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ABSTRACT. The crystal structure of electron transfer flavoprotein (ETF) fi@aracoccus denitrificans

was determined and refined to &factor of 19.3% at 2.6 A resolution. The overall fold is identical to

that of the human enzyme, with the exception of a single loop region. Like the human structure, the
structure of thé>. denitrificansETF is comprised of three distinct domains, two contributed byxtsabunit

and the third from thg-subunit. Close analysis of the structure reveals that the loop contgii63gs

in part responsible for conferring the high specificity of AMP binding by the ETF protein. Using the
sequence and structures of the humanRrdenitrificansenzymes as models, a detailed sequence alignment
has been constructed for several members of the ETF family, including sequences derived for the putative
FixA and FixB proteins. From this alignment, it is evident that in all members of the ETF family the
residues located in the immediate vicinity of the FAD cofactor are identical, with the exception of the
substitution of serine and leucine residues in the W3A1 ETF protein for the human regit2@s and

BY16, respectively. Mapping of ionic differences between the humanPamtknitrificansETF onto the
structure identifies a surface that is electrostatically very similar between the two proteins, thus supporting
a previous docking model between human ETF and pig medium-chain acyl-CoA dehydrogenase (MCAD).
Analysis of the ionic strength dependence of the electron transfer reaction between either hifman or
denitrificansETF and MCAD demonstrates that the human ETF functions optimally atid@ fnequiv)

ionic strength, whileP. denitrificansETF is a better electron acceptor at highet76 mequiv) ionic
strength. This suggests that the electrostatic surface potential of the two proteins is very different and is
consistent with the difference in isoelectric points between the proteins. Analysis of the electrostatic
potentials of the human arRl denitrificansETFs reveals that the. denitrificansETF is more negatively
charged. This excess negative charge may contribute to the difference in redox potentials between the
two ETF flavoproteins and suggests an explanation for the opposing ionic strength dependencies for the
reaction of MCAD with the two ETFs. Furthermore, by analysis of a model of the previously described
human-P. denitrificanschimeric ETF protein, it is possible to identify one region of ETF that participates

in docking with ETF-ubiquinone oxidoreductase, the physiological electron acceptor for ETF.

The heterodimeric electron transfer flavoproteins (ETF)  Overall sequence similarity within the ETF family ranges
function as intermediate electron carriers between primary from about 25% among functionally unrelated ETF proteins
dehydrogenases and terminal respiratory systems. They havéo 60%-70% among functionally related heterodimets. (
been functionally classified by Weidenhaupt et &). iito The greatest amino acid sequence variation lies within the
“housekeeping” ETFs and those ETFs that are synthesizedamino-terminal region of the-(large) subunits, which forms
by prokaryotes under special nutritional conditions. The domain I, a domain that does not participate in cofactor
housekeeping ETFs function in the oxidation of fatty acids binding. Domain | was proposed to aid in the association of
and some amino acids and include those isolated fromdomains Il and Ill, in a manner that facilitates FAD binding
mammals 2) andParacoccus denitrificang3, 4). The second  (10). On the other hand, the primary sequence of the
group functions in the oxidation of secondary metabolites carboxyl-terminal region of thex-subunits of the entire
such as trimethylamine5) carnitine 6, 7) and in nitrogen  syperfamily retains extremely high sequence identity. The
fixation (8). In the latter case, the ETF protein is proposed three-dimensional structure of human ETF shows that the
to link substrate oxidation to the reduction ofchbs-type FAD prosthetic group is bound almost exclusively by the
terminal oxidase to provide energy for nitrogen fixati@ ( C-terminal domain of thex-subunit, though the dimethyl-
benzene ring of the flavin does make van der Waals contact
* This work was supported by NIH Grants GM29076 (J.-J.P.K.) and With some residues within th@-subunit (0). Oxidation/

D}§49726 (F.E.F.) and NRSA Grant DK09157 (D.L.R.). reduction potentials for the oxidized/semiquinone form of
The PDB accession code is 1EFP. the FAD cofactor vary among the ETF family, with the
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§ Medical College of Wisconsin. human (1) and pig (2) proteins residing around 0 mV,
'University of Colorado Health Sciences Center. while the W3AL1 protein has a potential of approximately
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+200 mV (13). Despite this wide range of redox potentials, analysis of the AMP binding site indicates that the loop
the residues in the immediate vicinity of the FAD moiety containing3163 is in part responsible for binding AMP, while
are highly conserved throughout the family, with the excep- diminishing the binding of other nucleotides, such as IMP
tion of substitutions ofxT266S andsY16L (human ETF or GMP. Together with previously determined sequences for
numbering) by the W3A1l protein andH286P by the other members of the ETF superfamily of proteins, we have
Megasphaera elsdenprotein. Substitution in the human constructed a structure-based sequence alignment to identify
protein of 5Y16 with a leucine residue does change the conserved regions in the three-dimensional structure. Analy-
fluorescence spectra observed for the purified protein butsis of the structural alignment reveals regions where elec-
has little effect on the redox potential for the FADY. This trostatic differences occur between the proteins. From this
suggests that, at least between the human and W3A1 ETFanalysis, we have identified several surface residues that may
proteins, the residues in the immediate vicinity of the flavin participate in the association of the human ETF with ETF-
do not play the exclusive role in modulating the difference QO and support previous modeling studies for the docking
in redox potentials observed. Adenosirdentonophosphate  of ETF and MCAD (@0). In addition, from the differences
has been identified in the ETFs from denitrificansand in electrostatic potentials for the human a@hddenitrificans
human (5), pig (16), and the methylotrophic bacterium ETF structures, we propose an explanation for the contrasting
W3AL (17, 18. This nucleotide, apparently involved in the ionic strength dependencies of the reaction of humarnPand
folding of ETFs (5, 16, 18, is bound exclusively within  denitrificansETFs with porcine MCAD. Finally, this paper
the fB-subunit, as determined by the three-dimensional includes a study of the ionic strength dependence of the
structure of the human enzym#0j. kinetic properties of the humaR, denitrificansand chimeric
Mammalian andP. denitrificansETFs can substitute for ETF.
each other in several redox reactions, which is not surprising
given the high amino acid sequence identity/similarity within MATERIALS AND METHODS
the vicinity of the flavin that can be inferred from the human
ETF structure. However, there are significant functional e < ! ;
differences between the two proteirs. denitrificansETF P. denitrificansETF was purified and crystallized as previ-
will function as an electron acceptor for mammalian medium- OUSly described 4, 23. Briefly, cDNAs encoding ETF
chain and short-chain acyl-CoA dehydrogenases but will not SUPUNits were inserted into pBluescript Skexpressed in

oxidize a mammalian dimethylglycine dehydrogenase. Also, EScherichia coliDH5a, and the resulting ETF protein was
P. denitrificans ETF was previously reported as being Purified by chromatography on DEAE Bio-Gel and hydroxyl-

incapable of transferring electrons to a mammalian ETF- aPatite. TheAxzonn{Aszenm ratio of the purified protein used
ubiquinol oxidoreductase (ETF-QO), although mammalian for crystallization studies was 5.8. For crystallization studies,
ETF will reduceP. denitrificansETF-QO @). Previously, a the purifiedP. denitrificansETF protein was dialyzed and

chimeric human-ParacoccusETF protein was constructed ~ concentrated against 10 mM Tris, pH 7.4. Crystals were
in which the first 84 residues of the humgrsubunit were ~ formed by vapor diffusion using the hanging drop technique

substituted by those of the. denitrificanssequence10). (24) by mixing equal volumes of the purified ETF protein
While this region still retains 64% sequence identity with (12 mg/mL) with the precipitating solution [18% (w/v) poly-
the original human ETF protein, this chimeric ETF was found (€thylene glycol) (PEG) 8000, 25 mM KRQ,, 100 uM
to be markedly diminished in the reaction between ETF and FAD, and 5 mM MgCj, final pH of 5.8] and equilibrating
ETF-QO, suggesting that residues within the N-terminal 29&inst the precipitating solution at 1€.
portion of theB-subunit are necessary for interactions with ~ X-ray Diffraction Data CollectionAll data collection was
ETF-QO (19). Furthermore, the redox behavior &. performed using Cu & radiation from a Rigaku Rotaflex
denitrificansETF is different from mammalian ETFs. The rotating anode generator (RU-200) operating at 50 kV and
redox potentials of the bacterial ETF have not been directly 100 mA with a graphite monochromator. TRedenitrificans
determined; however, the formation constants of 1.6 for the ETF crystal was mounted in a thin-walled glass capillary
human and 1.41.6 for the porcine ETF flavin semiquinones tube, and diffraction data to 2.6 A resolution were collected
on a single crystal at 24C on an R-axis IIC image plate
ETF,, + ETF,. = 2ETF detector system. Still photographs indicated that the crystals
belong to the orthorhombic space groBp,2;2;, with unit
are approximately 2-fold greater than the corresponding valueCell parametera = 70.43 A,b = 80.53 A, andc = 183.97
of 0.7 for the bacterial ETF semiquiononksy. This result . Assuming twoo,5 heterodimers per asymmetric unit, the
indicates that the separation in the potentials of the two redoxcalculatedvy, value is 2.3 A/Da (25). The oscillation method
couples for the bacterial protein is less than the correspondingWas used for data collection, using 1dscillation per frame
difference for the human and pig ETFs. at a crystal to detector distance of 200 mm with 2 9°.
Recent studies of bacterial flavodoxins have provided Data reduction and scaling were performed using the HKL
insight regarding factors that modulate redox potentials in Package Z6), and data set statistics are given in Table 1.
flavoproteins, including stacking of aromatic amino acid  Structure DeterminationThe structure oP. denitrificans
residues with the flavin ring, conformational changes and ETF was solved by the molecular replacement mett23 (
solvent accessibility, and charge dipolg822). To assess  using the X-PLOR program packageg]. P. denitrificans
the nature of the differences between fedenitrificans ETF shares approximately 54% amino acid sequence identity
and human ETF proteins, and to relate these differences withwith human ETF; therefore, the refined coordinates of human
the overall structure, we have determined the three- ETF were used as the search model (PDB code 1EFV). None
dimensional structure of thE. denitrificansETF. Close of the amino acids from the human ETF model were replaced

Purification and Crystallization of P. denitrificans ETF.
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Table 1: Data Collection Statistics

parameters wild type

resolution (A) 2.60
total no. of reflection® 118452
unique reflections 28666
Reym (%)° 5.4
completeness (%) 87.8
space group P212:12;
unit cell dimensions (A)

a 70.43

b 80.53

c 183.97
final R-factor (%) 19.3
Reree (%) 28.6
no. of water molecules 101
deviations in rms geometry

bond length (A) 0.007

bond angles (deg) 14

2 For all reflections withl/o > 0. ® Ryym = Z|I — OV summed
over all observations of all reflections.

with the corresponding residues from fedenitrificansETF
prior to performing the search.

(1) Rotation Searchwith a single heterodimeric human
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density map and were within at least 3.3 A of a potential
hydrogen-bonding partner.

Sequence Alignment&mino acid sequences that are
homologous to that of ETF were identified using the BLAST
search algorithm using the sequence for human ETF as the
search probe. Multiple alignments were then performed using
the BESTFIT program of the GCG package (Wisconsin
Package release 7.3, Genetics Computer Group, Madison,
WI). The alignments were manually modified by attempting
to place all gaps and insertions out of areas of secondary
structure and into the more variable loop regions. The
alignment between the human aAddenitrificansETFs was
based entirely on the three-dimensional structural overlap
of the two proteins.

Electrostatic Potential CalculationdMolecular surfaces
and electrostatic mapping were generated by the program
Delphi within the Insight Il package (Insight Il Users Guide,
1995, Biosym/MSI, San Diego, CA) and viewed with the
program GRASP 30). The electrostatic potential was
calculated using a simple version of a Poiss&oltzmann
solver and mapped at the surface by means of a color ramp.
Electrostatic potentials were calculated at the indicated ionic

ETF molecule as the probe, a cross-rotation search wasstrengths, at a constant pH of 8.0. Dielectric constants used
conducted using the Patterson search procedure as implewere 2 and 80 for the interior and exterior of the proteins,

mented in the X-PLOR package. Dimensions of the artificial
cell searched wera = b = ¢ = 180 A, and the angular
search interval was set to 2.5The 8430 reflections whose
intensities were greater thaw # the resolution range ¥4

A were used.

(2) Translation Searchlhe translation search was carried

respectively.

Redox Potential Determinationhe redox potential of
P. denitrificans ETF was determined at 10C by the
xanthine/xanthine oxidase method as descril3)l Reac-
tions contained 10 mM potassium phosphate, pH 7.0, 10%
glycerol, 250uM xanthine, 50 nM xanthine oxidase w2/

out using the search molecule with Eulerian angles that gavePenzyl viologen, 15204M ETF, and pyocyanine equimolar
the highest peak in the rotation search (147.65, 27, 102.65)With ETF. PyocyanineE” = —34 mV) was synthesized
and employed a standard linear correlation coefficient from phenazine methosulfate as described by Mcllwai). (
between normalized, observed structure factors and normal-The concentration of oxidized pyocyanine was determined

ized, calculated structure factors. Diffraction data with a
resolution between 15 dr A were used, and searches were
performed in the range y = 0—0.5 andz = 0—1.0, with a
sampling interval of 2 A,

Structure RefinemenRefinement was carried out using
iterative cycles of X-PLOR energy minimization followed
by manual fitting and rebuilding on a Silicon Graphics
workstation using TURB©FRODO graphics softwar@9).

In general, one round of X-PLOR refinement consisted of
rigid body minimization, Powell positional refinement, a
slow-cool simulated annealing beginning at 3000 K, and a
second positional refinement. Later cycles also included
refinement of the group and/or individual temperature factors.
The two molecules in the asymmetric unit were refined using
noncrystallographic symmetry (NCS) restraints until the
R-factor was approximately 25%, at which point the NCS
restraints were relaxed from a value of 360 kcal mot?
A-2. When theR-factor reached 21%, the NCS restraints
were further relaxed to 10 kcal madlA-2

After each cycle of X-PLOR refinement, bothFg| — |F|
and |F,| — |F¢| difference Fourier maps were calculated.

by the absorbance at 690 negdpnm= 6.2 x 10° M~1). The
potentials of the flavin redox couples Bf denitrificansETF

are not widely separated. ), and after correction for the
dye absorbance at 370 nm, it was not possible to detect
stabilization of significant levels of semiquinone and the
isosbestic point of the oxidized and semiquinone species at
482 nm was rapidly lost. Therefore, the data were calculated
USINgA€ox—ng = 11.2x 10* Mt at 436 nm and were treated
as the overall potential for a two-electron transfer. Data were
plotted according to MinnaerB8g).

Enzyme AssaysThe steady-state rate of reduction of
human andP. denitrificans ETFs by pig MCAD was
determined fluorometrically under anaerobic conditions as
described 34). The reaction between the ETFs and pig ETF-
QO was assayed by the catalyzed disproportionation ETF
semiquinone reactior8p). The effect of ionic strength on
both activities was determined by varying the NaCl concen-
tration in the assay mix.

RESULTS AND DISCUSSION

Molecular Replacement SolutiorfPatterson correlation

When needed to clarify problematic regions, simulated refinement of the 100 strongest peaks from the rotation search
annealing difference Fourier omit maps were calculated resulted in the emergence of only one strong peak, with a

starting at 1000 K. These maps were then used to carry outPatterson correlation of 0.085. From this, the search model
manual fitting and rebuilding of the model. At later stages with the Eulerian angle®,, 0,, 6; = 147.65, 27, 102.65

of refinement, water molecules were assigned when densitiesvas chosen for the translation search. The translation search
greater than @ were observed in th@,| — |F.| electron yielded a single peak at 30.36, 8.68, 151.23 A along the
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Table 2: Refinement Progress

rounds of no.of  noncrystallographic
X-PLOR R-factor Ryee resolution reflections symmetry wt
refinement (%) (%) A) (Iloc > 3)  (kcal moFrtA~?)

starg 43.4 nd 15.6-3.0 19167 na

1° 275 385 15.62.6 26506 na

2¢ 29.3 37.1 15.62.6 23824 300

3d 257 34.1 15626 26506 300

4-5 23.1 32.6 10626 26105 300

6° 19.3 28.6 12.62.6 25185 100 main chain/5

side chain

aThe starting molecule begins after location of the noncrystallo-
graphic symmetry axis and consists only of rigid-body refinement. This
model also consists entirely of the human ETF sequéehitthis stage,
all of the residues for thB. denitrificansETF have been inserté®egin
using noncrystallographic symmetry restraidtBeginning with round
3, grouped-factors were refined at the end of each cy€l#01 water
molecules were added beginning at round 6. At this time, NCS restraints
were relaxed from 300 to 100 for main chain and from 300 to 5 for
side chains.

crystallographic axes, b, andc, with a peak height/ of
19.6. The initialR-factor was 49.1%, with only one of the
two heterodimers within the asymmetric unit.

Location of the Noncrystallographic Symmetry Axis.
Neither a self-rotation function nor cross-rotation search
revealed the location of the noncrystallographic symmetry
axis, suggesting that the noncrystallographic 2-fold axis is
parallel to a crystallographic axis. In an attempt to locate
the position of the second molecule of ETF within the
asymmetric unit, a self-Patterson map was calculated, reveal
ing a large peak at 0, 0.48, 0.22, with a magnitude
corresponding to 8% of the origin peak, thus locating the
Patterson vector between the two noncrystallographically

related molecules. This Patterson vector was applied to the

solution from the translation search, and the four crystal-
lographic symmetry operations were applied to the resultant
molecule. From this, one molecule was identified that was
related to the original molecule by a 2-fold rotation axis
located atx, z= 0.50, 0.11, and approximately parallel to
the y-axis.

Refinement of the Structure of P. denitrificans EOrnce
the crystallographic 2-fold axis was established, the molec-
ular replacement phases were improved, reducingRhe
factor from 49.1% to 43.4%, by simply employing only one
round of energy minimization consisting of rigid-body
refinement. At this stage, manual rebuilding of the model
was performed. The correct residuesRodenitrificansETF

Roberts et al.

Ficure 1: Ribbon diagram of th@®. denitrificansETF structure.
The structure is comprised of three distinct domains. Domains |
and |l are contributed by thex{subunit) (cyan/blue ribbon), while
domain Ill is made up exclusively by the (beta) (red/rose). FAD
(orange ball-and-stick model) binds in a cleft formed by domains
Il'and Ill, while AMP (green ball-and-stick model) binds exclusively
within domain Ill. For clarity, only helices mentioned in the text
are labeled. All ribbon models were generated using the program
RIBBONS (36).

between 12.0 and 2.6 A resolution witly > 1.0. The final

model of theP. denitrificansETF protein, complete with
one molecule of FAD and AMP and not including the 101
water molecules, contains 8192 non-hydrogen atoms. Begin-
ning in the a-subunit withaA2, the density is continuous
throughout the entire polypeptide chain, ¢d.308. The

SB-subunit, beginning witlBM1, shows continuous density

through residugfL246, with no observed density for the
carboxyl-terminal six residues (KEAGVI).

The statistics for theP. denitrificansETF protein are
reported in Table 1. The averaBedactor value for the main-
chain polypeptide backbone is 26.9, And the average side-
chain B-factor is 29.1 A Ramachandran plot analysis
indicates that, for main-chain dihedral angles, 87% of the
residues reside in the most favored regions, while none are
observed in disallowed or generously allowed regions. In
the human structureyK226 falls in the disallowed region
of the Ramachandran plot, due to crystal packing contacts

were inserted in the structure when density was observed in(10). The corresponding residue fh denitrificansETF is a

the difference Fourier maps. When no clear density was

glycine residue ¢G204) and therefore does not have any

observed for the side chains, an alanine was modeled intodinedral restraints. The root-mean-square (rms) deviations

the structure. After two cycles of energy minimization,
consisting of rigid-body, Powell positional, and simulated
annealing refinement, and manual rebuilding of the model,
the entire sequence for tiRe denitrificansETF was correctly
incorporated into the model. THefactor at this point was
27.5%, with a freeR-factor of 38.5% for the 26 506
reflections between 15.0 and 2.6 A resolution with >

3.0. Table 2 indicates the refinement progress with the
structure determination &. denitrificansETF. After a total

of six repetitive cycles of energy minimization refinement
followed by manual adjustment of the model, the final
R-factor after the addition of 101 water molecules was 19.3%,
with a free R-factor of 28.6% for the 25 185 reflections

from ideal values of the bond lengths and bond angles of
the ETF model are 0.007 A and 2,4espectively.

Description of the P. denitrificans ETF Structurés
shown in Figure 1, the overall fold of the. denitrificans
ETF protein is identical to that of the human ETF protein.
The rms deviation between the main-chain atomsPof
denitrificans ETF and human ETF is 0.56 A, excluding
variable loop regions (410 of the 543 total residues). As with
the human ETF protein, the structure of fedenitrificans
ETF protein consists of three distinct domains. Domains |
and 1l comprise the N- and C-terminal portions of the
o-subunit, respectively, while domain Il consists entirely
of the -subunit (L0). FAD resides in a cleft between the
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C-terminal half of thea-subunit (domain Il) and the
B-subunit (domain 111), while AMP lies entirely within the
fB-subunit.

While the overall topology is essentially identical between
the human an®. denitrificansETF structures, there are two
structural differences that are worth noting. The first involves
comparing the overall fold of the two proteins. The only
difference in the fold of theéP. denitrificansETF protein
compared to the human form is a loop located within the
f-subunit, between residug80 andf96. In theP. denitri-
ficans ETF structure this loop is in the form of a random
coil, while in the human structure this region folds into an
o-helix. The role of this region is not clear, since this is a
highly variable region in all the sequences of the ETF family
of proteins (see below).
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located within a helical dipole at the N-terminal end of helix
E. It forms several hydrogen bonds with the protein,
including residues A123, N126, N129, A130, and T131, all
from the -subunit. Failure of the nucleoside adenosine to
bind to the apo-ETF protein is presumably due to the loss
of these interactions with the phosphate moiety. For both
IMP and GMP, N1 of the purine ring is protonated, while
N1 in AMP is not. The N1 of AMP is a hydrogen bond
acceptor for the backbone amide63. In the case of IMP
and GMP, the presence of the N1 hydrogen would lead to
an unfavorable interaction with the amide hydrogepi6f3,
thus destabilizing nucleotide binding. Furthermore, the C6
amino group of AMP forms a hydrogen bond with the main-
chain carbonyl group gf163. Replacement of the C6 amino
group with a carbonyl group (as in IMP and GMP) would

The second difference between the two proteins involves abolish this important hydrogen bond and thus lower the

the relative location of domains I, Il, and Il with respect to
one another. Overlap of the human aRd denitrificans

binding affinity for these nucleotides. 8-Azido-AMP will also
support reconstitution of human a®d denitrificansgETF,

structures reveals that domains Il and lll (the domains but only 30% as well as AMP (Dwyer and Frerman,

responsible for binding FAD) superimpose well, with an
rmsd of approximately 0.46 A for &€ atoms. However,
domain | is twisted approximately’4vhen comparing the
P. denitrificansstructure to the human ETF, resulting in an
rmsd between domain | of the two proteins of 1.1 A. When

unpublished). It appears that one binding determinant may
be the six-membered ring of the purine. While it is not clear
what the specific role of AMP is in ETF, it is thought that
this AMP binding site may be a remnant of an NAD(H)
binding site in ancestral ETF proteins, since the ETF from

looking closely at these differences, however, it is interesting M. elsdeniidoes not bind AMP and utilizes NADH as the
to note that, in domain I, residues at the heterodimer interfacereductant 87, 3§. NADH does not bind to either human or
are relatively fixed between the two proteins, while residues P. denitrificansETF proteins, but superposition of the AMP
that are located at the “bottom” of the molecule (as shown moiety of NADH within the AMP binding site places the

in Figure 1), which do not participate in any domain

nicotinamide ring withia 5 A of theflavin ring, a distance

interactions, are the ones that are twisted most between theclose enough for direct electron transfer. However, if this is
two structures. The rmsd between the two structures is asindeed a vestigial NADH binding site, the structure of the
large as 2.7 A for @ atoms of the residues located within M. elsdenilETF protein would need to have some differences
the loop between helix F and strand 7. The significance of in this region in order to properly accommodate the pyri-
this point is not clear. It is not likely to have anything to do midine nucleotide cofactor. It is also possible that, at least
with donor and acceptor specificity, since the only region in the M. elsdeniiETF, a second molecule of FAD binds

known to alter reactions with primary dehydrogenases and within this site. Further analysis will have to await the

ETF-QO is the amino-terminal region of th&subunit
(domain Ill), which has been determined by study of the
chimeric ETF (9). It is possible that the ETF protein is

structural elucidation, which is presently underwag)(
Residues Inmolved in Binding FAD Figure 2B shows a
stereoview of residues involved in binding the isoalloxazine

flexible in solution and that the domains are capable of portion of the FAD cofactor. The residues located within

shifting with respect to one another. This flexibility may

the immediate vicinity of the flavin ring are identical for all

function in electron transfer reactions, enabling the domains members of the ETF family, with the exception of serine

to shift and “conform” to the topology of the specific electron
transfer partner.

Residues Inolved in Binding AMP Consistent with the
structure of human ETF, the structureRofdenitrificansETF
also contains one molecule of noncovalently bound AMP
deeply buried within theg-subunit. A single tightly bound

and leucine foraT266 andfY16 (human numbering; the
corresponding residues ih denitrificans aT244 and3Y13),
respectively, in the W3A1 proteib), and proline forH286

in M. elsdeniiETF (38). By using flavin analogues in which
increasingly bulky substituents are placed on the 8 position
of the FAD ring, Gorelick and Thorpe4() demonstrated

molecule of AMP has also been detected in the ETFs from that the 8 position of the isoalloxazine ring is exposed to

bacterium W3A1 (17), pigX6), and humanX0, 15. Figure

solvent. The results demonstrated that substituents as large

2A shows a stereoview of the AMP binding site. The residues as a CoA moiety at the C8 position of the FAD are still
from P. denitrificansETF superimpose well with those of capable of accepting electrons from MCAD, albeit at a rate
the human enzyme, with an rmsd of approximately 0.15 A considerably slower than the natural flavin. The slower rate
among similar atoms involved in binding AMP. The interac- could be due to either affecting the electron path between
tions between ETF and the AMP involve primarily main- ETF and its electron partners or simply altering the binding
chain atoms of the polypeptide, with few interactions specificity of MCAD for ETF. To accommodate these large
occurring between side-chain atoms and the AMP moiety. substituents, Tyrl6 of thé-subunit would have to shift, since
Attempts to reconstitute the AMP-free ETF protein with other it is forming hydrophobic interactions with the C8 methyl
nucleotides (IMP, GMP, and UMP) and the nucleoside, group of the FAD cofactor. Mutagenesis studies in which
adenosine, have failed. Close analysis of the structure revealgY16 is replaced with a Leu residue indicate that while the
a few residues that may be imparting this high degree of flavin fluorescence spectrum is dramatically altered, the
nucleotide specificity. The phosphate moiety of AMP is steady-state rate of ETF reduction is not affected).(So,
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FAD FAD

FiGure 2: (A, top) Stereo diagram of the complex network of hydrogen bonds formed between AMP and ETF. Residues within the AMP
binding site are shown (rose ball-and-stick model), along with AMP (green ball-and-stick model). Potential hydrogen bonds are indicated
by blue dashed lines. Atoms are colored as follows: red, oxygen; blue, nitrogen; rose, protein carbon; green, AMP carbon; and lavender,
phosphate. The numbering corresponds to that oPttaenitrificansETF. (B, bottom) Stereo diagram of the complex network of hydrogen
bonds formed between FAD and ETF. Residues within the FAD binding site are shown (rose and cyan ball-and-stick models), along with
FAD (gold ball-and-stick model). Potential hydrogen bonds are indicated by red dashed lines, while stacking interactions (hydrophobic) are
indicated by blue dotted lines. Atoms are colored as follows: red, oxygen; blue, nitrogen; cyan, carbon from domain Il of ETF; rose,
carbon from domain Il of ETF, gold, FAD carbon; and lavender, phosphate.

while fY16 does interact with the flavin cofactor, it does either direction, i.e., in the direction of ETF oxidation or
not appear to participate in electron transfer reactions reduction (Frerman, unpublished). This suggests that'the 4
between ETF and its redox partners. Overlap of the humanhydroxyl group functions to stabilize the semiquinone/
andP. denitrificansETF structures reveals that not only the hydroquinone couple of the FAD. Furthermore, the results
identity but also the positions of residues in the immediate also indicate that the'4ydroxyl group is likely to be
vicinity of the FAD ring are highly conserved, with an rmsd involved in the electron transfer between the ETF flavin and
of approximately 0.12 A between all atoms in the vicinity the ETF-QO flavin.23C and'®N NMR spectroscopy of the
of FAD binding. flavin in human ETF indicates that the flavin N1 is hydrogen
A characteristic of the FAD binding site involves the bonded in the oxidized state, consistent with the X-ray
hydrogen bond between the r|b|ty|_|r_1ydroxy| group and structure, and ionized in the two-electron reduced state, as
N1 of the flavin ring (2.9 A). Analysis of all the protein observed in all other reduced flavoproteins investigated by
structures containing either FAD or FMN cofactors reveals N NMR (44). These data also suggest that the hydrogen
that only three structures have a similar hydrogen bond. Thebond between '40H and N1 in FAD is stronger in the
LuxF protein @1; PDB accession code 1NFP) binds to two reduced states in which negative charge is localized in the
FMN cofactors. One FMN has d-fiydroxyl group situated ~ N1—C20O region of the flavin45).
2.9 A from N1 of the flavin ring. Nitrate reductaséX PDB Another distinguishing characteristic of the ETF flavin
code 1CNE) and pyruvate oxidasé3( PDB code 1POW) binding domain is that there are no aromatic residues that
both contain FAD cofactors, and likewise both exhibit stack parallel to the ring, which is often characteristic of
hydrogen bonding between thelydroxyl of the ribityl side flavin binding proteins. Instead, ETF contains an Arg residue
chain and N1 of the flavin ring. Preliminary studies with (aR249, human numbering) in which the guanidinium
ETF reconstituted with'4deoxy-FAD show that the reduc-  portion of the Arg side chain is 3.7 A away from and
tive half-reaction with MCAD is reduced by 75%. On the perpendicular to the xylene portion of the isoalloxazine ring.
other hand, the reaction with ETF-QO is undetectable in This positively charged Arg residue is conserved throughout
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the entire ETF family of proteins (see below) and may also show high levels of sequence conservation, while the
function in stabilizing the anionic reduced species of ETF, strands that “tie up” the domains and lie in hinge regions
in a manner that could not be accomplished by an aromaticshow little to no conservation, particularly between domains
residue. The only other flavoprotein with a similar Arg side | and Il in the a-subunit (Figure 3A, from helix F through
chain is that ofp-hydroxybenzoate hydroxylasd& PDB the beginning of strand 8). On the basis of these alignments,
code 1DOE), in which the flavin ring adopts two conforma- it is probable that the overall topologies and structures of
tions. In the “in” form of the protein, the isoalloxazine ring the ETF proteins are quite similar, although certain variable
is buried and undergoes hydroxylation by an aromatic residues may confer specificity for electron donors and
substrate that is stacked with the flavin ring. In the absence acceptors and modulate the redox potentials.
of substrate, the flavin adopts the “out” form, in which R44  Mapping of Electrostatic Differences on the ETF Structure.
replaces the substrate in stacking with the flavin in a manner Previous studies have shown that electrostatic interactions
similar to R249 of ETF. From modeling of the docking are the primary recognition force between ETF and its
between pig MCAD and human ETF, Roberts et al. have electron donors and accepto®4( 35. Furthermore, both
proposed thattR249 participates in the electron transfer the human andP. denitrificansETFs have been shown to
pathway between the two proteiridj. This pathway would cross-react with several of the primary dehydrogenases,
be consistent with electron transfer in the region of C8 including porcine MCAD. Therefore, it is assumed that these
proposed by Gorelich and ThorpéQj. two ETF proteins share an electrostatically similar “docking”
As seen in the structure of human ETF, the ADP moiety surface for these common substrates. Figure 4 shows a ribbon
of the FAD is exposed and is located on the surface of diagram of theP. denitrificansETF protein, with shading
domain Il. The residues contacting this portion of the FAD based on residues that are electrostatically altered between
cofactor are also conserved between the two ETFs, with onethe human an&aracoccu€TFs. From this figure, it is clear
exception of a glycinedG204 inP. denitrificang replacing that the most conserved domain is domain II, while domains
the corresponding residwd226 of human ETFX0). With | and lll are the most divergent. Furthermore, the “top”
the exception of a hydrogen bond betwedt; of the lysine surface of the ETF protein, which is in the vicinity of the
residue and the N7 atom of the adenine ring, all other FAD, is the most electrostatically conserved and therefore
interactions between the polypeptide and the ADP portion the most likely surface for common redox partners to interact.
of the FAD are conserved in the two ETF structures. It was this surface that was previously proposed to be the
Structural Alignment of Members of the ETF Family docking site for MCAD on the human ETR@) and is still
Sequences of several ETFs have been reported, and threthe most likely surface for MCAD to dock with the ETF
have been expressed as active proteb)s Furthermore, protein.
bacterial ETFs referred to d&A and fixB gene products Surface Potential of the ETF ProteirBecause there are
have been identified on the basis of their sequence similarity over 60 residues that change charge between the human and
to the ETF proteins. While theixA andfixB gene products  P. denitrificansETF structures, and also since thiéspare
have not yet been purified, they are believed to be flavo- quite different between the two proteins (4.5 Rurdenitri-
enzymes, primarily due to the high sequence similarities ficansand 7.2 for the human), we calculated the electrostatic
within the flavin binding domain of ETFL). The Fix proteins surface potential of the two proteins. Figure 5 shows the
function in assimilating nitrogen, most likely as part of an surface potentials and dipole direction as looking from the
electron transport chain that provides energy for nitrogen top of the ETF molecule, which is the proposed docking site
fixation, rather than in the reduction of the nitrogenase for MCAD. The potentials were calculated at two different
enzyme {). The ETF and Fix proteins form a closely related ionic strengths (10 and 145 mequiv) for three different ETF
family with no apparent homology to other known protein proteins (human,P. denitrificans and a model of the
sequences. With the two ETF structures in hand, a structure-chimeric ETF). The surface potential of the human ETF
based sequence alignment was constructed (Figure 3). Therotein, which is displayed as an almost even mixture of
secondary structure assignment corresponds to that previouslyositive and negative zones, is consistent with the near
published for the human ETF proteit0). The consensus  neutral p of the human ETFX9). On the other hand, the
sequence corresponds to residues that are identical in at leasturface potential calculation of the bacterial protein shows
four of the sequences within the alignment. As previously a very negatively charged protein, consistent with thefp
discussed§, 10, residues in the C-terminal portion of the approximately 4.5. Furthermore, the electric dipole of the
a-subunit are highly conserved. This region corresponds to entire molecule is different (1100 D for human, 1100 D for
domain II, which is the domain primarily responsible for the chimera, and 600 D for th& denitrificansETF), which
binding FAD. In all of the sequences displayed in the may play some role in interaction between ETF and its redox
alignment, the residues directly located around the FAD are partners, including MCAD. From these figures, it is clear
identical, except for the conservative substitution of serine that at 10 mequiv ionic strength the human &hddenitri-
for threonine at position 266 in the W3A1 protein. These ficans surfaces are dramatically different, with the human
alignments also show that the AMP binding domain is also ETF having more positive (blue) charges while tRe
highly conserved. AMP binds ETF exclusively within the denitrificansETF is predominantly negative (red) in charge.
B-subunit, with residues in the binding site being contributed As the ionic strength is increased to 145 mequiv, the surfaces
by those within strand 1, at the C-terminal end of strand 2, become electrostatically neutralized.
and from strands 4, 4a, and 4b (see Figure 3B). The The three-dimensional structure of ETF-QO is not known;
phosphate moiety of the AMP is located at the center of a however, itis possible to locate at least one region that would
helical dipole formed by helix E. Last, the core residues participate in docking with ETF-QO. Like the reaction
belonging to the three domains that form the ETF protein between ETF and MCAD, interactions between ETF and
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FIGURE 3: Structure-based amino acid sequence alignment for members belonging to the ETF family of proteins. The alignment was initially generated
utilizing the BESTFIT algorithm (Genetics Computer Group program, University of Wiscoemdadison). The output was modified such that gaps and
insertions were placed in loop regions. The secondary structure of the ETF protein is shown above the sequence. The arrows-sieaigggtand the

wavy lines represent-helices. The secondary structure labeling scheme is the same as that developed for the human ETR@rokbie ¢onsensus
sequence (shaded below the alignments) indicates residues that are identical in at least five of the nine sequences shown. (A, left pageyBemrence ali

of thea-subunit of ETF and the putative FixB protein. Sixteen known sequences were used to generate the alignment, and only nine representative sequences
are shown here, due to limited space. Residues within the sequence that are shaded indicate those located near the isoalloxazine portion efctioe. FAD cof
Boxed residues indicate those involved in binding the remainder of the FAD cofactor. Proteins displayed in the sequence alignment are as fslows (Swi
Prot ID numbers are shown in parentheses): hETFa, human ETF (P13804); gE™eajtrificansETF (P38974); wETFa\ethylophilus methylotrophus

W3AL1 ETF (P53571); bETF&radyrhizobium japonicurB TF (P53573); mETFa/legasphaera elsderiTF (gene bank ID AF072475); cETFalostridium
acetobutylicunETF (P52039); zFIXbAzotobacterinelandii FixB protein (P53574); bFIXIB. japonicunfixB protein (P10449); and cFIXIE. acetobutylicum

FixB protein (P53578). Other proteins used to initially generate the alignment were the folloRanglus subtilisETF (P94551)Caenorhabditis elegans

ETF (Q93615)Clostridium thermosaccharolyticuEaTF (P71153)Schizosaccharomyces pomBEF (P78790)Saccharomyces cersiae ETF (Q12480);
Azorhizobium caulinodanBixB (P26483); andRhizobium melilotiFixB (P09819). (B, right page) Sequence alignment of gksibunit of ETF and the

putative FixA protein. Fifteen known sequences were used to generate the alignment, and 10 representative sequences are shown due to limited space.
Shaded residues indicate those that define the AMP binding site in huméa. aleahitrificansETF. Boxed residues indicate those from theubunit that

interact with the isoalloxazine portion of the FAD cofactor. Proteins displayed in the sequence alignment are as follows (Swiss-Prot ID nuimbers are s

in parentheses): hETFb, human ETF (P38117); pEPFdenitrificansETF (P38975); wETFHW. methylotrophu§V3A1 ETF (P53570); bETFIB. japonicum

ETF (P53575); mETFbM. elsdeniiETF (gene bank ID AF072475); cETFE, acetobutylicunETF (P52040); nFlaXNeisseria meningitidi§laX gene

product (U40862); zFixAA. vinelandii FixA protein (P53576); bFixAB. japonicumFixA protein (P53577); and IFixARhizobium leguminosaruifixA

protein (Q05559). Other proteins used to initially generate the alignment were the folloBingubtilisETF (P94550),C. thermosaccharolyticure TF
(P97089);S. cereisiae ETF (P42940)A. caulinodansFixB (P26482); andR. meliloti FixB (P09818).
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Ficure 4: Stereo ribbon diagram of the ETF structure showing electrostatic differences between the hufadeamittificansenzymes.

The locations of residues that exhibit a change in charge (either negatigéive, negative neutral, positive-negative, positive neutral,
neutrak-negative, or neutralpositive) are mapped onto the ribbon diagram and displayed in black. The majority of changes are located
within domain I, while the “top” surface of the molecule, which was previously hypothesized to interact with MCAD, has the least changes.
The portion of the3-subunit that was substituted for to make the chimeric ETF protein is indicated as a dark gray ribbon. FAD and AMP
are shown in black ball-and-stick models.

Human Chimera Paracoccus

10 meq '
145 meq’

Ficure 5: Electrostatic potentials of the ETF proteins. The surface potentials were calculated at varying ionic strengths, all at pH 8.0. Red
indicates negative charge, while blue is indicative of positive charge. Yellow arrows indicate the magnitude and direction of the dipole
moment calculated for the proteins. The ionic strengths are as follows: top row, 10 mequiv; middle row, 145 mequiv. A ribbon diagram
with coloring as in Figure 1 is shown in the bottom row to clarify the orientation. The portion ¢f-tbunit that was substituted for to

make the chimeric ETF is shown in gray ribbon as in Figure 4, and the arrow indicates the location of the charge differences in chimeric
ETF from human ETF. The surfaces were calculated for human ETF (first column), chimeric ETF (middle coluni®) demitrificans

ETF (last column).

ETF-QO have been shown to be at least partially electrostaticscribed in which the amino-terminal third of tifesubunit

in nature B85). P. denitrificansETF has been reported to be contains residues of the bacterial ETF; the remaining
incapable of reducing mammalian ETF-QO, presumably due g-subunit and the entirex-subunit contain the human
to differences in surface complementarity, since the potentialssequencel(9; see Figures 4 and 5). The valuel@f/K, of

for the human and bacterial ETFs are very similar. Further- ETF-QO is 150-fold less with the chimeric ETF than with
more, a chimeric humanParacoccusETF has been de- human ETF, although the circular dichroism spectra indicate
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Ficure 6: Determination of the oxidation/reduction potential of
P. denitrificansETF. The potential was determined by the method
of Massey 81), using 20uM ETF, 20uM pyocyanine, 0.25 mM
xanthine, 30 nM xanthine oxidase, and &M benzyl viologen in

10 mM potassium phosphate buffer, pH 7.0, containing 5% glycerol.
The reaction was run at 1TC.

the flavin environments are essentially identical in the two
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Ficure 7: Reduction of human ETFR. denitrificansETF, and
human-P. denitrificanschimeric ETF (9) by medium-chain acyl-
CoA dehydrogenase. The rate of reduction of the three ETFs as a
function of ionic strength was determined fluorometrically under
anaerobic conditions. The concentration of all three ETFs was held
constant at kM, and the ionic strength was varied by addition of
NaCl to the buffer. Reactions were initiated by the addition of
medium-chain acyl-CoA dehydrogenase; the symbols indicate
human ETF ©), P. denitrificansETF (+), and the chimeric ETF

proteins. Inspecting the electrostatic surfaces, it seems clea(e).
that the only real charge difference between the human andp _enjtrificansETF could serve as an electron acceptor for

chimeric ETFs is in the top right-hand portion of the ETF
molecule, as shown in Figure 5. This region is located within
the “back” of thef-subunit (domain 1) as shown in Figure

mammalian dehydrogenases but did not exhibit saturation
behavior with all of these dehydrogenases. Figure 7 compares
the ionic strength dependence of the reaction of MCAD with

1. Careful analysis of residues that may be responsible fory, ;man ETEP. denitrificansETF, and a humanParacoccus

this difference reveals that Lys56 and Lys59 of the human

enzyme are replaced by Gly and Glu, respectively, inRhe
denitrificansstructure (see the ribbon diagram in Figure 5).

chimeric ETF (9); all reactions were conducted atuM
ETF at pH 8.0, the pH optimum for the dehydrogenase. It
shows that the rates of reduction with human and chimeric

These residues are located on the surface and are in a variablg trg gecrease as ionic strength increases, while the rate with
region of the ETF sequences. Therefore, it seems that thep genjtrificansETF decreases. The effect of ionic strength

loop between helix A and strand 2 of the-subunit

participates at least in part with binding to ETF-QO.
Effects of Electrostatic Protein Surface Potentials on

Kinetic Properties of ETEsThe oxidation/reduction poten-

on the reaction with the chimeric ETF is not as profound as
on the two wild-type ETFs. Since the net charge difference
between the chimeric sequence and the human sequence is
—3 (Figure 4), the experiment gives some insight into the

tials for several ETFs have been determined. Values rangecontribution of negatively charged residues in this region of

from +0.219 and-0.220 V for the transfers of the first and
second electrons to the ETF bfethylophilus methylotro-
phus a methylotroph closely related to W3AL1, to near zero
volts for the couples of pig and human ETR4 ( 19. For

P. denitrificansETF, the two-electron oxidation/reduction
potential was estimated to b€0.021+ 0.003 V (Figure 6).
The slope of the line in Figure 6 is 0.96, which is close to

the S-subunit to the proteinprotein interaction. Because the
docking site for MCAD (0) is almost identical in all three
proteins, the results suggest that the effect of ionic strength
is exerted on long-range forces between ETFs and MCAD.
These long-range forces reflect the predominantly negative
surface potential dParacoccuETF and the overall neutral
surface potential of human ETF. The results are similar to

the expected value of 1.0 for a two-electron system with a the effects of ionic strength on the reduction of the positively
two-electron indicator, and Nernst plots of the data yielded charged cytochrome and the negatively charged plasto-

a slope of 0.03@ 0.003. This small difference in potential
between human ardlaracoccu€ETFs is consistent with the
close similarity of the flavin surroundings.

Inert electrolytes modify the electrical field of the proteins
and therefore alter the proteiprotein interactions. The
apparent second-order rate constants, estimated kg
Km for the reaction of porcine ETF with its homologous
electron donor, MCAD, and its electon acceptor, ETF-QO,
are highly dependent on ionic streng8%( 35. The effect
of ionic strength ork../Kn is almost entirely the result of a
large increase iy, of MCAD and ETF-QO for ETF. The
effect of ionic strength ork.. is relatively small. Earlier
experiments of Husain and SteenkarBpdemonstrated that

cyanin by the cytochroméf complex. However, in the
reaction of plastocyanin and the cytochrobieomplex, the
results are apparently due to local charges on the redox
proteins in the electron transfer complex and therefore short-
range forces47).

The original description dP. denitrificansETF indicated
that the bacterial ETF did not reduce mammalian (pig) ETF-
QO when assayed as a ubiquinone reductdseTfie ionic
strength dependence of the reaction® oflenitrificansETF
with pig MCAD makes the early experiments difficult to
interpret because the reduced ETF substrate of pig ETF-QO
was generated by an acyl-CoA dehydrogenase and the
appropriate substrate. In the present work, direct assRy of
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denitrificansand human ETF semiquinones as substrates of
pig ETF-QO in the disproportionation reaction catalyzed by
ETF-QO has shown that the bacterial enzyme is a substrate ~~-

9.

of pig ETF-QO and that the ionic strength dependence of 4

the disproportionation of the two ETF substrates is very

simi

with the two ETF substrates (data not shown). Whether the
ionic strength dependency in the reaction of ETF and ETF-

lar to that shown in Figure 7 for the reaction of MCAD

12.

Roberts et al.

Preisig, O., Anthamatten, D., and Hennecke, H. (1998k.
Natl. Acad. Sci. U.S.A. 9(B309-3313.

0. Roberts, D. L., Frerman, F. E., and Kim, J. J.-P. (199®6k.

Natl. Acad. Sci. U.S.A. 934355-14360.

Salazar, D., Zhang, L., deGala, G. D., and Frerman, F. E.
(1997)J. Biol. Chem. 27226425-26433.

Husain, M., Stankovich, M. T., and Fox, B. G. (198#chem.

J. 219 1043-1047.

13. Byron, C. M., Stankovich, M. T., Husain, M., and Davidson,

QO is due to long-range forces or due to local charges cannot |,
be determined at present.

SUMMARY

In

this paper we have determined the structures ofthe

denitrificansETF protein. Comparing this structure to the

structure of the human ETF has permitted additional insight

15.

16

into the nature of electron transfer between ETF and its redox 17.

partners. In addition, on the basis of sequence alignments
throughout the ETF family and the conservation of three-

dimensional structure among two members with very dif-

fere

environment is responsible for preservation of flavin chem-
istry such as anion semiquinone stabilization. However, it
is a combination of contact residues and more remote charged

nt surface charge, it is likely that the immediate flavin

18.

19.

residues that modulate redox potentials and electron donor/ 20.
acceptor specificity.

By analysis of the surface charge complementarity between

both human andP. denitrificansETF and MCAD, it is

possible to support previous docking studies looking for

residues involved in contact between ETF and MCAD. As
in the case of human ETF, the flavin rings of ETF and

MCAD are separated by approximately 19 A. Residues that

may participate in electron transfer from MCAD f®.
denitrificansETF include W166, E212, and R210 of MCAD

and
this

aD231 andaR227 of the ETF protein. According to
model, the electrons flow from tis¢face of the MCAD

FAD to there face of the ETF flavin. Furthermore, from

these studies it is possible to identify a portion of the docking
site between ETF and its electron acceptor, ETF-QO. While

the ETF-QO docking site may overlap with that of MCAD,
a portion of the docking site is located in the N-terminal
portion of thes-subunit (K56 and K59), in the loop between

helix A and strand 2. Further studies are presently underway
to understand the nature of docking between ETF and ETF-

QO.
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