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An investigation into the effect of ribosomal protein S15 
phosphorylation to its intermolecular interactions by using 
phosphomimetic mutant
Danilo Correddu,a Nabangshu Sharma,a Simranjeet Kaur,a Kyriakos G. Varnava,a Naasson M. 
Mbenza,a Vijayalekshmi Sarojini ab and Ivanhoe K. H. Leung *ac 

An investigation using recombinant ribosomal proteins and 
synthetic peptide models was conducted to uncover the effect 
about the introduction of a negative charge at the C-terminal tail of 
ribosomal protein S15. Our results help provide a chemical 
rationale towards understanding how G2019S LRRK2, a common 
clinical mutation, causes Parkinson’s disease.

In Parkinson’s disease (PD), a common mutation in the gene 
LRRK2 leads to the production of a pathogenic variant of the 
leucine-rich repeat kinase 2 enzyme (G2019S LRRK2).1,2 G2019S 
is a so-called gain-of-function mutation, which increases the 
kinase activity of LRRK23 and causes downstream toxic effects.4 
A large number of LRRK2 protein substrates have been found in 
vitro. However, only a few were shown to be authentic 
substrates in vivo.5-9 One of these is the ribosomal protein S15 
(also known as uS19 under the new nomenclature system10).9

Ribosomal protein S15 is a component of the small 
ribosomal subunit 40S and is located on its head (Fig. S1, ESI). 
S15 mediates the interactions between the small and large 
ribosomal subunits.11 It also interacts with mRNAs and tRNAs 
through its C-terminal extension.11 Thus, S15 playing an 
important role in mRNA translation. S15 also plays a role in 
ribosomal biogenesis, in which it is essential for nuclear exit of 
the pre-40S subunit and is fundamental for 40S assembly.12,13

It has been shown that increased S15 phosphorylation (e.g., 
as a result of G2019S LRRK2 mutation) causes translation 
dysregulation that may subsequently lead to the degeneration 
and death of neuronal cells.9 LRRK2 catalyses the 
phosphorylation of T136 that is located at the C-terminal tail of 
S15.9 Replacing the threonine by the non-phosphorylatable 
amino acid alanine could rescue neurodegeneration in fruit flies 

despite the presence of G2019S LRRK2.9 In contrast, replacing 
the threonine with the phosphomimetic amino acid aspartic 
acid (T136D S15) was found to cause Parkinson’s symptoms in 
fruit flies even in the absence of G2019S LRRK2.9

The molecular mechanism that links S15 phosphorylation 
and dysregulated protein translation is not clear. Herein, by 
employing wild-type (WT) and T136D S15 (as a mimic of 
phosphorylated S15)9 as well as with synthetic peptide models, 
we report our studies in elucidating the effect of S15 
phosphorylation to its intermolecular interactions. 

The cryo-electron microscopy structure of the human 
ribosome shows that S15 interacts with ribosomal protein S18 
(or uS13) in the ribosome.14,15 The yeast homologues of S15 and 
S18,16 and their prokaryotic variants, S19p and S13p,17 have also 
been shown to interact with each other and that they are 
functionally connected. It is possible that phosphorylation of 
S15 may interfere with the protein-protein interaction between 
S15 and S18. To investigate this hypothesis, a protein pulldown 
assay using recombinant ribosomal proteins18 was employed. 
N-terminal polyhistidine-thioredoxin-tagged WT or T136D S15 
were used as bait protein and glutathione S-transferase (GST)-
tagged S18 was used as prey protein. The bait and prey proteins 
were first mixed and incubated to allow time for interactions. 
Subsequently the mixture was loaded onto a HisTrap gravity 
affinity column. The column was extensively washed with buffer 
containing 50 mM imidazole to remove any proteins that are 
associated with the column non-specifically, and column-bound 
proteins were eluted using an elution buffer containing 500 mM 
imidazole. Protein interactions were evaluated by sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). As S15 contained an N-terminal polyhistidine-
thioredoxin tag, it is expected to remain bound to the column 
until the application of the elution buffer. Any proteins that do 
not contain a polyhistidine tag should be washed away during 
the wash process, unless they have an affinity with S15. 

In the mixture containing WT S15 and S18, both proteins 
were found to co-elute upon application of the elution buffer 
(Fig. 1), indicating that S18 is associated with S15. As control, 
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S18 did not bind to the HisTrap gravity column in the absence 
of S15 (Fig. 1). As S18 was expressed as a GST-fusion protein, 
the binding of GST with S15 was also tested. No GST binding to 
S15 was observed (Fig. 1). We then applied a mixture containing 
T136D S15 and S18 to the HisTrap gravity column. Similar to the 
observation that we saw with WT S15, we found that, both 
T136D S15 and S18 co-eluted together upon the application of 
the elution buffer (Fig. 1). This indicates that the additional the 
negatively charged phosphate group at the C-terminal tail of 
S15 does not disrupt the binding between S15 and S18 when 
both proteins were present in excess. 

The human ribosome structure showed that the C-terminal 
tails of S15 and S18 are located next to each other (Fig. S1, 
ESI).14,15 The C-terminal tail of S18 is highly positively charged 
with the presence of three consecutive lysine residues at the C-
terminal end. The C-terminal tail of S15 is also positively 
charged, with three positive residues (histidine, lysine and 
arginine) located within the last nine amino acids of the C-
terminal end. It is possible that the introduction of a negatively 
charged phosphate group (mimicked by T136D mutation) may 
drive the protein-protein interactions between T136D S15 and 
S18 through charge-charge interactions between the two tails. 
A mutant version of S18 (Mut S18) was therefore created with 
the last three lysine residues deleted. The same pulldown 
assays were conducted, and our results showed that there were 
no differences, at least qualitatively, in interactions between 
the deletion mutant of S18 and WT/T136D S15 or the 
interactions between WT S18 and WT/T136D S15 (Fig. S2, ESI). 
Our results thus showed that the interactions of S15 and S18 
were likely not driven by the C-terminal tails. 

We then attempted to quantify the interactions between 
WT S15 and WT S18, and between T136D S15 and WT S18. 
Isothermal titration calorimetry (ITC) was conducted. In order 
to minimise buffer mismatch due to the different buffers used 
in protein purification, both S15 and S18 were expressed with a 

polyhistidine-thioredoxin fusion tag so that the same 
purification procedure and buffers can be used. Our ITC 
measurements were limited by the instability of S15, which was 
found to precipitate or aggregate if its concentration go above 
200 µM. Nonetheless, titration experiments, in which WT or 
T136D S15 was titrated to a fixed concentration of S18, were 
attempted. Although accurate dissociation constant (KD) values 
cannot be obtained, the ITC profiles of the two titrations were 
similar (Fig. S3 and Fig. S4, ESI), indicating that, at least semi-
quantitatively, the binding affinity between S18 and WT S15 or 
T136D S15 are similar. As controls, the titrations of buffer to 
buffer (Fig. S6, ESI), buffer to WT S15 (Fig. S7, ESI), and buffer to 
S18 (Fig. S8, ESI) did not yield any changes.

Given that pulldown and ITC experiments show that there 
are no significant disruptions in the S15-S18 interactions at the 
molecular level upon addition of a negative charge to the S15 C-
terminal tail, we then focussed on the evaluation of the two 
protein C-terminal tails at the atomic level. Protein nuclear 
magnetic resonance (NMR) spectroscopy was employed 
because it allows the studies of proteins and peptides at the 
atomic level. Protein NMR spectroscopy is limited by the size of 
the protein (<25 kDa). Due to the poor stability and solubility of 
recombinant S15 and S18 when the fusion tag is cleaved off, it 
was not possible to directly study the interactions of S15 and 
S18 by protein NMR spectroscopy. Instead, we decided to study 
a 15N-labelled polypeptide that corresponds to the tail of S18 in 
the presence of unlabelled N-terminal polyhistidine-
thioredoxin-tagged WT/T136D S15.

A polypeptide corresponding to the last 31 amino acid 
stretch of S18 tail (Fig. S9, ESI) was produced in 15N-labelled 
minimal media for studying the interactions with full-length 
WT/T136D S15. S18 tail was produced recombinantly in 
Escherichia coli with an N-terminal polyhistidine-thioredoxin 
fusion tag connected by a tobacco etch virus (TEV) protease 
recognition site. The labelled polypeptide was cleaved by TEV 
protease and purified by reversed phase-high pressure liquid 
chromatography (RP-HPLC; Figure S10, ESI), and the purity of 
the peptide was monitored by SDS-PAGE (Fig. S9, ESI).

1H-15N heteronuclear single quantum correlation (HSQC) 
experiment of the 31-amino acid long 15N-labelled S18 tail 
peptide showed that it is unstructured in solution (Fig. S11, ESI). 
Addition of unlabelled polyhistidine-thioredoxin-tagged 
WT/T136D S15 to the sample caused broadening and reduction 
in signal intensity of some S18 amide resonances (Fig. S12, ESI), 
indicating the formation of a higher molecular weight complex. 
Interestingly, the 1H-15N HSQC spectra of the S18 tail peptide 
appeared to be different in the presence of WT or T136D S15 
(Fig. S13, ESI), indicating the negative charge on the S15 tail of 
the T136D mutant may cause subtle structural differences in the 
way how S15 interacts with the S18 tail peptide. However, due 
to the high cost of production of 15N or 15N,13C-labelled S18 tail, 
and the low yield of purification, the assignment of the S18 tail 
peptide was not conducted in this study.

In order to simulate the interactions between the S15 and 
S18 flexible tails in solution, two hybrid-peptide models were 
designed based on a high-resolution structure of the human 
ribosome (Fig. 2a). In both models, the N-terminal of the 

Fig. 1 SDS-PAGE analysis of polyhistidine-tag affinity pulldown binding assay. The 
lanes that are shown as ‘input’ contain a mixture of bait proteins (N-terminal 
polyhistidine-thioredoxin-tagged WT or T136D S15) and prey proteins (N-terminal GST-
tagged S18 or GST). Elution lanes show the proteins that are co-eluted after the addition 
of elution buffer containing 500 mM imidazole. In order to aid visualisation, elution 
samples were concentrated before being loaded into the gel. Arrows on the right side of 
the gels indicate the expected positions of proteins: polyhistidine-thioredoxin-tagged 
S15 (~31 kDa), GST-tagged S18 (~43 kDa) and GST (~27 kDa). The GST band ran slightly 
lower than its expected molecular weight. Tandem mass spectrometry analysis was 
conducted to confirm the identity of the GST band.
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peptide begins with the last 8 amino acids of the tail of S18 in 
the reverse direction. (green, Fig. 2a). The C-terminal end of the 
sequence contains the last 14 amino acids of the S15 tail (pink, 
Fig. 2a). Between the two sequences there is present a D-
proline and glycine residues (blue, Fig. 2a), which forms a β-turn 
in order to create a structure similar to the two C-terminal tails 
in solution. In order to mimic the negative charge of the 
phosphothreonine, the second model was designed, in which 
the threonine of S15 tail was replaced with an aspartic acid, as 
suggested by the work of Martin et al.9

NMR measurements of the two hybrid-peptide models 
revealed possible differences in dynamics of the S18 tail. The 1H 
signal of residue K2 on the S18 tail in model 1 (WT S15) is broad 
(Fig. 2b), indicating the peptide may be highly dynamical. This is 
not surprising since the C-terminal tail of S15 and S18 are both 
positively charged. However, the same resonance was found to 
be significantly sharper in model 2 (Fig. 2b), indicating the S18 
tail has reduced dynamics when compared to model 1. We 
reasoned that the addition of a negative charge conferred by 
substituting threonine with aspartic acid caused an attraction of 
the last two lysines of S18 tail towards the tail of S15. However, 
we were not able to observe direct NOE between the aspartic 
acid on the S15 tail to the S18 tail in our model despite 
increasing the mixing time from 80 ms to 400 ms.

Overall, our results showed that the introduction of a 
negative charge (T136D mutation as a phosphothreonine 
mimic) to the C-terminal tail of S15 does not, at least semi-
quantitatively, affect its interaction with S18 in vitro. NMR 
analyses of 15N-labelled S18 tail peptide indicated that there 
may be subtle structural differences in its binding to WT S15 or 
T136D S15. By using a hybrid peptide model, we showed that 
the introduction of a negative charge to the C-terminal tail of 
S15 may affect the dynamics of the C-terminal tail of the 
neighbouring ribosomal protein S18. It is important to recognise 
that the hybrid peptide is a model and may not fully mimic the 
interactions of the S15 tail and the S18 tail in the ribosome. 
However, we believe our model is a useful tool to shed light into 
studying such interactions, especially given the low stability of 
the ribosomal proteins and the difficulty to study such 
interactions in the whole ribosome. We believe our work 
provides a plausible chemical rationale of how G2019S LRRK2-
catalysed phosphorylation of S15 may affect the interactions 
between the different crucial components at the ribosomal 
decoding site. In the ribosome, the flexible C-terminal tails of 
S15 and S18 extend into the A site.14,16,19 Both tails are 
fundamental for translation fidelity as these directly interact 
with mRNAs.11,14,16,17,19–21 The introduction of a negative charge 
on S15 tail as a result of LRRK2 phosphorylation may reduce the 
dynamics of the S18 tail. The altered charges and the 
consequent loss of dynamicity of the C-terminal tails may affect 
their ability to interact with RNAs and to control translation. In 
normal conditions, S15 phosphorylation may be a relevant 
switch to modulate translation, and this becomes faulty when 
the level of phosphorylation is increased by the pathological 
presence of mutant G2019S LRRK2 in PD. Our results also echo 
a recent structural biology study that showed the dynamics of 
the S18 tail is important for translation accuracy.14 It is 

important to note that our results were obtained by in vitro 
experiments and further cell-based or in vivo experiments are 
needed to fully validate our results. Nonetheless, we believe our 
results may pave way to the development of new methods to 
target translation dysregulation in PD.22,23
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(a)

(b)

Fig. 2 (a) Design of the S15-S18 hybrid peptide model. The sequence of model 1 is 
KKKSVGVT-(D-Pro)-GIGATHSSRFIPLK and the sequence of model 2 is KKKSVGVT-(D-Pro)-
GIGADHSSRFIPLK; (b) 1H NMR spectra of the two peptide models. The resonance that 
correspond to the lysine residue (with asterisk) at the end of the S18 C-terminal tail was 
broad in model 1 whilst the same lysine resonance was sharp in model 2.
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