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NOVEL REPETITIVE SEQUENCE MOTIFS
IN THE « AND g SUBUNITS OF
PRENYL-PROTEIN TRANSFERASES AND
HOMOLOGY OF THE o SUBUNIT TO THE
MAD2 GENE PRODUCT OF YEAST

TO THE EDITOR:

Protein prenylation is an important post-translational modifi-
cation affecting many diverse aspects of cell biology. Identi-
fied targets for prenylation include p21s proteins, {ungal
mating factors, the vy subunits of G proteins, and nuclcar
lamins, and prenylation mediates the targeting to and anchor-
ing of these proteins to cellular membranes (Maltese, 1990;
Rine and Kim, 1990; Der and Cox, 1991; Glomset et al.,
1991). Prenylation invoives thioether linkages of isoprenoid
groups to “C-a-a-X"! boxes and other carboxy-tcrminal,
cysteine-containing molifs and is catalyzed by heterodimeric
enzymes consisting of a and 8 subunits (Reiss et al., 1991).
c¢DNAs for scveral B subunits have been cloned, including rat
B-farncsyltransferase and its yeast homolog the RAMI1 (DPR1)
gene product (Goodman et al., 1988; Chen et al., 1991a). The
Saccharomyces cerevisiae genes BET2 and CALI (CDC43)
are also members of this scquence family (Ohya et al., 1991;
Rossi et al., 1991). He et al. (1991) have recently cloned an
a-subunit gene, RAM2, from S. cerevisize and mammalian
a-subunit cDNAs have also been identified (Kohl et al., 1991;
Chen et al., 1991b). We would like to describc somc interest-
ing structural features of a- and B-subunit sequences and
their functional implications. We would also like to report
that « subunits arc evolutionarily related to the MAD2 gene
product which is invoived in feedback control of mitosis in
budding yeast (Li and Murray, 1991).

Muitiple alignment analysis ol the yeast RAM2, rat
FT-w, and yeast Mad2 sequences revealed significant internal
repeats (Boguski et al.,, 1992; Boguski, in press) which are
further characterized here. These repeats have an approxi-
mate length of 34 rcsidues and somewhat variable spacing
(Fig. 1A). Individual repeat units have diverged in sequence
but retain an invariant tryptophan and a number of other
well-conserved residues (Fig. 1A). Tryptophan occupies a
unique place in protein structure and evolution because it is
the least abundant and least mutable amino acid (Dayhoff,
1978) and therefore the repetitive Trp residues are undoubt-
edly important for the function of FT-a. What might this
function be? Tryptophan-containing repeats (otherwisc unre-
lated to FT-a sequcnces) have been identified in scveral
protein families (Duronio et al., 1992). In myb proto-

'This is an abbreviation signifying a tetrapeptide whose sequence is
Cysteine-(aliphatic residue)-(aliphatic residue)-(any residue).
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oncogene products, Trp repeats may contribute to the
DNA-binding domain by stabilizing a helix-turn-hclix motif
(Kaneri-Ishii et al., 1990). Morc pecrtinent to the present
situation, perhaps, are the Trp repeats found in the superfam-
ily of Gg-related sequences (Duronio et al, 1992) and thc
TPR gene family (Goebl and Yanagida, 1991) where they
presumably mediate protein—protein interactions (see below).

In addition to landmark Trp residues, both FT-a and
TPR repeats also contain highly conserved proline residues
and the spacing between Pro and Trp is the same in both
sequence families (Goebl and Yanagida, 1991). Predictions
based on the entirc sct of fifteen, 34-residue FT-a repeats
(Fig. 1) suggest a supersecondary structure in which the
tetrapeptide Pro-X-Asn-Tyr mediates a reverse turn between
a-helix and B-strand componcnts. It should be possible to
test aspccts of this repetitive structure model using limited
proteolysis as Hirano et al. (1990) have done for thc TPR
family.

Interestingly, FT-B subunit homologs also show an
internal repeat but this motif is structurally and evolutionar-
ily distinct from FT-a sequences (Fig. 1B). FT-8 repeats have
a length of 44-45 residues and are somewhat more divergent
with respect to each other than FT-a repeats (Fig. 1A)—a
fact which may be related to the functional diversity of B
subunits (see below). Nevertheless, several conserved se-
quence patterns arc apparent. These include a centrally
located Gly-Gly-Phe-Gly-Gly-X-Pro motif flanked by subdo-
mains containing cysteine, histidine, and cysieine residucs at
positions 13-15, 33-36, and 35-40, respectively (Fig. 1B).
Although structural inferences arc less consistent than those
for FT-a repeats, the GGFGG.P motif seems to indicate a
surface loop or turn. Consistent with this idea is the fact that
gaps (rcpresenting hypothetical insertion/deletion muta-
tions) are tolerated in this area of the repeat unit (Fig. 1B).

The biochemical and structural propertics of prenyltrans-
ferase subunits are only beginning to be understood. At a
minimum, however, the a subunit must contain a site that
binds to B subunits and it may be that Trp residues mediate
heterodimerization via aromatic-aromatic interactions (Singh
and Thornton, 1985). Specifically, one can postulate hydro-
phobic bonds between tryptophan side chains and the con-
served phenylalanines in FT-p rcpcats (Fig. 1B). These Phe
residues are flanked by glycinc residues—a situation reminis-
cent of the “knob and hole” model for protein-protein
intcraction (Hirano et al., 1990; Goebl and Yanagida, 1991).
Another possibility for the role of Trp (and/or Tyr) residues
(Fig. 1A) is that the aromatic side chains contribute to a
binding pocket for prenyl groups (Reiss et al., in press).
Hydrophobic ligand-binding pockets are important features
of many enzymes and transport proteins (Peitsch and Bo-
guski, 1991).

The Cys-His-Cys motif in FT-B repeats suggests a role
for mctal-binding sites, disulfide bonds, or both in the
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S0 RALQLTAEIIDVAPAFYTIWNYRF--NI-VRHM--MSES
92 KELDWLDEVTLNNPKNYQIWSYRQ--SL-LKLH--PSPS
128 RELPILKLMIDDDSKNYHVWSYRK--WC-CLFF--SDFQ
163 -ELAYASDLIETDIYNNSAWTHRMF YWV-NAKD--VISK
202 DELQFIMDKIQLVPQONISPWTYLR--GF-QELF--HDRL

115 RAFKLTRDAIELNAANYTVWHFRR--VL-LRSL--QKDL
150 EEMNYIIAIIEEQPKNYQVWHHRR~-VL-VEWL--RDPS
184 QELEFIAD ILNQDAKNYHAWQHRQ--WV-IQEF--RLWD
218 ~BELOYVDQLLKEDVRNNSVWNQRE--FV-ISNT-~TGYS
259 REVQYTLEMIKLVPHNESAWNYLK--GILQDRG--LSKY

10 EALKKTSELLEKNPEFNAIWNYRR--DI~1ASL--ASEL
50 KELVFVMMLLKDYPKVYWIWNHRL--WV-LKHY--PTSS
90 TELAVVNKLLEQDARNYHGWHYRR--IV-VGNIESITNK
129 EEFEYPTIKINNNISNYSAWHQRV--QI-ISRM--FQKG
173 TEISYIINAMFTDAEDQSVWFYIK--WF~IKND--IVCK

10 20 30
RELQYISDLIELDPKNYSVWNYRR--WV-IKNF--ISES Conseasus
EL...... I...P.NY. . W.¥R........000nnnnn Best-conserved
hhhhhhhhhhhhhtttteececeee ee e Structure
B A B

Ram1
128 |DTKRKIVVKLETISPS|--G-GPFGGGPG-Q|LSELASTYAAINALSLCD
180 |{IDRKGIYQWLISLKEP |--N-GGFKTCLEVG |EVDTRGIYCALSIATLLN
229 {ELTEGVLNYLKNCQNY |--E-GGFGSCPHVD | EABGGYTFCATASLAILR
278 |INVEKLLEWSSARQLQ[-EE-RGFCGRSN-K | LVDGCYSFWVGGSAARILE
330 |FNKHALRDYILYCCQE |XKEQ-PGLRDKPG-A |HSDFYHTNYCLLGLAVAE

FT-
12P IVATDVCQFLELCQSP | -~D-GGFGGCGPG-Q | YPHLAPTYAAVNALCIIG
172 |INREKLLQYLYSLKQP | --D-GSFLMHVG-G |EVDVRSAYCAASVASLTN
220 |DLFEGTAEWIARCONW| --E-GGIGGVPG-M|EABGGYTFCGLAALVILK
268 |LNLKSLLQOWVTSRQMR |F-E-GGFQGRCN-K |LVDGCYSFWQAGLLPLLH
330 |FHOQALQEYILMCCQC |P-A-GGLLDKPG-K | SROFYHTCYCLSGLSIAQ

Bet2

55 |FVKEEVISFVLSCWDD |--KYGAFAPFPR-H |DAHLLTTLSAVQILATYD
107 [DRKVRLISFIRGNQLE |--D-GSFQGDRF-G|EVDTRFVYTALSALSILG
155 {EVVDPAVDFVLKCYNF | --D-GGFGLCPN-A |ESHAAQAFTCLGALATAN
206 |DQLEEIGWWLCERQLP |-~-E-GGLNGRPS-K |LPDVCYSWWVLSSLAIIG
254 |INYEKLTEFILKCQDE |K-K-GGISDRPE-N |EVDVFETVFGVAGLSLMG

Call
190 {IDTEKLLGYIMSQQCY |--N-GAFGAH---N|EPHSGYTSCALSTLALLS
239 |KFKEDTITWLLHRQVS | S-D~GGFQGREN-K | FADTCYAFWCLNSLHLLT
308 {CQTELVTNYLLDRTQK | TLT-GGFSKNDE-E |DADLYHESCLGSARLALIE

' t [ v

10 20 30 40
* * *
INKEKLLEWLLSCQQP --D-GGFGGRPG-K EVHGCYTFCALSALAILG Consensus
..E.L...L..CQ.. ....GGF.G.P... E.D...T,.AL..LAIL. Best-conserved
t tttt Structure

Figure 1. Alignments of internal repeats from prenyltransferase subunits.

For both the a- and B-subunit families, repeat boundaries were estimated from inspection of multiple alignment
plots (Fig. § in Boguski et al. (1992)), from the positions of gaps in a global alignment of the three sequences (Fig.
6 in Boguski et al. (1992), and from the locations of statistically significant ungapped homology blocks identified
by the MACAW program (Schuler et al., 1991; Boguski, in press). Once the repeats were thus defined, they were
treated as scparate sequences and optimally aligned (Lipman et al., 1989); structure prediction was then carried
out using the evolutionary comparison strategy of Crawford et al. (1987). As described in the text, highly signifi-
cant similarities among Ram2, rat FT-a, and Mad2 were identified by database searching and the complete results
are available from M.S.B. on request (cmail: boguski@nchi.nlm.nih.gov). Quantitative sequence “profiles” (Gribskov et
al., 1990) of the aligned repeats are also available. (A) Aligned internal repcats in FT-o-related sequences. A core block
of 24 aligned residues with no gaps constitutes the most highly conserved unit. Although small insertions in three of the 15
repeats disrupt the pattern distal to this, a total of 34-35 residues seems to be the actual length of Lthe repeat unit.
Residucs numbers at the left refer to the complete sequences of the proteins. The “best-conserved” residues are
based on a frequency of 45%. For the secondary structure prediction, *h” = « helix, “t” = turn, and “¢” = B
strand. The rat (Chen et al., 1991b) and bovine (Kohl et al., 1991) FT-a sequences are 84% identical and thus
only the rat scquence is shown. (B) Aligned internal repeats in FT-B-related sequences. The average length of
these repeats is 45 residues. Residuc numbers, consensus definitions, and structure symbols are as in A. B-subunit
repeats appear to be composed of two subdomains (labeled A and B) separated by a “linker” region
encompassing the conserved GGFGG.P motif. The “A” subdomain contains the first cysteine residue of the
Cys-His-Cys triad with somewhat variably spaced histidine and cysteine residucs occurring in the *B™ subdomain.
Call (Cdcd3) is the most distantly related of the B subunits (Boguski. in press) and also the most divergent 8
subunit with respect to intrasequence repeats (Boguski, in press: Boguski et al.. 1992).
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Repeats 1 2 3

FT-a

FT-p
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Figure2. Schematic diagram of internal repeats in prenyltransferase subunits.

The approximate sizes and locations of internal repeats in the FT-a family of sequences are represented by
rectangles filled with oblique lines. Individual repeats in the FT-B family are represented by three connected
rectangles which illustrate their more complex structure. The “A” and “B” subdomains are depicled as gray
rectangles scparated by a horizontally lined “linker” region encompassing the conserved GGFGG.P motif (see
text). Repeats 3B, 4B, and 5B are shaded more darkly to indicate that they are the best-conserved homology
blocks among ail four known FT-B-related scquences (Boguski, in press).

structure and function of this protein. Farnesyltransferase
activity shows an absolute requirement for Zn2*, probably at
the peptide-binding site on the B subunit (Reiss et al., in
press). This suggests that one or more of the Cys-His-Cys
Tepeats represent a new type of zinc coordination motif, by
analogy with the well-known, repetitive “zinc finger” do-
mains that have been observed in many eukaryotic transcrip-
tion factors (Klevit, 1991). However, nonrcpetitive Cys/His
zinc-binding sites have also been dcscribed in several en-
zymes of known crystal structurc (Creighton, 1984). For
example, liver alcohol dehydrogenase (Brookhaven identifi-
cation code 6ADH) contains an active-site zinc cation bound
by a Cys-His-Cys triad.

The relatively greater degree of scquence divergence
among FT-8 rcpeats, compared with FT-a repeats (Boguski
et al., 1992), may be one aspect of their functional differenti-
ation with respect to substratc and protein target specificity.
In yeast, the same a subunit (Ram2) combines with various B
subunits (Ram1, Call, Bet2) to form farncsyltransferase or
geranylgeranyl transferase type I or type I activities (Kohl et
al,, 1991). These proteins differ not only in the type of
isoprenoid group used, but also in the particular carboxy-
terminal peptides they rccognize. The identification of an-
other putative a subunit in yeast (see bclow) suggests
additional combinatorial possibilities.

Scarches were carried out on the latest releases of the
various databases using the BLAST Network Service and,
surprisingly, Ram2 and bovine FT-a were found to be related
to the MAD2 genc product with chance probabilities of
<1078 (Altschul ct al., 1990). No similarity to other Trp-
containing repeat families was detected and thus this implies
that Mad2 may be functionally similar to FT-a subunits.
FT-o, Ram2, and Mad2 are about 28% identical globally,?

-’As.u point of reference, this is about the same degree of sequence
identity as observed among yeast and mammalian GAP “catalytic™
damains (Wang ct al., 1991).

but more intense localized similarities were identified by the
BLAST algorithm (Boguski, in press) and these conserved
local homology blocks coincide with the repetitive sequence
domains which account for >60% of thc total lengths of
these proteins (Fig. 2). Thus the repeats themselves arc
expected to be important for function.

Isoprenoid compounds (farnesyl and geranylgeranyl py-
rophosphates) are derived from the cholesterol/mevalonate
pathway and indircct evidence for an involvement of these
compounds in ccll cycle control and DNA replication has
been available for some time (Quesncy-Huneeus et al., 1979;
Habenicht et al., 1980; Maltesc, 1990). However, our observa-
tion that the MAD2 genc product is an FT-a homolog
represents the first spccific indication that protein prenyla-
tion may play a rolc in mitosis, specifically in the feedback
controls that link the exit from mitosis to the completion of
mitotic spindle assembly.

In summary, we have characterized two novel repctitive
sequence motifs in prenyltransferase subunits (Fig. 2). These
repeats have distinct structural and functional implications
and are unrelated to each other, thus representing an
interesting case of two families of rcpeated sequences that
have apparcntly coevolved to form a heterodimeric enzymc.
Furthermore we have shown that the yeast MAD2 gene
product is evolutionarily rclated to FT-a subunits. Experi-
ments are in progress to test the functional implications of
this homology.

Note Added in Proof

We havc identified the human homolog of FT-a in thce
collection of “Expressed Sequence Tags” from a hippocam-
pus cDNA library (M. Adams et al. Nature 355:632-634,
1992). The corresponding clone, EST00211, is available
directly from the American Type Culture Collection (12301
Parklawn Drive, Rockville, MD 20852). FT-a and Bet2
homologs are also present in the Cacnorhabiditis elegans
c¢DNA library (R. Waterston et al. Nature Genetics, in
press). These clones are nos. em2el2 and cm20c6, respec-
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tively and mapping data indicates that the FT-B homolog
(cm20c6) is a member of a dispersed, multigene [amily
present on chromosomes 2, 3 and 4 (acedb - A C. elegans
Database, R. Durbin and J. Thierry-Mieg).
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