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Abstract 

Background T helper 1 (Th1) cell activation is an essential process for immune responses and is tightly regulated, 
including the prenylation of proteins critical for T cell function. Prenylation facilitates membrane association and pro-
tein function and, according to current consensus, is confined to C-terminal prenylation motifs. However, the full 
extent of the prenylated proteome, a broader understanding of prenylation sites, and the effects of inhibiting prenyla-
tion or blocking isoprenoid synthesis using statins remain incompletely understood. To address these gaps, we aimed 
to comprehensively identify and characterise protein prenylation in Th1 cells.

Results Using a click chemistry-based enrichment approach followed by mass spectrometry in primary in vitro-
differentiated Th1 cells, we identified both known and novel prenylated proteins, some of which exhibited differen-
tial prenylation during Th1 cell activation, highlighting the dynamic nature of the Th1 prenylome. Characterisation 
of these proteins revealed isoform-specific prenylation, novel C-terminal prenylation motifs, and a structural motif 
associated with internal prenylation. Furthermore, statin treatment influenced the Th1 prenylome, altering protein 
prenylation in a prenyltransferase-dependent manner, underscoring distinct enzymatic specificities and potential off-
target effects.

Conclusions Our findings confirm that prenylation plays a key role in Th1 cell function, with more proteins under-
going prenylation than previously known, some of which exhibit activation-dependent changes. The identification 
of non-canonical prenylation events challenges current views on prenylation, expanding the repertoire of modifica-
tion sites. Together, our molecular insights into protein prenylation in Th1 cells and the effects of prenyltransferase 
inhibition and statin treatment have important implications for therapeutic strategies targeting immune regulation. 
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Background
T helper (Th) cells are key players in the adaptive 
immune system. Different subsets of Th cells, such 
as Th1 and Th2 cells, coordinate effective immune 
responses against specific groups of pathogens while 
also contributing to various immune disorders. For 
example, Th1 cells mediate responses against intracel-
lular bacteria and viruses but can also promote auto-
immune diseases when dysregulated in a pathological 
setting. Th cell activation is a highly regulated pro-
cess that integrates multiple signals, leading to rapid 
cell differentiation, proliferation, migration, cytokine 
secretion, and metabolic adaptations. Among these 
adaptations, Th cell activation induces upregulation of 
the mevalonate pathway and differential prenylation 
of proteins essential for Th cell function [1–10]. Pre-
nylation is a post-translational modification (PTM) in 
which either a 15-carbon farnesyl group or a 20-carbon 
geranylgeranyl group is conjugated to a cysteine resi-
due of a target protein by a protein prenyltransferase 
(PTase). These enzymes include farnesyltransferase 
(FTase), geranylgeranyltransferase type I (GGTase-I), 
Rab geranylgeranyltransferase (RabGGTase or GGTase-
II), and the more recently identified GGTase-III, each 
with distinct substrate and prenylation motif prefer-
ences [11–14]. The attachment of these large, hydro-
phobic lipids influences protein membrane localisation, 
protein–protein interactions, and the anchoring of 
proteins to specific subcellular compartments, thereby 
altering protein function [15, 16]. According to cur-
rent consensus, the prenylated cysteine is located at the 
protein C-terminus, with the main prenylation motifs 
being CaaX or CXXX, where “a” represents an aliphatic 
residue (alanine, glycine, valine, leucine, or isoleucine), 
and “X” represents any amino acid. Additional anno-
tated prenylation sites in the UniProt database are 
CXC, CCX, CC or C [17]. 

Protein prenylation plays a central role in numerous 
cellular processes, and its dysregulation is implicated 
in various diseases. For example, Hutchinson–Gilford 
progeria syndrome (HGPS) is caused by a mutant form 
of Lamin A, referred to as progerin, which perma-
nently retains the farnesylated C-terminus that remains 
associated with the nuclear membrane and leads to 
structural changes. Similarly, the accumulation of con-
stitutively farnesylated progerin-like proteins, resulting 
from impaired processing of Prelamin A by ZMPSTE24, 
causes a progeroid phenotype [18–20]. Oncogenic RAS 
family members, including KRAS, RHEB, and HRAS, 
rely on farnesylation for activation and membrane locali-
sation, as this modification increases their lipophilicity 
and facilitates translocation to the plasma membrane, 
which is important in oncogenic signalling [21].

As a result, the use of geranylgeranyltransferase inhibi-
tors (GGTIs) and farnesyltransferase inhibitors (FTIs) 
has emerged as a promising and effective therapeutic 
strategy. Following the demonstration of substantial ther-
apeutic effects of the FTI Lonafarnib in HGPS and pro-
cessing-deficient progeroid laminopathies, the drug was 
approved by the FDA in 2020 as the first farnesyltrans-
ferase inhibitor. Additional FTIs, as well as dual FTI and 
GGTase-I inhibitors, are currently in advanced stages 
of clinical development for the treatment of human 
cancers driven by oncogenic RAS family members and 
RAS-related proteins [22–26]. In this study, FTI-277 
treatment was used to validate FTase targets and iden-
tify novel farnesylated proteins, as it has been shown to 
be highly selective for FTase over GGTase-I [27]. In addi-
tion to these specific inhibitors, statins indirectly inhibit 
prenylation by blocking the production of mevalonate, 
a precursor not only for cholesterol biosynthesis but 
also for the synthesis of prenyl groups. Statins, widely 
used for the prevention and management of cardiovas-
cular diseases, have been included in the WHO Model 
Essential Medicines List since 2006 [28]. In 2018, an esti-
mated 3.1% of the population across 83 countries used a 
lipid-modifying drug daily, with statins being the most 
frequently prescribed [29]. Their global utilisation con-
tinues to rise, with a 25% increase recorded between 2015 
and 2020 [30]. While generally well tolerated, statins 
have been reported to cause off-target effects, includ-
ing statin-induced myopathy in patients [31, 32]. In vitro 
experiments and studies in mice have shown that statin 
treatment inhibits the proliferation of activated T cells, 
peripheral blood mononuclear cells (PBMCs), and other 
cell types, as well as reduces TCR signalling [33–36]. Due 
to these effects, statins have been investigated for their 
immunomodulatory properties and potential treatment 
options in autoimmune and autoinflammatory diseases. 
However, findings from human studies have been incon-
clusive, leading to conflicting data regarding their ben-
efits in multiple sclerosis [37]. To clarify these effects, it is 
essential to elucidate the molecular mechanisms under-
lying statin action, including their impact on protein 
prenylation.

Despite the critical role of protein prenylation, the 
extent of the prenylated proteome remains incompletely 
characterised. Currently, 174 human proteins are anno-
tated as prenylated in the UniProt database, all of which 
are modified at their C-terminal consensus motifs in the 
canonical isoform, representing approximately 0.9% of 
the human proteome [17]. However, with the develop-
ment of advanced enrichment and identification meth-
ods, recent studies have reported additional prenylated 
proteins and alternative modes of prenylation [12, 
38–40], suggesting that the prenylome is broader than 
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previously recognised. These findings indicate the need 
for further research to systematically map the prenylated 
proteome and uncover non-canonical prenylation events. 
Enrichment methods for prenylated proteins often rely 
on metabolic labelling with azide- or alkyne-tagged iso-
prenoid analogues, followed by alkyne–azide cycload-
dition, also referred to as click chemistry. This reaction 
covalently attaches the newly prenylated proteins to 
a moiety such as biotin or a resin, allowing subsequent 
enrichment, immobilisation, or fluorescent labelling. The 
prenylated proteins can then be identified, often using 
mass spectrometry-based proteomics [38, 41–45]. In this 
study, we aimed to comprehensively characterise the pre-
nylome of in  vitro-differentiated Th1 cells using a click 
chemistry-based enrichment strategy to capture newly 
prenylated proteins. By analysing the sites of prenyla-
tion, we challenged the current view of protein prenyla-
tion, identifying novel prenylation motifs and providing 
evidence for prenylation occurring outside the canonical 
C-terminal modification sites.

To better understand the molecular basis of statin 
effects on autoimmune diseases and how statins influ-
ence prenylation-dependent mechanisms in Th cells, 
we included statin treatment of Th1 cells to analyse its 
impact on the total protein profile and, specifically, on 
protein prenylation. Together, our findings provide new 
insights into protein prenylation and its regulatory role in 
Th1 cell biology, highlighting its potential relevance for 
immune function and therapeutic interventions.

Results
Identification of significantly enriched prenylated proteins 
in activated and non‑activated Th1 cells
The experimental approach illustrated in Fig.  1A (left) 
was used to identify differentially enriched proteins in 
activated and non-activated in  vitro-differentiated Th1 
cells. This involved the addition of either geranylge-
ranyl alcohol azide (GG-Az) or farnesyl alcohol azide 
(F-Az) to the cells, followed by the use of click chemis-
try to covalently link the azide-labelled isoprenoid resi-
dues attached to newly prenylated proteins to a resin. 
The labelled proteins were then enriched and identified 
using mass spectrometry-based proteomics. As observed 
in the principal component analysis (PCA) of the enrich-
ment samples, PC1 and PC2, which together account for 
64.2% of the variance, show a clear separation between 
cells treated with GG-Az or F-Az and the mock-treated 
background control samples, while PC3 indicates a sep-
aration between activated and non-activated Th1 cells 
(Fig. 1B, C). In contrast, in the PCA of the total extract 
samples, there was a separation in PC1 between acti-
vated and non-activated Th1 cells, but no separation 
based on GG-Az, F-Az, or control treatment (Additional 

file 1: Fig. S1AB). This demonstrates that the enrichment 
of prenylated proteins using the click chemistry-based 
experimental approach was successful. Furthermore, 
this indicates that significant differences exist both in 
the total extracts and in the prenylated proteins between 
activated and non-activated Th1 cells. 

In the statistical analyses comparing F-Az or GG-Az 
treated activated and non-activated Th1 cells to their 
respective background controls, a total of 287 signifi-
cantly enriched prenylated proteins were identified 
(Additional file  1: Fig. S2). Of these, 145 proteins were 
exclusively identified in F-Az treated cells, 47 proteins 
exclusively in GG-Az treated cells, and 95 proteins both 
in F-Az and GG-Az treated cells (Additional file  1: Fig. 
S3, Additional file 2: Table S1). In line with our expecta-
tions, the overrepresented Gene Ontology Biological Pro-
cess (GO-BP) categories among the significantly enriched 
prenylated proteins, compared to the background of all 
identified proteins, included processes related to pro-
tein membrane localisation and trafficking, primarily in 
Th1 cells treated with GG-Az. Additionally, the GO-BP 
category “Ras protein signal transduction” was predomi-
nantly overrepresented in Th1 cells treated with GG-Az, 
whereas in Th1 cells treated with F-Az, GO-BP terms 
associated with lipid metabolism were more prominently 
overrepresented. Immune-related GO-BP processes, 
including “leukocyte migration”, were overrepresented in 
activated but not in non-activated Th1 cells (Additional 
file 1: Fig. S4).

Identification of significantly enriched prenylated proteins 
in activated Th1 cells treated or not with statin
In the experiment investigating the effect of statin treat-
ment on Th1 cells, cells were pretreated with 0.75  µM 
Pitavastatin for 48  h or left untreated, alongside activa-
tion with anti-CD3/anti-CD28 antibodies. This was 
followed by incubation with GG-Az, F-Az, or mock 
treatment for an additional 24 h (Fig. 1A, right). The sta-
tin concentration and treatment conditions were opti-
mised in prior titration experiments to achieve inhibition 
of proliferation with minimal cell death (Additional file 1: 
Fig. S5). The PCA of the top 500 variable proteins in 
the enrichment samples again showed a clear separa-
tion in PC1 and PC2 based on the isoprenoid treatment, 
accounting for 83.3% of the variance, while statin pre-
treatment resulted in the separation of samples in PC4 
(Fig. 1D, E). In contrast, in the PCA of the total extract 
samples, statin pretreatment led to separation in PC2, 
accounting for 14.6% of the variance, while no separation 
was observed based on the isoprenoid treatment (Addi-
tional file 1: Fig. S1CD). This indicates that pretreatment 
with 0.75  µM Pitavastatin had a substantial impact on 
the protein profile of activated Th1 cells, corresponding 
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Fig. 1 A Experimental workflow for the identification of prenylated proteins in activated and non-activated Th1 cells treated with F-Az, GG-Az, 
or mock treatment (left), and in activated Th1 cells pretreated with statin or not, followed by treatment with F-Az, GG-Az, or mock treatment (right) 
(N = 5 biological replicates). B PC1 against PC2, and C PC3 against PC4 from the PCA of the top 500 variable proteins in the enrichment samples 
of activated and non-activated Th1 cells treated with GG-Az, F-Az or mock treatment. C PC1 against PC2, and D PC3 against PC4 from the PCA 
of the top 500 variable proteins in the enrichment samples of activated Th1 cells pretreated or not with statin and treated with GG-Az, F-Az, or mock 
treatment
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to the observed significant reduction in cell proliferation 
(Additional file 1: Fig. S6), and had a considerable effect 
on protein prenylation.

Statistical analyses of proteins in the enrichment 
samples identified 270 proteins that were significantly 
enriched in Th1 cells pretreated with statin and treated 
with GG-Az compared to mock-treated cells. Similarly, 
238 proteins were enriched in cells treated with GG-Az 
but without statin pretreatment, compared to mock-
treated cells (Additional file 1: Fig. S7). Most of the sig-
nificantly enriched proteins were shared between both 
conditions, with 49 proteins identified exclusively in 
statin-pretreated samples and only 17 proteins identi-
fied exclusively in non-statin-pretreated samples. In the 
F-Az-treated samples, compared to their respective back-
ground controls, 351 proteins were significantly enriched 
in statin-pretreated samples,

while 296 proteins were significantly enriched in non-
statin-pretreated samples. Notably, 269 proteins were 
significantly enriched under both conditions (Additional 
file 1: Fig. S3, Additional file 2: Table S1).

The identified prenylated proteins contain both already 
known and novel prenylated proteins
For the bioinformatic analysis of the identified prenylated 
proteins, we considered all significantly enriched proteins 
in F-Az or GG-Az-treated Th1 cells, compared to their 
respective mock-treated controls, across both experi-
ments depicted in Fig.  1A, that contained a cysteine in 
any isoform. Among the 636 putative prenylated pro-
teins, 274 were exclusive to F-Az treatment, 159 to 
GG-Az treatment, and 203 were common to both treat-
ments (Additional file 1: Fig. S8).

To compile a list of all known prenylated proteins, we 
performed a SPARQL query on UniProt to identify all 
farnesylated and geranylgeranylated proteins [17]. Addi-
tionally, we included the farnesylated proteins ULK3, 
DCAF8, CEP85, LRRF1, NAP1L4, RHBT3, and DPCD, as 
reported by Storck et al. [39], and GNAI1 and GNAI2, as 
reported by Palsuledesai et  al. [38] in the list of known 
prenylated proteins. Of all the known prenylated pro-
teins, 78 (42.6%) were identified in our experiments 
(Additional file  1: Fig. S9). From the perspective of the 
636 identified prenylated proteins, 78 (12.3%) are already 
annotated as prenylated in UniProt (Additional file  1: 
Fig. S10), which is significantly more (p-value = 2.49e-
76) than one would expect from randomly identifying 
this number of known prenylated proteins. This indicates 
that the experimental set-up indeed led to a significant 
enrichment of prenylated proteins.

Of the identified novel prenylated proteins, 234 were 
identified as only farnesylated, 144 as only geranylge-
ranylated, and 180 as both geranylgeranylated and 

farnesylated (Additional file  1: Fig. S11). Interestingly, 
comparing the known and the novel identified proteins 
gave 34 proteins that are known to be prenylated, but 
with a different moiety as in our experiments (Additional 
file  3: Table  S2). Of the proteins with a discrepancy, 21 
were found in our experiments in both F-Az- and GG-
Az-treated samples, and 9 were found in F-Az-treated 
samples, despite being annotated as geranylgeranylated. 
This discrepancy might be explained by the fact that 
exogenously provided farnesol can be converted inside 
the cells into farnesyl diphosphate (FPP)-Az, which can 
subsequently be conjugated by geranylgeranyl pyrophos-
phate synthase with isopentenyl-PP to form GGPP-Az, 
a substrate for GGTases [46]. The identification of CNP 
and GNAI2, which are annotated as farnesylated, in GG-
Az-treated cells cannot be easily explained by metabolic 
conversion of the substrates. Instead, it is likely due to 
the ability of GGTase-I to transfer both geranylgeranyl 
and farnesyl moieties, with the choice of the prenyl group 
depending on the protein acceptor [21, 47]. Notably, we 
also detected YKT6 in both GG-Az- and F-Az-treated 
cells, despite its annotation as farnesylated in UniProt 
(Fig.  2). However, a recent study has shown that YKT6 
can undergo double prenylation, as its mono-farnesylated 
form is a substrate for GGTase-III [12]. Moreover, RHOB, 
which was identified only in F-Az-treated cells but is 
annotated as both farnesylated and geranylgeranylated, 
has been reported to alter its function and cellular locali-
sation depending on whether it is geranylgeranylated 
or farnesylated [48]. These findings further support the 
validity of our measurements in detecting interesting 
prenylation patterns.

Prenylation at canonical prenylation motifs
Assessing the C-terminal amino acid sequences of the 
636 identified prenylated proteins, only 30 had the 
canonical CaaX motif, while 45 had a CXXX motif in 
their canonical isoform, and 9 in one of their alterna-
tive isoforms (Additional file  2: Table  S1). Interestingly, 
the alternative NAP1L4b isoform (Q99733-2) contains 
a large C-terminal arm with a C-terminal CKQQ motif, 
which is missing in the canonical NAP1L4 sequence. 
The other ubiquitously expressed nucleosome assem-
bly protein family member NAP1L1, which is known to 
be farnesylated [41], also encodes a C-terminal CKQQ 
motif. Since we have observed in these cells that the 
NAP1L4b isoform is expressed, and NAP1L4 was pre-
viously reported to be farnesylated [39], it is likely that 
farnesylated Nap1L4b is present in Th1 cells.

When querying the sequences of all 174 proteins 
annotated as prenylated in UniProt [17], we found not 
only the expected CaaX (53 proteins) and CXXX (89 
proteins) motifs but also the additional motifs CXC 
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(20 proteins), CC (16 proteins), CCX (4 proteins), and 
C (1 protein; RAB41), where “X” represents any amino 
acid except cysteine. These additional motifs are also 
considered canonical in this context. These are mainly 
thought to be substrates for GGTase-II, which can 
add two geranylgeranyl groups to two neighbouring 
cysteine residues [14]. Of the 636 identified prenylated 
proteins, 117 have a canonical prenylation motif in 

their sequence, and 14 of these do not have this motif 
in their main isoform.

In the previously known geranylgeranylated proteins, 
the most common canonical prenylation motif is CXXX, 
followed by CaaX, CXC, and CC. A similar pattern is 
observed in the known prenylated proteins identified 
in GG-Az-treated samples. In contrast, only 6 (1.9%) 
of the newly identified proteins in the GG-Az-treated 

Fig. 2 Distribution of the canonical prenylation motifs, the new C-terminal prenylation motifs, and prenylation without a C-terminal cysteine 
in known prenylated proteins (green), identified prenylated proteins (blue), and newly identified prenylated proteins (cyan) in samples 
treated with A GG-Az and B F-Az. C Log₂-transformed centred intensities ± 95% confidence intervals for the identified prenylated proteins, 
as indicated, in activated (+) and non-activated (−) Th1 cells treated with GG-Az, F-Az, or mock-treated as controls. Stars indicate significant 
enrichment when comparing GG-Az- or F-Az-treated samples with their respective background controls (*** = p-value < 0.001, ** = p-value < 0.01, 
* = p-value < 0.05). The different colours of the diamonds represent different donors
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samples contain a CaaX or CXXX motif, and 3 (0.93%) 
a CXC, CCX, or C motif (Fig. 2A). The previously known 
farnesylated proteins all contain either a CXXX or a 
CaaX motif. These two motifs were also found in 20 
(4.8%) of the newly identified farnesylated proteins. In 
addition, 16 (3.9%) contained the canonical prenylation 
motifs CXC [3], CCX [1], or C [12] (Fig. 2B).

One of the newly identified geranylgeranylated pro-
teins detected in several enrichment samples is REEP5. 
The canonical isoform of this protein lacks a C-termi-
nal prenylation motif, but its second isoform (Q00765-
2) contains a CXX prenylation motif. Other examples 
of geranylgeranylated proteins identified in this study 
include the known geranylgeranylated proteins CDC42 
and GBP2, as well as the RAB proteins RAB7A and 
RAB27A, both of which contain a CXC prenylation 
motif. The identified farnesylated proteins include the 
well-known KRAS, along with DCAF8 and the previ-
ously mentioned NAP1L4, both of which were recently 
reported as farnesylated [39] (Fig.  2C). In summary, of 
the 558 newly identified prenylated proteins, 40 (7.17%) 
contained a canonical prenylation motif: 28 (11.7%) in the 
newly identified 234 proteins in F-Az-treated samples, 3 
(2.08%) in the newly identified 144 proteins in GG-Az-
treated samples, and 9 (5%) both in samples treated with 
GG-Az or F-Az. Of the proteins in the human proteome 
that are not known to be prenylated, 1363 (5.3%) proteins 
contain a canonical prenylation motif. The presence of a 
canonical prenylation motif in the newly identified pro-
teins is therefore overrepresented (p-value = 0.011), indi-
cating true additional prenylation.

The sequence logos [49] of the last ten C-terminal 
amino acids of known farnesylated and geranylgera-
nylated proteins with a CaaX or CXXX motif show a 
preference for a polar or aliphatic amino acid at the last 
C-terminal amino acid. N-terminal to the cysteine, polar 
and positively charged amino acids dominate, except in 
farnesylated proteins with a CXXX motif, where no clear 
pattern is observed. The presence of polar and positively 
charged amino acids upstream of the prenylated cysteine 
corresponds to previously reported findings that both a 
conserved C-terminal polybasic region and prenylation 
motif are required for proper subcellular localisation and 
biological activity of PRL phosphatases [50]. Moreover, in 
the positions preceding or following the cysteine in the 
CXXX motif, or only preceding the cysteine in the CaaX 
motif, additional cysteines appear, suggesting the pres-
ence of the additional motifs CCXXX and CCXX, which 
might lead to double prenylation. For the CXXX motif, 
the amino acid following the cysteine is usually polar 
or positively charged, and for the additional canonical 
motifs CXC, CCX, and CC, polar amino acids and glycine 
dominate around and between the cysteines (Additional 

file  1: Fig. S12). Similar patterns were observed in the 
subset of known prenylated proteins identified here 
(Additional file  1: Fig. S13). Among these is PTP4A1, 
also called PRL-1, which contains a CaaX motif and is 
known to be farnesylated (Fig.  2C). The newly identi-
fied farnesylated proteins with the CaaX motif and the 
geranylgeranylated proteins with the CXXX motif also 
showed an upstream polybasic region, while the newly 
identified farnesylated proteins with a CXXX motif again 
showed no clear pattern upstream of the cysteine (Addi-
tional file 1: Fig. S14). This consistency in the amino acid 
distribution patterns around the canonical C-terminal 
prenylation motifs suggests that the newly identified pre-
nylated proteins containing canonical prenylation motifs 
are also likely to be prenylated.

There is more prenylation beyond canonical prenylation 
motifs
For the 519 remaining proteins that do not contain any 
of the canonical prenylation motifs in any of their iso-
forms, a total of 935 distinct isoforms exists. Next, we 
determined the most protein C-terminal positions of 
cysteines in all their 935 distinct isoforms or only consid-
ering one isoform per protein. In the histogram using one 
isoform per protein, a high number of proteins had their 
most C-terminal cysteine in positions − 2, − 3, and − 5 
(Additional file 1: Fig. S15). This corresponded with the 
appearance of additional cysteines around the cysteine 
in the CaaX and CXXX motifs observed for the known 
and the newly identified prenylated proteins. We there-
fore defined the C-terminal CCC, CX, CXX, and CXXXX 
motifs with cysteines in positions − 1, − 2, − 3, or − 5 as 
new prenylation motifs. These new C-terminal prenyla-
tion motifs were contained in 44 proteins (Additional 
file 3: Table S3).

The remaining 474 proteins, which lack a cysteine in 
the last 5 C-terminal amino acids in any of their isoforms, 
were classified as internally prenylated proteins. Of these, 
184 were significantly enriched only in samples treated 
with F-Az, 133 only in samples treated with GG-Az, and 
157 in samples treated with F-Az or GG-Az. Moving for-
ward, only the canonical isoform of these proteins was 
considered, except for four proteins in which the canoni-
cal isoform lacked a cysteine. In these cases, the isoform 
with the highest number of cysteines was selected. For 
the internally prenylated proteins, we next assessed the 
overrepresentation of the CC, CXC, and CCC motifs. 
Among proteins significantly enriched in samples treated 
with GG-Az, the CCC motif was predominantly over-
represented compared to the background, whereas for 
proteins enriched in samples treated with F-Az, the CC 
motif was mainly overrepresented.
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Of the internally prenylated proteins, 22 had exactly 
one possibly prenylated cysteine, indicating the site of 
prenylation, with 20 in their canonical isoform (Addi-
tional file  3: Table  S4). These proteins are mainly local-
ised in organelle membranes and membrane protein 
complexes. To determine the likely site of prenylation in 
other proteins with multiple internal cysteines, we used 
the prediction-aware part-sphere exposure (pPSE) met-
ric established by Bludau and colleagues. This metric 
describes the accessibility of amino acids by considering 
the number of neighbouring amino acids within a given 
distance in Ångströms while accounting for the predicted 
aligned error (PAE) value of the AlphaFold2 structure 
[51–53]. Relying on proteins with AlphaFold2 structures 
restricts the analysis to the canonical isoforms of the pro-
teins. We found that the optimal distance was 30 Å, as 
at this distance, all cysteines in the single-cysteine pre-
nylated proteins had a pPSE value of 0, meaning that they 
had no neighbouring amino acids within this distance. 
For the 462 internally prenylated proteins with a pre-
dicted AlphaFold2 structure, we calculated the accessi-
bility of the cysteines, determined the lowest pPSE value, 
and counted how many cysteines had this lowest value. 
With this, we identified 204 internally prenylated pro-
teins with exactly one most accessible cysteine. Of these, 
20 are the aforementioned proteins with exactly one 
possibly prenylated cysteine in their canonical isoform, 
5 had one single cysteine that was not in an annotated 
disulfide bridge, 130 had one cysteine with no neighbours 
(pPSE = 0), and 49 had one cysteine with the lowest pPSE 
(Additional file 2: Table S1).

Analysing structural motifs
Assessing the distribution of amino acids around the 
potentially prenylated cysteines in internally prenylated 
proteins revealed no specific patterns compared to the 
background distribution of comparable cysteines in 
proteins identified in the total extract samples but not 
in the enrichment samples (Additional file  1: Fig. S16). 
This observation remained consistent when we analysed 
peptides identified only in samples treated with GG-Az 
or F-Az, or both, in samples treated with GG-Az or F-Az 
(Additional file  1: Fig. S17). We therefore next assessed 
the structural context of residues at different positions 
around the cysteine residues using Foldseek. In Fold-
seek, a 3Di alphabet, here represented by Greek letters, 
describes the tertiary contacts between a residue and the 
residue of its nearest neighbour in three-dimensional 
space. It thus translates the three-dimensional amino 
acid conformation of proteins into a two-dimensional 
sequence of tertiary structures [54]. These sequences of 
tertiary structures were used to calculate the frequen-
cies of the different 3Di states at each of the five positions 

surrounding the cysteines, for both prenylated cysteines 
and those in the background sequences (Fig. 3A, B). Ana-
lysing the percentage distribution of the different 3Di 
states for the putative prenylated cysteines and their sur-
rounding residues, and testing for over-representation 
compared to the background, revealed a significant over-
representation of the β state and an under-representation 
of the δ state at the putative prenylated cysteine. The δ 
state was also significantly under-represented at posi-
tion + 5. Additional over-represented 3Di states included 
the ρ state at position − 1, as well as the ι and ς states at 
position + 1 (Fig.  3C). A Fisher’s exact test on the dis-
tribution of all 3Di states at each position, using Monte 
Carlo simulation, confirmed a significantly different 
distribution at the position of the cysteine and at posi-
tions − 1 and + 1. From this, we conclude that prenylation 
requires not only the cysteine to be accessible but also 
the presence of a specific structural motif surrounding 
the putative prenylation site.

Treatment with farnesyl transferase inhibitor confirms 
prenylation of novel farnesylated proteins
To verify the prenylation status of farnesylated proteins, 
in  vitro-differentiated Th1 cells were pre-treated or not 
with 20  µM farnesyl transferase inhibitor FTI-277 for 
1  h. This concentration was determined in a previous 
titration experiment, as it showed a significant effect on 
proliferation without a significant impact on cell viabil-
ity (Additional file 1: Fig. S18). Following this, cells were 
incubated with F-Az or subjected to mock treatment for 
an additional 23 h. As in previous experiments, both total 
protein extracts and samples enriched for prenylated 
proteins were subsequently analysed using mass spec-
trometry. The PCA of the enrichment samples shows 
separation along PC1, which contributes to 45.2% of the 
variance, distinguishing samples treated with F-Az from 
mock-treated samples. Along PC2, which explains 11.6% 
of the variance, the enrichment samples are further sepa-
rated based on pre-treatment with FTI-277 (Additional 
file 1: Fig. S19).

Of the 49 proteins that were significantly less 
farnesylated upon FTI treatment, 31 are known to be pre-
nylated, and 40 were identified as significantly enriched 
in samples treated with F-Az in the two previous experi-
ments. The proteins that are not known to be prenylated 
but were found here to be less farnesylated upon FTI 
treatment and previously identified in F-Az-treated sam-
ples are RABGAP1, EHBP1L1, INF2, PRICKLE3, APOL3, 
CEP85L, FAM219A, MAPKAPK3, SPDL1, and WDTC1 
(Fig.  4A, Additional file  3: Table  S5). The proteins that 
are less farnesylated upon FTI treatment can be clas-
sified into five main categories. The first category com-
prises small GTPases, including RHEB, RAB28, RAP2A, 
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NRAS, RAP2C, KRAS, HRAS, and RRAS2, which are 
known prenylated proteins. The second category includes 
proteins associated with small GTPases, such as RIC1, 
RABGAP1, EHBP1L1, and IMA1, which are mostly not 
known to be prenylated. The third group consists of the 
lamins Lamin A, B1, and B2, a family of proteins that are 
well-established substrates for farnesylation. The fourth 
category encompasses members of the DNAJ homolog 
superfamily A (DNAJA), which act as co-chaperones and 
are also known to undergo prenylation. Finally, the fifth 
group includes a diverse set of proteins, such as the hor-
mone receptor activator WBP2; the GTPases GNGT2 
and GBP1; YKT6; the kinases MAPKAPK3 and ULK3; 

cytoskeletal organisation proteins like CEP85, CENPF, 
and INF2; and the ubiquitin-protein ligase complex 
substrate receptor DCAF8. Interestingly, the proteins 
RAP2C, RHOH, and ZFAND2B, which are annotated as 
geranylgeranylated but were significantly enriched only 
in F-Az-treated samples in both previous experiments, 
were also found to be significantly less abundant follow-
ing FTI treatment (Additional file 3: Table S5).

Analysing the prenylation sites of farnesylated pro-
teins sensitive to FTI treatment identifies a C-terminal 
single cysteine as the prenylation motif for the canonical 
isoform of RABGAP1. Examination of the sequences of 
the four RABGAP1 isoforms reveals that two isoforms 

Fig. 3 A Sequence logos representing the 3Di states of the 184 putative internal prenylated cysteines along with the 5 amino acids upstream 
and downstream. B The same as in A, but for the 296 most accessible cysteines from the background proteins identified in total extracts but not in 
the enrichment samples. C For each position, the percentage distribution of each 3Di state was calculated and visualised using half-circles: the left 
half represents the percentage in the putative prenylated sequences (A), and the right half represents the percentage in the background sequences 
(B). Higher percentages are shown as larger half-circles in yellow and green, while lower percentages appear as smaller half-circles in blue, 
according to the indicated colour scale. Red asterisks indicate the statistical significance of the over-representation of specific 3Di states at specific 
positions, based on a hypergeometric test; the double asterisk “**” denotes a p-value < 0.01, and the single asterisk “*” denotes a p-value < 0.1
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possess a C-terminal CX motif, while the third isoform 
(Q9Y3P9-3) features the classical CXXX motif. In addi-
tion to Q9Y3P9-3, 28 of the identified FTI-sensitive 
farnesylated proteins contain the CXXX motif, including 
seven newly identified prenylated proteins, and fourteen 
proteins contain the CaaX motif, four of which are novel 
prenylated proteins (Fig.  4B) This distribution of motifs 
in farnesylated proteins sensitive to treatment with FTI-
277, which specifically targets FTase [27], mirrors the 
preference of FTase for CaaX and CXXX sequences. Six 
of the identified FTI-sensitive farnesylated proteins con-
tain an internal prenylation site. Using the above-men-
tioned methods, the most accessible cysteine could be 

determined for one of them, CBPA4, where it is located 
at position 16 (Fig. 4C).

Identification of proteins that are differentially prenylated 
between activated and non‑activated Th1 cells
To uncover specific insights into the role of protein 
prenylation in Th1 cell biology, we next focused on dif-
ferences in prenylated proteins in activated and non-
activated Th1 cells. Initially, we analysed total protein 
extracts to gain an overview of differential protein 
expression between these conditions. We identified 251 
proteins that were more abundant in activated Th1 cells, 
including JUNB, REL, EGR2, IRF4, BCL2L1, HMGCS1, 

Fig. 4 A Volcano plot comparing prenylation-enriched proteins from in vitro-differentiated Th1 cells that were either pre-treated or not with 
the farnesyl transferase inhibitor (FTI-277) and subsequently treated with F-Az. Significantly different prenylated proteins are shown in blue; novel 
ones in black. B Distribution of prenylation motifs in known farnesylated proteins (green) and the 49 proteins significantly less farnesylated upon FTI 
treatment, categorised into identified known farnesylated proteins (blue) and newly identified farnesylated proteins (cyan). C 3D structure of CBPA4 
as predicted by AlphaFold2, with the most accessible cysteine, located in a turn, shown in red, while less accessible cysteines are depicted in blue
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and the known prenylated proteins RAB27A and GBP2. 
Conversely, 258 proteins were more abundant in non-
activated Th1 cells, including SELL and BID (Additional 
file  3: Table  S6). These findings suggest an upregulation 
of anti-apoptotic proteins promoting cell survival and 
processes associated with prenylation during Th1 cell dif-
ferentiation and activation.

To identify differentially prenylated proteins, we first 
compared enrichment samples of activated and non-
activated Th1 cells treated with either F-Az or GG-Az, 
identifying 179 proteins with significant differences. 
We then excluded the 74 proteins that also showed sig-
nificant differences between activated and non-activated 
control cells without isoprenoid addition, as these could 
reflect activation-dependent changes in protein levels. 
Following the same logic and to ensure the identification 
of truly prenylated proteins, we further excluded 86 pro-
teins that overlapped with the 509 differentially expressed 
proteins in total extracts. After filtering, we obtained 
63 differentially prenylated proteins, with 41 more pre-
nylated in activated cells and 22 in non-activated cells 
(Additional file  3: Table  S7, Additional file  2: Table  S8). 
Of these, seven are known to be prenylated. Notably, 
none of the background-filtered proteins were known to 
be prenylated, supporting the validity of our approach in 
identifying differential prenylation independent of pro-
tein abundance changes. However, it remains possible 
that proteins with substantial abundance changes were 
not detected in the total extracts and that some proteins 
may undergo both abundance changes and differential 
prenylation.

In the F-Az-treated cells, 24 proteins were more pre-
nylated in activated Th1 cells and 13 in non-activated 
cells. These include the known prenylated protein 
GNG12 among those more prenylated in activated cells 
and GBP1, RAB28, PTP4A1, and RHOH among those 
more prenylated in non-activated cells (Figs. 2C and 5A). 
Interestingly, GBP1, RAB28, PTP4A1, and RHOH were 
also found to be significantly less farnesylated upon FTI 
treatment, along with INF2, which contains a CaaX pre-
nylation motif but has not been previously reported as 
prenylated (Additional file  2: Table  S5). In the GG-Az-
treated cells, 13 proteins showed increased prenylation in 
non-activated Th1 cells, including the known prenylated 
protein CRACR2A, while 24 proteins were more pre-
nylated in activated Th1 cells, including the known pre-
nylated protein GNG4 (Fig. 5B).

Subjecting the proteins showing increased prenylation 
in activated Th1 cells to a functional overrepresentation 
analysis using STRING [55] against the background of 
all proteins identified in the enrichment samples results 
in a cluster of G proteins including GNG12, GNG4, and 
GNAQ, and of cell surface receptors, such as TNFRSF25 

regulating lymphocyte homeostasis, CD44, CD63, and 
CD82, which results in the overrepresentation of the GO 
Cellular Component (GO-CC) terms “Heterotrimeric 
G-protein complex” and “Side of membrane” (Additional 
file 1: Fig. S20). The STRING analysis of the proteins with 
increased prenylation in non-activated Th1 cells and 
10 added interactors results in a highly interconnected 
cluster of proteins assigned to the GO-BP term “T cell 
activation” and the KEGG Pathway “T cell receptor sig-
nalling pathway” (Additional file 1: Fig. S21, S22). Nota-
bly, among the nine interactors added by STRING to this 
cluster, four are differentially expressed in total extracts: 
LAT is upregulated in activated Th1 cells, while SELL 
(CD62L), SH2D1A, and ITGAL (CD11a) are more highly 
expressed in non-activated cells. In non-activated Th1 
cells, we therefore identified a closely interconnected net-
work of proteins with increased prenylation, whose inter-
action partners exhibit changed abundance. This suggests 
a tightly regulated signalling network, influenced both by 
changes in protein localisation and interactions through 
prenylation, as well as by alterations in the abundance of 
interacting proteins.

The effect of statin treatment on protein prenylation 
is complex
Statin pretreatment of Th1 cells without the subsequent 
addition of isoprenoids led to a significant increase in the 
abundance of 19 proteins in total protein samples, with 
only SPOCK2, SLX4, and RAB11FIP1 not known to be 
prenylated. Among the three downregulated proteins 
GBP2, GFM2, and MED12, GBP2 is known to be pre-
nylated (Additional file  1: Fig. S23A, Additional file  2: 
Table  S9). This suggests that statin-induced abundance 
changes preferentially affect prenylated proteins in Th1 
cell activation. When Th1 cells were first pre-treated 
with statin and subsequently F-Az or GG-Az was added, 
63 and 59 proteins were upregulated, respectively, com-
pared to Th1 cells without statin pretreatment (Addi-
tional file  1: Fig. S23BC, Additional file  2: Table  S9). 
Notably, among the 77 additional statin-induced proteins 
in isoprenoid-treated cells, only 7 are known to be pre-
nylated, while among the additional 22 downregulated 
proteins, only GBP1 is known to be prenylated. This indi-
cates that additional mechanisms play a role when statin 
pretreatment is combined with isoprenoid addition. The 
functional analysis of the differentially expressed pro-
teins in activated Th1 cells without added isoprenoids, 
performed using gene set enrichment analysis (GSEA) 
[56, 57], revealed that statin treatment affects pathways 
related to cell differentiation, exocytosis, and secretion 
(Additional file  1: Fig. S23D). When isoprenoids were 
added after statin pretreatment, the main overrepre-
sented processes included oxidative phosphorylation, the 
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electron transport chain, and respiration, which are asso-
ciated with cellular energy supply (Additional file 1: Fig. 
S23EF).

When analysing the enrichment samples comparing 
Th1 cells pretreated or not with statin, we observed strik-
ingly different, and in some cases opposing, enrichment 
patterns in cells treated with F-Az or GG-Az (Fig.  5C). 
In F-Az-treated samples, 7 proteins were significantly 
less abundant after statin pretreatment, while 78 proteins 
were significantly more abundant. Among these, 11 pro-
teins were also significantly more abundant in the total 
extracts of statin-pretreated control cells and were fil-
tered out. Of the remaining 67 significantly enriched pro-
teins in statin-pretreated, F-Az-treated samples, 51 (76%) 
are known to be prenylated, including KRAS, RHEB, 

DCAF8, NAP1L1, and NAP1L4. For KRAS, we observed 
a slower-migrating unprenylated proteoform in Western 
blots of PBMCs treated for 48  h with Pitavastatin, par-
ticularly upon restimulation of the cells, confirming the 
statin-induced prenylation deficit ((Additional file  1: 
Fig. S24). In contrast, none of the significantly enriched 
proteins in non-pretreated samples are known to be pre-
nylated. In GG-Az-treated samples; however, the pre-
nylation pattern was notably different. Only 11 proteins 
were significantly enriched in statin-pretreated samples, 
of which 8 remained after background filtering. Among 
these, only CDC42 is known to be prenylated. On the 
other hand, 22 proteins were more enriched in samples 
not pretreated with statin. Since the protein levels of the 
three proteins that changed significantly in total extracts 

Fig. 5 For a selection of significantly prenylated proteins in enrichment samples of Th1 cells treated with A F-Az or B GG-Az, the log₂-transformed 
centered intensities ± 95% confidence intervals are shown, as indicated, in activated (+) and non-activated (−) Th1 cells treated with GG-Az, 
F-Az, or mock-treated as controls. Stars indicate significant enrichment when comparing GG-Az- or F-Az-treated samples with their respective 
background controls (*** = p-value < 0.001, ** = p-value < 0.01, * = p-value < 0.05). The different colours of the diamonds represent different donors. C 
Volcano plots of prenylation enrichment samples comparing activated Th1 cells pre-treated or not with statin and subsequently treated with F-Az 
(left) and GG-Az (right). Bold dots indicate significantly changed proteins with or without pre-treatment with statin. Blue dots represent proteins 
already known to be prenylated
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shifted in the opposite direction, they were retained. Of 
the 22 proteins significantly enriched in GG-Az-treated 
samples without statin pretreatment, 13 (59%) are known 
to be prenylated, including GBP2 and RALB, which were 
also significantly enriched in statin-pretreated, F-Az-
treated samples (Additional file 2: Table S10).

These differences in the enrichment patterns are also 
evident in STRING network analyses [55]. In the proteins 
enriched in statin-pretreated, F-Az-treated Th1 cells 
compared against the background of all proteins identi-
fied in the enrichment samples, the Reactome Pathways 
“RAB geranylgeranylation” and “G beta:gamma signalling 
through CDC42” were most overrepresented, along with 
pathways associated with signal transduction and signal-
ling, as well as the Gene Ontology Cellular Component 
(GO-CC) term “Plasma membrane” (Additional file  1: 
Fig. S25). In contrast, no significant enrichment was 
observed in the enriched proteins from statin-pretreated, 
GG-Az-treated Th1 cells. Instead, the Reactome Pathway 
“RAB geranylgeranylation” was significantly enriched in 
non-statin-pretreated, GG-Az-treated cells (Additional 
file  1: Fig. S26). This suggests that inhibiting isoprenoid 
biosynthesis, followed by supplementation with F-Az, 
leads to the expected increase in protein prenylation. In 
contrast, supplementation with GG-Az did not produce 
the same effect, possibly due to additional impacts of 
Pitavastatin on geranylgeranylation, such as the inhibi-
tion of RabGGTases.

Discussion
Protein prenylation plays a central role in numerous cel-
lular processes. Disruption of this PTM typically results 
in a loss of protein function, owing to impaired protein 
interactions, mislocalisation, or a combination of both. 
Given its critical role, protein prenylation has become a 
promising therapeutic target, with several PTase inhibi-
tors currently being tested for the treatment of various 
diseases [23]. Consequently, systematically mapping the 
prenylated proteome and its alterations under different 
conditions or upon inhibition is an important area of 
research, as it is essential for understanding the molecu-
lar mechanisms underlying these effects.

In this study, we employed a click chemistry-based 
enrichment approach combined with mass spectrom-
etry to investigate protein prenylation in primary Th1 
cells. This allowed us to identify both known and novel 
prenylated proteins. Additionally, we identified proteins 
that exhibited differential prenylation during Th1 cell 
activation. Proteins with increased prenylation were pre-
dominantly associated with G-protein complexes and 
membranes, while those with decreased prenylation were 
overrepresented in the pathway “Modulators of TCR Sig-
nalling and T Cell Activation”. This highlights the pivotal 

role of protein prenylation in regulating Th1 cell activa-
tion, a key process in immune regulation.

A protein that was consistently identified as 
farnesylated in our experiments, sensitive to FTI treat-
ment, and more prenylated in non-activated Th1 cells is 
RHOH. RHOH is predominantly expressed in haemat-
opoietic cells and belongs to the Rho GTPase family. It 
is constitutively active and GTP-bound, inhibiting NFκB 
and CRK/p38 activation by TNF, as well as the activities 
of RAC1, RHOA, and CDC42. Additionally, RHOH func-
tions as an adapter molecule in TCR signalling, facili-
tating the efficient interaction of ZAP70 with the LAT 
signalosome, thereby regulating T cell activation, devel-
opment, and functional differentiation. Given its critical 
role, reduced RHOH levels or RHOH mutations have 
been implicated in the pathology of autoimmune diseases 
[58–62]. RHOH contains the C-terminal CKIF sequence, 
a CXXX prenylation motif, which is essential for its local-
isation interactions with ZAP70. Although it is annotated 
as geranylgeranylated in UniProt based on inference from 
sequence similarity [17], an in vitro assay has shown that 
RHOH is a target for FTase [63]. Interestingly, RHOB, 
which contains the C-terminal CKVL sequence, has been 
reported to undergo either farnesylation or geranylge-
ranylation, depending on the cellular context [48, 64]. 
However, in our study, RHOB was exclusively identified 
as farnesylated.

Another group of proteins known to undergo 
farnesylation are the lamins. In our experiments, Lamin 
B1 and B2 were identified in enrichment samples from 
both activated and non-activated Th1 cells treated with 
F-Az. They were also identified as farnesylated both in 
activated Th1 cells pretreated or not with statin, followed 
by F-Az treatment, with significantly increased farnesyla-
tion observed upon statin pre-treatment. Furthermore, 
Lamin B1 and B2 were found to be significantly less 
farnesylated after treatment with FTI-277, along with 
Lamin A, which was not identified as farnesylated in the 
other experiments. As increased farnesylation of Lamin 
A, either through the progerin mutation of the LMNA 
gene or impaired processing of prelamin A, causes vari-
ous laminopathies, the FTI Lonafarnib was approved by 
the FDA in 2020 for the treatment of HGPS and process-
ing-deficient progeroid laminopathies [22].

The farnesylation of oncogenic RAS family members, 
including KRAS, RHEB, and HRAS, is also of high clini-
cal importance. In our experiments, KRAS, HRAS, and 
RHEB were identified as farnesylated in both activated 
and non-activated Th1 cells, as well as in activated Th1 
cells pretreated with statin. Only HRAS did not reach 
statistical significance in activated Th1 cells without sta-
tin pretreatment, while KRAS and RHEB were found 
to be significantly more farnesylated following statin 
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pretreatment. Furthermore, the farnesylation of KRAS, 
HRAS, and RHEB was found to be sensitive to treatment 
with FTI-277. Given the direct link between farnesylation 
and the oncogenic potential of these proteins, its inhibi-
tion has been the focus of extensive clinical research, 
resulting in several promising therapeutic strategies. 
Notably, the FTI Tipifarnib, which disrupts the function 
of HRAS and RHEB, has been granted Breakthrough 
Therapy Designation by the FDA following a successful 
clinical trial [24, 25]. Since KRAS can become geranylge-
ranylated and remain functional in FTI-treated cells, dual 
FTI and GGTase-I inhibitors such as FGTI-2734 have the 
potential to target KRAS-driven human cancers [21, 65].

Given the context of protein lipidation, another 
PTM that becomes relevant is palmitoylation, as it also 
involves cysteine modifications, but occurs through thi-
oester bond formation, which is characteristic of pal-
mitoylation, rather than the more stable thioether bond 
formation observed in prenylation. Interestingly, the sin-
gle-cysteine protein SEC61B, which is annotated as pal-
mitoylated based on its detection in the acyl-RAC assay, 
a method that cleaves thioester bonds in palmitoylated 
cysteines and captures the freed thiols [66], was identi-
fied here as farnesylated. Another protein identified as 
internally farnesylated in our experiments is ALDH9A1. 
Notably, internal prenylation of ALDH9A1 has been pre-
viously reported, occurring through a thioester linkage of 
cysteine with farnesal or geranylgeranial, which are deg-
radation products of prenylated proteins, thereby add-
ing a reversible prenoyl modification [67]. Thus, SEC61B 
could potentially be prenylated through a thioester bond 
rather than being palmitoylated.

Determining the precise type of cysteine-linked lipid 
modification in the relevant cellular contexts will be a 
crucial area of future research, particularly in the context 
of inhibiting prenylation or palmitoylation for therapeu-
tic applications.

In addition to identifying the precise type of lipid mod-
ification, it is also important to re-examine the sites of 
modification. In the UniProt database [17], 174 human 
proteins are currently annotated as prenylated. Nota-
bly, all annotated farnesylated proteins contain either a 
CXXX or CaaX prenylation motif, while the annotated 
geranylgeranylated proteins have 6 C-terminal prenyla-
tion motifs. The evidence codes provided in UniProt 
[17] for the annotation of prenylated proteins are pre-
dominantly based on manual assertion (using sequence 
similarity, sequence model evidence, or curator infer-
ence) or experimental evidence. Since proteins identi-
fied in enrichment experiments are typically filtered 
for the presence of a prenylation motif before being 
reported, this introduces a bias towards known pre-
nylation motifs. As a result, these known motifs are 

reinforced while previously unrecognised motifs remain 
underrepresented. In our experiments, we identified 
novel farnesylated proteins with canonical C-terminal 
prenylation motifs that are typically associated with gera-
nylgeranylated proteins. Additionally, we discovered new 
C-terminal prenylation motifs in proteins newly identi-
fied as farnesylated or geranylgeranylated. Furthermore, 
we identified proteins with internal prenylation, where 
the putative internal prenylation sites appear to show 
a structural prenylation motif rather than a sequence-
based motif around the modified cysteine.

Expanding the repertoire of known prenylation motifs, 
both canonical and newly identified, is likely to increase 
the number of annotated farnesylated and geranylgera-
nylated proteins. In turn, this will help reduce annotation 
bias by informing future predictions, ultimately leading 
to more comprehensive identification and annotation of 
protein prenylation.

An important aspect of protein prenylation annota-
tion is the presence of protein isoforms with differ-
ent sequences that impact potential prenylation sites. 
The examples identified here include the farnesylated 
NAP1L4, where only the alternative NAP1L4b isoform 
contains a C-terminal CXXX prenylation motif; the 
geranylgeranylated REEP5, where the second isoform 
contains a CXX prenylation motif; and the farnesylated 
RABGAP1, where different isoforms contain a C-termi-
nal C, CX, or CXXX motif. Similarly, CRACR2A, which 
showed reduced geranylgeranylation upon Th1 cell acti-
vation, exhibits isoform-specific prenylation: only the 
canonical CRACR2A-A isoform contains the C-terminal 
GTPase domain and a CCX prenylation motif, both of 
which are absent in the shorter CRACR2A-C isoform. 
CRACR2A prenylation has been shown to be crucial for 
TCR signalling and membrane localisation, while de-
prenylation leads to cytoplasmic localisation and protein 
degradation [8].

If only specific isoforms contain consensus prenylation 
motifs, differential splicing and isoform expression might 
serve as a specialised mechanism for altering protein 
function and localisation through differential prenyla-
tion. Quantifying the relative expression of different iso-
forms in different cellular contexts could therefore be of 
interest. Additionally, different isoform sequences should 
be considered when investigating protein prenylation.

For the statin treatment, our hypothesis was that pro-
teins most affected in Th1 cell activation due to limi-
tations in the prenylation pathway caused by statin 
pretreatment would achieve a high level of de novo 
prenylation after the exogenous addition of the sub-
strates F-Az or GG-Az. This was indeed observed after 
the addition of F-Az, as many known prenylated pro-
teins were enriched in statin-pretreated, F-Az-treated 
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samples, with various pathways associated with signal 
transduction and signalling being overrepresented. Inter-
estingly, the proteins enriched in the F-Az-treated sam-
ples were also associated with the Reactome pathway 
“RAB geranylgeranylation” For example, GNG4, GNG5, 
and GNG8, which are usually geranylgeranylated, were 
identified in statin-pretreated and F-Az-treated cells. 
This may again be explained by the metabolic conver-
sion of exogenously provided farnesol to form GGPP-
Az, a substrate for GGTases [46]. Alternatively, some 
prenylated proteins might undergo alternative prenyla-
tion by FTase or GGTase-I under restrictive conditions 
[21, 68]. In contrast, in cells treated with GG-Az, known 
prenylated proteins were primarily enriched in the sam-
ples not pretreated with GG-Az. This striking difference 
might be explained by additional effects of Pitavastatin 
on geranylgeranylation, including the potential inhibition 
of RabGGTase, which would account for the increased 
prenylation of RAB proteins in non-statin-pretreated 
cells. This mode of action is supported by the observa-
tion that other lipophilic statins, but not the hydrophilic 
statin Pravastatin, directly inhibit UBIAD1, a membrane 
prenyltransferase that mediates the geranylgeranyla-
tion of various substrates and has been shown to regu-
late HMG-CoA reductase [69, 70]. Alternatively, GDI1, 
which interacts with RHOH and several RAB proteins, 
where it inhibits GDP dissociation and promotes the dis-
sociation of GDP-bound RAB proteins from membranes 
[62], might be inhibited. Elucidating the molecular basis 
of treatment effects of various statins on protein gera-
nylgeranylation in Th1 cells, along with additional off-
target effects in various systems, could provide valuable 
insights into the underlying mechanisms of these off-tar-
get effects and help explain previously observed, partially 
conflicting findings.

Conclusions
Our investigation into protein prenylation has unveiled 
numerous novel findings, emphasising the power of this 
approach in expanding our understanding of this criti-
cal PTM. By applying click chemistry-based enrichment 
combined with mass spectrometry, we not only con-
firmed known prenylated proteins but also identified new 
ones, broadening our understanding of the prenylated 
proteome in Th1 cells. Importantly, analysing differential 
prenylation during Th1 cell activation revealed a network 
of prenylated proteins tightly linked to the LAT signalo-
some, emphasising the functional role of prenylation in T 
cell signaling and immune regulation.

A major finding of this study is that the conven-
tional focus on consensus CaaX and CXXX prenylation 
motifs is too narrow, leading to the overlooking and 
underreporting of many prenylated proteins. Our data 

demonstrate that additional C-terminal motifs, especially 
for farnesylated proteins, must be considered. Addi-
tionally, we provide evidence supporting the existence 
of internal prenylation sites, which follow a structural 
rather than a sequence-based prenylation motif. These 
insights call for a re-evaluation of current annotation cri-
teria for protein prenylation and suggest that annotation 
databases should expand beyond traditional motifs to 
improve the accuracy of prenylation predictions, includ-
ing the annotation of prenylated non-canonical protein 
isoforms.

In addition, investigating the effect of statin treatment 
on protein prenylation uncovered that statin treatment 
enhanced the detection of prenylated proteins in F-Az-
treated samples, but it also revealed a previously unrec-
ognised off-target effect on protein geranylgeranylation. 
These findings highlight the need for a more nuanced 
understanding of how prenylation inhibitors affect pro-
tein function across different biological systems.

Taken together, our study opens new avenues for future 
research, providing a refined perspective on protein pre-
nylation that extends beyond established paradigms. 
Given the increasing use of prenylation inhibitors as ther-
apeutic agents, a more comprehensive understanding of 
the molecular effects and compensatory changes in pre-
nylation will be crucial for optimising targeted therapies. 
Our findings emphasise the need for broader and more 
systematic approaches to studying prenylation in vari-
ous biological and disease contexts, ultimately enhancing 
the precision and efficacy of interventions targeting this 
essential PTM.

Methods
Cell Isolation and culture
PBMCs were isolated from whole blood as previously 
described [71]. Naïve CD4⁺ T cells were isolated using 
the Naïve CD4⁺ T Cell Isolation Kit II, human (Milte-
nyi Biotec, Bergisch Gladbach, Germany), and the 
autoMACS Pro Separator (Miltenyi Biotec, Bergisch 
Gladbach, Germany). After isolation, cells were cultured 
at 1 million cells/ml in AIM-V medium (Thermo Fisher 
Scientific Inc., Waltham, USA) and stimulated with plate-
bound anti-CD3 (1 µg/ml) and anti-CD28 (1 µg/ml) anti-
bodies (in-house production) to induce activation. IL-2 
(10 ng/ml) (StemCell Technologies Canada Inc., Vancou-
ver, Canada), IL-12 (25 ng/ml) (StemCell Technologies 
Canada Inc., Vancouver, Canada), and anti-IL-4 antibody 
(5 µg/ml) (R&D Systems, Minneapolis, USA) were added 
to the culture to drive Th1 cell differentiation. Cells 
were incubated at 37 °C with 5% CO₂. After 3 days, the 
medium was replaced with complete RPMI containing 
10% heat-inactivated fetal calf serum (Merck, Darmstadt, 
Germany), 1 × penicillin/streptomycin (Sigma-Aldrich, 
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St. Louis, MO, USA), 1 × vitamins (Sigma-Aldrich, St. 
Louis, MO, USA), 1 × sodium pyruvate solution (Sigma-
Aldrich, St. Louis, MO, USA), and 1% MEM non-essen-
tial amino acids (Sigma-Aldrich, St. Louis, MO, USA) in 
RPMI-1640 (Lonza, Basel, Switzerland), including IL-2 
and IL-12 at the concentrations specified above. When 
indicated, cells were reactivated using plate-bound anti-
CD3 and anti-CD28 antibodies in complete RPMI, sup-
plemented with IL-2, IL-12, and anti-IL-4 antibody.

Labelling of prenylated proteins in Th1 cells
For the comparison of activated and non-activated Th1 
cells, Th1 cells were stimulated as described above on 
day 6 to activate them, while non-activated cells were 
kept resting. At the same time, to label prenylated pro-
teins, cells were treated with F-Az dissolved in ethanol 
(25 nM) (Cayman Chemical, Ann Arbor, USA) or GG-Az 
dissolved in DMSO (25  nM) (Thermo Fisher Scientific 
Inc., Waltham, USA), or the respective solvent as a con-
trol, for 24  h before harvesting. Cells were washed in 
PBS, and pellets were frozen in liquid nitrogen and stored 
at − 80 °C until further use.

FTI treatment of Th1 cells
To identify proteins that are sensitive to farnesyl trans-
ferase inhibition, Th1 cells were cultured, stimulated 
on day 6 as described above, and treated with FTI-277 
(20  µM) (Selleck Chemicals LLC, Houston, USA) for 
1  h before adding F-Az or ethanol (control) for 23  h, 
followed by harvesting. Of note, due to a power failure, 
the culturing conditions during the last few hours of the 
experiment were not controlled. Cell proliferation and 
viability were assessed using an H3-thymidine incorpora-
tion assay and PI staining.

Statin treatment of Th1 cells
To identify prenylation changes due to statin treatment 
in Th1 cell activation, Th1 cells were stimulated on days 6 
and 13, and treated with Pitavastatin (0.75 µM) in DMSO 
or DMSO alone (control) added on day 13 for 48 h. Then, 
F-Az, GG-Az, or EtOH and DMSO as their respective 
solvent controls were added for 24  h before harvesting. 
The effect of Pitavastatin treatment on cell viability and 
proliferation was monitored using an H3-Thymidine 
incorporation assay and propidium iodide (PI) staining.

Preparation of total extracts
For the analysis of the total proteome of Th1 cells, 1 mil-
lion cells per sample were lysed in urea extraction buffer 
and prepared for mass spectrometry measurements, 
essentially as previously described [72].

Enrichment of prenylated proteins
For the enrichment of prenylated proteins, the Click-
iT™ Protein Enrichment Kit (Thermo Fisher Scientific 
Inc., Waltham, USA) was used. Per sample, 50 million 
cells were processed. In brief, azide-labelled proteins 
were covalently linked to resin-bound alkyne via a click 
reaction. The bound peptides were washed several times 
before on-resin digestion with trypsin. The resulting 
tryptic peptides were then purified and desalted using 
Pierce C18 Spin Columns (Thermo Fisher Scientific Inc., 
Waltham, USA).

Mass spectrometry measurements
Peptide concentrations of the total extracts were meas-
ured using the Pierce Quantitative Colorimetric Peptide 
Assay Kit, and approximately 250  ng per sample were 
measured on an Orbitrap Eclipse Mass Spectrometer 
(Thermo Scientific, USA) coupled to an Easy nLC 1200 
(Thermo Scientific, USA). Samples were passed through 
an Acclaim(TM) PepMap(TM) 100 C18 in-line pre-
column (5  µm particle size, 0.1  mm diameter, 150  mm 
length, Thermo Scientific, USA) before reverse-phase 
peptide separation on a NanoLC column with integrated 
emitter (75  µm inner diameter × 25  cm length × 365  µm 
outer diameter packed with Reprosil-Pur 120 C18 beads 
with 1.9  µm diameter, CoAnn Technologies, USA) 
located in a pre-column heater (PRSO-V2 from Sonation, 
Thermo Scientific, USA). Buffer A is 0.1% formic acid in 
water, and Buffer B is 0.1% formic acid in 80% acetoni-
trile. Peptides were eluted at a flow rate of 200  nl/min 
using a linear gradient of varying lengths. Survey Scan 
parameters were as follows: Scan Range: 350–2000 m/z, 
Orbitrap Resolution: 120,000, normalised AGC tar-
get: 100%, Microscans: 1. Filter options were used: Pep-
tide, charge 2–7, excluding undetermined charge states. 
Dynamic exclusion was set to 60 s with a mass tolerance 
of ± 10  ppm. Minimum intensity was set to 1e4. MS2 
scans were recorded with the following settings: Isola-
tion Window, 1.6; Collision Energy, 27%; Detector Type, 
LIT; Scan Rate, rapid; Maximum Injection Time, 50 ms; 
normalised AGC Target, 100%. Enrichment samples were 
injected twice. The exact acquisition parameters are part 
of the raw files that are accessible at the MassIVE web 
server (Availability of data and materials).

Data analysis
After mass spectrometry measurements, the mass spec-
tra were matched to peptides using MaxQuant version 
2.0.3.1 [73], using the parameters: match between runs 
enabled, cysteine carbamidomethylation as fixed modi-
fication, oxidation of methionine, acetylation of the pro-
tein N-terminus, and cyclisation of N-terminal glutamine 
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to pyroglutamate as variable modifications, allowing for a 
maximum of 3 modifications per peptide [74]. Trypsin/P 
was added as digestion enzyme, and 2 missed cleavages 
were allowed. The database used for searching was the 
human reference database UP000005640 not including 
isoforms downloaded from UniProt [17] with contami-
nants included. Label-free quantification was performed. 
The peptide and protein FDRs were kept at 1%.

Further analyses were conducted using R including 
DEP [75] and other specified packages. Only proteins 
that were identified in more than 50% of samples in 
one condition were analysed further; missing data were 
imputed using the minimal deterministic imputation as 
implemented in the MSnbase package in R for enrich-
ment samples [76]. For total extracts, proDA was used 
instead of imputation [77]. Differential expression anal-
ysis was performed using limma through the integra-
tion of the DEP package, with the following significance 
cutoffs: FDR < 0.05 and FC > 1.5. Graphs were generated 
using ggplot2.

Proteins were considered prenylated if they were sig-
nificantly more abundant in enrichment samples treated 
with F-Az or GG-Az compared to their respective mock-
treated controls and contained a cysteine in at least one 
of their isoforms.

Analysis of prenylated proteins
Known prenylated proteins were retrieved from the 
UniProt database using SPARQL queries, and protein 
sequences were obtained from UniProt in FASTA for-
mat for sequence-based analyses [17]. Motif assess-
ment and analysis were conducted using custom Python 
scripts. Sequence logos were generated in PSSMSearch 
[78] using unweighted frequency-based representation. 
To assess the structural context of internal prenylation 
sites, StructureMap [53] was used to annotate cysteine 
residue accessibility, with structural exposure assessed by 
the pPSE value at a 30 Ångström distance setting with-
out smoothing. Additionally, FoldSeek [54] was utilised 
to investigate the structural environments of prenylation 
sites at the tertiary structure level. FoldSeek translates 
tertiary protein structures into a 3Di structural alpha-
bet, encoding spatial relationships between amino acid 
residues. Protein structures were retrieved in PDB format 
from the AlphaFold database [51].  

The entire computational pipeline, including SPARQL 
queries, motif discovery scripts, and structural analyses, 
is documented in Jupyter Notebooks (Availability of data 
and materials).

Pymol
Pymol version 2.5.5 was used under an academic licence 
[79]. Protein structures were loaded from Alphafold2 

using the UniProt identifier and the Alphafold2import 
plugin [52].
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