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Post-translational modifications are essential for the proper function of
many proteins in the cell. The attachment of an isoprenoid lipid (a process
termed prenylation) by protein farnesyltransferase (FIase) or geranyl-
geranyltransferase type I (GGTase-]) is essential for the function of many
signal transduction proteins involved in growth, differentiation, and onco-
genesis. FTase and GGTase-I (also called the CaaX prenyltransferases)
recognize protein substrates with a C-terminal tetrapeptide recognition
motif called the Caja,X box. These enzymes possess distinct but
overlapping protein substrate specificity that is determined primarily by
the sequence identity of the Caja,X motif. To determine how the identity of
the Cajap,X motif residues and sequence upstream of this motif affect
substrate binding, we have solved crystal structures of FTase and GGTase-I
complexed with a total of eight cognate and cross-reactive substrate
peptides, including those derived from the C termini of the oncoproteins
K-Ras4B, H-Ras and TC21. These structures suggest that all peptide
substrates adopt a common binding mode in the FTase and GGTase-I active
site. Unexpectedly, while the X residue of the Ca;a,X motif binds in the
same location for all GGTase-I substrates, the X residue of FTase substrates
can bind in one of two different sites. Together, these structures outline a
series of rules that govern substrate peptide selectivity; these rules were
utilized to classify known protein substrates of CaaX prenyltransferases
and to generate a list of hypothetical substrates within the human genome.
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Introduction

Post-translational modifications, including glyco-
sylation, phosphorylation, proteolysis and lipida-
tion, can dramatically affect protein activity and
interactions with substrates, cofactors and other
proteins. The post-translational attachment of an
isoprenoid lipid (prenylation) is required for the
function of most GTP-binding regulatory proteins,
including members of the Ras superfamily, several
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protein kinases and phosphatases, and a variety of
proteins involved in nuclear integrity and centro-
mere function.' Protein prenylation and further
modification by enzymes at the endoplasmic
reticulum can have dramatic functional conse-
quences by permitting association with the cell
membrane and encouraging protein—protein inter-
actions with other regulatory molecules." Under-
standing the mechanism by which proteins are
recognized and a specific isoprenoid lipid is
attached is therefore a critical aspect in the assess-
ment of protein function within the cell. Further-
more, characterization of protein prenylation
patterns is important for understanding both the
therapeutic utility and the potentially adverse
effects of treatment with protein prenyltransferase
inhibitors,” several of which are being evaluated in
phase II/TII clinical trials as cancer therapeutics.’

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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The three known enzymes that catalyze protein
prenylation are the two CaaX prenyltransferases,
protein farnesyltransferase (FTase) and protein
geranylgeranyltransferase type I (GGTase-I), which
recognize a broad range of protein substrates, and
Rab GGTase, which specifically recognizes mem-
bers of the Rab subfamily of G proteins.' FTase and
GGTase-I catalyze the respective transfer of a 15
carbon or a 20 carbon isoprenoid lipid from farnesyl
diphosphate (FPP) or geranylgeranyl diphosphate
(GGPP) (Figure 1) to proteins, short peptides, or
tetrapeptides with a C-terminal Caja,X motif. The
CajaX box is defined by an invariant cysteine
residue(C) to which the lipid is attached, two
typically aliphatic residues (aja;), and the C-
terminal residue (X) that contributes to substrate
specificity.* Steady-state kinetic studies indicate
that FTase prefers substrates with a Ser, Gln, Met
or Ala in the X position, whereas GGTase-I prefers
Leu.>” Although FTase and GGTase-I are very
selective towards their respective substrates, there
are examples of cross-utilization of protein sub-
strates. Proteins with a Phe at the X residue
position, including the teratocarcinoma oncopro-
tein TC21 (CVIF for the Caja,X motif), can be
substrates for both enzymes.”'’ The oncoprotein
K-Ras4B (CVIM) is involved in approximately 30%
of all human cancers'' and is normally farnesylated
in vivo by FTase. However, when FTase activity is
compromised by treatment with specific inhibitors,
K-Ras4B can be geranylgeranylated by GGTase-1.'>"?
Additionally, in vitro and cell-based studies
have demonstrated that RhoB (CKVL), despite the
C-terminal Leu, is a substrate for both GGTase-I and
FTase.'* 1

FTase and GGTase-I have similar global and
active-site structures.'””'® Structures of FTase and
GGTase-I complexed with isoprenoid diphosphate
analogs and cognate CVIM or CVIL peptides,
respectively, reveal that the Ca;a,X motif adopts
an extended conformation along one side of the
funnel-shaped active site, and that peptide binding

Isoprenoid Diphosphate
FPP lacks

isoprene 4 isoprene 3

isoprene 2

does not induce a change in the active-site
structure.’®?° However, these studies examined
only substrate peptides containing two different
residues at the X position. Since the identity of the
C-terminal X residue alone can alter peptide
binding affinity by at least an order of magnitude,
some have hypothesized that different X residues
may engender different binding modes of the
Caja,X motif.”* Consistent with this hypothesis,
some small molecule inhibitors competitive with
respect to the peptide substrate adopt different
binding modes in FTase and GGTase-1.>! Further-
more, sequence elements directly upstream of the
Cajap,X motif have been shown to alter peptide
binding affinity (e.g. lysine-rich sequences near the
Caja,X motif of K-Ras4B), suggesting that these
upstream elements may affect the conformation the
Caja,X motif adopts in the active site.”*?*

To address these issues of peptide recognition by
the CaaX prenyltransferases, we have determined
structures of FTase and GGTase-I complexed with
isoprenoid diphosphate analogs and a representa-
tive array of eight specific and cross-reactive
peptide substrates, including sequences derived
from the C terminus of the oncoproteins H-Ras and
TC21, the signal transduction proteins RhoB, Rap2a
and Cdc42, and the vy, subunit of heterotrimeric
G-proteins. From these structures, we have
deduced a series of rules that govern prenyltrans-
ferase peptide substrate specificity. These rules
were used to generate a list of known and predicted
FTase and GGTase-I substrates within the human
genome, updating previous efforts in this field.**

Results

We determined structures of FTase in ternary
complexes with an FPP analog (FPT-II, Figure 1)
and peptides derived from the cognate substrates
H-Ras (GCVLS, Figure 2(A)) and Rap2a (DDPTA-
SACNIQ, Figure 2(B)), the cross-reactive substrate
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Figure 1. Chemical structures of isoprenoid diphosphates and non-hydrolyzable analogs.
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TC21 (KKSKTKCVIFE, Figure 2(C)), and the non-
substrate Rap2b (TKCVIL). We determined struc-
tures of GGTase-I in ternary complexes with a
GGPP analog (3'azaGGPP, Figure 1) and peptides
derived from the cognate substrates Cdc42 splice
isoform 2 (RRCVLL Caja,X motif) and the hetero-
trimeric G protein v, subunit (FREKKFFCAIL), and
the cross-reactive substrates RhoB (GCINCCKVL),
K-Ras4B (KKKSKTKCVIM) and TC21 (Figure 2(D)).
These nine structures were compared to previously
determined structures of Flase in ternary com-
plexes with K-Ras4B-derived peptides,'”*® and
GGTase-I in ternary complexes with a Rap2b
chimera peptide (KKKSKTKCVIL).'® The peptides
were chosen because their Caja,X motifs are
representative of the most common a, (Val, Leu
and Ile) and X (Leu, Met, Phe, GIn, and Ser)
residues, and for their importance in signal trans-
duction and cancer biology. The four FTase and six
GGTase-I peptide substrates are bound as a ternary
complex with the non-hydrolyzable lipid analogs
FPT-II* and 3'azaGGPP,* respectively. The two
lipid analogs bind as observed previously, adopting
a conformation similar to that of the respective lipid
substrate.'®?° The eight cognate and cross-reactive
peptide substrates presented here bind with the
Ca;a,X motif inserted into the peptide-binding site,
and bind without altering the enzyme or isoprenoid
diphosphate structure, consistent with previous
structures with bound substrates, products and
inhibitors.!”?° The Caja,X motif of the non-sub-
strate Rap2b does not adopt an ordered confor-
mation within the FTase active site, consistent with
the observation that this peptide is a very poor
FTase substrate.

Conformation of the Ca, a,X peptide backbone

The Caja,X motifs of the four FTase and six
GGTase-I peptide substrates adopt the same
“extended” conformation along one side of the
funnel-shaped active site (Figure 3(A)). The back-
bone of the Caja,X motif adopts a similar confor-
mation in both FTase and GGTase-I; the only
significant difference between FTase and GGTase-1
peptide substrates is the positioning of the C-
terminal X residue (Figure 3(B), discussed below).
FTase appears to permit more flexibility within the
Caja,X backbone: the four FTase and six GGTase-I
substrates show an average backbone root-mean-
square deviation (r.m.s.d.; as compared within each
enzyme) of 0.93 A and 0.29 A, respectively. The Cys
residue of the Cajap,X motif, which is thought to
bind as a thiolate, is located in the same position in
all ten structures and coordinates the catalytic zinc
ion.*® Approximately 12 A away from the Cys
residue of the Caja,X motif, the C termini of all
substrate peptides are anchored by direct and
water-mediated hydrogen bonds with conserved
GlIn, Glu, His, and Arg residues. A shift in GGTase-I
helix 4B relative to FTase necessitates an additional
water molecule to form hydrogen bonds between

the C terminus of GGTase-I peptide substrates and
the conserved His residue.

Conformation of the a; and a, residues

The a; residues of the Ca;a,X motif (Val, Ala, Asn
and Lys) are mostly exposed to the solvent. At the
the a; position of Rap2a, an Asn side-chain forms a
hydrogen bond with FTase, and in RhoB a Lys side-
chain at the the a; position is disordered in GGTase-I.
In GGTase-I, but not in FTase, the a; residue is
additionally stabilized by a water-mediated hydro-
gen bond between the carbonyl moiety of the a;
residue and His201a. Modeling studies using the
Rap2a and y, peptide substrates presented here as a
template indicate that both FTase and GGTase-I can
accept any amino acid at the a; position without
steric hindrance or altering the extended confor-
mation of the Ca;a,X motif. These modeling studies
reveal that polar or charged a; residues could form
direct or water-mediated hydrogen bonds with the
enzyme.

For the pepide substrates presented here, all a,
residues of the Ca;a,X motif form a direct hydrogen
bond with an Arg residue conserved in the B
subunits of FTase (R2028) and GGTase-I (R173).
The side-chains of the a; residues (Leu, Ile and Val)
bind isosterically in the hydrophobic “a, binding
pocket”, defined by regions of the protein and
isoprenoid that contact the a, residue (Figure 4,
Table 1). Previous structural studies show that a Phe
side-chain can bind in this space in FTase.”’
Additional modeling studies, again using the
Rap2a and vy, peptide substrates as a template,
indicate that other similarly shaped amino acid
residues such as Pro, Thr, Tyr and Met can also be
accommodated in the a, binding site of FTase and
GGTase-1 without steric clashes or significantly
altering the conformation of the backbone of the
Caja,X peptide.”” Large residues such as Arg or Trp
cannot fit into the a, pocket without major disrup-
tions to the Caj;a,X motif backbone, and small
amino acid residues such as Ala or Gly would leave
unoccupied space. The hydrophobic nature of the a,
pocket makes it unlikely that it could accept
charged or very polar residues such as Lys, Glu,
Asp, His, GIn, Asn, Cys or Ser. Peptide substrate
recognition at the a, position of the Ca;a,X motif is
therefore dominated by steric and hydrophobic
interactions between the a, residue and its binding
site (see Table 1 for a summary).

Binding of the C-terminal X residue

In GGTase-I, the C-terminal Leu, Met and Phe
side-chains of the peptide substrates all bind
isosterically in the hydrophobic “specificity
pocket”, defined by the residues and ligands that
contact the X residue (Figure 3(B), Table 1). These
three residues are stabilized entirely by hydro-
phobic interactions and van der Waals contact with
the enzyme. Although the majority of GGTase-I
substrates have Leu as the X residue, kinetic studies
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Figure 2. Caja,X peptide binding in FTase and GGTase-I. Stereo pairs of FTase and GGTase-I are all shown in the same
orientation. Only the substrate peptide Caja,X motif, the lipid analog, the catalytic zinc ion and protein residues
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A FTase CajazX Peptides GGTase-l CaqazX Peptides
Rap2A (CNIQ) RhoB (CKVL)
KRAS (CVIM) KRAS (CVIM)
TC21 (CVIF) TC21 (CVIF)

HRas (CVLS)

B FTase

GGTase-l 21 AL
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Figure 3. Comparison of Ca;a,X substrate binding in FTase and GGTase-I. (A) A superposition of four FTase substrate
complexes (left) and three GGTase-I substrate complexes (right), shown in approximately the same orientation as Figure
2, illustrate that cognate and cross-reactive peptides adopt a common binding mode. In FTase, however, the C-terminal
Phe residue of TC21 binds in a different pocket than the C-terminal Met, GIn and Ser residues. (B) A stereo pair of three
FTase peptide complexes (K-Ras4B, H-Ras, Rap2a, and the corresponding van der Waals surfaces; red) and three
GGTase-I peptide complexes (RhoB, K-Ras4B, TC21, and the corresponding van der Waals surfaces; blue). In all six
structures the Ca;a, portion of the Caja,X motif and carboxyl terminus bind isosterically. The X residues, however, have
enzyme-specific binding pockets (see also Table 1). Differences between the X residue binding pockets are created
primarily by a shift in helix 4B and a Trp/Thr difference between the two enzymes.

indicate that Ca;a;X peptides with Ile or Val in the X
position can function as substrates for this enzyme.®”
Examples of proteins with these C-terminal residues
include 2'3'-cyclic nucleotide 3'phosphodiesterase
(CTID),*! RhoJ/TCL (CSII) and the Cdc42 homolog
Wrch-1 (CCEV).*? Using the RhoB peptide as a
template, Ile or Val can be modeled in the specificity
pocket without steric clashes or repositioning
the Caj;a,X motif backbone.® Larger amino acid
residues such as Tyr, Trp and Arg, or Pro, which has

restricted backbone flexibility, cannot be accommo-
dated without disrupting the extended confor-
mation of the Caj;apX motif. The hydrophobic
nature of the GGTase-I specificity pocket is expected
to discriminate against polar or charged residues.
In FTase, the C-terminal Met, Gln and Ser X
residues of the peptide substrates all bind isosteri-
cally in the specificity pocket (Figure 3(B), Table 1).
Unlike GGTase-I peptide substrates, these three X
residues form both van der Waals and electrostatic

involved in ligand coordination are shown. (A)~(C) FTase complexed with FPT-II (gray) and H-Ras (CVLS), Rap2a
(CNIQ), and TC21 (CVIF), respectively. (D) Superposition of GGTase-I complexed with 3'azaGGPP (gray) and RhoB
(CKVL, blue), K-Ras4B (CVIM, red) and TC21 (CVIF, purple). In all structures, the Ca;a,X peptide adopts an extended
conformation with the cysteine thiolate coordinated by the zinc ion (magenta). Carbonyl oxygen atoms and the C
terminus of the Ca;a,X sequence make water-mediated and direct hydrogen bonds with conserved side-chains in both
the a (red) and B (blue) subunits.
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Zn2+

Y361p
L321B

W106p
F533

W102p
T49B

Figure 4. Comparison of the a, binding site in FTase
and GGTase-I. Superposition of FTase and GGTase-I
shows residues that interact with the a, residue of the
Caja,X motif. Regions of the FTase ternary complex
forming the a, binding site (enzyme residues Trp102p,
Trp106B and Tyr361B and isoprene 3) are colored red.
Corresponding regions of the GGTase-I ternary complex
(enzyme residues Thr49, Phe53p and Leu3218, isoprenes
3 and 4, and substrate peptide X residue) are colored blue.
Portions of the FPP and GGPP analogs (gray) and of the
CVIM (pink) and CVIL (light blue) peptides not forming
the a, site are shown.

interactions with the enzyme. The C-terminal Met
(K-Ras4B) is oriented such that the thioether can
accept a weak hydrogen bond from the Ser 99f
hydroxyl group (sulfur-to-oxygen distance 3.2 A).>*
The C-terminal GIn (Rap2a) donates a hydrogen
bond to the 98B carbonyl oxygen atom and an
adjacent buried water molecule, and accepts a
hydrogen bond from Trp102f N,;. The smaller Ser
(H-Ras) is accompanied by a water molecule
hydrogen bonded to the Ser hydroxyl group and
the adjacent Ala 98B carbonyl oxygen atom. A
comparison of the binding of these three substrates
reveals the FTase specificity pocket possesses two
distinct subsites: one that can donate a hydrogen
bond, and one that can accept a hydrogen bond
(Figure 5).

A surprising result was obtained when the
binding of the TC21 peptide substrate in FTase
was examined. Although the FTase specificity
pocket is shaped incorrectly to accommodate the
C-terminal Phe of the TC21 substrate, this peptide
binds to FTase by placing the side-chain of the X
residue in an alternative hydrophobic binding site
(Figure 2(C), Table 1), and two solvent molecules
are now observed in the specificity pocket. The
phenyl ring of the Phe is stabilized by face-on-face
aromatic stacking interactions with Trp102p,>*°
and a weak hydrogen bond with the Ser 998
hydrgxgl group (carbon-to-oxygen distance of
296 A).** In addition to accommodating CajasX
substrates terminating in a Phe residue, this
secondary binding site could be utilized by atypical
Caja,X peptides (see below).

Although the majority of known mammalian
FTase substrates have Met, Ser or GIn X-residues
(Figure 7(C)), kinetic studies indicate that Thr, Cys
or Ala can function as substrates.”” Examples of

Table 1. Comparison of Caja,X binding sites in FTase and GGTase-1

Residue

FTase

GGTase-I

Binding site

Upstream residues Accepts

Enzyme surface (variable)
No apparent restrictions

Enzyme surface (variable)
No apparent restrictions

Binding site
Accepts

Coordinates catalytic zinc
Cys only

Coordinates catalytic zinc
Cys only

Binding site

Solvent accessible H-bonding to
enzyme possible

Solvent accessible H-bonding to
enzyme possible

a
Accepts No apparent restrictions No apparent restrictions
Binding site Trp 102, Trp 106B, Tyr 361B, FPP Thr 498, Phe 538, Leu 3208, GGPP
a isoprene 3 isoprene 3-4, X residue
2

Accepts

Val, Ile, Leu, Phe, Tyr, Thr, Met
preference for Ile, Val

Val, Ile, Leu, Phe, Tyr, Thr, Met
preference for Ile, Leu

Binding site 1
“specificity pocket

7

Accepts

Binding site 2

Accepts

Tyr 131a, Ala 98B, Ser 998, Trp102B, His
1498, Ala 1518 Pro 152

Met, GIn—polar interactions Ser, Ala,
Thr, Cys—with buried water

Leu 968, Ser 998, Trp 102, Trp 106B, Ala
151B, 3rd FPP isoprene, a, residue

Phe, possibly Leu, Asn, or His

Thr 498, His 1218, Ala 1233, Phel748,
4th GGPP isoprene, a, residue
Leu, Ile, Val, Phe

Not observed

Not observed
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hydrogen
bond
acceptor

Figure 5. FTase C-terminal X specificity pocket. Stereo pair shows a superposition of K-Ras4B (CVIM), Rap2a (CNIQ)
and H-Ras (CVLS) peptides bound to FTase. Only the Caja,X motif of substrate peptides and the residues in FTase that
interact with the X-residue of the Caja,X peptide, the “specificity pocket”, are shown. A comparison of the binding of
these three substrates reveals the FTase specificity pocket possesses two distinct subsites: one that can donate a hydrogen
bond, and one that can accept a hydrogen bond. The S® atom of Met (K-Ras4B; green sphere) and O¢! atom of GIn (Rap2a;
red sphere) are hydrogen bond acceptors (circled in brown). The C-terminal N* atom of GIn (blue sphere), and the water
molecule that accompanies the Ser of H-Ras (red sphere, see the text), are both hydrogen bond donors (circled in purple).
The C-terminal residue of FTase substrates must complement the shape of the specificity pocket, and must place

hydrogen bond donor or acceptor atoms in specific locations.

proteins with these C-terminal residues include the
human proteins RhoQ (CLIT),” the prostacyclin
receptor (CSLC),?® and cerebral protein-5 (CVLA).*
Using the H-Ras structure as a template, Cys, Ala or
Thr can be modeled in the specificity pocket
without steric clashes or repositioning the Ca;aX
motif backbone. As with Ser, these three X-residues
would be accompanied by a buried water molecule
that fills unoccupied space in the specificity pocket.
The FTase specificity pocket is shaped incorrectly to
accommodate other residues with a van der Waals
shape similar to that of GIn or Met, including His,
Asn, Leu, Phe and Ile. Larger residues such as Tyr,
Trp and Arg, or Pro, which has restricted backbone
flexibility, cannot be accommodated without dis-
rupting the extended conformation of the CajaX
motif. Although Leu or the polar residues Asn and
His (at pH 7.5) cannot be modeled in the FTase
specificity pocket without steric clashes, CajaX
peptides with these residues in the X position (e.g.
peptides derived from RhoB, with a C-terminal
Leu) can function as FTase substrates.®”'*!® Using
the TC21 peptide as a template, a C-terminal Asn,
His or Leu can be placed in the secondary binding
site where Phe binds without steric clashes or
distorting the Caj;a,X backbone. As with TC21,
Caja,X sequences terminating in these three resi-
dues would be predicted to bind with two water
molecules occupying the specificity pocket.
Furthermore, although the charged residues Glu
or Asp could bind in a manner similar to that of GIn
or Asn, respectively, there are no residues available
to stabilize the negative charges of these two
residues, so such binding would be expected to be
of low affinity.

Effect of peptide sequence upstream of the
Ca;a>X motif on binding

In FTase, the upstream sequences of Rap2a
(DDPTASA, Figure 6(A) and (B)) and K-Ras4B
(KKKSKTK) bind along the rim of the peptide-
binding site, stabilized primarily by direct and
water-mediated hydrogen bonds with the surface
of the enzyme. Although these two upstream
sequences each adopt significantly different confor-
mations, the Cajap,X motifs of the two peptides
adopt the same extended conformation discussed
above (Figure 6(C)). In all GGTase-I substrate
complexes, the sequences upstream of the CajaX
motif (KKKSKTK for K-Ras4B, FREKKFF for vy, and
GCINC for RhoB) are partly disordered, with
electron density disappearing two or three residues
beyond the Cys residue of the Caja,X motif.
Regardless of the upstream sequence, all CajaX
substrates adopt the same conformation in the
GGTase-I active site. Indeed, these results show
that the Caja,X motif of RhoB (CKVL) binds
identically to GGTase-I whether the upstream
sequence is native (GCINC), or contains the poly-
lysine sequence derived from K-Ras4B (KKSKTK).

Discussion

A CaaX prenyltransferase peptide specificity
model

A comparison of the 11 structures discussed here
suggests a series of rules that govern peptide
substrate specificity for the CaaX prenyltransferases
(Table 1). Substrate peptide binding clearly does not
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o subunit

C

K-Ras (KKKSKTKCVIM)
Rap2a (DDPTASACNIQ)

FPP analog

Figure 6. Peptide substrate binding upstream of the Ca;a,X motif. (A) Overall structure of FTase complexed with
Rap2a (DDPTASACNIQ) and a FPP analog (purple), shown as a surface representation with the o subunit colored red
and the B subunit colored blue. (B) Close-up of the Rap2a structure, shown as a stereo pair in the same orientation as in
A. The Rap2a upstream sequence binds along the rim of the active site, stabilized by hydrogen bonds and van der Waals
contacts with the enzyme. Lys 164a was omitted for clarity (side-chain atoms). (C) Superposition of the FTase Rap2a
(yellow) and K-Ras4B (KKKSKTKCVIM, gray) structures. Only the substrate peptide and FPP analog (purple) are
shown. Although the conformation upstream of the Caja,X motif differs, both Caja,X motifs adopt the same “extended”

conformation.

induce a change in the peptide-binding site. The
Caja,X motif of substrate peptides bind in the rigid
peptide-binding site in an extended conformation,
anchored at the Cys residue by zinc-coordination
and at the C-terminal end by direct and water-
mediated hydrogen bonds. These two fixed anchor
points discriminate against peptides that are too
long or too short, or that lack a cysteine residue at
the correct position. In this conformation, any
amino acid residue can be accommodated at the
a; position, as has been hypothesized.”'®* An
analysis of proteins shown to be prenylated
illustrates that there is, in fact, little preference
shown by either enzyme for specific amino acid
residues in the a; position (Figure 7(A)). Unexpect-
edly, however, we have found that polar or
charged amino acids at the a; position, such as
Asn in Rap2a, can form direct or water-mediated
hydrogen bonds with the enzyme and thereby
enhance binding affinity. The a,X residues are

buried in the active site, and substrate specificity
for cognate and cross-reactive CajaX motif pep-
tides is determined by steric and electrostatic
complementarity between the a, residue and the
a, binding pocket, and the X residue and the
specificity pocket. Although sequence upstream of
the Caja,X motif can enhance peptide substrate
affinity through electrostatic interactions with the
protein surface, this sequence does not influence
the conformation of the Caja,X motif itself, and
should not permit Ca;a,X peptides that violate the
general rules of specificity to function as proper
substrates. There is no indication that either
GGTase-I or FTase has specific sites that bind
upstream sequences in a generalized conformation,
in contrast to the binding site for the Caja,X motif
itself. Indeed, upstream sequences of Caja,X
proteins are highly variable, and this region has
been dubbed the hygervariable region in Ras
superfamily members.
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Figure 7. Amino acid sequence preferences within the
CajaxX motif. (A)—(C) Chart depicting Caja,X motif aj, ap,
and X residue identity, respectively, for all proteins
demonstrated to be prenylated by FTase (red) and
GGTase (blue).

Sequence preference at the a, position

The a; binding sites of FTase and GGTase-1 have
unique steric and aromatic properties, suggesting
that the a, residue may influence CaaX prenyl-
transferase peptide recognition.”® Overall, the
structures presented here suggest that accommo-
dation of the a, residue is primarily restricted to Val,
Ile, Leu, Phe, Tyr, Pro, Thr, and Met, consistent with
the previous studies of FTase pesptide selectivity in
mammalian and yeast systems.>*” The a, binding
site in FTase is smaller and has more aromatic
character than the corresponding binding site in

GGTase-I (Table 1, Figure 4). To investigate whether
these differences influence peptide selectivity, we
undertook an analysis of all proteins known to be
prenylated for amino acid preferences at the a,
position of the Caja,X motif (Figure 7(B)). As
expected, the small aliphatic amino acid residues
Leu, Val and Ile predominate. There do, however,
appear to be subtle preferences within this group:
for FTase, Val is observed more often than Leu,
whereas in GGTase-I Leu is seen more commonly
than Val; Ile, however, appears equally in substrates
for both enzymes. This is consistent with the
differently sized binding sites for the a, residue in
FTase and GGTase-I, and suggests that the a;
residue may influence peptide substrate prefer-
ences. This comparison, however, does not reveal
any a residue that determines absolutely whether a
Caja,X motif is a GGTase-I or FTase substrate (as is
the case with the X residue within the Caja,X
motif).

Sequence preference at the C-terminal X
position

The X residue of the Caja,X motif is the primary
determinant of whether a peptide is a substrate for
FTase, GGTase-I, both or neither. Overall, the results
of this study are consistent with previous kinetic
analyses examinin§ the effect of the X residue on
peptide specificity.”® The structures presented here
demonstrate that recognition of the X residue is a
function of steric and electrostatic complementarity
between the X residue and the specificity pocket.
The specificity pockets of both CaaX prenyltrans-
ferases discriminate against bulky amino acid
residues such as Tyr, Trp or Arg. The specificity
pocket of FTase can accommodate similarly-shaped
hydrophobic (Met) or polar residues (GIn), or small
residues (Cys, Ser, Thr, or Ala) that are accompanied
by a buried water molecule. These three residue
types are stabilized by a specific network of
electrostatic interactions (Figure 5). While the
FTase specificity pocket can accommodate polar
residues, it cannot accommodate charged residues
such as Lys, Asp or Glu. Interestingly, this study
shows that while the FTase specificity pocket is too
small to accommodate a Phe group, this residue can
bind in an adjacent hydrophobic cavity. This
alternative binding site could accommodate other
atypical X residues such as Leu, Asn or His. In
contrast, GGTase-I has only one binding site for X
residues, and this specificity pocket is shaped to
accommodate hydrophobic residues with a van der
Waals shape similar to Leu, including Met, Phe, Ile
and Val (Figure 7(C)). The hydrophobic nature of
the specificity pocket in GGTase-I discriminates
against appropriately shaped polar or charged
amino acid residues, including Glu, GIn and His,
and against small residues such as Gly, Ser or Ala
binding in conjunction with a buried solvent
molecule, as observed in FTase. The GGTase-I
specificity pocket thus discriminates against all
X-residues of FTase substrates except Met and Phe,
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both of which can fit into the GGTase-I specificity
pocket through a change in conformation in the
X-residue side-chain.

A model of peptide cross-specificity

The proteins TC21, K-Ras4B and RhoB have C-
terminal CaaX motifs that permit them to function
as both FTase and GGTase-I substrates. The struc-
tures presented here suggest that cross-reactivity of
substrate peptides is a function of their unique
sequences rather than any special binding confor-
mation, particularly in the X position, that permit
binding in the active sites of both enzymes.

Peptides derived from RhoB bind in the same
conformation to GGTase-I as other substrate pep-
tides. While we were unable to crystallize a
complex of FTase with RhoB, the structures pre-
sented here permit a hypothetical model of RhoB
binding in FTase to be constructed. This model may
explain why this Leu-terminal peptide functions as
an FTase substrate, while others do not. The Caja,X
peptide of RhoB was modeled bound to FTase using
the CVIF peptide from TC21 as a template and
mutating the side-chain identities of the latter to
CKVL. The C-terminal Leu side-chain of RhoB
could be placed in the same location as the Phe side-
chain of TC21, i.e. the alternative hydrophobic site
rather than the specificity pocket, without steric
clashes with the surrounding protein and FPP
ligand. The Val residue in the a, position of RhoB
could be modeled nicely as binding as the Ile of
TC21 does. The Lys side-chain in the a; position of
RhoB can adopt numerous conformations, several
of which permit direct or water-mediated hydrogen
bonds with the FTase, suggesting that the Lys group
stabilizes binding viz a hydrogen bond with the
enzyme. Furthermore, the a, Val residue, which
better complements the a, binding site in FTase than
Leu or other larger residues, may also be crucial, as
it is smaller and less likely to clash with the terminal
Leu as modeled. The importance of these two
particular a; and a, residues is further highlighted
by a comparison with another GGTase-I substrate,
Rap2b (CVIL), whose Caja,X motif differs from that
of RhoB only in the a; and a; residues. This peptide,
unlike RhoB, cannot serve as a FTase substrate,’
indicating a gain-of-function associated with the
Lys and Val residues in the a; and a, positions of
RhoB. Together with studies of the ability of RhoB
proteins containing altered Ca;a,X sequences to be
modified by FTase or GGTase-1,'® our data indicate
that it is the specific combination of the a;, a; and X
residues of the CKVL sequence that allows RhoB to
function as a FTase substrate.

A compilation of CaaX prenyltransferase
substrates

Using the rules of protein substrate specificity
delineated by this study, we generated an extensive
list of known and hypothetical prenylated proteins
(Table 2). While it is certainly possible that some

proteins included in the list incorporate their C
terminus into the protein fold and are therefore not
prenylated, the search revealed some interesting
potential substrates, including two B melanoma
antigen (BAGE) proteins that are expressed in
melanomas, bladder and lung carcinomas and
other tumor types, but not most normal tissues.*!
In addition to highlighting the functional diversity
of CaaX prenyltransferase substrates, this list may
be useful for identifying novel prenylated proteins
involved in oncogenesis and in understanding
the biolo%ical effects of CaaX prenyltransferase
inhibitors.***

Implications for drug design

Understanding enzyme substrate specificity is a
key component of designing drugs that are selec-
tive towards one particular enzyme over another.
CaaX prenyltransferase inhibitors are under evalu-
ation in phase II/1II clinical trials for the treatment
of cancer’ and, in preclinical studies, show
indications for the treatment of hepatitis C*> and
D,*** and parasitic infections such as malaria and
sleeping sickness.*® Because complete inhibition of
prenylation may be toxic,” the use of these inhi-
bitors as human therapeutics will likely require
that these inhibitors are selective towards a
specific prenylation enzyme. Comparison of the
structures presented in this study highlights
features unique to FTase and GGTase-I that can
be exploited to achieve this selective inhibition. In
GGTase-I and FTase, the residues that coordinate
the a,X portion of substrate Caja,X are signifi-
cantly different. Specifically, differences in the
hydrogen bonding within the FTase specificity
pocket and the aromatic character of the a, pocket
could be exploited to create more selective
inhibitors.

Materials and Methods

Protein expression, purification and crystallization

Rat and human FTase (rFTase and hFTase) were
expressed and purified as described.*** The sequences
of rat and human FTase are 95% identical, with complete
sequence and structural conservation around the active
site.””*” Complexes with the H-Ras (GCVLS) and Rap2b
(TKCVIL) peptides (Genosys, >95% purity) were formed
by incubating the rFTase with FPT-II (Calbiochem)
followed by the appropriate CajaX peptide for a final
rFTase:FPT-II:Ca;a,X molar ratio of 1:3:3 and crystal-
lized as described.? The rFTase:FPT-ILTC21 complex was
obtained by soaking a co-crystal of farnesylated-
KKKSKTKCVIM product bound to FTase in stabilization
solution supplemented with 50 pM FPT-II and 200 pM
TC21 peptide (Genosys, >95% purity) for three days, as
described.”® The TC21 peptide (KKSKTKCVIF) is a
chimera of the TC21 CaaX motif and the polylysine
sequence derived from K-Ras4B that improves peptide
solubility. The hFTase:FPT-II:Rap2a complex was formed
by incubating hFTase with FPT-II followed by Rap2a
peptide (DDPTASACNIQ; Genosys, >95% purity) for a
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Table 2. Human Caja,X prenyltransferase substrates

Name Classification C a a X Substrate for
FT  GGT-1
Apolipoprotein L3 (Apolipoprotein L-III) Apolipoprotein 1 family C H T H H
CLN3 (Batten disease protein) Battenin family C Q L Q Y
Rod cGMP-specific 3',5'-cyclic phosphodiesterase a-subunit  Cyclic nucleotide phosphodiesterase family c cC I Q Y
Cyclin G2 Cyclin family C F P S H
Aspartoacylase (Aminoacylase-2) Deacylase c cC L H H
Prostacyclin receptor (Prostanoid IP receptor) (PGI receptor) ~ Family 1 of G-protein coupled receptor C S L C Y
Heterotrimeric G-protein y-11 subunit G protein y family c Vv I S Y
Heterotrimeric G-protein y-T2 subunit G protein y family C L 1 S H
Transducin y chain (Guanine nucleotide-binding protein G(T) G protein y family c Vv I S Y
gamma-T1 subunit)
Interferon-induced guanylate-binding protein 1 GBP family cC T I S Y
B-1,4-galactosyltransferase 7 Glycosyltransferase family 7 cC T F S H
Dna] homolog subfamily A member 1 (HDJ-2) Heat shock protein C Q T S Y
Dna] homolog subfamily A member 4 Heat shock protein C Q T A H
Type 5 inositol-1,4,5-triphosphate 5-phosphatase Inositol-1,4,5-trisphosphate 5-phosphatase C S \% S H
family
Type I inositol-1,4,5-trisphosphate 5-phosphatase Inositol-1,4,5-trisphosphate 5-phosphatase c vV VvV Q Y
family
Lamin A/C (70 kDa lamin) (prelamin A) Intermediate filament family C S I M Y
Lamin B1 Intermediate filament family c A 1 M Y
Lamin B2 Intermediate filament family C Y V. M H
CENP-E (Centromeric protein E) Kinesin-like protein family C K T Q Y
CENP-F (mitosin) cC K VvV Q Y
Paralemmin Paralemmin family C S I M Y
Protein phosphatase 1 regulatory inhibitor subunit 16A Phosphatase inhibitor C L L M H
Protein phosphatase 1 regulatory inhibitor subunit 16B Phosphatase inhibitor C R 1 S H
Phosphorylase B kinase o regulatory chain, liver isoform Phosphorylase b kinase regulatory chain family C Q M Q H
Phosphorylase B kinase o regulatory chain, skeletal muscle phosphorylase B kinase regulatory chain family C A M Q Y
isoform
Phosphorylase B kinase B regulatory chain Phosphorylase B kinase regulatory chain family =~ C L 1 S Y
Ubiquitin specific protease 32 Protease c v I Q Y
Peroxisomal farnesylated protein PXF/PEX19 family C L I M Y
Rhodopsin kinase Ser/Thr protein kinase family, GPRK subfamily ~ C L V S Y
RRP22 (Ras-related protein on chromosome 22) Small GTPase superfamily C S L M H
H-Ras Small GTPase superfamily, Ras family c VvV L S Y
K-Ras 2A (Ki-Ras) Small GTPase superfamily, Ras family C I I M Y
K-Ras 2B (Ki-Ras) Small GTPase superfamily, Ras family c Vv I M Y Y*
N-Ras Small GTPase superfamily, Ras family c vV vV M Y Y*
Rap-2a Small GTPase superfamily, Ras family C N I Q Y
Di-Ras1 (small GTP-binding tumor suppressor 1) Small GTPase superfamily, Ras family, Di-Ras C T L M Y Y*
subfamily
Di-Ras2 Small GTPase superfamily, Ras family, Di-Ras c v I M H
subfamily
Dexamethasone-induced Ras-related protein 1 Small GTPase superfamily, RasD family c v 1 S H
Rhes (Ras homolog enriched in striatum) Small GTPase superfamily, RasD family cC T I Q Y
Rheb (Ras homolog enriched in brain 2) Small GTPase superfamily, RheB family C S v M Y
Rho6 (Rnd1) Small GTPase superfamily, Rho family C S 1 M Y
RhoD Small GTPase superfamily, Rho family c v vV T H
RhoE (Rho8) (Rnd3) Small GTPase superfamily, Rho family C T \% M H
Rhol Small GTPase superfamily, Rho family C I I M H
RhoN (Rho?) (Rnd2) Small GTPase superfamily, Rho family cC N L M H
RhoQ (TC10) Small GTPase superfamily, Rho family C L 1 T H
Rho-related BTB domain-containing protein 3 Small GTPase superfamily, Rho family c L VvV M H
Stonin 1 (Stoned B-like factor) Stoned B family C I T Q H
Tetraspan NET-7 Tetraspanin (TM4SF) family C Y P N H
Tetraspanin 1 Tetraspanin (TM4SF) family cC N L Q H
Protein tyrosine phosphatase PTPCAAX1 Tyrosine phosphatase c cC I Q Y
Protein tyrosine phosphatase PTPCAAX2 Tyrosine phosphatase c C VvV Q Y
Protein tyrosine phosphatase type IVA, member 3 isoform 1 ~ Tyrosine phosphatase c ¢ VvV M H
CAAX box protein 1 (Cerebral protein-5) Unknown c v L A H
LIM-only protein 6 (triple LIM domain protein 6) Unknown C I \% A H
Parkin coregulated gene protein (PARK2 coregulated) Unknown C L L N H
WD and tetratricopeptide repeats protein 1 Unknown C R P S H
Zinc finger DHHC domain containing protein 19 Unknown C F P S H
Hepatitis delta virus large antigen Viral protein C R P Q Y
B melanoma antigen 1 precursor BAGE family C F I F H H
B melanoma antigen 5 precursor BAGE family C F I F H H
NADH-cytochrome b5 reductase Reductase C F v F H H
TC21 (R-Ras2) Small GTPase superfamily, Ras family c v 1 F Y Y
Cdc42 homolog (G25K GTP-binding protein) Small GTPase superfamily, Rho family c cC I F H Y

(continued on next page)
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Table 2 (continued)

Name Classification C a a X Substrate for
FT GGT-I

Rac3 (Ras-related C3 botulinum toxin substrate 3) Small GTPase superfamily, Rho family H

RhoB Small GTPase superfamily, Rho family Y

RhoH (GTP-binding protein TTF) Small GTPase superfamily, Rho family H

2/ 3/-cyclic nucleotide 3'-phosphodiesterase

Aldehyde dehydrogenase 7

Aldehyde dehydrogenase 8

Cone cGMP-specific 3',5'-cyclic phosphodiesterase a-subunit
Rod ¢cGMP-specific 3',5'-cyclic phosphodiesterase B-subunit
Heterotrimeric G-protein y-10 subunit

Heterotrimeric G-protein y-12 subunit

Heterotrimeric G-protein y-13 subunit

Heterotrimeric G-protein y-2 subunit

Heterotrimeric G-protein y-3 subunit

Heterotrimeric G-protein y-4 subunit

Heterotrimeric G-protein y-5 like subunit

Heterotrimeric G-protein y-5 subunit

Heterotrimeric G-protein y-7 subunit

Heterotrimeric G-protein y-8 subunit

Interferon-induced guanylate-binding protein 2
Interferon-induced guanylate-binding protein 5

X-linked retinitis pigmentosa GTPase regulator

Type II inositol-1,4,5-trisphosphate 5-phosphatase precursor

2/ 3/-cyclic nucleotide 3'-phosphodiesterase
Aldehyde dehydrogenase family

Aldehyde dehydrogenase family

Cyclic nucleotide phosphodiesterase family
Cyclic nucleotide phosphodiesterase family
G protein y family

G protein y family

G protein y family

G protein y family

G protein v family

G protein y family

G protein y family

G protein vy family

G protein y family

G protein y family

GBP family

GBP family

Guanine-nucleotide releasing factor
Inositol-1,4,5-triphosphate 5-phosphatase type II
family
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Mannose-6-phosphate isomerase Mannose-6-phosphate isomerase family 1 c C L L H
Mitochondiral 28S ribosomal protein 529 (death-associated Mitochondrial ribosome cC A Y L H
protein 3)

CASP8 and FADD-like apoptosis regulator precursor (splice  Peptidase family C14 C S T L H

isoform 10)
G protein-coupled receptor kinase 7
M-Ras (R-Ras3)

Ral-A Small GTPase superfamily, Ras family
Ral-B Small GTPase superfamily, Ras family
Rap-la Small GTPase superfamily, Ras family
Rap-1b Small GTPase superfamily, Ras family
Rap-2b Small GTPase superfamily, Ras family
R-Ras Small GTPase superfamily, Ras family

Cdc42 (splice isoform 2)

Racl (Ras-related C3 botulinum toxin substrate 1)

Rac2 (Ras-related C3 botulinum toxin substrate 2)

RacX (Ras-related C3 botulinum toxin substrate homolog)
RhoA

RhoC Small GTPase superfamily, Rho family
RhoF (Rif) Small GTPase superfamily, Rho family
RhoG Small GTPase superfamily, Rho family

RhoJ (Tc10-like GTP-binding protein TCL)

RhoU (Wrch1)

T-cell surface glycoprotein CD4 precursor

CUB and sushi multiple domains protein 1 precursor
CUB and sushi multiple domains protein 3 precursor
Integral membrane protein 2C
Beta-1,3-galactosyltransferase 5

Down syndrome critical region protein 10 Unknown
F-box/LRR-repeat protein 2 Unknown
F-box/LRR-repeat protein 2-like Unknown
Protein C200rf24 (Rab5-interacting protein) Unknown
Protein C210rf80 Unknown
Suppressor of potassium transport defect 3 Unknown

Cohen syndrome protein 1 (Isoform 5)

Ser/Thr protein kinase family, GPRK subfamily
Small GTPase superfamily, Ras family

Small GTPase superfamily, Rho family
Small GTPase superfamily, Rho family
Small GTPase superfamily, Rho family
Small GTPase superfamily, Rho family
Small GTPase superfamily, Rho family

Small GTPase superfamily, Rho family
Small GTPase superfamily, Rho family
Type I membrane protein

Type I membrane protein (potential)
Type I membrane protein (potential)
Type Il membrane protein (potential)
Type II membrane protein (potential)
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Vesicle-mediated sorting and intracellular
protein transport (potential)
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The list of known and hypothetical FTase and GGTase protein substrates within the human genome was compiled using the rules of substrate specificity
delineated in this study (see Materials and Methods). Columns 7 and 8 mark the proposed modifying enzyme, FTase or GGTase-I, respectively (substrates
with published evidence of modification by that enzyme are marked with a Y, those hypothesized to be substrates are marked with an H; a " indicates
prenylation by GGTase-I when FTase activity is compromised). A more extensive annotation, including references, is found in the Supplementary Material.

described.!®*® All GGTase:3'azaGGPP:Caja,X ternary
complexes were obtained by soaking co-crystals of a
geranylgeranylated- KKKSKTKCVIL product bound to
GGTase-1, crystallized as described,'® in a stabilization
solution supplemented with the appropriate ligands.

final molar ratio of 1: 3 : 3 and crystallized as described.”
The FTase:FPT-II:Ca;ap,X complexes were transferred to
cryoprotection solutions and flash-cooled in liquid nitro-
gen as described.”**

Rat GGTase-I was expressed and purified as
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Table 3. FTase data collection and refinement statistics

Complex Rap2a DDPTASACNIQ TC21 KKSKTKCVIF H-Ras GCVLS Rap2b TKCVIL
Data collection ANL-APS 14BMC ANL-APS 14BMD Cu Ko Cu Ko?
Wavelength,oA 1.0000 0.9000 1.5418 1.5418
Resolution, A 50-1.8 (1.86-1.80) 30-2.3 (2.38-2.30) 50-2.25 (2.33-2.25) 50-2.10 (2.18-2.10)
No. reflections: 97,342/389,196 48,988/165,965 52,549/233,003 64,128/239,227
unique/total
Mean I/ 285 (5.6) 143 (3.1) 15.1 (3.3) 19.9 (3.8)
Completeness, % 89.1 (62.2) 92.5 (84.0) 95.3 (86.8) 95.4 (89.0)
Ryym %° . . 4.2 (10.7) 6.6 (23.4) 8.5 (25.8) 5.3 (20.7)
Unit cell: a=b (A), ¢ (A) 178.5, 64.7 171.0, 69.6 171.2,69.3 170.4, 69.4
crysty %o 17.9 (20.4) 18.0 (23.9) 19.3 (27.6) 18.7 (23.4)
troey % 19.9 (22.8) 20.7 (26.9) 21.8 (31.1) 21.2 (26.4)
Non-hydrogen atoms: 6706/659 6384/357 6324/314 6394/416
total/H,O
r.m.s.d. from ideal geometry
Bond lengths, (A) 0.005 0.006 0.006 0.006
Bond angles, (°) 1.23 1.19 1.19 1.17
Average isotropic B-value, A?
Enzyme 213472 34.0+13.1 4114143 28.819.9
Caja,X peptide 279+72 340155 64.014.2
FPT-II 27145.0 23.0+5.2 32.4+5.8 244435
Solvent . 340+9.8 36.71£9.7 417491 36.219.9
SigmaA coordinate error, A? 0.10 0.25 0.29 0.19
PDB Identification 1TN6 1TN7 1TN8

Rym =" [T—(DD/(3 1), where (D) is the average intensity of multiple measurements. Reryst and Reree = (3 [Fops — Feale /(- [FopsD- Reree

was calculated over 5% of the amplitudes not used in refinement.

? Rigaku RU-H3R rotating anode generator.

® Values in parentheses correspond to those in the outer resolution shell.

GGTase-I product co-crystals were first transferred step-
wise from their mother liquor (1.3 M NH4SO,, 175 mM
trisodium citrate, 100 mM Mes (pH 6.3), 20 mM DTT) to
cyro-solvent (30% (w/v) sucrose, 900 mM trisodium
citrate, 100 mM Mes (pH 6.3), 10 mM Tris(2-carboxy-
ethyl)-phosphine (TCEP), 1 uM ZnCl,) supplemented
with 0.2mM 3’azaGGPP and 0.2mM the appropriate
CajaxX peptide (Genosys, >95% purity). All crystals
were soaked for a week to allow for ternary complex
formation and flash-cooled in liquid nitrogen. Ligand
binding in the CaaX prenyltransferases has been demon-
strated to be independent of the means by which the
ligand is introduced (i.e. co-crystallization wversus
soaking). 1527474

Rap2a

H-Ras

Data collection, model building and refinement

Diffraction data were collected at 100 K with an R-Axis
IV image plate system (Molecular Structure Corporation)
mounted on a Rigaku RU-H3R rotating anode generator
with double mirror optics (MSC). Diffraction data were
also collected at the BioCARS and SER-CAT beamlines at
the Advanced Photon Source, Argonne National Labs
(ANL-APS) and at the X25 beamline at the National
Synchrotron Light Source, Brookhaven National Labs
(BNL-NSLS). Data were integrated and scaled using
DENZO, SCALEPACK, AND HKL2000.*

Both rat and human FTase complexes crystallize in
space group P6, with unit cell dimensions listed in Table 3

TC21

Figure 8. Omit electron density of peptide substrates complexed with FTase. Electron density maps were calculated
using Fourier coefficients (Fops — Fcalc)%calc With the substrate peptide omitted from the final model. Electron density is
shown at a +5c contour level (dark blue) and a +3c contour level (light blue).
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Cdc42 Y2 K-Ras4B TC21 RhoB
Viars ) N Nk Lys (aq) 500 48R
val (31_)’??‘{, - Al (31)’2{:‘/’." " Val (aq) H ! B A ¢
FTNL Leu(a2) A, lle (ap) EN e (a0) e (ap)
Leu (X) Leu (X) " Met (X) Phe (X) Leu (X)

Figure 9. Omit electron density of peptide substrates complexed with GGTase-I. Electron density is shown at+5c level
(in blue) and was calculated using Fourier coefficients (Fops — Fealc)%calc With the substrate peptide omitted from the final

model.

and one FTase heterodimer per asymmetric unit. The
crystals are isomorphous to previously reported ternary
complexes of rat FTase®® or human FTase.”” The
structures were determined by rigid body refinement
using either rat FTase (Brookhaven Protein Data Bank
code 1D8D) or human FTase (Brookhaven Protein Data
Bank code 1JCQ) as the initial model with ligands
removed. Initial co-weighted F,—F. maps revealed 5c
peaks in the active site that clearly delineated the
conformation of the FPT-II and the Caj;a,X substrate
peptides (Figure 8). After rigid body refinement, FPT-II
and the Caja,X peptides were fit into os-weighted
F,—F. maps and the complexes refined against all data
with |F|>0 by iterative cycles of simulated annealing,
minimization, individual B-factor refinement, and model
building. Refinements were carried out using CNS v1.0"
and models built using O.°®> Refinement statistics are
shown in Table 3.

Rat GGTase-I crystals belong to the space group C2
with cell dimensions of a=271 A, b=268 A, c=185A,
B=132°. Crystals contain six GGTase-I heterodimers per
asymmetric unit (546,000 Da) and have a high solvent
content (~75%, v/v). The crystals are isomorphous to
the previously reported 2.4 A resolution ternary com-
plex of rat GGTase-1."® The structures were determined
by rigid-body refinement using this 2.4 A GGTase-I
structure (Brookhaven Protein Data Bank code 1N4Q)
with ligands removed as an initial model. Each of the
six GGTase-1 molecules in the asymmetric unit was
refined initially as a separate rigid group. Initial cx-
weighted F,—F. maps revealed 50 peaks in the active
site that clearly delineated the conformation of the
3'azaGGPP and the CajayX substrate peptides (Figure
9). Structures were refined against all data with |F|>0
by iterative cycles of simulated annealing, minimization,
and model building. The 3'azaGGPP and peptide
ligands were included in the model after the first
cycle of refinement. Non-crystallographic symmetry
(NCS) restraints were employed during refinement as
described.'® Refinements were carried out using CNS
v1.0 and models built using O. Group B-factor refine-
ment was applied to the protein, treating each of the six
GGTase-I molecules in the asymmetric unit as a
separate domain. Individual B-factor refinement was
applied to all bound ligands. All water molecules
included in the final model have at least a 3¢ peak in
oa-weighted omit F,—F. maps, and conform to hydro-
gen bonding criteria as implemented in WATERPICK
and WATERDELETE. Water molecules were inspected

to ensure at least 1o density in cs-weighted 2F,—F,
maps and proper hydrogen bonding environment after
refinement. Water molecules that refined to a B-factor >
65 A were deleted. Progress of the refinement was
assessed by R.ys and minimizing divergence between
Reryst and  Rgee. The structures of all six GGTase-l
heterodimers are identical, except for a few side-chains
in crystal contacts; the average B-factor for each
GGTase-I molecule varies by +10 A2, For this reason,
the best-ordered GGTase-I molecule (molecule 6) is
considered for discussion (protein chains K, L, and R in
the PDB coordinates). Refinement statistics are shown in
Table 4. Ligands in all complexes were refined at full
occupancy.

Swiss-PdbViewer™ and O were used to build Caja,X
peptide models, and REDUCE and PROBE® used to
identify and correct steric clashes within these models.
Swiss-PdbViewer was used for structure-based sequence
alignments. Superpositions utilized all homologous C*
atoms in FTase and GGTase-I; r.m.s.d. differences for the
various Caja,X motifs were calculated using sequence-
based superpositions of the entire protein. PYMOLY was
used to create all structural Figures.

Database searches

To search for potential human FTase and GGTase-I
substrates, the Swiss-Prot/TrEMBL Scan ProSite server®
was used to search for all proteins within the human
genome that contain a C-terminal CXXX motif (where X is
any amino acid, Prosite syntax CXXX>). From the
resulting list, only those with a C-terminal X residue
that can function as a substrate for FTase (Met, GIn, Ala,
Ser, Cys or Thr) or GGTase-I (Leu, Val, Ile or Phe) were
retained. Of the remaining proteins, only those with an a,
residue that would be expected to function as an FTase or
GGTase-I substrate (Val, Ile, Leu, Met, Phe, Tyr, Pro, or
Thr) were retained. All Rab or Rab-related proteins,
which are exclusively prenylated by Rab GGTase in vivo,
were removed from the list.”® The hepatitis delta virus
large antigen, which is expressed and prenylated in
human cells, was included in the list.>®

+http://pymol.sourceforge.net/
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Table 4. Data collection and refinement statistics

KRas-4B
Complex TC21 KKSKTKCVIF KKKSKTKCVIM RhoB GCINCCKVL RhoB KKSKTKCKVL v2 FREKKFFCAIL Cdc42-11 RRCVLL
Data collection ANL-APS 14BMD ANL-APS 221D ANL-APS 221D ANL-APS 14BMC ANL-APS 221D BNL-NLSL X25
Wavelength, A 0.9000 1.0717 1.0717 0.9000 1.0060 1.1000
Resolution, A 30-2.85 (2.96-2.85) 30-2.7 (2.8-2.7) 3.0-2.7 (2.8-2.7) 30-2.65 (2.75-2.65) 30-2.7 (2.8-2.7) 30-2.9 (3.0-2.9)
No. reflections: 217,761/627,208 251,777 /747,778 249,550/723,429 261,126/979,223 250,142/713,161 197,897 /554,112
unique/total
Mean I/o;? 11.1 2.7) 12.3 (2.5) 12.9 (2.5) 12.0 (2.2) 15.0 (2.5) 11.9 (2.1)
Completeness, % 95.6 (88.8) 92.2 (81.8) 94.5 (89.7) 92.4 (78.1) 94.1 (82.6) 91.4 (81.9)
Ryym %° i 7.7 (27.7) 6.5 (19.3) 8.0 (29.2) 7.0 (28.1) 5.8 (24.7) 6.7 (29.5)
Unit cell: 4, b, ¢, (A), B (°) 271.1,266.7,185.1,131.7  272.5,268.5,185.9,131.5 2704, 266.6, 184.8, 131.6  270.9, 266.6, 184.3, 131.5  270.9, 264.0, 185.0, 131.7  271.3,266.9, 185.8, 131.9
Reryst %0 18.9 (31.6) 19.4 (31.3) 19.3 (31.7) 19.5 (30.9) 19.3 (32.9) 19.9 (34.3)
treer Yo 21.0 (35.1) 21.1 (34.0) 21.2 (34.2) 21.3 (32.8) 21.2 (34.1) 21.8 (36.3)
Non-hydrogen atoms: 33,505/881 33,291/677 33,465/824 33,665/1,102 33,566/1,005 32,873/256
Total/H,O
rm.s.d. from ideal geometry
Bond lengths, A 0.007 0.007 0.007 0.007 0.007 0.007
Bond angles, ° 1.17 1.18 1.18 1.17 1.17 1.19
Average isotropic B-value, A2
All non-solvent atoms 47.0£13.9 65.0+14.8 61.4+14.1 53.8+13.8 545+14.8 78.5+14.2
Solvent 37.8+£8.8 547469 50.1+7.8 50.8+38.1 45+8.5 592458
GGTase-I (molecule 6)
Enzyme 37.3+11.2 56.0+12.4 51.3+11.3 452+11.2 4544123 68.8+11.3
CajaX peptide 355+2.8 54.0+6.7 54.0+13.2 499472 36.8+8.8 63.916.6
3'azaGGPP . 32.149.1 547483 50.8+10.8 46.31+7.6 42.4+10.8 672189
SigmaA coordinate error, A? 0.50 0.44 0.45 0.43 0.44 0.58
PDB Identifiaction 1TNB 1TNO 1TNU 1TNY 1TNZ

Ryym = QI = IND/(3- D), where (D) is the average intensity of multiple measurements. Reryse and Rgee = (3 [Fops — Featc /(3 [Fobs])- Reree Was calculated over 5% of the amplitudes not used in

refinement.

? Values in parentheses correspond to those in the outer resolution shell.
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