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Abstract

Integral membrane proteins usually have a pre-
dominantly a-helical secondary structure in which
transmembrane segments are connected by
membrane-extrinsic loops. Although a number of
membrane protein structures have been reported
in recent years, in most cases transmembrane
topologies are initially predicted using a variety of
theoretical techniques, including hydropathy ana-
lyses and the ‘‘positive inside’’ rule. We have
explored the use of plots of the distribution of
sequence similarity within families of membrane
proteins comprising homeomorphic domains as a
new method for the prediction/verification of the
orientation of transmembrane topology models
within certain families of multimeric respiratory
chain enzymes. Within such proteins, analyses of
sequence similarity can: i) identify heme and/or
quinol binding sites; ii) identify potential electron-
transfer conduits to/from prosthetic groups; and
iii) locate regions defining potential subunit-sub-
unit interactions. We mined emerging bioinfor-
matic data for sequences of 11 families of
membrane-intrinsic proteins that are part of multi-
meric respiratory chain complexes that also have
membrane-extrinsic subunits. The sequences of
each family were then aligned and the resultant
alignments converted into a graphical format
recording an empirical measure of the sequence
similarity plotted versus residue position. In each
case, this plot was compared to the predicted
transmembrane topology. With one exception,
there is a strong correlation between the existence

of membrane-extrinsic loop-localized sequence
similarity and predicted subunit-subunit interac-
tions.

Introduction

Adaptable bacteria that can exploit various sources of
metabolic energy are able to assemble a diverse array
of respiratory chains in response to available respira-
tory reductants and oxidants. Given the early emer-
gence of molecular genetic approaches and the
accumulation of sequence data for Escherichia coli,
much of the progress in delineating these chains is
based on studies of this organism as a model system
(Berks et al., 1995a; Gennis and Stewart, 1996;
Richardson and Watmough, 1999; Unden and Bon-
gaerts, 1997). Respiratory chain complexes can: i) be
comprised primarily of membrane-intrinsic subunits
(e.g. cytochromes bo3 and bd; quinol:oxygen oxido-
reductases); ii) be comprised of membrane-extrinsic
subunits that are anchored to the membrane by at least
one membrane-intrinsic subunit (i.e. quinol:fumarate
oxidoreductase, FrdABCD;1 quinol:nitrate oxidoreduc-
tase, NarGHI); or iii) be comprised of many (>2)
membrane-extrinsic subunits, as well as many mem-
b rane - i n t r i ns i c subun i t s (>2 ) (NADH:qu i no l
oxidoreductase, complex I; quinol:cytochrome c oxi-
doreductase, complex III). In addition to their mem-
brane-anchoring function, the membrane-intrinsic
subunits also provide sites for quinone interaction and
heme coordination (Eposti, 1989; Lancaster et al.,
1999; Magalon et al., 1998; Nakamura et al., 1996).
Interaction with quinones provides for a lateral flux of
reducing equivalents within the membrane between the
primary dehydrogenase and terminal reductase of each
respiratory chain. Within the relatively simple respira-
tory chain complexes (#2 membrane-extrinsic and
membrane-intrinsic subunits), there is a distinctive
orientation of the subunit-subunit interactions between
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membrane-intrinsic and membrane-extrinsic domains.2

Our hypothesis is that the orientation of topology
models for the membrane-intrinsic domain can be
predicted from the distribution of sequence similarity
within the loops connecting the transmembrane (TM)
segments. Alternatively, the distribution of sequence
similarity within the loops can provide information on the
orientation of the membrane-extrinsic subunits. In the
largely membrane-intrinsic complexes, subunit-subunit
interactions occur primarily laterally between the sub-
units within the membrane, and therefore are unlikely to
provide information on the orientation of topology
models.

Relatively reliable computational methods have
been developed for the prediction both of the presence
of a-helical TM segments, and for the orientation of
predicted topologies within the membrane. These are
often based on hydropathy analyses of individual
amino acid residues averaged in various ways over a
moving window of residues (Kyte and Doolittle, 1982;
von Heijne, 1992). The orientation of possible models
of transmembrane topology is generally predicted by
the ‘‘positive inside’’ rule of von Heijne (von Heijne,
1989; von Heijne, 1992). Alternatively, the orientation
of possible models can be tested by analyses of
sequence conservation of selected residues within
multiple sequence alignments (Persson and Argos,
1997). The application of neural network-based meth-
ods that include evolutionary analyses of related
proteins and multiple sequence alignments has added
additional levels of sophistication and potential accu-
racy (Rost et al., 1995). Entire genomes have been
analyzed for the presence of membrane-integral
proteins, and the statistical distribution of orientations
of proteins containing discrete numbers of TM seg-
ments has been determined (Jones, 1998). The
plethora of currently available methodologies is
claimed to work at accuracies up to 86% judged
against proteins of experimentally-estimated topology
(Rost et al., 1996).

Relatively few membrane-integral or membrane-
bound protein structures are available at atomic
resolution compared to those of soluble proteins. For
membrane proteins, topology models and their orien-
tation are typically determined experimentally using
methods that include: gene fusions within the
membrane-extrinsic loops, glycosylation tagging (in
eukaryotic cells), chemical modification, and epitope
tagging (van Geest and Lolkema, 2000). However,
despite the apparent accuracy of both predictive and
experimental topology prediction methods, conflicts
sometimes arise between methods that address the
topology of a membrane-integral subunit of a
membrane-bound enzyme complex, and those that
address the overall structure and function of the entire
complex. Examples include the topology of the a
subunit of the F0 domain of the E. coli F0F1 ATPase
(Deckers-Heberstreit et al., 2000), and the DmsC
subunit of the E. coli S- and N-oxide reductase

(DmsABC) (Rothery and Weiner, 1996; Weiner et al.,
1993). Others are listed by Rost et al. (Rost et al.,
1996).

The class of bacterial oxidoreductases that con-
tain #2 membrane-intrinsic and membrane-extrinsic
subunits offers an additional potential method for the
prediction of the overall orientation of transmembrane
topology models. The interface between the mem-
brane-intrinsic and membrane-extrinsic domains is
presumably structurally and functionally important,
and it would be expected that significant sequence
conservation would exist on the side of the membrane
domain defining subunit-subunit interactions com-
pared to the side that is simply exposed to the aqueous
milieu. Emerging sequence data allows facile classifi-
cation of sequences into families corresponding to the
membrane-anchor subunit(s) of a range of oxidore-
ductases. In this paper, we have mined membrane-
anchor sequences from sequence databases belong-
ing to 11 families of membrane-bound oxidoreductase
anchor subunits. We have analyzed the sequence
conservation within these 11 families relative to the
proposed transmembrane topologies and the proposed
or actual locations of the membrane-extrinsic subunits.
These analyses present a new method for the predic-
tion of the orientation of transmembrane protein
topology models for oxidoreductases with membrane-
extrinsic subunits.

Results

Figure 1 shows the range of bacterial oxidoreductases
chosen for study herein. In each case, the enzyme is
present in a range of species, and for at least one
species there is experimental data suggesting the
indicated orientation of the membrane-extrinsic sub-
units. Sequences for the membrane-anchors were
mined using as bait the sequences for which topolo-
gical data is available. This resulted in the identifica-
tion of 11 discrete families of membrane-anchor
subunits (Table 1). As described in the EXPERIMEN-
TAL PROCEDURES, two tests, one simple and one
empirical, were developed to evaluate models of
transmembrane topology. In the simple test, a score
of +1 indicates complete agreement with a proposed
model of transmembrane topology, and a score of -1
indicates complete disagreement. In the empirical test,
a positive score indicates agreement with a model of
transmembrane topology in which the membrane-
extrinsic subunits are cytoplasmically localized. A
negative score suggests a periplasmic location for
these subunits. The oxidoreductases, their membrane-
anchors, the evidence for the location of the mem-
brane extrinsic subunits, and the results of the
analyses presented herein (Tables 2 and 3, see
EXPERIMENTAL PROCEDURES) are as follows:

(1) FrdABCD (QH2:fumarate oxidoreductase). This
enzyme supports anaerobic respiratory growth on
fumarate and is similar in overall architecture to
SdhCDAB (succinate:Q oxidoreductase, complex
II) (Hägerhäll, 1997; Ohnishi et al., 2000). The

2For convenience, the membrane-intrinsic domain is defined as the
membrane-intrinsic subunit(s) including the loops.
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Figure 1. Overall topologies of membrane-bound oxidoreductases that have membrane-extrinsic catalytic subunits. In each case there are either one
or two membrane-anchor subunits. Evidence for the proposed topologies is either biochemical (e.g. DmsABC) or comes from a combination of
biochemical and structural (crystallography) data (e.g. FrdABCD and FrdCAB/SdhCAB). In one case, the membrane-anchor (NrfD/PsrC) appears to
be part of complexes with significantly different overall architectures. Membrane-extrinsic subunits depicted above the membrane are
cytoplasmically oriented, those below are periplasmically oriented.
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structure of the E. coli enzyme has recently been
determined by X-ray crystallography (Iverson et al.,
1999) and extensive experimental data indicates

that the FrdAB catalytic dimer is cytoplasmically
oriented (Cole et al., 1985; Hägerhäll, 1997;
Ohnishi et al., 2000). FrdA contains a FAD cofactor

Table 1. Membrane-anchor Subunit Families

Familya Membersb Structurec TMSd Dimer Members
Locatione (name, accession number, organism)

FrdC 4 Crystal 3 C frdc_ecoli, P03805, E. coli; frdc_provu, P20923, Proteus vulgaris; frdc_haein, P44892,
Haemophilus influenzae; frdc_myctu, Q10762, Mycobacterium tuberculosis

FrdD 4 Crystal 3 C frdd_ecoli, P03806, E. coli; frdd_provu, P20924, Proteus vulgaris; frdd_haein, P44891,
Haemophilus influenzae; frdd_myctu, Q10763, Mycobacterium tuberculosis

SdhC 21 Inf., Expt. 3 C dhsc_ecoli, P10446, E. coli; dhsc_strco, CAB89077, Streptomyces coelicolor; dhsc_mycle,
Q49919, Mycobacterium leprae; dhsc_neima, AAF41354, Neisseria meningitidis;
dhsc_coxbu, P51055, Coxiella burnetii; frd_rhodo, O82999, Rhodoferax fermentans;
c560_marpo, P35721, Marchantia polymorpha; c560_recam, P80481, Reclinomonas
americana; c560_chocr, P48934, Chondrus crispus; c560_cyaca, P48935, Cyanidium
caldarium; c560_cyame, Q9ZZR3, Cyanidioschyzon merolae; dhsc_parde, Q59659,
Paracoccus denitrificans; dhsc_brady, O68000, Bradyrhizobium japonicum; dhsc_ricpr,
P41085, Rickettsia prowazekii; dhsc_ricbt, Q9RHE9, Rickettsia (bunchy top disease);
c560_bovin, P35720, Bos taurus; c560ii_bovin, Q9T2T6, Bos taurus; c560_human,
Q99643, Homo sapiens; c560_cricg, P70097, Cricetulus griseus; c560_drosom, Q9VGS3,
Drosophila melanogaster; ym07_yeast, Q04487, Saccharomyces cerevisiae

SdhD 9 Inf., Expt. 3 C dhsd_ecoli, P10445, E. coli; dhsd_ neima, AAF41355, Neisseria meningitidis; frd_rhodo,
O83000, Rhodoferax fermentans; dhsd_shepu, O33737, Shewanella putrefaciens;
dhsd_coxbu, P51057, Coxiella burnetii; dhsd_ricpr, P41086, Rickettsia prowazekii;
dhsd_recam, P80482, Reclinomonas americana; dhsd_chocr, P54323, Chondrus crispus
(Carragheen); dhsd_parde, Q59660, Paracoccus denitrificans

FrdC_W 7 Crystal 5 C frdc_wolsu, P17413, Wolinella succinogenes; frdc_helpy, O06912, Helicobacter pylori;
frdc_camje, Q9PI97, Campylobacter jejuni; frdc2_wolsu, O34253, W. succinogenes;
dhsc_paema, P70932, Paenibacillus macerans; dhsc_bacsu, P08064, Bacillus subtilis;
dhsc_strco, Q9RCY6, Streptomyces coelicolor

NarI 10 Inf., Expt. 5 C nari_ecoli, P11350, E. coli; narv_ecoli, P19316, E. coli; nari_pseae, O54046, Pseudomonas
aeruginosa; nari_parde, Q56357, Paracoccus denitrificans; nari_myctu, O06562, Myco-
bacterium tuberculosis; nari_strco, O86714, Streptomyces coelicolor; nari2_strco,
Q9RI29, Streptomyces coelicolor; nari_bacsu, P42177, Bacillus subtilis; nari_staca,
Q9ZIF5, Staphylococcus carnosus; nari_theac, O06462, Thermus aquaticus

FdnI 6 Inf., Expt. 4 C fdni_ecoli, P24185, E. coli; fdoi_ecoli, P32174, E. coli; fdni_camje, Q9PMF4, Campylobacter
jejuni; fdhc_wolsu, P28180, W. succinogenes; fdxi_haein, P44451, Haemophilus influen-
zae; fdoi_aquifex, O67148, Aquifex aeolicus

HyaC 16 Inf. 4 P hyac_ecoli (cybh_ecoli), P19929, E. coli; hyac_helpy, Q9ZLK3, Helicobacter pylori J99;
hydc_helpy, O25350, Helicobacter pylori; cybh_wolsu, P31875, W. succinogenes;
hydc_camje, Q9PN33, Campylobacter jejuni; cybh_alceu, P31898, Alcaligenes eutrophus;
hupc_pseud, P95495, Pseudomonas hydrogenovora; cybh_rhoca, P16145, Rhodobacter
capsulatus; hupc_rhosh, O86470, Rhodobacter sphaeroides; cybh_braja, P21960,
Bradyrhizobium japonicum; cybh_rhilv, P27648, Rhizobium leguminosarum; cybh_azoch,
Q43953, Azotobacter chroococcum; cybh_azovi, P23000, Azotobacter vinelandii;
hupc_thiro, Q56361, Thiocapsa roseopersicina; hoxz_pseca, P81606, Pseudomonas
carboxydovorans; hoxz_aquae, O66896, Aquifex aeolicus

DmsC 4 Inf., Expt. 8 C dmsc2_ecoli (ynfh_ecoli), P76173, E. coli; dmsc_ecoli, P18777, E. coli; dmsc_yerpe,
Q9X6B4, Yersinia pestis; dmsc_haein, P45002, H. influenzae

NrfD 4 Inferred 8 P nrfd_ecoli, P32709, E. coli; nrfd_haein, P45014, H. influenzae; psrc_wolsu, P31077,
W.succinogenes; o30248_arcfu, O30284, Archaeoglobus fulgidus

HybB 4 Inferred 10 P hybb_ecoli, P37180, E. coli; hmc3_desvh, P33390, Desulfovibrio vulgaris; baa94029_rhoge,
BAA94029, Rhodocyclus gelatinosus; o30063_arcfu, O30063, Archaeoglobus fulgidus

aThe name of the family is taken from the E. coli member. In the case of FrdC_W, which does not have an E. coli homolog, it is taken from the W. succinogenes
homolog.
bNumber of family members identified on the basis of homeomorphic domain structure and low expectation value in a BLASTP search.
cCrystal, structure is known from protein crystallography. Inferred, predicted using hydropathy analyses and the "positive-inside" rule (von Heijne, 1989; von
Heijne, 1992) with little or no experimental data. Expt., experimental data exists to support proposed topology. Inf., topology inferred from hydropathy
analyses.
dTMS, number of TM segments.
eExperimentally supported location of membrane-extrinsic dimer.
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at the site of fumarate reduction, and FrdB contains
a [2Fe-2S] cluster, a [3Fe-4S] cluster, and a [4Fe-
4S] cluster. The enzyme has two membrane-
anchors, FrdC and FrdD, each with 3 TM segments
and a cytoplasmic N-terminus. 4 FrdC and 4 FrdD
sequences were collected.

FrdC. Figure 2A shows the predicted topology and
the absolutely conserved residues of FrdC. Abso-
lutely conserved residues within the loops are
almost exclusively oriented towards the cytoplas-
mic side of the membrane. In the structure of
FrdABCD, the N-terminus appears to interact
directly with the membrane-extrinsic FrdAB dimer
(Iverson et al., 1999). Figure 2B shows a plot of the
average similarity of the features of FrdC identified
in Figure 2A throughout the corresponding Clus-
talW alignment of the 4 FrdC sequences. Note that
the BLOSUM62 substitution matrix used in the
analysis weights conservation of each residue
differently, and scores substitutions (assigning
both positive and negative scores, depending on
the amino acids involved) (Henikoff and Henikoff,
1993; Henikoff and Henikoff, 1996). Above loop-
average similarity is observed in the cytoplasmic
loops, and below loop-average similarity is ob-

served in the periplasmic loop. Thus, analysis of
the sequence similarity within FrdC is entirely
consistent with the hypothesis presented herein.
The simple topology test results in a score of +1
(Table 2), and the empirical test results in a score
(aC –aP) of +4.33 (Table 3; see Experimental
Procedures). Thus, both tests agree with the
topology presented in Figure 2A and the actual
topology revealed by the crystal structure.

FrdD. As is the case with FrdC, almost all of the
absolutely conserved residues within the loops are
oriented towards the cytoplasmic side (Figure 2C),
and the N-terminus in the crystal structure also
interacts with the membrane-extrinsic FrdAB di-
mer. Figure 2D shows a plot of the average
similarity of the features of FrdD identified in Figure
2C. In this case, above loop-average similarity is
observed in the first cytoplasmic loop, but below
loop-average similarity is observed in the second
cytoplasmic loop. No extension into the periplasm
beyond the end of the third TM helix is predicted,
and below loop-average similarity is observed in
the periplasmic loop. Despite the lower than loop-
average similarity observed in the cytoplasmic loop
between TM helices 2 and 3, the presented

Table 2. Simple test of correlation between loop similarity and proposed topology amongst membrane-anchor subunits

Family Testb Loop s valuea
Pm¼y

m¼1 Sm
d A(e) Pass/Fail

Cc P C P C P C P C P C

FrdC Cyto 1 1 1 1 4 1.00 Pass

FrdD Cyto 1 1 21 1 0.33 Pass

SdhC Cyto 1 1 1 1 4 1.00 Pass

SdhD Cyto 1 1 1 1 4 1.00 Pass

FrdC_W Cyto 21 1 1 1 1 1 4 0.67 Pass

NarI Cyto 1 1 1 21 1 1 4 0.67 Pass

FdnI Cyto 21 1 1 1 1 3 0.60 Pass

HyaC Peri 1 1 21 0 21 0 0.00 –

DmsC Cyto 21 21 21 21 21 21 21 21 21 29 21.00 Fail

NrfD Peri 21 1 1 1 1 1 21 1 1 5 0.56 Pass

HybB Peri 1 1 21 21 1 1 1 21 1 21 1 3 0.27 Pass

Analysis based on helices/loops observed in actual structure:
FrdC Cyto 1 1 1 1 4 1.00 Pass

FrdD Cyto 21 21 1 21 22 20.50 Fail

FrdC_W Cyto 1 0 1 1 1 1 5 0.83 Pass

aScore for each of the loops as described in the EXPERIMENTAL PROCEDURES section. +1 for agreement with hypothesis, 21 for disagreement, 0 for
ambivalence by inspection.
bTest based on proposed location of membrane2extrinsic dimer in combination with proposed TM topology.
cC, putative cytoplasmic loop; P, putative periplasmic loop.
dsum of scores.
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topology of FrdD yields a score of +0.33 in the
simple test, and a score of +1.33 in the empirical
test. Thus, both tests agree with the topology
presented in Figure 4C and the actual topology
revealed by the crystal structure.

(2) SdhCDAB (succ i na t e :Q ox i do r educ t a se ,
complex II). This enzyme is an important compo-
nent of the TCA cycle and the E. coli enzyme is a
good model system for mitochondrial complex II
(Hägerhäll, 1997). A single heme b (heme b556 in E.
coli) is coordinated between the two membrane-
anchor subunits (Nakamura et al., 1996; Vibat
et al., 1998), SdhC and SdhD, each having 3 TM
segments with cytoplasmic N-termini (Hägerhäll
and Herderstedt, 1996; Hägerhäll, 1997). The E.
coli sequences were used as bait to collect 21
sequences of members of the SdhC family and 9
sequences of members of the SdhD family. In
contrast to FrdC and FrdD, sequences were

identified from both eukaryotic mitochondria and
prokaryotes.

SdhC. The proposed topology of SdhC (Figure 3A)
is similar to that of FrdC. Because many of the
SdhC sequences are eukaryotic (Table 1) and
therefore have mitochondrial targeting signals at
their N-termini, the plot of sequence similarity
versus residue position starts at a nominal 115.
As is the case for FrdC, the absolutely conserved
residues appear to be oriented towards the
cytoplasmic side of the subunit. However,
because of the phylogenic diversity of the
sequences, there are fewer absolutely conserved
residues in SdhC than in either FrdC or FrdD.
The simple topology test results in a score of +1,
and the empirical test results in a score of +3.46,
in agreement with the topology presented in
Figure 3A.

Figure 2. Analysis of sequence similarity as a function of membrane sidedness for the FrdC and FrdD subunits of FrdABCD. A. Transmembrane
topology of FrdC and the distribution of absolutely conserved residues. The horizontal line represents the region defining the interface between FrdC
and the membrane-extrinsic FrdB subunit. B. Plot of average similarity within the features of FrdC. The average similarity within each segment of
sequence representing the features is plotted versus residue position. The horizontal line represents the average sequence similarity within the
predicted membrane-extrinsic loops (2.23). The overall similarity through the entire alignment is 2.17. C. Transmembrane topology and the
distribution of absolutely conserved residues in FrdD. D. Plot of average similarity within the features of FrdD. The average sequence similarity within
the predicted membrane-extrinsic loops is 1.96 (horizontal line). The overall similarity through the entire alignment is 2.15. Abbreviations:
C, cytoplasmic loop; P, periplasmic loop; 1, 2, 3, numbered TM helices.
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SdhD. The proposed topology of SdhD (Figure 3C)
is also similar to that of FrdC. Figure 3D shows a
plot of the average similarity of the TM helices and
loops. The simple topology test results in a score of
+1, and the empirical test results in a score of
+2.37, in agreement with topology presented in
Figure 3C.

(3) FrdCAB/SdhCAB (QH2:fumarate/succinate:Q
oxidoreductase). Extensive experimental data ex-
ist supporting the overall topology of the fumarate
reductase (FrdCAB) of Wolinella succinogenes
(Körtner et al., 1990; Lancaster et al., 1999;
Lancaster et al., 2000) and the succinate dehy-
drogenase (SdhCAB) of Bacillus subtilis (Hägerhäll
et al., 1992; Hägerhäll, 1997; Hederstedt et al.,
1985) presented in Figure 1. The structure of
FrdCAB from W. succinogenes has been solved
by X-ray crystallography (Lancaster et al., 1999).
Although the membrane-extrinsic subunits (FrdAB/

SdhAB) appear to have an almost identical struc-
ture to those of E. coli FrdABCD (Iverson et al.,
1999), the FrdC_W-type membrane-anchors are
diheme cytochromes b with 5 TM segments and
cytoplasmic N-termini (Figure 4A). A total of 7
members of the FrdC_W family were identified
using the W. succinogenes and B. subtilis se-
quences as bait. The two hemes are coordinated
between four TM segments (Hägerhäll et al., 1992;
Hägerhäll et al., 1995; Matsson et al., 2000).
Presumably to facilitate heme packing and coordi-
nation, TM segments 1, 2, 3, and 4 have relatively
high sequence similarity associated with them that
is higher than that observed in the surrounding
loops (Figure 4B). This is why our TM topology
tests compare the sequence similarity in the loops
with the average similarity for all the loops in the
protein of interest (rather than comparing with the
average similarity for the entire protein; see

Figure 3. Analysis of sequence similarity as a function of membrane sidedness for the SdhC and SdhD subunits of SdhCDAB. A. Transmembrane
topology of SdhC and the distribution of absolutely conserved residues. One of these conserved residues, H84 of E. coli SdhC, provides a ligand for
the heme b that appears to be present in all SdhCDAB-type enzymes. The horizontal line represents the region defining the interface between SdhC
and the membrane-extrinsic SdhB subunit. B. Plot of average similarity within the features of SdhC. The horizontal line represents the average
sequence similarity within the predicted membrane-extrinsic loops (0.97). The overall similarity through the entire alignment is 0.84.
C. Transmembrane topology and the distribution of absolutely conserved residues in SdhD. H71 of SdhD provides the second His ligand to the
heme b coordinated between SdhC and SdhD. D. Plot of average similarity within the features of SdhD. The average sequence similarity within the
predicted membrane-extrinsic loops is 0.98 (horizontal line). The overall similarity through the entire alignment is 0.92.
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EXPERIMENTAL PROCEDURES). In the case of
the FrdC_W family, there are no absolutely con-
served residues in the loops, but significant se-
quence similarity is observed. The simple topology
test results in a score of +0.67, and the empirical
test results in a score of +1.79, in agreement with
the topology presented in Figure 4A.

(4) NarGHI (QH2:NO"
3 oxidoreductase). The respira-

tory nitrate reductase A (NarGHI) from E. coli is
known to have its membrane-extrinsic subunits
(NarGH) anchored to the inside of the cytoplasmic
membrane by a diheme cytochrome b (NarI) (Berks
et al., 1995b; Hackett and Bragg, 1982; Jones and
Garland, 1977; Jones et al., 1980; Magalon et al.,
1997; Rothery et al., 1999). NarG contains a
molybdo-bis(molybdopterin guanine dinucleotide)
(Mo-bisMGD) cofactor, and NarH contains three
[4Fe-4S] clusters and one [3Fe-4S] cluster (Gui-
gliarelli et al., 1992; Rothery et al., 1998). The E.

coli sequence was used as bait to identify 10 NarI
sequences. Like FrdC_W, NarI has 5 TM segments
(Figure 4C), but has a periplasmic N-terminus, and
the two hemes are coordinated between two TM
segments (Magalon et al., 1997). As is the case
with FrdC_W, heme coordination and packing
probably results in the observation of relatively
high sequence similarity within TM helices 2 and 5.
The simple topology test results in a score of
+0.67, and the empirical test results in a score of
+3.99, in agreement with the topology presented in
Figure 4C.

(5) FdnGHI (HCOO":Q oxidoreductase). Based on
sequence analyses, FdnG contains a Mo-bisMGD
cofactor, and FdnH contains four [4Fe-4S] clusters,
and these two subunits comprise a catalytic dimer
(FdnGH) anchored to the cytoplasmic membrane
by FdnI. The localization of FdnGH has been
inferred to be periplasmic (Berks et al., 1995a),

Figure 4. Analysis of sequence similarity as a function of membrane sidedness for the FrdC_W subunit of FrdCAB and the NarI subunit of NarGHI.
A Transmembrane topology of FrdC_W and the distribution of absolutely conserved residues. FrdC_W is a diheme cytochrome b with the hemes
coordinated between four TM segments as shown (Lancaster et al., 1999). The horizontal line represents the region defining the interface between
FrdC_W and the membrane-extrinsic FrdB subunit. B.Plot of average similarity within the features of FrdC_W. The horizontal line represents the
average sequence similarity within the predicted membrane-extrinsic loops (0.31). The overall similarity through the entire alignment is 0.78.
C. Transmembrane topology of NarI and the distribution of absolutely conserved residues. The horizontal line represents the region defining the
interface between NarI and the membrane-extrinsic NarGH subunits. D. Plot of average similarity within the features of NarI. The average similarity
the predicted membrane-extrinsic loops is 1.64 (horizontal line). The overall similarity through the entire alignment is 1.79. Abbreviations: bP - dimer-
proximal heme; bD - dimer-distal heme.
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based in part on the presence at the N-terminus of
FdnG of a ‘‘twin-arginine’’ signal sequence target-
ing the fully-folded FdnGH to the MTT (Membrane
Targeting and Translocation) system (Berks, 1996;
Sargent et al., 1998b; Weiner et al., 1998).
However, a systematic study of 47 randomly-
generated b-lactamase gene fusions to the minor
E. coli formate dehydrogenase (FdoGHI) strongly
suggests a cytoplasmic location for FdoGH (Benoit
et al., 1998). Given the very strong sequence
similarity between FdnGHI and FdoGHI (FdnG,
82% similar, 76% identical; FdnH, 81% similar,
77% identical; FdnI, 58% similar, 48% identical),
we conclude that both enzymes have the same
overall architecture. The E. coli FdnI sequence was
used as bait to identify 6 sequences of the family.
FdnI is a diheme cytochrome b with 4 TM segments
and a cytoplasmic N-terminus (Figure 5A) (Benoit
et al., 1998; Berks et al., 1995b). The hemes

appear to be coordinated between 3 TM helices in
a manner similar to that demonstrated for the
membrane-anchors of the HyaABC-type hydroge-
nases (see below) (Groß et al., 1998; Meek and
Arp, 2000). As is the case for FrdC and FrdD, the
orientation of sequence similarity within the loops
is striking. The simple topology test results in a
score of +0.60, and the empirical test results in a
score of +1.99, in agreement with the topology
presented in Figure 5A, and supporting a cytoplas-
mic location for FdnGH.

(6) HyaABC (H2:Q oxidoreductase). This is the HYD-1
hydrogenase isoenzyme (Böck and Sawers, 1996).
It comprises two membrane-extrinsic subunits,
HyaAB, anchored the periplasmic side of the
membrane by HyaC. HyaA and HyaB are the small
and large hydrogenase subunits, respectively. By
analogy to the structurally characterized Ni-Fe
hydrogenase from Desulfovibrio gigas (Volbeda

Figure 5. Analysis of sequence similarity as a function of membrane sidedness for the FdnI subunit of FdnGHI and the HyaC subunit is HyaABC
(HYD-1). A. Transmembrane topology of FdnI and the distribution of absolutely conserved residues. FdnI appears to be a diheme cytochrome b with
the hemes coordinated between three TM segments as shown (Berks et al., 1995b). The horizontal line represents the region defining the interface
between FdnI and the membrane-extrinsic FdnGH subunits.B. Plot of average similarity within the features of FdnI. The horizontal line represents
the average sequence similarity within the predicted membrane-extrinsic loops (1.57). The overall similarity through the entire alignment is 1.59.
C. Transmembrane topology and the distribution of absolutely conserved residues in HyaC. The horizontal line represents the region defining the
interface between HyaC and the membrane-extrinsic HyaAB subunits. D. Plot of average similarity within the features of HyaC. The average
sequence similarity within the predicted membrane-extrinsic loops is 1.47 (horizontal line). The overall similarity through the entire alignment is 1.89.
Abbreviations: bP - dimer-proximal heme; bD - dimer-distal heme.
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et al., 1995), HyaB contains the Ni-Fe active site,
and HyaA contains one [3Fe-4S] cluster and two
[4Fe-4S] clusters. Comparison with the HybOBC
(HYD-2) isoenzyme (see below) and the presence
of a ‘‘twin-arginine’’ signal sequence at the N-
terminus of HyaA strongly suggest a periplasmic
location for the HyaAB dimer. Although E. coli
HyaABC has been purified (Sawyers and Boxer,
1986), no direct biochemical evidence exists to
confirm a periplasmic orientation for HyaAB. How-
ever, the catalytic dimer of the W. succinogenes
homolog is demonstrably periplasmic (Groß et al.,
1999). The E. coli HyaC sequence was used to
identify 16 members of the family that have an
apparently similar TM topology to that predicted for
FdnI. The HyaC homologs from W. succinogenes
and Azotobacter vinelandii are diheme cyto-
chromes b with 3 TM helices providing heme
coordination (Groß et al., 1998; Meek and Arp,
2000) (Figure 5C). The simple topology test results
in a score of 0.00, and the empirical test results in a
score of 20.50. A value of zero in the simple test
indicates ambivalence towards the proposed mod-
el, but a negative value in the empirical test
indicates agreement (viz. a periplasmic location
for HyaAB). Thus, the data suggest that two
proteins (FdnI and HyaC) with an overall similarity
in TM topology and heme coordination can dock
extrinsic subunits on opposite sides of the mem-
brane (cf. Figure 5A and 5C).

(7) DmsABC (QH2:SNO oxidoreductase). This enzyme
is able to reduce a wide range of S- and N- oxides
(hence it may be referred to as an S- and N- oxide
reductase) (Simala-Grant and Weiner, 1996; Si-
mala-Grant and Weiner, 1998; Weiner et al., 1988;
Weiner et al., 1992), and is comprised of a catalytic
dimer (DmsAB) anchored to the inner surface of
the cytoplasmic membrane by DmsC (Rothery and
Weiner, 1993; Sambasivarao et al., 1990; Samba-
sivarao et al., 2001). DmsA contains a Mo-bisMGD
cofactor (Rothery et al., 1995), DmsB contains four
[4Fe-4S] clusters (Cammack and Weiner, 1990;
Rothery and Weiner, 1996), and DmsC is a
hydrophobic membrane-anchor with 8 TM seg-
ments. An experimentally determined topology
using blaM and phoA gene fusions places both
the N- and C- termini on the periplasmic side of the
membrane (Weiner et al., 1993). Controversy
surrounds the compartmentalization of the DmsAB
subunits, as DmsA has a ‘‘twin-arginine’’ signal
sequence that results in assembly of the DmsABC
heterotrimer to the membrane being dependent on
the MTT protein translocation/targeting machinery
(Sambasivarao et al., 2000; Weiner et al., 1998).
Despite convincing experimental evidence to the
contrary, it has been suggested that the DmsAB
dimer is periplasmically oriented (Berks, 1996;
Sargent et al., 1998b).

Inspection of the absolutely conserved resi-
dues in Figure 6A reveals a striking orientation of
the conserved residues towards the periplasmic
side of the proposed topology. The plot of average

sequence similarity within the features of the
proposed topology model (Figure 6B) reflects the
overall orientation of absolutely conserved resi-
dues within the DmsC family towards the periplas-
mic side of the model. The simple topology test
results in a score of 21.00, and the empirical test
results in a score of 213.66, in disagreement with
the predicted and experimentally-determined to-
pology of DmsC (see DISCUSSION).

(8) PsrABC (QH2:S
2
#- oxidoreductase). This enzyme

allows respiratory growth by W. succinogenes with
polysulfide as terminal electron acceptor (Krafft
et al., 1995). The catalytic dimer, PsrAB, is
anchored to the periplasmic side of the cytoplasmic
membrane by a hydrophobic membrane-anchor,
PsrC. Sequence analysis suggests that PsrA
contains a Mo-bisMGD cofactor, and that PsrB
contains four [4Fe-4S] clusters (Krafft et al., 1992).
The PsrAB dimer is targeted to the periplasm by a
‘‘twin-arginine’’ signal sequence at the N-terminus
of PsrA. PsrC shares significant sequence similar-
ity with E. coli NrfD, a component of one of the
E. coli nitrite reducing systems (NrfABCD) (Hus-
sain et al., 1994). The overall architecture of this
system differs significantly from that of PsrABC
(Figure 1). NrfD appears to be the membrane-
anchor to a periplasmically oriented electron-
transfer subunit, NrfC that is similar to DmsB (i.e.
its sequence infers the presence of four [4Fe-4S]
clusters) and has a ‘‘twin-arginine’’ signal se-
quence. NrfB is a periplasmic pentaheme cyto-
chrome c that may form a dimer with NrfC. The
predicted site of nitrite reduction is NrfA, a
putatively soluble periplasmic pentaheme cyto-
chrome c (Berks et al., 1995b). PsrC/NrfD appear
to have 8 transmembrane helices and periplasmic
N- and C- termini (Figure 6C). 4 proteins were
identified as being members of the PsrC/NrfD
family using the E. coli NrfD sequence as bait.
The simple topology test results in a score of 0.56,
and the empirical test results in a score of 27.54, in
agreement with the topology shown in Figure 6C.

(9) HybOBC (H2:Q oxidoreductase). This is the HYD-2
hydrogenase of E. coli. The large (Ni-Fe, HybC)
and small ([Fe-S], HybO) subunits are anchored to
the periplasmic side of the membrane by a
hydrophobic HybB membrane-anchor that is quite
distinct from the HyaC anchor described above for
the HyaABC (HYD-1) enzyme in that it has 10
transmembrane helices rather than 4. HybO and
HybC appear to be similar in cofactor composition
and sequence to HyaA and HyaB of HyaABC
(Sargent et al., 1998a). An additional subunit,
HybA, has a ‘‘twin-arginine’’ signal sequence,
contains 4 [Fe-S] clusters, appears to be targeted
to the periplasm via the MTT pathway, but has an
undefined functional role (Frank Sargent, personal
communication). Localization of the HybOC cata-
lytic dimer to the periplasmic side of the cytoplas-
mic membrane and its translocation via the MTT
machinery has been clearly demonstrated (Rodri-
gue et al., 1999a; Rodrigue et al., 1999b; Wu et al.,
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2000). In contrast to the case of HyaABC, only four
putative HybB-homologs could be identified using
the E. coli HybB sequence as bait. Hydropathy
analyses suggest that members of this family of
proteins have 10 TM segments with cytoplasmic N-
and C- termini (Figure 7A). It is not clear why this
protein has so many TM segments compared to the
membrane-anchor of HyaABC (10 versus 4 TM
segments). The simple topology test results in a
score of 0.27, and the empirical test results in a
score of 25.72, in agreement with the topology
presented in Figure 7A.

Analysis of the Sequence Similarity Method to
Topologies Based on Crystal Structures
Figure 8 shows that there is a strong overall
agreement between the predicted topologies and
the structure-based topologies for FrdC, FrdD, and
FrdC_W. In order to test the accuracy of the
methods presented herein, the analyses presented
above were based on predicted topologies of the
proteins for which crystal structures are available. If

the analyses are repeated using the helical seg-
ments identified in the published structures of
FrdABCD and FrdCAB (Iverson et al., 1999; Lan-
caster et al., 1999), similar results are obtained,
except in the case of FrdD (Tables 2 and 3). In this
case, the proposed topology fails both the simple
and empirical tests. However, it should be noted that
the helical segments observed in the crystal struc-
tures have TM segments that either overlap com-
pletely with them, or are included within them. Thus
analyses of these segments using the methods
presented herein may be biased by sequence
similarity within the non-TM sections of the identified
helices.

Discussion

We have demonstrated that sequence similarity within
the membrane anchors of the respiratory chain
enzymes described herein can play a significant role
in predicting the orientation of their TM topologies. In
10 out of 11 families of anchor tested, strong correla-

Figure 6. Analysis of sequence similarity as a function of membrane sidedness for the DmsC subunit of DmsABC and the NrfD subunit of NarfABCD.
A. Transmembrane topology of DmsC and the distribution of absolutely conserved residues. The horizontal line represents the region defining the
interface between DmsC and the membrane-extrinsic DmsAB subunits. B. Plot of average similarity within the features of DmsC. The horizontal line
represents the average sequence similarity within the predicted membrane-extrinsic loops (2.84). The overall similarity through the entire alignment
is 2.62. C. Transmembrane topology of NrfD and the distribution of absolutely conserved residues. The horizontal line represents the region defining
the interface between NrfD and the membrane-extrinsic NrfBC subunits. D. Plot of average similarity within the features of NrfD. The average
sequence similarity within the predicted membrane-extrinsic loops is 0.71 (horizontal line). The overall similarity through the entire alignment is 1.36.
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tion exists between the experimentally-determined
sidedness of the membrane-extrinsic subunits and
the predicted or experimentally-determined orientation
of the anchor topology (Tables 2 and 3). Thus, it is
clear that consideration of the orientation of sequence
similarity within the loops of a TM model is pertinent in
those cases where membrane-extrinsic subunits are
present. Categorization of emerging sequences for
membrane-anchor proteins into families that include
topologically characterized members is becoming
increasingly facile, rendering the sequence similarity
method a useful complement to existing TM topology-
orientation prediction methods.

The presence of sequence similarity within the
loops defining subunit-subunit interactions between
the membrane-intrinsic and -extrinsic domains prob-
ably does not play a role in defining the orientation of
the topology per se, but is likely to be solely a result of
the interactions necessary to maintain overall multi-
meric structure. This is because prediction of the

topologies of the 10 families that produce consistent
sequence similarity analysis data is based on hydro-
pathy/charge distribution analyses that ignore the
possible role of loop-localized residues in defining
subunit-subunit interactions. For the interactions to
play a role in defining the orientation of the TM
topology of the membrane anchor, the subunit-subunit
interactions would have to be in existence during the
process of membrane insertion.

The one example of a membrane anchor that
appears to defeat the analysis presented herein is the
DmsC subunit of E. coliDmsABC. Its proposed topology
is based on 17 blaM and 3 phoA gene fusions within the
dmsC gene of the dmsABC operon (Weiner et al.,
1993). Based on the presence of a ‘‘twin-arginine’’
leader sequence in DmsA, the membrane-extrinsic
DmsAB dimer is ‘‘expected’’ to be targeted to the
periplasm via the MTT apparatus (Berks, 1996; Sargent
et al., 1998b). Interestingly, the analysis presented
herein provides credence to this hypothesis, as the

Figure 7. Analysis of sequence similarity as a function of membrane sidedness for the HybB subunit of HybOBC. B. Transmembrane topology and
the distribution of absolutely conserved residues. The horizontal line represents the region defining the interface between HybB and the membrane-
extrinsic HybOC subunits. B. Plot of average similarity within the features of HybB. The horizontal line represents the average sequence similarity
within the predicted membrane-extrinsic loops (0.44). The overall similarity through the entire alignment is 0.50.
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loop-localized sequence similiarity is periplasmically-
oriented in the putative topology. However, there is
significant biophysical/biochemical data suggesting a
cytoplasmic location for DmsAB within the mature
holoenzyme (Rothery andWeiner, 1993; Sambasivarao
et al., 1990). In addition, it has recently been demon-
strated that DmsAB expressed in the absence of DmsC
remains in the cytoplasm (Sambasivarao et al., 2001). It
has been demonstrated that the dissociable Q-site of
DmsC is conformationally-linked to one of the [Fe-S]
clusters of DmsB and that H65 and E87 play an
important role in defining this site (Rothery and Weiner,
1996, Rothery and Weiner, unpublished results).
H65 and E87 of DmsC are placed at either end of a
periplasmic loop in the proposed topology (Figure 6A).
These observations are problematic because the
DmsAB dimer has been demonstrated to be bound to
the cytoplasmic side of the membrane (Sambasivarao
et al., 1990; Sambasivarao et al., 2001). One important
feature of DmsC is its lethality when expressed in
the absence of DmsAB (Turner et al., 1997). Thus, a
possible explanation for the conflicting topological data
is that the experimentally-determined topology of DmsC
is correct only in the context of this subunit assembling
to the membrane in the absence of the dimer. Normal

assembly of the holoenzyme may require interaction
between DmsC and the membrane extrinsic dimer prior
to membrane insertion to overcome the lethality
phenotype, i.e. the interaction between DmsC and
DmsAB may be a topogenic signal. Other membrane
anchors, as has been demonstrated for the NarI subunit
of NarGHI (Magalon et al., 1997), may not have lethality
phenotypes associated with them. Alternatively, DmsC
may hold DmsAB in a ‘‘baseball glove’’ of 8 TM
segments. This would require insertion of a portion of
DmsAB below the inner surface of the cytoplasmic
membrane, and could also require prior association of
DmsAB with DmsC to overcome the DmsC-mediated
lethality phenotype. Obviously, the TM topology of
DmsC requires closer experimental examination,
perhaps using gene/tag fusion methods that do
not disrupt holoenzyme structure (e.g. sandwich
fusions). Such studies are currently ongoing in our
laboratory.

Maturation of the following oxidoreductases is
dependent on the MTT system: FdnGHI, HyaABC,
DmsABC, PsrABC, NrfABCD, and HybOBC. Despite a
paucity of experimental data for some enzymes, it is
clear that not all ‘‘twin-arginine’’ leader containing
proteins are targeted to the periplasm. Known excep-

Figure 8. Comparison of predicted and actual transmembrane topologies for the membrane-anchors of bacterial fumarate:menaqiunone
oxidoreductases. Predicted topologies were obtained using the program TMpred (Hofmann and Stoffel, 1993) (www.ch.embnet.org). The TMpred
program makes a prediction of membrane-spanning regions and their orientation. The algorithm is based on the statistical analysis of TMbase, a
database of naturally occurring transmembrane proteins. The prediction is made using a combination of several weight-matrices for scoring.
Protein sequences were searched for TM segments between 17 and 33 residues in length. Actual topologies are based on the reported lengths of
helices that include a transmembrane segment in the published structures of E. coli FrdABCD (Iverson et al., 1999) and W. succinogenes FrdCAB
(Lancaster et al., 1999).
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tions appear to be DmsABC (Rothery and Weiner,
1993; Sambasivarao et al., 1990; Sambasivarao et al.,
2001) and FdnGHI (by analogy to topological studies
on the minor FdoGHI from E. coli) (Benoit et al., 1998).
This is puzzling because the MTT system is involved in
targeting fully-folded, cofactor-containing, often het-
erodimeric proteins to the periplasm. It is thus unclear
why mature DmsAB and FdnGH appear to remain on
the cytoplasmic side of the membrane in their
respective mature holoenzymes.

It is clear from the method provided herein that
sequence similarity scores within a ClustalW alignment
can provide important information that can argue for or
against a particular TM model for a respiratory chain
membrane anchor protein. The BLOSUM62 substitution
matrix (Henikoff and Henikoff, 1993; Henikoff and
Henikoff, 1996) allows quantification of similarity within
the features of the proteins studied in a way that permits
overall scoring of similarity for a particular TMmodel. As
demonstrated herein, this is a significant advantage
over simply viewing the identity within an alignment, as
the matrix scores (and penalizes) each substitution
within the alignment. We chose a group of bacterial
membrane anchors to respiratory chain enzymes as the
‘‘bait’’ proteins for our analyses, because many of these
are studied in our laboratories, but it is likely that this
approach would work for a wide range of membrane
proteins that have extrinsic subunits, and even those
that have membrane-intrinsic and extrinsic domains
within a single polypeptide.

Experimental Procedures

Sequence collection. Bait sequences from the indivi-
dual sequence families (see RESULTS) were used to
mine sequences from the SWISS-PROT/TrEMBL
databases at the ExPASy Molecular Biology Server
(expasy.hcuge.ch) using the BLASTP database search
engine (Altschul et al., 1997) available thereon.
Occasionally, it was necessary to obtain sequences
from the folowing additional databases: PIR, PRF,
PDB, and translations from annotated coding regions
in GenBank and RefSeq. These are available at the
NCBI server (Entrez Protein at www.ncbi.nlm.nih.gov).
Sequences were included within families based on the
following criteria: i) identified sequences being of
apparently homeomorphic domain structure similar to
that of the bait sequence; and, ii) a low expectation
value being returned for the sequence in the BLASTP
output. In the case of the FrdC_W family of proteins,
the SdhC subunits do not appear in the BLASTP
output, but based on structural and biochemical
analyses are clearly members of the FrdC_W family
(Hägerhäll and Herderstedt, 1996; Hägerhäll, 1997;
Lancaster et al., 1999).

Sequence alignments and topology model generation.
Multiple sequence alignments were generated using
the ClustalW alignment algorithm (Thompson et al.,
1994). Topology models for each sequence in each
alignment were determined using the TMpred algo-
rithm (www.ch.embnet.org) (Hofmann and Stoffel,

1993) or the TMHMM algorithm (www.cbs.dtu.dk/
services/TMHMM-1.0/) (Sonnhammer et al., 1998).
Typically, the predicted topology of the original bait
sequence was used for further analyses as described
in the RESULTS.

Quantitation of similarity within the alignments. The
sequence similarity at each position in the alignments
was determined using the -outfile option of the
PLOTSIMILARITY program of the Wisconsin Se-
quence Analysis Package (GCG Version 9.1-UNIX)
using the BLOSUM62 substitution matrix (Henikoff and
Henikoff, 1993; Henikoff and Henikoff, 1996) and a
window average of 1 (i.e. no averaging). Averaging
within each feature (each TM helix and loop) was
carried out using an electronic spreadsheet. Where
lengths of N- and C-termini varied within an alignment,
averaging was performed only on regions of sequence
existing in all the aligned sequences.

Sequence similarity as a predictor of the orientation of
TM topology models. For each of the 11 families of
membrane-anchors, sequences were mined, a Clus-
talW alignment was generated, PLOTSIMILARITY
data calculated, and TM topologies of each member
predicted. In every case, there was general agreement
between the predicted TM topology of each member.
Subsequent analysis was based on the predicted TM
topology of the bait protein, which in the majority of
cases was the family member from E. coli.

Averaging of sequence similarity values within
putative transmembrane segments and membrane-
extrinsic loops in the ClustalW alignments was carried
out as described above. In each family, it is clear that
significant sequence similarity exists within a number of
TM segments. This similarity is likely to result from:
i) definition of sites of substrate binding (i.e. Q-sites);
ii) definition of heme binding sites (His ligands,
residues involved in heme packing); iii) definition of
subunit-subunit interactions between membrane-intrin-
sic subunits (i.e. between SdhC and SdhD); or iv) the
tendency for TM segments to contain residues with
hydrophobic side chains (i.e. Ile, Val, Leu). We
eliminated this similarity from our analysis by calculat-
ing the average sequence similarity for each protein
within the putative membrane-extrinsic loops. Two
scoring tests were devised to test proposed TM
topologies. One is based on higher or lower than
loop-average similarity (see definition, below) being
observed where expected in cytoplasmic or periplasmic
loops. The other is based on quantitation of the overall
difference between cytoplasmically and periplasmically
oriented similarity. These tests are explained below:

(1) Simple. For each protein family, the average
similarity for each loop, including the N- and
C-termini, was calculated. This resulted in average
similarity values, xn , where n is the number of the
loop. Each loop was assigned a score (s) based on
its average similarity score relative to the loop-
average similarity (v) throughout all of the loops.
The score was based on the sidedness of the
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membrane-extrinsic subunits with respect to the
cytoplasmic membrane. For example, based on
the hypothesis presented herein relatively high
similarity would be expected to be observed on the
cytoplasmic side of a membrane-intrinsic subunit of
an enzyme with cytoplasmically-oriented membrane-
extrinsic subunits:

for a cytoplasmic loop,

if xn > v ; s ¼ 1; if xn , v ; s ¼ "1; if xn , v ; s ¼ 0;

for a periplasmic loop,

if xn , v ; s ¼ 1; if xn > v ; s ¼ "1; if xn , v ; s ¼ 0:

For loops m ¼ 1 to m ¼ y (the total number of loops)
agreement, A, with the implied topology was calculated
as follows:

A ¼
Pm¼y

m¼1 Sm

y
ð1Þ

Thus, A ¼ þ1 represented complete agreement with
an implied model and A ¼ 21 represented complete
disagreement.
(2) Empirical. For each protein family, the average
similarity, xn , for each loop and the similarity through-
out all the loops, v, was calculated as described above.
Then sums of differences, aC and aP, were calculated
between the putative cytoplasmic/periplasmic loops
and the overall loop-average, v.

For cytoplasmic loops c ¼ 1 to c ¼ yC ,

aP ¼
Xc¼yc

c¼1
ðxc " vÞ ð2Þ

where yC is the total number of cytoplasmic loops.

For periplasmic loops p ¼ 1 to p ¼ yP ,

aP ¼
Xp¼yP

p¼1
ðxP " vÞ ð3Þ

where yP is the total number of periplasmic loops.

If aC " aP > 0, agreement was with a topology model in
which the membrane-extrinsic subunits are cytoplas-
mically localized. If aC " aP , 0; agreement was with a
topology model in which the extrinsic subunits are
periplasmically localized.

Both methods assigned equal weight to each
membrane-extrinsic loop, as well as the N- and C-
termini, regardless of the length of these features. As
described in the RESULTS, this appears to result in a
reasonable interpretation of the similarity data in terms
of proposed topological models.
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Lancaster, C.R.D., Kröger, A., Auer, M., and Michel, H. 1999.
Structure of fumarate reductase from Wolinella succinogenes at
2.2 Å resolution. Nature 402: 377–385.

Lancaster, C.R.D., Groß, R., Haas, A., Ritter, M., Mðntele, W., and
Simon, J. 2000. Essential role of Glu-66 for menaquinol oxidation
indicates transmembrane electrochemical potential generation by
Wolinella succinogenes fumarate reductase. Proc. Natl. Acad. Sci.
USA 97: 13051–13056.

Magalon, A., Lemesle-Meunier, D., Rothery, R.A., Frixon, C.,
Weiner, J.H., and Blasco, F. 1997. Heme axial ligation by the highly
conserved His residues in helix II of cytochrome bnr of Escherichia
coli nitrate reductase A (NarGHI). J. Biol. Chem. 272: 25652–25658.

Magalon, A., Rothery, R.A., Lemesle-Meunier, D., Frixon, C.,
Weiner, J.H., and Blasco, F. 1998. Inhibitor binding within the
NarI subunit (cytochrome bnr) of Escherichia coli nitrate reductase A.
J. Biol. Chem. 273: 10851–10856.

Matsson, M., Tolstoy, D., Aasa, R., and Hederstedt, L. 2000. The
distal heme center in Bacillus subtilis succinate:quinone reductase is
crucial for electron transfer to menaquinone. Biochemistry 39:
8617–8624.

Meek, L., and Arp, D.J. 2000. The hydrogenase cytochrome b heme
ligands of Azotobacter vinelandii are required for full H2 oxidation
capability. J. Bacteriol. 182: 3429–3436.

Nakamura, K., Yamaki, M., Sarada, M., Nakayama, S., Vibat, C.R.,
Gennis, R.B., Nakayashiki, T., Inokuchi, H., Kojima, S., and Kita, K.
1996. Two hydrophobic subunits are essential for the heme b ligation
and functional assembly of complex II (succinate:ubiquinone
oxidoreductase) from Escherichia coli. J. Biol. Chem. 271: 521–527.

Ohnishi, T., Moser, C.C., Page, C.C., Dutton, P.L., and Yano, T. 2000.
Simple redox-linked proton-transfer design: new insights from
structures of quinol-fumarate reductase. Structure 8: R23–R32.

Persson, B., and Argos, P. 1997. Prediction of membrane protein
topology utilizing multiple sequence alignments. J. Prot. Chem. 16:
453–457.

Richardson, D.J., and Watmough, N.J. 1999. Inorganic nitrogen
metabolism in bacteria. Curr. Opin. Chem. Biol. 3: 207–219.

Rodrigue, A., Boxer, D.H., Mandrand-Berthelot, M.A., and Wu, L.-F.
1999a. Requirement for nickel of the transmembrane translocation
of Ni-Fe-hydrogenase 2 in Escherichia coli. FEBS Lett. 392: 81–86.

Rodrigue, A., Chanal, A., Beck, K., Mller, M., and Wu, L.-F. 1999b. Co-
translocation of a periplasmic enzyme complex by a hitchhiker
mechanism through the bacterial TAT pathway. J. Biol. Chem. 274:
13223–13228.

Rost, B., Casadio, R., Fariselli, P., and Sander, C. 1995. Transmem-
brane helices predicted at 95% accuracy. Prot. Sci. 4: 521–533.

Rost, B., Fariselli, P., and Casidio, R. 1996. Topology prediction for
helical transmembrane proteins at 86% accuracy. Prot. Sci. 5:
1704–1718.

Rothery, R.A., and Weiner, J.H. 1993. Topological characterization of
Escherichia coli DMSO reductase by electron paramagnetic reso-
nance spectroscopy of an engineered [3Fe-4S] cluster. Biochemistry
32: 5855–5861.

Rothery, R.A., Simala Grant, J.L., Johnson, J.L., Rajagopalan, K.V.,
and Weiner, J.H. 1995. Association of molybdopterin guanine
dinucleotide with Escherichia coli dimethyl sulfoxide reductase:
effect of tungstate and a mob mutation. J. Bacteriol. 177:
2057–2063.

Rothery, R.A., and Weiner, J.H. 1996. Interaction of an engineered
[3Fe-4S] cluster with a menaquinol binding site of Escherichia coli
DMSO reductase. Biochemistry 35: 3247–3257.

Rothery, R.A., Magalon, A., Giordano, G., Guigliarelli, B., Blasco, F.,
and Weiner, J.H. 1998. The molybdenum cofactor of Escherichia coli
nitrate reductase A (NarGHI): effect of a mobAB mutation and
interactions with [Fe-S] clusters. J. Biol. Chem. 273: 7462–7469.

Rothery, R.A., Blasco, F., Magalon, A., Asso, M., and Weiner, J.H.
1999. The hemes of Escherichia coli nitrate reductase A (NarGHI):
potentiometric effects of inhibitor binding to NarI. Biochemistry 38:
12747–12757.

Sambasivarao, D., Scraba, D.G., Trieber, C.A., and Weiner, J.H.
1990. Organization of dimethyl sulfoxide reductase in the plasma
membrane of Escherichia coli. J. Bacteriol. 172: 5938–5948.

Sambasivarao, D., Turner, R.J., Simala-Grant, J.L., Shaw, G., Hu, J.,
and Weiner, J.H. 2000. Multiple roles for the twin arginine leader
sequence of dimethyl sulfoxide reductase of Escherichia coli. J. Biol.
Chem. 275: 22526–22531.

Sambasivarao, D., Dawson, H.A., Zhang, G., Shaw, G., Hu, J.,
and Weiner, J.H. 2001. Investigation of Escherichia coli dimethyl
sulfoxide reductase assembly and processing in strains defective for
the sec-independent protein translocation system Mtt. J. Biol. Chem.
276: 20167–20174.

Sargent, F., Ballantine, S.P., Rugman, P.A., Palmer, T., and
Boxer, D.H. 1998a. Reassignment of the gene encoding the
Escherichia coli hydrogenase 2 small subunit. Identification of a
soluble precursor of the small subunit in a hypB mutant. Eur. J.
Biochem. 255: 746–754.

Sargent, F., Bogsch, E.G., Stanley, N.R., Wexler, M., Robinson, C.,
Berks, B., and Palmer, T. 1998b. Overlapping functions of
components of a bacterial Sec-independent protein export pathway.
EMBO J. 17: 3640–3650.

Sawyers, R.G., and Boxer, D.H. 1986. Purification and properties of
the membrane-bound hydrogenase isoenzyme-1 from anaerobically
grown Escherichia coli K12. Eur. J. Biochem. 156: 265–275.

Simala-Grant, J.L., and Weiner, J.H. 1996. Kinetic analysis and
substrate specificity of Escherichia coli DMSO reductase. Micro-
biology 142: 3231–3239.

Simala-Grant, J.L., and Weiner, J.H. 1998. Modulation of the substrate
specificity of Escherichia coli dimethylsulfoxide reductase. Eur. J.
Biochem. 251: 510–515.

Sonnhammer, E.L.L., von Heijne, G., and Krogh, A. 1998. A hidden
Markov model for predicting transmembrane helices in protein
sequences. Proc. Intl. Intelligent Systems for Molecular Biology 6:
175–182.

Thompson, J.D., Higgins, D.G., and Gibson, T.J. 1994. CLUSTAL
W: improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, positions-specific gap
penalties and weight matrix choice. Nucleic Acids Res. 22:
4673–4680.

Turner, R.J., Busaan, J.L., Lee, J.H., Michalak, M., and Weiner, J.H.
1997. Expression and epitope tagging of the membrane anchor
subunit DmsC. of Escherichia coli dimethylsulfoxide reductase.
Protein Engineering 10: 285–290.

Unden, G., and Bongaerts, J. 1997. Alternative respiratory pathways
of Escherichia coli: energetics and transcriptional regulation in
response to electron acceptors. Biochim. Biophys. Acta 1320:
217–234.

van Geest, M., and Lolkema, J.S. 2000. Membrane topology and
insertion of membrane proteins: search for topogenic signals.
Microbiol. Molec. Biol. Rev. 64: 13–33.

Vibat, C.R., Cecchini, G., Nakamura, K., Kita, K., and Gennis, R.B.
1998. Localization of histidine residues responsible for heme
axial ligation in cytochrome b556 of complex II (succinate:ubiquinone
oxidoreductase) in Escherichia coli. Biochemistry 37: 4148–4159.

Volbeda, A., Charon, M.-H., Piras, C., Hatchikian, E.C., Frey, M., and
Fontecilla-Camps, J.C. 1995. Crystal structure of the nickel-iron
hydrogenase from Desulfovibrio gigas. Nature 273: 580–587.

Membrane Protein Topology Prediction. 149



von Heijne, G. 1989. Control of topology and mode of assembly of a
polytopic membrane protein by positively charged residues. Nature
341: 456–458.

von Heijne, G. 1992. Membrane protein structure prediction. Hydro-
phobicity analysis and the positive-inside rule. J. Mol. Biol. 225:
487–494.

Weiner, J.H., MacIsaac, D.P., Bishop, R.E., and Bilous, P.T. 1988.
Purification and properties of Escherichia coli dimethyl sulfoxide
reductase, an iron-sulfur molybdoenzyme with broad substrate
specificity. J. Bacteriol. 170: 1505–1510.

Weiner, J.H., Rothery, R.A., Sambasivarao, D., and Trieber, C.A.
1992. Molecular analysis of dimethylsulfoxide reductase: a complex
iron-sulfur molybdoenzyme of Escherichia coli. Biochim. Biophys.
Acta 1102: 1–18.

Weiner, J.H., Shaw, G., Turner, R.J., and Trieber, C.A. 1993. The
topology of the anchor subunit of dimethyl sulfoxide reductase of
Escherichia coli. J. Biol. Chem. 268: 3238–3244.

Weiner, J.H., Bilous, P.T., Shaw, G.M., Lubitz, S.P., Frost, L.,
Thomas, G.H., Cole, J.A., and Turner, R.J. 1998. A novel and
ubiquitous system for membrane targeting and secretion of cofactor-
containing proteins. Cell 93: 93–101.

Wu, L.-F., Chanal, A., and Rodrigue, A. 2000. Membrane targeting
and translocation of bacterial hydrogenases. Arch. Microbiol. 173:
319–324.

150 Rothery et al.


