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Roles of post-translational modifications in yeast complexes

Abbreviations

CP: 20S yeast proteasome core particle

CTD: C-terminal domain of Rpb1 subunit of RNA polymerase II

MD: molecular dynamics 

MM/GBSA: molecular mechanics energies combined with Generalized Born and surface area

continuum solvation 

MM/PBSA: molecular mechanics energies combined with Poisson-Boltzmann and surface area

continuum solvation 

PTM: post-translational modification 

RMSD: root mean square deviation

RP: 19S yeast proteasome regulatory particle

TAP-MS: tandem affinity purification followed by mass spectrometry

Y2H: yeast 2-hybrid
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Roles of post-translational modifications in yeast complexes

Summary 

Protein post-translational modifications (PTMs) have an indispensable role in living cells as they

expand chemical diversity of the proteome, providing a fine regulatory layer that can govern

protein-protein  interactions  in  changing  environmental  conditions.  Here  we  investigated  the

effects  of acetylation and phosphorylation on the stability  of  subunit  interactions  in purified

Saccharomyces cerevisiae complexes, namely exosome, RNA polymerase II and proteasome. We

propose a computational framework that consists of conformational sampling of the complexes

by molecular dynamics simulations, followed by Gibbs energy calculation by MM/GBSA. After

benchmarking  against  published  tools  such  as  FoldX  and  Mechismo,  we  could  apply  the

framework for the first time on large protein assemblies with the aim of predicting the effects of

PTMs located  on  interfaces  of  subunits  on  binding stability.  We discovered  that  acetylation

predominantly  contributes  to  subunits’  interactions  in  a  locally  stabilizing  manner,  while

phosphorylation shows the opposite effect. Even though the local binding contributions of PTMs

may be predictable to an extent, the long range effects and overall impact on subunits’ binding

were only captured due to our dynamical approach. Employing the developed, widely applicable

workflow on other large systems will shed more light on the roles of PTMs in protein complex

formation.
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Roles of post-translational modifications in yeast complexes

Introduction

A protein’s functional engagement with other molecules in the cell is finely regulated by an array

of post-translational modifications (PTMs)(1, 2) that locally change the chemical properties of a

protein, and alter its activity, localization and stability(3–5). PTMs affect a significant part of

eukaryotic and prokaryotic proteins, and different types were studied to different extents, with

phosphorylation receiving the majority of attention(4) and becoming the first PTM studied at a

proteome-wide level(6, 7). In contrast, it has been appreciated only more recently that lysine

acetylation  is  also  a  wide-spread  modification(8,  9).  Except  its  well-described  roles  in

histones(10), it was also found to regulate the activities of other enzymes, such as tubulin(11). 

Due to technological developments(7, 12), PTMs have been identified on a proteome-

wide scale for a number of organisms, with the resulting data of more than 600,000 individual

experimentally  found  modification  sites stored  in  the  freely  available  on-line  database

dbPTM(13). Availability of PTMs data enabled investigation of their functional roles on a large

scale. For instance, the PTMfunc(14) resource was made, in which the predictions of PTM’s

functional relevance for 200,000 sites from 11 eukaryotic species is based on the conservation

analysis.  Moreover,  the Mechismo tool(15) was developed,  which estimates  the effect  of an

interface located mutation or modification on interaction stability, based on the observed amino

acids interaction patterns, but without the explicit  3D modeling of neither the query,  nor the

mutated/modified complex. In a recent expansion of the Mechismo work, the accent was placed

on detecting phosphorylation sites that act as protein interaction switches(16) by additionally

taking into account the similarity of the protein with its template, as well as conservation of the
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Roles of post-translational modifications in yeast complexes

phosphorylation site. However, in all of these tools the dynamic information is missing, so a

mechanistic understanding of PTMs effect is still lacking. 

Various efforts have also been undertaken to understand the functional roles of PTMs in

specific (sets of) proteins, using not only experimental, but also computational approaches. For

instance,  Nishi  et  al.(17) examined  the  effect  on  energetics  of  binding  caused  by  interface

phosphorylations  in  human  protein  complexes.  The  calculations  were  performed  using  the

empirical  force  field  FoldX(18),  in  which  side  chains  of  the  residues  surrounding  the

phosphorylation site are optimized before binding energy calculation is performed. The obtained

distribution was very much shifted towards destabilization, and for approximately one third of

the sites destabilization effect was larger than 2 kcal mol-1, which was taken as a threshold for a

site to have a strong effect on interaction. Several studies also applied molecular dynamics (MD)

simulations to assess the effect of PTMs on proteins, e.g. Narayanan et al.(19) investigated actin-

related  protein  2/3  complex,  and Kumar et  al.(20) cytoplasmic  linker-associated  protein  2

binding to end-binding protein 1. Their conclusions were of qualitative nature, for instance they

observed the reorientation  of  proteins,  formation  and breaking of  salt  bridges  and hydrogen

bonds  in  the  respective  complexes.  Additionally,  an  MD-based  method  employing  nine

physicochemical parameters extracted from the trajectories was recently proposed to predict the

impact of phosphorylation on protein-protein interactions(21). 

Until  now,  PTMs have  been  identified  in  whole  cell  lysates  and  mapped  to  protein

structures, but it was unclear if they were actually present in native protein complexes. In this

study, we aimed to elucidate the roles of phosphorylation and acetylation sites in three large

5

 at L
E

ID
S U

N
IV

E
R

S M
E

D
ISC

H
 C

E
N

T
R

U
M

 on February 14, 2020
https://w

w
w

.m
cponline.org

D
ow

nloaded from
 

https://www.mcponline.org


Roles of post-translational modifications in yeast complexes

yeast complexes that are essential for life – exosome, RNA polymerase II and 26S proteasome –

by combining experimental and computational approaches (Figure 1). Exosome catalyzes 3’-5’

ribonucleic acid (RNA) degradation in eukaryotes, which is involved in regulating the amount of

transcripts, as well as their maturation and quality control(22). The core of the exosome consists

of a hexameric ring (subunits Rrp41, Rrp42, Rrp43, Rrp45, Rrp46 and Mtr3) and a trimeric cap

(Rrp4, Rrp40 and Csl4)(22, 23). In the cytoplasm, this nonamer recruits the catalytically active

Rrp44 subunit(23), while nuclear exosome additionally has Rrp6 subunit and its obligate partner

C1D(24).  The  second complex  that  we investigated,  RNA polymerase  II,  is  responsible  for

synthesis of all messenger RNA molecules, as well as a number of non-coding ones in eukaryotic

cells(25,  26).  While  10  of  its  12  subunits  are  conserved  across  species  and  identical  or

homologous to those in RNA polymerases I and III(26, 27), the remaining subunits Rpb4 and

Rpb7 are specific for RNA polymerase II and are not important for the elongation process(28).

Till  date,  the investigation of PTMs’ function in RNA polymerase II was mainly focused on

phosphorylation  of  the  C-terminal  domain  (CTD) of  its  largest  subunit,  Rpb1,  an  important

regulatory element not found in other RNA polymerases(28). CTD is composed of the consensus

sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser repeats(29), known to change their phosphorylation status

during  the  transcription  cycle,  and  therefore  dictate  CTD’s  shape  and  binding  of  specific

factors(28).  Other  PTM  types  –  OGlcNAcylation,  ubiquitylation,  methylation,  proline

isomerization – have also been reported for CTD(25, 29), as well as acetylation of Lys from the

non-consensus repeats found in some organisms(30). Finally, the proteasome is the major protein

degradation  machinery  present  in  all  three  domains  of  life.  Its  substrates  differ  from other

6

 at L
E

ID
S U

N
IV

E
R

S M
E

D
ISC

H
 C

E
N

T
R

U
M

 on February 14, 2020
https://w

w
w

.m
cponline.org

D
ow

nloaded from
 

https://www.mcponline.org


Roles of post-translational modifications in yeast complexes

proteins in the cell by an attached chain of small proteins, ubiquitins. In eukaryotes, the 26S

proteasome contains  the proteolytically  active 20S core particle  (CP),  composed of α  and β

subunits,  and  the  19S  regulatory  particle  (RP),  which  together  count  33  different  protein

subunits(31). Acetylation of CP and phosphorylation of both CP and RP subunits were found to

affect proteasome activity(31), while phosphorylation of the Rpt6 ATPase subunit of RP was

found to have a role in proteasome assembly(31, 32). Recently,  more than 345 PTMs of 11

different types were detected on the 26S proteasome(33), however because most of the obtained

PTM  data  is  quite  novel  and  originates  from  large  proteomics  studies,  their  roles  are  still

predominantly unknown(34).

In  this  work,  we  first  employ  tandem  affinity  purification  (TAP)  followed  by  high

resolution mass spectrometry (MS) in order to obtain the high fidelity information about PTM

sites in the three natively purified complexes. Our data set contains a total of 129 acetylation and

41 phosphorylation sites detected within the aforementioned complexes, almost all of which are

novel. Secondly, we employ the available high-resolution 3D data to map the detected PTMs on

the  protein  structures.  Our  focus  is  then  placed  on  PTMs  that  are  located  at  the  subunits’

interfaces, as such locations are generally more conserved, and therefore more likely functionally

important  and  involved  in  the  regulation  of  binding  affinities(14,  17).  Thirdly,  in  order  to

elucidate  the  effects  of  interface  located  novel  PTMs on binding  of  subunits,  we employ  a

computational  approach  consisting  of  meticulous  conformational  sampling  via  molecular

dynamics simulations, followed by calculation of the Gibbs energy of binding by MM/GBSA

method. We first test the robustness of this approach on yeast Skp1:Met30 system, benchmark it
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against Mechismo and FoldX on a set of mammalian protein complexes, apply it on the three

large complexes, and experimentally validate our results. Finally, we compare the results for

yeast complexes with predictions of the Mechismo tool, and look into conservation of the PTM

sites.  Our  predictions  suggest  the  locally  stabilizing  role  of  the  interface  located  acetylated

lysines, and a locally destabilizing one for the phosphorylated residues. Moreover, our approach

based on protein dynamics allowed us to capture global effects of PTMs on binding, with even

binding of the chains that are not in a direct vicinity of PTMs being affected by their presence.

(Figure 1 goes here)
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Experimental procedures

Purification of protein complexes, reverse phase chromatography and mass spectrometry

Exosome, RNA polymerase II  and 26S proteasome were purified from yeast  Saccharomyces

cerevisiae in native conditions, using tandem affinity purification (TAP). TAP was performed

using one bait for each protein complex: YHR069C (Rrp4, exosome), YOR151C (Rpb2, RNA

polymerase  II)  and YKL145W (Rpt1,  26S proteasome).  Purified  proteins  were  separated  by

SDS-PAGE followed by staining with Coomassie Brilliant Blue. Gel lanes were cut into slices,

and  subjected  to  in-gel  digestion,  using  two  different  proteolytic  enzymes  (trypsin  and

chymotrypsin) in parallel, in order to increase the coverage. Obtained peptides were identified

using high-resolution mass spectrometry (MS), as previously described(35).

In  brief,  peptides  were  subjected  to  reversed  phase  nLC-MS/MS  analysis  using  an

Agilent  1290  Infinity  UHPLC  system,  coupled  to  a  TripleTOF  5600  (AB  Sciex)  mass

spectrometer. The UHPLC was equipped with a double frit trapping column (Agilent Zorbax SB-

C18, 1.8 μm material, 0.5 cm x 100 μm) and a single frit analytical column (Agilent Zorbax SB-

C18, 1.8 μm material, 40 cm x 50 μm). Trapping was performed for 10 min in solvent A (0.1 %

FA in water) at 5 μL min-1, while chromatographic separation was performed with a gradient of

23 min from 13 % to 44 % of solvent B (80 % ACN / 0.1 % FA). Total analysis time was 45 min.

The mass spectrometer was operated in data-dependent mode. After the initial survey scan in

high  resolution  mode,  the  20  most  intense  precursors  were  selected  for  subsequent  HCD

fragmentation using rolling collision energy, and tandem mass spectra were acquired in high

sensitivity mode with a resolution of 20,000.  
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Experimental design and statistical rationale 

The acquired raw files were first recalibrated based on two background ions with m/z values of

371.1012 and 445.1200, and then converted to peak lists by the AB Sciex MS Data Converter

tool version 1.1. Database search was performed with Mascot (Matrix Science, version 2.3.2)

using  Proteome  Discoverer  (Thermo  Scientific,  version  1.2).  The  spectra  were  searched

individually against the Saccharomyces cerevisiae SwissProt database (version 02_2012 - 6,619

sequences).  All  the  results  belonging  to  the  same  purification  and  enzyme  digestion  were

grouped  together  in  Proteome Discoverer,  to  get  the  final  list  of  identifications. Trypsin  or

chymotrypsin were set as the enzyme accordingly, and up to two missed cleavages were allowed.

Cysteine carbamidomethylation was set as the fixed modification. Methionine oxidation, serine,

threonine, and tyrosine phosphorylation, protein n-term acetylation, as well as lysine acetylation

were set as the variable modifications. Peptide tolerance was set to 50 ppm, whereas the MS/MS

tolerance was 0.15 Da. Peptides identification where filtered for: i) minimum ion score of 20, ii)

position rank 1, iii) minimum peptide length of 6 amino acids, and iv) peptide tolerance 10 ppm.

The phosphorylation site localization of the identified phosphopeptides was performed by the

phosphoRS algorithm(36), implemented in Proteome Discoverer. A site localization probability

of at least 0.75 was used as the threshold for confident localization. The MS proteomics data

have  been  deposited  in  the  ProteomeXchange  Consortium  via  the  PRIDE  partner

repository(37) with the data set identifier PXD008324. 
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Protein structures

The following experimentally obtained structures deposited in PDB(38) (www.rcsb.org/) were

used: 4OO11 for the exosome(23), 1I3Q2 for the RNA polymerase II(26) and 4CR23 for the 26S

proteasome(39). We worked with the exosome structure 4OO1 which does not contain Rrp44

subunit, even though the complete 11 subunits structure is also deposited under ID 4IFD4(22).

None of the Rrp44 PTMs found in this study are located at its interface with other subunits in

4IFD, so the 4OO1 structure that does not contain this 1003 amino acid long chain was used to

make calculations less demanding.

The structure of yeast Skp1:Met30 complex was obtained from Genome Wide Docking

Database GWIDD(40) as the homology model GWD368CM. For obtaining the model, chains A

and B of 1NEX5 PDB structure(41), corresponding to the yeast Skp1 and Cdc4 proteins, were

used as templates. However, the N-terminal part of Met30 remained unstructured due to lack of a

Cdc4 region that would serve as a template. The first 179 amino acids of the modeled Met30

were  therefore  removed,  and  such  a  modified  structural  model  was  used  in  further  steps.

Structures of the protein complexes from the benchmark data set were acquired from PDB, using

the identifiers listed in the corresponding table in Betts et al. 2017(16).

Bio.PDB module of Biopython(42) was employed to parse the PDB files, i.e. to remove

the headers, undesired chains and hetero atoms, and to correct possible mistakes in the files.

Nucleic acid (chain S) was removed from the exosome structure, and the entire 20S core particle

(chains A – G and 1 – 7) from the 26S proteasome structure. 20S proteasome core particle was

removed in order to obtain a smaller and computationally less demanding, while still biologically
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relevant system, and was possible because all PTMs at the interfaces were located in the 19S

proteasome regulatory particle. Finally, an exception regarding hetero atoms removal was the

RNA polymerase II structure, in which one Mg2+ and eight Zn2+ ions were retained, as they are

either catalytically or structurally important(26).

Benchmarking 

We  have  benchmarked  our  approach  for  prediction  of  PTM’s  effect,  based  on  molecular

dynamics for conformational sampling and Gibbs energy calculation (described below), against

FoldX(18) and  an  extended  Mechismo  method  by  Betts  et  al. 2017  for  identification  of

phosphorylation switches(16). Our benchmark data set consists of mammalian, predominantly

human, protein-protein interactions whose stability was experimentally shown to be affected by

an interface phosphorylation, and is a subset of the “Phosphoswitch benchmark set” of Betts et

al.  2017,  where  we selected  the  systems that  do  not  require  modeling,  i.e.  those  where  the

structure  of  the  exact  protein  pair  affected  by  phosphorylation  is  available  in  the  PDB

(Supplemental table 4.2). This selection was made in order to allow for a direct comparison of

predictions obtained by our MD-based method with the existing data on FoldX and Mechismo

performance presented in the mentioned work. In cases where the structure retrieved from PDB

contained phosphorylated sites, the respective modifications were removed prior to analysis.
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Preparation of PDB files

pdb4amber from Amber16 software package(43) was used for addition of hydrogen atoms by

reduce(44), detection of disulfide bonds, and overall adjustment of atoms and residues names in

the PDB file in order to make them suitable for work with this package. Some protein parts

remained unresolved in the structures of both benchmarking and yeast complexes deposited in

PDB.  pdb4amber  gives a warning about such gaps, however this list is based on analysis of

spatial distance of atoms and is sometimes incomplete, so we made a parser that detects all the

gaps based on residue numeration in original PDB file. Gaps were then treated by addition of the

C-terminal cap (N-methyl group attached to the carbon atom of the backbone amide group) and

N-terminal cap (acetyl group attached to the nitrogen atom of the backbone), using PyMOL(45).

This  ensured  that  the  residues  flanking  the  gaps  are  not  interpreted  as  chain  ends,  and are

therefore not charged. A total of 17 gaps were treated in this fashion in the exosome structure, 14

in the RNA polymerase II and 14 in the proteasome regulatory particle (details in Supplemental

tables 1.5, 2.5, 3.5).

Addition of post-translational modifications to the structures

Inter-chain  contacts  in  PDB  structures  of  three  yeast  complexes  were  analyzed  using  the

designated WHAT IF(46) tool,  which reports  a  contact  when the distance of Van der  Waals

surfaces is less than 1 Å. Only the PTM sites located on the subunit interfaces were used in

further  analysis,  as  they  are  more  likely  to  have  a  direct  detectable  effect  on  subunits’

interactions.  Phosphorylation sites  that  were unlocalized in out  data  set  were excluded from
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mapping to 3D structures. The PTMs were added to the structures with the capped gaps using the

PyTMs plugin(47) of PyMOL. A total of 20 PTMs were added to the exosome structure, 18 to

the  RNA polymerase  II,  and  6  to  proteasome 19S regulatory  particle.  Ser162  of  Skp1  was

phosphorylated in the Skp1:Met30 complex, and each benchmarking system had modifications

denoted in Supplemental table 4.2. Finally, all PDB files saved after editing in PyMOL were

parsed in order to make final corrections (such as fixing positions and numeration of caps, and

adding missing “TER”s between them), using Python.

Parametrization 

Program teLeap from Amber16 package was used for parametrization of the systems. The force

field  ff14SB was used for proteins, and  tip3p for water. Parameters for phosphorylated amino

acids are  also available within the Amber16 package (phosaa10)(48).  For acetylated lysines,

Amber  force  field  parameters  for  PTMs  developed  by  Khoury  et  al.(49) were  used.

Joung/Cheatham parameters for monovalent and Li/Merz parameters for +2 to +4 charged ions

(12-6 normal usage set) optimized for TIP3P water were employed. Magnesium and zinc ions in

RNA polymerase  II  were  treated  in  non-bonded  fashion.  The  disulfide  bonds  detected  by

pdb4amber  were retained. Each system was neutralized by addition of the required number of

counter charged ions (Na+ or Cl-, as needed), and surrounded by a rectangular box of explicit

TIP3P water spanning 10 Å from the protein. 
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Optimization

Optimization of structures was done using sander from Amber16. The optimization was done in

25,000 steps divided in 5 cycles. In each cycle,  the first 1,000 steps were performed by the

steepest descent, and the following 4,000 by the conjugated gradient method. In the first three

cycles, there was a constraint on i) the entire protein, ii) heavy protein atoms, and iii) backbone

atoms, using force constant of 100 kcal mol-1 Å-2. The constraint on backbone atoms was reduced

to 50 kcal mol-1 Å-2 in the fourth cycle, while in the fifth cycle no constraints were applied. 

Molecular dynamics simulations

Each system was equilibrated during the first 500 ps, using pmemd from Amber16 package. The

time step during the entire equilibration phase was 1 fs.  SHAKE algorithm was used to apply

constraints on hydrogen-containing bonds, as TIP3P water model requires. The cutoff distance

for non-bonded interactions was 15 Å. During the first 300 ps, the canonical NVT ensemble was

simulated. The temperature was increased from 0 K to 300 K during the first 250 ps. In the final

50 ps of the first equilibration phase, the temperature was kept constant at 300 K. During these

300 ps, the constraint was applied to all protein atoms using the force constant of 25 kcal mol-1

Å-2.  In  the  following  200  ps  of  equilibration,  the  isothermal-isobaric  NpT ensemble  was

simulated.  The values  of temperature and pressure were kept  at  300 K and 1.0 bar,  and no

additional constraints were applied to protein atoms.

Production phase of MD simulation was done using Gromacs 5 software(50–57) as a 19.5

ns continuation of 500 ps equilibration. ParmEd 2.7 tool(58) was used to convert the files from
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Amber to Gromacs formats. The time step was 2 fs and coordinates were written each 1 ps. The

LINCS algorithm(55) was used to apply constraints  on hydrogen-containing bonds only. The

cutoff distance for non-bonded interactions was 12 Å, and the neighbor list was updated each 20

steps. For electrostatic interactions, the particle mesh Ewald method was employed. Temperature

and  pressure  were  kept  constant  at  300  K  and  1.0  bar,  respectively.  Modified  Berendsen

thermostat  was  used  for  temperature  coupling  and  Parrinello-Rahman  barostat  for  pressure

coupling.  Throughout  the  simulation,  periodic  boundary  conditions  were  applied.  The

infrastructure of the Flemish Supercomputer Centre (VSC) was used to perform the calculations.

Visualization and analysis 

For each of the three large yeast complexes, trajectories of non modified and fully modified (all

inter-subunits  PTMs  added)  complex  were  obtained.  Additionally,  the  exosome  complex

containing only one modification, acetylated Lys69 in Rrp46, was simulated. For Skp1:Met30

system, non modified complex and the one with phosphorylated Ser162 in Skp1 were simulated.

The analogous  was  done for  47  systems from the  benchmarking data  set.  Visual  Molecular

Dynamics (VMD) program(59) was used for visualization of the trajectories.  Tools from the

Gromacs package were used for the statistical analysis, such as calculation of root mean square

deviation (RMSD), as well as for manipulation of trajectories (correction for periodic boundary

conditions, and extraction of the conformational snapshots into a new trajectory file for Gibbs

energy calculation). Matplotlib plotting library(60) was used to visualize the analysis results. 
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Roles of post-translational modifications in yeast complexes

Gibbs energy of binding

Computational  methods  of  different  accuracies  have  been  developed  for  Gibbs  energy

calculation of protein – ligand binding(61). The end-point methods use only the initial and final

binding states: receptor, ligand and complex. The most commonly employed ones are MM/PBSA

and MM/GBSA (Molecular Mechanics energies with Poisson-Boltzmann (or Generalized Born)

and  Surface  Area  continuum  solvation).  GB  is  an  approximation  of  the  theory-based,  but

computationally expensive, PB equation. While PB describes electrostatics in a solution with

ions,  GB  approximates  solute  by  spheres  of  dielectric  constant  that  is  different  from  the

solvent’s.

In both of these methods, the free energy is calculated as the following sum(61):

G=Ebnd+Eel+EvdW +G pol+Gnp – TS        (1)

where  bonded,  electrostatic  and  Van  der  Waals  interactions  energy  terms  are  calculated  via

molecular mechanics, the polar solvation term Gpol either by solving Poisson-Boltzmann equation

(in MM/PBSA) or employing generalized Born (in MM/GBSA), and the non-polar term  Gnp

usually  from  a  linear  relation  to  the  solvent  accessible  surface  area.  The  entropy  term  is

oftentimes  omitted(61) as  it  does  not  improve  the  final  result(62),  while  being  the  most

computationally demanding one. 

If the system of interest is a protein complex, the sum of these contributions is calculated

for each protein component,  as well  as  for the complex.  Furthermore,  if  the conformational

sampling is done e.g. by MD simulations, the average is made for each molecular species, using
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Roles of post-translational modifications in yeast complexes

conformational snapshots (from the stabilized trajectory part). The expression for Gibbs energy

of binding of proteins A and B, calculated from a single trajectory of the AB complex, is:

ΔGbind=⟨GAB−GA−GB ⟩AB        (2)

with each G term calculated according to the equation (1).

In this work, Amber MMPBSA.py.MPI(63) was used for calculation of Gibbs energy by

MM/GBSA using trajectories of protein complexes corrected for periodic boundary conditions.

As the backbone RMSD appeared to be quite stable in the last 10 ns of 20 ns long trajectories, a

total of 100 conformational snapshots was typically taken by extracting each 100-th frame from

this second half of trajectory. Variations of the method were tested on Skp1:Met30 (using last 5

ns or 7.5 ns of simulation; using 100 and 1,000 snapshots; using MM/PBSA method). Topology

files stripped of water and ions were prepared with Amber ante-MMPBSA.py for protein complex

and each binding component individually. Linear Combination of Pairwise Overlaps was used to

calculate the surface area for the non-polar solvation term. Entropy term was not calculated(61),

and salt concentration of 0.15 mol dm-3 was used. 

To assess information about the PTMs’ influence on subunits’ binding, ΔGbind values of

modified and non modified systems are compared. In multimeric complexes, each subunit was

treated as a ligand in a separate calculation, with the rest of the complex acting as a receptor.

ΔΔGbind is then calculated as:

ΔΔGbind=ΔGbind,( fully)modified−ΔGbind, non modified        (3)
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Roles of post-translational modifications in yeast complexes

with each term calculated according to the equation (2). The negative ΔΔGbind value for subunit’s

binding to the remaining of the complex indicates a stabilizing effect of PTMs on its binding, and

vice versa for the positive sign. 

Finally,  MM/GBSA allows per-residue decomposition and therefore getting an insight

into the contributions of specific residues to ΔΔGbind, with PTM sites being of special interest.

For instance, local binding contribution of an acetylation site in Rpb1 subunit is obtained by

decomposition of binding energies of non modified and fully modified RNA polymerase II, when

Rpb1 is treated as a ligand.

Experimental validation

Yeast-2-Hybrid assays were carried out by Next Interactions, Inc. RRP45 and RRP41 ORF’s

were PCR amplified using Q5 polymerase (NEB, Ipswich MA, USA) from plasmids encoding

RRP45 and RRP41 cDNA and cloned into pGBKT7-BD and pGAD-AD, respectively, by Gibson

assembly. RRP45 mutants, K250R and K250Q were generated by site-directed mutagenesis with

Platinum SuperFi DNA polymerase (Invitrogen). The plasmids were transformed into the yeast

Y2HGold  and  Y187  (Clontech)  to  generate  Y2HGold-pGBKT7-RRP45-WT,  K250R,  and

K250Q and Y187-pGAD-RRP41. Cells were mated on YPAD media and transferred to media

lacking Ade, His,  Leu and Trp (Sunrise,  CA, USA).  A quantitative measure of  binding was

obtained by counting clones after proper dilutions. Tests were done in triplicates. Significance

was obtained by Student t-test.
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Roles of post-translational modifications in yeast complexes

Residue conservation

For each subunit of the yeast exosome, RNA polymerase II and 26S proteasome that was found

to contain PTM(s) in this  study, a multiple sequence alignment of a corresponding group of

orthologous eukaryotic proteins was retrieved from the EggNOG database(64). The conservation

was  determined  as  the  percentage  of  sequences  that  contain  the  given  amino  acid  at  the

corresponding position. For the acetylation site, both conservation of the strict position and the

one allowing plus-minus one positional variation were calculated. This is based on findings of a

recent study, showing that when the conservation of the Lys modification site is lacking, Lys

residues appear  one position upstream or downstream in the sequence,  likely preserving the

function independent on the strict position(65). For Ser and Thr phosphorylation sites, either of

these two amino acids at the strict position was allowed, while only Tyr was allowed at the strict

position of the Tyr modification site. 

Conservation was determined in the same way for Lys, Ser, Thr and Tyr sites that do not

undergo post-translational modification according to our data, separately for subunits of each of

the three complexes. Additionally, the calculations were done taking into account the PTMs data

for three complexes available  in databases (Supplemental  tables  1.6,  2.6,  3.6).  To assess the

statistical significance of the differences of conservations, the unpaired t-test was applied.
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Results

Acetylation and phosphorylation sites detected in purified yeast complexes

Our method of choice for obtaining the PTMs data set was tandem affinity purification followed

by mass spectrometry (TAP-MS), where two consecutive chromatographic steps are applied in

order to purify complexes in their native conditions before MS analysis (Figure 2). Using TAP-

purified proteins for identification of PTMs is much cleaner when compared to the commonly

used whole-cell lysates, where it is uncertain whether identified PTMs were indeed part of native

complexes. Our method therefore allowed us to obtain the high fidelity information about PTMs

present in the native complexes.

(Figure 2 goes here)

Very high sequence coverage of up to 98% could be obtained in our MS data due to the

combination of used digestion enzymes trypsin and chymotrypsin (Supplemental tables 1.1, 2.1,

3.1). The number of identified subunits in the complexes was 12 in the exosome, 12 in the RNA

polymerase  II  and  34  in  the  26S  proteasome  (2  of  which  are  not  among  the  33  unique

proteasome chains).  All  exosome subunits  were identified with a sequence coverage ranging

from 62% to 87%. Core subunits of RNA polymerase II were identified with a coverage ranging

from 47% to 98%, whereas the dissociable heterodimer Rpb4/Rpb7 was identified with 25% and

39% sequence coverage,  respectively.  For  the  proteasome,  a  subunit  of  the  base of  the  19S

regulatory particle was used as bait and, accordingly, proteins of the 19S regulatory particle are

observed with a higher sequence coverage (73% on average) than members of the 20S core

particle (18% on average). Moreover, the core α subunits that bind directly to the regulatory
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particle are covered more (25%) than the β subunits (10%). All seven α subunits were identified,

whereas one of the seven β subunits (Pre4) is missing.

We identified a total of 385 acetylated and 68 phosphorylated peptides on three purified

yeast protein complexes (197 identifications for the exosome, 193 for the RNA polymerase II

and 63 for the 26S proteasome; Supplemental tables 1.2, 2.2, 3.2). After merging the redundantly

detected sequences and confidentially localizing the positions of the phosphorylated residues, a

total  of  53  lysine  acetylation,  12  localized  and  6  unlocalized  (serine/threonine/tyrosine)

phosphorylation sites were detected on the exosome; 50 lysine acetylation, 10 localized and 1

unlocalized  (serine/threonine/tyrosine)  phosphorylation  sites  were  detected  on  the  RNA

polymerase  II;  26  lysine  acetylation,  6  localized  and  6  unlocalized  (serine/threonine)

phosphorylation sites were detected on the 26S proteasome (Supplemental tables 1.3, 2.3, 3.3).

According  to  dbPTM(13) and  phosphoGRID(66),  only  15  localized  and  6  unlocalized

(serine/threonine/tyrosine)  phosphorylation  sites  from  our  data  set  have  previously  been

identified. Furthermore, only 18 lysine acetylation sites from our data set are listed in the Protein

Lysine Modification Database (PLMD)(67) (Supplemental tables 1.6, 2.6, 3.6).

Our computational  analysis  of PTM roles was focused on a subset of PTMs that  are

located at the interfaces of subunits in the respective complexes. This included a subset of 20

PTMs in the exosome, 18 in the RNA polymerase II and 6 in the proteasome 19S regulatory

particle (Supplemental files 1.5, 2.5, 3.5; Figure 3B – D); the unlocalized phosphorylation sites

were excluded from the analysis.

(Figure 3 goes here)
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Roles of post-translational modifications in yeast complexes

Robustness of Gibbs energy calculation 

We first  tested  the  robustness  of  our  pipeline  for  prediction  of  PTM’s  effect  on  interaction

stability  using  the  yeast  Skp1:Met30  complex  (Figure  3A).  Skp1  is  an  essential  protein

component of the SCF (Skp1, Cullin, F-box protein) E3 ubiquitin ligase, and it binds the F-box

motif, present in amino acids 180 – 225 in the yeast Met30. These amino acids were found as

necessary and sufficient for Met30 to bind Skp1(68). By means of in vivo complementation and

immunoprecipitation,  Beltrao  et  al.(14) found that  phosphorylation  of  the  highly  conserved

Ser162 site in Skp1 weakens the Skp1:Met30 interaction.

In brief, our computational approach consists of conformational sampling of the complex

via MD simulations, followed by calculation of Gibbs energy of binding ΔGbind by MM/GBSA

method. Employing MD ensures the insight into the conformational changes that are the result of

PTMs’ introduction into the protein, and therefore the altered amino acids interaction patterns

even in the protein regions that are distant from the PTM site. This kind of information cannot be

obtained by looking into a static conformation, or even by using just optimization as it does not

allow overcoming of the energetic barriers. Finally, performing simulation and calculation for

both non modified and post-translationally modified complex allows the comparison of their

Gibbs  energies  of  binding,  and therefore  assessment  of  the  PTM effect  on binding stability

through the ΔΔGbind value (details in the Methods section).

The workflow was designed bearing in mind that the systems of interest are significantly

larger than Skp1:Met30 (2,775 residues in exosome, 3,570 in RNA polymerase II and 6,996 in
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19S proteasome regulatory particle, compared to 655 in Skp1:Met30). In the recent studies that

employed MM/GB(PB)SA, different MD production times (from 5 ns to 100 ns, or even more)

and numbers of conformational snapshots were used. Here, the MD simulation time of 20 ns was

chosen  in  order  to  allow  for  system  stabilization,  while  not  being  computationally  overly

demanding.  After  obtaining  the  trajectories  for  Skp1:Met30  system,  the  root  mean  square

deviation (RMSD) of backbone showed that the complex was fairly stabilized in the last 10 ns

(Supplemental figure 1A). This trajectory part was then used for extraction of the conformational

snapshots. Similar predictions of ΔΔGbind were obtained by analysis of 100 and 1,000 snapshots

using MM/GBSA, and independent on whether the snapshots were taken from the last 5, 7.5 or

10 ns of the trajectories (Supplemental table 4.1), showing the robustness of the method. Using

1,000 snapshots reflects in smaller standard error when compared to 100 snapshots, however

average  ΔGbind values  were  not  significantly  affected.  Moreover,  using  either  MM/PBSA or

MM/GBSA yielded the positive value of ΔΔGbind, which indicates the destabilization effect of

Ser162 phosphorylation  on  Skp1:Met30 binding.  MM/GBSA applied  on  100 conformational

snapshots from the last 10 ns of MD was therefore chosen for further benchmarking, as it is both

3 times faster than MM/PBSA and allows per residue decomposition of binding energy, which is

not possible when e.g. PBSA surface terms are present. The decomposition allows identification

of  residues  with  large  predicted  effects  on  binding  (Supplemental  figure  2A),  and  here  it

suggested that the modified Ser162 also has a slight destabilization effect.  This possibility of

decomposing ΔGbind offers further insight into effects of PTMs’ introduction on the distant amino

acids interaction patterns, as exemplified below.
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Benchmarking 

We benchmarked our method against FoldX and an extended Mechismo method from Betts et al.

2017, using a set  of 24 mammalian protein-protein complexes known to be stabilized by an

interface-located phosphorylation,  as well as 23 complexes in which phosphorylation has the

opposite effect. As mentioned above, FoldX uses an empirical force field for its predictions and

allows  only  the  optimization  of  the  side  chains  surrounding  the  phosphorylation  site  before

calculating  the  binding  energy,  while  the  prediction  by  Betts  et  al. relies  on  amino  acid

interaction patterns and the conservation of the site. Differently from our MD-based approach,

these methods have notable limitations regarding type, number and location of PTMs (details in

the Discussion section). 

The  benchmarking  results  (Supplemental  table  4.2)  show  that  FoldX has  the  lowest

accuracy  of  three  methods  that  does  not  improve  by  increasing  the  prediction  threshold;

Mechismo can reach 75% (destabilizing/disabling) and 72% (stabilizing/enabling) accuracy at

the cost of coverage (sensitivity) (13% and 33%) (Figure 4), with our method having a much

higher  coverage.  It  is  interesting  to  note  that  the  phosphorylation  sites’ contribution  to  the

binding calculated by our method, where majority of them contribute to ΔGbind in a destabilizing

fashion, does not necessarily coincide with the overall  effect indicated by the ΔΔGbind of the

complex. While FoldX and method by Betts  et al.  perform similar or a bit better than ours in

predicting the stabilizing switches, our method performs better in predictions of the destabilizing

effects. Another difference is in the number of predictions that are above the threshold of what is
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considered to indicate a significant effect on binding in the given method (±1.7 for Mechismo

from Betts et al. 2017, ±2 kcal mol-1 for ΔΔG methods), where the numbers are quite low for two

opponent  methods  especially  for  the  destabilizing  systems.  Overall,  these  results  justify  our

application of MD and MM/GBSA for assessing the effects of PTMs in large yeast complexes. 

(Figure 4 goes here)

Effect of interface PTMs on binding of subunits

For the 10 subunits of the exosome, with the exception of Rrp46 we predict the stabilizing roles

of PTMs introduction on subunits binding in the fully modified complex based on the negative

ΔΔGbind values (Supplemental table 4.3; Figure 5A). To see how these predictions compare with a

singly modified exosome, we introduced a single acetylation at the Lys69 in Rrp46. This residue

was chosen as it had the highest local contribution among the 20 PTMs in the fully modified

exosome. While the local binding contribution of this acetylation site is comparable between the

fully and singly modified exosome (-13.95 and -11.45 kcal mol-1), the overall effect on subunits’

binding is  largely different,  with only 4 out of 10 subunits  showing better  binding in singly

modified than in non modified complex, as compared to 9 out of 10 in the fully modified. This

suggests that there is i) a long range effect of a single modification on binding of subunits in

multimeric complex, captured due to dynamics, and ii) an optimal combination of PTMs that

offers a complex-wide stabilization of binding. 

(Figure 5 goes here)
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Comparison of individual residues’ contributions to binding in non modified and fully

modified  exosome  further  revealed  residues  with  large  predicted  effects  on  ΔΔGbind

(Supplemental  table  4.6;  Supplemental  figure  2C).  Along  with  some  PTM  sites,  these  are

predominantly charged residues located either in the proximity of PTM sites, or influenced by

PTMs introduction indirectly. For instance, acetylation of Lys101 in Rrp4 is accompanied by the

change  of  the  interaction  pattern  in  its  surrounding,  majorly  affecting  Asp149  and  Arg239

residues  in  Rrp41  (Figure  6A,B).  As  a  consequence,  these  Rrp41  residues  have  large  and

opposing effects on Rrp4:Rrp41 binding. Other residues located near the PTM sites that were

predicted to have large effect  on subunits  ΔΔGbind are  Glu202 in Rrp41 (close to Lys110 of

Rrp45), Glu130 in Rrp41 (close to Lys48 from the same subunit),  and Lys154 in Rrp43 and

Asp181 in Rrp46 (close to Lys69 in Rrp46). On opposite, the major destabilizing residues in

Rrp46:Rrp40 interaction are Arg210 and Asp9, which are not in the proximity of any PTM site,

but are stably involved in a salt bridge at the interface of subunits in the non modified, but not in

the fully modified complex (Figure 6C).  

(Figure 6 goes here)

Differently from the fully modified exosome, for 8 out of 10 RNA polymerase II subunits

we predict the binding to become less favorable after the addition of all 18 inter-subunits located

PTMs, reflected in the positive ΔΔGbind  values (Figure 5A). The most prominent destabilizing

effect among all subunits is observed for the phosphorylation site Tyr88 of Rpb6, which directly

affects  binding  of  Rpb1:Rpb6  (Supplemental  figure  2D).  This  example  shows  how a  single

modification  site  of  the  interface  residue  might  significantly  influence  binding.  As  in  the
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exosome, other residues predicted to majorly affect ΔΔGbind are predominantly the charged ones,

however here most of them are not in the vicinity of the PTM sites, e.g. the destabilizing residues

Glu1342 and Asp1373 in Rpb1, Glu1004 and Glu1206 in Rpb2, Asp60 and Glu177 in Rpb3, and

the stabilizing Asp1009 and Asp1100 in Rpb2, and Asp2 and Arg11 in Rpb5. For instance, Arg11

in Rpb5 forms salt bridge with Glu1315 in Rpb1 only in the fully modified complex, therefore

contributing in a stabilizing manner to the Rpb1:Rpb5 interaction. In general, visualization of the

aforementioned residues in the obtained trajectories shows obvious differences in the positions of

the neighboring, interacting amino acids. Residues with prominent contributions that are located

near the PTM sites in RNA polymerase II are Lys452 in Rpb1 (while non-phosphorylated Tyr88

interacts  with  non-acteylated  neighboring  Lys87  in  Rpb6,  once  they  are  modified  the

phosphorylated  Tyr88  involves  in  interaction  with  the  mentioned  Lys452)  and  Asp266  and

Asp268 at the C-terminus of Rpb3 (while Asp266 interacts with side chains of non modified

Lys84 and Lys88, in the fully modified complex its carboxyl group is close to that of Asp268). 

In  the  simulated  proteasome 19S  regulatory  particle,  2  out  of  5  subunits  containing

modified residues were predicted to have overall positive, but small ΔΔGbind values. In the entire

complex, 12 out of 19 subunits bound more stably to the remaining of the complex, indicating a

predominantly stabilizing influence of 6 interface PTMs on the level of the entire 19S regulatory

particle.  Examples of highly destabilizing residues are Asp285 in Rpt2,  Glu389 in Rpt3 and

Glu293 in Rpt4, while Glu196 in Rpt2 was predicted to have a pronounced stabilizing effect

(Supplemental figure 2E). None of these residues are located close to a PTM site. Again, for all

these negatively charged residues, interaction pattern with the nearby positively charged residues

28

 at L
E

ID
S U

N
IV

E
R

S M
E

D
ISC

H
 C

E
N

T
R

U
M

 on February 14, 2020
https://w

w
w

.m
cponline.org

D
ow

nloaded from
 

https://www.mcponline.org


Roles of post-translational modifications in yeast complexes

changes after PTMs addition, consequently affecting their contribution to ΔGbind. This example,

together  with  those  from exosome  and  RNA polymerase  II,  underscores  the  importance  of

looking into dynamics when studying effect of PTMs on protein interactions. 

Local binding contributions of PTM sites

The  results  of  MM/GBSA energy  decomposition  indicate  the  locally  destabilizing  effect  of

phosphorylations on the subunits binding for all examined phosphorylation sites: three in the

exosome,  two in the RNA polymerase II  and one in  the proteasome 19S regulatory particle

(Supplemental tables 4.3, 4.4, 4.5; Figure 5B). Opposite from that, the acetylations are predicted

to contribute to the binding in a locally stabilizing manner with almost no exceptions. Two cases

of destabilizing acetylation sites arose, one in the exosome and another in the RNA polymerase

II, however their ΔΔGbind contributions are predicted to be small. Even at a local level, predicted

ΔΔGbind contributions for all phosphorylation and majority of acetylation sites are larger than 2

kcal mol-1, which is often used as a threshold that defines a residue with significant impact on

protein  interactions(17).  Notably,  the  global  effect  that  these  PTMs have  on the  ΔΔGbind of

subunits largely exceeds 2 kcal mol-1 with practically no exceptions. 

Experimental validation 

We have next experimentally validated our computational predictions by yeast 2-hybrid (Y2H).

After screening for pairs of exosome subunits whose interactions were previously successfully

captured by Y2H, as listed in the SGD database(69), we identified the PTMs from our fully
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modified exosome that are located on interfaces of those subunits (Supplemental table 5.1). From

those, we tested the effect of Rrp45_Lys250 acetylation on interaction with Rrp41 subunit, as i)

we predict the local contribution of this site to be highly stabilizing, and ii) binding of Rrp45 is

predicted to  be stabilized  for  approximately  50% when compared to  the  ΔΔGbind in  the  non

modified exosome. We do not predict a switch from non-binding to binding, but rather an affinity

change (ΔGbind values of both non modified and modified subunit are negative). 

The Rrp41 interaction with Rrp45_Lys250Arg, in which acetylation is prevented, was

found to be significantly weaker compared to the wild-type. Lys250Arg had around 50% less

Y2H reporter activation in both experiments (Supplemental tables 5.2, 5.3), and when using both

selection for histidine and adenine reporter activation.  The experimental results  are therefore

consistent with our predictions that lysine acetylation stabilizes this interaction.

Mechismo predictions of PTMs effect in three complexes

The Mechismo tool developed by Betts  et al. 2015(15), available as a web-server, enables the

prediction of the effect on the protein interaction due to mutation or modification of an interface

located residue.  We made predictions for each of the 44 inter-subunit  PTM sites  from yeast

exosome, RNA polymerase II and proteasome 19S regulatory particle using Mechismo, in order

to  make comparison with  our  results.  However,  it  did  not  make predictions  for  all  44 sites

(Supplemental tables 4.3, 4.4, 4.5). This reflected either in the output related to nucleic acids and

nucleotides binding, or in the score equal to zero, which suggests that the PTM sites were not

interpreted as interface-located residues. For the sites that Mechismo did recognize as interface

30

 at L
E

ID
S U

N
IV

E
R

S M
E

D
ISC

H
 C

E
N

T
R

U
M

 on February 14, 2020
https://w

w
w

.m
cponline.org

D
ow

nloaded from
 

https://www.mcponline.org


Roles of post-translational modifications in yeast complexes

residues  in  the  respective  complexes,  its  predictions  coincided  with  our  predicted  binding

contributions in 14 out of 18 cases.  

Conservation of the modified sites

Finally,  we  wanted  to  obtain  insight  into  conservation  of  the  interface  modification  sites

examined in the present study. In proteasome, the interface located acetylation sites from our

data set were found to be statistically significantly more conserved than the non modified Lys (p-

value < 0.05), as well as than the non interface located sites (Supplemental table 6.2). Differently

from  that,  Ser  phosphorylation  sites  turned  out  as  less  conserved  when  compared  to  non

modified  Ser  in  both  RNA polymerase II  and proteasome (Supplemental  table  6.3).  Similar

comparisons for other sites returned either as statistically insignificant, or were impossible to do

due to lack of data (e.g. only one Thr was identified as a PTM site in proteasome in this study). 

As PTM sites were previously reported as more conserved than other residues(14), the

statistically insignificant differences might be the result of our incomplete picture of PTM sites

present in these proteins. We have therefore additionally taken into account PTMs that were

previously found and are reported in on-line databases, even though they dominantly originate

from large proteomics studies where it is uncertain whether PTMs are part of native complexes.

Performing the conservation analysis with this extended data set (Supplemental tables 1.6, 2.6,

3.6)  did  not  return  significantly  different  average  values  for  non  modification  sites  when

compared to non PTM sites from this study only, and the same is true for modification sites. The

only exception are Ser phosphorylation sites in RNA polymerase II, which now appeared to be
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less conserved. However,  this  might be the bias of our small  data set  containing only 3 Ser

phosphorylation sites in RNA polymerase II.

We found the average conservation of all sites to be the lowest in the exosome and the

highest in the proteasome for each of the four amino acids separately, with average conservation

of Tyr in proteasome going beyond 50%. In each of the three protein complexes, 5 to 6 interface

located PTM sites are conserved more than 50%, with the most conserved residue being Lys87 in

Rpb6 of RNA polymerase II reaching 98.5% (Supplemental table 6.1; Figure 7; Supplemental

figure 4). Conservation of all interface located PTMs in proteasome is above the average. Values

of conservation for both interface and non interface located acetylation sites are spread from

below to above the average conservation, while majority of the non interface phosphorylation

sites appears to be less conserved than average non modified site. Interestingly, in the RNA

polymerase II system we can also see a trend of conserved interface PTM sites having larger

local effect on the stability of binding (Supplemental figure 3B).

(Figure 7 goes here)
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Discussion 

In  this  work,  we  have  extended  the  knowledge  on  post-translational  modifications  in  yeast

Saccharomyces cerevisiae by identifying novel phosphorylation and acetylation sites, as well as

predicted their roles in interactions within three large and essential complexes – exosome, RNA

polymerase II and proteasome. The latter was never before done in a dynamic fashion and with

simultaneously taking into account multiple PTMs in protein complexes of these sizes (up to

7,000  amino  acid  residues  in  explicit  solvent).  Finally,  we  have  experimentally  tested  our

computational predictions on the Rrp45:Rrp41 exosome interactions,  affected in a stabilizing

manner by Rrp45_Lys250 acetylation.

Employing TAP-MS allowed us to identify the modifications that are indeed present in

complexes in their native states. The number of detected acetylation sites is approximately five

times  larger  than  the  number  of  phosphorylation  sites  within  each  complex.  While  we

successfully captured all subunits of exosome and RNA polymerase II, this was not the case for

26S proteasome, probably due to its size. Employing more baits at different proteasome subunits

would likely result in a more complete data set for this complex. Given the high coverage, our

PTMs data set is likely comprehensive. 

While it was argued that introduction of point mutations causes only local conformational

changes that do not extend on the tertiary structure(70), numerous examples show that PTMs,

such as phosphorylation and acetylation,  can cause major conformational changes with great

impact on protein function. For instance, comparison of crystal structures of non phosphorylated

and phosphorylated rabbit muscle glycogen phosphorylase nicely demonstrates how introduction
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of  modification  can  cause  long  range  effects  through  the  conformational  changes.  More

specifically, phosphorylation of Ser14 in this protein induces adoption of α-helical structure of

N-terminus, and this change gets transmitted as far as 30 Å further to the active site, resulting in

T-R transition(71). Furthermore, a well-known example of 6-phosphofructo-2-kinase/fructose-

2,6-bisphosphatase enzyme demonstrates how phosphorylation can act as a trigger between two

functions of a bifunctional enzyme, again through the conformational changes it induces(72).

Finally,  phosphorylation  of  intrinsically  disordered  protein domains,  e.g.  the  AF1 domain  of

glucocorticoid receptor, can cause the formation of secondary and tertiary structure, providing a

mechanism for functional  activation of such domains(73).  Although it  received less research

attention than phosphorylation, lysine acetylations also induce changes that play role in many

different regulatory events. For example, acetylation-induced allosteric conformational changes

can provide a regulatory switch between two functions of a protein, as was shown for heat shock

protein 70 (Hsp70),  where acetylation status of Lys77 determines  the co-chaperone that will

preferably  bind  to  the  protein,  and  consequently  whether  Hsp70  will  take  place  in  protein

degradation or refolding(74). Lysine acetylation can also induce conformational changes in a

crosstalk with other post-translational modification, such as methylation in p53 protein(75). The

notion that PTMs can cause such large changes in protein structure underlines the need for a

dynamic approach in prediction of their effects on the protein and its interactions.

A notable difference also exists between mutations and modifications data sets used in

publications. While the benchmark data set of Betts et al. 2017(16) had a bias towards stabilizing

phosphorylation sites (238 out of 335 sites were experimentally found to enable interactions),
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mutations data sets dominantly consist of destabilizing sites. Examples include the benchmarking

data set of Betts  et al. 2015(15) based on UniProt data for human site-directed mutations and

disease variants, in which 79% of mutations and variants have disabling, 3.2% enabling effect,

and the remaining are neutral. Furthermore, in their prediction of affinity changes for interface-

located protein mutations, Dourado et al.(70) employed a subset of SKEMPI(76), the data set of

heterodimeric protein complexes mutants with experimentally determined ΔΔG, in which 987

out  of  1,254  mutations  are  destabilizing.  The  difference  in  biases  is  likely  the  result  of

fundamental difference between post-translational modifications and mutations – while the first

have evolved to appear at specific locations, often in order to modulate protein function and

interactions, the appearance of the latter works against what the nature has optimized. Taken

together with the fact that PTMs in our data set were detected in native complexes, a more

frequent occurrence of stabilizing than destabilizing effects on binding is not surprising. 

In  the  present  work,  we  have  computationally  explored  the  influence  that  interface

located PTMs, majority of which we have newly discovered, have on the subunits’ interaction,

where we were mainly interested in direction of the change (stabilization vs. destabilization).

Although the TAP-MS approach allowed the PTMs detection on purified native complexes, from

these data it is not possible to distinguish which combination of PTMs was present in which

natively purified complex molecule. Ideally, we would simulate structures of complexes with

different  combinations  of  PTMs  that  co-occur  in  the  yeast  cell.  However,  as  such  data  is

unavailable, and because proteins are oftentimes modified on multiple sites(65), in the present

study we decided to add all inter-subunits located PTMs on the structure simultaneously. The
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next step to tackle the question of PTM combinations co-existing within native complexes would

be the top-down proteomics. 

On  a  local  level,  we  predict  interface  phosphorylation  sites  to  be  destabilizing,

presumably because the negative charge could not be locally compensated due to absence of

positively charged groups. On opposite, acetylation of a site dominantly caused stabilization of

the binding, usually as a result of diminishing lysine’s positive charge that is not involved in a

salt bridge. Thanks to dynamics, we could also capture broader effects that these modifications

have on subunits’ binding in multimeric complexes, which do not necessarily coincide with the

local effect of PTM sites for a subunit in which they are located. For instance, while presence of

20 interface PTMs in exosome was predicted to cause a more stable binding of 9 out of 10

subunits, 18 PTMs in RNA polymerase II appeared to destabilize binding of 8 out of 10 subunits,

even though both systems predominantly contained acetylations that are locally stabilizing the

binding. As the PTMs are detected in natively purified complexes, we would expect the overall

effects to be mainly stabilizing. This result might therefore suggest that those 18 PTMs are likely

not simultaneously present in the RNA polymerase II, but were instead present in different RNA

polymerase II sub-populations. Similarly, if the predicted effects on the subunits’ binding are

compared between fully and singly modified exosome, it is clear that the complex stabilization is

achieved by the presence of multiple PTMs, rather than a single one. The magnitude of ΔΔGbind

compared  to  the  ΔGbind of  non  modified  subunit  ranged  from  3%  for  Rpb1  in  the  RNA

polymerase II, to as high as 55% in the case of Rrp41 in the exosome. Therefore, although we

can assume the individual effect of a PTM site based on the chemistry of a modification, the
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overall  consequences  on  subunits’ binding is  captured  thanks  to  the  freedom of  residues  to

reposition in space.

Compared to Mechismo and FoldX, which produce results in a matter of minutes, our

MD-based  approach  is  computationally  more  intensive,  mainly  due  to  MD  simulations

component. For instance, the 500 ps equilibration phase took 38 h of computational time on a

single compute node (CPU, 20 cores, Flemish Supercomputer Center infrastructure) for exosome

in explicit water, 56 h for RNA polymerase II, and 180 h for proteasome regulatory particle.

Moreover, the 19.5 ns production phase of MD required 58 h for exosome and 102 h for RNA

polymerase II using 2 nodes, and 71 h for proteasome using 8 compute nodes. Notably, these

simulated complexes are very large, containing 2,775, 3,570 and 6,996 amino acids, respectively.

Protein  complexes  of  smaller  sizes  demand  less  time,  e.g.  Dynll1  homodimer  from  the

benchmarking data set (system with a total of 170 amino acids) was equilibrated in 3.5 h on 1

node, while the production phase required 6 h of time on 2 nodes. Certain modifications of the

workflow could  be made with the  aim of  reducing the  time and/or  computational  resources

needed. For example, time step in equilibration phase could be set to 2 fs instead of 1 fs, which

would halve the time required for this step. Moreover, the production phase could be of shorter

total duration, especially for systems that stabilize quickly; in a recent study, MD simulations of

only 1 ns duration were used for conformational sampling prior to MM/PBSA(77). Furthermore,

more computational resources could be employed for the time saving purposes, especially when

dealing with larger systems. If our MD-based approach were to be used for predictions on a
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larger set of protein complexes (e.g. on a proteome wide level), the above changes would be a

good way to reduce the overall analysis time, making such an analysis feasible.

An important advantage of our computational approach is obtaining a dynamic view of a

protein after a PTM is introduced. Although it is known that PTMs can cause conformational

changes as exemplified above, alternative approaches such as Mechismo and FoldX do not take

dynamics into account. Instead, Mechismo uses static picture, assuming that the amino acids

interaction  pattern  stays  unchanged  when  a  PTM  is  introduced,  while  FoldX  optimizes

surrounding side chains, but does not allow for any major perturbations of the structure. Our

result show that, on opposite, interactions patterns can be changed not only at short, but also at

long distances from the PTM site (Figure 6), which is nicely demonstrated by ΔΔGbind values

different from zero for subunits in the singly modified exosome in our study. Further limitations

of Mechismo method originate from its dependence on the local rules and the need for training

sets, as shown in Results for the three yeast complexes where it failed to make predictions for

majority of PTMs. Mechismo also cannot assess what would be the overall effect if multiple

PTMs are present in the structure simultaneously. This is rather different from our approach,

which requires  knowledge of  a  structure and PTMs’ positions  only,  and has no difficulty  in

making predictions of multiple PTMs’ effect to binding in a complex. On the other side, although

it supports predictions with multiple PTMs present in complex, FoldX has only a very narrow set

of modifications that can be introduced with its “PositionScan” functionality – phosphorylated

Ser, Thr and Tyr, and hydroxyproline. On contrary, PyTMs plugin that we use for preparation of

the  structures  for  MD  enables  introduction  of  11  different  post-translational  modifications,
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including  Ser/Thr/Tyr  phosphorylation  and  Lys  acetylation.  Moreover,  Amber  force  field

parameters by Khoury  et al.(49) are developed for 32 common post-translation modifications.

Finally,  while  these  tools  are  limited  on  predictions  of  the  effect  of  interface  located

modifications, our approach is applicable independent of PTM site’s position. In conclusion, the

approach  we  show  here  is  easily  applicable  to  both  known  and  PTMs  that  are  yet  to  be

discovered, independent of their position within the complex.

The functional roles of the post-translational modifications in the examined complexes

remain to be clarified in the cellular conditions. For instance, if the combination of 18 interface

PTMs actually is present in a single RNA polymerase II molecule in the cell, the destabilization

of subunits’ binding might serve to prime this complex for a specific function it has to perform at

a certain moment. Finally, it would be very interesting to get a dynamic insight into the PTMs

effect on proteome level,  especially if  it  would be accompanied by the knowledge of PTMs

regulation. With the pipeline that we developed in this work, more analyses can be done on large

complexes  in  the  future  in  order  to  shed  more  light  on  the  role  of  post-translational

modifications.
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Footnotes

1 PDB Number 4OO1

2 PDB Number 1I3Q

3 PDB Number 4CR2

4 PDB Number 4IFD

5 PDB Number 1NEX
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Figure Legends

Figure 1. Overview of the workflow. The strategy applied for prediction of the effect of post-

translational modifications on binding of subunits in yeast exosome, RNA polymerase II and

proteasome 19S regulatory particle.

Figure 2. Post-translational modifications in native yeast complexes.  Individual subunits of

the  TAP-purified  exosome,  RNA polymerase  II  and  proteasome  separated  on  the  gel,  with

number  of  acetylation  (Ac)  and  phosphorylation  (P)  sites  detected  by  mass  spectrometry

denoted on the right side from each band.

Figure  3.  Structures  of  the  simulated  complexes. Interface  located  modification  sites  are

emphasized by the space filled representation. Each site carries a label denoting the subunit,

amino acid type, and its position within the respective chain. (A) In Skp1:Met30 complex, Skp1

is shown in magenta and Met30 in cyan. (B) Exosome and (C) RNA polymerase II subunits are

each  shown  in  different  color,  while  (D)  parts  instead  of  individual  33  subunits  of  26S

proteasome are differently colored: 20S core particle β subunits in cyan and α in blue, and 19S

regulatory particle base subunits in magenta and lid in grey.

Figure 4. Benchmarking of molecular dynamics based approach for prediction of PTMs

effect on binding. (A) Performance of Mechismo (Betts et al. 2017), FoldX and the MM/GBSA

method presented in this work in predicting the effect of interface located phosphorylation sites
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on binding. Destabilizing (disabling, short dis) cases are shown in blue and stabilizing (enabling,

short en) in orange, with darker shades representing predictions above the threshold for the given

method.  (B) Precision and sensitivity  of the predictions  of enabling and disabling effects  of

interface phosphorylation sites by the three methods. Two data points for each case refer to the

predicted values above/below threshold. As an ideal method has high values of both precision

and sensitivity, MM/GBSA outperforms the other methods, especially in predictions of disabling

effects.

Figure 5.  Predicted effects of phosphorylations and acetylations on binding affinities in

yeast exosome, RNA polymerase II and exosome. (A) ΔΔGbind for all subunits of three fully

modified yeast complexes and the singly modified exosome, as obtained by MM/GBSA while

the  respective  subunit  is  treated  as  a  ligand.  (B)  Individual  contributions  of  the  interface

modification  sites  to  the  overall  ΔΔGbind of  the  respective  subunit.  Phosphorylation  sites  are

depicted in blue, and acetylation in red. As in (A), negative values indicate stabilizing effect on

the binding after the modifications were introduced in the structure of the complex, while the

opposite is true for positive values.

Figure  6. Molecular  dynamics  revealed  significant  conformational  changes  after

introduction of  post-translational  modifications. Changes  of  the  interaction  pattern  at  the

interface of Rrp4 and Rrp41 exosome subunits between (A) non modified and (B) fully modified

complex. Spatial re-orientation of the acetylation site Rrp4 Lys101 is accompanied by a change
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of interaction partner of the Rrp41 Arg293 residue from the Asp149 in its own chain, to Glu311

in the opposing subunit. Due to this change, Rrp41 Asp149 has a destabilizing effect on ΔΔGbind,

while  the  opposite  is  true  for  Rrp41  Arg293.  This  can  also  be  seen  from  per  residue

decomposition (Supplemental figure 2C). (C) Distance of salt bridge forming residues Arg210 in

Rrp46 and Asp9 in Rrp40 subunit at the respective interface, measured in 100 snapshots used for

MM/GBSA analysis  as  a  distance  between  arginine  Cζ  and  Asp  Cγ  atoms.  Although  these

residues are distant from the modified sites in the fully modified exosome, the presence of the

PTMs in the structure affected their interaction.

Figure 7.  Conservation of  modification sites  identified  in this  study. Interface  positioned

residues are shown in orange, while the others are depicted in blue. Conservation with taking

into  account  plus-minus  one  positions  is  shown  for  lysines.  Red  horizontal  lines  represent

average conservations of non-modified residues of the same type in the investigated subunits of

the respective complexes.
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Figures
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