Fig. 4. The X-band EPR spectrum of substrate-reduced trimethylamine dehydrogenase from H.X at 20 K. (a) Experimental spectrum; 
(b) simulation without zero-field splitting distribution; (c) simulation with zero-field splitting distribution. Spectrometer settings: 
frequency, 9.200 GHz; power, 40 mW; modulation amplitude, 8 gauss; sweep time, 240 s; time constant, 0.25 s. See Table for 
simulation parameters. 

Fig. 5. The X-band EPR spectrum of substrate-reduced dimethylamine dehydrogenase from H.X at 20 K. Other details as for Fig. 4. 
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TABLE I 

SPECTRAL FITTING PARAMETERS 

The G,  °v, % values are linewidths referring to the standard 
deviations in Gaussian lineshapes. 

Sample Trimethylamine Trimethylamine Dimethylamine 
dehydrogenase dehydrogenase dehydrogenase 
(W3AI) (H.X.) (H.X.) 

G~ 1.927 1.927 1.921 
G,. 1.962 1.960 1.958 
G. 2.020 2.015 2.015 
D 62.3 mT 42.8 mT 28.7 mT 
E 16.9 mT 12.7 mT 5.4 mT 
c~ 0 0 0 
B 45 o 45 o 45 o 
y 60 ° 60 ° 60 ° 
o, 2.5 mT 2.1 mT 2.5 mT 
Ov 2.7 mT 2.5 mT 1.5 mT 
o. 3.3 mT 2.1 mT 2.5 mT 

greatly affected by the size of D and E, the g = 4 
line positions are not. 

The high quality of the fits (Figs. 2c and 3c), 
the fact that these parameters also produce high 
quality fits to the data taken at other frequencies 
(not shown), the fact that the parameters are simi- 
lar in all three protein preparations we have studied 
(see Figs. 4 and 5), and the overdetermined nature 
of this spectral fitting procedure convince us that 
our parameters are correct, The parameters are 
summarized in Table I. 

Conclusions 

When an S = 1 system results from the spin 
coupling of two S = 1 /2  systems, the algebra of 
the angular momentum operators gives us the rela- 
tionship that 

(~ = ( 0 ,  + 4 2 ) / 2  (2) 

where GI, G2 are the G-tensors of the interacting 
systems, and G refers to the resultant spin system. 
If we hypothesize that the two interacting spin 
systems are the flavin semiquinone and [4Fe-4S] 
cluster, then we can write the G-tensors of these 
two interactions in their principal axis systems as 

(i0 0) (~1 = GFMNH "= 2.0045 1 0 
0 1 

( 848 0 0) 
G2 = G{4Fe_4SI'= 1.925 0 

0 2.035 

then 

(3) 

{ ! .9270 0 
(~ = 10 1.9650 

\0  0 2.020} 

The (~1, G2 and G tensors are automatically diago- 
nal in the same coordinate reference frame be- 
cause the G~ tensor is isotropic and therefore 
diagonal in all frames. These values are very close 
to the values in Table I. We conclude that the 
triplet is formed by the exchange coupling of the 
FMNH" and [4Fe-4S] cluster in each of the en- 
zymes subunits. The interaction of two FMNH" 
radicals or two [4Fe-4S] ~+ clusters will not give 
rise to the above g-tensor. The inter-subunit inter- 
action of FMNH" and [4Fe-4S] l+, possible in 
W~A1, is not expected to produce a coupling strong 
enough to cause a triplet EPR spectrum, but in- 
stead a weak interaction signal such as those shown 
in some EPR spectra from coenzyme B~2 [14] and 
succinate : Q oxidoreductase [15]; however, the in- 
teraction between the FMNH" and the [4Fe-4S] ~ + 
clusters in these proteins is large enough to form a 
triplet (see below), but subtle enough to leave the 
g-tensors of the interacting spin systems essentially 
unchanged from the states when they are EPR- 
visible as isolated spin systems. The meaning of 
this conclusion is unknown for the F M N H  free 
radical, but for the [4Fe-4S] cluster it probably 
means that there is no ligand substitution or mas- 
sive change in ligand position at the [4Fe-4S] site. 

The triplet states in Figs. 2-5  are, therefore, 
caused by a nearly isotropic spin-spin interaction: 

H = - 2 J S  1.$2 (4) 

We have not made a direct measurement of J,  but 
since we have demonstrated the necessity of its 
existence, we can use our data to estimate and 
place constraints on its size. The magnitude of J 
must be large enough to cause our fitting program 
to be valid and Eqn. 2 to be accurate. Mathemati- 
cally, this condition reduces to J >> [] G1 - G2 II fiB, 
which in turn means that J > 0.4 cm-1 when we 
consider the 15 G H z  EPR fits. The failure of our 
attempts to determine J by observing EPR signal 



strengths from 4 to 20 K eliminate 3-15 cm -1 as 
possible sizes for I J I .  In the [2Fe-2S] ferredoxins, 
J values are often around 200 cm -1 [17] for two 
iron atoms separated by the sulfur atoms. We can 
expect the exchange couplings within the [4Fe-4S] 
cluster to be on this order; therefore, the J-cou- 
plings to the F MNH radical must be much smaller 
or they would compete with the intra-[4Fe-4S ] 
cluster coupling and probably modify the g-values 
of the cluster. For this reason, we expect I J ]  < 50 
cm 1. A further estimate of the size of J can be 
derived if we use the equation of Moriya [18], 
which states that the size of the anisotropic ex- 
change interaction (D)  is around (g-  ge)2J/4. If 
we estimate anisotropic exchange to be the sole 
cause of the zero field splitting parameter, D, then 
we can estimate the upper bound of J from the 
W3A 1 data as approximately 50 cm -1 [10]. There- 
fore, the magnitude of J is probably between 0.4 
and 3 and 15 and 50 cm -~. If the magnitude of J 
is greater than some 5 cm -1, then it must be 
positive, so that the triplet is the ground state, 
otherwise we would have to see a temperature 
dependence in the signal. 

The zero-field parameter, D, can also result 
from a magnetic dipole-dipole interaction [12]. If 
D results completely from dipole-dipole interac- 
tion, then the inter-site distance suggested from 
the data is between 3 and 5 A. However, this 
calculation is made somewhat complicated and 
ambiguous, since most of the spin density on an 
FMNH" radical is probably localized at the N5 
and N10 positions [19] and that the magnetic field 
from a [4Fe-4S] cluster is not dipolar due to the 
fact that the four iron atoms in a cubane are 
antiferromagnetically coupled with their spins 
localized [17]. Calculations along this line have 
been made [10], and they represent an estimate of 
the order of magnitude of the inter-site distance 
between nearest neighbors of the triplet system if 
the D value is from a magnetic dipolar interac- 
tion. 

If one compares the numbers in the table among 
the three dehydrogenases, it is apparent that only 
the values of D and E differ significantly among 
the three. The g-values and Euler rotation angles 
are identical within error. Whether the zero-field 
splitting parameters result from anisotropic ex- 
change or dipole-dipole interaction, they are very 
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sensitive to distance. A trivial difference in the 
intersite distance could easily account for the data. 
On the other hand, the Euler angles are referenced 
to the [4Fe-4S] magnetic principal axis system. If 
the similarities in g-values indicate that the [4Fe- 
4S] clusters are nearly identical in the three pro- 
teins, then the similarity in the Euler angles indi- 
cates that the geometry of the interacting system is 
almost identical in the three proteins. Therefore, 
the data support the interpretation that the [4Fe- 
4S] 1 +-FMNH" complex is a unique structure com- 
mon to all three dehydrogenases studied here. 

With regard to the origin of the distribution in 
the zero-field splitting parameters or 'D-strain', it 
can be shown [10] that the D-strain can be a 
mathematical consequence of 'g-strain', a distribu- 
tion in the g-values, which we have obtained by 
fitting the uncoupled [4Fe-4S] EPR spectrum. By a 
multifrequency EPR study [10] of the signal in Fig. 
1, we arrive at 8g/g=0.004 where 8g is the 
standard deviation of gx = 1.849. If we apply 
Moriya's approximation to our own case (we 
estimate that D is from anisotropic exchange [10]), 
then, 

D -- 3 ( A g ) 2 j / 4  (5) 

Assuming J is constant and differentiating, we 
obtain 

8D 8(Ag) 2 26g 0.007 
- - - - - - - =  ~gg----- ---0.2 (6 )  D (Ag)2 0.035 

For all fits, the relative variance that gave the best 
fits was 8D/D = 0.17. Therefore, there appears to 
be no need for J-strain, since g-strain can account 
for the D-distribution. Furthermore, g-strain ap- 
pears to be a ubiquitous component of the EPR 
spectra of frozen metalloproteins [20,21] and has 
been recently interpreted as resulting from mecha- 
nical strains introduced by structural changes that 
are mainly at the exterior and hydrophilic regions 
of proteins. One can envision the broad wings in 
the g = 2 region of Figs. 2, 4 and 5 as indicating a 
probable variation at the exterior of the protein. 
That Eqn. 5 accounts for the observed D-strain 
can be taken as an indication that the interaction 
responsible for D is predominantly anisotropic 
exchange and not a dipole-dipole interaction, al- 
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though these could  be comparab le .  Because the 
exchange in terac t ion  is med ia ted  by  e lect ron over- 
lap be tween the two centers  and  this can occur  
through chemical  bonds  as well as through the 
vacuum,  it is imposs ib le  for us to deduce  a specific 
d is tance  between the Fe-S center  and  the F M N H  
radical .  

As descr ibed and  discussed more  extensively in 
Ref. 6, there are differences on add i t ion  of sub- 
s t ra te  in the behavior  of  the d ime thy lamine  dehy-  
drogenase  s tudied and the two t r ime thy lamine  de- 
hydrogenases .  Whereas  the tr iplet  signal of the 
d ime thy lamine  dehydrogenase  s imply  rises in in- 
tensi ty as reduc t ion  progresses,  the tr iplet  signals 
of  the t r imethy lamine  dehydrogenases  are  not  only  
intensif ied but  the spl i t t ing be tween the lines in- 
creases. This  is most  p ronounced  with t r imethyl-  
amine  dehydrogenase  of W3A 1 (cf. Fig. 1 of Ref. 7 
and Fig. 4 of Ref. 8). The same observa t ion  is 
made  in exper iments  where the enzyme is t i t ra ted  
with subs t ra te  and  al lowed to come to equi l ibr ium.  
As an excess of subs t ra te  accumula tes  an analo-  
gous increase in total  signal in tensi ty  and spl i t t ing 
of the outer  lines is seen. We have p roposed  that  
this behavior  is due  to b ind ing  of  excess subs t ra te  
to the reduced form of the enzyme (Scheme 1 of 
Ref. 7) which leads to a confo rma t iona l  change to 
a more  favorable  geomet ry  for deve lopmen t  of  the 
tr iplet  state. 

Recent  c rys ta l lographic  results on unreac ted  tri- 
me thy lamine  dehydrogenase  crystals  [22] have 
shown that  the closest d is tance  be tween the Fe-S 
cluster  and the flavin is 6 A. We hesi tate  to app ly  
this result to our  s tudy on subs t ra te - reduced  tri- 
me thy lamine  dehydrogenase  because  the p roposed  
mechanism for the p ro te in  p r o b a b l y  requires some 
mot ion  between the two centers.  However ,  if the 
nearest  app roach  of the flavin and Fe-S centers  is 
also 6 A in the subs t ra te - reduced  protein,  then the 
in teract ion be tween the centers  is p r edominan t l y  
exchange ra ther  than  magnet ic  d ipole-dipole .  
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