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ABSTRACT 5-Lipoxygenase (5LO) plays a pivotal role in
cellular leukotriene synthesis. To identify proteins interacting
with human 5LO, we used a two-hybrid approach to screen a
human lung ¢cDNA library. From a total of 1.5 x 107 yeast
transformants, nine independent clones representing three
different proteins were isolated and found to specifically
interact with SLO. Four 1.7- to 1.8-kb clones represented a
16-kDa protein named coactosin-like protein for its signifi-
cant homology with coactosin, a protein found to be associated
with actin in Dictyostelium discoideum. Coactosin-like protein
thus may provide a link between 5LO and the cytoskeleton.
Two other yeast clones of 1.5 kb encoded transforming growth
factor (TGF) type B receptor-I-associated protein 1 partial
cDNA. TGF type 3 receptor-I-associated protein 1 recently has
been reported to associate with the activated form of the TGF
B receptor I and may be involved in the TGF f-induced
up-regulation of 5LO expression and activity observed in
HL-60 and Mono Mac 6 cells. Finally, three identical 2.1-kb
clones contained the partial cDNA of a human protein with
high homology to a hypothetical helicase K12H4.8 from
Caenorhabditis elegans and consequently was named
AK12H4.8 homologue. Analysis of the predicted amino acid
sequence revealed the presence of a RNase III motif and a
double-stranded RNA binding domain, indicative of a protein
of nuclear origin. The identification of these SLO-interacting
proteins provides additional approaches to studies of the
cellular functions of 5LO.

5-Lipoxygenase (5LO; arachidonate:oxygen 5-oxidoreductase,
EC 1.13.11.34) is found primarily in polymorphonuclear leu-
kocytes, macrophages, and mast cells, where it plays a central
role in cellular leukotriene synthesis. 5SLO converts arachi-
donic acid, released from the membranes by phospholipase A,,
into 5(8)-hydroperoxy-6,8,11,14-eicosatetraenoic acid (5-
HPETE), and subsequently into the epoxide intermediate
leukotriene A4 (LTA4) (1). Hydrolysis of LTA4 by LTA4
hydrolase leads to the formation of the potent neutrophil
chemoattractant LTB4, whereas conjugation of LTA4 with
glutathione through the action of LTC, synthase yields LTC,,
which then is sequentially degraded into LTD,4 and LTE,. The
cysteinyl-leukotrienes, which constitute slow-reacting sub-
stance of anaphylaxis, are known to contract airway smooth
muscle, increase vascular permeability, and promote mucus
secretion (2).

Import of SLO into the nucleus and association with the
perinuclear membrane have been observed for several cell
types (see for example refs. 3-5). Different patterns were
found, particularly for peripheral blood leukocytes as com-
pared with alveolar macrophages. In blood polymorphonu-
clear leukocytes, SLO translocates from the cytosol to nuclear
membrane when the cells are activated to produce leukotri-
enes. In alveolar macrophages, a large part of 5LO is found
inside the nucleus (associated to euchromatin) already when
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cells are isolated, and upon activation to produce leukotrienes,
the intranuclear SLO binds to nuclear membrane. Recently, an
N-terminal fragment of 5LO was found to direct nuclear
localization, whereas three classical nuclear localization se-
quences in SLO appeared less important (6).

Translocation and activation of SLO may involve interac-
tions with other proteins. A study by Lepley and Fitzpatrick (7)
first suggested that 5SLO may contain an Src homology 3
binding motif that could enable its interaction with growth
factor receptor-bound protein 2 and cytoskeletal proteins in
vitro. In fact, such an association of SLO with cytoskeletal
structures could have important implications for translocation
and modulation of S5LO activity.

In our aim at determining the protein partners of SLO by
using the two-hybrid system, we identified three distinct pro-
teins probably acting at different levels of the cellular machin-
ery, including a protein named AK12H4.8 homologue for its
high homology with the hypothetical helicase K12H4.8 in
Caenorhabditis elegans. The identification of these 5LO-
interacting proteins may help to improve our understanding of
the cellular roles of SLO.

MATERIALS AND METHODS

Two-Hybrid Constructs. The Gal4 DNA binding domain
(BD) vector pGBT9 (CLONTECH), carrying the TRPI gene,
and the Gal4 activating domain (AD) vector pACT2 (CLON-
TECH), carrying the LEU2 gene, were used for two-hybrid
experiments. The human 5LO ¢cDNA was obtained from the
pT3-5LO plasmid (8) as an EcoRI/Sall fragment and was
cloned in-frame into the EcoRI and Sall restriction sites of
pGBTO9 to get pGBTI9-5LO. The construct pPGBT9-SNF1 was
prepared by ligating the 2.3-kb SNF1 BamHI/Sall insert from
pSE1112 (American Type Culture Collection) in-frame into
the BamHI/Sall sites of pGBT9. The 0.9-kb SNF4 insert was
excised from pSE1111 (American Type Culture Collection) as
a BglII fragment and cloned in-frame into pACT2 to obtain
pACT2-SNF4. Microsomal glutathione S-transferase-I
(MGST-I) cDNA (kindly provided by R. Morgenstern, Karo-
linska Institute, Stockholm) was amplified by PCR and cloned
in-frame into the BamHI/Sall restriction sites of pGBT9. The
vectors pGBT9-MGST-I and pTD1-1 [simian virus 40 (SV40)
large T-antigen in pACT2] (CLONTECH) were used as
control plasmids. All of the constructs were verified by re-
striction analysis and DNA sequencing on an Applied Biosys-
tems PRISM 377 sequencer with the Applied Biosystems
PRISM Dye Terminator Cycle Sequencing Ready Reaction kit
(Perkin-Elmer).

Abbreviations: CLP, coactosin-like protein; 5LO, 5-lipoxygenase;
TGF, transforming growth factor; TRAP-1, TGF type B receptor
I-associated protein 1; BD, binding domain; AD, activating domain;
SD, synthetic dropout; SV40, simian virus 40.

Data deposition: The sequence reported in this paper has been
deposited in the GenBank database (accession no. AJ132261).

*To whom reprint requests should be addressed. e-mail: bengt.
samuelsson@mbb.ki.se.
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Yeast Two-Hybrid Screening. The yeast strain PJ69-4A
(MATa trp1-901 leu2-3,112 ura3-52 his3-200 gal4A galSOA
LYS2::GALI-HIS3 GAL2-ADE?2 met2::GAL7-lacZ) was main-
tained in yeast extract/peptone/dextrose plus adenine me-
dium and was used for the two-hybrid cDNA library screening.
PJ69-4A harboring the Gal4 DNA-BD vector pGBT9-5LO
was transformed with 70 ug of a human lung cDNA library
(HL4044AH, CLONTECH), constructed in the Gal4 AD
vector pACT2, by the lithium acetate/single-stranded DNA/
polyethylene glycol method, as described by Gietz and Schiestl
(9). Freshly transformed yeast cells were plated on synthetic
dropout (SD)/-Leu/-Trp/-Ade plates, and growers were
streaked on SD/-Leu/-Trp/-Ade, on SD/-Leu/-Trp/-His + 4
mM 3-amino-1,2,4-triazole (Sigma), and on SD/-Leu/-Trp +
5-bromo-4-chloro-3-indolyl B-D-galactoside (Sigma) plates to
test for the adenine, histidine, and lacZ reporter genes, re-
spectively. Positive clones were grown in selective medium, and
plasmid DNA was prepared (10). The interacting pACT2
plasmid was rescued by complementation of the leuB6 defi-
ciency in the bacterial strain HB101 (Invitrogen), transformed
by electroporation, and plated on minimal medium lacking
leucine. Plasmid DNA was prepared from the HB101 growers
and retransformed back into PJ69-4A with the DNA-BD
vector pGBT9-5LO to confirm the interaction, and both
strands of the interacting cDNA inserts were sequenced.

Liquid B-Galactosidase Assay. One ODgyy of yeast cell
transformants, grown in selective medium at 30°C, was cen-
trifuged and resuspended in 750 ul of Z buffer (60 mM
Na,HPO4/40 mM NaH,PO,4/10 mM KCl/1 mM MgSO4/50
mM B-mercaptoethanol, pH 7.0). After addition of 10 ul of
0.1% SDS and 20 ul of chloroform, the cell suspensions were
vortexed and equilibrated at 28°C for 15 min. The reaction was
initiated by adding 150 ul of o-nitrophenyl B-D-galactopyr-
anoside (4 mg/ml in Z buffer; Sigma). When a pale yellow
color had developed, the reaction was stopped by the addition
of 375 wl of 1 M Na,COs. The tubes were centrifuged, and the
supernatant was transferred to a microcentrifuge tube. The
ODs at 420 nm and 550 nm then were determined, and the
B-galactosidase units were calculated.

Immunoblot Analysis. Yeast transformants were grown in
12 ml of selective medium at 30°C overnight. The cell suspen-
sions were centrifuged, and the cells were washed in ice-cold
buffer A (20 mM Tris-Cl, pH 8.0/10% glycerol/10 mM
EDTA/1 mM DTT) and resuspended in 1 vol of ice-cold
buffer A containing Complete Protease Inhibitor Mix (Boehr-
inger Mannheim). Acid-washed glass beads (425-600 wm;
Sigma) were added, and the tubes were vortexed at high speed
for 5 min. The homogenates were centrifuged, and the pellets
were resuspended in 1 vol of buffer A containing Complete
Protease Inhibitor Mix and 1% SDS. One volume of 2X SDS
sample buffer (62.5 mM Tris-Cl, pH 6.8/10% glycerol/2%
SDS/1% B-mercaptoethanol/5 wg/ml bromophenol blue, fi-
nal concentrations) was added, and the samples were boiled for
5 min. The yeast protein extracts were analyzed by SDS/PAGE
by using the Mini Protean system (Bio-Rad) and immunoblot-
ted to nitrocellulose membranes (Amersham Pharmacia). The
membranes were blocked in 20 mM Tris-HC1/137 mM NaCl/
0.1% Tween 20, pH 7.6 (TBST) containing 5% nonfat dry milk
for 1 h, washed, and incubated with the SLO antibody 1551 or
anti-AD (CLONTECH) primary antibody for 1 h at room
temperature. The blots then were washed with TBST and
incubated with 1:1,000 dilutions of alkaline phosphatase (AP)-
conjugated anti-rabbit IgG (anti-5LO) or anti-mouse IgG
(anti-AD) (Sigma) for 1 h at room temperature. After washing
with TBST, the proteins were visualized by using AP substrates
(nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phos-
phate, Sigma) in AP buffer (100 mM TrissHCI/100 mM
NaCl/5 mM MgCl,, pH 9.5).

Sequence Analysis and Alignments. The BLAST searches of
the SWALL NonRedundant Protein Sequence Database,
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which included Swissprot, TREMBL, and TREMBLNEW
databases, and amino acid sequence alignments by using the
CLUSTAL W program were performed with the Wisconsin
Package Version 9.1, Genetics Computer Group, or via the
European Bioinformatics Institute server, Cambridge, U.K.
(http://www.ebi.ac.uk). Search of the PROSITE database was
performed by using the SCANPROSITE program via the Swiss
Institute of Bioinformatics server, Geneva, Switzerland
(http://www.expasy.ch).

RESULTS

Experimental Approach. The aim of the present study was
to identify cellular proteins interacting with SLO by using the
yeast two-hybrid approach. However, in establishing the ap-
propriate conditions to perform a two-hybrid screen with the
5LO as a bait, we faced the problem of autoactivation of the
reporter genes by using the high-expression vector pAS2-1 in
the yeast strains Y190, Y187, or CG-1945. To circumvent this
problem, we opted for a low-expression vector (pGBT9) with
the use of the yeast strain PJ69—-4A (11). The suitability of this
approach first needed to be ascertained by cotransforming
PJ69-4A with pGBT9-5LO and pACT2, pACT2-SNF4, or
pTD1-1 and testing for the reporter genes. Under these
conditions, no activation of the reporter genes was observed.
We then verified that the DNA-BD-5LO hybrid protein was
stably expressed in PJ69—4A. Immunoblot analysis using the
anti-5LO antibody showed expression of the DNA-BD-5LO
fusion as a single band of approximately 85 kDa (Fig. 1, lane
1), with a decreased electrophoretic mobility as compared with
purified SLO (Fig. 1, lane 2), as expected. Thus, the absence
of autoactivation of the reporter genes by SLO, together with
the stable expression of the DNA-BD-5LO fusion protein,
allowed us to move forward in our aim at finding 5LO-
interacting proteins.

Two-Hybrid cDNA Library Screening. For the two-hybrid
cDNA library screening, PJ69-4A was sequentially trans-
formed with pGBT9-5LO, and then with 70 ug of a human
lung ¢cDNA library. From a total of 1.5 X 107 transformants,
nine independent clones were found to interact with 5SLO and
were isolated. Four of the clones contained coactosin-like
protein (CLP) cDNA, two identical clones encoded the partial
transforming growth factor (TGF) B receptor-I-associated
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FiG. 1. Protein immunoblots showing expression of the Gal4
DNA-BD-5LO (Left) and the Gal4 AD-5LO-interacting protein fu-
sions (Right) in the yeast strain PJ69—4A. Yeast protein extracts were
fractionated by 7.5% or 10% SDS/PAGE and subjected to immuno-
blot (IB) analysis with anti-SLO (IB Anti-5LO) or anti-activating
domain (IB Anti-AD) antibody, respectively. Purified SLO (100 ng)
was included as a control. The proteins were visualized by using
alkaline phosphatase substrates (nitro blue tetrazolium and 5-bromo-
4-chloro-3-indolylphosphate).
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protein 1 (TRAP-1) cDNA (ATRAP-1), and three identical
clones represented a unique K12H4.8 homologue partial
cDNA (AK12H4.8 homologue). Because several identical
clones were isolated, it appeared that our screen was saturated.
Yeast cells cotransformed with 5SLO and CLP, ATRAP-1, or
the AK12H4.8 homologue were able to grow in the absence of
adenine or histidine (in the presence of 3-amino-1,2,4-
triazole), and turned blue when incubated in the presence of
the substrate 5-bromo-4-chloro-3-indolyl B-D-galactoside (Ta-
ble 1). No activation of the reporter genes was observed when
5LO was coexpressed with SNF4, SV40 large T-antigen, or the
empty vector, as well as for the 5LO-interacting proteins
coexpressed with SNF1, microsomal glutathione S-transferase
I, or the empty vector.

The relative affinity between SLO and CLP, ATRAP-1, or
the AK12H4.8 homologue was evaluated by liquid B-galacto-
sidase assays (Table 2). In these experiments, the p-galacto-
sidase activity induced by the coexpression of SNF1 and SNF4,
two proteins known to interact in the two-hybrid system and
used as a positive control, averaged 6.6 units. These levels were
approximately 15- to 20-fold higher than those obtained by
coexpressing 5SLO with an unrelated protein (SV40 large
T-antigen) or with the empty vector. When assaying the
interaction of SLO with its interacting proteins, the B-galac-
tosidase activity levels induced by CLP were comparable to
that of the SNF1 + SNF4 combination, whereas ATRAP-1
more weakly and the AK12H4.8 homologue more vigorously
stimulated the lacZ reporter gene. Taken together, these
results show that CLP, ATRAP-1, and AK12H4.8 homologue
interact specifically with 5LO, with the AK12H4.8 homologue
being the strongest interactor.

5LO Interacts with CLP. Of the nine positive yeast clones,
four encoded the complete coding region of CLP cDNA (12)
with various lengths of 5’ untranslated sequence fused in-
frame to the Gal4 AD. Analysis of the CLP nucleotide
sequence revealed an ORF of 426 bp with the presence of an
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Table 2. Evaluation of the relative affinity between SLO and
CLP, ATRAP-1, or the AK12H4.8 homologue by liquid
B-galactosidase assays

Gal4 DNA-BD B-Galactosidase
constructs Gal4 AD constructs activity, units
SNF1 SNF4 6.6 =04
SLO Empty 03 *0.1
S5LO SV40 large T-antigen 0.4 +0.1
SLO CLP 6.5*+09
SLO ATRAP-1 32x03
SLO AK12H4.8 homologue 11.7 = 0.6

In these experiments, pSE1112 (SNF1) and pSE1111 (SNF4) were
used as a positive control. The plasmids expressing the Gal4 fusion
proteins were cotransformed into the yeast strain PJ69-4A, and
transformants were selected on SD/—Leu/—Trp. Four to eight inde-
pendent colonies were grown in selective medium and assayed for
B-galactosidase activity, as described in Materials and Methods.
Mean = SEM.

in-frame stop codon (TAG) located 119 bp upstream from the
starting ATG. This ATG start codon is surrounded by the
sequence GCGGCQG in positions —6 to —1, and a G in position
+4, characteristic of a consensus sequence for initiation of
translation (13). Interestingly, the nucleotide sequence of two
of the clones found to interact with 5LO in the two-hybrid
system started immediately after the in-frame stop codon
located upstream (at position —119) from the starting ATG,
suggesting that this stop codon is functional.

Immunoblot analysis with the anti-AD antibody showed
expression of the Gal4 AD-CLP fusion protein as a single band
of approximately 40 kDa (Fig. 1, lane 4). This finding is in
agreement with the predicted protein sequence consisting of
142 aa and a molecular mass of 15,945 Da. The CLP shows a
high degree of homology with coactosin, an actin-binding
protein from Dictyostelium discoideum (14), sharing 33.3%
identity and 74.9% homology, as reported (12). A BLAST search

Table 1. 5LO interacts specifically with CLP, partial TRAP-1 (ATRAP-1), and the partial K12H4.8
(AK12H4.8) homologue in the yeast two-hybrid system

Reporter genes

Gal4 DNA-BD Gal4 DNA-AD

constructs constructs Adenine Histidine lacZ
Empty Empty - - White
SNF1 Empty - - White
Empty SNF4 - - White
SNF1 SNF4 + + Blue

5LO Empty - - White
SLO SNF4 - - White
SLO SV40 large T-antigen - - White
Empty CLP - - White
SNF1 CLP - - White
MGST-1 CLP - - White
SLO CLP + + Blue

Empty ATRAP-1 - - White
SNF1 ATRAP-1 - - White
MGST-1 ATRAP-1 - - White
SLO ATRAP-1 + + Blue

Empty AK12H4.8 homologue - - White
SNF1 AK12H4.8 homologue - - White
MGST-I AK12H4.8 homologue - - White
SLO AK12H4.8 homologue + + Blue

+, growth; —, no growth. The plasmids expressing the Gal4 fusion proteins were cotransformed into
the yeast strain PJ69-4A, and transformants were selected on SD/—Leu/—Trp. Three or four independent
colonies were streaked on SD/—Leu/—Trp/—Ade, on SD/—Leu/—Trp/—His + 4 mM 3-amino-1,2,4-
triazole, and on SD/—Leu/—Trp + 5-bromo-4-chloro-3-indolyl B-D-galactoside plates to test for the
adenine, histidine, and lacZ reporter genes respectively, and incubated at 30°C for 3-5 days. Growth and

color of the colonies then were determined.
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1 AAC AAA TCT ACC TCA GAT GGA AGT CCT GTG ATG GCC GTA ATG CCT GGT ACG ACA GAC ACT
N XK s$ T s D G S P V M A V M P G T T D T
61 ATT CAA GTG CTC AAG GGC AGG ATG GAT TCT GAG CAG AGC CCT TCT ATT GGG TAC TCC TCA
I ¢ VvV L K 6 R M D s E Q@ S§ P s I & Y S 8§
121 AGG ACT CTT GGC CCC AAT CCT GGA CTT ATT CTT CAG GCT TTG ACT CTG TCA AAC GCT AGT
R T L 6 P N P G L I L A L T L S N A S
181 GAT GGA TTT AAC CTG GAG CGG CTT GAA ATG CTT GGC GAC TCC TTT TTA AAG CAT GCC ATC
D ¢ F N L E R L E M L 6 D § F L K H A I
241 ACC ACA TAT CTA TTT TGC ACT TAC CCT GAT GCG CAT GAG GGC CGC CTT TCA TAT ATG AGA
T T Y L F € T Y P D A H E G R L s ¥ M R
301 AGC ARA AAG GTC AGC AAC TGT AAT CTG TAT CGC CTT GGA AAA AAG AAG GGA CTA CCC AGC
s X K v § N ¢ N L Y R L 6 K K K G L P S
361 CGC ATG GTG GTG TCA ATA TTT GAT CCC CCT GTG AAT TGG CTT CCT CCT GGT TAT GTA GTA
R M VvV VvV s 1 F D P P V N W L P P G Y V V
421 AAT CAA GAC AAA AGC AAC ACA GAT AAA TGG GAA AAA GAT GAA ATG ACA AAA GAC TGC ATG
N ¢ D K s N T D K W E X D E M T K D C M
481 CTG GCG AAT GGC ABA CTG GAT GAG GAT TAC GAG GAG GAG GAT GAG GAG GAG GAG AGC CTG
L A N 6 XK L D E D Y E E E D E E E E § L
541 ATG TGG AGG GCT CCG AAG GAA GAG GCT GAC TAT GAA GAT GAT TTC CTG GAG TAT GAT CAG
¥M W R A P K E E A D Y E D D F L E Y D 0Q
601 GAA CAT ATC AGA TTT ATA GAT AAT ATG TTA ATG GGG TCA GGA GCT TTT GTA AAG AAA ATC
E H I R F I D N M L M 6 S 6 A F V K K I
661 TCT CTT TCT CCT TTT TCA ACC ACT GAT TCT GCA TAT GAA TGG AAA ATG CCC AAA AMA TCC
s L s P F s T T D s A ¥ E W K M P K K s
721 TCC TTA GGT AGT ATG CCA TTT TCA TCA GAT TTT GAG GAT TTT GAC TAC AGC TCT TGG GAT
s L ¢ s M P F S S D F E D F D Y S S W D
781 GCA ATG TGC TAT CTG GAT CCT AGC AAA GCT GTT GAA GAA GAT GAC TTT GTG GTG GGG TTC
A M ¢ Y L D P S K A V E E D D F V V G F
841 TGG AAT CCA TCA GAA GAA AAC TGT GGT GTT GAC ACG GGA AAG CAG TCC ATT TCT TAC GAC
W N P S E B N € 6 V D T 6 K Q@ S§ I S Y D
901 TTG CAC ACT GAG CAG TGT ATT GCT GAC ARA AGC ATA GCG GAC TGT GTG GAA GCC CTG CTG
L T E @ ¢ I a D K S I A D ¢ V E A L L
961 GGC TGC TAT TTA ACC AGC TGT GGG GAG AGG GCT GCT CAG CTT TIC CTC TGT TCA CTG GGG
G ¢ Y L T s ¢ G R A A ¢ L F L € S L G

1021 CTG AAG GTG CTC CCG GTA ATT AAA AGG ACT GAT CGG GAA AAG GCC CTG TGC CCT ACT CGG
L K V L v I K R T D R E A c P R

1081  GAG AAT TTC AAC AGC CAA CAA AAG AAC CTT TCA GTG AGC TGT GCT GCT GCT TCT GTG GCC
E N F N s K N L s VvV s ¢ A A A S V A

1141  AGT TCA CGC TCT TCT GTA TTG AAA GAC TCG GAA TAT GGT TGT TTG AAG ATT CCA CCA AGA
s s R $ s vV L K D $ E Y G € 1

1201 TGT ATG TTT GAT CAT CCA GAT GCA GAT AAA ACA CTG AAT CAC CTT ATA TCG GGG TTT GAA
c MM ¥ D H D A D K T L N H L I S§ G F

1261  AAT TTT GAA AAG AAA ATC AAC TAC AGA TTC AAG AAT AAG GCT TAC CTT CTC CAG GCT TTT
N F E K 1 ¥ Y R F K N K A Y L L Q & F

1321 ACA CAT GCC TCC TAC CAC TAC AAT ACT ATC ACT GAT TGT TAC CAG CGC TTA GAA TTC CTG
T H A S Y H Y N T I T D C Y R L E F L

1381  GGA GAT GCG ATT TTG GAC TAC CTC ATA ACC AAG CAC CTT TAT GAA GAC CCG CGG CAG CAC
¢ D a I L D Y L I T H L ¥ D P R Q K

1441  TCC CCG GGG GTC CTG ACA GAC CTG CGG TCT GCC CTG GTC AAC AAC ACC ATC TTT GCA TCG
s P 66 VvV L T D L R S A L V 1 F

1501  CTG GCT GTA AAG TAC GAC TAC CAC AAG TAC TTC AAA GCT GTC TCT CCT GAG CTC TTC CAT
L A VvV XK Y D Y H K Y F A Vv s P E L F H

1561  GTC ATT GAT GAC TTT GTG CAG TTT CAG CTT GAG AAG AAT GAA ATG CAA GGA ATG GAT TCT
v I D O F V @ F @ L E K N ¥ ¢ 6 M D S

1621  GAG CTT AGG AGA TCT GAG GAG GAT GAA GAG AAA GAA GAG GAT ATT GAA GTT CCA RAG GCC
E L R R S E E D E E E E D I E V P K A

1681  ATG GGG GAT ATT TTT GAG TCG CTT GCT GGT GCC ATT TAC ATG GAT AGT GGG ATG TCA CTG
M D I F E § L G A I Y M D M S L

[ a s 6
1741  GAG ACA GTC TGG CAG GTG TAC TAT CCC ATG ATG CGG CCA CTA ATA GAA ARG TTT TCT GCA
E T VvV W @ Vv Y Y P M M R P L I E K F S5 a

1801  AAT GTA CCC CGT TEC CCT GTG CGA GAA TTG CTT GAA ATG GAA CCA GAA ACT GCC AAA TTT
N P s p VvV R E L L M P E T A K F

1861  AGC CCG GCT GAG AGA ACT TAC GAC GGG AAG GTC AGA GTC ACT GTG GAA GTA GTA GGA RAG
s P A E R T Y D 6 XK vV R V T V E V V 6 K

1921 GGG ABA TTT RAA GGT GTT GGT CGA AGT TAC AGG ATT GCC AAA TCT GCA GCA GCA AGA AGA
¢ X F K 66 V 6 R S Y R I A K S§ A A A R R

1981  GCC CTC CGA AGC CTC AAA GCT AAT CAA CCT CAG GTT CCC AAT AGC TGA AACCGCTTTTTAAAA
A L R S L K A N Q P @ V P N s *

2044 TTCAAAACAAGAAACAAAACAAAAAAAAAAAAAAAAAARA

F1G.2. cDNA and deduced amino acid sequence of the AK12H4.8
homologue, a protein homologous to the hypothetical helicase
K12H4.8 in C. elegans. The predicted amino acid sequence is indicated
in single-letter code. The stop codon TGA is underlined.

of the SWALL database revealed no other homologous pro-
teins. Although the structure of the CLP gene, present in two
copies on chromosome 17 band p11.2, is not fully character-
ized, the 3’ untranslated region shows more than 95% se-
quence identity over 210 bp to a human cDNA containing a
sequence with autonomously replicating activity (12).

5LO Interacts with the C-Terminal Part of ATRAP-1. Two
of the nine positive yeast clones were identical and contained
nucleotides 1426-2859 of the reported TRAP-1 cDNA se-
quence (15) (accession no. AF022795, GenBank), covering
more than half of the ORF to the stop codon (TGA), plus an
additional 54 noncoding nt at the 3’ end. This construct
resulted in an in-frame fusion of TR AP-1 amino acids 462—860
with the Gal4 AD, which was confirmed by immunoblot
analysis with the anti-AD showing expression of the fusion
protein as a single band of approximately 60 kDa (Fig. 1, lane

AK12H4.8 homologue

P34529 (C. elegans K12H4.8)
P05797 (E. coli ribonuclease III)
P51833 (B. subtilis ribonuclease III)

* kk .k
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5). As shown in Table 1, ATRAP-1, representing the C-
terminal half of the protein, specifically interacts with 5SLO. A
BLAST search of the SWALL database revealed no other
homologous proteins.

5LO Interacts with AK12H4.8 Homologue. Finally, three
identical clones represented a unique cDNA that we named
AK12H4.8 homologue, based on its high degree of similarity to
the hypothetical helicase K12H4.8 in C. elegans (16) (accession
no. L14331, GenBank). The two proteins share 58% identity
and 74% similarity over 275 aa (P = 1.1e-114). The nucleotide
as well as the predicted amino acid sequences of the AK12H4.8
homologue are shown in Fig. 2. The partial cDNA is composed
of 2,083 nt, with a continuous ORF of 2,025 nt, interrupted by
a TGA stop codon, and a 3’ untranslated region of 55 nt. No
potential starting ATG in a favorable translation initiation
context was found. In our two-hybrid experiments, the en-
coded Gal4 AD-AK12H4.8 homologue fusion was expressed as
a 105-kDa protein (Fig. 1, lane 6), as expected. Interestingly,
the AK12H4.8 homologue was found to be the strongest
interactor with SLO.

A BLAST search of the SWALL database with the predicted
675 aa of the AK12H4.8 homologue revealed high homology
with a hypothetical helicase in C. elegans, known as K12H4.8,
and with RNases III. Search of the PROSITE database with
the partial amino acid sequence of the AK12H4.8 homologue
demonstrated the presence of the RNase III signature [QE] -
RLEFLGD - [AS]. This motif appears in AK12H4.8 homo-
logue, K12H4.8, E. coli RNase III (17, 18), and a putative
Bacillus subtilis RNase III (19) (see Fig. 3). The K12H4.8 gene,
situated in the central gene cluster of chromosome III in C.
elegans, first was found to have sequence similarities to a
putative ATP-dependent RNA helicase in E. coli (16); how-
ever, we obtained a better score in comparison to the putative
RNase III from B. subtilis. In addition to the RNase III
signature, a double-stranded (ds) RNA-binding domain has
been found in C. elegans K12H4.8 (20). Interestingly, all 13
conserved amino acid residues in the K12H4.8 dsRNA binding
domain are also present in the AK12H4.8 homologue. As in the
RNases III from bacteria and yeast, the dsRNA binding
domain appears subsequent to (C terminal of) the RNase III
signature, in AK12H4.8 homologue between residues 610—665.

DISCUSSION

To study the regulation and cellular roles of SLO, we deemed
it of particular interest to identify proteins that are able to bind
5LO. With this aim in view, a yeast two-hybrid system that
enabled us to perform a genetic screen for SLO-interacting
proteins was developed. The use of the yeast strain PJ69—-4A,
together with the low-expression vector pGBT9, solved the
problems of autoactivation of the reporter genes induced by
S5LO that we observed in preliminary experiments (11). The
yeast strain PJ69—-4A has the advantage of combining three
reporter genes under the control of three different Gal4-
responsive promoters (GALI-HIS3, GAL2-ADE?2, and GAL7-
lacZ), thereby reducing the number of false positives (11).
One of the proteins interacting with SLO was CLP. Human
CLP initially was found as a sequence flanking a deletion on
chromosome 17 characterizing the Smith-Magenis syndrome

FEKKINYRFKNKAYLLQAFTHASYHYNT- - - ITDCYQRLEFLGDAILDYLITKHLYEDPRQHSPGVLTDLRSALVNNTIFASLAVKYDYHKYF 511

LEEKIGYRFKERAYLVQAFTHASYINNR- - -VTGCYQRLEFLGDAVLDYMITRYLFEDSRQYSPGVLTDLRSALVNNT IFASLAVKFEFQOKHF 1647

KHNERLEFLGDSILSYVIANALYHRFPRVDEGDMSRMRATLVRGNTLAELAREFELGECL 94

FOERISVHFONEKLLYQAFTHSSYVNEHRKKPYEDNERLEFLGDAVLELTISRFLFPKYPAMSEGDLTKLRAAIVCEPSLVSLAHELSFGDLY 115
P * .
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FiG. 3. The AK12H4.8 homologue contains an RNase III motif. Amino acids 422-511 of the AK12H4.8 homologue were aligned with the
hypothetical helicase K12H4.8 in C. elegans (P34529) and with two bacterial RNases III by using the CLUSTAL w program (European Bioinformatics
Institute). The RNase III signature [DEQ] - [RQ] - [LM] - E - [FYW] - [LV] - G - D - [SAR], present in the four proteins, is shown in bold. The
four proteins share 24% (22/93) identity and 57% (53/93) similarity over 93 aa centered around the RNase III motif. Amino acid identity and
conservative differences between the proteins are indicated by * and . or :, respectively.
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(12). The CLP amino acid sequence shares 33.3% identity and
74.9% homology with coactosin, an actin-binding protein
isolated from D. discoideum (14). Although it is not known
whether CLP shares the ability of coactosin to bind actin, our
findings may provide a link between 5LO and the actin
cytoskeleton. Such a link has been proposed previously (7).
CLP might act as an anchor that would retain 5LO in the
cytosol of resting cells and/or silence 5LO activity by steric
hinderence of its active site or cofactor binding sites. Associ-
ation of 5LO with the cytoskeleton, which provides a ramified,
complex, and dynamic network along which 5LO could be
vehicled within the cell, also has been put forward as a
potential initiator step in the translocation process. Interest-
ingly, it recently was found that monohydroxyacids, including
5(8)-hydroxy-6,8,11,14-eicosatetraenoic acid, could bind to
cytosolic actin (21).

A second 5LO-interacting protein was identified as
TRAP-1. The cDNA of TRAP-1 was cloned recently (15). The
C-terminal half of TR AP-1, which also interacts with 5LO, has
been shown to specifically interact only with the activated form
of the type I TGF B receptor, and thus could distinguish it from
its quiescent state. In addition, partial TRAP-1 was shown to
inhibit TGF B receptor-I-mediated signaling (15). Previous
work in our laboratory has shown a significant up-regulation
of 5LO protein expression and activity in myeloid cells (HL-60
and Mono Mac 6 cells) differentiated with TGF B and vitamin
D3 (22-24). It is tempting to speculate that TRAP-1 could
physically associate SLO to the TGF B receptor, thereby
providing a functional link between the activated TGF S
receptor and 5LO.

Among the three 5LO-interacting proteins, the AK12H4.8
homologue represented the strongest SLO interactor. The
absence of a potential start codon in a favorable translation
initiation context, together with immunoblot analyses, suggest
that the AK12H4.8 homologue cDNA is still incomplete. We
nevertheless were able to identify two putative functional
domains: an RNase III motif and a double-stranded RNA
binding domain. These functional domains related to RNA
processing suggest a nuclear function for this human protein.

RNase III is a double-stranded endoribonuclease that plays
important roles in several aspects of RNA metabolism, includ-
ing processing of mRNA and rRNA precursors (see ref. 25 for
review). These functions have been described in studies of E.
coli RNase III, a relatively small protein (226 amino acid
residues). In Saccharomyces cerevisiae, the RNTI gene encodes
a 473-aa RNase III essential for ribosome synthesis (26). The
proteins from C. elegans K12H4.8 (1,822 amino acid residues)
and the human AKI12H4.8 homologue are larger than the
RNases III in bacteria and yeast. This finding might suggest
additional roles complementing the putative RNase III activity
in K12H4.8 and its human homologue.

The interactions of 5LO with CLP, ATRAP-1, and
AK12H4.8 homologue are of interest in connection with the
regulation and nuclear translocation of the enzyme. Moreover,

Proc. Natl. Acad. Sci. USA 96 (1999) 1885

the binding to the human AK12H4.8 homologue might suggest
a noncatalytic role of the 5LO.
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