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Abstract

Lipidation catalyzed by protein prenyltransferases is essential for the biological function of a number of eukaryotic
proteins, many of which are involved in signal transduction and vesicular traffic regulation. Sequence similarity searches
reveal that thev-subunit of protein prenyltransferas@®T«) is @ member of the tetratricopeptide rep€BPR) super-

family. This finding makes the three-dimensional structure of the rat protein farnesyltransferase the first structural model
of a TPR protein interacting with its protein partner. Structural comparison of the two TPR domains in protein
farnesyltransferase and protein phosphatase 5 indicates that variation in TPR consensus residues may affect protein
binding specificity through altering the overall shape of the TPR superhelix. A general approach to evolutionary analysis
of proteins with repetitive sequence motifs has been developed and applied to the protein prenyltransferases and other
TPR proteins. The results suggest that all members if@mily originated from a common multirepeat ancestor, while

the common ancestor of &Tand other members of TPR superfamily is likely to be a single repeat protein.

Keywords: helix packing; protein evolution; protein—protein interactions; protein prenyltransferases;
tetratricopeptide repeat

Protein prenyltransferas€BT9 catalyze the transfer of one or two a commona-subunit(Seabra et al., 1991while thea-subunit of
isoprenyl groups from either farnesyl diphosphate or geranylgeraGGT2 is distinct but homologous, and may include additional
nyl diphosphate to the C-terminal cysteins in a variety of proteinsdomains(Seabra et al., 1992; Armstrong et al., 129Bhe crystal
including nuclear lamins, trimeric G proteyrsubunits, Ras, and structure of the rat FT reveals that thesubunit contains 15 he-
nearly all Ras-related GTPas@3asey & Seabra, 1996; Zhang & lices that fold into a right-handed crescent-shaped supertiesdisk
Casey, 1996; Seabra, 199&renylation is essential for the mem- et al., 1997. The B-subunit is anx-a barrel of six helical pairs.
brane localization and thus the function of these proteins, most oThe concave surface of the-subunit superhelix embraces the
which play critical roles in important cellular processes such ag3-subunit at the open end of the barrel around half of its circum-
signal transduction and vesicular traffic regulati@hang & Casey, ference. The sequences of #are characterized by the presence
1996. There are three subfamilies of the PTs: protein farnesyl-of seven repetitive motifs. The first five repeats are easily detect-
transferasg(FT), geranylgeranyltransferase type(GGT1), and  able from the sequend8oguski et al., 1998 while the sixth and
Rab geranylgeranyltransferageabGGT or GGTR Extensive bio-  seventh repeats are more divergent. Th@ B&quences are com-
chemical and structural information is available on PTs, becausposed of six repetitive motifs that are different from those imPT
FT is a prime target for anticancer dru@aibbs & Oliff, 1997). All (Boguski et al., 199
PTs are composed of two tightly associatecindB-subunits. The PTs have been identified only in eukaryotes. It would be inter-
catalytic function resides on th@-subunit of PTS(PTB) and re-  esting to know whether they have prokaryotic homologs, which
quires a ZR™ ion (Chen et al., 1998 Thea-subunit in PTYPTa) will shed light on evolution of this interesting and unique group of
is also required for the activitfAndres et al., 1993 but its role is ~ enzymes. Because the and theB-subunits have distinct folds,
less clear. The structure of rat FT complexed with farnesyl diphosthey are likely to originate from different ancestral proteins. In this
phate suggests that Tparticipate in prenyl diphosphate binding paper we focus on the BT Folds similar to the P& have been
(Long et al., 1998 It has been shown that FT and GGT1 shareobserved in several other proteins, such as bacterial muramidase
(Thunnissen et al., 1994nd lipovitellin (Anderson et al., 1998
Reprint requests to: Nick V. Grishin, National Center for Biotechnology However, Strugtural ConSIIderat.lon alone does not aHO_W establish-
Information, National Library of Medicine, National Institutes of Health, ment of evolutionary relationship between these proteins and PT
Bethesda, Maryland 20894; e-mail: grishin@nchi.nim.nih.gov. because the structural pattern is very simpight-handed super-
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helix) and repetitive, and might occur independently by conver-catalytic domain are not detected Amchaea Therefore, the pro-
gence. In this case, only similarity at the sequence level wouldein gij2621120 inM. thermoautrotrophicumtermed here TPR
indicate homology. Indeed, statistically significant sequence simMt, must have a different function.

ilarity between P& and the tetratricopeptide repgdiPR) motif The TPRs usually exist as tandem arrays of 3—-16 motifs in the
was detected, which suggests thatsPi$§ a member of the TPR  polypeptide chains that can be composed entirely of TPRs, such as
superfamily. TPR Mt, or have additional domains located either outside the TPR

The TPR motif is defined as a degenerate 34-amino acid sedomain, such as in PP5 Hs, or inserted between TPRs, such as in
guence characterized by eight loosely conserved resigbsl ;- GGT2 Rn and NUC2 SpFigs. 1, 2. The multiple sequence align-
Gg-Y 11-As0-Fos-A 7 Pa-; the subscripts denote the TPR numbering ment of TPRs, including P, is shown in Figure 1. The TPR motif
in Sikorski et al., 199D TPRs are widely spread among all organ- has been defined as a helical pajBA where A and B are-helix
isms, from Eubacteria to Archaea and Eukarya, and occur in pronames, and indek denotes a repeat number along the sequence
teins that perform diverse functions such as cell cycle regulation(Sikorski et al., 1990; Lamb et al., 19931owever, in the current
transcriptional repression, signal transduction, stress response, nalignment we present repeat units as helical paifs B, in agree-
tochondrial and peroxisomal protein transport, protein secretionment with an earlier definition when repeats in PWere first
and DNAreplicationChen et al., 1994; Lamb et al., 1995; Gindhart described Boguski et al., 1992 Although different from the con-

& Goldstein, 1996; Koonin et al., 1996Mutagenesis and deletion ventional TPR definition, it seems more appropriate forRE-
studies revealed a role for TPRs in mediating specific protein-cause the linker sequence is better conserved between the helices
protein interactiongLamb et al., 1994; Smith et al., 1995; Tzama- B;A; ., than between helices;B;. The longest insertion in the

rias & Struhl, 1995. Recently, the crystal structure of the TPR B;A;,1 linker is nine residues lon¢FT Sc, Fig. 1, whereas large
domain of protein phosphatas€BP35 has been determind@as  insertions and even additional domains are placed between helices
et al., 1998 The PP5-TPR domain contains three TPR motifs andA; and B. Indeed, a 22-residue insertion is present betwegsmnél
adopts an overall structure of a right-handed superhelix with eacB, in GGT2 fromC. elegangFig. 1), and GGT2 from animal&at,

TPR composed of a pair of antiparallelhelices. human, ancC. elegang accommodates a globular domain of more

Here we describe the sequence similarity between repetitive mahan 100 residues between helicesaad B and a leucine-rich
tifs in PTa and TPR. Our finding that Rilis a TPR protein makes repeat domair{Kobe & Deisenhofer, 1994; Kajava et al., 1995;
the crystal structure of FT the first structural model of a TPR do-Kajava, 1998 after the last helix, A (Fig. 2.
main interacting with its protein partner. We compare the struc- The TPR sequence motif is highly degeneidig. 1). Although
tures of Flx and PP5-TPR, especially the interactions within andmost of the consensus residues are preserved withinfBily,
between TPRs. These analyses provide insight into the mechanissignificant differences exist. Namely, sites 7 and 20 in repeats 2 to
of the TPR-mediated protein recognition. Finally, we propose a5 are occupied by invariant Arg and Glu, respectively, instead of
general approach to the evolutionary analysis of proteins containeonserved Leu and Ala in typical TP&ig. 1). There are also
ing repetitive motifs and apply it to Rdand other TPR proteins. additional invariant residues in RToutside the TPR consensus
sequencéFig. 1). To understand the structural and functional sig-
nificance of these variations, we compared the crystal structures of
FTa (Long et al., 1998; Protein Data BaRDB) entry 1ft2 and
PP5-TPR(Das et al., 1998; PDB entry lal7

Results and discussion

Sequence similarity between #8nd TPR proteins

When the sequence of rat ETNCBI gene identification number
0i|417481, residues 89-3¥Ts used as a query for the gapped
BLAST search(Altschul et al., 1997, the sequence §#621120 The crystal structures of T and PP5-TPR show that an indi-
from Methanobacterium thermoautrotrophicui® found with a  vidual TPR folds into a pair of antiparallel-helices(helices A
score of 64 and an E-value of 1e-09. This score is higher than thand B), with TPR consensus residues involved in the packing of
with the yeast FT, RAMZgi|266880. M. thermoautrotrophicum  these two helices, in agreement with the sequence-based prediction
protein gj2621120 contains divergent TPR motifs, reminiscent of (Sikorski et al., 1990 Adjacent TPRs are packed together in a
those in O-linked N-acetylglucosamine transfere®&T) of eu- parallel arrangement resulting in a superhelical patt@PR su-
karyotes(Lubas et al., 1997 When iterative PSI-BLAST search perheliX (Fig. 3A,C). The concave surface of the superhelix is
(Altschul et al., 1997 is carried out with the rat FF and a strin-  formed by the helices A in each TPR, while the helices B packed
gent threshold E-value of 1e-06, instead of the default value of on the outside. The overall structures ofd&=@and PP5-TPR show
1e-03, known TPR proteins, such as CDCgj|231708, NUC2 substantial differencedig. 3A-D), resulting in root-mean-square
(gi|2135326, and SSN&Qi|283218 are found above the threshold deviation(RMSD) of 4.7 A between ¢ atoms of 97 residues as
after the first iteration. The TPR domain of PP5 with the known calculated by DALI(Holm & Sander, 1998 To understand the
structure(PDB entry 1alYis found on the second iteration with structural basis for this large deviation, we studied interactions
the score of 44 and E-value less than 0.001. Similar results arbetween neighboring helices By, BiA;.1, AiAi+1, and BB, ;.
obtained when a number of other #TBequences are used as The results of comparison of all possible helical pairs invFahd
queries for BLAST searches. These results strongly suggest th&P5-TPR are shown in Table 1.
the PTa is a member of the TPR protein superfamily. In FTa, the conformation of all BA; ;1 helix pairs(i = 1to 7)
Interestingly, althoughM. thermoautrotrophicumprotein  is well conserved, as indicated by the small averaged RMSD
gi|2621120 is closest in sequence to the human @aenorhab-  (1.18 A) and standard deviatiafSD) (0.25 A) among 21 possible
ditis elegansOGT and therefore is annotated as an O-linkedsuperpositiongTable 1, section)l The conformations of other
N-acetylglucosamine transferase, its sequence consists entirely tifree classes of helix pairs, including the TPR motiBA are more
TPRs and lacks the OGT catalytic domain. Orthologs of the OGTvariable, as indicated by the higher RMSR.36 A and SD

Structural analysis of TPRs
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(1.19 A) (Table 1, section)l The pairwise comparisons show that
the first TPR AB; is rather similar to the seventh TPR;B;
(RMSD 1.7 A, while the middle five AB; pairs(i = 2, 3...,6 are

The conformations of all helical pair combinations ind-Were
then compared to those in PP5-TPR. The reqUlgble 1, section
1) show that between the two structures, the conformation of
similar to each othe(RMSD about 1.0 A These two groups of B;A;,; is also best conservddveraged RMSD 1.19 A, with SD
helical pairs in FT are different from each othéRMSD more  0.33 A, very similar to those within Fa), while conformations of
than 3 A. The case of PP5-TPR reveals the same trends asdn FT the other three helix pairs are more differéaveraged RMSD
Although there are not enough superpositions to establish sounahore than 2.5 A; see also Fig. 3B,The structural comparison of
statistics, we see that the helix paiB, 1 has the most conserved individual TPR motifs AB; in the two structures reveals that the
conformation as indicated by the smallest SD in combination withA;B- of FTa is most similar to AB; in PP5-TPR(RMSD of 1.34,

small RMSD(Table 1, section I\

1.26, 1.04 A to TPR1, 2, and 3 in PP3A;B; is less similar
(RMSD about 2 A, and the middle five motifs are very different
(RMSD more than 3 A

In summary, our results indicate that the mutual arrangement of
the helices Band A is highly conserved in all TPR, regardless

— E; +— Al .

i of the particular structure they come from. On the contrary, the
- —ESZEAT —ELTAR -1 = VLLRSLOHK-——- 1 . . . .
s oty v s i i ey h conformations of the TPR helical pairsB) are variable not only

S LSPRELOLRASEE-DVAB---poT Sy 1 between F& and PP5-TPR, but within RT as well. This phe-
__LDESELE GANED -~ PATLENCEREVENHLET 1 nomenon could be explained by the differences in packing between

7 ---¥SIEALKKTSELL-ERNZE---FNATHNVRRDITASLAS 1 helices in the two structuré&ig. 4). We compared the helix pack-

7 :::ﬁtﬁggiﬁg;ﬁ:&gﬁ‘gz::{,@“%E;&g;ﬁ;_“: 2 ing in FTe and PP5-TPR with those in the typical parallel and
{-"?fﬁi-;i?ﬁﬁ-}%ﬁgmf"&;E?ﬂﬁgﬁf;;?'" 2 antiparallel coiled coil structuredable 1, sections IV and
EIFFWDEELVEFVMMLL - :\I!‘(I-'K——— .T"'_[WIIHZRL 'imJ‘LP'I‘—- 15 g
---DPSQELEFIADIL-NOTAG- - - MESAWSHRSFVIOEFR 3
M il St e Sy [ wd : Fig. 1. Sequence alignment of RT-with other TPR proteins. The align-

124 "Efr‘-’é;::?ﬁ{c"‘;ﬁ CCTS- ;ﬂﬂiﬁﬁiﬁﬁ 3 ment includes the representative proteins from PT farfalyove the first
::?DFKELALQEHL_:L‘DM"ZZZWHMW‘@_‘MP 3 red ling, CDC2723 family (below the last red ling and several divergent
SPRVWQTELAVVNELL - EQTAR - - - NYHGWH YRRIVVGNIES - {2) 3 TPR proteingbetween the red lingsSequence names consist of a protein

15 - - LiDNELOTVDOLL-RERVE- - - EVWEQREEVISHTTE 4 name and a two-letter species name abbreviation. The protein names used
& - LERQLTE RLIL LLOGR - - NSNS L gL ¥ H are: FT, a farnesyltransfergggeranylgeranyltransferase typerdsubunit;
S5 - -DORBLAYASDLI- E-DE“II”;___MMWERENT.%;_ 3 GGT2, a geranylgeranyltransferase typerbubunit; TPR, TPR protein;
B :11 OGT, O-linked GIcNAc transferase; SSN6, SSN6 protein; PP5/T3et
23 NKSLOKEEFEYTTIEI-NHHIS---NY SAWHCRVOIISRMFQ- | 6) 4 IOFOtIEiﬂ phofsfp|r(1ja|t'ise 5; C_:D(é2D7é2%e” d|I|V(IjSI0n cyclel prOteir] 2273, ﬁﬁ%'
e - tein; , cell division cycle protein 23; ,
. Bn 2% T‘_-__—_-EP‘"“W N 5 nuclear scarro .| € pro e ] /
;; 32 e Eﬁ;iﬁ;ﬁﬁ&?ﬁ Eéu ] 5 unknown. Species name abbreviations are: At, thale drAssbidopsis
g thaliana); Ce, worm(C. elegang, Ec,(Escherichia col); Hs, humar{Homo
5 sapieng; Mt, (M. thermoautotrophicum Rn, rat(Rattus norvegicus Sc,
55: yeast(Saccharomyces cerevisia&p, fission yeastSchizosaccharomyces
pombeg; Tc, (Trypanosoma crugzi The NCBI gene identification numbers
2 (gi numbers for each sequence are: FT Rn, 41748DB entry 1ft2; FT
SDPSWSSVELNVL - SRTDC - -FHGFALSTLLOLLC DGLR 5 Ce, 2736325; FT At, 3142698; FT Sc, 266880; GGT2 Rn, 730316; GGT2
DSHVVDFATTFIGOVL-SLPIG {9 )] SSYALEFLAYHEWGAD &
Ce, 3800984, GGT2 Sc, 728961; TPR Mt, 2621120; OGT Hs, 2266994,
ESTVLOSELESCEEL( -ELEFE- - - KW B 1 ’ 1 ) ’ 3 3 3
QPAYIGELLEDCKQLI-ELEPK- & SSN6 Sc, 283218; TPR Ec, 1176172; PP5 Hs, 3212PHB entry 1aly,
FULRENTLL DINDELE "F SRS ¢ CDC27 Hs, 231708; NUC2 Sp, 1709403; CDC23 Hs, 3283051; UNK Th,
g En 330 ggggﬁmﬁ;ﬁgﬁxg;ﬁ— 7 3063543. Each alignment is broken into TPR repeats, and the repeats are
BT AL 289 EEPB—.{W,L,.CL‘HE EDE P aligned. All seven repeats are shown ford?The three most conserved
FT --CTRDNAVEAYSLLATEYDED - - - RENLWHHELNNLY - - - — i consecutive repeats are shown for CDCZZ the three repeats with known
T2 oo 106 prneveElEEeEni - - Rerlr e s ] spatial structure are shown for PP5, and only two consecutive repeats,
BETZ Se 257 EALTERSEEQVLVQLI-DADEL---RENRYLHLLEQHR----------230 7 which are most similar to PT repeats, are shown for other TPR proteins.
5 The sites, which belong to the consensus of TPR repeat, are shaded with
i} = ~OLgo--- » yellow, and amino acids are shown in bold. Proline residues in the posi-
NI S Sy S R e H tion 32 are shown in red. The TPR consensus residues are shown below the
- -~ KWSQALECFRYIL - POPEAPLOEWDIWF QLGSVLESHG- 5 alignment and the numbers under TPR consensus indicate the position in
i} ;QME“:Z;j’;:_g;::“p;vmmnmﬂ_‘ viees s the repeat as in Sikorski et &1990. The sites with residues involved in
- - -NEDAAYEAPDEVL - SLDPT- - - YHYAHLNRGTALYYGGR (149} -284 3 BiA.1 interaction are also shown in bold, and their consensus residues are
---DYENAIEFYSQAI - ELNES- - -NATYYGNRSLAYLRTE ---—- L iven at the very bottom. The sites, invariant within the whole famil
5 g ry y
bt renyltransferase or CDC237), are shown in green bold letters. The
preny 9
O S — S-S " a-helices in known structures are shown as lines above the corresponding
VPLSYLAHETL -ETHEY - - - SPESWC ILANCESLO 4 sequence. The secondary structural diagram above the alignment shows the
- ELSYLAHNLC-EIDKY---FVETCCVIGNYYSLE 4 iti i 1
M ity e i R Sl 3 _pc:js'ltlc;n(sj ct)rf] helices tBand bAﬂ;r;he nqgnber to It:h_lt_e Iggh_t of Ieacéh_bl?r(]:k
---EHDIAIEFPQRAL -(VDEN- - -¥AYAYTLLGHEFVLTE- 5 Indicate € repeat number he residues in n invoived in the
-~ - EHSQALECINRAIL - LDET- - - FEYAY T LQGHEHSANE 5 interactions with the3-subunit(within 3.5 A distance of any residue in
IO e e i A Sy iy A : fB-subunit in PDB entry 1ftRare printed in white and shaded by red. The
- BLORRLACERNEL -RVHBR - B YRRy EBMIRVEOE- (1751 -823 & numbers of the first regldue in every b!ocl_( are shown after th(_e sequence
EYERSKTSFRRAI-RVIVR-- - HYNAWYGLGMVYLKTG- (152)-665 6 names. The numbers in parenthesis indicate how many residues in an
A A A e S e (gl s insertion are not shown. The numbers at the end of the sequence indicate
TP conssnsus E 3K 5 Em 3z the total number of amino acids in the protein. Igd and LRRd label the
Consensus rumber 20 24 27 32 4 7811 positions of an inserted globular domain and a leucine rich repeats domain,
2,A.., interacticn P A W

respectively.
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repeats The figure is to scale except the region with two slashes.
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These comparisons demonstrate that thg B, packing in Fy,
as well as in PP5-TPR, is very similar to that in the typical anti-
parallel coiled coil. Such packing is observed, for example, in
colicin la(Wiener et al., 199¥and is characterized by the “ridges-
into-grooves” interfacéChothia et al., 1981 This packing is rel-
atively sequence independent. The differences in amino acid
sequence cause only moderate variations in all the structures com-
pared(RMSD about 1.2 A; see Table 1, section)IV

In contrast, most of the helices And B in FTa (i = 2 to 6
are much further apart than the helices in the typical antiparallel
coiled coil (Fig. 4A). Side-chain—to—side-chain packing domi-
nates the interface between these helical péfig. 4A). The
residues at the TPR position 7 and 20, occupied by highly con-
served hydrophobic residues in classical TPR proteins, are Arg
and Glu, respectively, in the middle four repeats ina-These
charged residues are mostly inaccessible to solvent and form
interhelix salt bridges between helicesand B (Fig. 4A). They
also interact with neighboring hydrophobic residues through hy-
e%P()phobic part of their long side chains. These polar substitu-
tions and the invariant Trp at position 4 largely dictate the relative
disposition of helices Aand B.

Fig. 3. Ribbon presentation of TPR structures. Overall structure of Rat RI (residues A90—A369, PDB entry 1jt2B: Four
neighboring helicegresidues A232—-A306rom FTa. C: Overall structure of PP5-TPResidues 19-148, PDB entry 191D: Four
neighboring helice¢residues 20—93from PP5-TPR. The four neighboring helicesBrandD are selected from each structure with

the helical pair BA;. 1 superimposed and separated for clarity. One of the TPR repkatsB;. 1) is shaded. Conserved Pro residue

in the turn between helices Bnd A, and the side chains of conserved Trp residues ia &id corresponding residues in PP5 are
shown in ball-and-stick presentation. The N- and C-termini of the structural segments are labeled by letters N and C, respectively.
Figures 3, 4, and 5 are drawn by BOBSCRIfEsnouf, 1997, a modified version of MOLSCRIPTKraulis, 1993.
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Table 1. Analysis of RMSD in TPR repeats and other pairs of hefices

| 1] 1] \ \%

i FTa vs. FTa PP5 vs. PP5 FTa vs. PP5 FTa vs. coil PP5 vs. coil
Superimposed
structures Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N
AiB; 2.36 119 21 0.75 026 3 2.98 090 21 3.56 0.96 49 1.95 014 21
BiAii1 1.18 025 21 0.87 011 3 1.19 033 21 1.24 0.34 49 0.86 019 21
AiAii1 2.49 135 21 1.34 035 3 2.50 053 21 2.64 051 14 1.40 0.39 6
BiBi+1 2.14 092 15 0.83 — 1 2.60 051 12 3.73 043 12 3.25 0.20 4

aThe rows are attributed to the class of a helical pair and columns summarize the information on a group of superimposed structures.
The RMSD valuesin A) are given for the mean and the standard deviat®i) of superpositions among the helical pairs within each
class and groupN stands for the number of superpositions performed. The standard deviation of thestegatard errgrcan be
estimated as SIN%5. Structure of colicin A(PDB entry 1ci) is used as an example of antiparallel coiled coil for comparisons of
BiAi+1 and AB;. The structure of leu-zipper GCN#DB entry 2ztais used as an example of parallel coiled coil for comparisons of
AjAi;1 and BB;; 1.

In contrast to F&, in PP5-TPR the helices;Aand B (Fig. 40 Ai+1, and is completely buried in the hydrophobic core formed by
are closer to each other than those in typical antiparallel coiledhe three helical bundle ;B;A;. 1. Other important interactions
coil, resulting in slightly larger deviationd)RMSD 1.95 A when between helices; 1 in FTe include hydrogen bonding between
compared to coliciriTable 1, section Y. Several highly conserved an Asn side chaifiN199 or N233 near the N terminus of Aand
small residuegsuch as glycines at positions 8 and alanines at 20a main-chain carbonyl near the N terminus of helix A These
and 27 are absolutely critical for this tight packing. Asn residues are invariant among all RTFgy. 1), emphasizing the

The conformation of two groups of parallel helix pairs®, 1 importance of these interactions for the structure and function of
and BB, is also different between FiTand PP5, as shown in the protein. Helices #;., are arranged in a similar manner to
Figures 3B and 3D. A\, in PP5-TPR resembles typical parallel A;jA;;1 in FTa, but do not interact with each other in PP5-TPR
coiled coil such as the leucine zippéRMSD 1.4 A; Table 1, (Fig. 3B,D).
section V), in which the two helices form a left-handed coil with
the “knobs-into-holes” packing of side chaii@rick, 1953; O’'Shea
et al., 1991. The helices A1 in FTa, however, form a right-
handed coil resulting in larger deviation from the leucine zipperThe crystal structure of FT provides a structural model of inter-
(RMSD 2.64A; Table 1, section IV; Fig. 3BThe invariant Trp at ~ actions between a TPR domain and its protein partner3taeb-
position 4 in helix A of FTa interacts with both helices;Band unit of FT. All residues in F& that interact with FB are located

Mechanism of TPR-mediated protein—protein interactions

Fig. 4. The packing of consensus residues in TPR structures. Side chains of all eight consensus residues in; Birapedisplayed
and labeled. Each helix in a repeat is labeled by its name and repeat némibee packing in the typical repeat of RIft2, residues
A121-A166. Hydrogen bonds between R137 and E151 are shown in dotted Bnd$e packing in the termindl7th) repeat of FT
(1ft2, residues A307-A351C: The packing in a typical TPRlal7, residues 91-182
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on the concave inner surface of the TPR superhelix, mostly on onand a larger twist than those in the &$uperhelix. As a result, the
side of the helices A but also in the loop regions connecting continuous groove formed by the helicesiAthis TPR model is
helices B and A, (Figs. 1, 3. This extensive interface buries suited foraccommodating a singlehelix. In FTa, this interacting
about 3,300 A of solvent-accessible surfa@ark et al., 199y surface forms extensive contacts with a protein subunit consisting
which is typical for an oligomeric proteiJanin et al., 1988 of 437 residues. It is likely that the residues in direct contact with
The packing dictated by the unique #Tonsensus sequences the TPR protein partner should contribute to the interaction spec-
leads to the unusual conformation of&$uperhelix, which is well  ificity. Mutagenesis data indicate that TPR consensus residues are
suited for the interaction with the large« barrel of F1B. First, crucial for the intermolecular interactions as wéllamb et al.,
the replacement of the Leu and Ala at positions 7 and 20 for Argl994). A single mutant in CDC27p S&613D) results in a greatly
and Glu, respectively, is largely responsible for the deviation fromreduced ability to interact with CDC23p, but has no effect on
the typical TPR motif packing. Second, invariant residues outsidénteractions with wild-type CDC27p and CDC16pamb et al.,
the eight TPR consensus sites in the PT fandlglored green in  1994. In FTa all TPR consensus residues are involved in the
Fig. 1) have important structural and functional roles. Some ofpacking between two TPR helices And B (Fig. 4), but not
these residues are involved in stabilizing the unique conformatiomlirectly in contact with FB. Our analysis suggests that varying
of the TPR superhelix as discussed abdeey., N199, N23B residues in TPR consensus sites would change the relative arrange-
Others are directly involved in the interactions with Bxsubunit ~ ment of helices Aand B, which in turn would alter the overall
(Figs. 1, 5. Additionally, an invariant K164 is involved in the shape of the TPR superhelix and thus its interacting surface.
substrate binding and thus is critical for the enzyme actity- Sequence conservation pattéfig. 1) suggests that most TPR
dres et al., 1993; Long et al., 1998 protein domains must have structure more similar to the PP5-TPR
The interaction surface in FTis in principle similar to that  superhelix than to Fd. However, the high level of degeneracy in
proposed for PP5 TPRDas et al., 1998 However, the predicted the TPR consensus sequences indicate that there could be a wide
TPR superhelix model by Das et &.998 has a smaller curvature range of varying conformation of TPR superhelix, as has been
demonstrated in the PP5-TPR andd="Rs a result, different TPR
proteins could interact with a wide range of protein targets of
different sizes and propertigtamb et al., 1995; Tzamarias &
Struhl, 1995.

The evolutionary history of Rd

The analysis of the evolutionary relationship between proteins con-
taining repetitive motifs is complicated because it is problematic to
obtain adequate sequence alignments. In principle, any repeat can
be aligned with any other homologous repeat. For the meaningful
phylogenetic analysis, it is important to find the correct register of
the repeats between the protein sequences.

It has been pointed out by Kobe and Deisenhdf€94) that
two evolutionary scenarios are possible for proteins with repeats:
(1) the common ancestor of the present-day proteins already con-
tained multiple repeats dR) the common ancestor was a single
repeat protein, and the multiple repeats in present-day proteins
originated independently. These two different evolutionary path-
ways can be distinguished by comparing sequence ideftity
similarity) between repeats WITHIN one proteiself-identity to
that between corresponding repeats BETWEEN different proteins
(cross-identity, and also to that between any but corresponding
repeats BETWEEN different proteinshifted-identity. Cross-
identity greater tharshifted-identityand self-identityof both pro-
teins indicates that the two proteins most likely evolved from a
common ancestor that already contained multiple repeza!-
identity of both proteins higher thaoross-identityand shifted-
identityimplies that multiplication occurred independently in each
protein unless substitutions in different repeats are correlated. If
“molecular clock” hypothesis is not valid, theelf-identityfor one
protein in a pair of proteins that are related by the second scenario
might be lower than theross-identityand shifted-identity The
second scenario also allows the number of the repeats to vary
Fig. 5. The interactions between andB-subunits in rat FT. The-subunit  between different protein families. In reality, various combinations
is colored cyan, th@-subunit yellow. The residues in kTthat are within of the two scenarios are possible. Additionally, the picture might

3.5 A from any atom of FB are colored red. Amino acid side chains in . - .
FTa that are in contact with F3 are shown in ball-and-stick presentation. be complicated by the possibility of gene conversion among re-

The N- and C-termini of both subunits are labeled in corresponding colorPeats. However, the repeat conversion event is equivalent to the
The helices in F& are labeled according to Figure 1. deletion of one repeat copy and duplication of another, which
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replaces the deleted one. In this sense conversion is equivalent tdentity (16.6%9 or the self-identity(~16%) (Table 2, section)l
the repeat duplication, because the trace of the deleted repeat Therefore, the F& and GGT2 originated from an ancestor that
lost. Therefore, if gene conversion occurred in evolution of TPRalready contained multiple TPR motifs as a present-day @ifst
repeats, our methods will detect the divergence point of the lasscenarig. Circular permutation analysis reveals that when the first
conversion event that took place. If conversion events are rareggnd the lastseventh repeats in P& are aligned, the shifted iden-
there will be a significant heterogeneity in similarity between in- tities are higher than in other cases18% vs.~15%), which
dividual repeats in a protein, because the repeats that are related lgplies a more complicated evolutionary history in which the seven
conversion would be more similar to each other. Our analggis  TPR motifs in PTx might have heterogeneous origins. The same
below) have shown that this is not the case. If repeat conversionfirst evolutionary scenario is also conceivable for the two subfam-
are very frequent, then the repeats will be very similar to eacthilies of typical TPR proteins: CDC23 and CDC27, as indicated by
other, and we will not be able to find the repeat-specific conservedhe significantly higher cross-identity over self-identity and shifted
regions between orthologous proteins. These conserved regiomgentity (26.8% vs. 14.5%(Table 2, section )\
exist in most TPR proteins we have analyzed. Therefore, frequent When the identities are compared betweemRhd CDC2327
gene conversion is also unlikely for most TRP proteins. families, the cross-identity~11%) is lower than the self-identity
To understand the evolutionary relationship between Rfd (14.3% in CDC2327 and 16.0% in P&) and statistically equal to
other TPR proteins, we analyzed tkelf-identity cross-identity ~ the shifted-identity~11%) (Table 2, section IlJ. Additionally, the
andshifted-identity The results are shown in Table 2. Analogously number of TPRs in these protein families is differgig. 2). It is,
defined similarity scores instead of identities lead to the sameherefore, likely that they evolved mainly through the second evo-
conclusiongdata not shown Within the Pl family, there are two  lutionary scenario, i.e., they have a common single ancestral TPR
subfamilies: FTGGT1x and GGT2. In these two subfamilies, that diverged later in each family. Dot-plot analysis reveals addi-
the cross-identity(23.1%9 is significantly higher than the shifted tional information about the individual repeats in the two families

Table 2. Analysis of identity percentage in TPR repéats

| 1l 11 [\ \%
Groups GGT2—FT CDC27—CDC23 PT—CDG2B PT—different TPR PT—MtTPR
Group numbers 1 2 1 2 1 2 1 2 1 2
Number of sequences 4 10 6 4 14 10 14 5 14 2

Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N

Analysis of individual repeats

Self group 1 163 7.1 84 143 5.7 126 16.0 8.3 294 16.0 8.3 294  16.0 8.3 294
Self group 2 158 8.7 210 142 7.7 84 143 6.6 210 289 181 105 56.2 134 42
Cross 231 81 280 26.8 11.6 168 10.6 4.6 980 131 6.5 490 17.4 6.0 196
Shifted 166 79 1,680 145 6.1 1008 109 53 5880 129 6.2 2,94107.2 6.6 1,176
Circular permutation analysis for the entire sequence
Cross 229 1.7 40 26.7 2.7 24 106 14 140 131 33 70 17.4 2.3 28
Shift 1 repeat 188 1.4 40 145 2.0 24 110 17 140 129 35 707.7 2.1 28
Shift 2 repeats 148 15 40 154 2.3 24 117 15 140 128 3.1 7071.7 2.2 28
Shift 3 repeats 140 2.0 40 137 15 24 107 1.7 140 128 3.3 706.7 2.3 28
Shift 4 repeats 16.2 23 40 133 15 24 111 138 140 129 2.8 707.1 24 28
Shift 5 repeats 16.8 1.8 40 135 1.9 24 101 1.7 140 128 31 706.8 2.0 28
Shift 6 repeats 183 1.2 40 165 1.7 24 105 1.6 140 132 3.0 707.5 1.8 28
Mean for shifts 165 1.7 6 145 1.2 6 109 05 6 129 0.1 617.2 0.4 6
Dot-plot: 1234567 6 7

2
N

repeat vs. repeat

45
NN
N

N oYU W
N ol W
~N OO W N

~N oUW

aEach alignment includes seven repeats. The “different TPR” group includes sequences from T¢R621120, OGT Hs(gi|2266994, SSN6 Sc
(gi|283218, TPR Ec(gi|1176172, and CDC27 H&i|231708. The standard deviatiof8D) indicates variability of identity percentage between repeats
and/or between sequences in a grobpis the number of comparisons performed. The standard deviation of the (staadard errgrcan be estimated
as SON?®. The “mean for shifts” row contains the mean and SD from the mean values of shifts 1 to 6. In dot-plots the rows refer to repeat in group 1,
and columns refer to the repeat in group 2. The black and white triangles stand for the largest and the second largest identigolnmmnowespectively.
Pointed down(D\) and up(N) triangles refer to the rows and colums, respectively.



a-Subunit of protein prenyltransferases and TPR 1665

(Table 2, bottom The fifth TPR(residues 615—-649 of CDC27 Hs A
in Fig. 1) in CDC23/27 family is usually more similar to the TPRs -
of PTe, while the first and seventh repeats ind®dre more similar Animals FT Ce
to the repeats in CDC227. GGT2 Rn FT Rn

Similar results are obtained when thedPfamily is compared to
a group of diverse TPR sequend@able 2, section IV, including
TPR Mt(gi|2621120, OGT Hs(gi|2266994, SSN6 Sdgi|283218,
TPR Ec(gi|1176172, and CDC27 H&i|231708 (protein name
abbreviations are explained in Figure 1 legend, NCBI gi numbers
are given in parenthegisThe average self-identity in these TPR
proteins is much higher than that in 728.9 vs. 16% while the
shifted and cross-identity are loiw13%). Dot-plot analysis shows GGT2Sc
that the first repeat in R¥is somewhat more similar to the TPR
repeats in other TPR proteins. This result is consistent with the Yeast o
structural consideration that the first repeat inaFffas a confor-
mation more similar to the typical TPRs such as those in PP5-TPR.

Even comparison of RTwith their closest sequence neighbors,
such as TPR proteins froM. thermoautrotrophicunigi| 2621120, B 1 CDC"’Z gf:cw y
0i|2621106 does not reveal that their common ancestor shared  1CDC23 Hs ®  20GTHs 1 GaT2 R G126
more than a single repeat with théifable 2, section Y. However,
two unusual facts are noticeable. First, the self-identitylirther- 1CDC23 Sc¢
moautrotrophicunTPRs is very high56.2%. Second, the value
of the cross-identity that is about the same as the shifted-identity,
is higher than the self-identity among #T17 vs. 16%. This is

Animals

GGT2 Ce

indicative of substitution rate differences between lineages and  2C€DC23Sc_ oz - 2FT Ce
breaking down of the molecular clock hypothesis. Indeed, these -
data indicate that highly similar repeatshh thermoautrotrophi- 2¢cb 22 273027 sc 2CDC27THs 2 GGT2Rn ZFTRn

cumTPRs might be closer to the ancestral repeat of all TPR pro- 2GGT2Ce

te.'”.s' !ncludlng P&. This might be t_he reason for the higher Fig. 6. Phylogenetic trees for Rfand TPR proteins. Sequence name ab-
similarity betweerM. thermoautrotrophicurifPRs and P&, com-  previations are according to Figure 1. Additional species names include Le,
pared to that between typical TPRs andePT tomato(Lycopersicon esculentumand gi numbers for the sequences not
To verify the conclusions from the analysiss#lf- cross; and ~ shown in the alignment on Figure 1 are: FT Le, 1815666; CDC27 Sc,
shiftedidentity percentages, we used evolutionary tree reconstruc284897. Branch lengths are drawn to scale with evolutionary distances.

ti thods. B d th ltio| i t af PT Bootstrap values, based on 1,000 replications, are shAwAn unrooted
lon methods. Based on the mulliple sequence alignment o tree of PTa-subunit. Thicker lines indicate sequences containing Igd and

a phylogenetic tree was constructed using the PHYLIP package aRRrd. Sequences of several mammalian PTs very closely related to rat
described in Method$Fig. 6A). This unrooted tree shows clear sequence, namely FT from mou§2497463, bovine (266753, human
separation between FEGT1 on one side and GGT2 on the other. (1346694, and GGT2 from humaii2497464 are not shown for clarity.
Every branching poit s supported by igh bootstap values. T, The (e 0 P 16 aler [P e, e e = il fon e
sequences of animal GGT2 proteins that contain additional doryy was aligned with the circularly permuted s&¥ (see Methods

mains, such as Igd and LRRHigs. 1, 2 are grouped together. The

tree construction is based entirely on TPR sequences without using

information from the additional domains. Because these additional

domains are present in such diverged animals as rat and worm, and

not present in yeast GGT2 as well as in all FTs, we hypothesizgpamilies(FTa and GGT2) are grouped with circularly per-
that they were inserted in the GGT2 sequence during or before thg, o4 selves and are separated from the other TPR sequences with
divergence of animals, at least before the separation of the worrg, bootstrap value 85%. The same is true for the CDC23 and

and vertebrate lineages. Curiously, plant GGT2 sequences are Nneh o7 subfamilies and for the sequence of OGT. Therefore, the

yet known. tree supports the conclusion derived from the analysis of identity

Generally, to root the tree, a divergent but rather similar NOmo, ¢ cantages that the common ancestor of all these proteins was a
log is used. Because RTsequences contain repeats, and homol-

single repeat proteitsecond scenari@nd each of the subfamilies

ogy between repeats within one sequence reflects evolutionary, pt ang CDC2723 families had a multirepeat ancest@irst
events, preceding the separation between FT and GGT2, we C&Renario.

use this information to root the RTtree. The self-identity in P&

higher than cross-identity with other TPR proteins ensures that the
repeats in PT sequences are the closest homologous sequengg@gthods
Additionally, we can use other TPR proteins to place the root. Each

repeat is too short as an individual u(84 amino acidsto use for S vsi

tree reconstruction; therefore, we utilized the entire sequence alignede quence analysis

with the circularly permutated sel(see Methods The tree that Sequence similarity searches were performed using gapped BLAST
includes representative FT, GGT2, OGT, CDC23, and CDC27 seand PSI-BLAST program@ltschul et al., 199Yon the nonredun-
guences is shown in Figure 6B. It is clear that sequences af PTdant(NR) protein sequence database of the National Center for
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Biotechnology Informatior{NIH, Bethesda, Maryland Multiple residues, in a form of “helix nanfeesidue numbejs were used
alignments were constructed with the ClustalW proggdiomp-  for FTa: A1(96-109, B1(113-126, A2(131-144, B2(148-161,
son et al., 199%4and adjusted manually at certain regions to fit A3(166-179, B3(182-195, A4(200-213, B4(216-229, A5(234—
PSI-BLAST local alignments and to avoid gaps in the secondan?47), B5(256—269, A6(274-287, B6(292-303, A7(309-322,
structure elements. The alignments were broken into individuaB7(334-347, A8(354-367. The following residues were used
TPR repeats and the repeats were self-aligned to match TPR cofoer 1al7: A128-41, B1(44-57, A2(62-75, B2(78-91, A3(96—
sensus, PSI-BLAST local alignments and structural equivalentd09), B3(112-125, and A4130-143. Seven overlapping helical
when structure is available. The resulting alignments were used teegments, structurally equivalent to TPR repeats, were defined in
calculate average identity percentage and similarity score betweesm antiparallel coiled coil region of 1cii: helix1 is frof@67—Kk) to
a pair of protein families. Identity percentage in a segment of a280-%), helix2 is from(388+7k) to (401+7k), k = 0, 1,...,6.
sequence pair alignment is defined as the number of identicalwo overlapping helical segments were defined in a parallel coiled
residues in the alignment divided by the number of sites withoutcoil of 2zta: helix 1 is chain A fron{12—7%k) to (25-%), helix 2 is
gaps. Blosum62 matrikHenikoff & Henikoff, 1992 was used to  chain B from(14—%) to (27-%k), k = 0, 1.
assign the similarity scores to every pair of residues. For each of the four classes of helical pairs in TPR repeats,
A program in C language was written by the authors to performnamely AB;, B;Ai+1, AiAi+1, and BB, (for 1ft2,i = 1,...,7,
the calculation. Namely, for two protein familiésandY of n and i # 7 for the class BB;,1; and for 1al17j = 1,...,3,i # 3 for the
m sequences each, respectively, an@PR repeatddefined as class BB;.1), RMSD between all superpositions of each helical
BiA;;1) in each sequence, the mean and the variance of identitpair to all other nonidentical helical pairs within the class was
percentage(similarity scor¢ were calculated for the following calculated. For each class the data were averaged in three groups:
cases. 1ft2 vs. 1ft2(a pair from 1ft2 superimposed with a pair from 2ft2
First, individual repeats were analyze®elf-identity measured 1al7 vs. lal7a pair from 1al7 superimposed with a pair from
as an identity percent between a repgah a sequencs from a 1lal? and 1al7 vs. 1ftPa pair from 1al7 superimposed with a pair
family X (or Y) and a repeal, (j» # j1) in the same sequense  from 1ft2). For example, for the helical pair; B; 1 in 1ft2 vs. 1ft2
was calculated for every repeat in every sequence and averagegoup, there were ¥ 6/2 = 21 superpositionseven repeatsand
within a family (X or Y). This resulted in averaging ok(k — 1)/2 for the helical pair BB;; and 1al7 vs. 1ft2 there werex26 = 12
andmk(k — 1)/2 measurements for familieéandY, respectively.  superpositiongtwo and six pairs of this class presented in 1al7
Cross-identitybetween families< andY, measured as an identity and 1ft2, respectively Within each class and group variances
percent between a repgatin a sequencs from a family X and  were calculated.
corresponding repedf in a sequence from a family Y, was For each antiparallel helical pairs& ., and AB;, the RMSD
calculated in every repeat for every pair of sequences from famief its superposition with every helixl-helix2 pair of 1cii was
lies X and Y and then averaged. This resultedknm measure-  calculated and averaged in two groups: 1al7 vs. 1cii and 1ft2 vs.
ments.Shifted-identitypbetween familiesX andY, measured as an 1cii. For each parallel helical pairsA;.; and BB;,; the RMSD
identity percent between a repgain a sequencse from a family ~ of its superposition with every helixl-helix2 pair of 2zta was
X and a repeaj, (j» # j1) in a sequence from a family Y, was  calculated and averaged in two groups: 1al7 vs. 2zta and 1ft2 vs.
calculated in every repeat for every pair of sequences from familie®zta.
X andY and averaged. This resultedinm(k — 1) measurements.
Second, the entire sequences were analyzed for the possibility ?:Ivolutionary tree construction
circular permutations. Cross- and shifted-identities for shifts in
1,...,k repeats were calculated for the entire sequence and avel-he alignments of P& were used for the unrooted tree reconstruc-
aged between sequences instead of averaging between repeats. &on. To root the tree and to approach the question on evolution of
example, the shifted identity for shifting repeats between the individual TPR repeats, the selected sequences of PTs were aligned
sequence from the familyX and sequencefrom the familyY is with the sequences of other TPR proteins. A second identical align-
defined as the identity in the alignment of sequescwith a ment was templated onto the original one with the repaégned
circularly permuted sequencen which the beginning of repeat  with the repeaj + 1 and the last repeat was aligned with the first.
is N-terminal and aligns with repeat 1 of sequegdbe firstrepeat  The resulting alignment contained each sequence twice: sequence
in r follows the last repeat and the— 1 repeat is C-terminal and aligned with a circularly permutated self. The alignments were not
is aligned with the last repe&tof s. The mean value of identities edited to remove regions with gaps. Evolutionary trees were con-
for shifts 1 tok was calculated. The dot-plofsepeat vs. repept  structed with the PHYLIP packagéd-elsenstein, 1996 SEALS
were constructed from the average identity percentage of r¢peat package(Walker & Koonin, 1997 was used to reformat align-
in a sequencs from family X and repeaj, in a sequence from ments to PHYLIP format. The distance methgdotdist program
family Y. Averaging is performed for sequence pairs, not repeatswas used with the PAM matrix, and neighbor-joining algorithm
(neighbor programwas utilized to construct the tree from the
Structure analysis distance matrix. Boot_strap ana_lly_iénaql_)oqt,_ consence progr_a)ms
was employed to validate statistical significance of branching.
Structural comparisons of subunit of farnesyl transferag&ft2 A;
Long et al., 1998 three TPR repeats from PREal7; Das et al.,
1998, coiled coil segments of colicin ALcii; Wiener et al., 199}
and Leu-zipper(1zta A B; O’'Shea et al., 199were performed After submission of this paper, the first plant sequence of a Rab
with the Insightll packagéBIOSYM). The helix core common to  geranylgeranyltransferagieom Arabidopsis thalianagi|4220541}
every TPR repeat was defined as 14 residues in helix A and 14vas released. Similar to animal Rab GGT, it contains Igd and LRR
residues in helix B112 main-chain atoms in toalThe following domains in addition to TPRs.

Note added in proof
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