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ABSTRACT: For inner mitochondrial membrane (IMM) proteins that do not undergo N-terminal cleavage, the activity may
occur in the absence of a receptor present in the mitochondrial membrane. One such protein is human 3f-hydroxysteroid
dehydrogenase 2 (3fHSD2), the IMM resident protein responsible for catalyzing two key steps in steroid metabolism: the
conversion of pregnenolone to progesterone and dehydroepiandrosterone to androstenedione. Conversion requires that
3PHSD2 serve as both a dehydrogenase and an isomerase. The dual functionality of 3fHSD2 results from a conformational
change, but the trigger for this change remains unknown. Using fluorescence resonance energy transfer, we found that 3HSD2
interacted strongly with a mixture of dipalmitoylphosphatidylglycerol (DPPG) and dipalmitoylphosphatidylcholine (DPPC).
3/HSD2 became less stable when incubated with the individual lipids, as indicated by the decrease in thermal denaturation (T,,)
from 42 to 37 °C. DPPG, alone or in combination with DPPC, led to a decrease in a-helical content without an effect on the
P-sheet conformation. With the exception of the 20 N-terminal amino acids, mixed vesicles protected 3HSD2 from trypsin
digestion. However, protein incubated with DPPC was only partially protected. The lipid-mediated unfolding completely
supports the model in which a cavity forms between the a-helix and f-sheet. As 3fHSD2 lacks a receptor, opening the

conformation may activate the protein.

large number of mitochondrial proteins contain targeting

information within regions of the mature protein rather
than in a cleavable presequence. Proteins that lack a cleavable
presequence include all of the outer mitochondrial membrane
(OMM) proteins, the majority of inner mitochondrial
membrane (IMM) proteins, numerous multispanning inner
membrane proteins, and a few matrix proteins. Some inner
membrane proteins contain an internal, positively charged
“presequence”-like signal that is often preceded by a hydro-
phobic sequence. Translocation of these proteins through the
mitochondria may require that the positively charged sequence
form a loop structure. Reconstitution experiments have
revealed the minimal requirement for integration of preproteins
into the IMM: the translocase complex, Tim23; a highly
negatively charged lipid membrane, which was not surprising
given that negatively charged cardiolipin represents the
characteristic dimeric phospholipid of mitochondrial mem-
branes; and, finally, a membrane potential.2 Preproteins that
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insert into the IMM via Tim23 contain a matrix-targeting signal
followed by a hydrophobic sorting signal. This sorting
signal arrests translocation in the IMM, causing a lateral
release of the protein into the lipid phase of the membrane.’
The conformation of these proteins is determined by the
energetic information specified within their sequences, and the
process generally involves a variety of intermediate states
with decreasing free energies. These mitochondrial membrane
proteins often have a -barrel structure, similar to that of Gram-
negative bacterial proteins. In vitro studies using bacterial
P-barrel proteins have shown that insertion results in “molten-
disc” intermediates that have a partial secondary structure with
the f-strands sitting flat on the membrane surface. The
formation of these intermediates also likely occurs in
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Figure 1. Expression and purification of the active form of 3fHSD2. (A) Schematic presentation of steroidogenesis showing specific regions of
3fHSD?2 activity in the mitochondria. (B) Chemical structures of the zwitterionic lipid, DPPC, and the charged lipid, DPPG. (C) Expression profile
of baculovirus-expressed 3fHSD2 purified from Sf9 cells through a gel filtration column and stained with Coomassie blue. The crude expression is
designated as WT. The lane numbers show the purification pattern. (D) Activity of 3fHSD2 determined by a direct metabolic conversion assay
using [*H]pregnenolone and mitochondria isolated from the MA-10 cells. The addition of 0.01 M NAD" initiated the reaction, and the 35HSD2
inhibitor, trilostane (Trilo), abrogated the reaction. External addition of 3fHSD2 increased activity above what was seen at the endogenous level.

mitochondrial membrane proteins as bacterial proteins ex-
pressed in yeast translocate into the mitochondria using the
same pathway as eukaryotic proteins, thus demonstrating
conservation of the membrane insertion pathway.

Lipids play a vital role in the conformation of IMM proteins,
and they are necessary for both the function of translocase
complexes” and the insertion of precursor proteins.”” The
dimeric phospholipid cardiolipin, a major component of the
IMM, is of critical importance for the organization and function
of many protein complexes in the membrane, including
presequence translocases.”® The lipid composition of the
different mitochondrial compartments changes because phos-
pholipid transport, similar to protein transport, can occur at
contact sites between the OMM and IMM,'*'! and thus, lipids
may influence the activity of a protein.'”

Cells do not store steroids but instead synthesize them on
the basis of physiological demand. 34-Hydroxysteroid dehy-
drogenase 2 (3pHSD2)" is a steroidogenic enzyme present at
the IMM."* This enzyme, which lacks a heme group and
requires NAD™ as a cofactor, catalyzes the production of many
steroids: pregnenolone to progesterone, 17a-hydroxy preg-
nenolone to 17a-hydroxy progesterone, and dehydroepian-
drosterone (DHEA) to androstenedione. Enzymes involved in
this pathway are present in all steroidogenic tissues as well as
some nonsteroidogenic tissues, such as kidney and skin. In
humans, 3HSD2 is specifically expressed in the adrenal gland,
ovary, and testis'® and is required for the production of cortisol,
aldosterone, and sex hormones."> 3fHSD2 converts pregneno-
lone to progesterone and DHEA to androstenedione (Figure 1A)
through dehydrogenase and isomerase reactions. Because of the
central role in steroidogenesis, changes in 3fHSD?2 activity can
have a wide range of effects: progesterone imbalance can affect
pregnancy, and mutant 3fHSD2 can impair sexual development
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and induce a severe salt-wasting crisis, resulting in congenital
adrenal hyperplasia.'*'*™"® Therefore, it is imperative to improve
our understanding of how 3HSD?2 is regulated.

While the actual composition of the adrenal mitochondrial
membrane remains unknown, studies have characterized the
heart mitochondrial membralne;16 we based our studies on
those findings. We chose to use dipalmitoylphosphatidylglycerol
(DPPG) to mimic the lipid environment (Figure 1B). DPPG is
similar in structure to cardiolipin as it has a phosphatidyl moiety,
glycerol, and acyl chains linked together. As a result, like
cardiolipin, DPPG in nature has a large well-hydrated headgroup.
Because of this charged nature, DPPG contributes to the
maintenance of the electrochemical gradient across membranes,
which allows ATP synthesis and ADP—ATP translocation.'”'®
Cardiolipin forms hexagonal phases in the presence of calcium,
but it forms a bilayer under normal conditions. We also used
dipalmitoylphosphatidylcholine (DPPC). DPPC and DPPG differ
only in headgroup charge and structure. As such, we could
compare their behaviors within our model system to isolate the
headgroup-specific effects due to lipid chain unsaturation. This
provides a way to distinguish between headgroup-specific protein
lipid interactions and to examine whether such interactions can
influence the spatial distribution of lipid components within the
bilayer.

We found that 34HSD2 is imported into the IMM by
translocases, following synthesis in the cytosol, and once at
the IMM, the enzyme is active. The bifunctional activity of
3PHSD2 requires the protein to undergo a conformational
change;'**° the enzyme first exhibits dehydrogenase activity
producing NADH, which in turn activates the isomerase activity,
but the mechanism underlying the conformational change
remains unknown. We hypothesize that 3SHSD2 associates
with but does not integrate into the lipid membrane and that this
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results in a conformational change that allows 3fHSD2 to interact
with multiple proteins in the intermembrane space.

B MATERIALS AND METHODS

Reagents. Purified human 3SHSD2 was stored at 4 °C in
enzyme buffer [20 mM potassium phosphate (pH 7), 20% glycerol,
0.1 mM EDTA, 001 M NAD", and 04% Igepal]. Dansylphos-
phatidylethanolamine (dansyl-PE) was obtained from Molecular
Probes (Invitrogen, Carlsbad, CA). Dipalmitoylphosphatidylcholine
(DPPC) and dipalmitoylphosphatidylglycerol (DPPG) were
purchased from Avanti Polar Lipids (Birmingham, AL).

Expression, Purification, and Detergent Exchange of
Human 3pHSD2. 3fHSD2 cDNA was introduced into
baculovirus as previously described.” The recombinant
baculovirus was incubated with 2.25 X 10° Sf9 cells in 1.5 L
of cells for six expressions at a multiplicity of infection of 10. To
confirm expression of 3fHSD2, proteins from the Sf9 cells
were separated by SDS—polyacrylamide (12%) gel electro-
phoresis, probed with our anti-38HSD2 polyclonal antibody,'*
and detected using the West Pico Western blotting system
(Pierce, Rockford, IL). The expressed enzyme was purified
from a 100000g pellet of Sf9 cells by our published method,*>**
using Igepal CO 720 (Rhodia, Inc, Cranbury, NJ). SDS—
polyacrylamide (12%) gel electrophoresis of the purified
enzyme resulted in a single band at 42 kDa that comigrated
with the control 34HSD2 enzyme. The high-critical micelle
concentration (CMC) detergent, Cymal-S (Anatrace, Inc.,
Maumee, OH), was exchanged for Igepal using hydroxyapatite
chromatography. The 3fHSD2 fraction pool from the DEAE
column was applied to the hydroxyapatite column (1 mg of
protein/mL of packed gel), washed with 3.5 column volumes of
0.025 M potassium phosphate (pH 7.5), 20% glycerol, 0.1 mM
EDTA, 0.01 M NAD", and 1.8 mM Cymal-5, and then eluted
with 0.30 M potassium phosphate (pH 7.5), 20% glycerol,
0.1 mM EDTA, 0.01 M NAD", and 1.8 mM Cymal-5. The peak
of 3HSD2 activity was pooled and found to be free of Igepal
CO 720 based on the absorbance at 280 nm due to the Igepal CO
720. Protein concentrations were determined by the guanidinium
hydrochloride denaturation method** to prevent errors in
extinction coefficients, but the total amount of mitochondrial
protein was estimated by the Bradford method using bovine
serum albumin as the standard. During enzyme purification, the
isomerase activity of 3SHSD2 was measured by the initial
absorbance increase at 241 nm, because of formation of andro-
stenedione from the intermediate substrate, S-androstene-3,17-
dione, as a function of time. Blank assays (zero-enzyme, zero-
substrate) assured that specific isomerase activity was measured as
opposed to nonenzymatic, “spontaneous” isomerization. Changes
in absorbance were measured with a Varian (Sugar Land, TX)
Cary 300 recording spectrophotometer.

Biological Activity of the Purified Proteins. Metabolic
conversion assays were conducted using mitochondria isolated
from mouse Leydig MA-10 cells. To measure the conversion of
pregnenolone to progesterone, we incubated 3 million cpm of
[*H]pregnenolone with the isolated mitochondria (20 pg) in
potassium phosphate buffer and then chased the mixture with
30 pug of cold progesterone. The reaction, initiated by the
addition of 0.01 M NAD", proceeded for 4 h at 37 °C in a
shaking water bath. Steroids were extracted in an ether/acetone
mixture (9:1, v/v), and an equal amount of a cold pregnen-
olone/progesterone mixture (50:50) (Sigma) in CH,Cl, was
added as a carrier. The steroids were concentrated under
nitrogen or by blowing air and then separated by TLC

(Whatman, MA) using a chloroform/ethyl acetate mixture
(3:1). *H-labeled enhancer was used to enhance the signal
intensity, which was measured using a phosphorimager. For an
accurate determination of steroid amounts, each spot from the
silica plate was scraped and extracted with an ether/chloroform
solvent mixture (3:1); high-performance liquid chromatogra-
phy (HPLC) was performed using an ultrasphere C18 column
with a particle size of S ym, a pore diameter of 80 A, an inner
diameter of 4.6 mm, and a length of 25 cm, and mass
spectrometry was used to characterize tryptic fragments.

Circular Dichroism (CD). CD experiments in the far-UV
region (185—250 nm) were conducted using a 2.0 mm path-
length quartz cuvette at 20 °C in a Jasco J-815 spectropolarimeter
equipped with a Peltier temperature-controlled cell holder. The
instrument was purged with a continuous flow of nitrogen at a
rate of 10 L/min to reduce the maximal signal-to-noise ratio.
Purified wild-type 3fHSD2 was equilibrated in Na,HPO, buffers
at pH 7.4, and the CD spectra recorded in the far-UV range are
presented without mathematical smoothing. The mean residue
molar ellipticity ([®]) at 208 and 222 nm was plotted versus lipid
concentration. Secondary structural analysis was conducted using
CD-Pro™> ?* to determine the relative proportions of a-helix and
P-sheet as a function of lipid concentration, either individually
or as a mixture of two different lipids. In a separate set of
experiments, purified wild-type 3SHSD2 was equilibrated in
10 mM sodium phosphate (pH 7.4) with increasing concen-
trations of various synthetic lipid vesicles. To evaluate the stability
of 3fHSD2, we first measured the wavelength scan-dependent
unfolding (®) at 222 nm at temperatures that increased from 4 to
80 °C. For the determination of vesicle effects, the vesicles with
different compositions were mixed with a fixed concentration of
3fHSD2 at pH 74. For each set of measurements, the
appropriate buffer blank was subtracted from each spectrum,
and © at 222 nm was plotted with respect to temperature or
vesicle composition.

For thermal denaturation studies, melting curves were obtained
by measuring the CD signal at 222 nm as a function of
temperature, which ranged from 4 to 90 °C. The temperature was
increased at a rate of 0.5 °C/min. The additive effects of
denaturation were determined by the addition of lipids of various
compositions with 3HSD?2 after equilibration for 2 h.

Modeling and Sequence Alignment. Amino acid and
nucleotide sequences were retrieved from the Swiss Protein
Database.”” Limited proteolysis with trypsin of the full-length
protein was assayed in the presence of DPPC, DPPG, and an
equal mixture of DPPC and DPPG. The resulting fragments
were analyzed by mass spectrometry and modeled using Pymol
(version 1.3, Schrodinger, LLC) on the preliminary results.***'

Fingerprinting. To understand the organization of
3fHSD2 domains and to determine differences between the
loosely folded domain and the tightly folded domain, we
performed proteolysis of the 3fHSD2 protein (S pg) using 80
ng of trypsin (sequencing grade, Promega) in the presence and
absence of different lipid vesicles at room temperature or 4 °C.
The reactions were terminated with an equal volume of SDS
sample buffer containing 2 mM PMSF, and then the mixtures
were transferred to a boiling water bath after the indicated
incubation time. Following electrophoresis, the samples were
stained with Coomassie brilliant blue or probed with our
3HSD2 antibody. Individual bands were excised, destained,
reduced with DTT (Roche), alkylated with iodoacetamide
(Sigma), and then digested with trypsin (Promega, sequencing
grade modified) overnight.’> The resulting peptides extracted
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from the gel were analyzed via liquid chromatography and
tandem mass spectrometry on a nanoAcquity HPLC system
(Waters) coupled with a Q-ToF-Premier mass spectrometer
(Micromass and Waters). Peptides were separated using a
linear water/acetonitrile gradient (0.1% formic acid) on a
nanoAcquity column [3 ym Atlantis dC18, 100 A pore size,
75 um (inside diameter) X 10 cm] (Waters), with an in-line
Symmetry column [S gm C18, 180 um (inside diameter) X 20
mm] (Waters) as a loading/desalting column. Identification of
protein from the generated tandem mass spectrometry spectra
was done by searching the NCBI nonredundant database using
Mascot MS/MS Ion Search at http://www.matrixscience.com
(Matrix Science) with consideration for carbamidomethylated
cysteine and oxidation of methionine.

Vesicle Preparation. Phospholipids, dissolved in chloro-
form, were mixed with dansyl-PE (2 mol %) and dried under
N,. Samples were then hydrated with 20 mM citrate buffer
(pH 7) containing 150 mM KCl to give a final bulk lipid
concentration of 0.33—1 mM. The hydrated lipids were heated
to 50 °C to ensure that the mixture was above the lipid phase
transition (42 °C) temperature and incubated for 1 h with
intermittent mixing by rapid agitation. The resulting multi-
lamellar vesicles were converted to large unilamellar vesicles by
high-pressure extrusion at 50 °C through a polycarbonate
membrane with 100 nm pores as described previously.>***

Fluorescence Measurements. The binding of 3fHSD2
to phospholipid vesicles was assessed by fluorescence resonance
energy transfer using tryptophan residues in the protein as the
donor and dansyl-PE in the membrane as the acceptor. Energy
transfer was assayed using a photon counting spectrofluo-
rometer (Fluoromax 3, Horiba Scientific, Edison, NJ).
Excitation was set at the maximum for Trp (280 nm), and
the emission of tryptophan and the emission of dansyl-PE were
assessed by acquiring an emission spectrum from 400 to 540 nm
with a 4 nm band-pass. Spectra were confined to this narrow
range because optical artifacts contributed by the enzyme buffer
precluded obtaining interpretable data at either longer or
shorter wavelengths. Samples were equilibrated in the
fluorometer sample compartment at 37 °C with continuous
magnetic stirring. Spectra were then obtained first with vesicles
alone (total lipid concentration of S0 M) and again after they
had been mixed with 3fHSD2 (final concentration of 6 yg/mlL,
equilibration time of 5 min). Measurements were repeated with
the excitation set at 340 nm to control for direct effects of the
enzyme on the intrinsic dansyl-PE fluorescence. Such effects
were generally small. Energy transfer was quantified and
corrected for direct effects on intrinsic dansyl-PE fluorescence
using the following formula:

relative amount bound = 1 — =% x Ll

a by (1)
where g, is the emission intensity of vesicles containing dansyl-
PE at 510 nm before addition of enzyme with excitation at
280 nm, a, the emission intensity at 510 nm after addition of
enzyme with excitation at 280 nm, b, the emission intensity of
vesicles at 510 nm before addition of enzyme with excitation at
340 nm, and b, the emission intensity at 510 nm after addition
of enzyme with excitation at 340 nm. Control experiments were
also conducted in which enzyme or enzyme buffer was added in
the absence of vesicles to assess background fluorescence.

B RESULTS

The conversion of pregnenolone to progesterone and DHEA
to androstenedione requires that 3fHSD2 serve as both a
dehydrogenase and an isomerase. This dual functionality of
3PHSD?2 is achieved by a conformational change that shifts the
catalysis from dehydrogenase to isomerase. We hypothesized
that 3#HSD2 does not need a receptor for interaction at the
inner mitochondrial membrane but rather interacts with nearby
lipid vesicles and thereby undergoes the conformational change
required for full activity.

Expression, Purification, and Characterization of the
3pHSD2 Protein. Baculovirus-expressed enzyme was purified
in the presence of the low-CMC detergent, Igepal CO 720. To
provide an enzyme preparation that was suitable for CD
analysis, we exchanged Igepal CO 720 (low CMC, strong UV
absorbance at 280 nm) for the high-CMC detergent Cymal-S
(no UV absorbance). In fractions probed with the 3fHSD2
antibody, we observed a single band at 42.0 kDa that comigrated
with the crude preparation of 3JHSD2 (Figure 1D). To confirm
the biological activity of purified 3HSD2, we conducted
pregnenolone conversion assays using mitochondria from
steroidogenic Mouse Leydig (MA-10) cells. Conversion was
initiated with NAD?, and as a control, we included the 3HSD2
inhibitor, trilostane (S pmol). As expected, addition of NAD*
resulted in a 20-fold increase in the extent of conversion by MA-
10 mitochondria, and this increase was inhibited by the presence
of trilostane (Figure 1E). The activity was further increased 1.5-
fold by the addition of 1.0 ug of baculovirus-expressed 3HSD2
protein. The use of heat-inactivated mitochondria blocked
conversion, confirming that the additional activity was due to
the recombinant 3pHSD2 protein and thus the protein
employed in this study was biologically active.

Lipid Binding of 3HSD2. To understand the influence of
lipid membranes on 3HSD2, we analyzed binding of 34HSD2
to charged and uncharged unilamellar lipid vesicles by
fluorescence resonance energy transfer (FRET). In this technique,
a donor chromophore, initially in its electronically excited state,
transfers energy to a nearby acceptor chromophore through
nonradiative dipole—dipole coupling. The dependency of FRET
efficiency on the inverse of the distance, to the sixth power,
between acceptor and donor pairs makes this technique useful for
monitoring the adsorption of molecules to a surface. In these
experiments, 3#HSD2's tryptophan (Trp) residues, which are excited
at 280 nm, served as the donor while the acceptor was a fluorophore-
conjugated phospholipid, dansyl-PE. Figure 2A displays fluorescence
emission spectra obtained with enzyme alone (gray), dansyl-PE-
doped DPPC vesicles alone (red), and both enzyme and vesicles
(blue) after excitation at 280 nm. We observed an increase in
intensity, from 450 to 540 nm, due to a modest excitation of dansyl-
PE fluorescence. Vesicles that contained 3SHSD2 generated a
slightly greater relative intensity than vesicles alone. The optimal
excitation wavelength for dansyl-PE is 340 nm, and samples excited
at this wavelength produced a peak fluorescence emission centered at
510 nm (Figure 2B). At 340 nm, the presence of 3FHSD2 had no
influence on the dansyl-PE fluorescence intensity or wavelength of
maximal emission. This modest enhancement of dansyl-PE
fluorescence excited at 280 nm by the presence of 3SHSD2
indicates the transfer of energy from tryptophan in the protein to
dansyl-PE in the membrane and implies moderate adsorption of
the protein to the membrane surface. The magnitude of the
energy transfer efficiency was increased by a factor of S (from a
relative transfer efficiency of 0.23 to 1.26) when anionic vesicles
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Figure 2. Adsorption of 3fHSD?2 to lipid membranes as assessed by
FRET. (A) Fluorescence emission spectra, after excitation at 280 nm,
acquired independently for DPPC vesicles doped with dansyl-PE (red
curve) or 3fHSD2 (gray curve). The spectrum obtained from a
mixture of the two is illustrated by the blue curve. The relative
efficiency of energy transfer was calculated with eq 1 and equal to 0.23
for this experiment. (B) The spectra of panel A were reacquired with
excitation at 340 nm. The experiment from panel A was repeated with
vesicles composed of DPPG (C) or a 1:1 mixture of DPPG and DPPC
(D). Data presented in all panels are the means + SEM from three
independent experiments performed in triplicate.

(DPPG) were used (Figure 2C). Repetition of the experiment
with vesicles consisting of a 1:1 mixture of DPPC and DPPG gave
an intermediate result (Figure 2D), where the transfer efficiency
was 0.50.

Effect of the Lipid Membrane on 3fHSD2 Conforma-
tion. Studies have indicated that the environment, including
lipid composition, can often influence protein conformation
and folding.35’36 Because the previous experiment showed an
interaction between 3fHSD2 and lipid membranes, we next
tested whether lipid membranes stimulated the protein to adopt a
conformation suitable for this interaction. The influence of the
lipid may be particularly pertinent for 3fHSD2 as this protein
resides in the IMM."* Circular dichroism (CD) spectroscopy can
distinguish secondary structural characteristics. The presence of
minima near 198 nm indicates random coils, at 208 and 222 nm
indicates a-helices, and at 218 nm indicates f-sheets. As the lipid
composition changes, flexible domains of the protein bind with
the lipid vesicles; thus, an increase in lipid concentration can
further alter conformation. In the presence of increasing
concentrations of DPPC, from 50 to 300 uM, 3fHSD2 fully
retained the ar-helical character it exhibited in the absence of lipid
(Figure 3A). In contrast, DPPG altered the wavelength scan CD.
The addition of 3.5 uM DPPG resulted in a significant change in
ellipticity at the 7—z* transition, 208 nm (Figure 3B), suggesting
that the protein bound to DPPG because of the polar charged
group, leading to protein unfolding. To determine if the degree of
reduction of ellipticity was indeed due to the charged vesicles, we
measured the helical content after addition of increasing
concentrations of a 1:1 mix of DPPC and DPPG and found
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Figure 3. Wavelength scan CD spectra of 3fHSD2 in the presence of
different unilameller lipid membranes. (A) Wavelength scan CD of
3BHSD?2 in the presence of no lipids (inverse solid triangle in black),
50 uM DPPC (blue filled squares), and 300 M DPPC (red empty
squares) from 185 to 250 nm. Under all conditions, we observed
minima at 208 and 222 nm. There were subtle differences in the
ellipticity change at 208 nm with 300 uM DPPC. (B) Wavelength scan
CD spectra of 3HSD2 with 3.5 uM (red filled squares), 12.5 yuM
(blue empty squares), 25.0 uM (green filled circles), SO uM DPPG
(magenta empty circles). The ellipticity minimum was reduced with an
increasing DPPG concentration, first at 208 nm and then at 222 nm,
suggesting unfolding of the 3fHSD2 protein, starting at 6.25 mM
DPPG. (C) Wavelength scan of 3fHSD2 with an equal mixture of
DPPC and DPPG, in the absence of lipid (inverse solid triangle in
black), or at 1.5 uM (red filled squares), 625 uM (blue empty
squares), 12 uM (green filled circles), 16 uM (purple empty circles),
25.0 uM (brown filled triangles), or SO uM (green empty circles).
Unlike individual lipids, the lipid mixture caused similar unfolding of
3pHSD2. (D) Representation of panels B and C showing analysis of
the change in a-helical and f-sheet conformation. The lipid
concentrations in panel B were 3.5, 12.5, 25, and S0 yM and in
panel C 1.5, 6.25, 15, and 25 uM. The result shows addition of DPPG
or a mixture of DPPG and DPPC reduced the a-helical content to a
similar level, but DPPC had no effect. There was no significant change
in f-sheet conformation under the conditions described above.

similar lipid-dependent unfolding (Figure 3C). Figure 3D shows
the analysis of the change in protein conformation. We
determined that the wild-type 3SHSD2 protein consisted of
approximately 32% oa-helix and 25% f sheet, with the remainder
being turns. Addition of an equal mixture of DPPC and DPPG
vesicles to a final concentration of 5 #M did not alter the a-helical
content, but further increases in the concentration of DPPC and
DPPG led to a sharp decrease in a-helical content, which then
reached a plateau at 10% prior to the complete loss of its
structure. These results indicate that mixed vesicles bound more
strongly to the protein than vesicles consisting solely of a charged
phospholipid or zwitterionic lipid membrane. A plot of the helical
content as a function of lipid composition shows a cooperative
unfolding with an increase in lipid composition (Figure 3D). In
summary, we did not find any change in a-helical content with
DPPC, but a mixture of DPPC and DPPG unfolded 3fHSD?2 in
the same fashion as DPPG alone. However, the f-sheet content
remained unchanged in the presence of DPPC, DPPG, or a
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Figure 4. Thermal unfolding (T,,) of 3fHSD?2 in the presence and absence of lipid vesicles (25 yM). Thermal denaturation was measured in a CD
spectrophotometer by monitoring the ellipticity at 222 nm. We precisely identified the T, using the derivative d®/dT. (A) Measurement of
3BHSD?2 stability based on T, The inset shows the derivative d®/dT with a peak at 42 °C. (B) Thermal unfolding of 3fHSD?2 in the presence of
DPPC. The inset shows the T}, was 36 °C. (C) No thermal unfolding was observed in the presence of DPPG. (D) Thermal unfolding of 3fHSD2 in
the presence of a mixture of DPPG and DPPC, where the T, was 38 °C. Data presented in all panels are means + SEM from three independent

experiments performed in triplicate.

mixture of both lipids. This suggests that as the protein unfolded
and lost most of its a-helical conformation, it maintained its
P-sheet conformation; thus, association with the lipids may affect
protein stability.

Stability of 3HSD2. These results revealed destabilization
of the protein conformation with increased vesicle concentration.
To further evaluate the stability of 3SHSD2, we measured
thermal unfolding (T,,) in the presence and absence of a lipid
membrane. The wavelength scan CD of 3fHSD2 at 20 °C
resulted in minima at 208 and 222 nm, typical characteristics of
the a-helical conformation. The change in ellipticity at 222 nm
was measured from 4 to 90 °C (Figure 4), and the derivatives
(d®/dT) were plotted as a function of temperature to yield the
exact T, (Figure 4, insets). The protein showed ellipticity
changes at or above 40 °C and complete denaturation at 60 °C.
The T, was 42 °C in the absence of lipid (Figure 4A) (shown as
an inset). 3fHSD2 unfolded in a similar manner in the presence
of zwitterionically charged DPPC vesicles (Figure 4B) or an equal
mixture of zwitterionic vesicles and anionic vesicles (Figure 4D).
The T, for these conditions was approximately 37 °C, but a T,
could not be determined in the presence of anionically charged
DPPG alone (Figure 4C). Stability decreased, as indicated by
protein unfolding starting at 30 °C with complete denaturation
at 65 °C. The curves are typical for thermal denaturation. On
the basis of our results, we conclude that lipids open the
conformation and thus minimally destabilize 3#HSD2 to promote
the association of the protein with the vesicles.

Proteolytic Digestion of 3#HSD2. To understand
3PHSD2 folding in greater detail, we sought to determine
whether 3fHSD2 contains domains that are differently
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protected from proteolysis by fingerprinting experiments
under various conditions. Trypsin is a highly specific enzyme
that cleaves protein after lysine and arginine residues under
mildly alkaline conditions (pH >7.0). We used trypsin at pH
7.4 to partially digest 3HSD2 in the absence of lipid, or in the
presence of DPPG, DPPC, or an equal mixture of DPPC and
DPPG. Proteolysis was conducted at different temperatures for
varying lengths of time. The digestion patterns were analyzed
by protein staining with Coomassie blue and by Western
blotting with 3fHSD2 antiserum along with mass spectrometry
(Table 1 of the Supporting Information and Figure 5). In the
absence of any lipids, the 3#HSD2 protein, especially at lower
trypsin concentrations, remained fairly insensitive to digestion
and only generated one smaller fragment, designated Band 1
(Figure SA). However, in the presence of DPPG, we observed a
30 kDa protein fragment that appeared after incubation for
1S min at room temperature (Band 2, Figure SB). After
incubation for 30 min, we saw additional discrete tryptic
fragments (Bands 3 and 4, Figure SB), suggesting a tightly
packed protein core was formed due to the addition of DPPG.
Mass spectrometric analysis of Band 2 from Figure SB
identified amino acids 94—362 of 3BHSD2, suggesting the
deletion of the first 93 N-terminal amino acids (Table 1 of the
Supporting Information). Thus, association with DPPG
resulted in the exposure of the first 93 amino acids of
3PHSD2. Next, we incubated the protein with a mixture of
DPPG and DPPC (Figure SC and Table 2 of the Supporting
Information). Proteolysis again produced a 39 kDa fragment
(Figure SC, Band 1), also observed in the absence of lipid
(Figure SA) and in the presence of DPPG (Figure SB). We also
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protected bands.

observed Band 2, but this fragment remained stable for <5 min
and then was further proteolyzed to a smaller fragment we
termed Band 3. Mass spectrometric analysis of Band 3 indicated
that this fragment consisted of amino acids 94—362 of 3HSD2,
similar to Band 2 seen upon incubation with DPPG. However,
in the presence of DPPC (Figure SD and Table 3 of the
Supporting Information), the stable band consisted of amino
acids 274—362 (Band 3). As a control, we also incubated inner
mitochondrial resident cytochrome P450scc with 25 mM lipids
and 80 ng of trypsin for 15 and 30 min (Figure SE). P4S0scc
was digested more over time, suggesting that lipid vesicles did
not inhibit trypsin activity (Figure SE). The mass spectrometric
results for binding of 3#HSD2 with the vesicles are summarized
in the form of a diagram showing the protected amino acids
from trypsin (Figure SF). The diagram (Figure SF) shows that a
large C-terminal region was protected from limited proteolytic
digestion at pH 7.4, while the N-terminal region, essential for
activity, was exposed and hence accessible to proteolysis. When
the protein was mixed with a charged lipid, the protein’s tertiary
structure was more collapsed than when it was mixed with the
zwitterionic DPPC and charged DPPG. The lipid mixture
protected some sites that were not previously protected.
Theoretical analysis of 3fHSD2 shows that both of these
peptides contained numerous potential cleavage sites for
trypsin; thus, the failure of trypsin digestion to cleave these
sites at the same pH attests to a substantial change in protein
folding and the possibility that these cleavage sites were buried
within the lipid membranes.

Mass Spectrometric Data Fitting with the Model. We
next examined the influence of lipid membranes on the folding
of 3fHSD2 using mass spectrometry. Limited proteolysis with
trypsin on the full-length protein was assayed in the presence of
DPPC, DPPG, and an equal mixture of DPPC and DPPG.
Mass spectrometric data of the protected peptide regions
were modeled using Pymol (Figures 6 and 7). We performed
homology modeling®® based on the short chain oxidoreductase
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Figure 6. Mass spectrometric data analysis with the 3fHSD2 structure.
Ribbon diagram of human 3#HSD?2 isomerase. The diagram was based
on homology modeling using UDP-galactose-4-epimerase as a
template. The figure was regenerated using Pymol. The protein
consists of six -sheets (colored red): 1 (1=7), 2 (31-36), 3 (57—60),
4 (78-82), 5 (182—184), and 6 (265—267). There are also 12 a-
helices (colored blue): A (15—26), B (43—56), C (66—75), D (88—
93), E (96—115), F (154—174), G (191-200), H (202—207), I (225—
238), J (245-253), K (331-335), and L (346—360). Peptide
segments with nonregular random coil are colored gray. The active
site bound with NAD" and DHEA are colored orange.

family of enzymes that utilize NAD" as the preferred cofactor
and have an Asp**-Xaa® sequence in the first a—f turn of
the Rossmann fold (f—a—fi—a—p—a—p—a).>"** We matched
the fitted mass spectrometric lipid—protein protection results with
the known model developed previously by the Thomas lab.** The
model, regenerated with Pymol, shows the presence of six f-
sheets (Figure 6, red) numbered from 1 to 6: 1 (1-7), 2 (31—
36), 3 (57-60), 4 (78—82), 5 (182—184), and 6 (265—263).
They are located mostly in the N-terminal catalytically active
region. The model also shows 12 a-helices, presented as A—L:
A (15-26), B (43—56), C (66—75), D (88—93), E (96—115),
F (154-174), G (191-200), H (202—207), I (225-238),
J (245-253), K (331—335), and L (346—360). The residue for
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Figure 7. Illustration of trypsin-digested segments (cavity) and the protected segments in the space filling model. (A) Band 1 of 3fHSD2 in the
absence of lipids. The cavity shows the cleavage site of 10 C-terminal residues. (B) Band 2 of 3fHSD2 in the presence of DPPG and DPPC. The
cavity illustrates the cleavage of 20 amino acids from the N-terminus. The active site is partially open. (C) Band 3 of 3fHSD2 in the presence of
DPPC or DPPG. The first 93 N-terminal amino acids were deleted, generating a cavity. The active site remained open, and almost all of the f-sheet

region was cleaved off.

each helix is colored blue. The unstructured region random coil
areas are colored gray. According to the model, most of the
P-sheet rich region is buried and forms a hydrophobic cavity
where the catalytically important residues, such as D36 and K37,
are situated. The cofactor NAD" and DHEA are colored orange.
These make intimate contacts with D36 and K37, which play an
important role in isomerase activity.”> When the protein was
incubated with trypsin in the absence of lipids, 10 residues of
the random coil region were cleaved. The remaining protected
region was resistant to protease, even after incubation for 60 min
(Figure 7A). However, when the protein was incubated with a
mixture of lipids DPPG and DPPC, the protein was digested at
the N-terminus. Moreover, protein digested in the presence of
either DPPC or DPPG was minimally resistant to proteolytic
cleavage (Figure 7B). As indicated in Figure 7C, a 93-amino acid
segment from the N-terminus was deprotected and cleaved. In
this case, f-sheets 1—4, a-helices A—D, and part of the coil
regions were cleaved, leaving an exposed cavity in the remaining
protected segment. Surprisingly, most of the hydrophobic regions
had been cleaved in this event, indicating that this hydrophobic
cavity is more exposed in the presence of lipids.

Membrane-Influenced Activity of 3pHSD2. All the
experiments described above suggested a strong influence of
vesicles in the partial opening of 3fHSD2. To improve our
understanding of the role of lipid vesicles in enzyme activity, we
measured progesterone synthesis by isolated mitochondria in
the presence of vesicles (Figure 8). Addition of either a charged
(DPPG) or a zwitterionic (DPPC) lipid did not have much
effect, but addition of a mixture of these two vesicles increased
the activity almost 2-fold (Figure 8, last lane), confirming a role
for the vesicles in increasing 3fHSD?2 activity. This validates
that indeed the mixture of DPPG and DPPC contributes to the
activity of 3FHSD2.

B DISCUSSION

Although 3BHSD2 lacks a mitochondrial leader sequence, it
appears to be fully functional at the IMM. On the basis of the
observations that the full-length, wild-type 3SHSD2 must
undergo unfolding during mitochondrial entry and that the
protein becomes active after association with the mitochondrial
lipid membrane, we hypothesized that interaction with the lipid
membrane promotes a partially open conformation of the
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Figure 8. Metabolic conversion in the presence lipid vesicles. Metabolic
conversion of accumulated pregnenolone to progesterone by mitochondria
isolated from MA-10 cells in the presence of 25 uM DPPC, DPPG, or a
mixture of DPPC and DPPG. Metabolic conversion occurred after the
addition of NAD®, while the 3SHSD2 inhibitor, trilostane, abrogated
catalysis. External addition of 25 M DPPG and DPPC did not increase
activity above the basal level, but addition of a mixture of DPPG and
DPPC increased activity 2-fold more than what was seen with the
mitochondria incubated with NAD* only.

protein, contributing to 3SHSD2 activity. Multiple findings
from this study support this hypothesis, including (i) the lipid-
dependent unfolding without any change in S-sheet content,
(ii) the cooperative denaturation with the charged lipid vesicles,
(iii) the reduction in stability in association with lipid vesicles,
(iv) the charge-dependent association of the C-terminal
domain with lipid vesicles, (v) the enhanced adsorption to
charged membranes as determined by FRET, (vi) the trypsin-
mediated cleavage of the catalytically active N-terminal region
only in the presence of lipids, and (vii) the lipid-dependent
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increase in 3HSD2 metabolic activity. Thus, we conclude that
3PHSD2 activity requires association with membrane vesicles.

In full-length 3fHSD2, the N-terminal mitochondrial leader
sequence directs the protein to enter the mitochondrial
membrane first, and so we had predicted that the C-terminus
would be the region most accessible to proteases. However, we
found that the 130 N-terminal amino acids were completely
proteolyzed in the presence of either zwitterionic or charged
lipid membranes, even though the energy transfer experiments
clearly showed better adsorption of the enzyme to charged
lipids. The combination of DPPG and DPPC protected most of
the protein sequence, except for the first 20 amino acids of the
N-terminus. These first 20 amino acids are hydrophobic, and
thus, the possibility exists that this sequence does not embed
into the lipid vesicles, leading to its proteolysis.

The formation of a tightly packed hydrophobic core
represents a critical step in the folding pathway of globular
proteins. Hydrophilicity analysis shows that the 3BHSD2
sequence is more hydrophilic from amino acid 120, and the
amino acid sequence of the rest of the protein is weakly
hydrophobic and does not form an amphiphilic helix, resulting
in a favored association with the membrane vesicles. The
C-terminal sequence is most likely not cleaved after import
through the mitochondrial membrane but instead remains
associated with the lipid membrane. The association may be the
result of an electrostatic interaction between the positively
charged residues of the C-terminus of the protein and the
negatively charged membrane vesicles. At the same time, the
C-terminal region of 3HSD2 might need to interact with
the vesicle membrane to open its conformation and thus
facilitate its activity. In either event, our data suggest that the
active form of the 3HSD2 structure could be preserved in the
membrane-associated form,*® and as a result, the membrane-
bound protein retains its compact C-terminus. We hypothesize
that this loose N-terminus can quickly associate with the
charged membrane, causing the 3fHSD2 protein to pause at
the IMM and thus provide more opportunity for 34HSD2 to
remain associated with the membrane (Figure 7). This might
be the critical reason that allows 3FHSD2 to have two different
activities at two different steroidogenic steps.

Enzymes catalyzing electron transfer are arranged asym-
metrically on the IMM so that protons are translocated across
the two mitochondrial membranes. This proton pump
establishes an electrochemical gradient where the membrane
vesicles facing the IMS side of mitochondria absorb the released
protons. 3FHSD2 activity requires NAD" as a coactivator, and
disruption of the mitochondrial electrochemical gradient
eliminated 3fHSD2-induced activity by mitochondria isolated
from mouse Leydig MA-10 cells or pig adrenals. If the
interaction of 3fHSD2 with the IMM causes a reduction in the
membrane potential (AW), our data suggest that this would
be at the expense of the flexibility of 3fHSD2 between the
protected region of the C-terminus and the charged membrane.
As a result, the structure of 3SHSD2 lends itself to partial
unfolding, as the short N-terminal and very long C-terminal
domains behave differently in the presence of vesicles. Binding
with the vesicles correlates well with a lack of extensive
flexibility, as indicated by FRET, and strongly suggests a
partially open tertiary structure. Thus, partial unfolding induced
by the mitochondrial electrochemical gradient and by
mitochondrial insertion may result in the transition to a
molten globule state. By preserving some secondary structure,
the partial open state would provide the best pathway for

minimizing the energetic cost of making a compact protein
structure able to be inserted into a membrane. Moreover, this
transition to a flexible conformation reduces the energy
required to open the structure, possibly allowing interactions
with other inner mitochondrial translocases or steroidogenic
proteins. Thus, 3fHSD2 could function as a dehydrogenase
and isomerase for steroidogenesis. In summary, we propose
that lipid membranes direct a specific open conformation for
3PHSD2 that could serve as a mandatory step for eliciting its
activity on the IMM.
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