Biochemistryl996, 35, 2445-2452 2445

Kinetic Model for the Regulation by Substrate of Intramolecular Electron Transfer
in Trimethylamine Dehydrogenalse

Liliana Falzon and Victor L. Davidson*
Department of Biochemistry, The Umrsity of Mississippi Medical Center, Jackson, Mississippi 39216-4505
Receied July 10, 1995; Résed Manuscript Receeéd Naember 22, 199%

ABSTRACT: The reaction of trimethylamine dehydrogenase (TMADH) with trimethylamine has been studied
by rapid-scanning stopped-flow spectroscopy and steady-state kinetics. The covalently b8und 6-
cysteinylflavin mononucleotide (FMN) cofactor is initially reduced by substrate and exhibits a limiting
first order rate constant of 230%at pH 7.5 and 30C. One electron is then transferred intramolecularly

from the reduced FMNHto the oxidized [4Fe-43} center. This reaction is biphasic, and the extent of

the reaction which corresponds to the faster and slower rates is dependent upon the concentration of
trimethylamine. The limiting first order rate constants are 160 and 4 #\t low substrate concentrations,

the faster rate is dominant, and at high substrate concentrations, the slower rate is dominant. These results
are used to develop a model for the reductive half-reaction of TMADH in which two molecules of substrate
bind to TMADH. One binds at the active site of oxidized TMADH and is converted to products. A
second molecule binds but is not converted to products and influences the rate of intramolecular electron
transfer. Analysis of the transient kinetic data yielded apparent dissociation constants for trimethylamine
of 36 and 14&M, respectively, for binding to the catalytic and noncatalytic sites. Steady-state kinetic
studies indicated substrate inhibition which was best described by a model in which binding of a second
molecule of trimethylamine causes a 10-fold reductiofipfrom 11 to 1.1 s*. This suggests that, at

high substrate concentrations, the rate of the intramolecular electron transfer reaction has become sufficiently
slow to be at least partially rate-limiting for the steady-state reaction. These kinetic data are interpreted
in the context of the known crystal structure of TMADH. The mechanistic implications regarding long
range electron transfer and possible physiologic significance of these findings are discussed.

Trimethylamine dehydrogenase (TMADMRBN enzyme Previous studies have indicated that the interaction between
from the restricted facultative methylotrophic bacterium the FMN and [4Fe-4S] centers of TMADH is profoundly
Methylophilus methylotrophusp. W3A1, catalyzes the influenced by the presence of substrate or substrate analogs
oxidative N-demethylation of trimethylamine to dimethyl- (Steenkamp et al., 1978a; Steenkamp & Beinert, 1982a;
amine and formaldehyde (Colby & Zatman, 1974). The Beinert et al., 1982). Pronounced differences have been
structure of TMADH has been determined by X-ray crystal- observed between dithionite- and substrate-reduced TMADH,
lography (Lim et al., 1986; Barber et al., 1992), and its amino both by EPR and optical spectroscopy. When TMADH is
acid sequence is known (Boyd et al., 1992). The enzyme isreduced chemically by dithionite, three electrons are taken
a homodimer oM, = 166 kDa. Each subunit contains two up per subunit of enzyme, while when reduced by substrate,
cofactors, an unusual covalently bound&8ysteinylflavin only two electrons are taken up. The EPR spectrum of the
mononucleotide (FMN) (Steenkamp et al., 1978b) and a substrate-reduced enzyme was of particular interest since it
single [4Fe-4S] cluster (Hill et al., 1977), which are involved showed a complex pattern of signals, including an unusual
in catalysis and the subsequent electron transfer to itshalf-field g = 4 signal (referred to as the triplet state)
physiological electron acceptor, electron transfer flavoprotein indicative of spin-coupling between two paramagnetic spe-
(ETF) (Steenkamp & Gallup, 1978; Davidson et al., 1986). cies, presumably the flavosemiquinone and the reduceetiron
As such, TMADH may be considered one of the simplest sulfur cluster (Steenkamp et al., 1978a; Steenkamp & Beinert,
and structurally best characterized examples of a complex1982a). No indication of the occurrence of this spin-coupled
metalloflavoprotein and an ideal physiologic system in which interacting form was observed during titration with dithionite,
to study the mechanisms of long range electron transfer suggesting that the presence of bound substrate or product
through proteins. somehow affects the relative orientations of the two redox

centers within TMADH (Steenkamp et al., 1978a). The idea
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suggesting the presence of a second noncatalytic, andof protein (Steenkamp & Gallup, 1978; Davidson et al.,
possibly allosteric, binding site. The existence of such a 1986). Although ETF has a two-electron capacity it is only
second binding site for substrate was demonstrated by gelreduced to the level of semiquinone which resists further
chromatography after binding of*“Cltrimethylamine to reduction (Davidson et al., 1986). Full reduction could only
reduced TMADH (Steenkamp & Beinert, 1982a). The be achieved by electrochemical means (Byron et al., 1989).
amount of additionalfC]trimethylamine bound to reduced These data indicate that the anionic semiquinone form of
TMADH was determined to be 0.87 mol per mole of subunit. this ETF is an extremely stable intermediate and suggests
Steady-state kinetic studies of TMADH using phenazine that in vivo M. methylotrophu€TF transfers one electron

methosulfate (PMS) as an artificial electron acceptor have at a time, cycling between the fully oxidized and radical
shown TMADH to react via a ping-pong mechanism (Steen- forms.

kamp& Ma”ison, 1976) However, Steady-state kinetic data In this paper, we have reexamined the Steady-state and
on the reactions of TMADH have not been readily interpret- transient kinetic properties of TMADH. These kinetic data
able. It was initially reported that product inhibition ac- are used to propose a model in which TMADH binds two
counted for unusual steady-state kinetic behavior of the molecules of trimethy|amine, one which is converted to
enzyme, and a mechanism was proposed which includedproducts and one which is not. Binding of the latter exerts
conformational isomerization of enzyme forms (Steenkamp profound effects on the activity of the enzyme. As previ-
& Mallison, 1976). It was subsequently reported that oysly noted, it is required for full development of the triplet
TMADH exhibited partial substrate inhibition at high state of the substrate-reduced enzyme. In this paper, we
substrate concentrations (Steenkamp & Beinert, 1982b). Itcharacterize the manner in which it inhibits the steady-state
is however clear that product release must precede bindingturnover of TMADH and demonstrate that it may act as a
of the electron acceptor. Product inhibition patterns with switch between alternative mechanisms that regulate the rate
the alternative substrate, diethylamine, indicated that the of the intramolecular electron transfer reaction from FMNH
release of the ethylamine product occurred before additionto [4Fe-4S}. The mechanistic implications and possible

of PMS (Steenkamp & Mallison, 1978). Also, after reduc- physiologic significance of these findings are discussed.
tion of TMADH with [*“C]trimethylamine and chromatog-

raphy in the absence of a reoxidant, essentially no label wasEXPERIMENTAL PROCEDURES
retained (Steenkamp et al., 1978a). It is important to note
that this substrate inhibition is not an artifact observed only M. methylotrophusp. W3A1 (NCIB 11348) was grown
with artificial electron acceptors. In steady-state studies on the minimal medium of Owens and Keddie (1969) using
using ETF as an electron acceptor, the reduction rate at a0-5% dimethylamine as a carbon source. Dimethylamine
fixed concentration of ETF and at varying concentrations of rather than trimethylamine was used as a carbon source to
trimethylamine showed a marked substrate inhibition in the Minimize the amount of slime produced by this bacterium
millimolar range (Steenkamp & Gallup, 1978), similar to during growth (Davidson, 1985). TMADH was purified as
what was observed with PMS. described by Steenkamp and Mallison (1976) with certain
Previous Stopped_ﬂow Spectrophotometric studies of the modifications as follows. After sonication of the cells and
reductive half-reaction of TMADH have revealed multiple centrifugation at 177apfor 30 min, the supernatant was
kinetic phases. Kinetic studies have shown that the FMN collected and recentrifuged twice at 17¢d0r 30 min. The
initially accepts two electrons from the substrate and then additional centrifugation steps were performed to get rid of
one electron is transferred intramo|ecu|ar|y from FMNbBI any slime still retained in the Supernatant. This facilitated
[4Fe-4S} (Steenkamp & Beinert, 1982b). The initial the subsequent purification steps. Gel filtration of the cell
reduction of FMN by substrate occurs rapidly, and the extractwas performed using a Spectrum AcA34 gel filtration
Subsequent reduction of the [4Fe_4s] center occurs moreCO'Umn rather than Sephadex G-200. Enzyme concentrations
slowly and exhibits complex kinetics (Steenkamp et al., were determined from the absorbance of the oxidized enzyme
1978a,c; Bellamy et al., 1989; Rohlfs & Hille, 1994). The at443 nm using an extinction coefficient of 54 600Mm™1
relative slowness of the rate of intramolecular electron (Kasprazaketal., 1983)in 0.1 M potassium phosphate buffer
transfer from FMNH to [4Fe-4S} is surprising given the ~ (PH 7.5).
close proximity of the two redox centers. The crystal  Stopped-flow experiments were performed using an On-
structure of TMADH indicates that theo8methyl of FMN Line Instrument Systems (OLIS, Bogart, GA) RSM 1000
is about 6 A from the nearest iron atom. Furthermore, it stopped-flow spectrophotometer. Data were collected and
was shown in pH-jump experiments (Rohlfs & Hille, 1991) analyzed using OLIS software on an IBM compatible 486
that the reduction of [4Fe-48] by FMNH, in the absence  personal computer. We have observed that the reduced
of substrate is significantly faster, suggesting that bound forms of TMADH are quite stable against reoxidation by
substrate or product somehow reduces the observed rate oéir, and therefore, anaerobic conditions were not necessary
electron transfer from FMNK This suggests that this for these experiments. TMADH (24 uM) was mixed with
intramolecular electron transfer reaction may be gated various concentrations of trimethylamine (M to 4 mM)
(Hoffman & Ratner, 1987) by a slower process or coupled in 0.1 M potassium phosphate buffer (pH 7.5) at’80 The
(Harris et al., 1994) to some other highly unfavorable process. rates of formation of FMNHE (represented by the change in
This intramolecular electron transfer reaction is physi- absorbance at 443 nm) and the subsequent one-electron
ologically important because ETF, the natural electron oxidation to form the flavinsemiquinone (represented by the
acceptor for TMADH, only accepts a single electron. ETF change in absorbance at 365 nm) were slow enough under
from bacteriumM. methylotrophudV3A1 is composed of  these conditions to be measured by stopped-flow spectros-
two dissimilar subunits NJ; = 42 000 and 38 000) and copy (Figure 1). The spectrum which is characteristic of
contains 1 mol of flavin adenine dinucleotide (FAD) per mole each redox form is known from previous freezgiench EPR



Reactions of Trimethylamine Dehydrogenase Biochemistry, Vol. 35, No. 7, 199&@447

and absorbance spectroscopy studies (Steenkamp & Beinert,  ©% g T I I ] I
1982a; Beinert et al., 1982; Steenkamp et al., 1978a). For s
each trimethylamine concentration, at least four replicas, each SINY
containing 1000 data points, were collected, fitted to the 6.6 |— : G ]
appropriate equation for an exponential rise or fall, and
averaged. Under these pseudo-first order conditions, the
observed rate constarit,f) for the absorbance change at
443 nm was best obtained from fits of the data to the equation
for a single exponential decay (eq 1), whéés a constant

Absorbance
=
R
]
l

As=Ce ™ +b 1)
related to the initial absorbance ahdepresents an offset oo | | | [ |
value to account for a non-zero base line. In contrast, the e 368 400 40 100 520 560
data obtained at 365 nm were biphasic and best descrlbed WAVELENGTH  (ne 3

Ficure 1: Reaction of TMADH with trimethylamine. TMADH (2
uM) was mixed with trimethylamine (20tM) in 100 mM
_ast _lon. potassium phosphate buffer (pH 7.5) at°8D Arrows indicate the
Ags=Ci(1l—e " )+C(1—e ™ )+b (2 direction of the spectral change with time. Spectra were recorded
at 8 ms intervals.

by eq 2.

wherek@t andks°¥ are the observed rate constants for the

faster and slower rates, respectivel@; andC, are related

to the initial absorbance, aits an offset value to a account

for a non-zero baseline. . _ RESULTS

Microscopic rate constants were determined from analysis

of the dependence &f,s0on the concentration of the varied Stopped-Flow Studies of the ReduetiHalf-Reaction.The

reactant. For each reaction which was studieds was reaction of TMADH with trimethylamine was examined by

described by simple models of the form given in eq 3. The rapid-scanning stopped-flow spectroscopy (Figure 1). With
our instrumentation, it is possible to record an entire spectrum

A+B X Cé D ©) of the region of interest once every millisecond. This has

allowed us to characterize two discrete steps in the reductive
half-reaction of TMADH (eq 6), where S and P are,

30 °C, and each reaction was initiated by the addition of
trimethylamine.

species which are represented by B for each reaction are
described in the results. Given this model, the concentration pot T A
dependence ofk,,s was fit to either eq 4 or 5, which are S+ FMN/[4Fe 4ST P+ FMNH,/[4Fe 4Sf

_ Ky[S]
P> Ky +I[S]

P+ FMN,,([4Fe-4S] (6)
tk ) respectively, substrate and products. The first step is the
substrate-dependent two-electron reduction of FMN to
Kops = 0.5{K;[S] + k; + k5 + Kk, — [(K[S] + k;, + FMNI—I|2. tThetSeC(]ZndeteplziT\/ltlt];ﬂ;F4b|:se(jllJSe]‘r:t i_rlw_:]ramo_letcular

2 _ . 0. one-electron transfer from e- . The poin
ks k)™ = Akyk[S] = Ak, [S] = akok,] 7} 6) in the reaction coordinate at which time product release
occurs is not known. These two reactions may be monitored
independently at 443 and 365 nm, respectively. The
) S iy - spectrum which is characteristic of each redox form is known
When this condition is met, the variation Ies with [S] from previous freezequench EPR and absorbance spec-

will be described by a simple hyperbola. If one attempts to troscopy studies (Steenkamp & Beinert, 1982a; Beinert et
fit such data to eq 5, it will not be possible to obtain unique | 19g>- Steenkamp et al., 1978a).

values fork; andk, . A unique value may only be obtained

for the ratiokz/k; . When this condition is not met, then eq

5 must be used. Attempts to fit data to eq 4 would display

a systematic deviation from the fit because the plokpf

versus [S] will not be hyperbolic. Nonlinear curve fitting

of these data was performed with the Sigma Plot 5.1 (Jandel

Scientific, San Rafael, CA) computer program.
Steady-state kinetic measurements were performed spec-

trophotometrically, essentially as described by Colby and

Zatman (1974), with a Uvikon 810 spectrophotometer using

a dye-linked assay which employs oxidized phenazine S+ FMN/[4Fe- 4STJr = S*FMN/[4Fe 4Sf4r

ethosulfate (PES) as an electron acceptor. The reduction of N

TMADH is coupled by PES to a change in the absorbance P*FMNH2/[4Fe-4Sf (7)

of a redox-sensitive dye, 2,6-dichlorophenolindopherol (

= 21500 M cm™). The assay mixture contained 20 nM (Figure 2B)? Attempts to fit these data to eq 4 yielded

TMADH in 0.1 M potassium phosphate buffer (pH 7.5) at unacceptable results. A systematic deviation from the fit

derived, respectively, in Strickland et al. (1975) and Hiromi
(1979). Use of eq 4 is appropriatek{[S] + k, > ks + k.

The absorbance change with time at 443 nm (representing
flavin reduction), which was observed upon mixing TMADH
and trimethylamine, followed a single exponential decay (eq
1, Figure 2A), suggesting a direct two-electron reduction of
FMN by substrate with no involvement of the semiquinone.
To obtain rate constants for this reaction, valuek,gfwere
obtained at several different concentrations of trimethyl-
amine. Using the model in eq 7, these data were fitto eq 5
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0.16 . T . The change in absorbance with time at 365 nm, represent-
(A) o002 ing the one-electron oxidation of the reduced flavin by the
0.0000 oxidized [4Fe-4S}" center, best fit to a two-exponential

0.15 ¢ -1

—0.0025

equation (eq 2, Figure 3A). The biphasic behavior at this
wavelength was observed throughout the range of trimethyl-
amine concentrations used. The two observed rate constants
were each analyzed independently. The microscopic rate
constants which describe each observed rate were determined
by examination of eactk,s as a function of substrate
012 concentration, and using for each the simple model given in
"'0.00 0.05 0.10 0.15 0.20 eq 8. Thus, it was initially assumed that the biphasic

Time (s)

Absorbance
o
S

K K
S+ FMN/[4Fe-4S]" <= PYEMNH,[4Fe-4S}" <=

~ 250
. | P*FMN,,/[4Fe-4S] (8)
f behavior represented two alternative mechanisms by which
A 150 . the formation of the flavinsemiquinone occurs. This model
% was chosen to incorporate the observations that kagls
<+ 100 } dependent on substrate concentration and that in each case
C we are strictly monitoring the spectral change associated with
2 iy the conversion described lyin eq 8. These data sets could
o 0 . . . each be described by a simple hyperbola and, for the reasons
0 500 1000 1500 2000 discussed earlier, were fit to eq 4 (Figure 3B,C). Values

were obtained foks andKq for both phases. For the faster
= 1 =
FIGURE 2: (A) Reduction of the FMN cofactor of TMADH by phaseks = 160+ 19 5 andKy = 632+ 20uM. For the

trimethylamine as monitored by the decrease in absorbance at 4435l0wer phaseks = 4 + 0.6 s* andKq = 608 + 21 uM.
nm. TMADH (3 «M) was mixed with trimethylamine (800M) in Values ofk, for both phases approximated zero, which is
100 mM potassium phosphate buffer (pH 7.5) at’@0 The solid consistent with the difference in redox potentials between

line represents the fit of these data to eq 1, which for this data setthe FMNH,/FMNsemi couple of 36 mV and the [4Fe-45]

gave a value fokops Of 147 & 4 s71. The inset shows a plot of the _
residuals for this fit. (B) Plot ok.sagainst substrate concentration. [4Fe 4.ST c_ouple of 102 mv (Barbe_r et al, 1988). The
The values ofk,ys Were determined at several concentrations of Potential difference of 66 mV predicts that the electron

substrate. The solid line represents the fit of these data to eq 5. transfer from FMNH to [4Fe-4S}" will be nearly irrevers-

ible. These kinetically determindg; values are obviously
was observed, indicating that this alternative model was not true Kgs (see eq 8). They reflect not only the initial
inappropriate. The fit to eq 5 yieldedkaof approximately binding of substrate but also other steps involved in the FMN
zero, but very large errors for the fitted valueskgfk,, and reduction which precedes the one-electron transfer from
ks. To minimize the errors, the data were refit to eq 5 with  FMNH; to [4Fe-4Sft. The true significance of thes€y
ks set to zero to obtain rate constantskef= 232+ 9 s, values will require additional studies and ultimate derivation
ki =0.5+0.07 s*uM*andk, =18+ 14 s (Ky=36=+ of a detailed kinetic model for the reductive half-reaction. It
28 uM). It had been reported previously that the rate of is, however, noteworthy that the apparéas which were
FMN reduction in TMADH by trimethylamine was too fast obtained for each of the two phases are essentially identical.
to be studied by stopped-flow spectroscopy, particularly at This suggests that the events which precede the faster and
high concentrations of trimethylamine and at high pH slower intramolecular electron transfer reactions may be
(Steenkamp et al., 1978c; Rohlfs & Hille, 1994). However, identical.
this rate is readily measurable under our experimental Each limiting first order rate constanksj for the redox
conditions. To be certain that our TMADH preparation was reaction may be described as an apparent electron transfer
comparable to that used by others, the rate of reaction ofrate constantkgr). These data suggest that the intramo-
TMADH was also measured with diethylmethylamine, a lecular electron transfer from FMNHto [4Fe-4Sj? is
slow-reacting alternative substrate. The rates which we occurring by two alternative processes, each of which
obtained were nearly identical to those reported by Rohlfs exhibits a different rate. While ead describes the rate of
and Hille (1994) with that substrate under similar experi- an electron transfer (redox) reaction, the slowness of the rates
mental conditions (data not shown). (discussed earlier) and the fact that different rates are
observed for the same reaction suggest that each of these

2Use of eq 5 indicates that the time-dependent concentration of altérnative electron transfer reactions may be either gated

P*FMNH./[4Fe-4St" should equakiks[E][S]{ 1/08 + e [ — B)] (Hoffman & Ratner, 1987) by a slower process or coupled
+ e BB — ]}, wherea andfi = kepsas defined in eq 5 (Capellos  (Harris et al., 1994) to some other highly unfavorable process.
& Bielski, 1972). The primary data, such as is shown in Figure 2A £ e rmore  the non-electron transfer processes which
can also be fit well to the appropriate form of this equation. Examination ’ )
of the plots of the residuals to these fits reveals that the plots are attenuate each alternative electron transfer rate are apparently
indistinguiSTable frotriTg) ;hgigsor?é?iﬁdrg:/%mo;ittshteo %t; "%- ng?hgfﬁtth(i)Sf different. Interestingly, while the rates of each of these
mgrgaigrggtg(nggllj‘?om use of eq 1. Tphus, the simp?ifyingassumptions alternatlye electron tr{_:lnsfer re.aCF'f’”S increase with trim-

ethylamine concentration to a limiting value, we observed

implicit in the use of eq 1 to analyze the raw data are valid, and these !
fits provide reasonable estimateskgis that the faster phase dominated at low substrate concentra-

[Trimethylamine] (uM)
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Ficure 3: (A) Conversion of reduced FMNHo FMN semiquinone in TMADH as monitored by the increase in absorbance at 365 nm.
TMADH (3 uM) was mixed with trimethylamine (802M) in 100 mM potassium phosphate buffer (pH 7.5) at°8 The solid line
represents the fit of these data to eq 2, which for this data set gave vallggkdigrof 75 4+ 10 st and forso%,ps of 2.1 4+ 0.01 s1. The

inset shows a plot of the residuals for this fit. (B) Plots8fk,,s against substrate concentration. The value¥#f,,s were determined at
several concentrations of substrate. The solid line represents the fit of these data to eq 4. (CY¥Rigt afainst substrate concentration.
The values of2sk,,s were determined at several concentrations of substrate. The solid line represents the fit of these data to eq 4.

120 T — T uM . This Ky is statistically different than thi€, for substrate
binding to the active site which was determined from the
§ 100 analysis of the data shown in Figure 2 to be B&8 uM.

3 b The appareniy obtained from the analysis in Figure 4 does
E 80 not correspond to trimethylamine binding to the catalytic site
= of oxidized TMADH. It may correspond to binding to a

8 &0 distinct allosteric site or possibly to the active site of the

© reduced enzyme. The binding of the second trimethylamine

&0 which is not converted to product appears to cause a

g *0 switching of alternative mechanisms of regulation of the rate

5 of the intramolecular electron transfer reaction from FMNH

pe 20 to [4Fe-4Sf". The likely explanation for the biphasic

b kinetics of the intramolecular electron transfer is that two
0 different TMADH species are present, one with and one
0 500 1000 1500 2000 without trimethylamine bound to the second noncatalytic

[Trimethylamine] (uM) site.

Ficure 4: Dependence on substrate concentration of the proportion ~ Steady-State Kinetic Assays of the RedecHalf-Reac-

of the absorbance change at 365 nm attributabfekg,sands*kops tion. The determination of the steady-state kinetic parameters
The percentage of the total amplitude of the absorbance change abf TMADH is complicated by an unusual type of substrate

365 nm attributable to the slowe®] and faster ©) rate constant d inhibition that has been observed with both nonphysiological

was determined for the data described in Figure 3 and plotte .
against trimethylamine concentration. The solid line represents the €l€ctron acceptors and ETF. The concentration dependence

fit of the data for the slower rate to eq 9. of the initial rate of reaction of TMADH was determined

using PES as an electron acceptor. These data did not fit to
tions, while the slower phase dominated at high concentra-eijther the standard MichaelidMenten equation (eq 10,
tions. The amplitude of the absorbance change at 365 nm

that corresponds to the faster rate decreases with increasing V,..dS]
. . ma:
substrate concentration, and the amplitude of the absorbance V= m (10)
change that corresponds to the slower rate increases with m* [S]
increasing substrate concentration (Figure 4). These data V__[S]
represent a titration of the extent to which each of the two v = ma (11)
alternative intramolecular electron transfer reactions proceeds K. +[S]|1+ [S]
and were analyzed as though they described a binding event. m K;

The amplitude of the absorbance change observed for the

slower rate constant was fit to eq 9, which describes ligand Figyre 5A) or the eq which describes typical uncompetitive
substrate inhibition (eq 11, Figure 5A). After deliberate
analysis, a kinetic model (Scheme 1) which describes two
different binding sites, one active and one allosteric, for the
substrate per enzyme subunit was found to be the simplest
model that described the steady-state kinetic data (Figure
5B). The initial velocity eq for the model in Scheme 1 is
given in eq 12. More complicated models could be derived
which also described the data, including the rebinding of a
second substrate molecule to the active site of the reduced

CS]

Ky -+ [S] ®)

slow _
AA365 -

binding to a single site, where [S] is the concentration of
the trimethylamine and is the binding capacity in terms
of maximum absorbance chang#9“AAses (Figure 4).
Analysis of these data yielded &4 for the binding of
trimethylamine to this regulatory second site of 14832
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Scheme 2
Kdl

[(FMN),, * (4Fe-4S)," ] +S == [(FMN),* (4Fe-4S),>] *S

[

[(FMNH, ),, * (4Fe-4S),"" ] *P

1 L fast k365

[(FMN)__.* (4Fe-4S) "] * P

Kdz
S * [(FMNH,) * (4Fe-45) , "] * P ===

S
w L o k365

S* [(FMN)_. * (4Fe-4S)_, "] *P

I3
P
[(FMN),,. * (4Fe-4S)_.""]

”\ P

[(FMN)__. * (4Fe-4S) "]

For the model described in Scheme 1, the theoreVigal
(ko[E]T), which would only be possible in the absence of
substrate inhibition, is never observed. The limiting velocity
that is observed at the highest substrate concentrations is
equal tobk[E]t, whereb represents the factor by which the
intrinsic maximum velocity is affected. A distinction be-
tween this model and simple substrate inhibition models is
that in the latter the SES intermediate is a dead-end inactive
complex and the rate will eventually go to zero as substrate
concentration increases. For TMADH, binding of a second
substrate molecule results in an enzyme form with reduced
but finite activity. Product is formed from both the ES or

FiGURE 5: Steady-state kinetic analysis of the reaction of TMADH SES complexes, but at different rates. Analysis of the data

with trimethylamine. (A) The lines represent the poor fits of these
data to eqs 10<) and 11 (- - -). (B) The solid line represents the
fit of the data to eq 12. The inset shows the same fit at much highe

concentrations of trimethylamine.

Scheme 1

E+S =

K K,
[ES—EP] —> E + P

SE +S == [SES==SEP] —> SE + P

using eq 12 yielded an observegl. (bk,[E]r) of 0.8+ 0.05

rimol min™* (mg of enzyme)* (kear= 1.1 s%), aKs of 20+

5uM, a K of 52 + 15 uM, and a value ob of 0.1. The
theoreticaVmax (K,[E]:) is 8.0umol min~! (mg of enzyme)*

(keat = 11 s%). These results suggest that there are two
separate trimethylamine binding sites per subunit of TMADH,
the primary active site and a second lower affinity inhibitory
site. Thus, evidence for two distinct substrate binding sites
on TMADH may be inferred from the results of steady-state
as well as transient kinetic studies.

DISCUSSION

A kinetic mechanism proposed for the reductive half-
reaction of TMADH is depicted in Scheme 2. This model
describes the binding of a second molecule of trimethylamine

enzyme. Analysis using the rate egs derived for these ©© TMADH which causes a switching of mechanisms which
models, however, did not improve the fit of the data obtained "egulate the observed rates associated with the intramolecular
with eq 12. These more complex models contained ad- €/€ctron transfer. The observed rate constant at 443 nm

1, [S]
i

Ke Ko [9]
1+ =4 "+==
[S] K K

Yy =

describes the reduction of FMN. The slower and faster
observed rate constants recorded at 365 nm represent electron
transfer from the reduced flavin to the oxidized iresulfur
center in the presence and absence of a second molecule of
trimethylamine bound to a noncatalytic site. Each rate
strictly describes the formation of the flavinsemiquinone. The
development of the spin-coupled triplet state is not addressed

ditional unknown variables. Although good fits of the data in this model (discussed below). The point in the reaction
could be obtained, the values of some of the unknown when P is released is not known and may be different than
parameters were dependent upon the initial estimates useds shown in Scheme 2. Product is likely bound in the absence
to fit the data, and the fitted values also exhibited very large of the second S becau&éksss is slower than the intrinsic
standard errors. The model which is described in Scheme lelectron transfer rate, as determined from pH-jump experi-
was the simplest for which it was possible to obtain a unique ments (Rohlfs & Hille, 1991) in the absence of substrate or

set of fitted values for the unknown parameters.

product. It is possible, however, that the substrate-reduced
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TMADH without bound product is not equivalent to the also similar, but not identical. The difference may be due
dithionite-reduced TMADH used in those studies. Scheme to the fact that the steady-state model in Scheme 1 is an
2 indicates that the second S and P are bound at the sameversimplification which neglects steps which contribute to
time. As discussed earlier, we acknowledge that our resultsK; but which are not distinguishable in the steady-state assay.
do not exclude the possibility that ti&*kses might instead The observation that TMADH exhibits substrate inhibition
be due to binding of a second molecule of substrate at thein the steady-state reaction raises the possibility that an
active site of reduced TMADH which displaces bound allosteric binding site for trimethylamine, which is respon-
product. For the latter alternative to be possible, however, sible for substrate inhibition, is the same as an allosteric site
the rates of product release and rebinding of the secondwhich regulates the rate of intramolecular electron transfer
substrate molecule would have to be faster than the rate offrom FMNH, to [4Fe-4S}t. The theoretical steady-state
intramolecular electron transfer from the reduced flavin to value ofk.y (11 s%) is significantly less than the limiting
the iron—sulfur center. value forfaskses (160 s1). However, the limiting value for

It must be noted that an alternative model was recently $°%sqs (4 s7) is less than the theoretickly, and is close
proposed (Rohlfs & Hille, 1994) for the reductive half- to the value for the observégy (1.1 s%) which is attenuated
reaction of TMADH on the basis of data obtained from by substrate inhibition. These values are not identical, but
transient kinetic studies with diethylmethylamine, a poor their closeness suggests that in the presence of high
alternative substrate. That model assumes that the slowestoncentrations of substrat®ses is at least partially rate-
observed rate for the intramolecular electron transfkgy,s limiting in the steady state and may account for the observed
at 365 nm) is due to hinding of a second molecule of substrate inhibition.
diethylmethylamine to the active site. It differs from Scheme  For redox reactions involving proteins, the actual meaning
2, primarily, in that it proposes th&l®kses describes the  of the kinetically determined electron transfer rate constant
development of the triplet state from the noninteracting (ker) must be interpreted with caution. One must acknowl-
substrate-reduced radical form of TMADH. Our data with edge the possibility that protein dynamics (i.e. transient
trimethylamine, as well as certain previously published data, formation of unstable conformational intermediates) or
are more consistent with the model presented in Scheme 2catalytic events (i.e. protonation/deprotonation) may be
Titration of TMADH with trimethylamine [Figure 5 in  contributing to the observdg (Bishop & Davidson, 1995).
Steenkamp et al. (1978a)], and with diethylmethylamine In the kinetic models that are used to analyze the transient
[Figure 4B in Rohlfs and Hille (1994)], was simultaneously kinetic data, any spectroscopically invisible events subse-
followed by absorbance and EPR spectroscopy and showedjuent to binding and preceding the spectral change associated
that the absorption spectra of nontriplet flavinsemiquinone with the change in redox state will be reflectedkin. For
and that of the triplet state (measured by the developmentexample, these events could include substrate-induced or
of the half-field signal ag = 4) are essentially the same. redox-linked protein conformational changes. If any of these
From those data, it can be seen that one cannot distinguishevents is slower than the actual electron transfer rate, then
by monitoring absorbance changes at 365 nm, between thehe reaction will be gated (Hoffman & Ratner, 1987) and
triplet state and the noninteracting flavinsemiquinone. Fur- ket will be equal to the rate of that process, not the actual
thermore, freezequench EPR studies using trimethylamine electron transfer step. Even when the actual electron transfer
[Figure 3C in Steenkamp and Beinert (1982b)] and dieth- step is rate-determining, it will not be equal to the tkge
ylmethylamine [Figure 5 in Rohlfs and Hille (1994)] show if such a preceding step is rapid but very unfavorable
that the formation of thg = 4 EPR signal after mixing of  (Brunschwig & Sutin, 1989; Harris et al., 1994). Given the
the substrate exhibits a biphasic time course. This seems taelatively close proximities of the two redox centers in
be consistent with our biphasic kinetic data which we TMADH, one would intuitively expect the intramolecular
interpret as representing alternative routes for flavinsemi- ket to be much greater than eith@ksgs or $%%ses. Rates
quinone formation. Significantly, we are able to attribute of intramolecular electron transfer within TMADH, in the
full development of the spectral change at 365 nm to either absence of trimethylamine, have been measured using a pH-
of the two alternative rates at the low and high ends of the jump technique (Rohlfs & Hille, 1991). The values lgf
titration curve shown in Figure 4. This strongly suggests obtained in that study were significantly greater than those
two alternative processes each capable of proceeding toreported in this paper. Thus, itis very likely that the limiting
completion. It is possible that different mechanisms may values of®kses ands'®kses reported here represent the rates
be operative with diethylmethylamine and trimethylamine of electron transfer reactions which are either gated or
as substrates. We feel, however, that our data with trimeth-coupled to some non-electron transfer event. What is
ylamine are more consistent with the model described in remarkable about TMADH is that two different apparent
Scheme 2. values of ket are observed depending upon (i) whether

Correlation between steady-state and transient kinetic substrate or product is present at the active site of oxidized
models and data is supported by the kinetically determined TMADH and (ii) whether a second molecule of substrate is
binding constants. Thi€; value determined from the steady- also bound to TMADH. Neither of these rates appears to
state analysis is statistically equal to tikg value for be that of a true electron transfer reaction. Instead, two
trimethylamine binding to the active site which was obtained different mechanisms for gating or attenuating the electron
from the concentration dependencekgf; at 443 nm. The transfer rate are operative in this enzyme, depending upon
Kq value for trimethylamine binding to the noncatalytic site, whether one or both of the substrate binding sites is occupied.
which was determined from the analysis of the amplitudes The binding of substrate to an allosteric site may act as a
of the absorbance changes corresponding®dksss and switch between alternative mechanisms for regulation of the
slowaes, was 148+ 32 uM, compared to theK; value for rate of electron transfer. The basis for this phenomenon wiill
trimethylamine binding of 52t 15 uM. These values are  be the subject of future studies.
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Certain properties of the intramolecular electron transfer Beinert, H., Shaw, R. S., Steenkamp, D. J., Singer, T. P., Stevenson,
reaction within TMADH which are characterized here are ~ R., Dunham, W. R., & Sands, R. H. (1982) Havins and
analogous to interesting observations recently reported for Flavoproteins(Massey, V., & Williams, C. H., Bds.) pp 727

735, Elsevier/North Holland, New York.
other redox enzymes. Electron transfer from FMN to a [2Fe- gg|jamy, H. D., Lim, L. W., Mathews, F. S., & Dunham, W. R.
28] center in phthalate dioxygenase reductase occurs at a (1989)J. Biol. Chem. 2641188711892.
rate of only 35 s! despite the fact that the two redox centers BiShz%%GG' R., & Davidson, V. L. (1993iochemistry 3412082~
are separated by only about 5 A (Gassner et al., 1994). 1 :
Consequently, the relatively slow intramolecular electron Bo%/(é,B%,thﬁth??(%%7Fi_Sé%gackman, L. C., &Scrution, N. S. (1992)
transfer between flavin and irersulfur centers which is  prunschwig, B. S.. & Sutin, N. (1989). Am. Chem. Soc. 111
observed with TMADH is not an isolated phenomenon.  7454-7465.
Examples of intramolecular electron transfer reactions whoseBy(rfgé S-BM-, r?tankfvigg,slgﬂz.g_.,sls-ig;ain, M., & Davidson, V. L.
i indi iochemistry .

ratestaée Elz_?lntro”ed by IIg?nd binding havte also beteﬁ Cappellos, C., & Bielski, B. H. J. (1972Kinetic Systems:
reporied. 1he presence ol excess pyruvate, a reaclion  yiyihematical Description of Chemical Kinetics in Solution
product, significantly reduces the rate of intramolecular  wiley-Interscience, New York.
electron transfer between FMN and heme in flavocytochrome Colby, J., & Zatman, L. J. (1974iochem. J. 143555-567.
b, (Hazzard et al., 1994). In ascorbate oxidase, oxygen Colby, J., & Zatman, L. J. (197Fiochem. J. 148513-520.
enhances the rate of intramolecular electron transfer betweerP2vidson, V. L. (1985)). Bacteriol. 164 941-943. .

d type 3 coppers (Farver et al., 1994). Therefore avidson, V. L., Husain, M., & Neher, J. W. (1986) Bacteriol
type | and typ PP . - ' 166, 812-817.

allosteric control oker by trimethylamine in TMADH may  Farver, O., Wherland, S., & Pecht, 1. (199%)Biol. Chem. 269
be representative of a more widespread motif for regulating 22933-22936. _
biologic electron transfer reactions. Gassner, G., Wang, L., Batie, C., & Ballou, D. P. (1994)

: . L . - Biochemistry 3312184-12193.
A final point which is raised by the observation of substrate Harris, T. K., Davidson. V. L., Chen, L., Mathews, F. S., & Xia,

inhibition in TMADH and attenuation okgr by excess Z.-H. (1994)Biochemistry 3312600-12608.
substrate is whether this may have any biological relevance.Hazard, J. T., McDonough, & Tollin, G. (1998iochemistry 33
During metabolism, the methylotrophic bacteritvin meth- 13445-13454.

ylotrophus W3A1 converts the carbon source, trimethyl- H”")’rg(-:'-i\rl ;Iteifé';%mgaDU Jé ':0';“5;4'_‘;- ;‘51& Singer, T. P. (1977)
f"‘m'”e' to dimethylamine and formaldehyde. Dimethylamine Hiromi, K. (1979)Kinetics of Fast Enzyme Reactiohkalsted Press,

is subsequently converted to methylamine and formaldehyde, New York.

and methylamine is then oxidized to ammonia and formal- Hoffman, B. M., & Ratner, M. A. (1987). Am. Chem. Sod 09,
dehyde. The formaldehyde is assimilated by either the ribose 6237-6243.

phosphate or serine pathway (Colby & Zatman, 1975). Kajpéiza'géé-_éi 1P apas, E. J., & Steenkamp, D. J. (1B&R)hem.
Formaldehyde, howev_er, ig also potential_ly very toxic to the Lim', L \],’V Shamalé, N., Mathews, F. S., Steenkamp, D. J., Hamlin,
cell. When the bacterium is presented with high concentra- R, & Xuong, N. H. (1986)J. Biol. Chem. 26115140-15146.
tions of trimethylamine, it is possible that the production of Owens, J. D., & Keddie, R. M. (1969) Appl. Bacterial 32, 338-
formaldehyde by TMADH might exceed the capacity of the _ 347.

i : : Ramsay, R. R., Koerber, S. C., & Singer, T. P. (19Bifchemistry
cell to assimilate formaldehyde. This would potentially be 26, 3045-3050.

fatal. Very often, key metabolic enzymes are regulated by ponits R. 3., & Hille, R. (1991). Biol. Chem266, 15244-15252.
the concentration of the product of an enzyme reaction by a Rohlfs, R. J., & Hille, R. (1994). Biol. Chem?269, 30869-30879.
negative feedback mechanisnwith this type of control, Steenkamp, D. J., & Mallison, J. (1978jochim. Biophys. Acta
when the level of the regulating metabolite reaches a _ 429 705-719.

sufficiently high concentration, it inhibits the key enzyme Ste%%gamp' D.J., & Gallup, M. (1978) Biol. Chem253 4086~

by binding to it at some regulatory site which is distinct from - steenkamp, D. J., & Beinert, H. (1982BJochem. J. 207233
the catalytic site. In the case of trimethylamine metabolism, 239,

it may not be wise to use formaldehyde as a regulatory signal Steenkamp, D. J., & Beinert, H. (1982Bjochem. J. 207241~

because of its potential toxicity. Alternatively, TMADH may 252. _ ) .
. . . . Steenkamp, D. J., Beinert, H., MclIntire, W., & Singer, T. P. (1978a)
have evolved a mechanism to avoid accumulation of this in Mechanisms of Oxidizing Enzym@nger, T. P., & Ondarza,

toxic compound by adopting this mechanism of substrate R N, Eds.) Vol. 1, pp 127141 Elsevier/North Holland Inc.,
inhibition to depress the levels of formaldehyde production  New York.

when excess substrate is present. Steenkamp, D. J., Mclintire, W., & Kenney, W. C. (1978bBiol.
Chem. 2532818-2824.
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