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L ee and Seo propose in their article [1]

that RPGR binds to PDE6d not with

the N-terminal RCC1-like propeller

domain but solely with the C-terminus. They

show, using an immunoprecipitation experi-

ment, that FLAG-tagged fragments missing

the C-terminal CaaX motif of RPGR fail to co-

immunoprecipitate together with myc-tagged

PDE6d. We have previously shown that the

N-terminal 400 residues of RPGR form a

stable RCC1-like propeller domain and that

this protein forms a complex with PDE6d.
This can be demonstrated by (untagged)

pull-down and gel permeation chromato-

graphy experiments. Additionally, the

equilibrium dissociation constant was

determined to be 500 nM by fluorescence

polarization which also agrees with previous

results published by Linari et al in which

they report the affinity of RPGR (aa 1–392),

using surface plasmon resonance, to PDE6d
to be 100 nM [2,3]. Finally, we have solved

the structure of the complex PDE6d–RPGR
(aa 8–368) by X-ray crystallography and veri-

fied the interaction interface by mutational

analysis [3]. Since immunoprecipitation

experiments reflect dissociation kinetics

rates rather than equilibrium dissociation,

which are in turn very much dependent on

many aspects of the experiments (see discus-

sion below), we feel confident about the

results by Wätzlich et al [3].

Lee and Seo then show that RPGR interacts

with the C-terminal end of RPGR which

contains a CaaX motif. This finding may not

be too surprising since we and others have

previously shown that PDE6d is a general

prenyl-binding protein that is required to shut-

tle lipidated proteins between membranes

and that the binding is released by

Arl2/3•GTP [4–7]. Our earlier structural stud-

ies revealed molecular details of the binding

of farnesylated peptides/proteins to PDE6d,
showing how the farnesyl moiety is inserted

into the hydrophobic cavity of PDE6d and that

in addition to the farnesyl group, only the last

three residues of the farnesylated cargo make

contacts with the binding pocket of PDE6d [5].
Zhang et al have shown that geranylgerany-

lated proteins such as rhodopsin kinase

(GRK7) which carries a CaaX motif signifying

geranylgeranylation, as does the CTIL motif of

RPGR, bind to PDE6d. Also localization of

geranylgeranylated ciliary proteins such as the

alpha’ subunit of cone phosphodiesterase 6

(PDE6a’) is dependent on PDE6d [6,7].

However, so far no structural information

exists that would explain how the PDE6d
hydrophobic pocket is able to accommodate

an additional five carbon atoms (prenyl

group) of a geranylgeranylated peptide. In

order to investigate this structural plasticity,

we solved the crystal structure of PDE6d in

complex with a geranylgeranylated and

carboxy-methylated peptide derived from the

C-terminus of PDE6a’ at resolution of 2.1 Å.

This peptide resembles the RPGR C-terminal

sequence.

Solid phase synthesis of the PDE6a’
peptide (DDKKSKT-C(gerger)-OMe) was

carried out on an Activotec P-11 peptide

synthesizer, on H-Cys(Trt)-ClTrt resin, using

N-Fmoc amino acids and HCTU as the

coupling reagent (Merck Chemicals). The

N-terminal Asp was incorporated as Boc-Asp

(OtBu)-OH. Methylation was as previously

described [8]. Following chain assembly and

methylation, the peptidyl resin was cleaved,

purified, geranylgeranylated, and purified as

previously described [9].

The geranylgeranylated peptide from

PDE6a’ was dissolved in DMSO and mixed

with PDE6d at 1:1 molar ratio with final

Table 1. Data collection and refinement
statistics (molecular replacement).

Gerger-PDE6a’-
peptide•PDE6d

Data collection

Space group C2221

Cell dimensions

a, b, c (Å) 77.71, 81.43, 118.53

a, b, c (°) 90.00, 90.00, 90.00

Resolution (Å) 29.63–2.10

Rsym or Rmerge 5.0 (16.3)

I / rI 23.46 (10.24)

Completeness (%) 99.6 (100.0)

Redundancy 5.29 (5.35)

Refinement

Resolution (Å) 2.10

No. reflections 21,194

Rwork / Rfree 20.05/26.56

No. atoms

Protein 2,425

Ligand/ion 118

Water 146

B-factors

Protein 31.85

Ligand/ion 37.58

Water 41.47

R.m.s. deviations

Bond lengths (Å) 0.018

Bond angles (°) 1.925

Numbers in parentheses represent the highest
resolution bin.
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concentration of 500 lM. Crystals appeared

in the PEGs II suite from Qiagen in condi-

tions containing 0.1 M HEPES (pH 7.5),

0.2 M Li2SO4, 25% PEG4000, and 0.1 M

NaOAc. X-ray data were collected using the

beamline X10SA at the Swiss Light Source.

The data were processed using the XDS

program, and the structure was solved by

molecular replacement using the program

Molrep and PDE6d from the PDE6d-farnesy-
lated RheB complex (PDB code: 3T5G) as a

search model. Model building and structure

refinement were carried out using WinCoot

and Refmac5 programs, respectively. The

final refinement and data collection statistics

are summarized in Table 1.

The overall structure shows insertion of

the geranylgeranyl moiety into the

hydrophobic cavity of PDE6d (Fig 1A,

middle panel). Superimposition of the

geranylgeranylated peptide with that of the

farnesylated RheB (PDB code: 3T5G) shows

that the prenyl groups and the first three

residues proximal to the carboxy terminus

superimpose well and that the extra prenyl

group of the geranylgeranyl moiety inserts

deeper into the cavity of PDE6d (Fig 1A,

middle panel). The deeper insertion is facili-

tated by structural rearrangement of the resi-

dues Phe133 and Leu17, which undergo a

side chain shift enabling the insertion of the

extra 5 carbon atoms (Fig 1A, left panel).

Interestingly, the side chain of the serine at

the �3 position relative to the geranylger-

anylated cysteine in the PDE6a’ peptide

forms a hydrogen bond with the side chain

of glutamic acid (Glu88) from PDE6d
(Fig 1A, right panel). In comparison, the

side chain of lysine at the �3 position in

RheB points away from the binding pocket

of PDE6d. Thus, we expected that this dif-

ference in the contact pattern of the side

chains, in addition to the increased

hydrophobic contact by the additional

prenyl group of the geranylgeranyl moiety,

might lead to a higher affinity of the geranyl-

geranylated PDE6a’ peptide relative to the

farnesylated RheB peptide.

Figure 1. PDE6d interacts with C-terminal geranylgeranylated peptides with high affinity.
(A) Middle panel: crystal structure of PDE6d (gray) in complex with geranylgeranylated and carboxy-methylated PDE6a’ peptide (yellow) superimposed with the structure of
PDE6d in complex with RheB (PDB code: 3T5G) showing the overlap with the farnesyl group (green). Left panel: side chain shift of Phe133 and Leu17 from PDE6d enables the
deeper insertion of the additional prenyl group of the geranylgeranyl moiety. Right panel: difference in the contact pattern of the residue at the �3 position relative to the
prenylated cysteine. The PDB accession code for Gerger-PDE6a’-peptide in complex with PDE6d is 5E8F. (B) Titrations of a preformed complex between 0.2 lM FITC-labeled
RheB peptide and 0.8 lM PDE6dwith increasing concentrations of geranylgeranylated PDE6a’ peptide. Titration data were fitted with a competition model derived from the
law of mass action as previously described [17]. (C) Sequence alignment of C-terminal part of PDE6d ciliary and non-ciliary interacting partners. The prenylated cysteine is
highlighted in black; the serine at the �3 position upstream of the cysteine is highlighted in red.
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To investigate this, we determined the

binding affinity by titrating increasing

concentrations of the geranylgeranylated

PDE6a’ peptide to a preformed complex

between fluorescently labeled RheB peptide

and PDE6d in a fluorescence polarization-

based experiment. As shown in Fig 1B, the

geranylgeranylated PDE6a’ peptide binds to

PDE6d with an affinity in the low nanomolar

range (Kd = 2.3 � 0.9 nM), which is almost

150 times higher than that of the farnesy-

lated RheB peptide previously reported

[5,10]. This difference in the affinity reveals

the importance of the additional hydropho-

bic contact of the geranylgeranyl moiety as

compared to the farnesyl moiety as well as

the importance of the serine residue at the �3

position relative to the prenylated cysteine.

This observations support the mutational

analysis by Lee and Seo. Interestingly, the

residue at the �3 position seems to be

conserved in several PDE6d ciliary interact-

ing partners (Fig 1C), suggesting a major dif-

ference in the binding affinity with PDE6d
between ciliary (high affinity) and non-

ciliary (low affinity) cargos. PDE6d is a shut-

tle factor of prenylated proteins between dif-

ferent membrane compartments, which

undergoes continuous rounds of cargo load-

ing and release [11]. Thus, one would

expect to have equilibrium of cargo-loaded

and cargo-free PDE6d in the cell. Moreover,

the cellular content of PDE6d is higher than

that of the common low-affinity cytoplasmic

cargo molecules such as RheB and KRas [4].

Finally, the ratio of cilium/cytoplasmic size

is extremely small (~1:10,000); thus, one

would assume that the total amount of cargo

destined for the cilium is much lower than

cytoplasmic cargo. In conclusion, we would

expect that both low- and high-affinity

cargos can be shuttled by PDE6d.
Up to date all structures of prenylated

peptides or proteins in complex with PDE6d
including the new structure presented here

in this study show that only the last three

residues upstream of the prenylated cysteine

are located inside the binding pocket of

PDE6d [5]. Moreover, the last three residues

of RPGR are almost identical with that of

PDE6a’ with only the substitution of threo-

nine by serine at the �1 position (Fig 1C).

Taking these two aspects into account, we

would expect that the affinity of the C-terminal

part of RPGR would also fall into the low

nanomolar range.

Thus, we fully support the notion by

Lee and Seo that the geranylgeranylated

C-terminus of RPGR is fully capable of inter-

acting with PDE6d. Nevertheless, based on

our and others’ biochemical data in addition

to our structural data, we do not exclude

that the RPGR N-terminus contacts PDE6d.
Furthermore, the structure of PDE6d bound

to the RPGR propeller shows the prenyl-

binding site to be in the open conformation

and thus able to bind cargo [3]. The

estimated low nanomolar affinity of the

C-terminal end as compared to the 500 nM

affinity of the N-terminus could well explain

the findings of the immunoprecipitation

experiments by Lee and Seo. Whether

PDE6d binds the N- and C-terminal ends

simultaneously cannot be inferred from the

present experiments, but there are prece-

dents of other prenyl-binding proteins such

as RhoGDI or RabGDI which have a second

binding site remote from the lipid-binding

site of their cargo [12,13].

Our new data, in agreement with Lee and

Seo, suggest that RPGR is also a cargo of

PDE6d. Nevertheless, the N-terminal RCC1

domain stabilizes the open conformation of

PDE6d, as shown by our previous structure

[3]. Thus, in addition to being transported

by PDE6d, RPGR can act as a docking scaf-

fold for other prenylated cargo complexed to

PDE6d. Additionally, the higher membrane

binding affinity of the geranylgeranyl moiety

as compared with the farnesyl moiety [14]

might result in a slow off-rate of the geranyl-

geranylated RPGR from membranes, retard-

ing its extraction and shuttling by PDE6d.
One way to facilitate extraction from

membranes would be a two-step binding

where PDE6d binds first to the N-terminus

of RPGR followed by the binding to the

geranylgeranylated C-terminus; a similar

scenario is observed by RabGDIs [15]. Taken

together, the interaction mode of PDE6d
with RPGR has the potential to mimic that of

other prenyl-binding proteins such as

RhoGDI or RabGDI by having two distinct

binding sites.

Additionally, the serine residue at the �3

position relative to the prenylated cysteine

might play a role in increasing the binding

affinity of PDE6d with prenylated ciliary

cargo. It is also possible that the presence of

high concentration of Arl3•GTP in the ciliary

compartment releases the prenylated

C-terminus. The release of the prenylated

C-terminus of RPGR by Arl3•GTP would be

the first step to detach RPGR from its

complex with PDE6d followed by the speci-

fic interaction of RPGR with RPGRIP1 at the

transition zone resulting in the complete

dissociation of RPGR–PDE6d complex. This

assumption is supported by the fact that a

ternary complex among RPGR, PDE6d, and
RPGRIP1 is structurally and biochemically

not feasible [16].
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