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ABSTRACT:. The human emopamil binding protein (hEBP) exhibits st&v®+A7 isomerase activity (EC
5.3.3.5) upon heterologous expression in a stABtA7 isomerization-deficientrg2-3yeast strain. Ala
scanning mutagenesis was used to identify residues in the four putative transmeobedives of hEBP

that are required for catalytic activity. Isomerization was assayed in vivo by spectrophotometric
gquantification ofA5,7-sterols. Out of 64 Ala mutants of hEBP only H77A-, E81A-, E123A-, T126A-,
N194A-, and W197A-expressing yeast strains contained 10% or less of wild-typaHaf)sterols. All
substitutions of these six residues with functionally or structurally similar amino acid residues failed to
fully restore catalytic activity. Mutants E81D, T126S, N194Q, and W197F, but not H77N and E123D,
still bound the enzyme inhibitaiH-ifenprodil. Changed equilibrium and kinetic binding properties of the
mutant enzymes confirmed our previous suggestion that residues required for catalytic activity are also
involved in inhibitor binding [Moebius et al. (199®iochemistry 3516871-16878]. Hig’, GIu!, Glu'%3,

Thrl26 Asnt94 and Trg®” are localized in the cytoplasmic halves of the transmembrane segmets 2

and are proposed to line the catalytic cleft. Ala mutants of%®ryrlo5 Aspt®, Arg!ll, and Tyt2in a
conserved cytoplasmic domain (WKEYXKGDSRY) between transmembrane segments 2 and 3 contained
less than 10% of wiA5,7-sterols, implying that this region also could be functionally important. The in
vivo complementation of enzyme-deficient yeast strains with mutated cDNAs is a simple and sensitive
method to rapidly analyze the functional consequences of mutations in sterol modifying enzymes.

The biosynthesis of cholesterol involves a variety of was purified on the basis of its ability to bind the antiischemic
intermediates and enzymatic systems. After squalene cyclasealrug (—)-*H-emopamil and was tentatively named emopamil
(EC 5.4.99.7) mediated formation of lanosterol, the ring binding protein [EBP(11—-13)]. Complementation of a sterol
system is further modified by demethylations at &d G A8—A7 isomerization-deficient yeast strain by the EBP
as well as by removal, shift, and introduction of double bonds cDNA (6) suggested that the EBP is a mammalian isoenzyme
in ring B and C and in the side chain. All genes encoding of the yeast ERG2p. In contrast to the EBP, the ERG2p
enzymes required for sterol biosynthesis from squalene inhomologue from vertebrates, that was purified and cloned
Saccharomyces cearsiae have been identified 1¢-3). as a drug binding protein (sigmaeceptor) failed to
Among the mammalian homologues cloned so far are the complement therg2-3mutation (4). The human stera\8—
lanosterol demethylaset); the G-methyloxidase §), the A7 isomerase (EBP) and the yeast isoenzyme (ERG2p) are
sterolA8—A7 isomerase [EC 5.3.3.B)], the A5-dehydro- structurally unrelated1), most likely because they differ
genase [EC 1.3.3.27]], and theA7-sterol reductase [EC in the substrate specificity (ERG2p, fecosterol; EBP, zy-
1.3.1.21 8)]. The latter enzyme is of outstanding medical mosterol) and the reaction mechanism [ERG2p, cis hydrogen
significance because a variety of different missense andaddition—elimination; EBP, trans hydrogen additien
nonsense mutations in the corresponding human g@&ne ( elimination (6)].
cause a frequent malformation syndrome [Sritlemli— The molecular features that are indispensable for catalytic
Opitz syndromeX0)]. The human stercA8—A7 isomerase  activity of enzymes involved in the biosynthesis of sterols
from lanosterol are enigmatic. The EBP, like ther-
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for future structural studies, we identified amino acid residues Y112A, second-site mutagenesis was ruled out by sequencing
that are indispensable for catalytic activity by systematic site- of both strands. Numbering of amino acid residues corre-
directed mutagenesis of codons for residues in the four sponds to the guinea pig EBP sequence.

putative transmembrare-helices of human EBP1@). We Growth of S. cerdsiae and Sterol AnalysiStrain WAQ
aVOided the technical dIf'fICUltIeS Of the in VitrO determination was grown in 2% (W/V) g|ucose, 1% (W/V) tryptone, and 2%
of sterolA8—A7 isomerase activityl(/—22) by quantifying  (w/v) yeast extract. Transformed strains were grown in 2%

the ability of mutant enzymes to complement #2-3  (w/v) glucose, 0.67% (w/v) yeast nitrogen base, and the
mutation (isomerase deficiency) in yeast. In ttE2-3  amino acids except for leucin&3). Microsomal membranes
mutant strain A8-sterols such as ergostan-5,8,22-tri¢h-3  \ere prepared as describe2b( 27). For sterol analysis 20
ol and ergostan-8-ens3ol accumulate Z3). Expression of mL liquid cultures were grown for 18 h at 3 (ODsoo
the isomerase results W8—A7 isomerization and thereby  4—7). Cells were collected by centrifugation and resuspended
in the formation ofA5,7-sterols such as ergosterol (ergostan- jn 0.1 M NaCl and the OB, was determined. Sterols were
5,7,22-trien-B-ol) (6, 23. Such sterols can be quantified extracted from approximately 2 1Cf cells (20 mg of wet
spectrophotometrically because the conjugaféfi7-ring  eight) as describe®b). Sterols from a strain transformed
system of ergosterol has a characteristic UV absorbanceyith the EBRign CDNA and the vector without cDNA insert
profile (24). (mock) were measured in duplicates. The 281 and 271 nm
Residues that, upon substitution with Ala, led to a absorptions of the material extracted from strains expressing
substantial decrease of catalytic activity of mutant enzymes hEBP mutants were normalized to the mock strain (mock,
were substituted with functionally or structurally related 0%) and the EBRy, strain (wt, 100%). A strain transformed
residues. We also measured the ability of several substitutionwith EBR,,, was analyzed in parallel as an internal control.
mutants with impaired catalytic activity to bind the isomerase For gas chromatographic analysis, sterols were extracted as
inhibitor *H-ifenprodil because amino acid residues that are referenced above (with 4 nmol of exogenous cholesterol as
indispensable for isomerase function were suggested to bea standard) and the heptane was evaporated. After resus-
involved in high-affinity inhibitor binding 25). To our pension in 3QiL of ethyl acetate, the material was separated
knowledge this is the first report on the identification of on a DB5 column (30 mx 0.25 mm) in a Fisons GC8000/
functionally important residues in an enzyme of postsqualene MD800 gas chromatograph/mass spectrometer (temperature

sterol biosynthesis. gradient 206-300°C at 10°C/min) with helium as the carrier
gas. Experimental mass spectra were compared with refer-
EXPERIMENTAL PROCEDURES ence spectra in the NIST database.

Binding Assay and Immunoblottindd-Ifenprodil (1 nM)
was incubated with yeast microsomes {200 ug/mL
protein) in 0.2 mL of 25 mM Tris-HCI, pH 9 (4C) for 12
h at 22°C. Nonspecific binding was measured in the presence
of 0.5uM (dissociation experiments) and«M (association
experiments) ifenprodil7). Bound and free ligand were
' separated by filtration over Whatman GF/C filters [pretreated
with 0.3% (w/v) polyethylenimine] with ice-cold 10 mM
) i o i i i Tris-HCI, pH 7.4 (22°C). Binding parameters<, Bmnay Were

Site-Directed in Vitro Mutagenesisutations were in-  gatarmined by nonlinear curve fitting to a rectangular
troduced into the 687 bp hEBP cDNA [HS13); here  pyparpola. Kinetic constants, k_1) were calculated as
EBPRgr] by two-step mutagenesis with the proofreading gegcriped 25). Protein concentrations were determined
thermostable DNA polymerase froflyrococcus furiosus  5ccording to ref28 with BSA as a standard. Microsomal
(Stratagene) as descringBI. Mutagenic oligonucleotides proteins were separated on SBF% (w/v) polyacrylamide
had a 9-12 bp overlap with the cDNA sequence before and |5 After electrophoretic transfer to a PVDF membrane,
after the m_utated codon. PCR_ amplicons were subcloned W'tthBP was detected with anti-EBR 2,3 (13) and'23i-protein
Xhd—Notl into the 2u expression vector YEp351ADC13) A (1 uCilmL) as described9).
and sequenced with oligonucleotides TCAAGCTATAC-

CAAGCATAC or GATTGGAGACTTGACCAAAC, re- RESULTS

spectively. DNA sequencing was carried out by Toplab

(Martinsried, Germany) with dye terminators and an ABI377  Amount of hEBP and Formation &f5,7-Sterols Are Not
automated sequencer. Presence of the mutation was verified_.inear. In our investigation the steroA8—A7 isomerase

by single 606-650 bp sequence reads. The only second- activity of hEBP was measured as the ability to complement
site mutations that we found were within the mutagenic the erg2-3 mutation of yeast. Enzymatic activity was
oligonucleotides, most likely due to technical problems with quantified as the formation ofA5,7-sterols, which we
the synthesis of one batch of oligonucleotides (e.g., I80A: detected by their 271 and 281 nm absorption maxima (Figure
experiment 1, H77P,I80A; experiment 2, L78L,I80A,W83G; 1A). The maximal in vivo enzymatic activity is theoretically
experiment 3, H77P,L78L,I80A; the I8B0A mutation was limited by the available substratA8-sterols) within the cells.
therefore omitted from further analysis). Minor second-site The amount of hEBP expressed from the open reading frame
mutations within the sequence of the mutagenic oligonucle- of the cDNA without 5 and 3-noncoding sequence was
otides were found in the mutants L78A (I176L) and G82A previously quantified in terms of high-affinity —<)-3H-
(F84V). In the mutants E81D, E123D, T126S, N194Q, and emopamil binding sites [70 pmol/mg of microsomal protein
W197F as well as in W102A, Y105A, D109A, R111A, and (13)] which is similar to the density of the endogenous

Materials.3H-Ifenprodil (50 Ci/mmol) and?3-protein A
(8 mCi/mg) were from NEN, Vienna, Austria. Other
chemicals were obtained from the following sources: Brad-
ford protein reagent and prestained molecular weight mark-
ers, Bio-Rad, Vienna, Austria; oligonucleotides, MWG,
Penzberg, Germany; all other chemicals, Sigma, Vienna
Austria. Saccharomyces cearsiae strain WAO was kindly
provided by Dr. M. Bard (Indianapolis, IN).
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Ficure 1. Determination ofA5,7-sterols an@H-ifenprodil binding sites in strains expressing hEBP at various levels. (A) Spectrophotometric
analysis of nonsaponifiable sterols from yeast strain Wét@2-3 transformed with the plasmid YEp351ADC1 without insert (mock), the
weakly expressed hEBP [HH$13); EBRow, this study], and the overexpressed hEBP {KIE3); EBR,gp, this study]. Sterols from 20 mg
(wet weight) of yeast cell pellets were extracted into 1 mL of heptaneA@J-Sterol content (measured as absolute 271/281 nm absorbance)
and hEBP protein (measured as specifieifenprodil binding activity) for expression constructs EgRand EBRig,. The absolute 271/281

nm absorbance (Ofy2s, open columnsn = 20) of sterols extracted from 20 mg of yeast cell pellets into 1 mL of heptan is shown. The
specific 3H-ifenprodil binding activity ¢H-ifenprodil bound, solid bars, data shown are the m&a8D from three separate microsomal
preparations) was determined at ligand and protein concentrations of 1.0 nM a25@fg/mL, respectively. (C) Relative content in
A5,7-sterols [measured as 271/281 nm absorbance, normalized to mock (0%) aggd #B®%), respectively] and hEBP protein [measured
as specificH-ifenprodil binding sites, normalized to ERE, (100%)] in yeast strains transformed with ERP EBPhtermediate 2Nd EBRign
cDNAs. Since attempts to make an expression construct with lesser protein expression tham&REbut higher than EBR, failed, the

line drawn is suggestive rather than definitive {B) Retention times of sterols extracted from strains transformed with mock (D)o/£EBP
(E), and EBRgn (F), respectively. Sterols were identified on the basis of their mass spectra and comparison with the lig9jatargdsterol

was identified by comigration with a commercial sample. Ch, cholestan-Fei-&xogenous cholesterol, added as a standard); E5,8,22,
ergostan-5,8,22-trieng3ol; E8,22, ergostan-8,22-die-dl; E5,7,22, ergostan-5,7,22-trief-8| (ergosterol); E8(24), ergostan-8,24(28)-
dien-3-ol; E8, ergostan-8-enf3ol; C5,7,22,24, cholestan-5,7,22,24-tetraghed

isomerase of yeast, the ERG2p (77 pmol/mg of protein, the in vivo sterolA8—A7 isomerase activity of hEBP is not
measured with®H-haloperidol as a ligand2f)). For a linear with the amount of enzyme protein (Figure 1C), most
semiquantitative interpretation of the functional consequenceslikely because at a high expression level (which is similar
of mutations, it was important to determine whether the to the endogenous enzyme, the ERG2p) the substisie (
amount of hEBP expressed was linear with the formation of sterols) becomes limiting fak5,7-sterol synthesis. Mutations
A5, 7-sterols. We previously observed that expression of thewere introduced into the expression construct with high
full-length cDNA (EBR,w, open reading frame plus-5and expression level [EBRy, = wild type (wt)] because thereby
3'-noncoding sequence) resulted in low expression of hEBP the in vivo assay became insensitive to minot-82fold)
(13). This construct was therefore employed to investigate variations of the amount of protein expressed but was still
whether the reduction of protein expression and the decreasable to detect product formation when enzymatic activity
of the A5,7-sterol content correlate. This was not the case. was >50-fold reduced (as in ERR). From our data we
Despite > 25-fold reduced hEBP expressioh3], a yeast conclude that if the amount of mutant and wt protein is
strain transformed with construct EBPcontained 14%t identical but theA5,7-sterol content of the mutant 114%

5% (n = 30) of EBR\gn A5, 7-sterols (Figure 1A), suggesting of wt, the mutant enzyme is 50-fold less active than wit.
that the formation ofA5,7-sterols was not linear with the hEBP Expression in the erg2-3 Mutant Producss,7-
amount of enzyme protein. To confirm this assumption, we Sterols.The spectrophotometric determination/®,7-sterols
made an expression construct with an expected intermediatds simple and allows the analysis of numerous samples. To
expression level (EBRermediate OPeN reading frame plus-3 verify that the assay indeed measurA®,7-sterols, we
noncoding region). The\5,7-sterol content of the strain analyzed the sterol composition of strains transformed with
transformed with EBRemediatVas essentially identical with  mock, EBR,,, and EBRgn, respectively, by gas chromatog-
EBRugh [96% + 7% (h = 5)]. The amount of hEBP expressed raphy (Figure 1B-F). Sterols were identified by their mass
from EBRow, EBPRtermediae aNd EBRigh was quantified with spectra. The mock-transformedg2-3mutant strain [WAO
3H-ifenprodil, another high-affinity EBP ligandl8, 27, (29)] contained ergostan-5,8,22-trief3-8l, ergostan-8,24-
demonstrating that the density ¥f-ifenprodil binding sites (28)-dien-F-ol, and ergostan-8-en53ol as major constitu-
and thus hEBP was 50-fold lower in microsomes from the  ents and minor amounts of ergostan-8,22-digreB(Figure
EBRow-expressing strain as compared to EgRFigure 1B). 1D). Among the sterols from therg2-3mutant a small peak
The expression of the open reading frame witin@coding with the mass of ergostan-5,7,22-trie-8 (ergosterol)
sequence (EBR.mediar) reduced the protein expression 2-fold occurred (Figure 1D), which comigrated with a commercial
[50% £ 14% of EBRign (n = 3)]. Our results indicate that  sample of ergosterol (not shown). This peak was also seen
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FIGUrRe 2: Amino acid sequence alignment of steA@—A7 isomerases frorilomo sapienQH.S, GenBank accession no. Z37986xvia
porcellus(C.P, GenBank accession no. Z3798B)us musculugM.M., GenBank accession no. X97775), akcbidopsis thaliangA.T,

GenBank accession no. AF030357). Putative TMS, @ray boxes), residues conserved throughout all four sequences (boldface type),
residues substituted with Ala (black boxes), and residues essential for catalytic activity in vivo (white boxes) are indicated. Numbers refer
to the position of the residues in the amino acid sequence of the guinea pig EBP. The residues corresponding to the synthetic peptide
EBP,0s-223 (13) are underlined.

Table 1: In Vivo Activity of Mutant Enzymes in therg2-3 Strain WAG

TMS1 TMS2 TMS3 TMS4

amino activity amino activity amino activity amino activity

acid codon (% wt) acid codon (% wt) acid codon (% wt) acid codon (% wt)
H31A GCT 69+ 7 L65A GCG 82+ 9 V120A GCG 62+ 5 Y185A GCC 64+ 6
I32A GCA 73+ 9 L67A GCT 63+ 9 C121A GCC 95+ 14 F186A GCC 56t 3
L33A GCT 47+ 3 C68A GCC 94+ 7 M122A GCG 28+ 11 W187A GCG 56+ 10
L36A GCC 62+ 7 WE9A GCG 17+ 6 E123A GCA 10+ 5 F188A GCT 94+ 6
F37A GCC 74+ 6 F70A GCT 95+ 3 T124A GCC 91+ 10 Y189A GCC 327
S38A GCT 74+ 9 V72A GCG 93+ 10 1125A GCC 78+ 9 F190A GCT 21+ 6
V39A GCC 80+ 7 C73A GCT 83+ 8 T126A GCA 4+ 4 V191A GCC 91+ 8
G41A GCG 94+ 7 F75A GCC 88+ 9 C128A GCC 848 F192A GCC 92+ 8
L43A GCA 103+ 10 I76A GCT 33+7 L129A GCG 81+ 8 M193A GCT 53+ 6
V44A GCC 76+ 10 H77A GCC H 4 W130A GCG 70+ 4 N194 AGCT 5+ 3
V45A GCG 79+ 9 L78AP GCG 74+ 8 G131A GCA 69+ 7 L196A GCG 62+5
WA48A GCG 87+ 10 V79A GCG 75t 7 L133A GCC 77+ 6 W197A GCG 5+ 2
L49A GCG 108+ 13 E81A GCG 5+ 6 S134A GCC 10H 12 L198A GCG 50+ 5
L50A GCG 96+ 8 G82K GCC 56+ 9 L135A GCG 92+ 8 V199A GCG 76+ 6

W83A GCG 97+ 11 W136A GCG 104+ 12 V203A GCC 71+1
F84A GCC 72+ 8 V138A GCG 94+ 11 L204A GCT 77£5
V85A GCT 68+ 6 1139A GCC 90+ 12

2The codon introduced by site-directed mutagenesis in transmembrane segments (TMS) is given. Data shown &r&ngar 4—7).
Catalytic activity was quantified by spectrophotometric determinatioA®7-sterols in cell pellets from strains expressing mutant hEBPs and
normalized to wt (100%) and mock (0%) transformed strains, respectivAlyditional 176L mutation.® Additional F84V mutation.

in an erg2 disruptanQ), suggesting that it is not produced of the amino acid residues without causing global confor-
by leakiness of therg2-3mutation. In the strain transformed mational changes in the-helix. Due to the hydrophobic
with EBR,y, the amount of ergostan-5,7,22-ef-8l was nature of the TMS13), most substituted residues were either
increased and an additional peak tentatively identified as hydrophobic (Leu, lle) or aromatic (Trp, Phe, Tyr). Immu-
cholestan-5,7,22,24-tetraef3-8l appeared (Figure 1E). The noblotting with a sequence-specific antiserum [anti-EBR:s,
sterol profiles from a strain transformed with ERR(Figure (13)] verified that reduction of UV-absorbing sterols was
1F) and ERG2 (not shown), respectively, were similar but not due to impaired protein expression (data not shown).
not identical. The most prominent difference was the  Our results were arbitrarily stratified by the extent of
accumulation of zymosterol (identified by comigration with  activity reduction. Ala substitution of most aromatic residues
a standard) in ERG2p- but not in hEBP-expressing strains. (Phé’, Phe&®, Phé&4, Phé®® Phés® Phé® Trp* Trp%,
The sterol analysis confirmed that expression of hEBP in Trp!30, Trp', and Trg®") had no major effect oA5,7-sterol
the erg2-3 mutant strain WAO indeed resulted in the content (56-104% of wt, Table 1). Neither were thg5,7-
formation of A5,7-sterols depending on the amount of sterols substantially reduced in most strains expressing
isomerase protein expressed. enzymes with Ala mutations of hydrophilic residues @is
Ala Scanning Mutagenesis in TMS4. Enzymatic cho- Cys® Cys’, Cys?,, Sef®, Thr'?4 and Sel??) (69—101% of
lesterol modification is supposed to take place within the wt, Table 1). Out of 64 Ala mutants only 11 resulted in a
membrane of the endoplasmic reticulum. Therefore site- A5,7-sterol contenk35% of wt (Table 2). In six mutants
directed mutagenesis was focused on the four putative TMSthe A5,7-sterol content was10% of wt, suggesting that
(13). The amino acid sequence alignment of the EBP from these six residues are major determinants of catalytic activity.
man, mouse, and guinea pig identified amino acid residues Substitution of Hi&, GIw’Y, Glu'?® Thr'?6, Asri®4 and
that are identical or similar throughout mammals (Figure 2). Trp*®” with Similar ResiduesAlthough Ala substitution in
Such residues were substituted with Ala by changing the transmembrane-helices has minimal effects on secondary
nucleotide sequence of the codon (Table 1). Ala was chosenstructure 81), it is impossible to verify that mutations do
because its substitution m-helices in the core of proteins  not impair structural integrity of membrane proteins, e.g.,
has minimal effects on secondary structl8®)(Replacement by eliminating charge pairs. His GIu8:, Glu?3 Thri?¢
by Ala is therefore expected to reduce or increase the sizeAsn'®%, and Trp®” were substituted with structurally or
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Table 2: Alanine Mutations That Resulted in a Major Loss of 180
Catalytic Activity? -
catalytic activity § =100
mutation T™MS (% wt) p (£=
<10% wt S5
H77A 2 9+ 4 BR 50
E81A 2 5+6 s
E123A 3 10+ 5 B
T126A 3 4+ 4 0
N194A 4 5+3 x : sz o 0w Q&
W197A 4 542 Mxiwo] 6 24K R 8832
11-35% wt , = -t = s
W69A 2 17+ 6 46.9
I76A 2 33+7 34.1 =
M122A 3 28+ 11 28.5 =
Y189A 4 3247 o2
F190A 4 21+ 6 '

a Allocation of residues to putative transmembrankelices (TMS)
is indicated (see Figure 2). Data shown were taken from Table 1.
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FIGURE 4: Protein expression of mutant proteins. Microsomal
protein (50ug) from yeast strains transformed with the indicated
mutant cDNAs were separated on SBBI% (w/v) polyacrylamide
gels and electrophoretically transferred to a PVDF membrane.
Immunostaining with rabbit anti-EBRs-2,3 was carried out as
described 13). Immunoreactivity was quantified by incubation with
129-labeled protein A (NEN, Vienna, Austria;/ACi/mL), membrane
slicing, andy-counting (mock, 6-12 cpm; EBRign (=wt), 819—
3318 cpm). Data shown (upper panel) are mga®D (n = 3)
normalized to EBRy» (=wt). Prior to slicing, the PVDF membranes
were exposed to Kodak Xomat AR film (lower panel, 36 h
exposure). The arrow designates the migration of the 26.4 kBa (
hEBP.

volumeV (32)]. The following amino acids were used for

EEE =22 382 38 355 S5 substitution: GIn and Asp replacing GKi?% Ser replacing
R TITH TR === 3 Thr'?6, Asp and GIn replacing Asf; Phe (aromatic) and
B Leu (hydrophobic) replacing THY. The chemical properties
@ i3 T Be of His are unique. H& was therefore replaced by Trp, which
carries a nitrogen atom in the ring system in a position similar
ES1A N194A to His, and by Asn, which is isosteric with Hi83). Out of
all substituting mutations only T126S (16% 1%) and
W197F (32%+ 5%) partially restored catalytic activity as
ES1D N194Q guantified byA5,7-sterol content (Figure 3A). Sterol analysis
by gas chromatography confirmed that most substitutions
abolished catalytic activity almost completely (Figure 3B and
£81Q N194D data not shown). The presence of a peak_ comigrating with
= i L " ergosterol in the mock-transformedy2-3strain (Figure 1D)

Retention Time [min]

prevented a reliable determination whether a mutant hEBP
had minute residual catalytic activity or was enzymatically

Ficure 3: (A) Relative A5,7-sterol content of mutants with ; : ; :
substitution of Hi&, GILPL, GIL123, Thri?6, Asri® and Tra®”. The completely inactive. Protein expression from mutated cDNAs

271/281 nm absorbance from strains transformed with mutants of Was Verified by immunoblotting with a sequence-specific
hEBP was measured [QR2s: hormalized to mock (0%) and wt  antiserum [{3), Figure 4 and data not shown]. Quantification
(100%)] in nonsaponifiable lipid extracts from 20 mg (wet weight)  of immunoreactivity with!29-labeled protein A revealed no

of yeast cell pellets. Data shown are the measD (0 = 4-7). major differences in the expression level of hEBP with

The dotted line represents the relative contemhi7-sterols in a .
strain transfected with EBE,. The following codon changes were ?Iltigitrlgnf)H77N' E81D, E123D, T126S, N194Q, and W197F

introduced: H77N (AAC), H77W (TGG), E81D (GAT), E81Q
SH-Ifenprodil Binding to Substitution Mutants H77N,

(CAG), E123D (GAC), E123Q (CAA), T126S (TCA), N194Q
(CAG), N194D (GAT), W197F (TTC), and W197L (TTG). (B)  E81D, E123D, T126S, N194Q, and W19Residues that
Gas Chror?"ét%%rapg‘iﬁ arg‘g‘?}'yéihs thStIe“;'S e’gtra‘:teol from substitutionare essential for isomerase function were suggested to be
gg:glngsd?jed asag stasnda.rd); ’EC, grgzsign-;?,%g-t%eﬁ %2?;; S also involv_ed _in high-affir_lity inhibitor binding2b). There-_
sterol); C, cholestan-5,7,22,24-tetragi. fore the binding properties of several of the substitution
mutants were characterized witH-ifenprodil as a ligand.
functionally similar amino acid residues to confirm that they The binding activity in microsomes from hEBPs with H77N
are indeed major determinants of catalytic activity (Figure and E123D mutations was not different from the endogenous
3A). Most residues could be replaced by other proteinogenic background in microsomes from a mock-transformed yeast
amino acids that differ either in the length of the carbon strain (data not shown) devoid of an ERG2p-associated high-
backbone or in the functional group [but have a similar affinity 3H-ifenprodil binding site 25). Saturation analysis
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Table 3: 3H-Ifenprodil Binding Properties of hEBP Mutafts

K1 k-1 kinetic K4

wt 1.0 1¢ 1
H77N NBA NBA

E81D 0.9+ 0.5 16+ 3 21
E123D NBA NBA

T126S 1.2£0.1 541 4
N194Q 3.8+ 1.3 55+ 21 17
W197F 0.8£0.1 541 6

a Data from individual experiments were normalized to wij. Data
shown are meant SD (n = 3). NBA, no detectable specific
SH-ifenprodil binding activity.? ki, = (284 6) x 10*s™%. ¢k_; = (140
+ 10) x 10°® s dKinetic Kg = 5.3 nM.

with 3H-ifenprodil revealed no major changes Baax but

an increase of th&y in microsomes from mutants E81D,
T126S, N194Q, and W197F (data not shown). To confirm
that the reduced affinity was due to destabilization of the
enzyme-inhibitor complex, we measured the dissociation
of *H-ifenprodil from the hEBP (Table 3). The increase of
the dissociation rate constants as compared tkwf =
140 x 10°% s7) was even larger than expected from the
equilibrium binding experiments (not shown) for mutants
E81D (16-+ 3-fold, n = 3), T126S (5-+ 1-fold, n = 3),
N194Q (55-+ 21-fold, n = 3), and W197F (5 1-fold, n

= 3). Except for mutant N194Q (4+ 1-fold increase), the

association rate constants were identical with wt (Table 3).

Moebius et al.

functional consequences of Ala substitutions in this con-
served sequence and in the two adjacent hydrophobic
residues (Let?’—Ile'1d). Strains expressing hEBPs with Ala
substitution of Trp%2 Tyrl% Asp'%® Arg'!l, and Ty#'?
contained almost n@\5,7-sterols as determined either by
A5,7-sterol content (Figure 5A) or by sterol analysis by gas
chromatography (Figure 5B), despite sufficient hEBP expres-
sion as verified by immunoblotting (Figure 5A).

DISCUSSION

The mutant proteins cannot be kinetically characterized
with present methodology. To distinguish whether "His
GlutL, Glut?3 Thr?6, Asnt®, and Trg® are involved in
catalysis or substrate binding, it is necessary to determine
whether these mutations modit¢, or Vmax FOr several
reasons it is technically extremely demanding to characterize
the in vitro properties of mutant enzymes. First, the substrate,
zymosterol, is commercially not available. Second, large
amounts of microsomal protein or an increased density of
enzyme by pharmacological treatme80( 22 is required
because, similar to other enzymes of postsqualene cholesterol
biosynthesis, th&naxis low. Third, the substrate concentra-
tion cannot be increased arbitrarily because the solubility of
zymosterol is limited. Although the density of the yeast-
expressed wt hEBP (ERR) is sufficient for kinetic analysis
[Vimax = 0.325 nmol min? (mg of protein)* Kmzymosterohy=

Our results suggest that residues which are required for steroR5 #M (27)], it is impossible with present methodology to

A8—AT isomerization also stabilize the enzysrighibitor
complex.

Ala Substitutions in the Linker between TMS2 and TMS3.

characterize the kinetics of stet@B—A7 isomerization by
mutants in which the catalytic activity is 25-fold or more
reduced because not enough product for reliable quantifica-

In the course of this study the amino acid sequence of thetion is formed (Y.-K. Paik, personal communication).

EBP-related sterah8—A7 isomerase ofrabidopsis thaliana

Mutations modify the catalytic center rather than the global

became available (GenBank accession no. AF030357). Theprotein conformation. An important caveat of site-directed
sequence alignment with the amino acid sequences of themutagenesis is that the substituting amino acid residue could
mammalian EBPs revealed a high degree of evolutionary impair protein folding nonspecifically. We chose Ala for
conservation in an 11 amino acid residue domain in the linker scanning the transmembrane segments of hEBP because the
between TMS2 and TMS3 (Figure 2) proposed to be oriented substitution of residues in-helices with Ala in the core of

toward the cytosolX3). This prompted us to investigate the

A

0D, 61 [% Of Wi]

LWKEJYKGIMD S RIY I

proteins has minimal effects on secondary structBi& (To

B
Ch E C Ch E C
Vv v Vv v
Mock D109A
W102A R111A
Y105A Y112A

14 12 13
Retention Time [min]

14

FiIGURE 5: Functional consequences of Ala substitution of residues in the conserved cytoplasmic linkék (Leulle!! (1)] between

TMS2 and TMS3 (Figure 2). (A) Relative content &b,7-sterols (upper panel, quantified as 271/281 nm absorbance and normalized to
mock (0%) and wt (100%)] in yeast strains transformed with cDNAs with Ala mutations. Data shown are the-r8&am = 4—7). The

dotted line represents the relative contentAB,7-sterols in a strain transformed with ERP The following codon changes were
introduced: L101A (GCT), W102A (GCT), K103A (GCA), E104A (GCG), Y105A (GCT), K107A (GCG), G108A (GCA), D109A (GCC),
S110A (GCT), R111A (GCA), Y112A (GCT), and I113A (GCT). To verify expression of substituted mutant proteins (lower papel), 50

of microsomal protein from yeast strains transformed with the indicated cDNAs were separated on-at4SD@v/v) polyacrylamide gel

and transferred electrophoretically to a PVDF membrane. Immunostaining with rabbit antsEBRvas carried out as describeti3].
Immunoreactivity was detected by incubation witfi-labeled protein A (NEN, Vienna, Austria; ACi/mL) and autoradiography (72 h
exposure). (B) Gas chromatographic analysis of sterols extracted from mutant and mock transformed strains. Ch, choleStah-5-en-3
(exogenous sterol added as an internal standard); E, ergostan-5,7,225toe(e8gosterol); C, cholestan-5,7,22,24-tetra@gre8
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membrane
leaflet

ER-luminal
membrane
leafiet

TMS2 TMS3

TMS4

Ficure 6: Model of the four putative transmembrane segments
(TMS1—-4) of hEBP. Amino acid residues that could not be
substituted by Ala without a reduction ifN5,7-sterol content to
<10% @) (TMS2, H= His’” and E= GIu8%; TMS3, E= GIu'%

and T= Thrl26 TMS4, N = Asn'® and W= Trp®) and <35%

(O) (TMS2, W= Trp®and I= lle’s; TMS3, M = Met!?2 TMS4,

Y = Tyr'® and F= Phé?), respectively, of wt are indicated. The
sterol substrate symbolizing the catalytic cleft is drawn ap-
proximately to scale.
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Thr?6, Asnt%, and Trg®’ is consistent with the topology
model (Figure 6). Thus these six residues may line the
catalytic cleft, which is symbolized by the sterol structure
in Figure 6. We therefore suggest that ster®8—A7
isomerization takes place in the cytoplasmic leaflet of the
membrane of the endoplasmic reticulum, in line with the
NADPH requirement of the sterol reductas8d)(

Trpt2 Tyrt%, Asg®, Arg!? and Tyf?in the TMS2-3
Linker Are Also Required for in Yo Catalysis.The amino
acid sequence alignment of ster®8—A7 isomerases from
mammals and plants identified a conserved cytoplasmic
domain in the TMS23 linker sequence (WKEYXKGD-
SRY, Figure 2), suggesting that this region is important for
catalysis. In mutants with Ala substitution of Tf Tyr%,
Aspt®, Arg'!l or Tyr''? the catalytic activity was indeed
>50-fold reduced (Figure 5). This cytoplasmic sequence lies
between Gl&t and Gld?3in TMS2 and TMS3, respectively,
which were suggested to be part of the catalytic cleft.
Conversion of A8-cholestenol toA7-cholestenol occurs
through the uptake of solvent hydrogen from the medium

rule out that the mutations disrupted charge pairs we also(18, 19, implying that a proton or a water molecule can

replaced-if possible—the residues that we identified as major
determinants of catalytic activity with functionally similar
amino acid residues, e.g., E81D, E123D, and N194Q.
Numerous missense mutations in th&-sterol reductase
gene from patients with the Smit.emli—Opitz syndrome
reduced protein expressierD5%, most likely by rendering
the protein unstable due to misfolding)( We therefore
verified expression of mutant hEBP by immunoblotting. The
expression of the mutants H77N, E81D, E123D, T126S,
N194Q, and W197F was essentially identical with that of
wt hEBP. Four of the mutant enzymes (E81D, T126S,
N194Q, and W197F) with reduced catalytic activity still
bound the enzyme inhibitoiH-ifenprodil, suggesting that
the global confirmation was not severely impaired.

enter the catalytic cleft. Thus one candidate function of
residues in the conserved WKEYXKGDSRY domain is
proton or water delivery to the catalytic cleft. Alternatively,
some of these residues could be involved in the binding of
the OH group at € of the sterol molecule which in the
estrogen receptor donates a hydrogen bond t8°&lvhich
interacts with Arg®* (35). A similar function of Asp® or
Arg*! of hEBP is conceivable.

Catalytic Cleft and Inhibitor Binding Site &rlap. In all
six mutants with impaired catalytic activity (H77N, E81D,
E123D, T126S, N194Q, and W197F) thel-ifenprodil
binding properties were different from those of wt. Hiand
Glu*?3 are important determinants of inhibitor binding
because no specific binding activity was found in H77N and

We therefore assume that these mutations do not reduceE123D mutants. In mutants E81D, T126S, N194Q, and

catalytic activity by disrupting protein folding. Instead, the W197F the enzymeinhibitor complex was less stable,
enzymatic conversion ak8-sterols by substitution mutants  indicating that the wt residues provide additional interaction
is most likely reduced because functional groups required sites for the drug. The modified binding properties of all six
for catalysis are either missing (H77N, E81Q, E123Q, mutants confirmed our suggestion, based on the pharmaco-
N194D, and W197L), modified (T126S and W197F), or logical similarities between the structurally unrelated isomerase
shifted to a localization in which they cannot function from yeast (ERG2p) and mammals (EBRH{( 27, that the
properly because they fail to fulfill critical distance require- inhibitor binding site and the catalytic cleft overlap.
ments (E81D, E123D, and N194Q). Putative Function of Residues in the Reaction Mechanism.
The Residues Identified Are Consed and Localized in  The general acid-based reaction mechanism was suggested
TMS2-4. All the residues that could not be substituted by by labeling studies with tritiated water, substrate, and product
Ala without a>50-fold loss of catalytic activity are localized  (ref 18 and references therein). The donor residue protonates
in TMS2-4 (Table 2). We therefore suggest that TMS1 does zymosterol at G,. The resulting carbocationic reaction
not form part of the substrate binding site or catalytic cleft. intermediate is deprotonated by the acceptor residuegat C

His™, GIwL, Glut?® Thrl?6 Asnt® and Trg®’, which are

(16). A major difference between isomerization in yeast and

major determinants of catalytic activity, are conserved among mammals is that it occurs through cisg¢{(C,) and trans

the sterol AB—A7 isomerases from cresArabidopsis
thaliana) and mammalsHomo sapiensMus musculusand
Cavia porcellug. The tentative model of the four TMS of

(Coo—7p) hydrogen additiosrelimination, respectivelyl().
In the cis reaction the proton donor and acceptor could be
identical, whereas in the trans reaction two separate func-

hEBP (Figure 6) is based upon the hydrophobicity analysis tional groups are required ). On the basis of the revers-
and a C-terminal endoplasmic reticulum retention sequenceibility of sterol A8—A7 isomerization, both the proton donor
(13). The residues required for sterhB—A7 isomerization and the proton acceptor were suggested to act primarily as
are adjacent within the-helices (TMS2, Hi& and GI§Y; acids (L8). Among the residues required for catalysis, &lu
TMS3, Glu?2 and Thi?;, TMS4, Asrt® and Trg®?) and all and Gld%in TMS2 and TMS3 but also Hi$in TMS2 are

lie in the cytoplasmic halves of the TMS. Although it remains candidates for the postulated acid function. Among the few
to be determined experimentally which residues in the enzymes of isoprenoid biosynthesis with known three-
a-helices face each other, proximity of FisGlu?t, Glu?3, dimensional structure is the squalerfeopene cyclase3g).
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It is similar to EBP because it forms a functional homodimer REFERENCES

(13, 39 and cyclizes squalene by enzyme-mediated proton-
ization, formation of a carbocationic intermediate, and
deprotonization. In the cyclase the reaction is presumably
started by a positive charge on the pair A§pHis**! that

is stabilized by the negative pair A8pH-Asp*’” and proto-
nates G (36). Pentalene synthesis also occurs through a
carbocationic intermediate and deprotonization: 3Mis
Ser% of the enzyme is the likely catalytic base, whereas
Ph€e” and Asi'® are suggested to stabilize the carbocation
(37). Itis therefore conceivable that in hEBP Hiis coupled

to GI, Glu'% or Thi*?6 GIut or Glut?3 could be the
residues that deliver or receive the proton, respectively,
possibly through a hydrogen-bonding network (e.g., with
His’"), whereas Ast* and Trg% could stabilize the car-
bocationic reaction intermediate. In both the squalene cyclase
and the pentalene synthase the central cavity is lined by
numerous aromatic residues, resulting in further stabilization
of the short-lived carbocatior86, 37). The EBP contains a
strikingly high percentage of aromatic residues in its TMS
(13), suggesting that-electrons of Trf?, Tyr'®°, and Ph&?°

of hEBP might provide minor interaction sites for the
carbocationic reaction intermediate. Additional structural

information is required to confirm or dismiss this interpreta- 11

tion of our findings. 12
Our work identified six residues in the cytoplasmic halves

TMS2—4 of the human emopamil binding protein that cannot

be substituted with functionally or structurally related 13

residues without a major loss of catalytic activity. We suggest 4,

that these residues, His GIu8, Glut?3 Thr?6, Asnt%, and

Trp'®’, line the catalytic cleft and are part of the binding

site for the enzyme inhibitor ifenprodil. Five additional 15

residues, TriP2 Tyrl% Asp'% Arg!’, and Ty#'? in a 16

conserved cytoplasmic linker sequence between TMS2 and

TMS3 could be also required for catalysis or substrate 17.
binding. The pharmacological properties of the isomerases
(ERG2p and EBP) and the sterol reductagebi¢, A7-, and 18.
A24-sterol reductase) overlap, most likely because their 19.
catalytic clefts recognize similar pharmacophor&y)(
Identification of amino acid residues indispensable for
catalytic activity of the yeast ERG2p and the mammalian 20.
AT-sterol reductase will clarify whether they have structural 21
features in common with EBP. A challenging problem is '
the identification of the residues that form the proton 22
delivering group [to G, in the isomeraseslf) and to Gg
in the A7-sterol reductase3f)]. In vivo measurement of 23.
enzymatic activity is sensitive and avoids the technical o4
difficulties of the in vitro characterization of sterol biosyn- '
thetic enzymes. In vivo complementation of yeast mutants 25,
combined with spectrophotometikS, 7-sterol quantification
can be easily modified (e.g., ierg5erg6 double mutants) 26
to identify major molecular determinants of 7-dehydrocho- :
lesterol reduction through th&7-sterol reductase defective
in the Smith-Lemli—Opitz syndrome ). 27.
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