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mitochondria. Unlike the b-subunit, the a-subunit is
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Cofactor associations within the electron transfer-
ing flavoprotein (ETF) were studied in real time us-
ng microelectrospray ionization-mass spectrometry
mESI-MS). Initial analysis of porcine (pETF) and hu-

an ETF (hETF) revealed only the holoprotein. When
ESI-MS source energies were increased, both pETF
nd hETF readily lost AMP. Analysis of hETF and
ETF in methanol revealed intact a- and b-subunits,
nd b-subunit with AMP. The pETF also contained
-subunit with FAD and b-subunit with both cofactors.
n contrast to crystal structure predictions, AMP dis-
ociates more readily than FAD, and the pETF
-subunit has an intimate association with FAD. This
ork demonstrates the complementarity of mESI-MS
ith NMR X-ray and optical spectroscopy in the anal-
sis of noncovalent complexes. © 2001 Academic Press

Key Words: electron transferring flavoprotein; mi-
roelectrospray ionization; mass spectrometry; nonco-
alent interactions.

Electron transferring flavoprotein (ETF) is an
lectron-acceptor protein located in the mitochondrial
atrix (1). ETF interacts with and accepts electrons

rom at least ten different flavoprotein dehydrogenases
o provide a link to the electron transport chain via
TF:ubiquinone oxidoreductase (ETF:QO) (2). Defects

n human ETF (hETF) or ETF:QO cause glutaric aci-
emia type II, an often fatal disease characterized by
eficiencies in fatty and amino acid metabolism (3).
ammalian ETF is reported to be a heterodimer

onsisting of an a-subunit and b-subunit with calcu-
ated molecular weights of 33,093 Da and 27,841 Da
espectively (GenBank Accession Nos. J04058 and
M_001985) (4, 5). These subunits are nuclear en-

oded, synthesized in the cytosol, and imported into the

1 To whom correspondence should be addressed at Guggenheim
009B, Mayo Clinic, 200 First Street, SW, Rochester, MN 55905.
ax: 507-284-8433. E-mail: naylor.stephen@mayo.edu.
297
ynthesized as a precursor, and processed to the ma-
ure form in the mitochondria (6). In addition, the ETF
oloprotein consists of one mole of flavin adenine dinu-
leotide (FAD) and one mole of adenosine monophos-
hate (AMP) per mole of heterodimer (7).
The crystal structure of hETF has been solved to 2.1
and consists of three domains (8). The amino-

erminal portion of the a-subunit and the majority of
he b-subunit comprise domains I and III respectively.
omain II contains the carboxy-terminal regions of the

ubunits. The FAD moiety lies in a cleft in the
-subunit with the isoalloxazine ring in a crevice be-
ween domains II and III with the xylene portion of the
AD pointing toward the b-subunit. The FAD pros-
hetic group is bound almost exclusively by the
-subunit with limited van der Waals interaction with
he b-subunit. Residues in the immediate vicinity of
AD are highly conserved in the sequence alignment of
he known ETFs. Domain III contains the AMP-
inding site with AMP being deeply buried within that
omain. Porcine ETF (pETF) fluorescence-emission is
-fold higher than hETF (9), suggesting differences in
avin/subunit interactions. The fluorescence proper-
ies of pETF are utilized to assay for deficiencies of
itochondrial flavoprotein dehydrogenases (10).
Microelectrospray ionization (mESI) is regarded as a

oft ionization technique with ionization energies ,1
V above ground state energy (11). Hence it is possible
o spray solutions of protein mixtures and detect intact
pecific, noncovalent complexes in the mass spectrom-
ter. Indeed, mESI-MS has proved to be a highly sen-
itive technique for the study of such biomolecular
nteractions and has been used to investigate protein-
rotein, protein-DNA, and protein-ligand/drug interac-
ions (12–18). In the present work, we demonstrate the
sefulness of this approach to rapidly investigate the
pecific noncovalent interactions of the ETF (human
nd porcine) subunits with their respective cofactors.
0006-291X/01 $35.00
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ATERIALS AND METHODS

Protein purification. Porcine liver ETF was purified as previously
escribed (19). The pBluscript SK1 plasmid containing the cDNAs
ncoding for the human ETF subunits was a generous gift from Dr.
rank Frerman, University of Colorado (9). The b-subunit sequence
ontains three nucleotide substitutions resulting in three amino acid
hanges (E3D, L4V, and D15G) in the amino-terminal portion of the
ubunit. The plasmid was transformed into E. coli host strain XL1-
lue (Strategene, Inc., La Jolla, CA). Cells were grown, harvested,
nd disrupted as previously described (20). Cell-free extracts were
pplied to an XK 50/20 DE52 column equilibrated with 10 mM
otassium phosphate pH 7.5. The hETF eluted from the column in
he same buffer. Yellow, fluorescing fractions were pooled and fur-
her purified on a 20 mM ceramic hydroxyapatite column equili-
rated with 10 mM potassium phosphate pH 7.5. The hETF was

FIG. 1. Positive ion mESI-MS analyses of ETF holoproteins. (A) p
H 8.0. The charged states are numerically labeled. Insets show the
298
luted with a 350-mL gradient of 10–150 mM potassium phosphate
H 7.5. Fractions with an A270/A436 ratio between 2 and 4 were pooled
nd concentrated to an A436 greater than 1. The hETF was stored in
0% glycerol at 220°C. Microcon 30 microconcentrators (Amicon,
nc., Bedford, MD) were used to buffer exchange the proteins into 10
M ammonium bicarbonate pH 8 as described previously (14).

Microelectrospray ionization mass spectrometry. All mass spectra
ere obtained using a Finnigan MAT 900 mass spectrometer (Bre-
en, Germany) of EB geometry. A modified Finnigan MAT electro-

pray source was used as previously described (21). MicroESI mea-
urements were obtained in positive ion mode with SF6 introduced
hrough the auxiliary gas port to prevent source corona discharge.
he sample was introduced at 0.3 ml/min and sprayed from a fused
ilica emitter of 20 mm i.d. The mESI source voltage was at 3.2–3.7
V, with a capillary temperature of 120°C or 200°C. The magnet (B)

F and (B) hETF, both sprayed in 10 mM ammonium bicarbonate at
lative molecular mass (Mr) of the transformed data.
ET
re
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as scanned from mass to charge (m/z) 1000 to 7000 at a rate of 5
r 10 s per decade. The position and time resolved ion counter
PATRIC) array detector with an 8% mass window was used for ion
etection. Multiple scans were collected, summed, and the multiply
harged spectra transformed to give relative molecular mass (Mr)
alues using the Finnigan MAT software.

ESULTS

oloprotein Analysis

Initially both pETF and hETF holoproteins were
ubjected to mESI-MS under non-denaturing condi-
ions. It should be noted that amino acid and DNA
equence for pETF have not, to date, been described.

FIG. 2. Loss of AMP due to sCID of ETF holoprotein. Multiply c
btained under sCID conditions. The charged states are numerically
299
nalysis of pETF afforded a series of multiply charged
ons (115 to 118) between m/z ;3400–4500 as shown
n Fig. 1A. Transformation of this ion series revealed a
elative molecular mass (Mr) of 61,821 Da (60.01%)
Fig. 1A, inset). The mESI-MS analysis of hETF holo-
rotein also yielded a similar series of multiply
harged ions (115 to 118) also between m/z ;3400–
500 (Fig. 1B). The transformed mass spectrum exhib-
ted a Mr 5 62,037 Da (60.01%) (Fig. 1B, inset). In the
ase of hETF, the Mr value was different from the
redicted value, based on the expression plasmid DNA
equence. However, amino-terminus Edman sequenc-
ng revealed that the expressed protein was missing

rged positive ion mESI-MS spectra of (A) pETF and (B) hETF were
beled. Insets show transformed spectrum.
ha
la
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he initiator Met of the b-subunit. These changes
rought the measured versus expected Mr within the
xperimental mass accuracy of 60.01%. It should be
oted that in both the hETF and pETF, the Mr detected
orresponds to the [M 1 3NH3]

1 ion (Figs. 1A and 1B)
ommonly seen in the presence of NH4

1 salt spraying
onditions.

nduced Holoprotein Dissociation

As noted above, pETF and hETF both contain one
ole of FAD and one mole of AMP per mole of het-

FIG. 3. Monomeric forms of porcine ETF in 20% methanol. (A) Mu
TF. The sample was prepared in 10 mM NH4HCO3 pH 8.0 and 20%
-subunit (b); b-subunit with AMP (f); b-subunit with FAD (‚); b-
pectrum are artifacts of the reconstruction software package.
300
rodimer (7). These cofactors are noncovalently bound
o the holoprotein. To further elucidate the cofactor
nteractions, we increased the cap and tube voltages in
he mESI source to induce skimmer collision induced
issociation (sCID) conditions (18). Under such condi-
ions, two distinct ion series were observed for both
ETF (Fig. 2A) and hETF (Fig. 2B) between m/z 3400
nd 4500. On transformation of these multiply charged
ons, in both cases, intact pETF (Fig. 2A, inset) and
ETF (Fig. 2B, inset) holoprotein are still observed
Mr 5 61,826 Da and 62,038 Da, respectively). How-
ver, for both pETF and hETF, another prominent Mr

ly charged positive ion. (B) transformed mESI-MS spectra of porcine
ethanol. The charged states are numerically labeled; a-subunit (a);
unit with AMP and FAD (*). Unlabeled peaks in the transformed
ltip
m

sub
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on at 61,462 Da (loss of 364 Da) and 61,690 Da (loss of
48 Da), respectively, is also detected. When ETF is
nalyzed in the presence of high concentrations of am-
onium bicarbonate, a mass difference of –364 Da is

bserved and corresponds to loss of AMP as its ammo-
ium salt (Fig. 2A, inset). However when the protein is
nalyzed either in the presence of low concentrations of
mmonium bicarbonate or 0.2% triethylamine (data
ot shown) a mass difference of only ;2340 Da is
bserved, corresponding to loss of AMP alone (Fig. 2B,
nset). However, if the protein is analyzed in the pres-
nce of 1 mM kCl, then AMP is lost as its K1 salt (data
ot shown). For both pETF and hETF, AMP is readily

FIG. 4. Monomeric forms of human ETF in 25% methanol. (A) Mu
TF. The sample was prepared in 10 mM NH4HCO3 pH 8.0 and 25%
-subunit (b), b-subunit with AMP (f). Unlabeled peaks in the tran
301
ost either as AMP or as an AMP salt. Finally, it should
e noted that the ion series between m/z 1000–3000
Figs. 2A and 2B) represent the multiply charged ions of
ndividual monomeric a and b subunits of the protein.

To further investigate the dissociation properties of
he holoprotein, 20–25% methanol was added to the
queous protein solutions. Analysis of pETF revealed a
omplex, multiply charged spectrum (Fig. 3A), which
n transformation revealed cation adducted intact
-subunit (32,958 Da) and b-subunit (27,824 Da) as
ell as b-subunit with AMP (28,176 Da), b-subunit
ith FAD (28,605 Da), and b-subunit with both cofac-

ors (28,969 Da) as shown in Fig. 3B. Analysis of hETF

ly charged positive ion. (B) transformed mESI-MS spectra of human
ethanol. The charged states are numerically labeled; a-subunit (a),

rmed spectrum are artifacts of the reconstruction software.
ltip
m

sfo
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reated in the same manner (Fig. 4) revealed cation
dducted intact a-subunit (33,305 Da) and b-subunit
27,665 Da), with the only cofactor association detect-
ble being b-subunit with AMP (28,011 Da) as shown
n Fig. 4B. It should be noted that in both Figs. 3B and
B, unlabeled “ion” responses are actually artifacts of
he transformation algorithm.

Lastly, pETF and hETF heterodimer complexes were
ompletely denatured in the presence of 60:40:1 H2O:
H3CN:AcOH. Only two ion series are observed for
oth pETF (Fig. 5A) and hETF (Fig. 6A). Transforma-
ion of the ion series provided the first accurate molec-
lar mass determination for the porcine a- subunit

FIG. 5. Porcine ETF denatured in acetonitrile and acetic acid. (A
enatured porcine ETF. Sample was prepared in 10 mM NH4HCO3

umerically labeled; a-subunit (a), b-subunit (b).
302
32,866 Da) and b-subunit (27,756 Da) as shown in Fig.
B. The human a-subunit and b-subunit Mr values
ere 33,230 Da and 27,628 Da respectively. These
alues are in agreement with the expected masses
ased on the expression plasmid sequence and amino-
erminal sequencing data (a- subunit 33,224 and
-subunit 27,624).

ISCUSSION

In this work, the solution chemistry of the ETF ho-
oprotein was investigated using mESI-MS. Under non-
enaturing mESI-MS conditions, intact ETF holopro-

ultiply charged positive ion. (B) Transformed mESI-MS spectra of
8.0, 60% acetonitrile, and 1% acetic acid. The charged states are
) M
pH
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ein was the only species observed, indicating a stable
omplex of subunits and cofactors that is not gas-phase
abile. The transformed mass spectrum of the hETF
oloprotein revealed a Mr larger than predicted from
he published cDNA sequence. The coding sequences
or the a- and b-subunits in the expression plasmid are
oined by overlapping initiation and termination
odons respectively. Two tandem initiation codons are
resent for the a-subunit and transcription initiates
rom the first initiation codon, producing an amino
erminus with an additional methionine. The amino-
erminal methionine for the b-subunit precedes an ala-
ine, a strong bacterial cleavage signal. The methio-

FIG. 6. Human ETF denatured in acetonitrile and acetic acid. (
enatured human ETF. Sample was prepared in 10 mM NH4HCO3

umerically labeled; a-subunit (a), b-subunit (b).
303
ine is cleaved during protein production, indicated by
n alanine in the first round of amino-terminal pep-
ide sequencing (data not shown). These amino acid
hanges and adduction of cations explain the observed
ifferences in molecular mass.
Disruption of the ETF holoproteins by sCID yielded

elative binding affinities of the cofactors. The AMP
olecule readily dissociated from both pETF and hETF

oloprotein while FAD remained intact, contradicting
redictions based on crystal structure considerations.
n the crystal structure, the FAD is located in a solvent
ccessible crevice formed mainly by the a-subunit with
he isoalloxazine ring facing the b-subunit. In contrast,

ultiply charged positive ion. (B) Transformed mESI-MS spectra of
8.0, 60% acetonitrile, and 1% acetic acid. The charged states are
A) M
pH



the AMP is buried deeply within the b-subunit, and on
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rst inspection does not appear to be readily amenable
o dissociating from the protein. However, based on the
ESI-MS analyses of both pETF and hETF, AMP is

ost as the NH4
1 salt. Similarly, if a small amount of

1 salt (KCl) is added into the protein solution prior to
ESI spraying, AMP is lost as the K1 salt. In contrast,

f a sterically bulky triethylamine salt is added, AMP
lone is lost. All this data indicates that there is a
hannel from the surface readily exposing the AMP to
ulk solvent conditions. Closer inspection of the X-ray
tructure reveals that there is indeed a channel from
he AMP site to the protein surface formed by 1 Gln-70,
la-69, Pro-68, Po-93, Ala-96, Glu-97, Asp-129, Asp-82,
is-36, Arg-12 and Lys-11. To our knowledge, the ex-

stence of this channel has not been described or com-
ented on previously. Certainly, the role of AMP in
TF has not been defined nor delineated. It is not

equired for electron transfer, but it thought to be
mportant for rapid and proper folding of the ETF
oloprotein (7). Hence, this hydrophilic solvent chan-
el, while allowing relative facile loss of AMP from the
rotein, may offer further insight into the role of this
ofactor in the ETF protein family.

Analysis of the monomeric species after protein com-
lex disruption in methanol revealed notable differ-
nces in cofactor associations between human and por-
ine ETF. The individual subunits lacking cofactor
ssociation and the b-subunit with AMP were observed
or both, in agreement with crystal structure pre-
ictions. However, the AMP association with the
-subunit contrasts the observed sCID of AMP from
he holoprotein. The pETF spectrum displayed series
epresenting the b-subunit with FAD and b-subunit
ith both cofactors. This observation suggests that the
-subunit in pETF has a more intimate association
ith the FAD than predicted from the hETF crystal

tructure. The FAD has several interactions with
mino acids from the a-subunit and only limited van
er Waals interaction with the b-subunit in the crystal
tructure. The difference in FAD association between
he human and porcine ETF is not explained by differ-
nces in flavin amino acids. The flavin peptides are
ighly conserved from bacteria to human (22), and the
orcine flavin amino acids that have been sequenced
re also highly conserved (unpublished data). The
enatured pETF spectra revealed only the indi-
idual monomers, verifying noncovalent association of
ofactors.

Differences between porcine and human ETF cofac-
or/subunit interactions are observed using mESI-MS
nd offer additional insight to predictions based on the
-ray crystallography data. AMP dissociates more
eadily than the FAD in both pETF and hETF, sug-
esting a weaker association of AMP. The b-subunit in
ETF has a more intimate association with FAD than
n hETF and may provide a basis for observed differ-
304
ool for investigation of noncovalent protein–protein
nd protein–cofactor interactions. If affords a new
ool for the rapid analysis of such interactions using
nly mmole-nanomole amounts of protein and pro-
ides complimentary data to NMR, X-ray crystallogra-
hy, and optical spectroscopic studies of noncovalent
nteractions.
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