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Upstream Polybasic Region in Peptides Enhances Dual Specificity for Prenylation
by Both Farnesyltransferase and Geranylgeranyltransferase Type |
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ABSTRACT: Protein farnesyltransferase (FTase) and protein geranylgeranyltransferase type | (GGTase 1)
catalyze the attachment of a farnesyl or geranylgeranyl lipid, respectively, near the C-terminus of their
protein substrates. FTase and GGTase | differ in both their substrate specificity and magnesium dependence,
where the activity of FTase, but not GGTase |, is activated by magnesium. Many protein substrates of
these enzymes contain an upstream polybasic region that is proposed to increase the affinity of the substrate
and aid in plasma membrane association. Here, we demonstrate that the addition of an upstream polybasic
region to a peptide substrate enhances the binding affinity of F¥adeld for the peptide but diminishes

the catalytic efficiency of the reaction, reflected by decreases in both the prenylation rate constant and
keafKm. Specifically, the prenylation rate constant decreases 7-fold at 5 mM MuoClthe peptide
KKKSKTKCVIM (C-terminal sequence of K-Ras4B) in comparison to TKCVIM. This decrease is
accompanied by an alteration in the dependence on magnesium,lagtimereases from 2.2 0.1 mM

for TKCVIM to 11.5 4+ 0.1 mM for KKKSKTKCVIM. The presence of an upstream polybasic region

does not significantly affect GGTase I-catalyzed reactions, as only minimal changes are Kgendh

Kwm, andkesnem vValues. Thus, the presence of an upstream polybasic region enhances the dual prenylation
of these substrates, by decreasing the catalytic efficiency of farnesylation catalyzed by FTase to a level
comparable to that of geranylgeranylation catalyzed by GGTase I.

Protein farnesyltransferase (FTdsahd protein geranyl-  Scheme 1: Minimal FTase Kinetic Mechanism
geranyltransferase type | (GGTase I) are members of a class

- E + FPP =———E *FPP + pep =——E+FPPpep——— E-FPP"-pep
of enzymes known as protein prenyltransferases that catalyze

the attachment of hydrophobic isoprenoid groups, known as Product 1| Kehem
prenyl groups, onto the cysteine sulfur of protein substrates. Kot
Prenylation is required for membrane association and protein E-FPP-Product << E-Product

function (1). FTase attaches a 15-carb | t FeP
unction 1). ase atlaches a Lo-carbon prenyl group onto 2|n the GGTase I-catalyzed reaction, the prenyl group is donated

it_s protein substrates, . which is donated from farnesyl py GGpP, rather than FPP. Other steps in the kinetic mechanism are
diphosphate (FPP), while GGTase | catalyzes the transferidentical.
of a 20-carbon prenyl group from geranylgeranyl diphosphate
(GGPP). FTase and GGTase | are heterodimeric enzymeddentical (1). FTase and GGTase | contain a catalytic zinc
with a commona-subunit andj-subunits that are 30% ion that coordinates the thiol of the peptide substrate.
Magnesium ions activate FTase, but not GGTas2H4).
. . . The kinetic pathway for these enzymes has a preferred
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GMO07767 NIGMS (H.L.H.), and T32 GM08353 (K.A.H.) The contents  product dissociation (Scheme 15, (6). In general, the
of this publication are solely the responsibility of the authors and do prenylation rate constarier) catalyzed by GGTase is20-
not necessarily represent the official views of NIGMS. !
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! Abbreviations: FTase, protein farnesyltransferase; FPP, farnesyl Rheb {). Many of these protein substrates have been
diphosphate; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; 12, implicated in cancer progression; Ras, for example, is
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propanesulfonic acid]; FRET, fluorescence resonance energy transfer;mu'[ated in 30% of all hur_nan pance@.(Thus, in the past
EDTA, (ethylenedinitrilo)tetraacetic acid; CaaX, tetrapeptide sequence decade, the pharmaceutical industry has developed FTase
cysteine-aliphatic amino acietaliphatic amino acietX; FTls, farnesyl- inhibitors (FTIs) that interfere with the FTase-catalyzed

transferase inhibitors; GGTIs, geranylgeranyltransferase inhibitors; At it ; i
MDCC, the coqmarin quorophpﬂﬁ-[Z-(l—maIeimidyl)ethyl]-?;(diethyl- rEOdCI:g$tlon ?f b%}? Rat&;] and S dd.lttlonfal unltdherltlfletd_ targ_ets
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purine nucleoside phosphorylase. G-proteins and many Ras-related G proteins, including
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members of the Rac, Rap, and Rho famili€s—14). purified by HPLC to=90% pure, as follows: SKTKCVIM
Geranylgeranyltransferase inhibitors (GGTIs) inhibit human and TKCVIM, Bethyl Laboratories (Montgomery, TX);
tumor growth and show promise in the treatment of CCKVL, N-terminal-dansylated (dns) dns-KKKSKTKCVIM
cardiovascular diseaséd5). In general, peptide substrates and dns-TKCVIM, Bio-Synthesis (Lewisville, TX); and
of both FTase and GGTase | are proposed to contain aKKKSKTKCVIM, KRYGSQNGCINCCKVL, and dns-
C-terminal CaaxX group, or “CAAX box”, where C is a  SKTKCVIM, Sigma-Genosys (The Woodlands, TX). The
conserved cysteine residue, @and a are aliphatic amino  concentration of peptide was determined spectroscopically
acids, and X can be various amino acids (6, 17 by reaction of the cysteine thiol with B;8ithio-bis(2-
(companion paper)). Many substrates also contain an up-nitrobenzoic acid), using ag,of 14 150 Mt cmtat 412
stream polybasic region, which has been proposed to increas@m (29). Inorganic pyrophosphatase (B&e) from Bakers’
the affinity of the protein substrate for the prenyltransferase, Yeast, 7-methylguanosine (MEG), and purine nucleoside
based on decreasedsi¥alues, and aid in plasma membrane phosphorylase (PNPase) were all purchased from Sigma (St.
localization ((8—20). This region might also serve as a Louis, MO). All other chemicals were reagent grade. Thin-
“second signal”, allowing these protein substrates to be layer chromatography (TLC) plates were pre-run in 100%
targeted directly to the plasma membrane from the endo- acetone before use.

plasmic reticulum rather than being trafficked through the  Preparation of FTase and GGTaseNild-type FTase was
Golgi (21). The classic structure of an upstream polybasic expressed in BL21(DE3) FPT/pET2&=scherichia coliand
region is described by K-Ras4B, which has the sequencepurified as described3(, 31). The FTase concentration was
KKKKKKSKTKCVIM. However, there is no real consensus  determined by active site titration with dns-TKCVIM or dns-
sequence for an upstream polybasic region, as some protein&CVLS as described3(). Wild-type GGTase | was ex-
(like K-Ras4B, RalA, and Racl) contain stretches of pressed in BL21(DE3) GGPT/pET2&a coli and purified,
positively charged amino acids, while other proteins (like G and the concentration was determined by active site titration
proteiny-T2 subunit and DnaJ) contain individually spaced as described? 17). Purified FTase and GGTase | were
Arg, Lys, or His residues (Table 1). The crystal structure of determined by SDSPAGE to be>90% pure. The proteins
FTase with a bound K-Ras4B-derived peptidggoK SsK7- were dialyzed against HT buffer (50 mM 4-(2-hydroxyethyl)-
TeKsC4V3lMy, indicates that numerous hydrogen-bonding 1-piperazineethanesulfonic acid (Hepes), pH 7.8, and 1 mM
interactions are made between the upstream lysines of thistris(2-carboxyethyl)phosphine hydrochloride (TCEP)), con-
peptide with FTase residues. For example, Gluléhd centrated to~100 «M, and stored at-80 °C.

Glul25 make backbone interactions with Lys7 and Lys10,  Steady-State Kinetic¥he steady-state kinetic constany
respectively, Asp359 makes a side chain interaction with  KyPeride was measured for wild-type GGTase | using a
Lys5, and Asp98 hydrogen-bonds with Lys1Pp). Recent continuous spectrofluorometric assay with dansylated pep-
data indicate that the peptide substrate specificity of the tides (L7, 32, 33). Assays were performed at 2& in 50
prenyltransferases is more complex than originally proposed.mM Tris-HCI, pH 7.5, 5 mM dithiothreitol, 5 mM MgG]J
Some substrates have dual specificity, that is, can be modifiedand 10uM ZnCl, with varying dansylated peptide (610

by either FTase or GGTase |. For example, K-Ras4B and uM) and saturating GGPP (M) (33). Additional enzyme
RhoB are prenylated by both FTase and GGTasg 24— (50—100 nM) was added to the reaction to reach the endpoint
26). The differentially modified forms of these proteins may fluorescence (2545 min). The rate of increase in fluores-
lead to resistance to FTIs and differential cellular effe2®% (  cence intensity per second was converted to the rate of
28). Here, we examine the effect of an upstream polybasic increase in the product concentration per second using eq 1
region, present in KRas-4B and RhoB, on reactivity with whereV refers to the velocity of the reaction (M s™%), R
FTase and GGTase I. As predicted, our data demonstraterefers to the velocity of the reaction (in fluorescence units
that the presence of an upstream polybasic region enhances™?), P refers to the concentration of the limiting substrate,
the binding affinity of the peptide. However, the upstream andFnarefers to the maximal fluorescence intensity at the
polybasic region also decreases the apparent magnesiunendpoint 84). The steady-state kinetic parametgyKyertide
binding affinity and the farnesylation rate constant at was calculated from the slope of the linear dependence of
saturating magnesium concentrations. These effects of thenitial velocity on peptide concentration.

polybasic sequence lead todacreasen the value of the R-P

specificity constantk../KyPePide for reaction with FTase. In V= F (@)
contrast, addition of a polybasic region has little effect on max

the reactivity or affinity of peptides with GGTase |I. This fluorescent assay was also used to measure the steady-

Therefore, these sequences enhance the dual specificity oftate kinetics of FTase with the peptides dns-KKKSKT-
these peptides by decreasing the valuekgfKyPeride for KCVIM, dns-SKTKCVIM, and dns-TKCVIM. The reactions
farnesylation catalyzed by FTase relative to that of gera- contained 0.13 M peptide, 1quM FPP, G-10 mM MgCl,

nylgeranylation catalyzed by GGTase . 50 mM Heppse-NaOH, pH 7.8, 5 mM TCEP, 16M ZnCl,,
and 24 nM FTase. The Michaeli$lenten equation was fit
EXPERIMENTAL PROCEDURES to the initial velocity data to generate valueskgf/KyPertide

andKyPerideat 5 mM MgChb. The dependence &f./KyPeride
Miscellaneous Method4ll curve fitting was performed ~ on MgCkL was also measured to determine valueskigf
with Kaleidagraph (Synergy Software, Reading, PA). Far- Kyug and Ky vg.
nesyl protein transferase inhibitor Il (12) was purchased from  The steady-state paramekey/KyPePi%was determined for
Calbiochem-Novabiochem Corporation (San Diego, CA). FTase with the peptides SKTKCVIM, TKCVIM, KRYG-
The peptides used in these studies were synthesized an@QNGCINCCKVL, and CCKVL using a radioactive assay
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(17, 31) Assays were init_ated by the ad(_jition of FTase to Table 1: Selected Prenylated Proteins Containing an Upstream
peptide and FPP. The final concentrations were 24 nM polybasic Regioh

FTase; 1uM [1-3H]FPP and 0.14 uM peptide in 50 mM

protein C-terminal sequence modification

Heppso-NaOH, pH 7.8, and 5 mM Mgl and 2 mM Racl CPPPYKRKRK CLLL geranylgeranylated
TCEP, pH 7.8. Reactions were que_nche_:d by the addition of _° 1 KKKRK SLAKRIR ERCCIL geranylgeranylated
an equal volume of 20% (v/v) acetic acid/80% 2-propanol. r.ras ARKK GGGCPCVLL geranylgeranylated
The product was separated by TLC and quantified by Guanine nucleotide KNPRKEKGSCVIS farnesylated
scintillation counting. The initial ratey,, at each peptide binding protein
concentration was calculated from a linear fit of the first gégfﬁ)ﬁ(lm i
10% of the reaction. The slope of the dependencefE] DnaJ EDDEHHPRGGVQCQTS  famesylated
on the peptide concentration yields tkg/KuPePi“values. PRL-1 (PTPCAAX1) KDSNGHRNNCCIQ farnesylated

Direct Peptide Binding AffinityThe binding of dansylated G protein, DKNPFKEKGGCLIS farnesylated
peptides to FTase and GGTase | was observed by fluores- 7-T2 subunit

. K-Ras4B KKKKKK SKTKCVIM both

cence anisotropyl(, 35). The FTase (0.5 nM) samples were ;= KRYGSQONGCINCCKVL  both

prepared with 50 mM Heppso, pH 7.8, 2 mM TCEP, 1 mM
MgCl,, 57 mM NacCl, and 0.2 nM EDTA; in some cases, 1
nM 12, an FPP analogue, was also included in the sample.
Dansylated peptide (612 nM) was then titrated into the —constant using the phosphate binding protein stopped-flow
enzyme solution, and the fluorescence anisotropy wasassay. Eq 4 was fit to these dattaug represents the apparent
measured. The GGTase | titrations contained 50 mM Heppso,dissociation constant for magnesiukf.3, is the rate con-

pH 7.8, 2 mM TCEP, 2 nM dansylated peptide, and 10 nM stant of the reaction at saturating magnesium concentration,
EDTA. GGTase |:3-aza-GGPP was then titrated into solution andks is the rate constant of the reaction in the absence of
(0—150 nM) and additional dansylated peptide to maintain magnesium.

the 2 nM concentration of peptide. A weighted fit of eq 2 to

a2 Data taken from the Swiss-Prot databank and 2&fand 21

the data yields the apparent dissociation constants, where ng
AA corresponds to the observed fluorescence anisotropy kps= ——— ———- Tk (4)
(excitation, 340 nm; emission, 496 nm), EP is the fluores- 1+ KMg/[Mg ]

cence anisotropy endpoint, IF is the initial fluorescence
anisotropy, [enzyme] is the concentration of FTase, and RESULTS
KPP" s the dissociation constant for the dansylated pep-

tide. A number of prenyltransferase substrates contain positively
charged amino acids on the N-terminal side of the CaaX
_ EP TIE ) sequence, such as K-Ras4B, RalA, Racl, G progeii?
1+ ngP“de}[enzyme] subunit, and Dna J (Table 13@, 21). This region is proposed

to act as a “second signal”, allowing these proteins to be

Transient KineticsSingle turnover rate constants for FTase targeted directly to the plasma membrane rather than being
and GGTase | were determined using a coupled stopped-rafficked through the Golgi2l). This sequence is also
flow fluorescence assay with fluorophore-labeled phosphate proposed to increase the binding affinity of FTase for these
binding protein to measure the formation of phosphate, in substrates, as suggested by a decrease in the steadi{ystate
the presence of inorganic pyrophosphatase, as descfied ( (38). In addition, peptides based on the C-terminal region
36). Briefly, a mixture of 1.6uM FTase or GGTase |, 0.4 0f K-Ras4B have |6 values for inhibition of farnesylation
uM FPP or GGPP, 50 mM Heppso, pH 7.8, 08B0 mM in the high-nanomolar regime, and farnesylation of K-Ras4B
MgCl,, 2 mM TCEP, and a “phosphate mop” was mixed in €xhibits resistance to FTIsl®, 20). However, peptide
a stopped-flow apparatus (KinTek Corporation, Austin, TX) dissociation constants and chemical rate constants catalyzed
with an equal volume of peptide (0.68.4 mM), 0.01 mM by the protein prenyltransferases cannot be directly deter-
MDCC-labeled A197C PBP, 108L/mL PPiase, 50 mM  mined using steady-state kinetic3 6).

Heppso, 1 mM TCEP, and “phosphate mop”. The “phosphate  Here, we investigate the molecular recognition and func-
mop”, composed of 0.5 units/mL purine nucleoside phos- tion of interactions between FTase or GGTase | and
phorylase (PNPase) and 15 mM 7-methylguanosine (MEG), positively charged upstream amino acids in a series of
was added to remove any contaminating phosphate presenpeptides using single turnover and steady-state kinetics and
in the reaction mixture. Eq 3 was fit to these data to calculate direct binding assays. The reactivity and affinity of peptides
kenem Values. FI refers to the observed fluorescence fem  based on two proteins that are prenylated by both FTase and
450 nm), amp represents the amplitude of the fluorescenceGGTase | (Table 1), K-Ras4B (KKKSKTKCVIM, SKT-
change (en= 450 nm), kenem represents the rate constant KCVIM, and TKCVIM), and Rho B (KRYGSQNGCINC-

for formation of monophosphate (which equals the prenyl- CKVL and CCKVL) are examined7).

ation rate constant), and IF is the initial fluorescence. Polybasic Region Decreases Seleityi for FTase The
steady-state parametegs/KuPePiand k., were measured
FI = amp[1— exp(—K. D] + IF 3) for a series of peptides based on the protein substrates with

and without upstream polybasic sequences (Tables 2 and 3).

The magnesium dependence of the farnesylation reactionThe addition of an upstream polybasic region decreases the
was determined by varying the magnesium concentration value of ke,s modestly (2-fold) for the peptide KKKSKT-
from 0.01 to 50 mM and measuring the single turnover rate KCVIM in comparison to TKCVIM. However, the value of
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Table 2: Kinetic Constants of FTase and GGTase | with K-Ras4B

Peptides
dns-KKKSKTKCVIM  dns-SKTKCVIM  dns-TKCVIM
FTase
Keaf KyyPertide 2.7+£0.7 80+ 8 16+2
(mM—lS—l)a,b
(5 mM Mg)
Keat (7120 0.052+ 0.008 0.20+ 0.04 0.096+ 0.008
kealKiypepide 10+ 1 8245 4143
(mM—l S—l)a,c
(saturating
Mg)
Kwm,mg (uM)2© 13+£3 100+ 10 24+ 6
Kppertide(n\)d 0.14+0.03 0.22+ 0.03 0.86+ 0.08
Kehem(S7Y) 1.1+01 0.92+ 0.09 7.3+£0.7
(5 mM Mg)P-e
Kmg (MM)ef 11+1 1141 2.2+0.2
Kmax (s71)e9 3.3+0.3 3.4+ 0.3 9+ 3
saturating
Mg
ko (s7Hh 0.029+ 0.003 0.023t 0.002 0.24+ 0.03
GGTase |
Keaf KyPeptide 20+1 21+1 16+ 1
(mel Sfl)a
KpPeptide(nM)di 1.0+ 04 2.0+ 0.9 3+1
Kehem (s71) 0.94+0.01 0.34+ 0.06 0.35+ 0.02

a Assays were performed with saturating FPP or GGPP at pH 7.8
with dansylated peptide8 Measured at 5 mM MgGl ¢ Both kea/Kwmmg
and Kuwug are kinetic parameters determined from the magnesium
dependence of../KuPePide at saturating FPP.Measured from fluo-
rescence changes of dansylated peptiti&imgle turnover assays were
measured at pH 7.8 with saturating enzyme and peptitiee single
turnover rate constant was measured as a function of Mg(ll) concentra-
tion. 9 Saturating Mg(ll)." Single turnover rate constant at zero Mg(ll).
i Binding assay done in the presence of the non-hydrolyzable analogue,
3-aza-GGPP.Value calculated using [Md] < 0.7 mM sincekea/
KyPeride decreases at higher concentrations.

Table 3: Kinetic Constants for Farnesylation of Peptides Based on
RhoB

FTase KRYGSQNGCINCCKVL  CCKVL
Kehem (S71)2 0.44+ 0.04 1.1+ 0.1
Keal KyPePtide(mM —1s-1)b 48+ 6 70+ 10

a Single turnover assays were measured at pH 7.8 with saturating
enzyme and peptidé.Steady-state kinetics measured using the radio-
active multiple turnover assay.

kealKvPePide s the most relevant kinetic parameter since it
reflects the specificity constant under steady state turnover,
indicating which peptide is most likely to be prenylated under
steady-state conditions when in competition with other
substrates, as would be seen in viBY)( Our data dem-
onstrate that addition of lysines at the N-terminus (kK
KSKTKsCVIM versus SKTKCVIM ) decreases the value
of kea/KnPePide by 30-fold at 5 mM MgC4, specifically
reducing the specificity of FTase for catalyzing farnesylation
of the peptide with the polybasic region. Similar results were
obtained with nondansylated peptides using a radioactive

Hicks et al.

may be caused by the sequence changes atitlaacd a
position of the CaaX sequence rather than the upstream se-
guence. Alternatively, the differential results could be caused
by the lower concentration of FPP (Qub/ versus 10uM)

in the previous work or the use of full-length proteins. In
summary, our data demonstrate that the catalytic efficiency
for farnesylation of peptides catalyzed by rat FTdsereases
with the addition of an upstream polybasic sequence.

In contrast, the specificity constants for farnesylation of
KRYGSQNGCINCCKVL and CCKVL are nearly identical,
likely reflecting the absence of specific interactions between
the amino acids immediately upstream (amino acid4 %)
of the CAAX box (Table 3), including positively charged
residues. The high reactivity of the peptides based on
K-Ras4B (Table 2) is not unexpected as this protein is
farnesylated in vivo. However, the comparable valuds gf
KwvPertidefor the reaction of FTase with the RhoB peptides,
where the terminal amino acid (“X”) is Leu (-CCKVL), is
surprising given the low specificity rate constakag,(KyPertide
< 10' M~1s™) previously measured for the TKCVIL peptide
(17). The data in Table 3 demonstrate that the enhanced
reactivity of the RhoB peptide with FTase is not caused by
the upstream polybasic sequence. Therefore, changes in the
YCaaX sequence, such as Lys at He at @, or Cys at Y,
must enhance the reactivity of this peptide with FTase.

For GGTase |, the presence of an upstream polybasic
region has a limited effect on the value laf/KyPeride for
the K-Ras4B peptide series (Table 2); dns-KKKSKTKCVIM,
dns-SKTKCVIM, and dns-TKCVIM have nearly identical
values ofkea/KyPePide (16—20 mM™* s71). Thus, upstream
polybasic regions have little effect on the specificity of
geranylgeranylation catalyzed by GGTase I. A similar
conclusion has been previously reached for geranylgerany-
lation of peptides catalyzed by “humanized” rat GGTase |
(38). Taken together, these data indicate that upstream
polybasic residues alter the partitioning of a given peptide
toward geranylgeranylation by GGTase | compared to
farnesylation by FTase. This ratio, indicated blgaf
K PepidgGGTasg(k /K PePidgFTase increases from 0.3 for
TKCVIM to 7.4 for KKKSKTKCVIM, suggesting that, in
the presence of equal concentrations of GGTa&PP and
FTaseFPP, TKCVIM would be predominantly~80%)
farnesylated while KKKSKTKCVIM would be mainly
geranylgeranylated~90%). Thus, the upstream polybasic
region in the K-Ras4B peptide modulates the dual specificity
of this peptide. Interestingly, although methionine at the
C-terminus has been suggested as a determinant of reactivity
with FTase, the K-Ras4B peptides are efficient substrates
for GGTase | withk./KuPePi% values comparable to both
the reaction of GGTase | with peptides where=X_ (Tables
2 and 3) and reactivity of FTase with peptides where=X
M (Table 2) (7).

The partitioning between farnesylation and geranyl-
geranylation of a given peptide is also altered by the mag-

assay (data not shown). In contrast, previous comparisonsnesium concentration since FTase, but not GGTase |, is

of farnesylation of the full-length proteins N-Ras (-QGC-
MGLPCVVM), K-Ras4A (-GCVKIKKCIIM), and K-Ras4B
(-KKKSKTKCVIM) catalyzed by human FTase demon-
strated that K-Ras4B had the highest valuekgfKyProten
and lowest value oKy (38). The authors concluded that
the polybasic region enhances catalytic efficiency of this

activated by magnesiun2,(40). To investigate whether up-
stream polybasic residues affect the magnesium dependence
of FTase, the dependencelgf/K\PePideon the concentration

of magnesium was measured for the peptides KKKSKT-
KCVIM, SKTKCVIM, and TKCVIM (Table 2) (Figure 2).

The value ofKuwng is calculated from the dependence of

substrate; however, our data suggest that these two effectk.o/KnPPi% on the concentration of magnesium and likely



Polybasic Region Enhances Dual Specificity Biochemistry, Vol. 44, No. 46, 20095329

o]
Proteln-HNj)J\a1azx 0.055
2%.. —
zn £ o005
+ 2
o
o o £ 0045
0-B-0-P-0-CTX S ES 2
o O v/ ® 004
Mo
"\ 0.035
P; 0 02 04 06 08 1 12
o] [dns-KKKSKTKCVIM] (nM)
Protein-HN a4a,X FIGURE 3: Measurement dfq for the FTaseins-KKKSKTKCVIM
complex using changes in the fluorescence anisotropy. The solution
Zn?t--g anisotropy was measured as the peptide dns-KKKSKTKCVIM was

éw titrated into 0.2 nM FTase as described in Experimental Procedures.

Equation 2 was fit to these data to calculate a valu&pf
Ficure 1: The overall reaction catalyzed by FTase. A thioether
bond is formed between Carbon 1 (C1) of FPP and the Cys thiolate 1
of the CAAX box. For FTase, Mi is known to enhance the rate

-]
constant of chemistry, while GGTase | catalysis is magnesium- < 08}
independent. The chemical reaction catalyzed by GGTase | is nearly c
identical, except that a 20-carbon group is attached to the Cys © o6l
thiolate of the CAAX box, which is donated from GGPP. Q
8 04l
4 [
810*}| o
= S o2
» o
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FIGURE 4: The single turnover rate constant for prenylation of
KKKSKTKCVIM. Prenylation of KKKSKTKCVIM catalyzed by
FTase ©) and GGTase 1) was measured using the stopped-
867 0.1 1 flow assay. The peptide KKKSKTKCVIM was mixed with enzyme
[MgCL_] (mM) in a KinTek stopped-flow at the following concentrations: saturat-
2 ing peptide (2Q«M) and either 1.6¢M FTase or GGTase |, in 0.4
FiGURE 2. The dependence d../KyPePtide on the magnesium uM FPP or GGPP, 50 mM Heppso, pH 7.8, 25mM MgCl,, 2
concentration was determined for the peptides dns-TKCVAY] ( mM TCEP, 0.5 units/mL PNPase, 15 mM MEG, 1@Q/mL
dns-SKTKCVIM (#), and dns-KKKSKTKCVIM @). The value PPiase, and 0.01 mM MDCC-labeled A197C PBP. The increase
of keafKmPePidewas measured using the continuous fluorescent assayin phosphate concentration was measured fluorometrically by
(see Experimental Procedures) under standard conditions withbinding to MDCC-labeled A197C PBP, as described in Experi-
varying concentrations of Mg(ll). The Michaelidlenten equation mental Procedures. Equation 3 was fit to these data to obtain values
was fit to these data yieldinky g andkea/KuPePideat saturating for Kehem
MgCl, (Table 2).

in binding affinity for FTase is not observed as an increase

does not directly measure the binding affinity for magnesium. in the kea/KyPeP'“efor FTase; rather, the specificity constant
The value ofKyyg increases with the addition of one decreases (Table 2). This result demonstrates that the binding
upstream |ysine from 24 to 101}/[7 while additional |ysines aﬁlnlty of a peptlde does not correlate with reaCtiVity for
cause a decrease iwug. For peptides with multiple ~ FTase.
upstream lysines, the value df./KyPePid® decreases at Lysines Decrease Prenylation Rate Constant and Mag-
concentrations of MgGlabove 0.7 mM. These data dem- nesium Affinity To further understand the effects of the
onstrate that the upstream polybasic residues alter theupstream polybasic residues on catalysis, the rate constant
dependence df./KyPePi% on the concentration of Mggl for farnesylation or geranylgeranylation was measured under

Polybasic Region Enhances Binding Affinity for FTase. single turnover conditions (Figure 4). Unexpectedly, up-
To further investigate the role of the upstream polybasic stream polybasic residues in the K-Ras4B peptide series
region, we measured the binding affinity of FTase and cause a significant decrease (7-fold) in the farnesylation rate
GGTase | for a number of peptides. As predicted, the addition constant catalyzed by FTase at 5 mM Mg(iable 2). This
of upstream lysine residues increases the affinity of a peptideeffect is mediated by the upstream lysine residue at position
for FTase 3-4-fold, as indicated by a comparison of tkg 7, as the measured rate constants for,II4CVIM and
values for dns-KKKSKTKCVIM with that of dns-TKCVIM KKKSK7TKCVIM are nearly identical and slower than
(Figure 3). The presence of an upstream region also has aTlKCVIM. The addition of an upstream sequence lacking this
modest effect on the affinity of GGTase | for peptides, lysine, as in the peptide KRYGSQNGCINCCKVL (Table
increasing the affinity of K-Ras4B-derived peptides by 2-fold 3), has a smaller effect oik:nem coOnsistent with this
(Table 2). However, FTase binds K-Ras4B-derived peptides conclusion. To investigate whether the lysine residues also
with 4—9-fold higher affinity than GGTase I. This increase affect the apparent magnesium affinity of the FT&&P
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Ficure 5: The single turnover rate constant for the peptides -
TKCVIM (@), SKTKCVIM (), and KKKSKTKCVIM (O) was 1
measured using the stopped-flow PBP assay (as described in the SRR

legend of Figure 3) at varying magnesium concentrations {0.01 ¢ e 6 Crystal structure of FTase complexed with the peptide
g;) mM). Equation 4 was fit to these data to deterniig (Table K 11K 10K oS 7 TeKsCaV5loM; (PDB ID18D8). Highlighted are the
: backbone interactions between Glut6and Glul2s and Lys7
) ) and Lys10, respectively. In addition, side chain interactions are
peptide ternary complex, the single turnover rate constantmade between Asp3B%nd Lys5 and also between AsgBand
was measured at varying concentrations of magnesium toLys1l 22).

measur&yy. Magnesium ions accelerate the single turnover

rate constant for farnesylation of GCVLS catalyzed by FTase pyowever, KRas-4B has been shown to be largely resistant
700-fold with aKyg of 2 mM (3, 42). Magnesium ions are 14 FTjs presumably because it has a Ik for FTase and
proposed to coordinate to the diphosphate of FPP, leadingcan pe alternatively prenylated by GGTas@)l On the basis

to stabilization of the diphosphate leaving group in the of the crystal structure of KKKSKTKCVIM bound to FTase,
transition state for farnesylatiodZ). The measured value hydrogen-bonding interactions are made between the up-
of Kyg for farnesylation of TKCVIM catalyzed by FTase is  giream lysine region of KK10KeSsKTeKsCaVsloM; with
2.2+ 0.1 mM (Figure 5), nearly identical to the value of neqgatively charged Glu and Asp residues on FTase (Figure
Kug determined for GCVLS. Therefore, the lysine adjacent 6). For example, Glul6i and Glul2& interact with the

to the CAAX box does not alter the apparent Mg(ll) affinity.  packpone of Lys7 and Lys10, respectively. Asp3Bakes
The value ofKyg is much higher than the value NM":{'(% a side chain interaction to Lys5, and Aspdiydrogen-bonds
determined from the magnesium dependende#Ku™"® 4 the side chain of Lys112@). Our data demonstrate that
(Table 2), since the latter value reflects the concentration of 1e aqdition of the upstream lysine residues to the KRas4B
Mg(ll) required to change the rate-limiting step from a peptide increases the binding affinity by 0.75 kcal/mol, which
Mg(l1)-dependent step, such as farnesylation, to @ Mg(ll)- i |ess than the energy of forming one or more buried salt
independent step, such as peptide association. Howeveryyigges, but comparable to the energy of forming two or more
addition of a lysine residue at position 7 (FKCVIM) solvent-exposed salt bridges (6:0.5 kcal mot™ each) 87).
decreases both the apparent Mg(ll) affinity 5-follg = However, each lysine has a modest effect; Lys7 causes the
11+ 1 mM) and the farnesylation rate constant at saturating |5rgest enhancement, increasing binding affinity by 0.54 kcal

Mg(ll) by 2—3-fold (Table 2). In the absence of Mg(ll),  mol-1, Thus, the enhanced binding affinity observed for the
addition of a lysine at position 7 in the peptide also decreasesk.Ras4B peptide is likely due to a solvent-exposed salt

the farnesylation r'ate con;tant ble'—foId. Additional bridge formed between Lys7 and Glulsih FTase as well
upstream lysine residues, as in the peptide KKKSKTKCVIM, 45 the formation of several other weak hydrogen bonds.
have little affect on the value dmax ko, or Kvg measured Interactions between an enzyme and a substrate often cause

at pH 7.8. These data demonstrate that a lysine at position 75, increase in catalytic activity as well as enhanced binding
from the C-terminus decreases both the farnesylation rate(17 37). However, our data indicate that the presence of an
constant and the magnesium affinity, while modestly enhanc-ups’tream polybaéic region leads to decreases inkihle
iNg keaf KPPt (Table 2). KuPertide for farnesylation. Since farnesylation followed by
In contrast to FTase, the presence of an upstream poly-ranig diphosphate releasdj is an irreversible step, the
Iysme. region modestly increases the magnitude pf the steady-state parametes/KyuPe*®includes the rate constants
chemical rate constant catalyzed by GGTase | in the {5 the steps from peptide binding to-FPP through
K-Ras4B peptide series. For ex:ilmple., KKKSKTKCVIM has  t4rnesylation. Crystallographic data suggest that, prior to the
the largest value Okchem (0.94 s7), while the value of this 541 farnesylation step, the prenyl chain of FPP rotates in
rate constant_ is dgcreas_ed%-fqld for peptides with fewer ¢ FTaseFPPpeptide complex to position the C1 of FPP
upstream basic residues, including SKTKCVIM and TKCVIM. ' eqr the sulfur nucleophile in the peptid®(44). Therefore,
However, this increase iinemis not reflected as an increase  tha gecrease irkeafKnPePi% observed for the peptides
in kea/ KPP further demonstrating that geranylgeranylation containing a polybasic region could reflect decreases in the
is not rate-limiting under these conditions. rate constant for peptide association, prenyl chain rotation,
DISCUSSION and/or the farnesylation step (Scheme 1). The observed
decreases in the single turnover rate constant for farnesylation
Effects of the Polybasic Region on Binding and Catalysis. (Keher) likely partially explain the decreases lg/KyPeride
KRas-4B is often mutated in human cancers; thus, there isHowever, at 5 mM magnesium, the decreask.ifKyPeride
great interest in inhibiting prenylation of this protein. caused by the addition of an upstream polybasic region is
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significantly larger than the decrease kgem (Table 2). Scheme 2: Proposed Coupling between Mg(ll) Binding and
Therefore, a decrease in the peptide association rate constarftormation of the Active Complex in FTase
and/or alteration of the partitioning of the FTeSBPpeptide K1

complex between peptide dissociation and farnesylation must Eppp LN L L

also play a role in the decreased specificity constant. peptide peplide

Alterations in the association rate constant could be related

to changes in the peptide conformation required to form KM 1” w KMg,z

interactions between the upstream polybasic region and 9 K2 .

FTase (Figure 6) that are observed crystallographicagy. ( EFPP,Mgi PP.Mg ﬁ,

Although dissociation of the farnesylated product is the rate- peptide peptide

limiting step undek., conditions ), this step is not expected aThe polybasic peptides are proposed to stabilize the inactive

to affect substrate selectivity as it occurs after the first ELZ7 . and EZ54 conformations, relative to the active FPP confor-
irreversible step. The addition of the upstream polybasic mation, leading to decreased observed valueko@ind knax and an
region also decreases the product dissociation rate constarfgcreased value oKyg assuming that there is a rapid equilibrium
o R . . etween the four forms. This model also assumeskigk < Kwug,1

modestly (2-fold); this effect is similar to the increase in leading toK, > Ki.
substrate binding affinity~3.5-fold).

Additionally, the presence of an upstream polybasic region Scheme 3: The Upstream Polybasic Region Mediates
leads to decreases in the single turnover rate constant fofPartitioning between FTase and GGTase |
farnesylation Kqner), both in the absence of magnesium and Peptide-S-farnesyl + PP,
in the presence of saturating levels of magnesilgragd
kmax), @s well as an apparent decrease in the affinity of Mg(ll)
(Kmg). These decreases in the apparent magnesium affinity
and activity could be a direct electrostatic effect whereby
the polylysine region increases the overall positive charge
of the active site and inhibits the affinity of the positively
charged Mg(ll) ion while destabilizing the developing
positive charge on C1 in the transition ste8g Alternatively, Peptide-S-geranylgeranyl + PP,
the magnesium affinity may be linked to the bound confor-
mation of FPP. A crystal structure of an inactive FTase could either reflect a decrease in the reactivity of the active
FPPpeptide complex indicates that the C1 of FPP is more conformationor a decrease in the concentration of the active
than 7 A away from the nucleophile sulfur of the peptide complex at saturating Mg(ll) (Scheme 2).
(22). The structure of the FTadarnesyl-peptide complex In contrast, the presence of upstream polybasic residues
indicates that the prenyl chain rotates to form the-Slbond has a more limited effect on GGTase | catalysis and binding
(44). Therefore, a similar conformation change in FPP likely with only a 2-fold effect orkp and a 3-fold effect otkchem
occurs prior to catalysis and this step may be important for This is not entirely unexpected, as the amino terminal
regulating the farnesylation rate constant. Asg352 substrate residues were not observed in the electron density
proposed to be a magnesium ligand in the FTase-catalyzedof the crystal structure of KKKSKTKCVIL bound to GGTase
reaction based on the decrease in Mg(ll) affinity when | (23). This suggests that no specific binding interactions
Asp35%3 is changed to Ala or Lys (4). However, in the occur. In general, in the GGTase |-catalyzed reaction, the
structures of FPP bound to FTase, the side chain of Agp352 presence of upstream polybasic content modestly increases
is >7 A from the diphosphate of FPP. In the modeled active binding affinity and specificity constants.
ternary complex, an octahedral Mg(ll) site is proposed to  Biological Implications.The data presented here indicate
form including as ligands two nonbridging oxygens of the that the upstream polybasic region can modulate the FTase/
diphosphate, the two carboxylate oxygens of Aspg3s2 GGTase | selectivity of a protein substrate by decreasing
water molecule, and one carboxylate oxygen of Asp297 thek../KuPePi%for farnesylation leading to a net enhancement
(4). Therefore, Mg(ll) binding could be linked to formation  of geranylgeranylation (Scheme 3). Therefore, the polybasic
of the active conformation. The crystal structure of the “full sequence may be an important molecular recognition feature
length” KRas-4B peptide bound to FTase shows that the sidethat signals dual specificity of a peptide for reaction with
chain of Lys5 in the peptide is7 A from the side chain of  both FTase and GGTase |. Furthermore, the upstream
Asp35%3 in the ground state, ruling out a direct effect of polybasic region alters the apparent magnesium affinity of
this side chain on Mg(ll) affinity. However, the presence of FTase, perhaps allowing for in vivo regulation of prenylation
the upstream polybasic region could stabilize the FPP rates and selectivity of the prenyl donor by changes in the
molecule in the inactive conformation, leading to a lowered magnesium concentration. For example, it is possible that,
farnesylation rate constant in the absence of Mg(k) ( when magnesium concentration is low, GGTase | preferen-
decreases 10-fold). Given the coupling between Mg(ll) tially modifies K-Ras4B, whereas, at higher Mg(ll) concen-
binding and the formation of the active complex, stabilization trations, this protein is farnesylated. Biologically, the dis-
of the inactive conformation should also increase the tinction between a geranylgeranylated versus farnesylated
concentration of Mg(ll) required to shift the complex into version of a protein could have different effects. Recent work,
the active form and, hence, increase the valu&af, as for example, indicates that geranylgeranylated RhoB sup-
observed. Furthermore, the reactivity of the peptide with a presses Ras transformation in NIH-3T3 cells, while farnesyl-
polybasic region remains lowered at saturating magnesium.ated RhoB does no#§). In vivo, magnesium is sequestered
These changes in the observed single turnover rate constanby ATP, and thus, regulation of the differential prenylation

Peptide
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of substrates could involve delicate coordination of both ATP
and magnesium levels leading to divergent downstream
effects @1).
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