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ABSTRACT: A conserved, crystallographically defined bile acid binding site was originally

identified in the membrane domain of mammalian and bacterial cytochrome ¢ oxidase (CcO). o S

Current studies show other amphipathic molecules including detergents, fatty acids, steroids,
and porphyrins bind to this site and affect the already 50% inhibited activity of the E101A
mutant of Rhodobacter sphaeroides CcO as well as altering the activity of wild-type and bovine
enzymes. Dodecyl maltoside, Triton X100, C12E8, lysophophatidylcholine, and CHOBI-
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MALT detergents further inhibit RsCcO E101A, with lesser inhibition observed in wild-type. 2 . -

The detergent inhibition is overcome in the presence of micromolar concentrations of steroids

and porphyrin analogues including deoxycholate, cholesteryl hemisuccinate, bilirubin, and protoporphyrin IX. In addition to
alleviating detergent inhibition, amphipathic carboxylates including arachidonic, docosahexanoic, and phytanic acids stimulate the
activity of E101A to wild-type levels by providing the missing carboxyl group. Computational modeling of dodecyl maltoside,
bilirubin, and protoporphyrin IX into the conserved steroid site shows energetically favorable binding modes for these ligands
and suggests that a groove at the interface of subunit I and II, including the entrance to the K-path and helix VIII of subunit I,
mediates the observed competitive ligand interactions involving two overlapping sites. Spectral analysis indicates that ligand
binding to this region affects CcO activity by altering the K-path-dependent electron transfer equilibrium between heme a and
heme a;. The high affinity and specificity of a number of compounds for this region, and its conservation and impact on CcO

activity, support its physiological significance.

he recent observations of specific conserved lipid binding

sites in high-resolution X-ray structures of cytochrome ¢
oxidase' > expands our vision of how lipidic ligands may
control the activity of membrane proteins® and offers an
explanation for earlier reports of lipid and detergent effects on
CcO activity.” "

An interesting finding in this regard is that cholate, a bile acid
detergent that is used to purify bovine CcO (bovCcO) and
observed to strongly inhibit the enzyme,'” is resolved in all
crystal structures of the bovine enzyme (e.g, ref 1, PDB: 10CC,
2DYR, 3AG2, and 2Y69). One of the two best-resolved cholate
binding sites is close to the entrance of the K-path, a proton
uptake pathway that is essential for activity. This cholate
molecule forms a tight hydrogen bond with the carboxyl group
of E62, homologous to E101 in the Rhodobacter sphaeroides
CcO (RsCcO). This conserved residue is found by mutagenesis
to be important in K-path function."*™'® The positioning
suggests that the inhibitory effect of cholate observed in bovine
CcO is due to blockage of the K-path, preventing the proton
uptake that is req}uired to support electron transfer from heme
a to heme a; ¥ 7"

When cholate was first noted in the bovCcO structure, the
idea was put forward that it could represent an adenine
nucleotide binding site.' Adenine nucleotides had been
observed to regulate the activity of the mammalian
enzyme,”*">* although inhibition or regulation of the K-path
was not suggested at that time.

Removal of the carboxyl group of E101 in subunit II by
mutagenesis inhibits K-path function."> Under standard assay
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conditions, the activity of the E101A mutant of RsCcO is 5—8%
of wild-type (WT) CcO."*'S Unexpectedly, it was discovered
that micromolar levels of cholate or deoxycholate (DOC)
stimulated the activity of this mutant by 10-fold."**® The
apparent chemical rescue of the mutant’s activity at such low
concentrations suggested that these bile acids were binding
close to the missing carboxyl group at the right position to
serve as the needed proton acceptor/donator in the K-path.
Indeed, crystals of RsCcO grown in the presence of DOC
showed a single DOC molecule bound as expected for chemical
rescue, with its carboxyl group located close to that of E101 and
in a similar location as cholate in the bovCcO.*® The
conservation of a bile acid/steroid binding site in such a key
position added weight to the concept that this site may have
physiological significance.

To further investigate the nature and significance of this
conserved site in CcO, we have used the RsCcO mutant E101A
as a sensitive assay system for compounds that bind in the site,
as indicated by activation, inhibition, or competition. In the
absence of high-resolution crystal structures of RsCcO with
other lipidic regulatory molecules besides bile acids in this site,
we have characterized the site computationally and determined
favorable binding modes for other observed ligands. The results
show that a number of amphipathic molecules, lipids, and
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detergents compete in the micromolar concentration range,
causing loss or regain of CcO activity via specific interactions at
or near this critical conserved site at the entrance of the K-path.

B MATERIALS AND METHODS

Purification of CcO. Rhodobacter sphaeroides strains
overexpressing the 37-2 WT CcO®” or the E101A mutant
CcO'® were grown, and cell membranes were prepared as
described;”” the RsCcO was isolated by metal affinity
chromatography as described for crystallographg.lé Bovine
heart CcO was purified according to Suarez et al.”

Activity Assays. Oxygen uptake rates were measured with a
Clark-type electrode and turnover rates (TN, electrons per
second per CcO molecule) calculated as described.”® Assay
mixtures contained 100 mM HEPES pH 7.4, 24 mM KCI, 2.8
mM ascorbate, 5.6 uM EDTA, 1 mM N,N,N’,N’-tetramethyl-p-
phenylenediamine (TMPD) with 30 uM bovine heart
cytochrome ¢ as the substrate, and with varying levels of
dodecyl maltoside (DDM; 0.06% final concentration was used
in the “standard” assay) and other additives as noted. Higher
EDTA levels were tested in the assay but did not affect the
behavior of WT or mutant CcO with or without added ligands.

The additives used in activity studies include lyso-oleoyl
phosphatidylcholine (18:1 lysophosphatidylcholine, lyso-PC)
and asolectin from Avanti Polar Lipids (Alabaster, AL), high-
purity 10% Triton X100 from ThermoScientific/Pierce (Rock-
ford, IL), arachidonic and docosahexanoic acids from Cayman
Chemicals (Ann Arbor, MI), and CHOBIMALT, DDM, decyl
maltoside (DM), and Anapoe 20 (Tween 20) from Anatrace/
Affymetrix (Maumee, OH). Other additives were from Sigma-
Aldrich (St. Louis, MO). The chemicals structures of all
additives are listed in Supporting Information Table T1.

Spectral Reduction Assays. The steady-state reduction
levels of hemes were compared by using a variation of the
method of Konstantinov et al.'” Assays were performed in 100
mM CHES pH 9.5, with 0.01% DDM, 1 mM ascorbate, and
200 uM TMPD, with and without CHOBIMALT, in an
unstirred cuvette in a PerkinElmer Lambda 40 spectropho-
tometer. Curves were aligned to 462 and 621 nm for the Soret
and a peaks, respectively, and then normalized to the fully
reduced a peak (607 nm minus 630 nm, indicative of enzyme
concentration) so that different enzymes and conditions could
be compared."”

Protein and Ligand Structures. The crystal structures of
bovine CcO (PDB: 2DYR®), RsCcO with (PDB: 3DTU>®) and
without (PDB: 2GSM?®) deoxycholate, and Paracoccus
denitrificans CcO (PDB: 3HB3") were used for ligand binding
and flexibility analysis. Crystal structures of ferrochelatase in
complex with cholate (PDB: 2P07%*°) or heme (PDB:
2QD2*'") and serum albumin in complex with biliverdin
(PDB: 2VUE*) or fusidic acid (PDB: 2VUF*?) were used
for ligand docking. Decyl maltoside, dodecyl maltoside,
biliverdin, and protoporphyrin IX ligand structures were
obtained from the above structures.

SLIDE Small Molecule Docking. The groove between
subunits I and II in the crystal structure of RsCcO with bound
deoxycholate removed (PDB: 3DTU?) was used as the target
for SLIDE (Screening Ligands by Induced-fit Docking,
Efficiency) prediction of the binding modes of experimentally
identified ligands.>>** SLIDE characterizes a binding pocket by
a template of chemistry-labeled points that are favorable
positions for protein—ligand hydrophobic interactions or
hydrogen bonds. In this work, the known interactions of
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deoxycholate or dodecyl maltoside were used to create the
template. To sample ligand flexibility fully, low-energy
conformations of all docked ligands were generated using
Omega (OMEGA version 2.0. OpenEye Scientific Software,
Santa Fe, NM35). Using distance and geometric constraints,
SLIDE predicts the orientation of ligand binding by sampling all
orientations that yield good shape and chemical complemen-
tarity between the ligand and protein and then chooses the
orientation of the conformer with the most favorable AGy;,ging
according to SLIDE’s OrientScore [Tonero et al., in
preparation]. SLIDE AffiScore, a weighted sum of favorable
polar and hydrophobic interactions and unfavorable (unsatis-
fied/repulsive) interactions between the protein and ligand, was
used to assess the relative AGy;ygin, Of these diverse ligands in
the binding groove.

Ligand Transposition. To test whether porphyrin-like
ligands could mimic the steroid ring interaction in RsCcO,
comparisons were made to other proteins in which both these
types of ligands have been found to occupy the same site.
Serum albumin and ferrochelatase have been crystallized in
separate complexes with steroid and heme-like ligands in a
single binding site (see Protein and Ligand Structures section).
The overlaid ligands were transposed into the RsCcO steroid
site, in the same orientation as they exhibit in serum albumin
and ferrochelatase. The bound cholate in ferrochelatase (PDB:
2P07%°) and bound fusidic acid in serum albumin (PDB:
2VUF?) were aligned to the RsCcO deoxycholate (PDB:
3DTU*) based on least-squares fitting of their steroid ring
atoms using OEChem RMSD (RMSD version 1.7.2.4. OpenEye
Scientific Software, Santa Fe, NM>). Ferrochelatase with
bound protoporphyrin IX (PDB: 2QD2*") was superimposed
onto ferrochelatase with bound cholate, and serum albumin
with bound biliverdin (PDB: 2VUE>*) was superimposed onto
serum albumin with bound fusidic acid (PDB: 2VUF>?), based
on least-squares fitting of their protein backbone atoms using
PyMOL molecular graphics software (Schrodinger, Inc,, New
York). Whether the heme ligands were sterically permitted and
energetically favorable in this orientation was then assessed
using PyMOL and SLIDE prediction of AGbinding, respectively.

Consurf Amino Acid Conservation and ProFlex
Flexibility Analysis. The amino acid conservation and
flexibility of the CcO main chain were evaluated using the
Consurf 36 and ProFlex’” methods, respectively, as described in
Buhrow et al.** Over 250 amino acid sequences of CcO were
used for conservation analyses as described in Buhrow et al.*®

B RESULTS

Bile Acid Structural Specificity for Stimulating E101A
RsCcO Activity. To elucidate the structural specificity for the
observed stimulation of the E101A mutant of RsCcO, activity
was measured with a variety of bile acids at 250 uM final
concentration under standard assay conditions (Table 1). The
effect on E101A activity was highly sensitive to the position and
stereochemistry of hydroxyl groups on the steroid ring and to
the length of the carboxyl tail (Supporting Information Table
T1). Cholate and deoxycholate® remained the strongest
effectors at this concentration. Only chenoDOC and
lithocholate were close to their effectiveness (~10-fold
stimulation); taurocholate stimulated only 3-fold, and
GUDCA stimulated by 40%. UrsoDOC and glycochenoDOC
had no observable effect. The most potent effector,
deoxycholate (Figure 1), caused no change in the spectral
properties of oxidized or reduced E101A. All the bile acids
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Table 1. Effects of Bile Acids on the Activity of the E101A
Mutant and WT RsCcO“

RsCcO E101A activity RsCcO WT activity

bile acid additive (e7/s/aay) (e7/s/aay)
buffer 60 + 10 1270 + 20
cholate 800 + 10 1260 + 10
deoxycholate (DOC) 780 + 20 1210 + 20
chenoDOC 620 + 60 1240 + 30
lithocholate” 530 = 60 1150 + 80
taurocholate 150 + 10 1360 + 80
glycoursoDOC 90 + 40 1160 + 40

(GUDCA)
glycochenoDOC 60 + 30 1360 + 60
ursoDOC S0 + 10 1260 + 60

“Purified RsCcO was assayed in 0.06% DDM as described in Materials
and Methods in the absence (buffer) or presence of 250 uM of each
bile acid. All numbers are means + one standard deviation of at least
three assays. “Due to its poor solubility, lithocholate was added to a
final concentration of only 75 uM.

tested had no significant effect on WT RsCcO activity at 250
UM concentration under these conditions. Their differential
effect on the mutant presumably was due to their ability to
chemically rescue the missing carboxyl group in EI101A,
involved in proton uptake at the entrance of the K-path
where crystal structures show bile acids to bind.

Other Lipidic and Heterocyclic Compounds Affect
E101A RsCcO Activity. Other lipidic and heterocyclic
compounds with carboxyl functional groups were tested for
their ability to differentially stimulate the activity of E101A
under the standard assay conditions (Figure 1A). Among those
tested, the cholesterol mimic cholesteryl hemisuccinate (CHS)
stimulated E101A even more effectively than cholate, to an
activity of ~500 s~ with half-maximal stimulation (K,) at
~80 uM, as compared to 200 uM for cholate. Since some
structural and binding similarities between porphyrins and
steroids have been observed (ferrochelatase, serum albumin,
heme oxygenase®®>*), the heme precursor protoporphyrin IX
(PPIX) was tested. It also stimulated E101A more potently
than bile acids (K, ~ 14 uM); the heme breakdown product

bilirubin (BR) stimulated to a lesser degree (to ~180 s™' with
K, ~ 50 uM).

Bile acids, PPIX, BR, and CHS had no significant effect on
the activity of the D132A mutant of RsCcO (data not shown),
even though mutation of that carboxyl group at the entrance of
the D proton uptake pathway had been previously shown to be
very effectively rescued by arachidonic and docosahexanoic
acids but not the corresponding alcohols.*” Although the
steroid/porphyrin-related compounds did not rescue D132A,
the long chain unsaturated fatty acids were tested and found to
rescue E101A as well as D132A (Figure 1B). Therefore, the
steroid binding appears quite specific for the K-path entrance
region, while the more flexible long-chain fatty acids show high
affinity for the vicinity of both proton entry pathways.

As in the case of the long-chain fatty acids arachidonic and
docosahexanoic acids (Figure 1B), the 20-carbon branched-
chain isoprene compound phytanic acid, known to modulate
pathways of steroid and lipid synthesis,**~**
surprisingly powerful effector of E101A (Figure 1B),
stimulating to an activity of >1000 s™' (~20X nonadditive
rates) with half-maximal stimulation at ~4 pM. Phytol, a
phytanic acid precursor without a carboxyl group, had little
effect at the same micromolar concentrations, and as seen with
the bile acids, phytanic acid at micromolar levels did not
stimulate the D132A mutant (data not shown). Retinoic acid,
another isoprene compound and known regulator of lipid and
steroid metabolism,* also strongly stimulated E101A activity
(Ky/, ~ 8 uM) (Figure 1B) with little effect on D132A or WT
activity (data not shown). The high-affinity ligands shown in
panel B stimulated to close to WT activity, indicating strong
repair of the carboxyl mutation.

These results (Figure 1AB), including the differential
selectivity of the D- and K-path chemical rescue, indicate a
significant difference in the binding site characteristics of the
two proton pathway entrance regions. The D-path associated
binding site (whose exact location is not known) appears more
constricted, only accommodating unbranched functional
groups, while the K-path binding site appears substantially
larger, accommodating not only long-chain polyunsaturated
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Figure 1. Stimulation of E101A RsCcO by amphipathic carboxylates in 0.06% DDM. Purified E101A RsCcO was assayed in 0.06% DDM as
described in Materials and Methods. Panel A: bilirubin (BR; red), cholate (purple), cholesteryl hemisuccinate (CHS; green), deoxycholate (DOC;
black), protoporphyrin IX (PPIX; magenta). Panel B: arachidonic acid (cyan), docosahexanoic acid (blue), phytanic acid (orange), retinoic acid
(brown). Note different concentration and activity axes in panels A and B; higher affinity ligands are shown in panel B. The starting activities in the

absence of ligand ranged from 31 to 66 s7L
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Figure 2. Effects of DDM (A) and amphipathic carboxylates in low DDM (B). Purified E101A (circles) and WT (triangles) RsCcO were assayed in
0.01% DDM as described in Materials and Methods. Additive in panel A: DDM; additives in panel B: cholesteryl hemisuccinate (CHS; open circles,
dashed line), deoxycholate (DOC; solid circles, solid line), retinoic acid (half-filled circles, dotted line).

700 - 1400 -
[ Y A
600 Tween 20 1200 l“\
A " s - Tween 20
500 1000 4 g
& = C12E8 A
& 400+ A £ 800
4] o
s E101A 2
‘s 300 0.01% DDM ‘s 600 B
> E > Triton X100 WT
5 200 2 400+ 0.01% DDM
[*] [+
< 1 <
1004 2004 CHOBIMALT
g 8
0 CHOBIMALT  Triton X100 © P
T T T T T T 1 T T T T T T 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Additive (uM) Additive (uM)
700 -
600
500 -
- Tween 20
b
5 400
& C
‘o
= 300 - E101A
s 0.06% DDM
% 200
<
100 .
Triton X100 CHOBIMALT C12E8 Lyso-PC
— - ———
r
n T T T T T ? 1
0 100 200 300 400 500 600

Additive (uM)

Figure 3. Inhibition of RsCcO by lysolipids and detergents. Purified E101A (A, C) and WT (B) RsCcO were assayed in 0.01% DDM (A, B) and
0.06% DDM (C) as described in Materials and Methods. Additives: CHOBIMALT (red), C12E8 (purple), lyso-PC (black), Triton X100 (blue),

Tween 20 (green).

fatty acids but also steroids, isoprene-derived compounds,
branched chains, cyclic groups, and porphyrins.

The Detergent Dodecyl f-p-Maltopyranoside (DDM)
Strongly Inhibits E101A Activity. During these studies it
was discovered that not only the amphiphilic carboxylate
molecules discussed above were capable of modifying the

E101A mutant’s activity but also the detergent DDM itself.
DDM is routinely used to solublize and assay CcO since the
original finding that it was uniquely effective in dispersing,
stabilizing, and activating CcO.* However, DDM inhibited the
E101A mutant even at the relatively low levels (0.06%)
normally used for maximally activating the WT RsCcO (Figure
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Figure 4. Competition of Triton X100 (A) and CHOBIMALT (B) with deoxycholate (DOC) for activation of E101A RsCcO. Purified E101A
RsCcO was assayed in 0.01% DDM as described in Materials and Methods in the absence (solid circles) and presence (open circles) of 300 uM

DOC.

2A). Decyl f-p-maltopyranoside (DM) with the same maltose
headgroup but shorter alkyl chain was less inhibitory than
DDM, but the a- and f-isomers of DDM had similar effects
(data not shown). This indicates that the chain length of the
detergent was influential in the effect on E101A activity.

The inhibitory effect of DDM on E101A activity, in contrast
to little effect on WT (Figure 2A) or D132A (data not shown),
suggests that DDM can bind in the vicinity of the bile acid/
steroid site in the E101A mutant and interfere further with the
mutant’s already inhibited activity (~50% of WT). Therefore
DDM appears to compete with other amphipathic ligands, thus
complicating the interpretation of the mutant-based assay. The
mutant’s activity in the presence of any added ligand is then
expected to reflect both the ligand’s ability to compete with
DDM for binding (hence removal of detergent inhibition) and
the ligand’s own effect once bound (activation or inhibition or
both).

Effects of Carboxylate Ligands on E101A Are Altered
in Low DDM. To determine the nature of the effect of DDM
concentration, ligands were retested in 0.01% DDM, the
minimal level required to support enzyme solubility and activity
(Figure 2B). Under these low DDM conditions without any
additives, the E101A mutant was much more active, showing
~50% of WT activity in 0.01% DDM compared to 5—8% of
WT activity in 0.06% DDM (Figure 2A). Indeed, some of the
additives that had stimulated the activity of the mutant in 0.06%
DDM now inhibited when tested at low DDM (Figure 2B).
However, in several cases (e.g, cholesterol hemisuccinate,
retinoic acid) stimulation still occurred at low ligand
concentrations before inhibition set in, suggesting a complex
mode of interaction (see Discussion). It is worth noting that a
biphasic ligand effect of stimulation followed by inhibition in
the micromolar concentration range was also observed for
some ligands even in the higher DDM conditions. Ligand
interactions with WT RsCcO were less affected by DDM
concentration (data not shown).

The soybean phospholipid mixture (asolectin) also stimu-
lated and then inhibited in the 200—1000 M range, but likely
components of this mixture, including cardiolipin and dioleoyl
phosphatidylcholine, when tested individually were inhibitory
rather than stimulatory (data not shown). The results suggest
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that the presence of low levels of much more potent effectors,
such as long chain fatty acids, account for the asolectin effects.

Other Detergents Inhibit E101A Activity and Wild-
Type to a Lesser Extent. The generality of the differential
inhibitory effects of DDM on E101A versus WT CcO was
investigated. The detergent Triton X100 was previously
established as an inhibitor of bovCcO."”* This detergent
strongly inhibited E101A activity (K, ~ S0 uM) when assayed
at the lowest level of DDM (0.01%) (Figure 3A). Unlike DDM,
Triton X100 also inhibited the activity of WT RsCcO (K, ~
200 uM) but to a lesser extent (Figure 3B). Inhibition of
E101A occurred well below the critical micelle concentration of
Triton X100 (230 uM), suggesting that the effect was mediated
by Triton X100 monomers rather than by Triton X100
micelles. Neither Triton X100 nor DDM inhibited the D-path
mutant D132A (data not shown), supporting the selective
interaction of Triton X100 and DDM at the K-path, which is
not rate-limiting in the D-path mutant.

The three cholesterol-based detergents digitonin, CHAPS,
and CHOBIMALT might be expected to have some affinity for
the steroid site. However, CHAPS had been shown to have no
effect.'® CHOBIMALT is potentially a better analogue of
cholesterol since its bimaltose headgroup is attached to the
single hydroxyl on the A-ring of cholesterol.*® The activity of
E101A was strongly inhibited by CHOBIMALT, even more
potently than by DDM or Triton X100, with half-maximal
inhibition at ~2 yM in 0.01% DDM (Figure 3A). WT RsCcO
activity was also inhibited, but 100-fold less with half-maximal
inhibition at ~200 M in 0.01% DDM (Figure 3B). Digitonin,
with its very large branched sugar headgroup and modified
steroid ring structure, was a less powerful inhibitor, with K /, in
the 200 uM range (data not shown).

Lyso-oleoyl phosphatidycholine (lyso-PC) has detergent
characteristics and was reported to stimulate bovCcO.'>"
However, lyso-PC inhibited E101A in 0.01% DDM with half-
maximal inhibition at ~17 uM (Figure 3A). It had little effect
on WT RsCcO in high (data not shown) or low DDM (Figure
3B) and no significant effect on E101A in 0.06% DDM (Figure
3C). Since lyso-PC strongly inhibited E101A only at the lower
DDM concentrations, it appeared to compete at the K-path
site. Similarly strong inhibition of E101A was observed for the
detergent C12E8 in low DDM (Figure 3A), with little effect on
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WT (Figure 3B) or at high DDM (Figure 3C). The effects of
all these inhibitory detergents at high DDM appear insignificant
(Figure 3C) due to the already low activity of the mutant
E101A in 0.06% DDM. However, their effects provide a
dramatic contrast to Tween 20, which was a remarkable
exception to the general rule of strong inhibitory effects on
E101A of noncarboxylate detergents. Tween 20 has a 12-
carbon alkyl tail like DDM or CI12E8, but a bulky branched
polyoxyethylene headgroup, unlike the long linear polyoxy-
ethylene ether chains of Triton X100 and C12E8. Instead of
inhibiting, it dramatically stimulated the activity of E101A at all
DDM concentrations (Figure 3A,C). A model to explain this
behavior in terms of adjacent and somewhat overlapping
binding sites is discussed below.

Non-Carboxylate Detergents Compete with Deoxy-
cholate for Binding. The differential effects on E101A
compared to WT RsCcO of all the amphipathic ligands tested,
with and without carboxylate groups, suggest that their binding
behavior is strongly influenced by the change in chemistry at
the mouth of the K-path with the loss of the E101 carboxyl
group. This leads to the conclusion that they are exerting their
effects by binding in the vicinity of the steroid/bile acid site. So
far the position of that site has only been defined crystallo-
graphically for DOC in the WT RsCcO.>® While crystallization
with the other amphipathic effectors of RsCcO and the E101A
mutant is currently in progress, some of these ligands were
tested for competitive binding at the same site as DOC by
comparing their effects on the activity of E101A in the absence
or presence of 300 uM DOC. This DOC concentration had a
minor activating effect on E101A in 0.01% DDM (Figure 2B)
for which a correction was made. The detergents Triton X100
and CHOBIMALT were chosen for competition studies
because of their strong inhibitory effects (Figure 3). Triton
X100 clearly inhibited E101A less effectively in the presence of
DOC (K;;, ~ 200 uM) than in its absence (K, ~ S0 uM)
(Figure 4A). Similarly, in the presence of 100 M Triton X100,
DOC was less effective at stimulating E101A (data not shown).
CHOBIMALT also inhibited E101A much less effectively in
the presence of DOC (K, ~ 50 pM) than in its absence (K,
~ 5 uM) (Figure 4B), indicating that both Triton X100 and
CHOBIMALT compete with DOC for binding to the steroid
site.

Mechanism of Inhibition/Activation of CcO by
Amphipathic K-Path Ligands. A number of earlier studies
have established that the electron transfer equilibrium between
heme a and heme a3 in bovCcO is inhibited by detergents,
including Triton X100,"* DDM," and cholate.'* The inhibition
has been attributed to blockage of the K-path, which is required
for proton uptake to stabilize the reduced state of heme a;. A
similar type of inhibition is observed in the case of K-path
mutations.">'*'”'® To determine whether alteration of this
equilibrium could explain the inhibitory and stimulatory effects
of the li%ands studied here, a steady-state spectrophotometric
method'” was used to assay the relative levels of reduction of
the heme groups in the presence and absence of ligand. The
steady-state levels of heme a and heme a; reduction were
measured by comparing the relative absorbances of the a-peak
at 607 nm (absorbance contributed ~80% by heme a*’) and
the Soret peak at 445 nm (absorbance due to approximately
50% heme a and 50% heme a;*’) (Figure 5). For the WT
RsCcO, the change in absorbance of the @ and Soret peaks was
similar (indicating 29% and 26% reduction, respectively, of the
associated hemes), suggesting that the steady-state equilibrium
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Figure S. Spectra of purified E101A and WT CcO with and without
CHOBIMALT. Panel A: Soret region; panel B: a-region. Spectra were
normalized to the fully reduced a-peak height at 607—630 nm. Spectra
of fully oxidized and fully reduced purified CcO are shown in black.
Steady-state spectra in 100 mM CHES pH 9.5 with 0.01% DDM were
recorded 3 min after adding 1 mM ascorbate and 200 uM TMPD: WT
only (green), WT with CHOBIMALT (blue), E101A only (magenta),
E101A with CHOBIMALT (red).

favored some electron retention on heme a at the high pH
necessary to slow the activity of the WT to observe a steady
state. For the E101A under the same conditions, the a-peak was
more affected (indicating ~51% reduction of associated hemes)
than the Soret peak (indicating ~26% reduction), supporting
the hypothesis that this mutation alone favored electron
retention on heme a. Addition of CHOBIMALT to WT also
had a selective effect on the a-peak (~43% reduction of
associated hemes), implying that the binding of this detergent
also impaired ET from heme a to a;. Addition of
CHOBIMALT to E101A influenced the equilibrium even
further, leading to a strong effect on the a-peak (indicating
~73% reduction of associated hemes) while the Soret peak was
affected only to an extent that was accountable by preferential
heme a reduction (~44%) in the steady state. It should be
noted that in the fully reduced and fully oxidized states the
addition of CHOBIMALT did not affect the spectra of either
WT or EI101A. The results are consistent with an inhibitory
effect of these E101A ligands on the electron transport
equilibrium between the hemes, presumably due to effects on
the proton uptake required for heme a;—Cuy reduction.
Modeling Alternative Ligand Interactions at the
Steroid Site Based on Other Crystal Structures. Given
the variety of compounds that appear to interact with relatively
high affinity at what was originally observed to be a bile acid/
steroid binding site, it is important to note that other
structurally characterized proteins show interchangeability of
ligands, in particular steroids, porphyrins, and other amphi-
pathic molecules.’*** Knowledge of how porphyrin and
steroid molecules bind relative to one another in the same
site in another protein—mimicking each others’ key protein
interactions—provides testable information regarding how they
might bind relative to one another in the RsCcO deoxycholate
site. Ferrochelatase has been crystallized with its substrate PPIX
and the bile acid cholate,>**! showing how a steroid and
porphyrin could bind to the same site (Figure 6A). Similarly,
human serum albumin has been crystallized with biliverdin, a
natively transported heme catabolic product, and fusidic acid,
an antibiotic that is structurally similar to bile acids, in the same
binding site.*> To test whether these heme-like ligands could
mimic the cholate steroid ring interactions in RsCcO in the
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Figure 6. Potential binding orientations of known amphipathic ligands in the RsCcO steroid bindin§ site. (A) Heme (magenta sticks) and cholate
0

(black sticks) bound in the same site in two different crystal structures of ferrochelatase (PDB: 2PO7

and 2QD2*"). (B) An energetically favorable

orientation of the BR analogue biliverdin (red sticks) in RsCcO based on ligand transposition from serum albumin. Energetically favorable SLIDE
dockings into RsCcO of (C) PPIX (magenta sticks), (D) BR (red sticks), and (E) two DDM flexible conformers (yellow and magenta sticks). (B—E)
The crystallographically bound deoxycholate (black sticks; PDB: 3DTU>®) and DDM (blue sticks; PDB 3HB3*) are shown as reference molecules.

same orientation they exhibit in serum albumin and
ferrochelatase, their PPIX and biliverdin ligands were trans-
posed into the RsCcO bile acid/steroid binding site as
described in the Materials and Methods. The transposed
ferrochelatase heme group interpenetrated the RsCcO protein
surface, and thus would be sterically disallowed in this binding
orientation, while the serum albumin biliverdin was transposed
into the RsCcO site with no steric hindrance and interacted
favorably with RsCcO according to SLIDE evaluation of
AGyinding (Figure 6B).

Docking of PPIX and BR into the Steroid Binding Site.
Alternative binding interactions for these ligands in the steroid
site were identified by SLIDE small molecule docking of low-
energy PPIX and BR conformers. The top four PPIX dockings
(scoring two standard deviations greater than the average
docked PPIX score) depicted two possible binding modes in
which half the PPIX is located in the steroid site and one
propionate group makes protein interactions similar to the
DOC carboxyl tail (one mode is shown in Figure 6C). The top
eight docked BR conformers (based on SLIDE scores at least
two standard deviations above the mean) shared a single BR
binding mode (Figure 6D). This binding mode, like that of BR
in human serum albumin, creates an L-shaped ligand
conformation® with the BR dipyrinone group located in the
same site as the steroid ring. The SLIDE docking of PPIX and
BR support the likely interaction of these ligands with the
steroid binding site and provide testable hypotheses for ligand—
protein side-chain interactions.

Modeling Detergent Binding to the RsCcO Steroid
Binding Region. Predicting possible binding orientations of
detergents in the steroid site is currently a significant challenge;
however, an alternative interaction mode is suggested by a
PdCcO crystal structure containing a DDM bound in a unique
orientation just above the steroid binding site.* In this structure,
the maltose headgroup is indicated to be flexible and located in
the middle of the membrane region, while the tail is embedded
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in a hydrophobic groove that is also occupied by an alkyl tail in
all oxidase structures (Figure 6E). To test whether the
headgroup of this unusual binding orientation of DDM could
also interact with the steroid site, low-energy conformations of
DM and DDM were docked into the PdCcO DDM site by
using SLIDE. Among the many energetically favorable dockings
identified with acyl tails occupying the PdCcO DDM site, the
maltose headgroup positions varied between being solvent-
exposed or protein-associated. In the latter cases, the RsCcO
steroid binding site was occluded by the headgroup (Figure
6E). This could explain how DDM and certain other detergents
compete with bile acid binding while occupying an equally
conserved, overlapping region in close proximity. It may also
explain the inhibitory effects of the detergents on the E101A
mutant, since the detergent headgroup binding in the cholate
site could interfere directly with K-path proton uptake.

B DISCUSSION

This work addresses the effects of various amphipathic and
steroid-like molecules that competitively interact at a crystallo-
graphically defined bile acid/steroid binding site located at the
entrance of the K proton uptake path of bacterial and
mammalian CcO. It is interesting that none of the more than
50 CcO crystal structures in the PDB has any ligand resolved in
this site, except the additives cholate or deoxycholate. This
suggests that in the native structure this site is not a
phospholipid binding site, since detergents such as DM,
DDM, or LDAO typically occupy phospholipid sites in the
bacterial CcO, sites which contain native lipids in the bovCcO.?

Comparing the cholate binding site in bovCcO with the
DOC site in RsCcO indicates that they have important
structural similarities beyond their location at the entrance
region of the K-path (Supporting Information Table T2). The
consensus between cholate and DOC binding includes
interactions with the conserved K-path residue E62/E101
(bov/Rs) in subunit II, a conserved threonine T66/T105 one
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helical turn above this entrance point of the K-path, and
positive charges interacting with the carboxyl group consisting
of a cadmium ion or a histidine side chain (RsCcO) or a pair of
arginine residues (bovCcO) There is also a lipid or detergent
molecule closely associated with the external hydrophobic
surface of the bile acid in each case.

Cholate in bovCcO contacts subunit VIa of the other
monomer in the crystallographic dimer as well as the highly
conserved subunit II residue W65, while DOC in RsCcO
contacts subunit I via conserved residues A319 and P358. In
both cases several water molecules are stabilized by the
presence of these ligands, participating in their interactions with
subunits I and II (Figure 7).
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Figure 7. RsCcO deoxycholate binding site with conserved residues
and bound water molecules (PDB 3DTU°). The steroid binding site
side chains are colored by degree of conservation in CcO sequences as
calculated in Buhrow et al.>® where residues with >75%, 50—75%, or
<50% conservation are colored dark blue, medium blue, and gray,
respectively. The structure includes a bound deoxycholate (green
sticks), K-path water molecules (red spheres), and a cadmium ion
(orange sphere).

Mechanisms of Activation/Inhibition of CcO by
Ligands. There are several potential mechanisms by which
amphipathic compounds could activate or inhibit CcO by
favoring or disfavoring proton uptake in the K-path.

One hypothesis involves the disruption or stabilization by
ligand binding of a proton conducting network in the K-path,
which involves hydrogen bonded amino acids and water
molecules that are likely required for proton transfer. Waters in
the lower K-path have been crystallographically resolved in
PdCcO,* RsCcO,** and bovCcO (PDB: 2DYR), and a role for
E101 in organizing water near the K-path entrance has been
invoked for bacterial CcOs.***°® DOC binding results in three
well-resolved water molecules binding between the planar ring
system of DOC and the lower K-path (Figure 7). The resulting
changes in hydrogen bonding at this opening to the K-path may
affect the continuity of the pathway or reduce mobility of water
molecules involved in conducting protons.

Another possibility (which may coexist with the first) is that
the presence of amphipathic ligands in the region associated
with the K-path may either promote or restrict conformational
change observed to occur in the reduced state,*®*° which is
postulated to be necessary to open the K-path for rapid proton
access to the heme a; region.*>***' The central region of the
K-path (subunit I, helix VIII, residues 355—364) has been
shown by H/D exchange to experience altered solvent
accessibility upon enzyme reduction.’® Intrinsic protein
flexibility analysis also suggests this region is highly flexible,

influencing water molecule positions along the K-path.*®
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Deoxycholate appears to lower the flexibility of CcO, based
upon lower average B-values of WT RsCcO crystals with DOC
bound.*® ProFlex modeling also suggests that DOC reduces
conformational flexibility of the K-path region (Figure 8B,D)

Figure 8. RsCcO K-path rigidification upon ligand binding. (A) RsCcO
(PDB: 2GSM?) and (B) deoxycholate-bound RsCcO (PDB: 3DTU>®)
are colored by crystallographic B-value, where red represents values
>65 A% while deep blue represents values <35 A% (C) RsCcO and
(D) deoxycholate-bound RsCcO are colored by internal protein
flexibility as determined by the ProFlex. Deep blue represents greatest
rigidity while red represents greatest flexibility.

relative to the unbound state (Figure 8A,C). In addition, upon
reduction of RsCcO crystals there is loss of bound DOC, 6
suggesting that ligands like DOC may stabilize the oxidized
state and prevent conformational changes required for efficient
functioning of the K-path.

Separate but Overlapping Binding Sites for Steroids
and Detergents in the K-Path Region. It is a curious
observation that the site where cholate (in bovCcO) and DOC
(in RsCcO) is bound is not occupied by any other detergent or
lipid molecule in all CcO structures so far determined.
Nevertheless, our data strongly suggest competition between
the bile acids and certain detergents (including DDM) as well
as other effector molecules. A possible explanation for this
seeming disconnect comes from the recent Paracoccus CcO
structure’ where a DDM molecule is seen with its maltose
headgroup sampling several positions in the membrane region
(Figure 2E). Computational analysis (Figure 6E) supports an
energetically favorable position with the headgroup overlapping
the steroid binding site, which could explain the observed
competition with molecules binding in the steroid site.
Interestingly, in RsCcO and bovCcO crystal structures, an
alkyl tail is always resolved in the deep groove where the tail of
the unusual Paracoccus DDM position is located (Figure 9).
This region mediates the interaction between subunit I and the
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Figure 9. Two-site model for binding of steroids and detergents near
the K-path entrance. The lower site is shown with the crystallographic
deoxycholate in yellow (from RsCcO, PDB: 3DTU>®). The upper site
is shown with the crystallographic DDM in green (from PdCcO, PDB:
3HB3*) modeled with the flexible headgroup in the most extended
position. The surface of the RsCcO structure is represented with the
hydrophobic regions in dark orange, the hydrophilic charged regions
in blue, and neutral regions in pale blue/pale orange/white (Chimera,
UCSF). The position of the membrane region is indicated by blue
lines.

highly conserved second transmembrane helix of subunit II. In
bovCcO, the alkyl tail position is occupied by the fatty acid
chain of a cardiolipin molecule that connects two monomers at
the interface of the dimer.’

The working hypothesis arising from these observations is
that some of the effectors, particularly long-chain nonionic
detergents, may exert their influence by binding at the upper
DDM site with their head groups interacting with the lower bile
acid/steroid site (Figure 9) blocking the K-path and competing
with other ligands. The strength and nature of their competing
effects would depend on their headgroup size, chemistry,
positioning, and occupancy in the steroid site. The exceptional
activating behavior of Tween 20, which has an unusually bulky
branch-chain headgroup, can be explained as due to its ability
to bind to the upper alkyl chain groove but inability of its
headgroup to bind in the membrane region.

The presence of overlapping binding sites raises the question
of which molecules fit into which sites. It is predicted from
docking and the available data that the bulkier ligands (steroids,
porphyrins, branched-chain isoprenes) bind in the lower site
and the longer simpler chains (DDM, the Triton X100
polyoxyethylene group, C12E8) bind in the narrower groove
provided by the upper site, while some (e.g., long-chain fatty
acids, Triton X100) occupy both. However, deciphering the
actual binding specificity will require further mutational and
crystallographic analysis. An interesting, possibly analogous site
has been defined for Complex I°*** in which a critical subunit
interface region appears to be where quinones, inhibitors, and
detergents, including Triton X100 and C12E8 (but not bile
acids), bind at overlapping amphipathic sites.
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Potential Physiological Implications of the Steroid
Site of CcO. The physiological significance of this site remains
elusive, although the fact that the bile acid/steroid site is
conserved from bacteria to mammals and interacts with high
affinity with a set of physiologically interesting compounds
strengthens the idea that the site is important in regulation of
cytochrome ¢ oxidase activity.

Studies of purified bovine CcO support bile acids'? as activity
regulators. Analyses of mitochondrial function have also
implicated glucocorticoids®™ and steroids as strong effec-
tors.*>>” Whole cell and tissue studies suggest that porphyrins,
BR, and bile acids modulate cell fate, specifically at the level of
CcO activity.”>*” Together these results suggest that the CcO
steroid site is sensitive to a variety of physiological ligands with
previously uncharacterized molecular effects.

Similarly, isoprene-derived compounds such as thyroid
hormone®”®" have been reported to influence CcO activity in
mitochondria, findings in accord with the direct effects of
cholesteryl hemisuccinate, retinoic acid (Figures 1 and 2) and
thyroid hormone (data not shown) on the purified enzyme in
our studies. The observation that another isoprene compound,
phytanic acid, inhibits CcO in rat cerebral cortex homogenates
at micromolar levels®* is consistent with our finding of powerful
inhibition of bacterial and mammalian CcO.

The original suggestion, based on crystallographic' and
activity*®*"®® studies on the mammalian oxidase, was that the
cholate sites in bovCcO represented adenine nucleotide
regulatory sites due to the similar size, shape, and binding
characteristics of these ligands.! Our current studies do not rule
this out, but we did not observe significant effects of adenine
nucleotides in the assay systems described here.

Another interesting feature of the ligand binding region we
have described in this work is its location at the interface of the
crystallographically defined bovCcO dimer. The bovCcO
structure shows a homodimer with two cholate molecules
and two cardiolipin molecules resolved at that interface.’ In
fact, one alkyl chain of each cardiolipin molecule is embedded
in the groove we have defined as the upper site (Figure 9), the
same site observed to bind DDM in PdCcO, allowing its
headgroup to overlap the steroid site. It is plausible that
physiological ligands to this region could control monomer/
dimer equilibrium and, in turn, influence formation of the
respil;itoérsy chain supercomplex with regulatory implica-
tions.”"

B CONCLUSIONS

The current studies report a variety of new ligands that can
impact a site that has been defined crystallographically as a bile
acid binding site in bacterial and mammalian CcO. The results
reveal the ability of certain carboxylate and noncarboxylate
amphipathic molecules to stimulate or inhibit E101A and WT
RsCcO by competing for binding in this region. These ligands
alter the electron transfer equilibrium between heme a and
heme aj, likely by affecting proton uptake in the K-path. Two
overlapping sites for steroid and alkyl chain binding at the
interface of subunits I and II are proposed to be involved in
mediating the observed effects. The results suggest that this
conserved site has physiological significance, although further
investigation by crystallography, mutagenesis, ligand screening,
and modeling will be required to define the native interacting
species.
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