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ABSTRACT: Trimethylamine dehydrogenase (TMADH) is an iron-sulfur flavoprotein that catalyzes the
oxidative demethylation of trimethylamine to form dimethylamine and formaldehyde. It contains a unique
flavin, in the form of a 6-S-cysteinyl FMN, which is bent by∼25° along the N5-N10 axis of the flavin
isoalloxazine ring. This unusual conformation is thought to modulate the properties of the flavin to facilitate
catalysis, and has been postulated to be the result of covalent linkage to Cys-30 at the flavin C6 atom. We
report here the crystal structures of recombinant wild-type and the C30A mutant TMADH enzymes, both
determined at 2.2 Å resolution. Combined crystallographic and NMR studies reveal the presence of
inorganic phosphate in the FMN binding site in the deflavo fraction of both recombinant wild-type and
C30A proteins. The presence of tightly bound inorganic phosphate in the recombinant enzymes explains
the inability to reconstitute the deflavo forms of the recombinant wild-type and C30A enzymes that are
generated in vivo. The active site structure and flavin conformation in C30A TMADH are identical to
those in recombinant and native TMADH, thus revealing that, contrary to expectation, the 6-S-cysteinyl
FMN link is not responsible for the 25° butterfly bending along the N5-N10 axis of the flavin in TMADH.
Computational quantum chemistry studies strongly support the proposed role of the butterfly bend in
modulating the redox properties of the flavin. Solution studies reveal major differences in the kinetic
behavior of the wild-type and C30A proteins. Computational studies reveal a hitherto, unrecognized,
contribution made by the Sγ atom of Cys-30 to substrate binding, and a role for Cys-30 in the optimal
geometrical alignment of substrate with the 6-S-cysteinyl FMN in the enzyme active site.

Trimethylamine dehydrogenase (TMADH; EC 1.5.99.7)1

is an iron-sulfur flavoprotein fromMethylophilus methy-
lotrophus (sp. W3A1) that catalyzes the oxidative N-de-
methylation of trimethylamine by water with formation of
dimethylamine and formaldehyde (1):

The enzyme is a homodimer of molecular mass 166 kDa.

Each subunit contains one [4Fe-4S] center and one molecule
each of FMN and ADP [Figure 1A; (2)]. The FMN is bound
covalently through the C6 position of the flavin isoalloxazine
ring to a cysteine side chain at position 30 of the molecule
(3-6). The binding site for FMN is at the C-terminal end of
a parallelâ8R8 TIM barrel (2), in a similar position to the
FMN in flavocytochromeb2 (7) and old yellow enzyme (8).
An unusual feature of TMADH, however, is the high degree
of butterfly bending of the 6-S-cysteinyl FMN in the oxidized
enzyme (Figure 1B). It has been suggested that the flavin
conformation may exert fine control on the flavin reduction
potential (9). The possibility exists with TMADH that
butterfly bending of the flavin may be a consequence of
tethering the isoalloxazine ring to the protein via the thioether
bond of the 6-S-cysteinyl FMN.

TMADH has been cloned and sequenced (10); the structure
of the wild-type enzyme was determined at 2.4 Å resolution
(2) and reported on the basis of a partial amino acid sequence
(11),2 and the refinement has been extended to 1.7 Å
resolution (Mathews et al., unpublished). The wild-type
enzyme can be expressed inE. coli at high levels (10, 12)
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and binds stoichiometric amounts of ADP and fully intact
iron-sulfur centers noncovalently, but binds only substo-
ichiometric amounts of FMN covalently, at the level of 30-
50% (12). The remainder of the enzyme is incapable of
binding additional flavin. However, the flavinylated fraction
is fully active and behaves the same as the wild-type enzyme
under steady-state and stopped-flow conditions (12, 13). A
mutant of TMADH has been prepared and characterized in
which Cys-30 has been replaced by Ala. The mutant is active
in the demethylation of trimethylamine (12), but steady-state
turnover leads to progressive inactivation of the enzyme due
to the formation of 6-hydroxy FMN (13). A mechanism for
inactivation has been proposed involving the flavin imino-
quinone methide tautomer of FMN (14). Formation of the
tautomer is thought to enhance the electrophilicity of the C6
atom of the flavin. The covalent link between Cys-30 and
the C6 atom of the flavin thus prevents hydroxylation of the
flavin at the C6 position in the wild-type enzyme.

Like the recombinant wild-type enzyme, the C30A mutant
also binds FMN at a diminished level, as well as a full
complement of the iron-sulfur center and ADP (12).
Removal of the flavin from the C30A mutant using chao-

tropic agents is reversible, and reconstitution with FMN
restores full activity, but only up to the original level of
flavinylation (12). Single-turnover stopped-flow studies with
the nonphysiological slow substrate diethylmethylamine
(DEMA) have demonstrated that the C30A mutant TMADH
has approximately one-sixth the flavin reduction rate of wild-
type enzyme, although the dissociation constant for substrate
and other steps in the reductive half-reaction are essentially
unaffected (13).

In this paper, we present an analysis of the structural and
biochemical properties of recombinant TMADH and the
C30A mutant of the enzyme. The methods used for this
characterization include X-ray crystallography, stopped-flow
kinetic measurements,31P NMR, and computational chem-
istry. We demonstrate that the structure of the C30A mutant
is essentially identical to that of recombinant wild-type, thus
revealing that the 6-S-cysteinyl FMN does not facilitate
butterfly bending of the flavin isoalloxazine ring. Combined
crystallographic and NMR studies have been used to
demonstrate the presence of inorganic phosphate in the 5′-
phosphate binding site for FMN, thus explaining why
reconstitution of the deflavo protein with FMN is not

FIGURE 1: Structure of native TMADH. (A) Ribbon diagram of TMADH. The FMN, ADP, and iron-sulfur center are black stick figures.
This diagram was generated using RIBBONS (40). (B) Stereo diagram of FMN and the ligand, Cys-30, covalently attached to the C6
position of FMN. This diagram was generated using Turbo-Frodo (19).
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possible. Additionally, stopped-flow kinetic and computa-
tional methods are used to demonstrate and rationalize the
different kinetic behaviors of the C30A and wild-type
proteins observed with the physiological substrate trimethyl-
amine.

EXPERIMENTAL PROCEDURES

X-ray Crystallography.The recombinant wild-type and
C30A mutant proteins were prepared as described previously
(13). Crystals of both enzyme forms were grown by
macroseeding, starting with microcrystals prepared from the
native wild-type enzyme by the hanging drop method or by
crushing a single crystal (2). At least two rounds of seeding
were carried out in both cases to ensure thorough dilution
of the original seeds. Data from each recombinant form were
recorded at room temperature on a Xuong-Hamlin area
detector to 2.2 Å resolution using a Rigaku RU200 rotating
anode X-ray source, as described previously (2). The crystals
were isomorphous with the native wild-type enzyme, space
groupP21 with unit cell parametersa ) 148.1 Å,b ) 72.0
Å, c ) 83.8 Å, andâ ) 97.7°, and contained one homodimer
of TMADH in the asymmetric unit. The data were reduced
and scaled using software developed at the University of
California, San Diego (15). The data collection statistics are
presented in Table 1.

The recombinant native and C30A structure factors were
each locally scaled to the 1.7 Å native TMADH data

(Mathews et al., unpublished results) using the ROCKS
program package (16) as implemented for the VAX computer
(17). Isomorphous difference electron density maps were
computed using Fourier coefficients: [FR(h) - FN(h)] exp[-
iRN(h)] whereFN(h) andFR(h) are the native and recombinant
wild-type or C30A mutant structure factor amplitudes and
RN(h) is the native protein phase angle, calculated from the
1.7 Å model of TMADH.

Refinement of the native and C30A structures was carried
out using X-PLOR (18) on a Silicon Graphics (SGI)
Challenge computer; model building was carried out using
Turbo-Frodo (19) on an SGI graphics workstation. Weak
noncrystallographic symmetry (NCS) restraints were intro-
duced into the refinement (with NCS weights) 20), and
the differences betweenB-factors for bonded atoms were
restrained (target standard deviations of 2 Å2 for main chain
atoms and 2.5 Å2 for side chain atoms).

NMR Methods.31P NMR spectra were recorded at 30°C
using a Bruker AMX600 spectrometer at 242.94 MHz in a
5 mm inverse probe head. All NMR spectra were acquired
using a 90° pulse width of 12µs, with broad-band proton
decoupling, and with pulse intervals of 1.5 s. The chemical
shifts were referenced to trimethyl phosphate at 0 ppm. The
data were processed with a Gaussian window function and
using a line-broadening of 40 Hz. For the31P NMR
experiment, the protein was prepared by first dialyzing
exhaustively against 20 mM diethylmalonic acid, pH 7.5, in
order to remove free phosphate ions from the sample. The
final NMR sample was dissolved in 20 mM diethylmalonic
acid, in D2O, pH 7.5, at a final concentration of 1 mM.

Kinetic Methods.Rapid kinetic experiments were per-
formed using an Applied Photophysics SX.18MV stopped-
flow spectrophotometer as described previously for the wild-
type (20) and C30A enzymes (13). Absorbance changes were
analyzed using nonlinear least-squares regression on an
Archimedes 410-1 microcomputer using Spectrakinetics
software (Applied Photophysics). Experiments were per-
formed by mixing TMADH in buffer of the desired pH with
an equal volume of trimethylamine at the desired concentra-
tion in the same buffer. The concentration of substrate was
always at least 10-fold greater than that of TMADH, thereby
ensuring pseudo-first-order conditions. For each substrate
concentration used, at least four replicate measurements were
collected and averaged. Substrate-reduced TMADH is quite
stable to reoxidation in aerobic environments [half-life about
50 min; (21)], and consequently these stopped-flow experi-
ments were carried out under aerobic conditions. The
observed rate constants for flavin reduction for the C30A
TMADH were found to exhibit hyperbolic dependence on
substrate concentration, and the reaction sequence was
modeled as shown in the general scheme:

Data were then fitted to obtainKd andkred values usingkobs

) kred[S]/(Kd + [S]) (22). This simplified equation assumes
an irreversible chemical step and is justified, since the fit to
experimental data passes through the origin. As noted
previously for the wild-type TMADH at pH 7.5, the
concentration dependence of the reaction rate deviates

Table 1: Data Collection and Refinement Statistics for
Recombinant Wild-Type and C30A Mutant TMADH Enzymes

recombinant
TMADH

C30A TMADH
mutant

data collection
resolution (all/outer)

(Å)
50.0-2.22/

2.32-2.22
50.0-2.22/

2.32-2.22
no. of reflections 81423 81611
completeness (all/outer)

(%)
93.8/70.9 93.4/71.7

Rmerge(all/outer) (%)a 5.2/13.2 5.5/12.3
〈I/σ(I)〉 (all/outer)b 17.0/4.4 22.2/6.4
redundancy (all/outer) 3.2/2.2 4.0/2.4

refinement
resolution (Å) 8.0-2.2 8.0-2.2
Rc 13.9 13.9
Rfree

c,d 18.5 18.7
no. of protein atoms

(non-H)
11614 11612

〈B〉 (main chain
atoms) (Å2)

21.3 20.8

〈B〉 (side chain
atoms) (Å2)

19.5 23.4

rms∆B (main
chain-main chain) (Å2)

2.1 1.9

rms∆B (side
chain-side chain) (Å2)

3.6 3.3

no. of solvent molecules 653 661
〈B〉 (Å2) 28.7 28.5
rms deviation,

bond lengths (Å)
0.008 0.008

rms deviation,
bond angles (deg)

1.40 1.56

a Rmerge) ΣhΣi|I(h) - Ii(h)|/ΣhΣiI i(h), whereIi(h) andI(h) are theith
and mean measurement of reflectionh, respectively.b I/σ(I) is the
average signal-to-noise ratio for merged reflection intensities.c R )
Σh|Fo - Fc|/ΣhFo, whereFo and Fc are the observed and calculated
structure factor amplitudes, respectively, of reflectionh. d Rfree is the
test reflection data set, about 10% selected randomly for cross-validation
during crystallographic refinement (37).

TMADHox + TMA y\z
Kd

TMADHox‚TMA98
kred

TMADHred + P (1)
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slightly from a simple hyperbolic expression (23). The
chemical step for wild-type TMADH is irreversible, and the
condition k1[S] + k2 . kred is not met [whereKd ) k2/k1

(23)]. For native TMADH, the equation derived by Hiromi
was therefore used in data fitting (24), but in the simplifying
limit where electron transfer to native TMADH is irrevers-
ible.

Computational Methods.To aid in the interpretation of
the kinetic results, computational chemistry studies were
carried out on two different flavinsslumiflavin (a model
system for the flavin present in the C30A TMADH) and C6-
methylsulfanyllumiflavin (a model system for the flavin in
wild-type TMADH)susing the software package PC Spartan
Plus (Wave function Inc., Irvine, CA). Geometry optimiza-
tions, followed by ab initio calculations, were performed
using the Hartree-Fock self-consistent field method with
the 3-21G* basis set. To investigate the role in modulation
of reduction potential by the butterfly bend in the flavin,
two sets of calculations were performedsone with all the
atoms in the lumiflavin and C6-methylsulfanyllumiflavin free
to move (i.e., no atom positions were fixed), and one with
all the non-hydrogen atoms fixed to their positions in the
crystallographically determined butterfly bent conformation.
Electrostatic isopotential surfaces were then calculated, the
electrostatic potential was mapped to the molecular surface,
and the energy of the lowest unoccupied molecular orbital
(LUMO) was calculated. Two-electron reduction potentials
were calculated from the energy of the LUMO using the
relationship (25):3

RESULTS AND DISCUSSION

X-ray Crystallography: Difference Electron Density Maps.
For both the recombinant wild-type and the C30A mutant
crystals, almost all of the significant isomorphous difference
electron density, for which|F| > 4σ(F) [where F is the
electron density andσ(F) is the standard deviation ofF and
is approximated by the root-mean-square (rms) electron
density], is located in two slab-shaped volumes, approxi-
mately 20× 15× 10 Å3 in size, and located near the center
of the FMN positions. Elsewhere the maps are essentially
featureless.

The isomorphous difference map between the recombinant
and wild-type TMADH shows a region of strong negative
electron density surrounding the FMN in both subunits
(Figure 2A). This negative density can be explained by the
low level of flavin incorporation, estimated to be about 40%
from the visible absorption spectrum as compared to the wild-
type enzyme (12). One important feature of the difference
density is that it does not envelop the phosphate group of
FMN. This suggests that the phosphate binding sites are fully
occupied in the recombinant enzyme, either by the phosphate
of FMN or by inorganic phosphate or other similar anions

present in theE. coli cells during protein synthesis. The most
negative point of the difference density [-21σ(F)] coincides
with the sulfur atom of cysteine-30, the covalent ligand to
the C6 position of the flavin ring. There is a positive peak
[10 σ(F)], not shown near the Cys-30 Câ atom, which is
related to the negative peak by a rotation of about 105° about
the CR-Câ bond, and probably represents an alternate site
for the sulfur atom, indicating that Cys-30 is partially
disordered in the nonflavinylated portion of the enzyme.

The isomorphous difference electron density for the C30A
mutant is very similar to that of the recombinant enzyme
(Figure 2B). In particular, the magnitude of the density over
the flavin ring and ribityl chain is roughly the same as that
in the recombinant protein, indicating approximately the same
level of flavinylation. At the phosphate site, the difference
density is also low in magnitude, again suggesting full
occupation of this site, either by inorganic phosphate or by
a similar anion. The negative electron density [at-37 σ(F)]
at the site of the C30 sulfur atom of the wild-type protein is
greater in magnitude than in the recombinant enzyme, by
nearly a factor of 2. The increased magnitude of the
difference density at the sulfur site reflects the replacement
of this residue by alanine.

Qualitative evaluation of the two difference maps shows
that significant negative difference electron density largely
surrounds the riboflavin moiety, or is associated with a few
side chains such as Arg-222, Met-362, and Trp355 (in
addition to Cys-30 Sγ mentioned above), all in the active
site, plus a few isolated peaks. The positive difference
electron density consists mostly of discrete spheres that are
isolated from the polypeptide chain and are adjacent to the
FMN moiety. These positive peaks could represent water
molecules present in the deflavo fraction of the protein that
occupy space near the vacated volume of the FMN. In a
few instances (for example, near Trp-355), there is paired
positive and negative density that might indicate slight
movement of the side chain with respect to the native wild-
type enzyme.

Structure Refinement. Since crystals of both recombinant
forms of TMADH were isomorphous with the native, their
structures were refined directly, starting from the coordinates
for the native structure, but with solvent molecules and the
Sγ atom of Cys-30 omitted. After 100 cycles of positional
and 30 cycles of temperature factor refinement, the conven-
tional R-factors (andRFree) were 0.192 (0.249) and 0.193
(0.255), respectively, for the recombinant and C30A mutant
crystals. Further refinement using simulated annealing,
followed by interactive model building and solvent place-
ment, was carried out using electron density maps calculated
with Fourier coefficients 2Fo - Fc, whereFo andFc are the
observed and calculated structure factors, respectively.

The refined models of the wild-type recombinant and
C30A TMADH structures have excellent geometry (Table
1). The Ramachandran plots indicate that 99.9% of the non-
glycine and non-proline residues of the recombinant and
100% of these residues for the C30A mutant are in the most
favored and additionally allowed regions (26) and none are
in disallowed regions of conformational space. The finalR
values (andRFree) are 0.137 (0.183) for the recombinant and
0.137 (0.184) for the C30A structures. Electron density maps
based on 2Fo - Fc coefficients for the recombinant and C30A
mutants in the region containing FMN are shown in Figure

3 It has been shown that there is good correlation between the
experimentally measured two-electron reduction potential and the
calculated LUMO energy in flavins for a variety of substituents at the
C8 position (25). This enabled the linear relationship in eq 2 to be
derived (25); eq 2 is specific to the 3-21G* basis set.

[two-electron reduction potential (mV)])
-241× [LUMO energy (eV)]- 60 (2)
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3A and Figure 3B, respectively. The refinement statistics
are presented in Table 1.

After initial refinement of the two structures, the average
B-factors for the riboflavin moiety of FMN in both subunits
differed from those of the ribityl phosphate groups (Table
2). In contrast, in both subunits of the native wild-type
enzyme the averageB-factors for the riboflavin and phos-
phate groups of FMN are nearly the same. In all cases, the
thermal parameters for subunit 2 are somewhat higher than
those for subunit 1. This disparity in temperature factors
suggested that the riboflavin portions of FMN are only
partially occupied, which is consistent with the interpretation
of the isomorphous electron density difference maps. To
obtain a quantitative estimate of this occupancy, the tem-
perature factors of the FMN atoms in both structures were

set to the average FMNB-factors in the native 1.7 Å
resolution structure, and the occupancies of the riboflavin
moieties were refined. Positional and temperature factor
refinement was then repeated, and the occupancies were
again refined. The average FMN occupancies are 0.55 for
the recombinant wild type and 0.60 for the C30A mutant.
These values differ from estimates of the FMN content of
35% for the wild-type recombinant enzyme and of 20% for
the C30A enzyme based on solution spectra of the proteins
recorded prior to crystallization. The differences between the
estimations of flavin content based on the spectra and the
refined occupancy may result from some selectivity for the
flavinylated enzyme during crystallization.

Except for the decreased flavin content and the disorder
or absence of the C30 side chain, both of the recombinant

FIGURE 2: Stereoscopic view of isomorphous difference electron density maps. (A) Recombinant minus native wild type. Blue contours are
drawn at-5 σ and red contours at-15 σ. (B) C30A mutant minus native TMADH isomorphous difference map. Blue contours are drawn
at -5 σ and red contours at-25 σ. This diagram was generated using Turbo-Frodo (19).
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structures are very similar to the native. The root-mean-
square difference in CR position is 0.12 Å. Both recombinant

structures consist of a random mixture of flavo and deflavo
enzyme. Thus, the refined structures will represent an average
of these structures.

31P NMR Studies and FlaVinylation of TMADH. The 31P
NMR spectrum of native, nonrecombinant TMADH shows
three peaks centered around 4.25, 1.0, and-11.13 ppm,
corresponding respectively to the31P resonance from FMN,
inorganic phosphate, and ADP (Figure 4). The inorganic
phosphate peak comes from the remnant phosphate ion in
the buffer. The integrated areas under the FMN and ADP
resonances suggest that the FMN and ADP contents in the
protein are approximately equal, consistent with the known
properties of the native enzyme. Recombinant TMADH

FIGURE 3: 2Fo - Fc electron density maps of TMADH in the vicinity of the FMN. Contours are drawn in green at 1σ. (A) Recombinant
native enzyme. The labels SG1 and SG2 refer to the sulfur positions of the two alternate conformers of Cys-30. (B) C30A mutant enzyme.
This diagram was generated using Turbo-Frodo (19).

Table 2: Average Refined Temperature Factors (Å2)a of Riboflavin
and Phosphate Components of FMN in Native and Recombinant
TMADH

subunit 1 subunit 2

phosphate riboflavin phosphate riboflavin

native 13.2 13.2 18.5 17.1
recomb 12.2 24.9 18.6 25.9
C30A 14.3 24.0 19.6 26.5

a The differences between temperature factors for the bonded atoms
of FMN were restrained as described under Experimental Procedures.

C30A Mutant of Trimethylamine Dehydrogenase Biochemistry, Vol. 39, No. 26, 20007683



produced a similar spectrum to the native protein, but with
two exceptions: there is an extra resonance at 0.14 ppm,
and the integrated area of the FMN signal is lower than that
of the ADP signal. Since all the NMR spectra were acquired
under identical conditions, it can be concluded that the
difference in the intensity reflects a lower content of FMN
in the recombinant protein, as shown by our previous results
(12). The extra signal at 0.14 ppm is attributed to the bound
inorganic phosphate group, thus confirming that phosphate
(and thus not, for example, sulfate) is the anion in the ribityl
5-phosphate binding site observed in the difference electron
density maps described above. The bound inorganic phos-
phate and FMN signals in recombinant wild-type TMADH
do not sum to full occupancy. The data, therefore, cannot
rule out the possible presence of small amounts of other
inorganic anions (e.g., sulfate) in the 5′-phosphate binding
site.

Covalent attachment of the flavin to the wild-type enzyme
is thought to be a self-catalytic event (12). The limitation of
the flavinylation of TMADH during overexpression inE.
coli was previously attributed to the inability of the organism
to deliver FMN at the site of protein synthesis rapidly enough
to keep up with the production of the enzyme. The inability
of the nonflavinylated products to add flavin in vitro was
believed to result from some type of misfolding, which could
not be reversed even by mild chaotropic agents such as
potassium bromide. The NMR results show that the binding
site for the ribityl phosphate of FMN is occupied by an
inorganic phosphate anion. Once bound, a phosphate ion

could be very difficult to remove because of its high affinity
for the site and the overall structural stability of TMADH.
Indeed, attempts have been made to remove the bound
inorganic phosphate anion from the ribityl phosphate binding
site. Various methods were tried, including (i) the use of
chaotropic agents such as potassium bromide, (ii) incubation
in the presence of calcium chloride, and (iii) more aggressive
procedures employing urea and guanidine hydrochloride; all
of these were without success. These observations thus
indicate that the inorganic phosphate anion is bound tightly,
as also suggested by the NMR data. Attempted reconstitution
of the deflavo fraction of TMADH (containing the inorganic
phosphate anion in the 5′-ribityl phosphate binding site) with
riboflavin was also unsuccessful.

The high affinity of the phosphate binding site may arise
from the numerous ionic and hydrogen bonding interactions
and the presence of a helix dipole near the ribityl phosphate
oriented with its positive end directed at the negatively
charged group [(2); Mathews et al., unpublished results]. The
stable folding of the TMADH molecule is evidenced by its
retention of secondary or tertiary structure even in the
presence of SDS (27). The fact that only the fraction of the
deflavinylated C30A mutant that originally contained flavin
is capable of rebinding free FMN (12) indicated that two
noninterconvertible forms of deflavo TMADH can coexist.
The fraction thought to be “misfolded” now appears to be
locked into a form in which the bound phosphate anion
cannot easily be replaced by FMN. Conversely, the revers-
ibility of FMN removal from the flavinylated portion of the
C30A mutant indicates that residual inorganic phosphate is
unable to bind to the deflavinyated fraction of the enzyme,
although FMN can bind. This suggests that there may still
remain some subtle structural difference between the two
enzyme forms. It may be possible in the future to find
appropriate partially denaturing conditions which will allow
phosphate to dissociate from the apoenzyme, yet will not
irreversibly disrupt the iron-sulfur cluster or the ADP
binding site. This might then lead to development of methods
to obtain full incorporation of FMN into recombinant
TMADH, facilitating complete structure analysis of a variety
of TMADH mutants.

Kinetic Studies of FlaVin Reduction and InactiVation.The
reactions of wild-type TMADH and the C30A mutant have
been investigated previously with the slow substrate dieth-
ylmethylamine (13). These studies revealed that the limiting
rate of flavin reduction was approximately 6-fold less with
the C30A mutant (80 s-1) compared with wild type (480
s-1) at pH 7.5. The rate of internal electron transfer to the
4Fe-4S center of TMADH and the rate of formation of the
so-called spin-interacting state were unaffected by the
mutation. No increase in the substrate dissociation constant
was observed with DEMA following mutation. However, it
is important to emphasize that DEMA is a slow, nonphysi-
ological substrate that binds with low affinity (Kd ∼ 5 mM)
to wild-type TMADH (13). Data for the reactions of wild-
type and C30A TMADH enzymes with the physiological
substrate trimethylamine are shown in Figure 5A. With
trimethylamine, major differences in the behavior of C30A
and wild-type enzymes are seen: the substrate dissociation
constant is raised about 100-fold (210µM and 21.6 mM for
wild-type and C30A, respectively), and the limiting rate of
flavin reduction is reduced about 30-fold (from 706 to 21.4

FIGURE 4: 31P NMR spectra of native nonrecombinant TMADH
and native recombinant TMADH. Upper spectrum, native nonre-
combinant TMADH; middle spectrum, native recombinant TMADH;
lower spectrum, buffer spiked with inorganic phosphate. The three
peaks centered around 4.25, 1.0, and-11.13 ppm correspond
respectively to the31P resonance from FMN, inorganic phosphate,
and ADP. The 1.0 ppm peak is assigned to residual unbound
inorganic phosphate, and the shoulder is assigned to enzyme-bound
phosphate.
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s-1). Thus, despite the fact that the active sites of wild-type
and C30A TMADH are essentially isostructural, the data
indicate that catalysis by the C30A enzyme is compromised
substantially as a result of mutation.

Kinetic studies involving modification of the 6-S-cysteinyl
FMN in both wild-type and C30A enzymes with 2,4-
dinitrophenylhydrazine provided further evidence for altered
reactivity of the 6-S-cysteinyl FMN. Wild-type enzyme is
readily inactivated by incubation with 2,4-dinitrophenylhy-
drazine (2,4-DNP) due to the formation of a 6-S-cysteinyl
FMN C4a phenyl adduct (28). Likewise, the C30A protein
is also susceptible to inactivation with this reagent (Figure
5B). However, the kinetics of inactivation for the wild-type
and C30A enzymes are clearly different: the wild-type
exhibits a second-order dependence on [2,4-DNP] (second-
order rate constant of 0.5 mM-1 s-1), whereas the reaction
of the C30A mutant displays saturation kinetic behavior with
respect to [2,4-DNP] (with a limiting rate of modification
of 0.74 ( 0.03 s-1 and an enzyme-2,4-DNP dissociation
constant of 1.1( 0.2 mM). Thus, the reactivity of the flavin
center to inactivation by 2,4-DNP is significantly affected,
suggesting electronic differences in the flavin isoalloxazine
ring arise as a result of mutation of Cys-30 to Ala.

Computational Studies. The computational studies built
on previous attempts to calculate the energies associated with
bending of oxidized and reduced flavins [e.g., (29, 30)], and
addressed three issues: (i) the role of the butterfly bend in
modulating the reduction potential of the flavin, (ii) the
reason for the ca. 100-fold increase inKd for TMA in C30A,
and (iii) the reason for the ca. 30-fold decrease inklim with
TMA in C30A. It is apparent from the structure of C30A
that the butterfly bend in the flavin does not result from
tethering the isoalloxazine ring to the protein via the thioether
bond of the 6-S-cysteinyl FMN. The reason for this energeti-
cally unfavorable nonplanar conformation of the isoallox-
azine is as yet unclear, but has been previously debated in
terms of modulating the flavin reduction potential [e.g., (9)].
Indeed, ab initio calculations on the unrestrained butterfly
bent conformation result in a planar conformation. Calcula-
tions on both the (energetically favorable) planar and
butterfly bent flavin conformations (Table 3) suggest that
the butterfly bend raises the two-electron reduction potential
from -220 to-10 mV in lumiflavin and from-174 to+17
mV in C6-methylsulfanyllumiflavin. This is in broad agree-
ment with experimental values for the two-electron reduction
potential of planar lumiflavin [-259 mV; (9)], 6-S-cysteinyl
FMN [-154 mV; (31)], and butterfly bent FMN incorporated
into TMADH [+40 mV; (32)], and suggests that the
formation of the 6-S-cysteinyl linkage plays only a minor
part in raising the reduction potential. Furthermore, it strongly
suggests that the butterfly bend is the major factor in raising
the two-electron reduction potential, and that effects of the

Table 3: Reduction Potentials and Atomic Charges for Oxidized Lumiflavin and C6-Methylsulfanyllumiflavin

planar flavin butterfly bent flavin

lumiflavin
C6-methylsulfanyl-

lumiflavin lumiflavin
C6-methylsulfanyl-

lumiflavin

LUMO energy (eV) +0.665 +0.475 -0.206 -0.321
calcd two-electron reduction potential (mV) -220 -174a -10 +17
exptl two-electron reduction potential (mV) -259b - - (+40)c

charge on C4a (e)d 0.153 0.164 0.025 0.033
charge on N5 (e)d -0.682 -0.702 -0.591 -0.597

a An experimental value for the reduction potential of 6-S-cysteinyl FMN has been measured at-154 mV (31), which is close to the value
calculated by computational methods for C6-methylsulfanyllumiflavin.b Hasford et al. (9). c Note that this is for C6-cysteinyl FMN incorporated
into TMADH; Barber et al. (32). d Calculated using Mulliken population analysis (38).

FIGURE 5: Concentration dependence of the observed rate for flavin
reduction by trimethylamine and inactivation by 2,4-DNP in wild-
type and C30A TMADH. Panel A: plot ofkobs as a function of
[TMA] for the wild-type protein;kred ) 706 ( 15 s-1, Kd ) 210
( 60 µM. Inset: data for the C30A TMADH;kred ) 21.4 ( 0.4
s-1, Kd ) 21.6( 1.3 mM. Reaction conditions: 100 mM potassium
phosphate buffer, pH 7.5, 30°C. Panel B: plot ofkobsas a function
of [2,4-DNP] for the wild-type protein; second-order rate constant
for flavin inactivation,k ) 0.5 ( 0.01 mM-1 s-1. Inset: data for
the C30A TMADH; limiting rate of inactivation,klim ) 0.74 (
0.03 s-1, Kd ) 1.16 ( 0.21 mM. Reaction conditions: 100 mM
sodium pyrophosphate buffer, pH 7.7, 30°C. Enzyme concentration
for all experiments was 4µM.
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protein environment (other than to induce the butterfly bend)
are relatively minor.

The computational studies also suggest that the observed
kinetic differences (a ca. 100-fold increase inKd and a ca.

FIGURE 6: Properties of lumiflavin (panels A, C, E, and G) and C6-methylsulfanyllumiflavin (panels B, D, F, and H). Panels A and B:
electrostatic potential mapped to the molecular surface of butterfly bent flavins; red corresponds to an electrostatic potential of-10 kcal
mol-1, green an electrostatic potential of 0 kcal mol-1, and blue an electrostatic potential of+10 kcal mol-1. Panels C and D: LUMOs of
butterfly bent flavins (note that red contours in panel D are equivalent to blue contours in panels C, G, and H, and vice-versa). Panels E
and F: electrostatic potential mapped to the molecular surface of planar flavins. Panels G and H: LUMOs of planar flavins. (Note that
C6-methylsulfanyllumiflavin and lumiflavin have been used as models of FMN in wild-type and C30A proteins, respectively.)
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30-fold decrease inklim) arise from a difference between wild-
type and C30A proteins in the electrostatic properties of the
flavin (Figure 6). These electrostatic differences arise due
to the presence or absence of the sulfur in the 6-S-cysteinyl
linkage to the FMN. In wild-type, with the sulfur atom
present, a region of negative charge extends from the C4
carbonyl to the C6 sulfur (Figure 6B), whereas in C30A the
corresponding region is significantly smaller, extending from
the C4 carbonyl to the flavin N5 (Figure 6A). Electrostatics
may play a major role in substrate binding, since substrate
is thought to bind as the protonated trimethylammonium
cation (20, 33). If this is the case, the computational data
suggest that the trimethylammonium cation will bind closer
to the C4 carbonyl in the mutant than in the wild type. The
precise mechanism of C-H bond cleavage remains to be
determined (20, 34). However, the formation of a covalent
substrate-flavin adduct has been proposed to follow cleavage
of the methyl C-H bond, and the breakdown of this adduct
is suggested to gate internal electron transfer from the flavin
to the 4Fe-4S center of TMADH (35). The identity of the
putative adduct is unknown, but the formation of a flavin
N5-substrate adduct has been proposed previously (35). An
alternative is the formation of a flavin C4a-substrate adduct,
which is consistent with C4a adduct formation with phenyl-
hydrazine known to occur with TMADH (28). Adduct
formation could in principle occur (i) after C-H bond
breakage (e.g., by homolysis or heterolysis), with the
oxidized carbon linking directly into the flavin N5, or (ii)
following deprotonation of the substrate nitrogen to release
the lone pair for nucleophilic attack at the flavin C4a. This
latter adduct would form prior to C-H bond breakage. The
mechanism of adduct formation as yet remains elusive as is
the mode by which the C-H bond in substrate is broken
[for a detailed discussion, see (20)]. However, analysis of
the LUMOs (Figure 6C,D) suggests that there is significant
orbital density on N5 and C4a in both lumiflavin and C6-
methylsulfanyllumiflavin consistent with adduct formation
at either of these two sites. However, the charge on N5 is
much more negative (<-0.5 e) than that on C4a (>0.0 e),
implying that C4a may be more likely than N5 for adduct
formation. If C4a is the site of adduct formation, this could
also help resolve the apparent paradox of why substrate is
thought to bind as the protonated trimethylammonium cation
[although this aspect remains to be formally demonstrated
(20)], and yet needs to lose this proton to form the adduct
(assuming adduct formation is the result of nucleophilic
attack initiated by the lone pair of electrons on the substrate
nitrogen atom). The positive electrostatic potential around
C4a could reduce significantly the pKa of substrate, which
would then become deprotonated, thus releasing the lone pair
for adduct formation. The same argument could apply to N5,
but the electrostatic potential at this location is less positive,
perhaps making this less likely. Also, the electrostatic
potentials (Figure 6E,F), and LUMOs (Figure 6G,H) of
planar flavin do not differ greatly from those of the butterfly
bent flavin, reinforcing the earlier statement that the principle
role of the butterfly bend is modulation of the reduction
potential.

Crystallographic studies have established that the nitrogen
atoms of the inhibitor tetramethylammonium chloride and
the substrate trimethylamine are positioned close to the flavin
N5 or C4a in wild-type TMADH (36). Given this structural

information, it becomes clear how the observed kinetic
differences between wild-type and C30A TMADH enzymes
might arise. First, since the negative charge on the flavin
close to the substrate binding site in C30A is significantly
reduced (Figure 6A,B), the electrostatic interaction between
the two becomes weaker, thus explaining the ca. 100-fold
increase inKd (in energetic terms∆GC30A - ∆GWT )
∆∆Gbinding ) -11.5 kJ mol-1). Second, it is easy to envisage
how in wild-type TMADH a positively charged substrate
would be located in the middle of the negatively charged
patch on the flavin, roughly above either N5 or C4a where
it is poised to form either the flavin N5-substrate adduct or
the flavin C4a-substrate adduct. However, in the C30A
protein, the substrate would bind closer to the C4 carbonyl,
and therefore not be optimally positioned to form the covalent
adduct, thus providing a rationale for the ca. 30-fold decrease
in klim.

CONCLUSIONS

Recombinant wild-type and C30A TMADH enzymes are
essentially isostructural. Thus, the thioether link to the flavin
C6 atom in wild-type enzyme is not responsible for the 20°
butterfly bending of the flavin. Nevertheless, the butterfly
bend is required to raise the reduction potential of the flavin
to correspond to the experimentally observed value. Tightly
bound inorganic phosphate is present in the deflavo fractions
of both recombinant enzymes, preventing reconstitution of
each enzyme in vitro by the exogenous addition of FMN.
The 6-S-cysteinyl link modulates the electrostatic potential
around C6 of the flavin isoalloxazine ring in wild-type
TMADH. The electronic distribution in wild-type enzyme
favors catalysis because the Sγ atom of Cys-30 provides an
additional electrostatic binding determinant for the protonated
substrate molecule and optimally aligns the substrate with
either the flavin N5 atom or the flavin C4a atom for electron
transfer to the flavin.

NOTE ADDED IN PROOF

The structure of a crystal of thioredoxin reductase from
E. coli has recently been described (39) that has been treated
with dithionite to give a reduced active-site disulfide and
reduced FAD which exhibits a butterfly bend of the flavin
ring of ∼35°. In this case, however, the FAD is non-
covalently attached to the protein and the large butterfly bend
appears to arise principally from reduction of the flavin ring
which is planar in the oxidized enzyme.
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