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ABSTRACT. Glycosome biogenesis in trypanosomatids occurs via a process that is homologous to
peroxisome biogenesis in other eukaryotes. Glycosomal matrix proteins are synthesized in the cytosol
and imported posttranslationally. The import process involves a series of prptei@in interactions
starting by recognition of glycosomal matrix proteins by a receptor in the cytosol. Most proteins to be
imported contain so-called PTS-1 or PTS-2 targeting sequences recognized by, respectively, the receptor
proteins PEX5 and PEX7. PEX14, a protein associated with the peroxisomal membrane, has been identified
as a component of the docking complex and a point of convergence of the PEX5- and PEX7-dependent
import pathways. In this paper, the strength of the interactions betiwgganosoma brucd?EX14 and

PEXS5 was studied by a fluorescence assay, using (i) a panel of N-terminal regi®bBEBX14 protein
variants and (ii) a series of different peptides derived ffobPEX5, each containing one of the three
WXXXF/Y motifs present in this receptor protein. On the PEX14 side, the N-terminal regiohREX14
including residues-184 appeared to be responsible T@PEXS5 binding. The results from PEX14 mutants
identified specific residues in the N-terminal regionTddPEX14 involved in PEX5 binding and showed

that in particular hydrophobic residues F35 and F52 are critical. On the PEX5 side, 13-mer peptides
incorporating the first or the third WXXXF/Y motif bind to PEX14 with an affinity in the nanomolar
range. However, the second WXXXF/Y motif peptide did not show any detectable affinity. Studies using
variants of second and third motif peptides suggest thatithelical content of the peptides as well as

the charge of a residue at position 9 in the motif may be important for PEX14 binding. Assays with

10-, 13-, and 16-mer third motif peptides showed that 16-mers and 13-mers have comparable binding
affinity for PEX14, whereas 10-mers and 7-mers have about 10- and 100-fold lower affinity than the
16-mers, respectively. The low sequence identities of PEX14 and PEX5 between parasite and its human
host, and the vital importance of proper glycosome biogenesis to the parasite, render these peroxins highly
promising drug targets.

Various organisms belonging to the protozoan family spectrum of leishmaniases, widely distributed throughout the
Trypanosomatidae are the causative agents of several highlytropics, and for which different species béishmaniaare
disabling and often fatal human diseases, especially inresponsible. These diseases affect millions of people, whereas
tropical and subtropical areas of the world. These diseaseshundreds of millions are at risk to become infected.
include (i) African sleeping sickness caused by two different Unfortunately, current treatments are largely unsatisfactory
subspecies offrypanosoma bruceiT. brucei rhodesiense  and even worsening. Chemotherapy is the mainstay for
andT. brucei gambienseii) Chagas’ disease occurring in  control because effective vaccines are not available. How-
Latin America caused byrypanosoma cruziand (ii) @  ever, most currently used drugs are inefficient and toxic, and
the development and spreading of drug-resistant parasites
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conserved during evolutiorb), our research has revealed and plants as a component of the docking complex and a
that most of the trypanosomatid enzymes of this pathway point of convergence of the PEX5- and PEX7-dependent
contain unique structural and kinetic features which enabledimport pathways Z6—28). Both cargo-loaded receptors
the design of potent, parasite enzyme-selective inhibithrs (  interact with PEX14 to form the docking complex together
Some of these inhibitors stunt the growth of cultured with PEX13 and PEX17 (the latter protein has, so far, only
trypanosomatids, and have no effect on mammalian @&lls (  been identified in yeasts). The N-terminal part of PEX14,
Several specific features of the trypanosomatid enzymes canwhich is more conserved than the C-terminal region, interacts
be attributed to the unique sequestering of the major part of with so-called “WXXXF/Y motifs” located in the N-terminal
the glycolytic pathway within peroxisome-like organelles part of PEX5 29—33). In addition, the N-terminal domain
called glycosomes/(-9). In human cells, and almost all other  of PEX14 interacts with the SH3 domain of PEX13 through
organisms, glycolysis is a cytosolic process. Research.on a proline-rich motif 26, 27, 34) (Figure 1). Interactions of
brucei brucej a subspecies responsible for a sleeping sicknessPEX14 with PEX7 have also been demonstratzg,(but
variant (“Nagana”) affecting cattle in large parts of sub- the precise nature of the interaction is still unclear. In PEX14,
Saharan Africa, and often used in the laboratory as a modelthere is a putative membrane binding region that consists of
trypanosomatid organism, has shown that the proper com-16 consecutive hydrophobic residues spanning residues 148
partmentation of glycolytic enzymes inside glycosomes and 163 in T. brucei In mammalian cells an&accharomyces
the possession of intact glycosomes are equally essential forcerevisiag, it was shown that both the N-terminal and the
the parasite J0—13). Compounds that will interfere with  C-terminal domain are at the cytosolic face of the peroxi-
glycosome biogenesis or integrity may, therefore, offer an somal membrane{, 28, 35). The C-terminal part of PEX14
additional possibility for therapy. is very diverse in sequence (Figure 1) and its role is not yet

Glycosomes are distinct from peroxisomes in that only known.
glycosomes harbor enzymes for glycolysis and purine salvage Previously, we have cloned and characterized PEX5 and
pathways, yet glycosomes share several features with perPEX14 of T. brucei (21, 43)Both proteins TbPEX5 and
oxisomes such as a single bilayer membrane, absence off PPEX14) have a low degree of overall amino acid sequence
genetic material, compartmentation of metabolic pathways identity with their human counterpartsH¢PEX5 and
(8-oxidation of fatty acids and ether lipid biosynthesis) and HSPEX14): 26 and 31%, respectively. The low sequence
conservation of biogenesis and protein import procesges ( identities of these peroxins between parasite and its human
14). host, and the vital importance of proper glycosome biogenesis

Glycosome biogenesis in trypanosomatids occurs via alo the parasite as discussed above, render these peroxins

process that is homologous to peroxisome biogenesis in othefighly promising drug targets. In this paper, we present a
eukaryotes14, 15). Peroxisome biogenesis has been studied detailed analysis of the sequencesTibPEX14 that are

extensively in mammalian cells and various yeas-19). responsible for the interaction with each of the three
To date, 25 proteins called peroxins (acronym PERgve WXXXF/Y motif repeats present ilbPEX5 (Figure 2). We

been identified as factors involved in the biogenesis of also investigated the affinities of peptide variants of the three
peroxisomes. Most of them are involved in the import of WXXXF/Y motifs for THPEX14 and discovered remarkable
matrix proteins, some in other aspects of peroxisome differences among the peptides. This specific information

propagation (synthesis of peroxisomal membranes, inherit-"€92rding the PEXSPEX14 interactions in trypanosomes

ance and division of peroxisomes, etc.) that are as yet less0M$ @ solid basis for future inhibitor design.

well understood. Peroxisom'al matrix prote_ins are enc;oded MATERIALS AND METHODS

by nuclear genes, synthesized on free ribosomes in the _ i ) )

cytosol and imported posttranslationally. The import is a  Preparation of Proteins and Synthetic Peptid@$iree
multistep process involving recognition of the cargo protein N-terminal constructs offTbPEX14, TOPEX14(84), Tb-

by a receptor in the cytosol, docking of the receptcargo PEX14(128), andrbPEX14(146,H), which include amino
complex at the membrane, translocation across the mem-acids 1-84, 1-128, and 1146, respectively, were used for
brane, cargo release inside the organelle, and receptor cyclinginding studiesTbPEX14(146,H) also contains a C-terminal
(16-19). Each of these steps involves specific protein -histidine tag with a 16-amino acid-long linker. Smgl_e and
protein interactions. Most glycosomal matrix proteins, in- double mutants oTbPEX14(128) were generated by intro-
volved in glycolysis or other processes, contain the common ducing point mutations in the DNA using the Quik-change
PTS-1 or PTS-2 sequenced).(The proteins to be imported protocol from .Stratagen'e. All mutations were conflrmed by
are recognized by a cytosolic receptor, either PEX5 or PEX7. DNA sequencing. The wild-type and 10 mutant proteins were
PEX5 binds cargo proteins with a PTS-1 signal, which is a expressed usingscherichia coligrown in LB medium at

C-terminal tripeptide -SKL or a variation theredQ—22), 37 °C, and the proteins were purified through a cation-
and PEX7 binds those with a PTS-2 signal, a motif -R/K- €xchange column (HS20) followed by size-exclusion chro-
LV/I-X s-H/Q-A/L- close to the N-terminus2@—25). matography (Superdex 200). However, these expression

conditions did not yield sufficient amount of protein of two
mutants, TOPEX14(128)K56A andTbPEX14(128)K56A/
'G57A, to perform binding assays. This may be an indication
that Lys56 is important for folding and/or that the K56A

PEX14, a protein associated with the peroxisomal mem-
brane, has been identified in various yeasts, mammalian cells

* Abbreviations: APEXS, Arabidopsis thalianaPEXS; APEX14, substitution causes the formation of large insoluble PEX14-
é‘;;ﬁ;ﬂ;’fé%*‘é"&?’ Eégji’nBS(?éi&'ingg;g; r?cl'gﬁﬁ'éxsé':of('ggme_ (128) aggregates in the bacteria. For the other alanine mutants
targeting signal:TOPEX5, Trypanosoma brucePEX5; THPEX14, made it is likely that the amino acid substitutions made had

Trypanosoma brucePEX14. minor if any effects on the conformation of the protein since



PEX1l4_TBRUC
PEX14_ HPOLM
PEX14 SCERE
PEX1l4_SPOMB
PEX1l4_MOUSE
PEX1l4_HUMAN
PEX14_ CHHAM
PEX14_ LEIDO
PEX1l4_LEIMA

PEX14_TBRUC 76 LNEIKRILSERP-YVPTGPNSQHMTQPLRDESADSVP-TPHPNQSRRHTSLLYAPQA EAAAATRG--VD
PEX14_HPOLM L I e TVQASPSQQSVVPPR----PPVPDYYPSABPLBE--------- RD
PEX14_SCERE 3 B e T et e T GIVGDEVSKKIGSTENRASQDMYLYEAMPRTLEH--------- RD
PEX14_SPOMB Bl mmmmmmmee e mmecmmcmmcaeaa- 8 e T SYBRFENTSNFVSRD
PEX14_ MOUSE R e TAADEPSPLGPATPVVPVQPPHLTPQEYSBRG-------- SR
PEX14_HUMAN T2 mmmmmmeee e eeeeemcemme———————— TAADEPSSLGPATQVVPVQPPHLISQ Gamacnana SR
PEX14_ CHHAM 72 mememmmmeccccmccecdccsmem——————— TATEEPPSLGLATPVAPVQTPHLIAQHcsHGS-------- s

PEX14_LEIDO 81 AEKIASVRAPPANAAPTGATATACTTPLSAQLKTARQNAPVTMTPGPQYTQTLFPHSEPPBQVERQTKT-~-VD

Interactions ofTOPEX14 andTbhPEX5

Conserved region
LDSRVRRT

----MSLLLSGVVDDGKSKPE-VEHTHSEREKRVSNAVE
-------------------- MSQQPATTSRAELVSSAVE
-MSDVVSKDRKALFDSAVS
---------------------------- MREDLLRNSVE
----- MASSEQAEQPNQPSSPPGSENVVPREPLIATAV
----- MASSEQAEQPSQPSSTPGSENVLPREPLIATAV
————— MASSEQAEQPSQPSSSPGSENVVPREPLIATAV
MAAEVPAQPQAALEAPLPEPEQPSSSELDADPTVQSAI
MAAEVPSQPQAALEAPLPEPEQPSLSELDADTTVQSAI

EfFTKVGQPKT
LQKARTG- -
KEPKKD- -
FKLAKNP - -

PEX1l4_LEIMA 81 AEKIASVRAPLANAAPTGATATAYATPLSAQLEKTARQNAPVANTPGPQYTQMLFPHSEPPEQVERQTET--VD
Putative Transme e

PEX14_TBRUC 152 AGAA-VIG-GFAA FOQLES-BYEIRLEKDEGSKPRSRRSR--RGGR----HASSDSEAER--TLVHREVPALPVPA--I

PEX14_ HPOLM 98 ATAT--AGISYGVYQFVKR ILPPSKT---QLEQDEAAIDHEFQRVESLLEKFEADQKEFYQEQEAKSKKIDETLQ

PEX14_SCERE 101 ATAT--AGLLYGAYEVTRREVI ILPEAKS---KLEGDEKEIDDQFSKIDTVLNAIEAEQAEFRERKESETLEKELSDTIA
PEX1l4_SPOMB 76 GVIS--TGFAWSAYSLVEEKEIABMFRAPSQN---AYEADEKNALDAKFLEAHKILENLDEQTRELSERTEKQQDELDIALD
PEX14_MOUSE 111 ALAIIMAGIAFGFHOLYKRELLEBLILGGRED-RKQLERMAASLSELSGTVAQTVTQVQTTLASVQELLRQQOQQRKVQELAH
PEX14_HUMAN 111 ALAIIMAGIAFGFHOLYKKELLELILGGRED-RKQLERMEAGLSELSGSVAQTVTQLQTTLASVQELLIQQQQKIQELAH
PEX1l4 CHHAM 111 ALAIIMAGIAFGFHRLYKKELLELILGGRED-RKQLERMASSLSELSGSVAQTVTQVQTTLASVQELLRQQQQKVQELAH
PEX14_LEIDO 159 AGAA-MLS-GFSAYRLFNRES-BYEFRRKTD-KKSRLYRGSSSRPRSANIA--SSGSETDASSTPQRGCVPPLPPPPPMA
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PEX14_LEIMA 159 AGAA-MLA-GFSAYKLFNRES-BYEFRRKSD-KKPRLYRGSSSRPRPANIA--SSGSETDASSTPQRGCVLPLPPPPPMA
PEX1l4_TBRUC 219 P----VASESHVDAKQAEIERLKTELEKETQEALEAEEKKGEAELSITLGELRGQVTAYSRTNEKQESQIKSLQEEVNRLKS
PEX1l4 HPOLM 173 EVDEIINKTNEKNLNNEETLEKYLEKLEIENIKT-TLLETLDSQKATLNAELSAMEKQLQDIKFDIKTSGIAVAPQLSTPPS
PEX1l4_SCERE 176 ELKQALVQTTRSREKIEDEFRIVELEVVNMQN-TIDKFVSDNDG--MQELNNIQKEMESLESLMNNR-MESGNAQDNRLF
PEX14_SPOMB 151 DLEETLNTLRERTSENRDREIARISQDVYTMSTITLPQSLEQIKKSQEEALQNLSREISSLRCLQTDS--KEDDTFATTSN
PEX14_MOUSE 190 ELATAKATTSTNWILESQNINELKSEINSLEKGLLLNRRQFPPSPSAPSKIPSWQIPVKSSSPSSPAAVNHHSSSDISPVS
PEX1l4_ HUMAN 1850 ELAAAKRKATTSTNWILESQNINELKSEINSLEGLLLNRRQFPPSPSAP-KIPSWQIPVESPSPSSPAAVNHHSSSDISPVS
PEX14 CHHAM 190 ELAAARATTSTNWILESQNINELKSEINSLKGLLLNRRQFPPSPSAP-KIPSWQIPVKSPSPSSPAAVNHHSSSDISPVS

PEX1l4_LEIDO 233 ARA--EP----SVSAASPAALTEEVERLQTELDEAKEALANERKKCADLAVSAAKIRADKQQLSRANDRLTQQIDG-LKK
PEX14_LEIMA 233 AAA--EP----SVSAASPAALTEEVERLOQTELDEAKEALANERKKCADLAVSAAKIRADKQQLSRANDRLTQQIDG-LKK
PEX14_TBRUC 295 EIERKEDSAKVNANSNVEETLDSKEEGLPSSDTESSNPNGASSEVARDTQQQDGPAPLSTETDGTVVGGEAAA----=--~

PEX14_HPOLM 252 ESTSRQSPAAEAKPKINLNIPP--TTSIPSLRDVLSREKDK--DVNSDSIAQYEQRTANEKDVERSIPAWQLSASNGGSS
PEX1l4_SCERE 252 SISPNGIPGIDTIPSASEILAK--MGMQEESDKERKENGSDANKDDNAVPAWEKAREQTIDSNASIPEWQKNTAANEISVP
PEX14_SPOMB 229 SSIPVLENPLDTSEGFQTEKVG--TASLPDWQISMHNEASKNIDFNDIDPAESYVAEDAYA--------------eo--o
PEX14_ MOUSE 270 NESTSSSPGEKDSHSPEGSTATYHLLGPQEEGEGVLDVEGQVRMEVQGEEEKREDKEDEDDEDDDVSHVDEEDVLGVQRE-
PEX1l4_ HUMAN 269 NESTSSSPGKEGHSPEGSTVTYHLLGPQEEGEGVVDVEGQVRMEVQGEEEKREDKEDEEDEEDDDVSHVDEEDCLGVQRE
PEX1l4_CHHAM 269 NESTSSSPGRESHSPEGSTATYHLLGPQEEGEGVVDVEGQVRMEVQGEEEKREDKEEEEEEEEEDVSHVDEEDVLGVQRE

306
306

PEX1l4_LEIDO
PEX14_LEIMA

DIEFKLEREESSNSPYSEA---------mcmm e m e mc e e e e m e m e e e m e s m e e s m s mmmmmmm == — ===
DIESLEGKKSSAVGEATQTAAEGAVAAVPAPPSTYFPSVTTEGEQARNSAEVTSVTSASAPNSDVMPVLPVVPSPEATAL

PEX14_TBRUC
PEX14_HPOLM
PEX14_SCERE
PEX14_SPOMB

TTSGVAGDEQKEPKRGIPAWQLNA--===== === === mcc e mmmecmee-me-——m————————-
DWQNG- == =QVEDSIP === === === = = = = = = = o o e e e e e e e e e mmm—mmm—— -

328
330

PEX14 _MOUSE 349 --DRRGGDGQINEQVEKLRRPEGASNETERDA------------c-ccccooooooo

PEX14_ HUMAN 349 --DRRGGDGQINEQVEKLRRPEGASNESERDA-----------c-ccooooooooo

PEX14_CHHAM 349 --DRRGGDGQINEQVDKLRRPEGASNESERHA-----------c-c-occoooooo-

PEX14_LEIDO -

PEX14_LEIMA 386 AAAAPAMPDPITEAAQAAPASVAAVAPAPESPPAVFAASTPYVDAAAPVATVTEVAAPLLSIGSAEPPKAGDGTPMETG

Ficure 1: Sequence alignment of PEX14s by CLUSTALW. Completely conserved residues are colored red, more than 50% conserved
residues are yellow. The conserved region at the N-terminal region, the PXXP maotif, and the putative transmembrane region (blue box) are
also indicated. The sequences used in the alignmentlansenula polymorphéSwiss Prot code: P78723%accharomyces cerisiae
(P53112),Schizosaccharomyces pomiéus musculugQ9P0AO), Human (O075381), Chinese hamster (Q9Z2F8)shmania dongani
(AAN03593), Leishmania majo(AL163505), andTrypanosoma brucegiAJ512212).

the mutants could be purified easily and were as well- amino group of the peptide. The concentration of the peptides
behaving during the purification and concentration steps asWithout fluorescein was measured using the absorbance at
wild-type protein. 280 nm and the extinction coefficient calculated from the
. . sequence. For fluorescein-tagged peptide the absorbance at
The TbPEX14(84) const_ruct was mz_ide by introducing a 494 nm was measured at pH 9, and the peptide concentration
stop codon using the Quik-change kit and expressed an

e ) dwas obtained using an extinction coefficient of 77 000'M
purified in the same way aEbPEX14(128). The expression -1
and purification of TOPEX14(146,H) were carried out as

described previously@). The homogeneity of the purified Fluorescence Assayhe binding of WXXXF/Y peptides

to ThPEX14(128) was monitored through the intrinsic

protein was checked using SBE®AGE. The protein con- fluorescence of trvptophan Using an excitation wavelenath
centrations were measured using a BCA-based colorimetric " yptophan using xcitation wav 9
of 295 nm, and the emission was monitored at 350 nm. An

assay (Pierce) with bovine serum albumin as a standard if.”. " . S
the protein does not contain tryptophan; for the tryptophan- initial peptide concentration in the range of-2000 nM was

containingTbPEX14(146,H), UV absorbance at 280 nm was _used fo_r the assays. The pept|de_s were t|_tr_ated _by adding an
used. increasing amount of PEX14 until no significant increase of

fluorescence signal was reached or until a protein concentra-
All the WXXXF/Y motif peptides used in this study are tion of 40uM was reached. All assays were performed using
derived fromTbPEXS5. The 13-mer peptides were purchased a SPEX 1681 spectrometer in a 3-mL cuvette with 50 mM
from United Biochemical Research, Inc., and the purity was sodium phosphate pH 7.0 at 2C€ with constant stirring.
checked by HPLC and mass spectrometry. Fluorescein-Although the PEX14(84) and PEX14(128) used for the assay
tagged peptide was synthesized by coupling 5-(and-6)- do not contain tryptophan, they gave an increasing fluores-
carboxyfluorescein succinimidyl ester to the N-terminal cence signal even in the absence of peptide presumably due
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PEX5_TBRUC | MDCGAGFALGQQLAKDALHMQGGVRPGTTGNVEQDALMTGMMVPPTGPMED - -WAQHFAAHQHHHQQHQQOMMMQRQHNDA
PEX5_LEIMA | MDCNTGMQLGQQFSKDVTMMHGGV-PMSGAMSEQDALMVSAQVGGASPMMAAQWAQNFQQQQAMQAMRQQHEMEQAFQNS
PEXS LEIDO | MDCNTGMQLGQQFSKDATMMHGGV-PMSGAMSEQDALMVGAQVAGANPMMAAQWAQNFQQQQAMQAMRQQHEMEQAFQNS

PEX5_TBRUC 8§ LMIQQQHRDMEEAFRASARAGAPQQANAGPLMMPPGPMMMAGGMAPMMHAGGFMMGGMPQMMPCAPMGMNMGMAPVATMS
PEX5 LEIMA 80 ---QQQQHAAVAQSGQMLGMAGPQQQQFMVQQQQQASMMNAAMMS QGMMTANMGFG---MMMPRTQY-~--~-~-~ QPLPNLS
PEX5_LEIDO 79 ---QQQQ-AAAAQSRQMLGMAGPQQQQFMAQQQQ-ASMMNAAMMS QGMMAANMGLG - - ~-MMMBPRTQY -~ -~~~ QPLPNLS

PEXS_TBRUC 148 PATTNTVSGAREGATAVSSAAPGVVDLGGDSAWAERKLHQAE
PEXS_LEIMA 146 VLQPNQQQQQQQQLVNLAPAVQ-~-~-~-~-~-~ DSAWADQLSQQQ|
PEXS_LEIDO 159 ALQP----KQQQPLANLAPARAQ------- DSAWADQLSQQQ

WSTDY|SQVQTFSAPGMEDKTVEERIKDSEFYKFMDQVEN

DVEVHTVEGSTAQTVEEHAKTSKFYEFMDKIRK
WSTDYSQVQTFSAPGMEDKTVEERIKDSEFYKFMDQVKN

PEX5_TBRUC 221 RELLVDEDSGEVVQGPGPDPDVEADTEYLARLAAMEGINVPFPSVMDHEMQGQDGVQRGTDEDMEGMMGDDVYDPSADVE
PEX5 LEIMA 215 REVLIDEEKGELVQGFGPEVGVPEDAEYLREWAEMEGLNMPEGVFQFFFPASAMMTPENGDPDTYI-EEMDMAENDVE
PEX5 LEIDO 239 REVLIDEEKGELVQGPGPEVGVPEDAEYLRHWAEMEGLHMPESVFQSPPPASAMTSPENGDPDAYV-KEMDMAANDVE
PEX5_TBRUC 300 AQEYAQMOAMQERLONNTDYPFEANNPYMYHENPMEEGLSMLELANLAEAALAFEAVCQKEPEREEAWRSLGLTQAENEK
PEX5S LEIMA 204 AQEYAEMQERLQKVTNNTDYPFEPNNPYMFEDFPFDEGMEMLOLGNLAEAALAFEAVCHEDSSNEKAWQILGTTQAENEK
PEX5_LEIDO 319 AQEYAEMQERLQKVTNSTDYPFEPNNPYMFHDFPFDEGMEMLOLGNLAEAALAFEAVCHKDSSNEKAWQILGTTQAENEK

PEX5_TBRUC 380 DGLAITALNHARMLDPKDIAVHAALAVSHTNEHNANAALASLRAWLLSQPQYEQLGSVNLQADVDIDDLNVQSEDFFFARA
PEX5_LEIMA 374 DGLAITALNNARKLNIRNLEVHAALSVSHTNERNADAAMDSLEAWLVNHPEYEQLASVSIPPDAELD----VQETFFFAD
PEX5_LEIDO 399 DGLAIIALNNARKLNPRNLEVHAALSVSHTNERNADAAMDSLEAWLINHPEYEQLASVSIPPNAELD----VQETFFFAD

PEX5_TBRUC 456 PNEYRECRTLLHAALEMNPNDAQLHASLGVLYNLSNNYDSAAANLRRAVELRPDDAQLWNELGATLANGNRPQEALDAYN
PEX5_LEIMA 450 PSRMREARTLYEAAIEMNPSDSQLFTNLGVLHNVAHEFDEAAECFREKAVALHPDDPEKMWNEKLGATLANGGHPDQALEAYN
PEX5_LEIDO 479 PSRMREARTLYEAATIEMNPSDSQLFTNLGVLHNVAHEFDEAAECFREAVALHPDDPEKMWNKLGATLANGGHPDQALEAYN

PEX5_TBRUC 536 RALDINPGYVRVMYNMAVSYSNMSQYDLAAKQLVRAIYMOQVGGTTPTGEASREATRSMWDFFRMLLNVMNRPDLVELTYA
PEX5_LEIMA 530 RALDINPGYVRAMYNMAVAYSNMSQYNMAARQIVEAIASQQGGTKPSGEGSIMATRNMWDLLRMTLNLMDRDDLVQLTYN
PEX5_LEIDO 559 RALDINPGYVRAMYNMAVAYSNMSQYNMAARQIVEAIASQQGGTKPSGEGSIMATRNMWDLLRMTLNLMDRDDLVQLTYN

PEX5_TBRUC 616 QNVEPFAKEFGLQSMLL
PEX5_LEIMA 610 EQLEPFVEKEFGLEGHV-
PEX5_LEIDO 639 EQLEPFVEEFGLEGH--

Ficure 2: Sequence alignment of Trypanosomatid PEX5’s. Completely conserved residues are colored yellow and the WXXXF/Y motifs
are boxed in red. The sequences usedlaypanosoma brucgiSwiss Prot code: Q9U7C3)eishmania majarandLeishmania dongani
(QONIRY9).

to contaminant proteins that have tryptophan residues. The a
fluorescence increase due to contaminants was subtracted 1500+
from the fluorescence change obtained from the titration
experiment. The relative fluorescence intensity change versus 8 . 000-
protein concentration was analyzed by the program Prism 3
version 3.0 and th&y's were calculated using the following §
equations. iL 5001

Kd = CP14Cpe;!CcompIex

04
CP14: CP14,totaI_ Ccomplex 0 fl)
Protein Concentration (uM)
Cpep: Cpep,O_ Ccomplex b
_ 1st
F= fPlACP14+ fpepcpep+ fcomple)pcomplex maotif —|

whereF is the total observed fluorescendgy is the molar 2nd | No Bindin
fluorescence coefficient of the protein solutidpy, is the motif g
molar fluorescence coefficient of the peptidgmpiexis the
molar fluorescence coefficient of the compl€gy4 1otaiS the 3rdﬁ |
total added PEX14 concentratidByep ois the initial peptide mot
concentration, andCeompiex is the concentration of the ; A L A

peptide-protein complex. Kd (nM)

In the case of fluorescein-tagged peptides, an excitation g re 3: Fluorescence assays using three WXXXF/Y motifs of
wavelength of 492 nm and an emission wavelength of 523 ToPEX5 and wild type TOPEX14(128) protein. The intrinsic
nm were used with an initial peptide concentration of 20 fluorescence signal of tryptophan was used: (a) Fluorescence data
nM. With this choice of wavelengths, the contribution of 23 e e e e tang the Computer progran
. . H d
the fluorescence signal from the protein solution was Az gy 9 puterprog
negligible and omitted from the calculation of thg.

RESULTS affinity for TOPEX14(128) using the intrinsic fluorescence
of the peptides (Figure 3). Equilibrium-binding constants

Affinity of the Three 13-mer WXXXF/Y Motif Peptides from calculated from the titration curves showed that the first and
ThPEXS5 for TOPEX14. TREX5 contains three WXXXF/Y  third motifs have similar affinities folf bPEX14(128) with
pentapeptide motifs in its N-terminal half that can potentially Kg's of 147 and 179 nM, respectively (Table 1). Surprisingly,
bind TOPEX14 (Figure 2). Three different 13-mer peptides, the second motif did not show any significant affinity at the
each containing one of the three WXXXF/Y motifs in the conditions used. The purity of the second motif peptide was
TbPEX5 sequence, were used to determine their binding carefully checked and appeared to be at least as high as that



Interactions ofTbPEX14 andThPEX5 Biochemistry, Vol. 42, No. 37, 20030919

Table 1: Binding Affinity between the Three WXXXF/Y Motifs afFbPEX5 andTbPEX14(128) Wild-Type Protein

1 number of

Peptide Protein experiments K4 (nM) o (nM)
EDWAQHFAAHQHH (1°° motif) TbhPEX14 (128) WT 3 147 40
AEWGQDYKDVEVH (2™ motif) TbhPEX14 (128) WT 2 -* NA
EQWAQEYAQMQAM (3™ motif) TbPEX14 (128) WT 3 179 40

a Asterisk (*): This motif did not increase the fluorescence signal anKtheannot be determined. The binding affinity is therefore assumed to
be very low. TbPEX14(128) includes the first 128 residuesTofbruceiPEX14.

Table 2: Affinity of Second and Third WXXXF/Y Motif Variants oTbPEXS5 for Wild-Type TbPEX14(128)

number of

Name Sequence Protein experiments K4 (nM) o (nM)
Position 123456789
1(wt) AEWGQDYKDVEVH TbPEX14 (128) WT 2 i NA
2 AEWGQDYKDVQVH TbPEX14 (128) WT 2 -* NA
nd
2 . 3 AEWAQDYKDVEVH TbPEX14 (128) WT 2 =% NA
motif -
4 AEWAQDYKDVQVH TbPEX14 (128) WT 2 57200 30000
5 AEWAQDYADVQVH TbPEX14 (128) WT 3 6000 1230
6 (wt) EQWAQEYAQMQAM TbPEX14 (128) WT 3 179 31
rd
3 , EQWAQEYAQMEAM TbPEX14 (128) WT 3 826 99
motif -
8 EQWGQEYAQMQAM TbPEX14(128) WT 2 8800 991

a Asterisk (*): These peptides did not increase the fluorescence signal Epdaue could not be determined.

of the other two peptides. Its sequence was confirmed by having an alanine have an increased tendency to form an
mass-fragmentation experiments (data not shown). Thea-helix and, hence, the largest effect on the secondary
possible reason for the lack of binding of the second motif structure was expected with these substituti®ss-@8). The
peptide is addressed later. The binding affinities between theexperimental results showed that the second motif peptide
TBPEX5 WXXXF/Y pentapeptide repeats afdbPEX14- with the glycine-to-alanine change (peptide 3 in Table 2)
(128) are lower than the reported values between humanstill did not have any measurable affinity for PEX5. The third
counterparts wher&y's are in the low nanomolar to 100  motif peptide with the alanine-to-glycine substitution (peptide
nM range 80). 8 in Table 2) exhibited about 50 times reduced binding

Testing Variants of the Second and Third WXXXF/Y Motif affinity demonstrating the importance of alanine at this
Peptides for PEX14 AffinityTo investigate the reason the Position in the third motif peptide.
second motif peptide did not bind PEX14, variants of the  The second position that was varied was the ninth residue
second and third WXXXF/Y motif peptides were obtained from the conserved tryptophan (a glutamate in the second
and evaluated in the binding assays. Two positions were motif and a glutamine in the third motif). In yeast species,
chosen to be altered in the various peptides. The first oneseveral PEX5 WXXXF/Y motifs with negatively charged
was the residue immediately after the conserved tryptophanresidues at the ninth position from the tryptophan are known
(a glycine in the second motif and an alanine in the third to bind only to PEX13 and not to PEX18%, 33, 39, 40).
motif) and the second one was the ninth residue from the Interestingly, the second WXXXF/Y motif ofbPEX5 has
conserved tryptophan (a glutamate in the second motif anda negatively charged residue (E) at motif position 9, and did
a glutamine in the third motif) (see Table 2). The first not show any binding tdbPEX14. To test if this residue is
position was chosen because it has been suggested that thenportant inTbPEX5-TbPEX14 binding, we used peptides
WXXXF/Y motif adopts ano-helical conformation to present  where the residue at motif position 9 was changed from
the conserved W and F/Y at the same side of the h@lx (  glutamate to glutamine in the second motif and, conversely,
23). To estimate the effect of the propensity of the peptides from glutamine to glutamate in the third motif (Table 2).
to form ana-helical conformation on the binding affinity, =~ The fluorescence assays showed that the second motif with
the glycine at the second position in the second motif was an E to Q change did not have measurable affinity for PEX5,
changed to an alanine and the alanine at the second positionvhile the Q to E substitution in the third motif decreased
in the third motif was replaced by a glycine. The rationale the affinity by 4.6-fold. These results suggested that whether
for these changes is that the presence of a glycine wouldthe residue at the ninth position is negatively charged or not
lead to a lower tendency to form anhelix, whereas peptides  does not play a critical role, at least per se,Tinbrucei
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Table 3: Binding Affinity between Different Lengths of the Third WXXXF/Y Motif GbPEX5 andTbPEX14(128) Wild-Type Protein

number of

Peptide containing TbPEX5 3™® motif Protein K4 (nM) o (nM)

experiments
ADVEQWAQEYAQMQAM (1lemer) TbPEX14 (128)WT 3 214 19
EQWAQEYAQMQAM (13mer) TbPEX14 (128)WT 3 179 31
QWAQEYAQMQ (10mer) TbPEX14 (128)WT 3 1520 175
QWAQEYA (7mer) TbPEX14 (128)WT 2 23000 4900

PEX14-PEXS5 interaction, although the introduction of a motif 13-mer peptide than the wild-typ&bPEX14(128)
negative charge reduced the binding affinity significantly as (Table 4). The P45A and G57A PEX14(128) mutants
shown with peptide 7 in Table 2. retained about 30% affinity, and the L36A, L53A, 163A, and
To obtain more insight into the role of various PEX5 motif A66M mutants had less than 10% affinity compared to the
side chains in the PEX5PEX14 interaction, several ad- wild-type protein. Especially mutants F35A, F35A/L36A,
ditional variants of the second motif peptide were tested. F52A, and F52A/L53A showed no significant increase in
Peptide 4, a second motif variant with two changes comparedfluorescence signal, indicating that their binding affinities
to the wild-type peptide, increased the binding affinity and were very low. This suggested that the two completely
showed interaction witiTbPEX14(128). When one more conserved phenylalanine residues (F35 and F52) play a
alanine is introduced in place of lysine at the sixth position critical role in the interactions with PEX5. The observed
(peptide 5 in Table 2), the binding affinity is increased about binding affinities of the mutants agree with a previous study
10 times compared to peptide 4. The results obtained with in Arabidopsis thaliandEX14, where the binding affinities
these variants suggest that the low tendency to form anof mutantAtPEX14s withAtPEX5 were measured using a
o-helix and the charge at the ninth position may explain the §-galactosidase activity-coupled assagl)( Our study
absence of binding of the second motif peptide. Comparison confirms that the conserved amino acids in the N-terminal
of the results with peptides 5 and 8 on one hand and peptidesregion are important for PEX5-PEX14 bindingTn brucej
4 and 7 on the other also showed that the tendency to formand also provides quantitative data about the contribution
an o-helix is more important for PEX14 binding than the of the individual amino acids to the interaction between these
absence of charge at the ninth position. The results alsotwo key proteins in glycosome biogenesis.

suggest that the ninth residue from the conserved tryptophan Affinity of Three N-Terminal Constructs of TOPEX14 for
(glutamate in the second motif and glutamine in the third tne Third Motif 13-mer Peptide from TbPEXShe N-
motif) is also involved in PEX14 interactions even though terminal part of PEX14 is responsible for binding to PEX5
it is outside the WXXXF/Y motif. _ (29, 41). To study the affinities of PEX14 of various lengths,
Affinity of 7-, 10-, 13-, and 16-mer WXXXF/Y Peptides three C-terminally truncatesBhPEX14 constructSTbPEX14-
for TbPEX14.To. investigate the depe.ndence of peptide (84), TOPEX14(128), andbPEX14(146,H), were used in a
length on the affinity for PEX14, a series of 7-, 10-, 13-, fjyorescence-based assay with the third motif 13-mer peptide.
and 16-mer peptides, each containing fAE@PEXS third  The rationale for this study was to see if the length of
WXXXF/Y motif (Table 3), were used to measure the THPEX14 has an influence on the affinity. The shortest
affinities for TOPEX14(128). The 16- and 13-mer peptides construct,THPEX14(85), would in principle be more suitable
showed comparable affinities around 200 nM (Table 3). The for an assay using the intrinsic fluorescence signal of Trp-
10-mer peptide had an approximately 7-fold lower affinity containing peptides because it contains no tryptophan or
than the 16-mer peptide, and the 7-mer peptide showed ayrosine residue. However, in that case its affinity for the
Kq 0f 23 uM, an affinity that is about 100 times lower than  ywxxXF/Y motif should not be dramatically different from
that of the 16-mer peptide. _ that of the longer PEX14 constructs. Fortunately, it appears
Affinity of TOPEX14 Variants for the Third WXXXF/Y " jndeed that the binding affinities of the different constructs
Motif of TOPEX5.Turning to the other partner of the complex  {q the 13-mer peptide are comparable to each other (Table
under investigation, point mutations were introduced in 5) These results agree with the studylofthalianawhere
TOPEX14(128) to determine the critical residueJ biPEX14 two regions ofAtPEX14, F3—L %5 and R8—RY7, were shown
for TOPEXS binding. From the sequence alignment of eight {5 pe responsible forAtPEX5 binding. These regions
different species, nine completely conserved residues in thecorrespond to %¥—L36 and K*9—T68 in TOPEX14, which are
N-terminal region of PEX14 were selected for mutagenesis part of the shortest construdbPEX14(84).
(Figure 1). All these residues except Ala66 were mutated to
alanine, while Ala66 was mutated to a methionine. Three p|SCUSSION
additional double mutants were made including F35A/L36A,
F52A/L53A, and K56A/G57A to explore the role of these Highly specific information has been obtained regarding
consecutively conserved residues. All the mutated and wild- the PEX5 and PEX14 interactionsTn brucej the causative
type PEX14(128) proteins were tested for affinity except for agent of sleeping sickness. Affinities between various
mutants K56A and K56A/G57A, for which insufficient WXXXF/Y motif peptides fromTbPEX5 and several N-
protein could be produced to perform the fluorescence assayterminal TOPEX14 constructs were measured using a steady-
All the mutants showed lower binding affinities for the third state fluorescence assay.



Interactions ofTbPEX14 andThPEX5 Biochemistry, Vol. 42, No. 37, 20030921

Table 4: Binding Affinity between the Third WXXXF/Y Motif ofTbPEX5 andTbPEX14(128) Mutangs

number of

Peptide Protein experiments K4 (nM) o (nM)

EQWAQEYAQMQAM (3™ motif) TbPEX14 (128) WT 3 179 31
TbPEX14 (128) F35A 1 -* NA
TbPEX14 (128) L36A 2 2981 641
TbPEX14 (128) F35A/L36A 2 % NA
TbPEX14 (128) P45A 3 768 208
TbPEX14 (128) F52A 1 =% NA
TbPEX14 (128) L53A 2 3439 451
TbPEX14 (128) F52A/L53A 1 b NA
TbPEX14 (128) K56A 0 N/D** NA
TbPEX14 (128) G57A 3 510 90
ThPEX14 (128) K56A/G57A 0 N/D** NA
TbPEX14 (128) I63A 2 5314 1740
TbPEX14 (128) A66M 3 4483 1179

a Single asterisk (¥): These mutants did not increase the fluorescence signal, adgdhenot be determined. The binding affinity therefore
most likely is very low. Double asterisk (**): ThKy cannot be determined because these mutants did not yield sufficient amount of protein for
the assay.

Table 5: Affinity of the Third WXXXF/Y Motif Peptides offbPEX5 for Constructs oTbPEX14 Wild-type Protein with Different Lengths

number of

Peptide (TbPEX5 3*¢ motif) Protein experiments Kg(nM) o (nM)
EQWAQEYAQMQAM TbPEX14 (84) WT 3 230 86
EQWAQEYAQMQAM ThPEX14 (128) WT 3 179 31

Fluoresein-EQWAQEYAQMQAM TbPEX14 (146) WT 3 307 25

The data obtained fromibPEX14(128) mutants showed may interact with the tryptophan and phenylalanine/tyrosine
that all mutants had a lower affinity than wild-typEb- residues of the WXXXF/Y maotif, in particular, since these
PEX14(128) for the third WXXXF/Y motif peptide of  hydrophobic side chains can face the same side of the peptide
ThPEXS5, indicating that the eight conserved residues in if the latter adopts an-helical conformation. There are two
PEX14 are important for the PEX3PEXS interaction. The  completely conserved phenylalanine residues (Phe35 and
hydrophobic residues of PEX14 including Phe35, Leu36, Phe52) separated by 16 amino acids in the N-terminal region
Phe52, Leu53, and 1le63 have larger effects on affinity than of PEX14’s (Figure 1). Interestingly, phenylalanine-to-
residues such as Pro45, Gly57, and Ala66. Especially, alanine mutations in either positions (F35A or F52A) are
mutation of two phenylalanine residues (Phe35 and Phe52)sufficient to completely disrupt the binding. This suggests
to alanine almost completely abolished the binding (Table that these phenylalanine residues might be a critical part of
4). These data oMbPEX14 mutants agree with the results the hydrophobic PEX14PEXS5 interaction and may form a
reported forA. thalianaPEX14 where mutation of, among single binding site for PEX5.
others, residues Phe64, Leu65, Phe81, Leu82, and [le92 Among the three WXXXF/Y pentapeptide motifs in
disrupted the interaction betweAtPEX14 andAtPEX5, and TbPEX5, the second motif did not show any affinity for
mutation of Pro74 did not affect the bindingl). The study ThPEX14(128) (Table 1, Figure 3). On the basis of the results
of A. thaliana PEX14 also suggested that less strictly obtained with variants of the second and third motif peptides,
conserved amino acids such as Ala61, Leu87, and Thr88there seem to be two factors that can explain the lack of
might be involved in the interaction. binding of the second motif peptide. The first one is the low

The blue shift in the fluorescence of tAGPEXS third propensity of the second motif peptide to adopbahelical
WXXXF/Y motif peptide upon binding tdbPEX14 suggests  conformation. Introduction of an amino acid such as alanine
that the tryptophan of the peptide is placed in a nonpolar that confers on the peptide a high tendency to form an
environment 42). The mutation studies imply that hydro- a-helix, augments the binding affinity as demonstrated by
phobic residues of PEX14 such as phenylalanine and leucinepeptides 4, 5, and 8 in Table 2. The second factor is the
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negative charge on the ninth residue from the conserved 9.
tryptophan as inferred from the results obtained with peptides

4,5, and 7 in Table 2. The WXXXF/Y motif that has a

negatively charged residue at the ninth position has been

shown to interact with PEX13 in Chinese hamsteichia
pastoris andS. cereisiae (32, 39, 40), suggesting that this
residue plays a key role in determining whether PEX5
interacts with PEX14 or PEX13. In the case Df brucei
PEX14-PEX5 interaction, the introduction of a negative
charge at the ninth position in the third motif did not
completely abolish the binding, although it reduced the
affinity of the peptide, and removal of charge in the second
motif, in conjunction with increasing the propensity of the

peptide to adopt a helical conformation increased the affinity
(Table 2). These results indicate that the ninth residue is

involved in PEX14-PEX5 interaction, but it does not play
a critical role in determining the binding partner of the
WXXXF/Y motifs in TOPEX5. Although the 13-mer peptide
containing the second WXXXF/Y motif ofFbPEX5 did not
show any affinity for TOPEX14 in an in vitro assay, it

remains to be studied whether the second motif as part of

the TOPEXS5 contributes to the binding of this PTS-receptor
to TbPEX14.

The fluorescence assay between 7-, 10-, 13-, and 16-mer
peptides andTbPEX14(128) showed the dependence of o3
affinity on peptide length. Especially the 7-mer peptide had 24,

an approximately 100-fold lower affinity than the 16-mer

peptide. These results suggest that either residues outside25.
26.

the WXXXF/Y motif might be involved in the interaction

or, alternatively, that shorter peptides may have a lower

tendency to form a helical conformation which seems

important to make the tryptophan and phenylalanine/tyrosine
residues face to the same side of the helix. Finding the

minimum length of the peptide that retains most of the

affinity and understanding the reason for decreased affinity
of shorter peptides can have great implications for the design

of peptidomimetic inhibitors that can potentially interfere
with the PEX14-PEXS5 interaction.
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