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Small GTPases of the Ras superfamily critically regulate
numerous cellular programs and are involved in the establish-
ment of disease, in particular cancer.!"! Two relevant examples
are the K-Ras4B protein and the Ras homologue enriched in
brain (Rheb) protein. Rheb activates the mTORC1 (mam-
malian target of rapamycin complex 1) signaling pathway,
which plays a central role in regulating cell growth, prolifer-
ation, and metabolism.?! Increasing evidence suggests that
Rheb and mTORCI1 are aberrantly activated in a variety of
human cancers.”! The mechanism of mTORCI activation by
Rheb is subject to intense debate.! K-Ras4B is the most
important isoform of the Ras proteins, which hold a central
position in the transduction of growth-promoting signals
across the plasma membrane to regulate cell growth and
differentiation. Mutations in Ras that lead to misregulated
signaling are found in approximately 30% of all human
cancers.”

Both Rheb and K-Ras4B contain an S-farnesylated
cysteine methyl ester at their Cterminus (see Scheme 1).
This posttranslational modification is required for their
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biological function. Thus, Rheb needs to be farnesylated
and methylated for correct localization to endomembranes
and for the activation of mTOR kinase,”®”! and K-Ras4B
needs to be S-farnesylated and carboxymethylated for
selective localization to the plasma membrane and signaling
activity.®

For the study of the temporal and spatial organization of
Rheb and K-Ras4B in cells, preparative amounts of fully
posttranslationally modified and active protein, additionally
equipped with suitable reporter groups and tags if required,
would be invaluable. The production of such modified
proteins by a combination of expression techniques and
organic synthesis has proven to be an enabling technique for
the study of the S-palmitoylated and S-farnesylated H- and N-
Ras proteins and of the S-geranylgeranylated Rab pro-
teins.*

However, farnesylated and carboxymethylated Rheb is
not accessible by expression techniques, and, in contrast to the
H- and N-Ras proteins, K-Ras4B has not succumbed to
synthesis so far. In particular, the maleimide ligation that was
very successful for the synthesis of H- and N-Ras[” cannot be
applied to K-Ras4B owing to the presence of multiple C-
terminal lysine residues and the formation of inseparable
product mixtures, and the use of the hydrazide linker
employed previously in the synthesis of H- and N-Ras
proteins resulted in only low yields of K-Ras4B peptides.'”!

Herein we report the first synthesis of S-farnesylated
Rheb and K-Ras4B methyl ester by a combination of
expressed protein ligation (EPL) and lipopeptide synthesis.
In EPL, a recombinant protein thioester generated by
thiolysis of an intein fusion protein reacts with a synthetic
peptide containing an N-terminal cysteine residue to yield a
native amide bond.™'!!

For the efficient synthesis of Rheb by EPL, the Alal73—
Alal74 bond in the C-terminal flexible region™ was chosen
as the ligation site. Thus, a farnesylated peptide methyl ester 2
representing the Rheb'*™®' fragment in which Alal74 has
been exchanged for Cys174 was required for the synthesis
of Rheb, as well as a truncated RhebAll thioester 3
(Scheme 1a).

Because of the acid sensitivity of the farnesyl group and to
ensure that the C-terminal cysteine methyl ester was intro-
duced without epimerization of the activated amino acid to
which it needed to be attached, we anchored the peptide to an
acid-sensitive trityl resin through the side-chain hydroxy
group of Ser180 (Scheme 2). After selective removal of the
allyl ester and coupling of the S-farnesylated cysteine methyl
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used to drive the liga-
tion reaction to com-
pletion within 3 hours
(Figure 1a). After
precipitation and
refolding of the liga-
tion product by pulse
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Scheme 1. Strategy for the synthesis of posttranslationally modified a) Rheb and b) K-Ras4B by EPL. MESNA = mer- .
captoethanesulfonic acid sodium salt. it had the correct sec-
ondary  structure.'

Since the C-terminal

ester 10, the peptide chain was elongated by means of the
Fmoc strategy with N-Fmoc-protected amino acids containing

acid-labile side-chain protecting groups, such as methyltrityl a)

(Mtt) for lysine and trityl (Trt) for serine. The N-terminal kba M 1 2 3
cysteine residue was introduced with the thiol group pro- 24 [N

tected as an S-fert-butyl disulfide, which can be cleaved by -

reducing reagents before ligation. Finally, treatment of the 20 |- L
resin with 1% TFA and a scavenger released the desired Q-
peptide 2, with simultaneous cleavage of all acid-sensitive 14 |-

side-chain protecting groups and without affecting the I ligated Rheb

farnesyl group. After precipitation in diethyl ether, the Il RhebA11- MESNA thicester

crude product was purified by HPLC to afford the target
peptide in 29 % overall yield. The identity and purity of the I
peptide were confirmed by LC-MS and NMR spectroscopy b) ™ +13 +12
(see Figures S1 and S2 in the Supporting Information).

To prepare the required protein thioester 3, we cloned the
gene coding for truncated Rheb''”* into the IMPACT (intein-
mediated purification with an affinity chitin-binding tag)
vector pTWIN1 (New England Biolabs).'¥] The resulting
plasmid was transformed into Escherichia coli BL21 (DE3)
cells, and the recombinant fusion protein RhebAll-intein-
CBD was purified by chitin-affinity column chromatography. ; _
Finally, the desired thioester was released from the column by ARh . ”‘ KR | )
thiolysis through treatment with MESNA to yield the . " " 2
RhebA11-MESNA thioester 3, which was further purified 18000 19500 21000 22500 24000
by size-exclusion chromatography and characterized by miz
ESIMS (see Figure S3 in the Supporting Information). Gen-  Figure 1. Characterization of the product obtained from the ligation of
erally, a quantity of approximately 25 mg of the protein  the RhebA11-MESNA thioester 3 with the C-terminal octapeptide 2.
thioester was obtained from a cell-suspension volume of 5 L. ) SDS-PAGE analysis of the RhebA11-MESNA thioester (lane 1) and

Next, the N-terminal cysteine residue of octapeptide 2 was the ligation product obtaihed aftef incubation with octapeptide 2 for
reduced with tris(2-carboxyethyl)phosphane (TCEP) to 3 h (lane 2). Lane 3 contains a mixture of the samples from lanes 1

. . . and 2. b) ESIMS spectra of the purified Rheb lipoprotein 1
demask the thiol group and then ligated with the RhebAl1- (Meuea = 20280) and the RhebAT1-MESNA thioester 3 (Mg = 19406).

caled —

MESNA thioester 3 in the presence of the detergent The inset shows the original mass spectrum of the Rheb lipoprotein 1
cetyltrimethylammonium bromide (CTAB),*! which was  before deconvolution.
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Scheme 2. Synthesis of the farnesylated and carboxymethylated Rheb
protein 1. a) Fmoc-Ser-OAll (8), pyridine, DMF/CH,Cl,; b) [Pd(PPhs),],
PhSiH;, CH,Cl,; c) H-Cys(Far)-OMe (10), HATU, collidine, DMF/
CH,Cl,; d) 1) piperidine in DMF; 2) Fmoc-AA-OH, HCTU, DIPEA,
DMF; AA=Ser(Trt), Lys(Mtt), Gly; repeat; e) 1) piperidine in DMF;

2) Fmoc-AA-OH, PyBOP, DIPEA, DMF; AA=CGln, Ser(Trt); repeat;

f) 1) piperidine in DMF; 2) Fmoc-Cys(StBu)-OH, PyBOP, collidine,
DMF/CH,Cl,; g) TFA, TES, CH,Cl,; 29% overall yield from 11;

h) TCEP, ligation buffer; i) RhebA11-MESNA thioester 3, Tris—HCl
buffer, pH 7.4, MESNA, CTAB, 20% yield. All =allyl, DIPEA=N,N-
diisopropylethylamine, DMF = dimethylformamide, Far=farnesyl,
Fmoc = 9-fluorenylmethoxycarbonyl, HATU = 2-(7-aza-1H-benzotriazol-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate, HCTU = (2-(6-
chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluoro-
phosphate), PyBOP = (benzotriazol-1-yloxy)trispyrrolidinophosphonium
hexafluorophosphate, TES =triethylsilane, TFA=trifluoroacetic acid,
Tris = 2-amino-2-hydroxymethylpropane-1,3-diol.

residues of Rheb are highly flexible and do not determine the
overall secondary structure, we used the recombinant
RhebA11-MESNA thioester 3 as a reference for comparison
with the structure of the refolded Rheb lipoprotein 1. The CD
spectra of both proteins superimpose very well (Figure 2a),
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which indicates that the refolded Rheb lipoprotein and the
recombinant Rheb protein adopt a similar secondary struc-
ture.

To determine the functionality of the semisynthetic Rheb
lipoprotein, we monitored its binding to an effector that
inhibits the dissociation of nucleotides from the Ras-like
G protein. This interaction can be followed in a real-time
fluorescence-based guanine nucleotide dissociation inhibition
(GDI) assay,™ which indicates a conformational switch of the
G protein between different nucleotide-loaded states. Semi-
synthetic Rheb lipoprotein was fully loaded with fluorescently
labeled methylanthraniloyl (mant) nucleotides (i.e. mant-
GppNHp, a nonhydrolysable GTP analogue, or the analogous
mant-GDP). Upon the addition of excess unlabeled nucleo-
tides (GppNHp or GDP), the bound mant nucleotides are
exchanged for unlabeled nucleotides. Since the fluorescence
intensity of the Rheb-bound mant nucleotide is approxi-
mately twice as high as the fluorescence intensity of the free
mant nucleotide, the nucleotide-exchange reaction can be
monitored as decay of the fluorescence signal. Recombinant
forms of possible Rheb effectors, such as mTOR itself or the
mTORCI1 complex, are not known. However, we recently
developed a mutated form of the Ras binding domain of the
Raf protein (Raf-RBD) that specifically recognizes GTP-
bound Rheb and therefore inhibits the dissociation of the
nucleotide from active Rheb."! We applied both wild-type
and mutated Raf-RBD proteins to active (mant-GppNHp-
loaded) or inactive (mant-GDP-loaded) semisynthetic Rheb
lipoprotein in the GDI assay. In the presence of mutated Raf-
RBD, the nucleotide exchange of mant-GppNHp-bound
Rheb was slowed down, whereas in the presence of wild-
type Raf-RBD, there was no change relative to the intrinsic
rate (Figure 2b). In contrast, for mant-GDP-bound Rheb,
neither mutated nor wild-type Raf-RBD affected the rate of
the nucleotide-exchange reaction. These results prove that
the semisynthetic Rheb lipoprotein was correctly folded and
functional, as indicated by conformational switching between
the active and the inactive state.

The K-Ras4B protein 4 was synthesized by a similar
strategy (Scheme 1b). K-Ras4B also does not contain an
extra cysteine residue at its C terminus for protein ligation. In
this case, a cysteine residue was inserted at the N-terminal end
of the polybasic amino acid sequence adjacent to the
farnesylated C-terminal cysteine methyl ester. The resulting
dodecapeptide 5, which features a total of eight lysine
residues, was synthesized on a solid support (see Scheme S1
in the Supporting Information). The growing peptide chain
was anchored to a chlorotrityl linker through the side chain of
the lysine residue nearest the C terminus. The other lysine
side chains were protected with the allyloxycarbonyl (Alloc)
group!’”! to enable their orthogonal palladium(0)-catalyzed
deprotection in the presence of the other functionalities in the
peptide. After cleavage from the solid support, the peptide
could be precipitated readily and was obtained in 15 % overall
yield after preparative HPLC purification. Similarly to the
Rheb thioester 3, the truncated K-Ras4B protein core
thioester 6 was generated through expression in the
IMPACT vector pTWIN2 (New England Biolabs), purifica-
tion on a chitin-affinity column, and release after treatment

Angew. Chem. Int. Ed. 2010, 49, 60906095
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Figure 2. Evidence for the correct function of the synthetic Rheb and K-Ras4B lipoproteins. a) CD spectra of the recombinant RhebA11-MESNA
thioester 3 (s«+++) and the Rheb lipoprotein 1 (——) in 20 mm phosphate buffer (pH 7.2). b) GDI assay showing the release of mant-labeled
nucleotides (mant-GppNHp or mant-GDP) from Rheb lipoprotein in the presence or absence of wild-type (wt) Raf-RBD or mutated (mt) Raf-RBD
upon the addition of excess unlabeled nucleotides (GppNHp or GDP). c) Microscopy image showing the neuritelike outgrowth of PC12 cells
following the microinjection of semisynthetic farnesylated G12VK-Ras4B. The total number of cells injected with the protein in three independent
experiments was 39; 10 cells in experiment 1, 20 cells in experiment 2, and 9 cells in experiment 3. A 200 um protein solution containing FITC-

dextran (20 mm) was used for microinjections.

with MESNA. The synthetic farnesylated polybasic peptide §
was ligated to the K-Ras4B thioester 6 in Tris buffer in the
presence of TCEP (5mMm) to yield the ligated K-Ras4B
protein 4, which contains an additional cysteine residue
between Glyl174 and Lys175, within 4 hours with up to 80 %
conversion and in multi-milligram amounts (see Figure S5 in
the Supporting Information).

In contrast to the Rheb protein, protein denaturation and
refolding was not necessary for the purification of K-Ras4B.
In this case, the different physical properties of the ligated K-
Ras4B protein (isoelectric point, pI=8.2) and the core
protein (pI =5.3) enabled an efficient purification by cation-
exchange chromatography to yield K-Ras4B in 50-70 % yield.

To demonstrate the molecular integrity and biological
activity of the farnesylated K-Ras4B protein, we prepared an
oncogenic G12VK-Ras4BA15 MESNA thioester and ligated
it to the K-Ras4B dodecapeptide 5. This semisynthetic
construct was then investigated for its ability to induce
differentiation of the rat pheochromocytoma PC12 cell line
(see Table S1 in the Supporting Information).””) Under normal
growth conditions, this cell line has a chromaffin-cell-like
morphology. Upon the microinjection of a 200 pum solution of
full-length recombinant oncogenic K-RasG12 V protein,
69 % of these cells differentiated into nonreplicating sympa-
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thetic neuronlike cells. Similarly, upon the microinjection of a
100 pM solution of semisynthetic oncogenic K-Ras4B, 57 % of
the treated cells showed neurite outgrowth; 67 % activity was
observed when the cells were injected with a 200 um solution
(Figure 2¢).

Correctly modified and functional Rheb 1 and K-Ras4B 4
may be employed as tools to investigate the roles of the
proteins in biological processes, for example, their interaction
with putative binding partners. To demonstrate this possibil-
ity, we investigated whether the semisynthetic lipoproteins
interact with the J subunit of retinal rod phosphodiesterase
(PDEJ). PDEJ has been suggested to be a transport factor for
prenylated proteins.®

PDEDJ can recognize the prenyl group of these proteins;
however, the range of its binding partners and the structural
parameters dictating this protein—protein interaction remain
to be defined.'®!”! Hence, we subjected the semisynthetic
Rheb and K-Ras4B lipoproteins loaded with mant-GppNHp,
as well as several truncated model peptides labeled with a
dansyl group, to a fluorescence-polarization assay to deter-
mine their binding affinity for PDEJ (Table 1).

The semisynthetic Rheb and K-Ras4B proteins did
interact with PDEJ; they showed similar Ky, values of 394
and 302 nwM, respectively. By contrast, a recombinant Rheb
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Table 1: Interaction of farnesylated Rheb and K-Ras4B, as well as several
dansylated C-terminal peptides derived from these proteins, with PDEJ,
as determined by fluorescence-polarization assays.

Protein/peptide Ko [nwm]

Rheb mant-GppNHp 394
K-Ras4B mant-GppNHp 302
dansyl-GKSSC(Far)-OMe (13; from Rheb) 102
H-Cys (StBu)K(Dan)K;SKTKC (Far)-OMel? (14; from K-Ras4B) 227
dansyl-GC(Far)-OMe (15) 616
dansyl-GK;SC(GerGer)-OMe (16; from Rap1A) >10000

[a] Dan=dansyl.

protein lacking the farnesyl group displayed no interaction
with PDE¢J (data not shown). To study this interaction in
more detail, we synthesized several dansylated peptides
corresponding to truncated C termini of the Rheb protein
13 and K-Ras4B protein 14, as well as an S-geranylgerany-
lated peptide 16 derived from RaplA and a dipeptide 15
containing a farnesylated cysteine methyl ester, and inves-
tigated their affinity for PDES. Whereas the farnesylated
dipeptide 15 showed a Ky, value of 616 nwm, the C termini of
Rheb and K-Ras4B displayed increased affinity, with
Kp values of 102 and 227 nMm, respectively. In contrast, the
geranylgeranylated C terminus of RaplA, 16, showed a weak
interaction with PDES. This result confirmed that PDESJ is
not a general prenyl-binding protein, but selectively binds
farnesylated proteins.!'” These findings indicate that a farne-
sylated C terminus is required, but not sufficient, for high-
affinity binding to PDEJ, and that the C-terminal amino acid
sequence influences binding significantly. Binding is modu-
lated by the protein core only to a smaller extent. These
results also strongly support the finding that PDESJ is able to
solubilize both Ras proteins and Rheb in live cells.'"]

To further demonstrate the usefulness of the semisyn-
thetic lipoproteins as probes, we investigated the distribution
of K-Ras4B into different membrane subdomains. For K-
Ras4B it has been proposed that the membrane anchor
composed of the farnesyl group and the polybasic amino acid
stretch leads to an accumulation of the protein in liquid-
disordered membrane subdomains.*”! For N-Ras proteins we
showed recently that their dual-lipid S-palmitoyl/S-farnesyl
anchor induces accumulation of the proteins in the liquid-
ordered/liquid-disordered (I,/l;) domain interface.”??! The
lateral segregation of a protein with a membrane anchor
composed of a farnesyl group and a polybasic amino acid
stretch has not been studied previously. Therefore, we
analyzed the interaction of the farnesylated K-Ras4B with
lipid domains of negatively charged heterogeneous model
membranes by tapping-mode atomic force microscopy
(AFM). An appropriate system for analysis was produced
by complementing the neutral zwitterionic canonical raft
mixture DOPC/DPPC/Chol 1:2:1 with negatively charged
lipids. This approach was based on the fact that the positively
charged lysine residues in the K-Ras4B membrane-anchor
region strongly interact with negatively charged lipids. The
incorporation of 10 mol % negatively charged phosphatidyl-
glycerol still leads to segregation into 1, and 1; domains. A
concentration of anionic lipids of 10% is within the typical
physiological range.*-*"
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AFM measurements were performed by the technique of
direct injection of the protein-containing solution into the
AFM fluid cell to enable imaging of the same sample area
before and after incorporation of the protein. The AFM
image before the addition of K-Ras4B showed a homoge-
neous DOPC/DOPG/DPPC/DPPG/Chol (20:5:45:5:25) lipid
bilayer with isolated islands of fluid 1; domains (dark brown,
Figure 3a) in a coherent pool of a raftlike (1,) protruding
phase (light brown). The thickness of the lipid bilayer was
5.2 nm for the 1, phase and 4.0 nm for the 1; phase; that is, the
coexisting phases could be clearly distinguished by a height
difference of approximately 1.0 nm (Figure 3c¢), in agreement
with previous results.?!] After the addition of K-Ras4B
protein, the AFM measurements indicated the exclusive
localization of K-Ras4B in the bulk 1, phase of the membrane
(Figure 3b). The protein exhibited a mean height of (2.0 +
0.7) nm (mean value =+ standard deviation, n=304; Fig-
ure 3d), which corresponds well to the linear dimension of a
K-Ras4B molecule.

nm nm
3.0 2.0
A
|
Y Y | ki o 1 X N M
WA 70 LAl
0 L . P Ral’ ' T~ Ay

_3.0 -2.0

0 25 50um O 1.0 2.0 3.0 um

1.086 nm 1.066 nm ni 1 1.054 nm 0.897 nm

Figure 3. AFM images of the partitioning of the K-Ras4B lipoprotein
into anionic lipid bilayers consisting of DOPC/DOPG/DPPC/DPPG/
Chol (20:5:45:5:25; molar ratio). The AFM images are shown a) before
and b) after injection of K-Ras4B into the AFM fluid cell. c,d) Lower
left-hand areas of AFM images (a) and (b), respectively, at higher
magnification, and section profiles along the horizontal black lines in
the images. The vertical color scale in the AFM images from dark
brown to white corresponds to an overall height between 6 and 5 nm,
respectively. The vertical distances between pairs of arrows (black,
green, and red) are given in the corresponding color below the graphs.
Chol = cholesterol, DOPC=1,2-dioleoyl-sn-glycero-3-phosphocholine,
DOPG =1,2-dioleoyl-sn-glycero-3-phospho(1'-rac-glycerol), DPPC=1,2-
dipalmitoyl-sn-glycero-3-phosphocholine, DPPG = 1,2-dipalmitoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) sodium salt.
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Whereas N-Ras proteins with at least one farnesyl anchor
showed a time-dependent diffusion and subsequent clustering
in the 1,/l; phase-boundary region,?!! the formation of new
domains with accumulated protein inside a fluidlike environ-
ment was observed for the farnesylated K-Ras4B protein.
These new domains enriched in K-Ras4B had a thickness
(0.9+0.1) nm (rn=119) larger than that of the fluid lipid
phase (Figure 3d) and were stable over the whole time range
covered. In contrast to the distribution observed for the
neutral Cterminus of N-Ras, in the case of the K-Ras4B
protein the strong electrostatic interaction between its
positively charged lysine residues and the negatively charged
lipid headgroups of the membrane seems to control the
partitioning behavior, whereby the bulky farnesyl anchor
prevents the partitioning of K-Ras4B into ordered raftlike
domains. Interestingly, insertion into the fluidlike lipid phase
with 5% anionic headgroups is also not energetically very
favorable. As a consequence, further anionic lipids are
recruited, probably by an effective lipid-sorting mechanism,
and new fluid domains with a higher anionic charge density
and greater amounts of incorporated protein are formed.
These observations are in agreement with the proposal
originating from experiments with live cells that polybasic
K-Ras4B organizes into specific microdomains distinct from
classical lipid rafts in plasma membranes.

In conclusion, we have described the synthesis of prepa-
rative amounts of fully posttranslationally modified Rheb and
K-Ras4B proteins. The functionality of these semisynthetic
proteins was demonstrated by means of biochemical, bio-
physical, and cell-based methods. Our results demonstrate
that the semisynthetic, fully modified proteins may be
employed as invaluable tools for the study of Rheb and K-
Ras4B proteins in cells.
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