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Chapter 1

General Introduction



General introduction

Proteins play a central role in essential biological processes, ranging from
the catalysis of biochemical reactions to the transport of nutrients, signal
transduction and the maintenance of the cells mechanical structure[l]. In
essence, each protein is a linear chain of amino acids, defining its primary
structure. This chain is folded to give rise to a proteins’ secondary and tertiary
structure, characterized by the formation of key structural elements (i.e.
alpha-helices and beta-sheets) and a fully structured protein, respectively.
When a protein functions in a complex with others, or when it is composed
of multiple, separate polypeptide chains, this complex is referred to as a
proteins’ quaternary structure[2].

When forming a proteins’ primary structure, 20 different amino acids can
be used for each position in the linear chain, see Figure 1. These amino
acids all have their own distinct biochemical properties, which collectively
form the properties of the protein by participating in enzymatic reactions or
influencing the proteins” shape or charge at a certain position[4]. Two amino
acids are joined together by a condensation reaction between the carboxylic
acid of the first amino acid and the amine of the second. Through the release
of a water molecule this gives rise to a peptidyl bond[2].

Each peptidyl bond can be stabilized by delocalization of the nitrogen lone
pair towards the carbonyl oxygen, giving rise to two resonance structures:
one with a double C=N bond, and one with the carbonyl intact (Figure 2A)[5].
This double bond can exist in two isomers, referred to as cis or trans (Figure
2B-D). These two isomers are interchangeable, which is known as cis/trans
isomerization.

Chemically speaking, every combination of amino acids can be subjected to
cis/trans isomerization. The more electron rich the nitrogen in the peptidyl
bond, the stronger the double bond character is expected to be[6]. Since
prolines are the only amino acids that have an electron-donating alkane
substitution on their nitrogen, these amino acids are particularly restricted
in their rotation leading to a high cis content in peptidyl bonds preceding
prolines. When a protein is folded to produce its secondary and/or tertiary
structure, the cis/trans isomerization of prolines is often the rate limiting step.
To enhance this process many peptidyl prolyl isomerase enzymes (PPlases)
are located around the ER to catalyze this isomerization step, helping newly
synthesized proteins achieve their correct conformation[7].

Throughout a protein’s lifetime, its shape is an important factor in the
interactions it can achieve with other proteins and may also affect its activity.
For example, accessibility of the active site of cyclin-dependent kinase (CDK)
directly determines its activity. A modification on the kinase results in a
conformational change, exposing the active site and hence activating the
kinase[8]. Alternatively, a change in the conformation or shape of a protein
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can affect the way two proteins fit together, resulting in interactions specific
to a certain protein conformation[9,10].
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Figure 1 - Illustration of amino acid structures. Where applicable, pKa values are pro-
vided[3]. Charged side groups are depicted as they would be expected at pH =7.4. RM
indicates the residual mass of each amino acid, which is the actual mass minus the mass
of a water molecule.



180°

Figure 2 - Double bond character and cis/trans isomerization across a peptidyl bond.
(A) Delocalization of electrons across the peptidyl bond reveal the origin of its par-
tial double bond character. (B,D) Structure of trans- and cis isomers across the pepti-
dyl bond, respectively. (C) A bond is termed trans when the angle between C1 and C4
viewed across the double bond (Cp=N3) is approximately 180 degrees, and cis when this
angle is around 0 degrees.

The human genome consists of about 20 000 different genes. In a too simplistic
view, these genes lead to at least 20 000 different proteins, all involved in
virtually every process occurring in our bodies[11]. To ensure that all these
proteins perform the correct task at the appropriate time and in the right
place, they are subjected to tight regulation[12,13]. This regulation can be
achieved in several ways. Firstly, a proteins activity can be directly influenced,
effectively turning a protein ‘on’ or ‘off’. Secondly, a proteins location can be
used to control its activity, by moving a protein to a certain site only when it
is needed there. Thirdly, the interaction surface or conformation of a protein
can be altered to render it incompatible or more compatible with certain
interactors. Combinations of these regulatory mechanisms can occur and
more often than not the modification of a protein and changes in its activity
occur simultaneously, when a modification added or removed from a protein
induces a conformational change[14].

The (reversible) modification of proteins after their expression and folding
is known as post-translational modifications (PTMs) and these are a
common mechanism to regulate protein structure, activity and subcellular
localization[15]. To date, over 80,000 unique sites bearing PTMs have been
reported, including acetylation, phosphorylation, glycosylation, methylation
and ubiquitination[16]. Even though these modifications range from small
additions (e.g. the addition of -CH3 groups, or exchange of NH> for OH in
deamidation) to the addition of one or more small proteins (e.g. ubiquitination
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and SUMOylation), they are typically employed in a mechanistically similar
way.

PTMs are usually dynamic. They can be added to proteins when needed, and
usually can also be removed again when this need subsides. While present on
a protein, they change the local environment there, which can be recognized
(or prevent recognition) by other proteins. For example, Pinl, the enzyme
catalyzing certain cis/trans isomerization reactions, recognizes its substrates
via its WW-domain. Phosphorylation of Serine-16, located in the middle of
this domain, prevents the binding of substrates and therefore reduces Pinl
activity while the phosphorylation is in place[17], as described further in

Chapter 5.

163

1 39 50

Figure 3 — Structural model of Pinl, featuring a WW-domain that binds Ser-Pro and
Thr-Pro in a phosphorylation-dependent manner and a PPlase domain responsible for
catalyzing its substrates cis/trans isomerization[22,26-28]. Figure adapted from [28].
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The complexity of protein regulation is increased even further by the
occurrence of combinations of PTMs[18]. Proteins carry a multitude of amino
acids that can be modified and more than one PTM can be placed on a protein
at any given time. These combinations can consist of multiple copies of the
same type of PTMs or of two or more different types of PTMs. In addition to
influencing the protein they were placed on, the changes induced by a PTM
can also affect the placement of another PTM. This is termed PTM interplay
or crosstalk[19].

An interesting kind of crosstalk is the direct interaction between
phosphorylation and conformational change. This interaction can occur
when a phosphorylation site is directly followed by a proline. The peptidyl
bond between the serine, threonine or tyrosine and the proline is subject
to cis/trans isomerization like any other amino acid pair. However, upon
phosphorylation of the amino acid preceding the proline, the isomerization
rate is drastically decreased, effectively locking the amino acid pair in either
the cis- or trans conformation[6,20].

Once phosphorylated, the regular PPlases that catalyze isomerization of
peptidylbondsbefore prolines cannolongeract, and isomerizationis catalyzed
solely by a PPlase called Pinl. In addition to the PPlase domain observed
in regular PPlases, Pinl also has a WW-domain which specifically binds
serine proline and threonine proline motifs in a phosphorylation-dependent
manner (Figure 3)[21-23]. Although the exact mechanism is still unclear, Pin1
is thought to efficiently catalyze the trans-to-cis isomerization[24,25].

An interesting kind of crosstalk is the direct interaction between
phosphorylation and conformational change. This interaction can occur
when a phosphorylation site is directly followed by a proline. The peptidyl
bond between the serine, threonine or tyrosine and the proline is subject
to cis-trans isomerization like any other amino acid pair. However, upon
phosphorylation of the amino acid preceding the proline, the isomerization
rate is drastically decreased, effectively locking the amino acid pair in either
the cis- or trans conformation[6,20].

Once phosphorylated, the regular PPlases that catalyze isomerization of
peptidylbondsbefore prolines cannolongeract, and isomerizationis catalyzed
solely by a PPlase called Pinl. In addition to the PPlase domain observed
in regular PPlases, Pinl also has a WW-domain which specifically binds
serine proline and threonine proline motifs in a phosphorylation-dependent
manner (Figure 3)[21-23]. Although the exact mechanism is still unclear, Pin1
is thought to efficiently catalyze the trans-to-cis isomerization[24,25].

The regulation of cis- or trans isomerization of proteins is interesting because
these isomers of proteins each have their own biology. Several proteins were
shown to act specifically on one of the two isomers and due to the large
conformational change induced by cis/trans isomerization, many more — if

12



not all — proteins are expected to be isomer specific. For example, the proline-
directed kinase ERK2 was shown to preferentially phosphorylate trans-
substrates[9]. Similarly, Ssu72, a phosphatase that removes phosphorylation
from Serine-5 in the C-terminal domain of RNA polymerase 2, was shown to
be specific for the cis Serine-5 Proline-6 isomer[29].

y G+
PPlases
—_—
PDK PP2A
P —
[ tons | Pint
—_

Figure 4 - Illustrative representation of the interplay between phosphorylation and
protein conformation change. While unphosphorylated, many PPlases exist to catalyze
cis/trans isomerization. After phosphorylation, only Pinl has the affinity to catalyze the
serine-proline or threonine-proline motif. Phosphorylation can be added or removed
by isomer specific kinases and phosphatases, such as proline-dependent kinases (e.g.
CDKs and MAPKSs) and PP2A for the trans isomer and Ssu?72 for the cis isomer[9,29,30].

Basically, this means that a protein is not just one species, but in this context
can consist of four subsets of a protein which are connected through isomer-
specific kinases and phosphatases and phosphorylation-specific PPlases
(Figure 4). The abundance of each subset is controlled by these dualistic
combinations of PTMs, allowing for a more sophisticated regulation of
available binding partners, localization, activity and so on. Of course, these
combinations of PTMs can exist for other PTMs as well and are not necessarily
limited to binary combinations, further adding to the complexity of protein
regulation.
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The Mass Spectrometer

A valuable technique to study these PTMs, their combinations and their
position on proteins, is mass spectrometry. A mass spectrometer (MS) is
a specialized analytical instrument that can very accurately determine the
mass-to-charge ratio of an ion. In its most basic form, it consists of an ion
source, electronic components to guide and/or separate ions, known as
analyzers, and a detector to determine the abundance of the ions[31].

The ion source forms the inlet of the MS. Here, your sample is ionized and
— if not already gaseous — transferred into the gas phase. Many different
ionization techniques exist, but for the analysis of proteins and peptides
electrospray ionization (ESI) is typically the ionization method of choice[32].
During electrospray ionization, a solution containing your molecules and
ions of interest is guided through a needle, see Figure 5A. Between the needle
and the inlet, a potential difference is applied which brings protons to the
edge of the droplets, generating a spray of fine droplets at the end of the
needle. Because the ion source is heated, water molecules evaporate out of
the droplets shrinking them even further. When the droplets become small
enough, repulsion of protons in the droplet becomes big enough to overcome
the surface tension of the droplet causing the droplet to burst apart. As a
result, the compounds of interest are desolvated quite well and protons are
attracted to electron rich areas on the compounds which aids the formation
of ions[33,34].

From the ion source, ions are guided through the instrument while neutral
species are pumped out of the MS[35]. The numbers and types of analyzers
encountered between the ion source and the detector varies a lot across MS
instruments and some instruments also combine analyzers and detectors to
determine mass-to-charge and the corresponding intensity at the same time.
Examples of mass analyzers are quadrupoles, ion traps, time-of-flight (TOF)
and Orbitrap analyzers[32], see Figure 5. Other analyzers exist but are outside
the scope of this thesis.

A quadrupole is basically an ion filter. It is made up out of four parallel placed
circular or hyperbolic rods, see Figure 5C. On these rods, oscillating electric
fields are applied. When a positively charged ion enters the quadrupole, it
is attracted towards the rods with a negative potential and repelled by the
rods with a positive potential, causing the ion to change trajectory towards
the negatively charged rods. If the rods change potential sign before the
ion hits one, the trajectory of the ion is changed towards the ‘new’ negative
rods[36]. Using this principle, ions of a particular mass-to-charge ratio can be
guided through the quadrupole center with a stabilized trajectory, while ions
outside of this range are lost. Hence, the quadrupole acts as an ion filter, only
allowing ions with a selected mass-to-charge ratio to pass.

Anion trap is similar to a quadrupole, except it also uses end caps to trap ions
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in a three-dimensional space, see Figure 5B. To ensure that ions do not veer
off course due to repulsion between the ions themselves, ion traps usually
contain an inert gas to drain away energy via collisions (collisional cooling).

A B
e Q )
S
Q )
i
‘I
C D

E
&'.A" ‘ | |
__..7

Figure 5 — Schematic representation of electrospray ionization (ESI) and the mass
analyzers used in the work described in this thesis. A) During Electrospray lonization
a potential difference is set across a conductive capillary and the ion inlet of the mass
spectrometer. When the voltage is high enough, small droplets are formed. When the
droplets shrink, ion-ion repulsion overcomes the surface tension and the droplets ex-
plode, releasing ions into the gas phase. B) Simplified representation of a quadrupole,
only ions with a stable trajectory will make it to the end of the quadrupole, others
collide with the rods and never make it to the detector. C) Schematic of a three-dimen-
sional ion trap, ion enter through the inlet end cap, oscillate in the trap and exit through
the exit end cap towards the detector. D) Schematic of the orbitrap, ions rotate around
the central spindle while oscillating in the z-direction. E) In time-of-flight detection ions
are accelerated into a drift region of fixed distance. Since ions get the same momentum,
their m/z determines the time they require to travel the distance. Reflectrons can be
used to extend the drift region and refocus ions drifting apart due to repulsion between
them. Adapted from [31].
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By modifying the potential differences used, the ion trap can destabilize the
trajectory of ions of a certain mass only, expelling them from the trap[37].
These ions can then be detected, resulting in a mass spectrum of a subset of
the ions present in the ion trap.

Usually, ions ejected from an ion trap are detected or counted by an electron
multiplier. Ions emerging from an analyzer are accelerated into a plate,
known as the conversion dynode. Collision with this plate release several
particles, such as ions and electrons. When detecting positive ions, the
conversion dynode will be set to a large negative potential. Upon the release
of electrons, these will be repelled from the dynode and attracted to the next
dynode, which is held at higher potential. Upon impact, more electrons are
released. This cascade of electrons produces a current that can be measured,
resulting in a signal for the detected ion[38].

Nowadays, a widely used mass analyzer is the Orbitrap. In an Orbitrap, ions
are injected with some velocity into the space between the central spindle and
the outer electrode, see Figure 5D. An electrostatic potential is applied on the
central spindle, causing ions to oscillate around it. The frequency of these
oscillations is not related to the kinetic energy of the ions entering the trap,
but is dependent on their mass-to-charge ratio. The oscillating ions produce
an image current, which can be detected. Using a Fourier-transform, this
alternating image current information is translated to mass-to-charge and
intensity, giving rise to the final mass spectrum[40].

Alternatively, TOF analyzers determine the mass-to-charge ratio of an ion
by accelerating the ion using an electric field and subsequently measuring
how long it takes the ion to travel a fixed distance, see Figure 5E. Similar
to detection after an ion trap, the actual detection of ions emerging from
a TOF is usually performed by an electron multiplier. The corresponding
mass-to-charge ratio of the ions is computed from the electric field used to
accelerate them and their resulting speed, i.e. the time the ions need to travel
the distance to the detector[39].

When analyzing ions, several characteristics are of importance. For example,
we would like to be able to analyze ions with maximum accuracy, meaning
that the mass-to-charge value we determine is close to the actual mass-to-
charge ratio of the ion. This accuracy is usually expressed as follows[41]:

| Mexperiment — Mexact |
Mexact

x 10° [ppm]

This means that a molecule with a mass of 1000 Da at 10 ppm accuracy,
the determined mass must lie between 1000.01 and 999.99 Da. For the mass
analyzers we discussed here, the mass accuracy is best for the orbitrap
(typically <5 ppm), closely followed by modern TOF instruments (10 ppm)
and quadrupoles and ion traps (~100 ppm)[31]. Orbitrap analyzers also

16



champion in terms of mass resolution, which is very useful for instance
when measuring a protein with various combinations of modifications. In
terms of mass range, the TOFs have virtually no upper mass limit, however,
measuring very big mass-to-charge ratio ions comes at the price of longer
measurement times and reduced mass resolution[42]. Of course, the exact
technical specifications can vary between instruments and manufacturers.

Tandem Mass Spectrometry

More complex mass spectrometers usually use combinations of analyzers
to allow for more advanced experimental methods, such as the isolation of
ions with a certain mass-to-charge (i.e. the precursor ions) ratio followed by
induced fragmentation of these precursor ions. Measuring the mass-to-charge
ratio of the resulting fragment ions gives extra information on the precursor.
For example, when measuring peptides, fragmentation of a precursor peptide
results in a series of ions fragmented between different amino acids, thereby
giving information on the order of amino acids in, or the sequence of, the
peptide[43].

Fragmenting ions requires the addition of energy to the ion, which has to
be sufficient to break one (or more) chemical bonds. Over the years, many
methods have been developed to add energy to an ion, including the use
of collisions with inert gas molecules, irradiation with photons or via the
capture of electrons[44]. Once an ion attains excess energy, this energy can
be redistributed in several ways. Which way is most favorable will depend
on the method of excitation and characteristics of the ion itself. In the ideal
scenario, the added energy results in the breaking of a chemical bond,
resulting in the release of one or more fragment ions. However, often the
most favorable pathway is the release of a small, neutral molecule, which is
known as neutral loss[45]. Neutral losses can be helpful as they can indicate
certain modifications or moieties were present in the ion. For example,
a neutral loss of 98 Da from a peptide is usually the result of the loss of
phosphoric acid (H3POy), indicative of the presence of phosphorylated
serine or threonine residues[46—48]. Excited ions can also dissipate energy
through bond vibrations or by release of photons, and combinations of these
dissipation pathways usually occur.

In the laboratory where I performed my PhD research, we were capable of
fragmenting ions in all aforementioned manners: by using collisions, photons
or by creating radical species through capturing electrons. The most common
method to fragment ions, not only in our lab, is by collisional activation,
which is also known as collisional-induced dissociation (CID)[49,50]. Here,
kinetic energy of an ion is transformed into internal energy by colliding them
with neutral inert gas molecules, such as helium, nitrogen or argon. CID can
be performed in an environment that can contain and refocus precursor and
fragment ions, such as a quadrupole or an ion trap. When CID is performed
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on an instrument with an orbitrap the term Higher-energy C-trap dissociation
(HCD) is used. The collisional activation is performed in an ion trap (termed
the HCD cell) and the resulting ions are cooled and stored in the C-trap
prior to injection into the orbitrap for analysis. In the context of protein
and peptide analysis, CID gives rise to fragment ions resulting from broken
peptidyl bonds, also known as b- and y-ions (Figure 6)[51]. The technique is
very useful for the production of ions series that can be used to determine the
amino acid sequence of a peptide/protein, but tends to lead to a lot of small
neutral losses when leaving groups are available, such as PTMs[52].

a,- bo ¢ a5 by ¢4 a,5 by o
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Figure 6 — Explanation of peptide fragmentation ion nomenclature. Fragment ions are
assigned a letter to indicate whether they carry the N- or C-terminus of the polypeptide
precursor as well as which bond broke to give rise to the fragment. The subscript refers
to the number of amino acids present in the fragment ion, as described previously[51].

An alternative method to fragment ions is by generating a radical species.
Since a radical has an unpaired electron, they tend to be unstable molecules
which can be exploited in tandem mass spectrometry. Two fragmentation
techniques that proceed via the production of radicals in the mass
spectrometer are electron capture induced dissociation (ECD) and electron
transfer induced dissociation (ETD). In ECD, free electrons are generated
using a filament and cooled by collisions with an inert gas to reduce their
energy. These electrons can be captured by positively charged proteins or
peptides, neutralizing one of their charges and simultaneously introducing a
radical species[53]. Due to the presence of the radical, cleavage of the N-C
bond of amino acid backbones becomes favorable. Hence, ECD preferentially
generates c- and z-ions in the resulting fragmentation spectrum from large,
multiply charged biomolecules.

ETD works in a similar manner, except anions are used to transfer electrons
towards the positively charged ions. Because anions with very low electron
affinities are used, these anions readily transfer an electron to the peptide
or protein cations when they get in close proximity. Because anions have
far more mass than individual electrons, they can be present in ion trap-
type surroundings far longer than electrons alone, allowing more time for
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electrons to reach the cations[54]. After electron transfer, a radical species is
formed [M + nH](n - 1)**®, which is often also observed in the resulting mass
spectra[55]. When it decays, c- and z-ion fragments are formed. Similar to
ECD, ETD is most efficient with highly positively charged precursor ions. The
ETD technique requires a bit more time than CID/HCD fragmentation[44], but
neutral loss of PTMs are a lot less common, enabling ECD/ETD to accurately
pinpoint the position of PTMs on the peptides identified[54].

To reduce the amount of unfragmented radical ions observed in ETD, a
little supplemental energy can be added to the ions by means of HCD. This
hybrid fragmentation method was developed in the Hecklab and is termed
EThcD[56]. The method allows for more efficient fragmentation, generating
information rich spectra that contain next to the c- and z-ions, also b- and y-
ions, often better maintaining the localization information of PTMs[57].

In addition to CID, HCD, ETD and EThcD, photon-based fragmentation
techniques are evaluated for their capabilities in fragmenting peptides or
proteins. In these methods, ions are irradiated with photons to increase
their internal energy, hopefully resulting in fragmentation. Some examples
are ultraviolet photodissociation (UVPD) and Infrared Multiple Photon
Dissociation (IRMPD)[58,59]. As for all fragmentation methods, the challenge
is to generate fragments that cover the whole sequence of the peptides or
proteins under investigation, while maintaining ion origin information (i.e.
creating recognizable fragments) and localization information of PTMs.

Studying proteins with mass spectrometry

The use of mass spectrometers to study proteins comes in many different
flavors. Which instrument or method to use is often a trade off between
time, detail and sample complexity. For example, we can investigate a single
protein very detailed or aim to analyze all proteins expressed in a cell or
tissue simultaneously.

An important distinction in the study of mass spectrometry is whether a
protein is kept in its native fold during analysis, referred to as native MS,
or if the protein is unfolded (denatured). Native MS is a very powerful
technique to study protein complexes and determine their stoichiometry and
assembly mechanisms[60]. Because proteins are still folded, a lot of basic
residues are shielded from the buffer environment, which results in lower
charges on the proteins after ionization. Because of the reduced number of
charges, any given protein will have a higher mass-to-charge ratio in native
MS than after unfolding. This is challenging for the electronics inside the MS,
as higher mass-to-charge ions need to be transmitted efficiently through the
instrument[61]. The higher mass-to-charge ratio also comes with a benefit:
it leads to more spaced out peaks in the mass spectrum, making it easier to
resolve complex PTM combinations or other biological variants of a certain
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protein[62]. Since overlapping peaks make native MS spectra hard to interpret,
samples are usually purified quite extensively prior to analysis. The method
is often combined with direct infusion, as organic solvents or pH values far
from the proteins normal environment tend to result in denatured proteins.

When a protein is denatured but otherwise intact, we speak of top-down MS
approaches. Top-down MS can still give information on biological variants of
proteins and combinations of PTMs occurring on the same protein copy, but
any information on complexation or their stoichiometry is lost[63]. Since top-
down MS is compatible with separation techniques such as chromatography,
it can be performed on more complex samples. The main challenges here are
to distinguish overlapping peak distributions and to fragment enough of a
protein to be able to identify it accurately. Since intact proteins have many
degrees of freedom, fragmenting bonds though an increase in internal energy
tends to be more successful on the termini on the proteins than throughout
the middle of the sequence[64,65].

To reduce the sample complexity and generate somewhat more manageable
ions, proteins can also be cut in a few relatively large pieces. This way, quite
a lot of potential interplay on PTMs can still be studied, while generating
valuable fragment ions becomes easier, enabling elucidation of the protein
sequence. This method is termed middle-down, and is very popular in the
field of antibody analysis[66,67].

In proteomics, we often attempt to get information on as many proteins
as possible from a given tissue or cell line. One of the major challenges
to achieve that, is the enormous dynamic range and chemical diversity of
the proteome[68,69]. To address these challenges, proteomics samples are
usually digested with a protease to generate manageable peptides with
somewhat similar characteristics. This approach is termed bottom-up MS[70].
The community preferred protease is Trypsin, which cleaves C-terminal to
lysine and arginine residues[71]. This way, trypsin generates peptides very
suitable for MS-based fragmentation, because they can carry protons on
the C-terminal arginine or lysine and the N-terminal amine residue. Since
both termini are charged, the ion series from either end of the peptide as
produced by fragmentation can carry charge and thus be detected in the MS.
For example, both the b- and complementary y-ion series of a given peptide
might be observed upon HCD fragmentation[72,73].

Of course, generating peptides to give information on the parent proteins
also has downsides. The protease chosen to perform the digestion and its
cleavage specificities will largely determine which proteins are visible or
invisible in your experiment[74]. The reduced size of peptides makes them
easier to handle, however, due to their short length a lot of information on co-
occurring PTMs is lost. Assuming the peptides of interest were fragmented
properly, you can map PTMs back on the parent protein after the experiment,
but unless PTMs were identified on the same peptide it is impossible to know
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Figure 7 — Illustrative example of various kinds of denatured MS used in proteomics.
In the top panel Top-down MS is shown, starting with one or several purified proteins
subjected to protein level separation. MS1 reveals an envelope of charge states for a
protein and in MS2 protein fragments can be recorded to help identifying the protein. In
the bottom panel, bottom-up MS is illustrated, where one fully digests complex protein
samples (or whole proteomes), separates them at the peptide level and typically selects
the most abundant peptides in MS1 to fragment in MS2. In the middle panel the middle/
down approach is illustrated, which can be viewed as a compromise between top-down
and bottom-up. A partial digestion is performed, giving rise to large peptides which are
separated and fragmented. This way, more information on cooccurring PTMs or can be
maintained without the need to fragment whole proteins.

if the modifications were added to separate copies of the protein or if both
were present on the same protein at the same time.

In summary, these advanced mass spectrometric techniques can all provide
valuable information about the studied sample, albeit on different levels.
The research question under investigation determines which technique is
best suitable. Generally, each technique will always trade off demands on
sample purity and complexity against the detail of the gathered information,
see Figure 7.

A typical proteomics experiment
In a general proteomics workflow, the first step is to release proteins from
the cells or tissues they were expressed in by a lysis step. This step needs to

be optimized based on the sample: gram-negative bacteria benefit from the
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bead beating or other types of mechanical stress to be properly lysed. Protease
inhibitors are included to prevent nonspecific digestion by endogenous
proteases. Following lysis, the samples are spun down to remove all insoluble
proteins. This step illustrated the critical importance of your choice of lysis
buffer. All the proteins that cannot be sufficiently solubilized will be lost
upon centrifugation and never detected by MS.

Next, proteins are reduced to break any sulfur bridges that might have been
present. Typically, this is achieved by incubating the proteins at 60 degrees
Celsius for approximately one hour in the presence of a reducing agent (e.g.
Dithiothreitol (DTT) or tris(2-carboxyethyl)phosphine (TCEP)). Immediately
after reduction, all free cysteines are alkylated to prevent the reformation of
sulfur bridges as a consequence of oxidation. Alkylation can be performed by
incubating with Iodoacetamide (IAA) for 30 minutes. This incubation step is
performed in the dark, as IAA is easily degraded by light. Any access IAA is
quenched with reducing agent to prevent over alkylation (i.e. the alkylation
of amino acids other than cysteine).

At this stage, the sample is ready to be digested by the protease of choice.
Many candidates exist, but as mentioned above Trypsin is the most popular
protease. It is crucial to optimize the protease activity, as any missed cleavage
events will complicate your data analysis after the experiment. For Trypsin,
pH is usually kept between 8.0 and 8.5 and the concentration of chaotropic
agents (e.g. Urea or Guanidinium hydrochloride) needs to be reduced to 2M
or less.

Following digestion, peptides need to be separated from incompletely
digested proteins and other MS incompatible compounds, such as salts.
This is typically achieved by using some form of solid phase extraction. The
protocol to follow will depend on the solid phase material used to bind the
peptides. After elution, peptides are dried down and transferred to a MS
compatible buffer, ready for MS analysis.

In the Hecklab, peptides are analyzed by online coupling of liquid
chromatography (LC) and tandem MS analysis (i.e. LC-MS/MS). In our
standard approach, peptides are dissolved in a 20 mM citric acid buffer with
5% formic acid (FA) to ensure all basic residues are protonated. To reduce
complexity, the peptide mixture is separated using an UHPLC 1290 (Agilent
Technologies) using a trap column and analytical column filled in-house with
C18 material. Chromatographic separation is followed by MS/MS analysis.
From each full MS scan (375 to 1500 m/z) the most intense precursor ions are
selected, isolated and fragmented. Because the ‘best’” ions in each precursor
scan are selected for fragmentation, this is known as data-dependent
acquisition. Depending on the MS of choice, different fragmentation methods
can be chosen or combined to fragment selected peptides. Fragmentation
spectra are collected for data analysis.
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In a typical full proteome run (analyzed with a three-hour LC gradient)
150 000 to 170 000 MS2 spectra are recorded. To figure out which peptides
belong to which fragmentation spectra, a database search is performed. From
a given list of proteins, a theoretical digestion is made based on settings
such as the indicated protease specificity and the allowed number of missed
cleavage events (i.e. sites that match a proteases cleavage specificity, but
were not hydrolyzed). From the theoretical digestion, options are selected
that match the precursor mass and the theoretical fragmentation of these
peptides are compared to ions observed in the actual MS/MS spectrum.
The scoring algorithms differ depending on software used for the database
search, but generally overlap of ions is scored, as well as the observation of
complementary ion pairs (i.e. b- and y-ions resulting from the same bond
being broken) and subsequent ion series (i.e. the observation of y3, y,, y5
and yg make the match more likely than the observation of four random ions
matching).

In this thesis

In the work described in this thesis, the central focus has been on the influence
of proline amino acids on protein structure, protein regulation and its place in
proteomics experiments.

In Chapter 2, we will evaluate how different PTMs can influence the placement
or removal of other PTMs. We discuss the different mechanisms possible for
both positive and negative interplay and look at some well-known examples
when available. Most of this chapter is aimed at the interplay between O-GlcNac
and phosphorylation, an interesting situation since both modifications occur on
serine and threonine residues. Due to its enrichment near serine and threonine
phosphorylation sites, proline is also involved and its role is briefly discussed.

In Chapter 3, we focus on the potential benefit of using proline residues as
a cleavage site in proteomics. Since trypsin does not cleave when arginine
or lysine are followed by a proline, the peptides resulting from cleavage at
proline are expected to be highly complementary to the much more commonly
analyzed tryptic peptides. In this chapter we touch upon some of the limitations
of trypsin, the benefits of using alternative proteases and we compare the
peptides and proteins found with either trypsin or EndoPro, the proline specific
protease we explored.

We focus more on the characteristics of proline in Chapter 4. Since it can
stably exist in both cis and trans isomers, proline adds an interesting, dynamic
dimension to protein structure and the resulting protein biology. In this chapter
we employ a bioinformatics approach to evaluate the abundance of cis/trans
isomers of proline in protein structures and we investigate the proline-specific
protease EndoPro for its isomer specificity.
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In Chapter 5, we studied the full-length protein Pinl, the enzyme catalyzing
the cis/trans isomerization of proline residues when they are directly adjacent
to a phosphorylated serine or threonine residues. Following its expression
and purification, we employed affinity based pull-down methods aimed to
distinguish between different interactors of Pinl. We were able to purify and
detect many known and novel Pinl interactors, but still need further validation
of the interactions and their functional relevance.

Finally, in Chapter 6, I close with a personal view on typical choices in
proteomics workflows and how these may be suboptimal when interested in
certain aspects of the proteome. My main point here is that we should always
be aware of the choices we make and how these might affect the outcome of
our experiments.
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Abstract

A wide variety of protein post-translational modifications (PTMs) decorate
cellular proteins, regulating their structure, interactions and ultimately their
function. The density of co-occurring PTMs on proteins can be very high,
where multiple PTMs can positively or negatively influence each other’s
actions, nowadays termed PTM crosstalk. In this review we highlight recent
progress in the area of PTM crosstalk, whereby we focus on crosstalk between
protein phosphorylation and O-GlcNAcylation. These two PTMs largely
target identical (i.e. Ser and Thr) amino acids in proteins. Phosphorylation/O-
GlcNAcylation crosstalk comes in many flavors, for instance by competition
for the same site/residue (reciprocal crosstalk), as well as by modifications
influencing each other in proximity or even distal on the protein sequence.
PTM crosstalk is observed on the writers of these modifications (i.e.
kinases and O-GlcNAc transferase), on the erasers (i.e. phosphatases/O-
GlcNAcase) and on the readers and the substrates. Although likely not all-
inclusive, we describe examples of all these different flavors of crosstalk, and
additionally the methods that are emerging to better investigate in particular
phosphorylation/O-GlcNAcylation crosstalk.
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Introduction

Proteins play key roles in essential biological processes, ranging from
the catalysis of biochemical reactions to the transport of nutrients, signal
transduction and the maintenance of the cells mechanical structure[1]. Many
proteins are modified post-translationally to regulate their structure, activity,
subcellular localization and overall function. To date, over 80,000 unique sites
bearing post-translational protein modifications (PTMs) have been reported,
including acetylation, phosphorylation, glycosylation, methylation and
ubiquitination[2]. Many of these chemically different PTMs act mechanistically
somewhat similar. Most PTMs are dynamic, whereby the modification is added
to the protein by an enzyme, termed a writer, and removed again by another
protein termed an eraser. The modifications can then be recognized by other
proteins, referred to as readers[3,4].

The most studied and, therefore, probably best characterized protein PTM is
phosphorylation, a modification whereby a phosphoryl group is covalently
linked predominantly to the hydroxyl groups of selected serine, threonine
and tyrosine residues[5]. Phosphorylation, however, has also been reported
on histidine, lysine and arginine or aspartate and glutamate[6,7]. In the case of
protein phosphorylation, the writersare called kinases, the erasers phosphatases.
At any given moment, approximately 30% of the human proteome is thought
to be phosphorylated[8]. This phosphorylation can activate or deactivate a
proteins function, affect its conformation or influence its localization[5,8]. There
are many readers of phosphorylation, such as those containing SH2 or WW-
domains that can interact in a phosphorylation dependent manner[9,10]. For
example, several ubiquitin ligase complexes recognize specific, phosphorylated
sequences on proteins known as phosphodegrons, that, once phosphorylated,
target these proteins for degradation[11].

Another highly prevalent, yet lesser studied PTM, is O-GlcNAcylation.
O-GlcNAcylation is a unique type of glycosylation whereby a single sugar
moiety, O-linked N-acetylglucosamine (O-GlcNAc), is transferred typically
to the hydroxyl groups of serine and threonine residues of proteins[12]. In
sharp contrast to protein phosphorylation, for which hundreds of writers/
kinases exist[13-15], there is only one writer for protein O-GlcNAcylation,
namely the O-GIcNAc transferase (OGT). Moreover, in contrast to the
plethora of co-existing protein phosphatases, there is also only one so-called
eraser for O-GIcNAc, namely the O-GlcNAcase (OGA), and to date, although
hypothesized to exist[16], no readers of O-GlcNAcylation have been identified.
Analogous to phosphorylation, O-GlcNAcylation plays an important role in
cell signaling and gene regulation[17-20] and more than 50% of all human
proteins are expected to be glycosylated[21,22].

Most protein PTMs occur on specific amino acids. Thus, evidently, a single

protein can harbor multiple of the same PTMs (e.g. multiple phosphorylations),
whereby the first modification may affect the addition or removal of the next.
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This is illustrated in the well-known example of substrates of the glycogen
synthase kinase-33 (GSK3f3), where pre-phosphorylation is needed, four amino
acids upstream of the GSK3[3 phosphorylation site, before GSK3p will act to
add an extra phosphate moiety to the substrate[23]. Similarly, a certain PTM
can also affect a chemically different type of PTM, which has been coined as
PTM crosstalk. This phenomenon is thought to be highly prevalent in cells,
yet is still challenging to investigate. In general, one PTM can affect another
in two ways, either promoting (i.e. a friend) or hampering (i.e. a foe) the
presence of the other modification. This interplay between modifications can
occur in many different ways, as summarized in Figure 1. Crosstalk can be
on the same writer, reader or eraser, directly influencing the placement of a
second PTM nearby or even one located much further away in sequence or
in space. The placement of the second modification may then either enhance
or hamper the activity of the targeted writer/eraser/reader. In recent years,
several examples of crosstalk have been described for a wide array of proteins,
ranging from kinases to transcription factors and from histone deacetylases to
filament proteins[24-27]. Particularly well-studied examples of PTM crosstalk
occur on histones/nucleosomes, highly conserved proteins that function in
genome packaging. Histones are modified by at least eleven different PTMs,
thus the number of types of PTM crosstalk on histones is immense, whereby
the full extent of modifications and their crosstalk has been termed the histone
code[28-31]. O-GlcNAcylation was also reported on histones, suggesting that
O-GIcNAc is directly involved in the histone code[32-34]. However, detecting
O-GlcNAcylation on histones is not straightforward and thus concerns have
been raised as to the abundance of this PTM on histones in vivo [35].

enzyme level proximal distal reciprocal
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Figure 1 - Types of PTM Crosstalk. PTMs can affect each other in both a negative (A
- D) and a positive manner (E - G), on the enzyme and the substrate level. The modi-
fication by a PTM on writers, readers and erasers can lead to their deactivation (A) or
activation (E), hence affecting the regulation of that particular PTM (shown here in the
case of erasers). When two potential PTM-sites occur in close proximity, modification
of one of them can prevent modification of the other (B) or modification of the first site
can promote modification of the second site (F). Crosstalk can also occur at distal sites
whereby the modification of a protein on one side may prevent or enable the modifi-
cation on another side (C and G, respectively). Finally, reciprocal crosstalk can occur
whereby one modification competes with another to modify the same amino acid (D).
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In this review, we focus on the so far most documented form of PTM crosstalk,
that between phosphorylation and O-GlcNAcylation. As both phosphorylation
and O-GlcNAcylation occur mainly on serine and threonine residues, it is
not very surprising that these two PTMs undergo crosstalk. Indeed, when
over 800 phosphorylation sites were monitored upon the inhibition of OGA,
phosphorylation on 280 sites decreased in abundance at the same time as
phosphorylation on 148 sites increased. Also, changes in the O-GlcNAcylation
pattern were observed upon inhibition of serine/threonine phosphatases [31].
In addition, the characterization of phosphorylated and O-GlcNAcylated
proteins located at the Murine synapse revealed that 52% of the identified
protein phosphatases were phosphorylated and 8% was O-GlcNAcylated. In
addition, 66% of the identified kinases was phosphorylated whereas 16% were
O-GlIcNAcylated, indicating that the modification of kinases and phosphatases
is quite common[36]. These findings indicate that the relationship between
phosphorylation and O-GlcNAcylation is complex and widespread. Here, we
first describe in detail how O-GlcNAcylation is known to be regulated in cells.
Secondly, we describe the effect that phosphorylation has on O-GlcNAcylation,
detailing how these two modifications can affect each other. Indeed, many
examples of crosstalk between phosphorylation and O-GIcNAcylation are
emerging either occurring at the substrate level, or on the writers and erasers
themselves. Most of these modifications directly modulate protein function.
Finally, our review includes a description of the recent technological advances
in the analysis and prediction of crosstalk between phosphorylation and
O-GIcNAcylation.

Regulation of O-GlcNAcylation

Protein O-GlcNAcylation plays essential rolesin the regulation of transcriptional
activity[37-40], neuronal function[40], epigenetic regulation[41], modulation of
protein-protein interactions[16] and the response to external stress factors[42].
Moreover, protein O-GlcNAcylation is very sensitive to the availability of
uridine diphospho-N-acetylglucosamine (UDP-GIcNAc), the GlcNAc donor
for O-GlcNAcylation[43] and downstream metabolite of glucose, hence
O-GlcNAcylation is often referred to as a nutrient sensor in cells[20,43,44].
Loss of O-GlcNAcylation was shown to result in loss of cellular function or
even cell death[45] and the disturbance of normal O-GlcNAc function has been
linked to many diseases, including Alzheimer’s disease, diabetes and other
chronic illnesses[46,47]. Therefore, the proper functioning of O-GlcNAcylation
in cells is essential, however, how this regulation is fine-tuned is still not well
understood. Only a single OGT enzyme is responsible for O-GlcNAcylation of
over a thousand protein substrates[48]. OGT has three isoforms that differ in the
number of tetratricopeptide repeats (TPRs) they harbor at their N-terminus, a
well-described protein-protein interaction-mediating domain[49]. Regulation
may in part, therefore, be governed by (the number of) these TPR repeats. The
OGT isoforms localize to different compartments of the cell. Short OGT (sOGT)
and nucleocytoplasmic OGT (ncOGT) are found in the nucleus and cytoplasm,
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whereas mitochondrial OGT (mOGT) is found exclusively in mitochondria[50].
Localization of mOGT and ncOGT is directed by localization sequences. mOGT
has an N-terminal mitochondrial localization sequence, whereas ncOGT
contains a nuclear localization sequence between its TPRs and the catalytic
domain located at the C-terminus[51,52]. Deletion of this sequence prevents
transport of ncOGT into the nucleus, resulting in an increase of cytosolic
O-GlIcNAcylation[51]. The localization sequence in ncOGT is also present in
the other isoforms, thus sOGT likely also has a localization sequence whose
relevance is yet to be reported.

sOGT, mOGT and ncOGT have 2.5, 9 and 11.5 TPRs, respectively. These TPRs
are thought to be involved in substrate recognition[53], and removal of all
TPRs abolished OGT activity towards protein substrates. Interestingly, the
activity towards small peptide substrates in vitro remains unaffected upon
TPR removal, indicating that the TPR repeats could play a specific role in
mediating OGT substrate specificity[17,54]. Indeed, interaction of OGT with
myosin phosphatase target subunit 1 influenced OGT substrate specificity
in vitro[55]. This principle is illustrated in Figure 2, whereby OGT substrate
specificity is defined by the initial complex formed with so-called adapter
proteins. For example, OGT is recruited to specific promotors by the paired
amphipathic helix protein Sin3A, resulting in transcriptional repression[56].
Furthermore, the interaction between OGT and p38, a mitogen-activated
protein kinase, increases OGT activity by targeting OGT to Neurofilament H,
as well as other targets[57]. Many other proteins have been shown to interact
with OGT, however, the biological relevance of these interactions, and whether
they play a regulatory role is often not yet fully understood[53,55,57-61].

UDUDP
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binding targetting 0O-GlcNAc dissociation

Figure 2 - Targeting of OGT to subsets of its substrates. OGT specificity can be gov-
erned by its interaction with so-called adapter proteins, directing OGT activity to a
subset of substrates. OGT can form complexes with adaptor proteins A and B. Proteins
C and D are both substrates of OGT, but C can only be O-GlcNAcylated by the OGT-A
complex, whereas D can only be O-GlcNAcylated by the OGT-B complex.

Both writers and erasers act to regulate the presence of PTMs. The O-GIcNAc
eraser, OGA, was identified by Hart et al. in 1994 and is mainly present in
the cytosol[12,62]. OGA catalyzes the removal of O-GlcNAc from proteins via
a substrate-assisted mechanism, utilizing the acetamido group of the sugar
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moiety[63,64]. Thus, in addition to OGT, the regulation of OGA needs to be
tightly controlled to prevent disease. Similar to OGT, the single OGA gene can
encode two isoforms, namely a short isoform which appears inactive and the
full length isoform[65]. The short isoform lacks a putative acetyl transferase
domain located at the C-terminus, however, OGA does not have acetyl
transferase activity[12,52,66]. In addition, full length OGA contains a caspase-3
cleavage site, although cleavage at this site does not reduce the enzymatic
activity of OGA[67,68]. Interestingly, OGA seems to form dimers and the
intersubunit interactions differ between catalytically active and compromised
OGA variants, indicating that the dimerization of OGA could also influence
the binding of substrates and affect OGA activity[68-71].

The writers and readers of O-GIcNAcylation themselves, however, are
not the only enzymes responsible for the regulation of O-GlcNAcylation in
cells. Moreover, the interaction of OGT and OGA with various kinases and
phosphatases hints that phosphorylation may additionally play a role in
O-GlcNAc regulation. Indeed, as described above, it is known that writers and
erasers can be modified themselves to increase or decrease their own enzymatic
activity (Figure 1A,E).

Phosphorylation/O-GlcNAcylation crosstalk at the enzyme
level

There are ample examples reported of phosphorylation/O-GlcNAcylation
crosstalk whereby the modification of the writers and erasers of phosphorylation
and O-GIcNAcylation themselves affect their own enzymatic capability
(Table 1). For example, the Calcium/Calmodulin-dependent Kinase IV
(CaMKIV) was found to be phosphorylated at multiple phosphorylation sites,
including Thr200[72]. Phosphorylation at this site is required for CaMKIV
activation[73,74]. Dias et al. showed that CaMKIV is also O-GIcNAcylated on
at least five specific residues, including Ser137 and Ser189. Mutation of Ser137
into an alanine resulted in a slight increase in CaMKIV phosphorylation at
Thr200, however, mutation of Ser189 to alanine resulted in a significant increase
of Thr200 phosphorylation. Moreover, a Ser189 CaMKIV mutant showed a
five-fold increase in activity, indicating that O-GlcNAcylation of CaMKIV on
Ser189 has an inhibitory effect on the kinase activity[72].

Another example was reported by Tarrant et al., who demonstrated that
phosphorylated Casein kinase 2a (CK2a) can readily phosphorylate Copine
1 isoform a, progesterone receptor membrane component 1 and the Golgin
subfamily A member 4 protein, whereas O-GlcNAcylated CK2a could no
longer phosphorylate these substrates. Inversely, O-GlcNAcylated CK2a
could phosphorylate death-associated protein kinase 2, which was not
phosphorylated by phosphorylated CK2a[75]. Hence, the modification of
CK2a by phosphorylation or O-GlcNAcylation affects CK2a substrate activity
and thus specificity. Utilizing a more global approach, Hart and coworkers
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revealed that O-GlcNAcylation of kinases is a widespread phenomenon. They
screened a protein array containing 152 kinases, confirming that 42 of them
could be O-GlcNAcylated in vitro[76]. Recently, Shi et al. showed that protein
kinase B is O-GlcNAcylated at Thr308 and Ser473[77], which are known to
be phosphorylated by phosphoinositide-dependent protein kinase 1 and
mechanistic target of rapamycin complex 2, respectively[78]. Phosphorylation
on these residues is required for protein kinase B activation[78,79]. The
overexpression of OGT revealed a decrease of phosphorylation at these
sites, whereas overexpression of OGA led to an increase of phosphorylation,
indicating a reciprocal relationship between O-GlcNAcylation and
phosphorylation at these sites[77]. The actual relationship between OGT and
protein kinase B is likely more complex than mere reciprocality, however, as
OGT and OGA knockdowns have been reported to decrease and increase the
level of phosphorylated protein kinase B, respectively [80,81].

In addition to the extensive crosstalk on kinases induced by O-GlcNAcylation,
the O-GlcNAc cycling enzymes OGT and OGA can also be post-translationally
modified themselves, altering their activity. OGT can be phosphorylated on at
least four different sites. Kaasik et al. showed that GSK3f can phosphorylate OGT
at Ser3 and/or Ser4, whereby these phosphorylations enhance OGT activity[82].
Recently, Li et al. showed that Checkpoint kinase 1 can phosphorylate OGT
on Ser20, which seemingly improves OGT stability[83]. In addition, AMPK
was found to phosphorylate OGT on Thr444, which induced changes in OGT
substrate specificity[34,84]. Finally, tyrosine phosphorylation was reported
for the rat homologue of OGT, possibly also occurring on Tyr989 on the
human homologue[85]. Whelan et al. showed that tyrosine phosphorylation
of OGT is increased after insulin stimulation and that the isolated insulin
receptor complex, as well as proto-oncogene tyrosine-protein kinase Src could
phosphorylate OGT, resulting in an increase of OGT activity[86]. Interestingly,
OGT can also be O-GlcNAcylated on Ser3 and Ser4[82], hinting at a potential
reciprocal occupancy of these sites by O-GlcNAc and phospho modifications.
OGA can be O-GIcNAcylated on Ser405[87,88], however, the functional effect
of this modification is not yet known.

Phosphorylation/O-GlcNAcylation crosstalk at the substrate
level

In addition to PTM crosstalk occurring on the ‘writers” or ‘erasers’ themselves,
crosstalk has also been reported whereby the same residue within a substrate
protein sequence or residues in close proximity are modified by distinct
PTMs (Figure 1, Table 1)[89,90]. Crosstalk whereby competition occurs for
the same residue has been termed reciprocal crosstalk (Figure 1D). Early
evidence for the existence of reciprocal crosstalk came shortly after the
discovery of O-GlcNAcylation by Hart et al. in 1984 when it was noted that
O-GlIcNAcylation occurs on known phosphorylation sites[91,92]. The idea that
such a reciprocal crosstalk mechanism could be more generic was validated by
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the fact that activation of protein kinase A and protein kinase C individually
resulted in a global decrease of O-GIcNAcylation in cellular neurons and,
inversely, inhibition of protein kinase A resulted in an overall increase of
O-GIcNAcylation[93]. In line with these findings, the inhibition of GSK3 also
resulted in an increase of O-GlcNAcylation in COS7 cells[94]. Now, many
cases of reciprocal crosstalk between O-GlcNAcylation and phosphorylation
have been identified, whereby several individual sites of modification have
been mapped. Noteworthy examples include the modification of Thr58 by
either phosphorylation or O-GlcNAcylation on the transactivation domain of
¢-Myc[95-97] and the modification of Ser16 on the N-terminus of the murine
estrogen receptor beta which functions to regulate its activity[98] (Table 1).

Phosphorylation/O-GlcNAcylation crosstalk also occurs on Ser/Thr residues
that are in close proximity to each other along a protein sequence (Figure 1B,F).
In these cases, the O-GlcNAcylation or phosphorylation may have specific
effects on the proteins function, whereby the PTM crosstalk can act to prevent
or enhance one of these actions. For example, O-GIcNAcylation of p53 at Ser149
hampers phosphorylation at Thr155, a site targeted by the COP9 signalosome,
finally resulting in p53 ubiquitination and degradation[99]. Indeed, this
“proximity” type of crosstalk features in many biological systems fine-tuning
activity. For example, in the circadian clock, O-GlcNAcylation of the period
circadian regulator 2 (PER2) at Ser662 in its regulatory region blocks casein
kinase I dependent PER2 phosphorylation[82]. Also in NF-«kB signaling, p65 is
O-GlcNAcylated at Thr305 and Ser319, where phosphorylation at Thr308 may
preventO-GlcNAcylationatThr305[100].Inaddition, crosstalk washypothesized
to also occur between tyrosine phosphorylation and O-GlcNAcylation[101],
which sites were later validated using a peptide microarray screening study
by Pieters and co-workers[102]. One specific example occurs on STAT5, where
O-GIcNAcylation of STAT5 controls tyrosine phosphorylation[103]. These
disjointed examples show that phosphorylation/O-GlcNAcylation crosstalk at
nearby sites in proteins is a generic feature in cellular signaling. The distance
between the involved PTM sites in phosphorylation/O-GlcNAcylation crosstalk
can be anything from a single amino acid apart[104] to six residues apart in the
case of p53[100].

Phosphorylation/O-GlcNAcylation crosstalk can even occur whereby the two
PTMs are situated at quite distal sites with respect to one another (Figure
1C,G). Although far away in terms of protein sequence, these modifications
could still be spatially in close proximity, altering the ability of the ‘writers’ to
interact with their substrates. A prime example of this comes from the insulin
receptor substrate 1, whereby phosphorylation occurs at the N-terminus and
O-GlcNAcylation at its C-terminus[86,105,106]. Alternatively, a PTM in one
loop or domain may cause a conformational change in the protein effecting the
whole protein. As in all types of crosstalk, distal crosstalk can both catalyze
PTM addition, for example in the case of the enzyme endothelial nitric oxide
synthase, where phosphorylation at Ser615 enhances phosphorylation at
Ser1177, and hamper PTM addition, for example the O-GIcNAcylation of Ser615
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on endothelial nitric oxide synthase prevents phosphorylation at Ser1177[107].

Prediction of phosphorylation/O-GlcNAcylation crosstalk

With serine and threonine being amongst the most frequently occurring amino
acids in vertebrates, the number of residues that potentially could be modified
by O-GlcNAcylation or phosphorylation, and thus be involved in PTM crosstalk,
is in theory almost indefinite. Elucidating which residues can be modified, and
when, is imperative for understanding cellular signaling and thus how cells
function. Indeed, not all serine and threonine residues are modified. Most
protein kinases target specific Ser/Thr residues to phosphorylate. Each kinase
has evolved to recognize a specific amino acid sequence or structural motif.
Developments in mass spectrometry (MS) and phosphopeptide enrichment
methods[108,109] have enabled thousands of phosphosites to be identified and
site-localized located within a single experiment[110]. These large datasets have
been inferred to elucidate specific kinase motifs[111]. Thus, due to the wealth
of information available on phosphosites, potential Ser/Thr phosphorylation
on proteins can now be predicted with some degree of accuracy[112].

When it comes to O-GlcNAcylation, however, the substrate motif is more
diffusely defined. The first prediction software for O-GlcNAcylation sites,
termed YinOYang, was based on the observations that proline residues
commonly occurred at the -4, -3 and -2 positions, with valines at the -1, +2,
+4 and +5 positions and there was a high frequency of serine residues in the
targeted stretch, typically at positions +1, +4 and +7[113,114]. It was also noted
that leucine and glutamine residues were less frequently observed within the
substrate motif. Although a reasonable start for O-GIcNAc prediction, this
software was based on only 40 experimentally determined O-GlcNAcylation
sites. A decade later, the number of O-GlcNAcylation sites identified on proteins
had dramatically increased, primarily due to advances in MS based detection
of O-GIcNAcylation. From this data, a database of O-GlcNAcylated proteins
(dbOGAP) was generated and a new prediction software emerged, termed
O-GIcNAc scan, whose algorithm is based on ~800 experimentally determined
O-GlcNAcylated proteins[115]. Although more accurate, both these methods
are prone to false positive and negative predictions[116]. Most recently, by
using machine learning to predict O-GlcNAc sites[117-119], O-GlcNAc sites
identification has further improved with O-GlcNAc sites being predicted with
supposedly up to 84% accuracy[119].

40



Table 1. Key examples of proteins identified to be involved in different types of
phosphorylation/O-GlcNAcylation crosstalk.

Crosstalk Type Protein Mod. sites Kinase Role Reference
negative CaMKIV gSer189 CaMKK [74] Phosphorylation required | [72,73,152]
pThr200 for activation, O-GlcNac
inhibits phosphorylation
modulating CK2a gSer347 CDK1 [153] Differential substrate [75]
pThr344 affinity
positive AMPK pThrl72 LKB1 [154] Phosphorylation at [84]
= Thr172 enhances
2 O-GlcNAcylation of the
E kinase
9 negative IKKbeta gSer733 PIK1 [155] Phosphorylation [156]
5 pSer733 inactivates kinase
modulating OGT gSer3 GSK3p [82] Phosphorylation of [82,84]
pSer3 AMPK [84] Ser3/4 enhanced activity,
gSer4 phosphorylation at Thr444
pSer4 is associated with OGT
pThr444 nuclear localization
and altered substrate
specificity
negative p53 gSer149 CK2a [99,157] | O-GlcNAcylation [99]
pThr150 prevents phosphorylation,
pThrl55 which is required for
p53 ubiquitination and
subsequent degradation
negative c-myc gThr58 GSK3p unknown [95-97]
pThr58 [158,159]
—_ negative ER-beta gSerl6 unknown Conformational change, [98]
g pSerl6 protein stabilization
§ reciprocal [-catenin gThrd1 GSK3p [160] O-GlcNAcylation [160]
~ pThr41 stabilizes B-catenin
by preventing
phosphorylation of its
destruction box
reciprocal POLR2A pThri6le BRD4 [161] Reciprocal behavior [129,130]
< gThr1618 CDK9 [162] altering the PTM code on
2 pThri618 CDK12 [163] the C-terminal domain.
o pThr1619 DYRKIA
= [164]
-‘: positive eNOS pSer615 PKB [165,166] | Phosphorylation at Ser615 | [107]
Ll pSer1177 enhances phosphorylation
at Ser1177
negative eNOS gSer615 PKB [165,166] | O-GlcNAcylation [107]
pSer1177 of Ser615 prevents
phosphorylation at
Ser1177
= unknown FoxO1 pSer256 PKB [167,168] | Interplay observed at [170,171]
ki gThr317 AMPK [169] global level, exact effects
=] pSer319 not yet known.
gSer550
gThr646
gThr648
pThr649
gSer654
unknown IRS1 gSer984 unknown Interplay observed at [172,173]
gSer985 global level, involved sites
gSer1011 are not yet known.
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As the number of O-GlcNAcylation sites identified experimentally continues to
rise, the motif (or motifs) for OGT will undoubtedly become clearer. To fast track
the identification of OGT substrates, peptide microarrays have been developed
whereby thousands of proteins can be screened simultaneously for their
ability to be OGT substrates[120,121]. These arrays have helped to define many
new important OGT substrates in vitro, which can subsequently be verified
in vivo, although that is still much more laborious. For example, using such
approaches OTX2, a transcription factor critical for brain development, whose
misregulation is associated with the most malignant brain tumors in children,
was found to contain multiple O-GlcNAcylation sites[121]. Observation of an
O-GlcNAc site alone, however, does not provide information as to whether the
protein of interest is a good or bad substrate of OGT. Indeed, good motifs for
OGT should not only be based on sequence and detection alone, but also on
the efficiency at which these sequences can be O-GlcNAcylated on the native
protein, ideally in vivo. Elegant work by van Aalten and co-workers addressed
the O-GlcNAcylation efficiency, taking 720 peptides harboring a putative OGT
site. They render a motif based on only the 32 most efficient O-GlcNAcylation
substrates; giving [TS][PT][VT]S/T[RLV][ASY][122]. Obviously, there are
proteins O-GlcNAcylated that do confer to this rather strict O-GIcNAcylation
motif. For example, Sox2, a transcription factor that functions in embryonic
stem cell differentiation, has been found O-GlcNAcylated in mice at residue
248 within the sequence ,,4,SVVKSEASS,5,[39,123], a sequence remarkably
different to this ‘best substrate’” motif proposed. Such motif deviations hint
at a more intricate involvement of the TPR domains of OGT in substrate
specificity[53,124,125].

Although exceptions exist, sequence motifs can be defined wherein
O-GlcNAcylation and phosphorylation can co-occur. Thus, crosstalk can
be predicted by simply noting amino acid sequences within proteins that
contain both the O-GlcNAcylation and phosphorylation motifs. Along these
lines, Hart and co-workers developed software whereby sequences containing
an O-GlcNAc motif were subjected to NetPhos, a computational software
whereby phosphorylation sites are predicted based on the phosphorylation
motifs of different kinases[126]. When a single residue had a positive hit for
both O-GlcNAcylation and phosphorylation, i.e. where reciprocal crosstalk
could occur, it was termed a Yin-Yang site[113,114]. This type of prediction
works well, with Yin-Yang sites most commonly being predicted within PEST
regions of proteins (peptide sequences rich in proline, glutamic acid, serine and
threonine)[114]. However, since the motif for O-GlcNAcylation is somewhat
‘fuzzy’, this Yin-Yang software likely also identifies false positive and false
negative crosstalk sites. Thus, efforts more recently have turned to search for a
reciprocal O-GlcNAcylation/phosphorylation crosstalk motif. By combining all
experimentally identified PTMs, 3 motifs were extracted for O-GlcNAcylation/
phosphorylation crosstalk; Pxx[S], Txxx[S] and [T]xxxxxxxxxP, whereby
O-GlcNAcylation and phosphorylation occur on the same Ser/Thr site[127].
Interestingly, proteins containing these motifs were enriched in specific gene
ontology terms such as nuclear transport, cytoskeleton and structure molecular
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activity, suggesting specific biological functions for PTM crosstalk[127]. Since
many kinases are proline directed, a somewhat surprising observation came
when Heck and coworkers observed that the presence of a proline residue at the
P+1 position compared to the O-GlcNAcylation site hampers O-GlcNAcylation,
suggesting no reciprocal O-GlcNAcylation/phosphorylation crosstalk can
occur on sites targeted by proline-directed kinases[128]. This work hints that
reciprocal crosstalk likely only occurs with specificnon-proline directed kinases.
However, there are notable exceptions. For example, c-Myc is O-GlcNAcylated
at Thr58, a residue before a proline[95]. In addition, O-GIcNAcylation also
occurs on the heptad repeats (YSPTSPS) in the C-terminal domain of RNA
polymerase. This O-GlcNAcylation on RNA polymerase, however, only occurs
efficiently when more than ~10 heptad repeats are present[129,130], thus
factors in addition to sequence alone likely govern which proteins can undergo
reciprocal O-GlcNAcylation/phosphorylation crosstalk.

Predicting crosstalk on proximate sites is significantly more challenging
than reciprocal crosstalk since the observation of O-GIcNAc and phosphate
on a peptide in close proximity does not necessarily mean that crosstalk is
occurring. Moreover, there are likely multiple factors governing whether
crosstalk exists such as the location of the O-GlcNAc/phosphorylation site
with respect to the other, and the order in which the specific sequence is
post-translationally modified. Additionally, as mentioned previously, both
positive and negative crosstalk can occur. Aside from this, patterns whereby
crosstalk occurs on adjacent sites are starting to emerge. However, defining
a motif for crosstalk on adjacent sites will take more effort since each site of
modification must first be exactly site-localized and then the nature of the
crosstalk (positive/negative) determined in a controlled manner. Kinetic-based
MS assays have helped accelerate this process[128]. Leney et al. noted that the
most common O-GlcNAcylation motif also contained a kinase motif whereby
the serine/threonine at the -3 position with respect to the O-GlcNAcylation
site could be phosphorylated. Thus, the rate of O-GlcNAcylation with and
without a phosphate residue at the -3 position (and vice versa, i.e. the rate
of phosphorylation with and without an O-GIcNAc residue at the +3 position
with respect to the phosphorylation site) was monitored using MS on several
OGT substrate-mimicking peptides. In all cases, negative crosstalk was
observed within the sequence [S/T]P[V/A/T][S/T]X p where X p represents
any amino acid except proline. Indeed, this type of negative crosstalk is likely
not uncommon with about one thousand sequences in the PhosphoSitePlus
database containing precisely this putative crosstalk motif[128].

Future Directions
The majority of experiments that investigate phosphorylation/O-GlcNAcylation
PTM crosstalk to date either focus on how one protein’s PTM affects another

protein’s structure/function or look more globally at the cellular level on
how phosphorylation affects O-GlcNAcylation or vice versa. In the case where
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PTM crosstalk is monitored extensively on a single protein or a few proteins,
the proteins of interest are made recombinantly or over-expressed in large
quantities enabling biochemical experiments such as enzymatic assays or
structural studies using X-ray crystallography or nuclear magnetic resonance to
be carried out. These data together provide a wealth of information on how each
specific PTM alters the proteins’ structure alone and how this may be altered by
PTM crosstalk. Moreover, this information is key to decipher how PTMs alter
protein function. Indeed, there are no generic mechanisms on how a specific
PTM alters protein function. For example phosphorylation can both activate
(for example in the case of some kinases whereby an activation loop needs to be
phosphorylated for the kinase to be active[131,132]) or inactivate proteins (for
example in the case of Src tyrosine kinase whereby its phosphorylation results
in a conformational change and its deactivation[133]). Although fundamentally
important, expressing and characterizing each protein individually can be
challenging and time consuming, and thus it will take decades to monitor
each protein in the human genome. In addition, proteins act differently when
removed from their cellular context where potential cofactors are absent. Thus,
to accelerate the identification of PTMs and their roles in the context of the cell,
we need to start to look at PTMs and PTM crosstalk at a system-wide level.

MS is an ideal method to detect multiple PTMs as each PTM can be uniquely
detected based on a change in mass or fragmentation pattern[134,135]. Using
this technology, thousands of PTMs can now be detected within a single
experiment[136,137]. Unfortunately, though, the detection of some PTMs by
MS is not straightforward. For example, on peptides the O-GIcNAc moiety is
labile in the gas phase and thus O-GIcNAcylation went undetected for a long
time before fragmentation techniques such as electron transfer dissociation
and electron capture dissociation came about[138-140], as extensively
reviewed[141-143]. This aside, PTMs are also dynamic modifications and
are often present in low stoichiometric amounts hampering their analysis.
To circumvent this, enrichment strategies are often employed. Thus, the
development of methodology goes hand in hand with the identification of novel
PTMs and PTM crosstalk sites. Also, enrichment methodologies employed
in case of O-GlcNAcylation or phosphorylation have been extensively
reviewed[108,144].

To detect instances of where positive PTM crosstalk might occur on adjacent
sites, peptides would ideally be detected harboring both modifications
simultaneously. Enrichment techniques, however, are currently specialized to
target a single PTM of interest. Thus, the chances of finding both modifications
especially if they have different chemical properties are slim. In addition,
proteomics methods commonly use enzymes such as trypsin for digestion
that produce relatively short peptides. Thus, relatively few peptides that
encompasses sequences that could contain multiple PTM sites are identified. In
addition, through digestion, even if multiple PTMs are detected, information is
lost as to whether these PTMs were co-localized on the same protein molecule.
Thus, scientists need to think about developing methodologies to not only
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detect PTMs but that also aims to look specifically for PTM crosstalk.

To increase the chance of finding multiple PTMs on the same peptide and
maintain information with regard to PTM co-occurrence, one could employ
MS techniques that analyze longer peptides, protein subunits or even protein
complexes[145-148]. In recent work by Sidoli et al., middle-down proteomics
was used to analyze histone peptides of roughly 60 amino acids in length,
about three times larger than regular tryptic peptides. These longer peptides
enable the researchers to reveal many instances of co-occurring methylations
and assess whether these PTMs are observed on proximal sites more or less
frequently than expected based on their abundance and thus whether the
PTMs undergo interplay[149,150]. The analysis of intact proteins using top-
down MS has also been successfully applied to help unravel histone code[151].
These techniques maintain valuable information on modifications co-occurring
on the same protein, but also require more purified samples than required in
traditional, bottom-up approaches.

These examples show that MS is a very powerful tool to detect multiple,
chemically distinct PTMs simultaneously and it can even reveal PTM crosstalk
by the detection of modifications co-occurring on the same protein, by relying
on less conventional MS based techniques. The analysis of positive crosstalk,
however, represents the simplest of cases. Negative PTM crosstalk adds yet
another level of complexity as the lack of detection of one modification does
not mean it does not exist. Hence, negative crosstalk can only be identified if
the individual modifications are present at sufficient abundance in the sample
and therefore it is currently the most challenging type of PTM crosstalk to
study.

Summary

In conclusion, crosstalk between PTMs is a general phenomenon, which occurs
on many different proteins and protein complexes[29,30,82]. Crosstalk can
occur on different levels, ranging from the modification of writers and readers
(i.e. enzyme level) to proximal and distal sites on modified proteins, resulting
in astounding combinatorial PTM complexity. Modifications can influence each
other positively (friends) or negatively (foes)[29,90]. Here, we have focused
on phosphorylation and O-GIcNAcylation, briefly reviewed the regulation of
these modifications and discussed examples of the different types of crosstalk
observed between these PTMs. Finally, we have addressed the advancements
in the prediction of crosstalk and highlighted techniques that may aid in the
future search for PTM crosstalk and its functions. Overall, we believe that
researchers should not only look to control the presence of a single PTM in the
prevention of disease, but be mindful that looking elsewhere for other PTMs
involved in crosstalk either in close proximity or distally to the PTM of interest
could offer an alternative therapeutic target. Indeed, if one particular PTM is
proving challenging to control, why not target another whose mechanism is
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fully established?
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Abstract

Mass spectrometry-based proteomics experiments typically start with the
digestion of proteins using Trypsin, chosen because of its high specificity,
availability and ease of use. It has become apparent that the sole use of Trypsin
may impose certain limits on our ability to grasp the full proteome, missing
out particular sites of post-translational modifications, protein segments or
even subsets of proteins. To tackle this problem, alternative proteases have
been introduced and shown to lead to an increase in the detectable (phospho)
proteome. Here we argue that there may be further room for improvement
and explore the protease EndoPro. For optimal peptide identification rates
we explored multiple peptide fragmentation techniques (HCD, ETD and
EThcD) and employed Byonic as search algorithm. We obtain peptide IDs for
about 40% of the MS2 spectra (66% for Tr Ksin). EndoPro cleaves with high
specificity at the C-terminal site of Pro and Ala residues and displays activity
in a broad pH range, where we focused on its performance at pH =2 and EH
= 5.5. The proteome coverage of EndoPro at these two pH values is rather
distinct, and also complementary to the coverage obtained with Trypsin. As
about 40% of mammalian protein phosphorylations are proline-directed, we
also explored the performance of EndoPro in phosphoproteomics. EndoPro
extends the coverable phosphoproteome substantially, whereby both the at
pH =2 and pH = 5.5 acquired phosphoproteomes are complementary to each
other and to the phosphoproteome obtained using Trypsin. Hence, EndoPro
is a powerful tool to exploit in (phospho)proteomics applications.
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Introduction

Proteins are involved in nearly all biological processes. Their functionality
can be regulated extensively, through the formation of complexes, changes
in expression levels, and widespread posttranslational modifications, such
as acetylation and phosphorylation. Proteins must be tightly regulated as
undesired changes at the protein level can cause disease and other unintended
biological effects[1,2]. Owing to their crucial role, identifying and quantifying
proteins present in certain biological states is of great importance and can
improve our understanding of the mechanisms underlying health and disease.
To this end, the field of proteomics aims to measure all proteins expressed
by a certain organism or cell type[3,4]. Proteomics comes in a range of
different workflows[3]. In the more standard bottom-up workflow, proteins
are extracted from the material of interest and subjected to proteolysis, which
results in a complex mixture of peptides that originated from the proteins
present in the targeted cells. Through LC-MS/MS analysis, these peptides are
separated, fragmented and analyzed. Then, the collected empirical spectra are
correlated to peptide and thus protein sequences through the use of theoretical
in silico fragmentation spectra[5,6]. However, due to the indirect nature of this
assignment, how peptides are generated from the intact protein is of critical
importance.

Most proteomic studies use Trypsin for the protein digestion as it cleaves with
very high specificity proteins C-terminally to only Arginine (Arg) and Lysine
(Lys) residues. As both amino acids are basic, the resulting peptides have basic
C-termini. This, combined with the free amine at the peptide N-terminus,
ensures that tryptic peptides carry a positive charge at either end of the
peptide, making them very suitable for fragmentation-based sequencing[6]. In
addition, Trypsin’s high specificity reduces the complexity of the subsequent
database searches as they can be restricted to peptides ending with Arg or Lys,
which reduces computational requirements of the search. However, the use
of Trypsin also has limitations and is not the optimal enzyme for all analyses.
Owing to the high specificity of Trypsin, the spacing of Arg and Lys amino
acids across the proteome dictate the length of peptides, and thus the
number of unique peptides. For standard intracellular proteins, Arg and Lys
occur at a high frequency (5.6% and 5.7%, respectively) which leads to the
fact that roughly 50% of the peptides produced by Trypsin are too short (<6
amino acids) to be nicely fragmented and uniquely assigned to a protein[7].
Conversely, some proteins, notably membrane proteins, exhibit few tryptic
cleavage sites and extreme hydrophobicity, resulting in poor coverage of this
class of proteins in Trypsin based proteomics[8]. These combined effects all
contribute to undetected, less visible areas of the proteome. To illustrate this,
we have performed an in silico digestion of the human proteome using the
specificity listed in Table 1, and asked what the upper limit of detection was
for each protease using the search and mass spectrometry settings employed
in this study (Table 1). For Trypsin, a maximum of 87% of the proteome would
in theory be detectable using this proteomics setup, assuming every peptide
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of suitable characteristics is actually fragmented and identified. To improve
on this boundary, efforts have been made to utilize different proteases within
bottom-up workflows. Several groups have shown that by using proteases that
cleave at different amino acid motifs, the number of unique peptides identified,
and thus the proteome coverage, can be substantially improved[7,9-12].

Table 1 - Cleavage specificities reported for some of the most commonly used proteases
in bottom up proteomics[9,10,13-16]. Xup indicates any amino acid except proline.

Protease Cleavage site (1) Optimal pH Max Proteome Coverage
Asp-N ID 8 78%
LysargiNase IK/R 7.5 87%
Lys-C KIX,, 8 79%
Lys-N IKXp 8 78%
Arg-C RIX 8 82%
Glu-C El 8 86%
Chymotrypsin F/W/YI 8 87%
Trypsin K/RIX,,, 8-9 87%
Sap-9 K/RIX,,, 6-7 87%

Numerous alternative proteases have been used for the digestion of proteins
from a lysate, whereby each has its own cleavage specificity and optimal
conditions (Table 1). By combining the proteases eitherin parallel or sequentially,
one is able to improve the proteome coverage through combining the results
of individual proteases together. For instance, work by Swaney et al. nicely
illustrated that expanding beyond a single protease can yield a roughly 20%
increase in protein identifications and achieved double the proteome sequence
coverage[7]. Similarly, our group has shown that the use of multiple proteases
in parallel for phosphoproteomics gives rise to highly complementary sets of
phosphosites, where only 27% of all identified sites were found in more than
one protease dataset[17].

While the combination of proteases has already been shown to aid in expanding
the proteome sequence coverage, the presence of (multiple) proline residues
presents a particular challenge for many proteases. Proline is a unique amino
acid in peptides/proteins as it is the only cyclic amino acid, giving rise to a
tertiary amide, limiting hydrogen donating properties and imposing rigid
structural constraints on peptide bonds [18,19]. Because of its unique properties,
proline often leads to missed proteolytic events during digestion[9], increasing
the resultant peptide length and database search complexity. Moreover,
proline also effects the fragmentation step during mass analysis, known as
the ”“proline effect”[20], where fragmentation shows enhanced production
of y-ions spanning from the proline to the peptide C-terminus due to the
enhanced basicity of the proline nitrogen, restricting the peptide sequence
coverage[20-22].
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To overcome these limitations, research efforts have been directed toward
finding a proline-directed protease, as such a protease would decrease database
search complexity by well-defining the proline position, as well as substantially
improve proteome sequence coverage due to its high complementarity to
Arg and Lys directed proteases. In 2009, Sebela et al. evaluated an acidic
prolyl endoprotease from Aspergillus niger, called An-PEP, for its use in
proteomics and found that the enzyme has potential for in-solution digestion
studies[23]. Moreover, our lab showed that An-PEP, also termed EndoPro,
exhibited maximum activity at pH = 2 and is active at moderately high urea
concentrations and low temperatures, making it very suitable for use in
mass spectrometry based hydrogen-deuterium exchange experiments[24]. In
addition, work published on another prolyl endopeptidase originally from
Nepenthes ventrata, termed Neprosin, showed that almost half of the sequence
coverage achieved by the proline-directed protease on proteins detected in
both tryptic and Neprosin digests were not observed when digestion was
performed with Trypsin[25]. Collectively, these works suggest huge potential
of proline-directed proteases to shed light on previously undetectable
areas of the proteome. In phosphoproteomics, however, proline-induced
complications are even more prevalent as in eukaryotic systems around 40%
of the phosphorylation events detected are proline-directed, dominated by
so-called SP or TP motifs[26]. Hence, in most eukaryotic phosphoproteomics
experiments, prolines are highly enriched and even more prevalent than in a
standard proteomics analysis.

Here we extend substantially on previous work using proline-directed
proteases. We first benchmark EndoPro versus Trypsin, thereby generating
large proteomics datasets on HeLa lysates digested by EndoPro at pH = 2,
EndoPro at pH = 5.5 and Trypsin at pH = 8.5. We optimize the peptide ID
rates using multiple peptide fragmentation techniques, and the search engine
Byonic, allowing us to increase the ID rate substantially to about 40% and 66%
of all PSMs for EndoPro and Trypsin, respectively. When using EndoPro at
these two different pH values, we find the specificities and activities to be
similar. However, our datasets reveal a substantial difference between the
peptides generated with EndoPro at pH =2, EndoPro at pH = 5.5 and Trypsin,
indicating the cleavage of different proteins and/or sites at different pH values.
Overall, EndoPro enabled us to detect over 2200 unique proteins not observed
in our tryptic digests and contributed 49% of the total unique phosphosites
detected, making it a protease almost equally powerful as, and complementary,
to Trypsin.
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Materials and Methods

In silico proteome coverage

Human proteins deposited in the Swissprot database (20,417 reviewed proteins,
downloaded July 25th, 2019) were digested in silico using the specificity
requirements listed in Table 1. Zero, one or two missed cleavages were allowed
for each peptide, resulting in a database with all possible peptides formed by
each of the nine listed proteases. Subsequently, these peptides were filtered
on precursor m/z (375 < m/z < 1500), mass (m < 10000 Da) and only fully
specific peptides were taken into account. All peptides passing these filters
were mapped to the proteome to find the theoretical upper limit of proteome
coverage possible.

Cell culture

HeLa cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum and 10 mM glutamine (Lonza)
at 37°C/5%CO2. One hour prior to harvesting the medium was refreshed
to stimulate phosphorylation. Cells were washed with ice cold PBS and cell
pellets were collected by mild centrifugation (1,200 rpm) for three minutes and
stored at -80°C until lysis.

Sample preparation

Cell pellets were lysed in a boiling lysis buffer containing 6 M guanidinium HCl
(GuHCl), 5mM tris(2-carboxyethyl)phosphine (TCEP), 10 mM chloroacetamide,
100 mM tris-HCI pH 8.5, supplemented with protease inhibitor (cOmplete mini
EDTA-free, Roche). Pellets were boiled for 10 min at 99 °C, sonicated for 30
rounds of 5 seconds (Bioruptor Plus, Diagenode), and spun down at 20,000
x g for 15 min. Protein concentration was determined using Pierce™ BCA
protein assay kit. Equal amounts of protein per condition were diluted to a
final concentration of 2 M GuHCI, and pH was adjusted to pH = 2 and pH
= 5.5 for EndoPro, or pH = 8.5 for Trypsin, using formic acid (FA) (Merck).
Finally, proteins were digested with EndoPro (1:100, DSM) or Trypsin (1:100,
Sigma Aldrich) for 1 hour or overnight at 37 °C. The resulting peptides were
acidified to a final concentration of 1% FA, cleaned up using Sep-Pak cartridges
(Waters), and dried in vacuo.

Phosphopeptide enrichment

Phosphorylated peptides were enriched using Fe(IlI)-NTA cartridges (Agilent
technologies) in an automated fashion using the AssayMAP Bravo Platform
(Agilent technologies)[27]. The cartridges were primed with 0.1% TFA in ACN
and equilibrated with loading buffer (80% ACN/0.1% TFA). Samples were
suspended in loading buffer and loaded onto the cartridge. The peptides bound
to the cartridges were washed with loading buffer and the phosphorylated
peptides were eluted with 1% ammonia directly into 10% formic acid. Samples
were dried in vacuo and stored at -80 °C until LC-MS/MS analysis.
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LC-MS/MS analysis

Peptide samples were resuspended in 20 mM Citric Acid with 2% FA and
analyzed with an UHPLC 1290 system (Agilent technologies) coupled to an
Orbitrap Fusion mass spectrometer (Thermo Fischer Scientific). Peptides were
trapped (Dr Maisch Reprosil C18, 3 um, 2 cm x 100 um) and then separated on
an analytical column (Agilent Poroshell EC-C18, 2.7 um, 50 cm x 75 pm). All
columns were made in-house. Trapping was performed for 5 min in solvent A
(0.1% FA), followed by a gradient of the following: 0-8% solvent B (0.1% FA in
80% ACN) in 10 s, 8-32% in 100 min, 32-100% in 5 min, hold for 5 min, 100-0%
in 1 min, and hold for 4 min. Flow was passively split to 300 nL/min.

The mass spectrometer was operated in data-dependent mode. Full scan
MS spectra from m/z 375-1500 were acquired at a resolution of 60 000 after
accumulation to a target value or 4e5 or a maximum injection time of 50 ms. The
most intense precursor ions were selected for fragmentation for a duration of
3 s with a 24 s dynamic exclusion duration. Target peaks were isolated in a 1.6
Da isolation window and subjected to either higher-energy collision-induced
dissociation (HCD), electron-transfer dissociation (ETD), or electron-transfer
higher-energy collision-induced dissociation (EThcD)[28]. MS/MS spectra
were acquired with a resolution of 30,000 using an AGC target of 1le5 ions
with a maximum injection time of 125 ms. Charge state screening was enabled,
and precursors with an unknown charge state or a charge state of 1+ were
excluded. For the decision tree strategy, HCD and EThcD fragmentation were
performed with normalized collision energies of 35% and 40% respectively.
Fragmentation was done based on charge state. HCD was selected for peptide
ions with charge states of 2+ and 3+; and for EThcD, charge states 4+ to 20+
were selected.

Data analysis

The resulting mass spectra were searched using Byonic (Protein Metrics Inc.,
v.3.3.11) in a fully non-specific or semi-specific search (C-terminal cleavage
on Arg/Lys or Ala/Pro for Trypsin or EndoPro, respectively). The number of
missed cleavages was not restricted. Mass tolerance was set at 10 ppm and 20
ppm for precursor and fragment ions, respectively. Carbamidomethylation was
set as a fixed cysteine modification, oxidation of methionine, deamidation of
asparagine and sodium adducts of aspartate, glutamate, serine and threonine
were set as common modifications. The formation of pyro-glutamine from
N-terminal glutamine or glutamate, loss of ammonia and acetylation were
set as rare modifications. Overall, one common and one rare modification
were allowed in the standard bottom-up workflow. For the phospho-enriched
peptides, phosphorylation on serine or threonine was included as a common
modification and in total 3 common and 1 rare modification were allowed.

Using Byonic Viewer (Protein Metrics Inc., v.3.3-421) the PSMs were filtered by
a PEP 2D < 0.001 resulting in a 0.1% PSM level FDR. In the phospho-enriched
dataset, we also asked that the delta mod. score (dmod) was larger than 20, to
only include the more confident phosphosite localizations for each PSM. The
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resulting PSMs from different fragmentation methods were combined prior to
further data analysis.

Peptide and/or protein characteristics such as peptide length, charge, amino
acid content and location of phosphosites on the peptide were determined
using in-house R scripts (available upon request), Venn diagrams were made
using both Venny (BioinfoGP v.2.1.0)[29] and BioVenn[30] and the bar graphs,
boxplots and heatmaps were visualized using GraphPad Prism 8.0.1. IceLogo
was generated as described in Colaert et al.[31].

In Figure 4D, the phosphorylation motifs were assigned to one of four
categories: proline-directed phosphosites p(S/T)P, Acidophillic (D/E after the
phosphosite), Basophillic (R/K before phosphosite) or other. Assignment was
hierarchical, meaning that a phosphosite exhibiting both proline-directed and
basophilic characteristic was only included in the proline-directed group.
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Results

To assess the benefit of EndoPro in shotgun proteomics[25], we decided to
evaluate and optimize the performance of this proline-directed protease
on a complex HeLa cell lysate, first focusing on non-modified peptides. To
characterize the specificity of EndoPro in a full proteome, we performed a
quadruplicate digestion of a HeLa lysate with EndoPro for l1hr at pH = 5.5.
For comparison, we also performed a standard Trypsin overnight digestion
at pH = 8.5. These data were subjected to a non-specific search in Byonic
and subsequently the environment of all cleaved sites was analyzed using
an in-house R script. The distribution of amino acids following the residue
cleaved by either EndoPro (purple) or Trypsin (orange) is shown in Figure 1A.
EndoPro showed a strong specificity for cleavage C-terminal to proline (49.1%)
and alanine (35.5%), resulting in an overall cleavage specificity close to that
observed for Trypsin (84.6% Ala/Pro versus 89.6% Arg/Lys in our datasets).
Inspection of the cleavage site environment of EndoPro (Figure 1B) revealed
a disfavor for cleaving when the cleavage site is preceding a proline. In these
cases, only the last proline is cleaved. In addition, positively charged residues
appear disfavored in the P+2 position (Figure 1B).

Since EndoPro reached almost 85% specificity, we subsequently used less
computationally heavy semi-specific database searches (allowing one side of
the peptide to result from non-specific cleavages) which saves data analysis
time and is inherently less error prone. Doing these two searches on the same
dataset we observed that we still captured nearly all the peptides formed
(97.6%).

Performance evaluation of EndoPro at pH =2 and pH =5.5

Next, we set out to compare the performance of EndoPro and Trypsin.
Thereby we took into account that EndoPro exhibits several maxima in its
activity profile, with maxima at pH = 2 and 5.5, as also reported earlier[24].
Therefore, HeLa cell lysates were digested with either EndoPro at pH =2 and
pH = 5.5, and digested for 1 hour or over-night (ON), and additionally, for
benchmarking, the same HeLa cell lysate sample was digested with Trypsin
using conventional conditions (i.e. pH = 8.5, ON). The resulting peptides
were analyzed by LC MS/MS on a Fusion Tribrid Mass spectrometer using
in parallel ETD, EThcD and HCD as peptide fragmentation methods. Spectra
were searched with Byonic. A global overview of the search outcomes is shown
in Table S1. The different fragmentation methods resulted in a highly similar
number of protein identifications (Table S1). It was therefore decided to pool
all the data acquired with different fragmentation techniques to assess the
performance of EndoPro across the different digestion conditions, independent
of the used fragmentation method. An overview of the pooled datasets is
shown in Table 2. In terms of unique proteins detected, an overlap of 35% was
observed between the two proteases (Figure 1C). The four different EndoPro
digestion conditions resulted in comparable identification rates, with slightly
more PSMs and unique peptides in the experiments performed at pH = 5.5
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Figure 1 — Characterization of EndoPro cleavage specificity. (A) Overview of amino
acids after which was cleaved by EndoPro (n=4, purple) and Trypsin (n=4, orange),
based on a nonspecific search, revealing a high specificity of 84.6% A/P and 89.6% R/K
for EndoPro and Trypsin, respectively. Only amino acids with a cleavage frequency of
1% or higher were included. Data are represented as mean percentage of total cleavages
per protease + SEM. (B) An Icelogo showing the differences between the EndoPro cleav-
age site environment (17032 unique environments from nonspecific search) and the hu-
man proteome, illustrating a disfavor for R/K on the +2 position and a reluctance to
cleave between proline residues. (C) Overlap of unique proteins identified by EndoPro
or Trypsin using a semispecific search. Although the sizes of the identified proteomes
are roughly equal, the overlap between the two is only 35%.

when compared to pH = 2. Under all four tested conditions roughly the same
number of peptides (<15000) and proteins (*2600) could be identified (Table 2).
As expected, the peptide identification rate achieved with Trypsin (67%) could
not be reached with EndoPro (#40%). Still the EndoPro ID rates of =40% are
better than what has been reported for many other alternative enzymes (e.g.
LysN, AspN, Chymotrypsin typically reach 20-30%)[10,24,25].

Table 2 — Characteristics of measured and analyzed EndoPro and Trypsin datasets.

Byonic semi-specific search
Digestion # MS2 #PSMs 0.1 # unique # unique % identification
Protease pH time Fragmentation scans FDR peptides proteins

Trypsin 8.5 ON ETD/EThcD/ 163823 109682 35330 5036 67%
HCD

EndoPro 2 1hr ETD/EThcD/ 152064 54251 13631 2633 36%
HCD

EndoPro 2 ON ETD/EThcD/ 151115 57722 15264 2439 38%
HCD

EndoPro 5.5 1hr ETD/EThcD/ 155229 68902 18268 2810 44%
HCD

EndoPro 5.5 ON ETD/EThcD/ 155565 60318 17378 2621 39%
HCD

EndoPro cumulative 613973 241193 38004 4715 39%

Characteristics of EndoPro peptides generated at pH =2 and pH =5.5
For a more in-depth exploration of the type of peptides produced by EndoPro,
we compared general peptide characteristics such as peptide length, mass and
amino acid content and cleavage specificity as observed in the unique peptides
identified from the EndoPro and, for comparison, tryptic digests, as depicted
in Figure 2. In terms of peptide length and charge, the four explored different
EndoPro cleavage conditions produced similar peptides. We observed a
substantially broader peptide length distribution for EndoPro peptides than
for Trypsin, revealing more peptides with a length of more than 20 amino acids
and a tail towards peptides with a length of 50 or more amino acids (Figure
2A). This already indicates that EndoPro generates peptides with more missed
cleavages than Trypsin. In terms of peptide charge, an average of about 33% of
the unique EndoPro peptides carried four or more charges, compared to only
5% for the tryptic peptides (Figure 2B). This difference in charge distribution
could not be explained by the increase in peptide length, as the average number
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of amino acids to charge ratio of the different EndoPro conditions was lower
than we found for Trypsin (5.75 and 6.22 amino acids per positive charge,
respectively).

The identified unique peptide length and number of charges found after
EndoPro digestions did not vary much with digestion time. In contrast, the
amino acid content of the peptides as well as the cleavage specificity of EndoPro
appeared to be sensitive to the digestion conditions. In total, four amino acids
(alanine, aspartic acid, glutamic acid and proline) showed a substantial change
in abundance when comparing EndoPro digests prepared at pH=2 and pH=5.5
(Figure 2C). With the increase in pH, the contribution of alanine and proline to
the total amino acid content of the peptides decreased, whereas the contribution
of the negatively charged aspartic acid and glutamic acid increased. Although
clearly visible after 1hr of digestion, this effect is even more pronounced after
ON digestion with EndoPro, where the proline content of the peptides at pH
= 5.5 decreased to less than half of the value observed at pH = 2. The cleavage
specificity of EndoPro also slightly decreased with increasing pH (Figure 2D).
Interestingly, the location of Asp on the peptides also changed with pH (Figure
2E,F). This indicates that a different set of peptides is generated, depending on
the digestion condition used.

The complete overview of amino acid content of the peptides generated by
EndoPro under the four evaluated conditions and Trypsin is shown in Figure
S1. For reference, the natural occurrence of each amino acid within the human
proteome is indicated with a dashed line. Due to the Arg/Lys specific cleavage
by Trypsin, these tryptic peptides clearly underrepresent the abundance of
Arg/Lys in the human proteome. Peptides generated by EndoPro do not impose
limits on the number of Arg/Lys residues and hence are richer in these positively
charged residues, which is in agreement with the on average higher charges we
observe for EndoPro peptides. In addition, at low pH these basic amino acids
carry a positive charge, which may help to prevent aggregation and therefore
aid protein solubility. Similarly, the observed increase in Asp/Glu content with
pH may also be related to their charge, as the presence of negatively charged
amino acids have been correlated to an increase in solubility[32]. At pH = 2,
virtually none of the carbonic acid side chains will be negatively charged due
to the excess in protons. At pH = 5.5, however, these amino acids would be
predominantly negatively charged and essentially all would be charged at pH
= 8.5. Therefore, this Asp/Glu rich subset of the proteome may have a better
solubility over other proteins at increasing pH, which could explain why they
are more abundantly represented on the peptide level.

As indicated above, we found the peptide dataset generated by EndoPro to be
sensitive to both the cleavage time and pH (Figure 2D). This could be partly
attributed to more subtle changes in specificity. After 1 hour digestion at pH
=2, 26% of the peptides were cleaved after alanine and 68% of the cleavages
were proline specific. This decreased slightly to 25% alanine and 62% proline-
specific cleavages following ON digestion. At pH =5.5, however, the percentage
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Figure 2 - Comparison of peptide characteristics in EndoPro and tryptic digests. (A)
Peptide length distribution of identified unique peptides following digestion with Tryp-
sin or EndoPro. All four EndoPro conditions probed here reveal a similar distribution,
exhibiting a long tail towards peptides with more than 50 amino acids, which was not
observed for tryptic peptides. (B) Charge distribution of all unique peptides identified
following the different digestion conditions, where digestion with EndoPro results in
more highly charged peptides (z 24). (C) Amino acid content of the peptides identified
in the EndoPro digests under various digestion conditions. With increase in pH and
digestion duration, negatively charged amino acids are more frequently observed and
the A/P content of the peptides is reduced. (D) Cleavage specificity of the identified
peptides. Digestion with EndoPro yields highly specific proline and alanine C-terminal
peptides, especially at pH = 2, with a Pro/Ala specificity close to that of Trypsin for Arg/
Lys. (E, F) Location of Asp on peptides digested ON with EndoPro at (E) pH =2 and (F)
pH =5.5. At pH = 5.5 the negatively charged amino acid is disfavored at the C-terminus
of the generated peptides. This was not observed for peptides produced at pH = 2, indi-
cating that two distinct sets of peptides are formed at these pH values.

71



of cleavages C-terminal to alanine increased to 36% (1hr) and 37% (ON), with
only 49% (lhr) and 39% (ON) proline specific cleavages. Furthermore, the
percentage of non-specific cleavages (i.e. not C-terminal of Ala/Pro) observed
after EndoPro digestion increased with an increase in pH from pH =2 to pH
= 5.5. Therefore, the specificity of EndoPro can be to some extent controlled
via the pH in the digestion step. Notably, EndoPro reaches up to 87%
specificity for Pro/Ala at pH = 2 and 1 hr digestion, thereby achieving a very
high specificity, on par with Trypsin that reaches 91% specificity for Arg/Lys
in our data. The ability of EndoPro to perform proteome-wide digestion with
such high specificity could be advantageous in downstream data analysis, as
specific searches are far less computationally demanding. Hence, we conclude
that EndoPro may be used as a high performance protease for proteomics, as in
many aspects its performance is comparable to that of Trypsin.

Performance of EndoPro versus Trypsin

Comparing the search input and output characteristics for all EndoPro and
tryptic digests, we found that all digestion conditions generated a similar
number of MS2 scans (Table S1), indicating that a similar number of peptides
with suitable charge states were produced by EndoPro and Trypsin. However,
we observed a lower conversion of MS/MS events to peptide identifications
for EndoPro (around 40%) than for Trypsin (67%). Still, the 40% ID rate, which
we obtained using Byonic, is well above what has been typically reported for
other proteases (i.e. ~15-30%) than Trypsin[9,10,25]. To objectively compare
the characteristics and performance of EndoPro and Trypsin the peptide and
protein identification datasets should ideally be of similar size. Therefore, we
decided to accumulate all non-redundant peptide and protein IDs obtained
by EndoPro under the four tested digestion conditions, which resulted in a
dataset in numbers comparable with that acquired following tryptic digestion
(see Table 2).

Using these equally large datasets (around 5000 proteins and 35000 peptides
each, see Table 2), we compared the overlap of unique proteins identified
following digestion by either EndoPro or by Trypsin (Figure 3A). Of the 7240
unique proteins identified in total, only 35% were identified by both proteases,
whereas 30% and 35% were uniquely identified in tryptic and EndoPro digests,
respectively (Figure 3B,C). Typically, in our lab (and in line with many other
labs) the overlap between proteome analyses on digests acquired under exactly
identical digestion conditions is around 65% (Figure 3B,C), largely due to the
undersampling problem which cannot be avoided in shotgun proteomics[33].
Hence, we consider this to be the maximum achievable protein overlap. The
overlap in protein ID between the datasets obtained following digestion at pH =
2, comparing 1 hr and ON digestions, was 61%, slightly superior to the overlap
between the datasets obtained following digestion at pH = 5.5, for either 1 hr
or ON (49%). The overlap between the datasets acquired either at pH =2 or
pH = 5.5 was found to be only 44%. Even more strikingly, the overlap between
peptides generated with EndoPro and Trypsin was even much lower, namely
only 35% (Figure 3A). We conclude that this low overlap is not simply due to
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the stochastic nature of shotgun mass spectrometry, as the increase in protein
identifications when adding a replicate of the same protease is significantly
smaller than when using another protease and 30% of the proteins reproducibly
identified in EndoPro were not identified using Trypsin (Figure 3D).
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Figure 3 - Highly complementary protein identifications observed by using EndoPro
or Trypsin. (A) Overview of the overlap in proteins identified by using the different
proteases and varying digestion conditions as listed in Table 2, illustrating how comple-
mentarity increases when cleaving with EndoPro at different conditions. The smallest
overlap, 35%, is observed between EndoPro and Trypsin. (B, C) Reproducibility of (B)
Trypsin and (C) EndoPro technical replicate analyses, revealing a robust overlap of
around 65%. (D) When comparing all unique protein groups identified in at least three
out of four technical replicates, 30% of the proteins that are reproducibly identified us-
ing EndoPro are not identified in tryptic lysates.
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Next, we set out to assess what kind of characteristics form the basis for the
complementarity in proteome coverage we observed between EndoPro and
Trypsin. To this end, we compared proteins for which one protease clearly
outperformed the other. As a metric, we focused on proteins whose obtained
sequence coverage with EndoPro was at least 50% higher than with Trypsin,
or vice versa (Figure 4A). This data proved to be very consistent in all four
biological replicates, as demonstrated in Figure S2. Although we identified
many proteins with a sufficient sequence coverage in both EndoPro and tryptic
digests, our data also revealed large clusters of proteins that remain seemingly
undetectable by using Trypsin. These data nicely illustrate the increase in
proteome depth that can be achieved when digesting with a protease other
than Trypsin.

Since the digestions with EndoPro and Trypsin are performed at distinct pH
values, the source of the low overlap could be due to differences in protein
solubility and thus accessibility to the protease (i.e. different proteins
precipitate at pH =2, pH = 5.5 and pH = 8.5, removing them from the possible
substrate pool), or on the proteases’ substrate preferences. We considered
various protein characteristics that might cause the complementarity between
the two proteases (Figure 4B-E). Following expectations, EndoPro resulted in
better sequence coverage for proteins that have a high Arginine and/or Lysine
content (see Figure 4B), as these proteins likely give rise to very small and
potentially ambiguous peptides when digested with Trypsin. With regard to the
proline content, however, this trend is not observed (Figure 4C). No significant
difference in proline content was found between Trypsin and EndoPro at pH
= 5.5 and at pH = 2; EndoPro even outperformed Trypsin on proteins with a
high proline content. This distinction might be caused by frequent occurrence
of proline-rich regions. These Pro-Pro bonds are not cleaved by EndoPro,
hence the protease likely produced less short, ambiguous peptides. In most
cases, we only observed cleavage C-terminal to the last proline in a proline
repeat. Following GO term analysis, no clear differences in protein function
or localization were found between the proteins identified with EndoPro or
Trypsin.

Subsequently, we evaluated whether the observed complementarity stems
from the use of different proteases or is influenced significantly by the different
digestion conditions, such as pH. Although the solubility of a protein is
influenced by many factors, a key feature is its isoelectric point (pl), the pH
where the protein carries no net charge. A comparison of the pl values of the
identified proteins is shown in Figure 4D. For reference, we also included the
distribution of pls found in the total human proteome[34]. Despite the large
pH difference between the five different conditions (i.e. four distinct EndoPro
digestions and a Trypsin digestion), the pl distributions all have a median
well below the median for the complete human proteome. Although some
differences may be observed between the five conditions, it seems they differ
more from the complete proteome than from each other. Hence, we conclude
that solubility is not likely the cause of the increase in proteome depth that can
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be achieved by utilizing EndoPro.
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Figure 4 - Proteome Characteristics. (A) Comparison of the sequence coverage achieved
by using Trypsin and EndoPro (the latter under 4 different digestion conditions) for in
total 380 selected proteins. Only these 380 proteins showing at least 50% more sequence
coverage in one of the datasets were considered in B-E. For clarity, proteins for which
the two proteases performed comparably were not included. Black indicates no cover-
age of a protein in a certain condition. (B) Comparison of the arginine and/or lysine con-
tent, which is significantly higher in EndoPro peptides. (C-E) Comparison of the proline
content (C), isoelectric point (D) and molecular weight (E) of proteins identified using
EndoPro (at 4 different conditions) or Trypsin. Notably, as shown in (E) EndoPro favors
smaller proteins, Trypsin shows a bias for larger proteins. Significance was determined
using one-way ANOVA, with a =0.05. * p <0.05, ** p < 0.01 and *** p <0.001, error bars
represent SEM.
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Finally, we evaluated whether there was a size bias within the subset of proteins
for which one of the proteases outperformed the other (Figure 4E). When
compared to the whole human proteome, Trypsin preferred slightly larger
proteins, whereas EndoPro favored smaller substrates. Evaluation of protein
function or localization yielded no clear preferences for either of the two
proteases. Taken together, these data reveal that at the protein level, EndoPro
and Trypsin perform comparable and give highly complementary results.
The source of complementarity could be solubility based due to the large pH
range spanned in these experiments, but this hypothesis is not supported by
the distribution of pls. Therefore, it is likely that enzyme specificity drives the
observed complementarity. Interestingly, EndoPro digests also show clear
differences based on the cleavage conditions used to generate them, making
EndoPro a remarkably flexible proline-specific protease with great potential in
bottom-up proteomic studies.

Phosphoproteomics with EndoPro

In addition to changes in its abundance, a proteins’ function and/or activity
can also be regulated by post-translational modifications (PTMs), such as
phosphorylation. These phosphorylation events can be challenging to study
due to their low stoichiometry compared to their non-modified counterparts
and instability of the modification itself. The field of phosphoproteomics
specializes in the analysis of this modification, usually employing enrichment
of phosphorylated peptides prior to their analysis by LC-MS/MS. A common
problem, however, is that many conventional proteases (e.g. Trypsin) have
difficulties cleaving near a phosphorylated amino acid, leading to increased
missed cleavages around phosphosites[17,35,36]. Using first several synthetic
(phospho)peptides, however, we observed that EndoPro does not exhibit a
significant decrease in cleavage rate when cleaving phosphorylated peptides
when compared to their non-phosphorylated counterparts (data not shown).
We hypothesized that this feature, combined with the high proline content
present near phosphorylation sites, could make EndoPro an enzyme very well
suitable for phosphoproteomics.

Table 3 - Search input and outcome characteristics for EndoPro and tryptic phospho-
enriched digests.

Byonic semi-specific search
#PSMs total unique

Digestion | # MS2 #PSMs dmod phospho % % phos phos

Protease pH time scans FDR<0.1 >20 PSMs identification | phos sites sites
Trypsin 8.5 ON 96641 51502 44933 35319 46% 79% 39905 8898

EndoPro 2 1hr 87736 25285 20532 14918 23% 73% 15422 3275
EndoPro 2 ON 87415 25254 19895 16423 23% 83% 17489 3794
EndoPro 5.5 1hr 90021 27805 23213 19406 26% 84% 20471 4326
EndoPro 55 ON 93374 26370 22658 17667 24% 78% 19070 4316
EndoPro cumulative 104714 86298 68414 24% 79% 72452 8486
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To assess how EndoPro performs in phosphoproteomics, we enriched peptides
generated by digestion with EndoPro at pH =2 and pH =5 for 1hr or ON using
Fe(IlI)-NTA cartridges in an automated fashion using the AssayMAP Bravo
Platform[27]. To benchmark the performance of EndoPro, phosphorylated
tryptic peptides were enriched in parallel. For comparison, a general overview
of the resulting datasets is shown in Table 3 and an extended overview of the
contribution of each fragmentation technique is available in Table S2.

Since the main goal of looking beyond Trypsin as a protease in (phospho)
proteomics is to increase our coverage of the phosphorylation sites present
in the human proteome, we first set out to assess whether EndoPro is
complementary to Trypsin in terms of phosphoprotein and unique phosphosite
coverage. Using EndoPro, we identified 2937 unique phosphoproteins, which
is comparable to the 3124 unique phosphoproteins identified using Trypsin,
see Figure 5A. Interestingly, just 37% of the 4409 unique proteins identified in
total were identified by both proteases. If we delve deeper into these shared
phosphoproteins, it becomes evident that the two proteases mostly reveal
different phosphosites on these shared proteins, see Figure 5B. On the 1652
proteins identified by both EndoPro and Trypsin, 9279 phosphosites were
identified of which only 30% were found by both proteases. The remaining 6500
sites were identified by only one of the two enzymes; 3095 sites were uniquely
identified by EndoPro and 3405 sites by Trypsin, therefore, the proteases appear
extremely orthogonal and employing EndoPro in this setting yields a large
increase in attainable information. To evaluate the coverage of phosphosites
more thoroughly, we plotted the number of spectral counts we observed for
each phosphosite, see Figure 5C (or Figure S3 for more extended heatmaps). This
figure revealed that many phosphosites consistently identified with EndoPro
(in at least 2 out of 3 biological replicates) were not found at all when digesting
with Trypsin and vice versa, highlighting further the complementarity of the
enzymes and the importance of extending phosphoproteomics analysis beyond
the use of just a single protease[9].

Localization of phosphorylation and motif analysis

Since we expected EndoPro to cleave after prolines and these are extremely
frequently occurring in mammalian phosphorylation motifs, we evaluated
both the phosphorylated motifs present in our datasets and the location of the
phosphorylation sites on the identified phosphopeptides. To assess the different
types of kinase motifs present in the dataset, we isolated the environment of
each phosphosite identified (seven amino acids up- and downstream of the
phosphorylated amino acid) and assessed the relative contribution of known
motifs to the EndoPro and tryptic datasets. For clarity, the motifs were
classified in only four categories; proline-directed, acidophilic, basophilic or
other (Figure 5D). Markedly, the contribution of proline-directed motifs is
even larger for EndoPro digestions than we observe for Trypsin, most notably
under the short digestion conditions (1hr). This observation is in line with
the decrease in relative proline content observed at longer digestion times as
depicted in Figure 2C. As expected, we see an increase in motifs containing
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Figure 5 — EndoPro is highly complementary to Trypsin in the identification of
site-specific phosphorylation events. (A) Comparison of identified unique phosphopro-
teins between EndoPro and Trypsin, revealing a 37% overlap. (B) Overlap in identified
unique phosphosites on 1652 phosphoproteins identified by both proteases, indicating
that on these shared phosphoproteins, only 30% of the phosphosites could be identified
by both proteases. (C) Heatmap displaying phosphosite spectral count scores of 13,762
phosphosites from low (1) to high (>10), revealing that EndoPro is highly complementa-
ry to Trypsin in identification of phosphosites. Black indicated not identified. (D) Global
kinase classification analysis of all identified phosphopeptides, dividing them into 4
categories: Proline-directed, acidophilic, basophilic or other. Although in all analyses
the SP/TP motif encompasses over 50% of the detected sites, short digestion with Endo-
Pro results in a further increase of this proline-directed motif to about 70%.
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arginine and lysine after EndoPro digestion. Overall, our findings are in
agreement with previous work from this lab, in which a thorough examination
of multiple proteases for phosphoproteomics revealed that each protease
exhibits a bias towards different classes of phosphorylation sites[17].

As EndoPro precisely cleaves after prolines, which are found in the most
frequently occurring SerPro/ThrPro phosphorylation sites, and since it is
well known that a phosphorylation close to an Arg/Lys hampers the cleavage
activity of Trypsin, we queried whether the phosphorylation on these motifs
would prevent cleavage of the following proline residue. To assess this, we
evaluated the location of the phosphorylation on unique phosphopeptides.
We computed the frequency of phosphorylations for each position of the
phosphopeptide, with the exception of the last amino acid, as we expect
this to be Ala/Pro and Arg/Lys for EndoPro and Trypsin, respectively. The
frequency of the phosphorylation site was compared to the frequency expected
if phosphorylations would have been randomly distributed across the amino
acids of the phosphopeptide (Figure 6). The under- or overrepresentation of a
phosphorylation location on the peptides are shown by a color gradient and
extreme underrepresentation (at least 5 fold lower than expected) was indicated
in purple. These “dot-plots” display several very interesting features.

For the EndoPro phosphopeptides, the highly preferred phosphorylation on
the penultimate C-terminal amino acid is very evident, as is the disproportion
for phosphorylation on the penultimate amino acid at the N-terminus (Figure
6A). Interestingly, EndoPro also seems to disfavor positively charged amino
acids on this position (Figure 1B), which implies no charge is tolerated at this
position in the substrate binding pocket. Repulsion of both charges would
suggest steric hindrance to be the source of this lack of activity. For Trypsin-
like proteases, the N+2 position is reported to be situated in a hydrophobic
pocket prior to cleavage[37]. Based on our data, this might also be the case
for EndoPro. For the tryptic phosphopeptides the dot-plot reveals a strong
disfavor for phosphorylation on the ultimate and penultimate N-terminal
amino acids and the penultimate C-terminal amino acid (Figure 6B), confirming
that phosphorylation near the Arg/Lys hinders cleavage by Trypsin. Trypsin
displays a preferential phosphorylation on the third N-terminal amino acid
(likely representing the well-known RXXS/T basophilic kinase motif). These
findings largely explain the increase in missed cleavages on phosphopeptides
observed[36].

In contrast to what is observed with Trypsin, the activity of EndoPro seemed
unaffected by a phosphorylation directly preceding the cleavage site, resulting
in an overrepresentation of phosphorylation events on the second to last amino
acid of the phosphopeptides, see Figure 5A. In total, of all detected singly
phosphorylated EndoPro phosphopeptides, 19% had their phosphorylation
on the C-terminal SP/TP. See Figure 54 for the phosphosite localization of all
specific EndoPro digestion conditions employed.
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Figure 6 - Amino acid length and localization of phosphorylation sites on the iden-
tified phosphopeptides. (A) Localization of the phosphorylation on unique phospho-
peptides from EndoPro, showing the highly preferred phosphorylation on the second to
last amino acid on the peptide (i.e., Ser-Pro or Thr-Pro), and the disfavor for phosphory-
lation on the penultimate N-terminal amino acid on the EndoPro peptides. (B) Localiza-
tion of phosphorylation on unique phosphopeptides following trypsin digestion at pH
= 8.5, revealing a strong disfavor for phosphorylation on the ultimate and penultimate
N-terminal amino acids on the peptides, and preferential phosphorylation on the third
amino acid of the identified phosphopeptides.
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Discussion

Although stillnot frequently used, the use of proline-directed proteasesin amass
spectrometry-based proteomics setting has been explored previously[23-25].
Schrader et al. recognized the potential of proline-directed proteases in
proteomics characterizing Neprosin, a protease originally from Nepenthes
ventrata[25]. In their work, the ON digestion of a HeLa cell lysate at pH =2.5
yielded 61% proline-specific cleavages for Neprosin, which is comparable to
our findings for EndoPro (62% after ON digestion at pH = 2). Additionally, they
nicely illustrated the potential of proline-specific proteases for the mapping of
PTMs on a histone sample. Due to the high activity of EndoPro at low pH,
the protease has also found applications in the food industry, where EndoPro
was assessed for its ability to degrade gluten and the debittering of protein
hydrolysates, as well as in structural studies based on hydrogen-deuterium
exchange mass spectrometry, where a low pH is essential to reduce the rate
of deuterium back-exchange[24,38-40]. Thus, proline-directed proteases are
versatile proteases that can be used orthogonally to the more conventional
proteases in various mass spectrometry-based studies.

Here, we have evaluated EndoPro for its use in bottom up (phospho)
proteomics, with the aim to boost its performance by optimizing different
digestion conditions, peptide fragmentation methods and scoring algorithms.
We showed that the protease has a capacity to generate peptides from proteins
comparable to Trypsin, evidenced by similar numbers of MS/MS events.
When the proper digestion conditions are chosen, the cleavage specificity for
alanine and proline is very high. Interestingly, EndoPro cleavage patterns
appear influenced by the pH during the digestion, with a lower overall
specificity observed using EndoPro at pH = 5.5 than at pH = 2. The mechanism
underlying this pH-dependency was not studied thoroughly here, however,
we did find that the overall Pro content of the proteins identified at pH = 5.5
was significantly lower than at pH = 2. Hence, it might be possible that fewer
proline residues were available for cleavage, possibly due to the occurrence of
a different pool of soluble proteins at pH = 5.5 when compared to pH = 2. This
hypothesis is supported by the limited overlap (44%) in identified proteins
between the two EndoPro conditions. We did not observe an effect on the
length of the peptides identified, which also implies proline residues were not
missed during digestion but likely not present as frequently.

Through this work we show that the performance of EndoPro as protease
for proteomics applications is already very good, but its full potential is still
not reached. As observed also with other proteases, EndoPro also suffers
from the tryptic bias that has been created in the conventional proteomics
pipelines, both in the peptide separation, fragmentation and scoring segments
of the proteomics experiment. Despite that, our data shows that EndoPro is
a protease very suitable for producing peptides for proteomics analysis. One
should keep in mind, however, that the obtainable proteome coverage is rather
distinct when the digestion is performed at pH = 2 or at pH = 5.5. In addition,
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the proteome coverage generated with EndoPro is highly complementary to
the coverage that can be reached using Trypsin. Finally, EndoPro provides
one of the most complementary proteases for phosphoproteomics, delivering
a large subset of phosphosites not easily covered by Trypsin. Furthermore, in
contrast to Trypsin, cleavage by EndoPro is not hampered by the presence of a
neighboring phosphorylation.

Identifying non-tryptic MS/MS spectra

One of the main concerns when using less conventional proteases in
proteomics-type experiments is that the resulting datasets almost always give
a lower peptide identification rate than the tryptic datasets. For ArgC, AspN,
Chymotrypsin, GluC, LysC and LysN, average identification rates of 22%, 11%,
17%, 13%, 23% and 11% have been reported, compared to a 37% identification
rate for Trypsin[10]. Similarly, Schrader et al. previously reported identification
rates of 20%, 46% and 52% for Neprosin, LysC and Trypsin, respectively[25].
These findings are in agreement with our finding, where EndoPro identification
rates are also about half of the Trypsin identification rate. The lower rates
associated with non-tryptic digestions are probably not caused by a lack of
good peptides, as the number of MS2 scans for these runs is similar. Hence, the
number of peptides with suitable mass-to-charge ratio is expected to be similar
for all digests.

Thisleaves several other sources likely responsible for the reduced identification
rates. Firstly, the peptides produced by each of these proteases may have
characteristics that make them less suitable for current fragmentation-based
sequencing methods by mass spectrometry. They may for instance carry less
positive charges, reducing the likelihood of observing charged fragment ions
that can be used for database matching. For our dataset, however, this is not
the case as the peptides generated by EndoPro have even more positive charges
than the tryptic peptides. Secondly, the peptides” chemical composition may
lead to fragmentations patterns or cleavages at positions that are unexpected
for Trypsin. For instance, EndoPro peptides do not carry an arginine or lysine
residue at their C-terminus, which likely leads to a less extended sequence
informative y-ion series. Thirdly, database search and peptide scoring
algorithms have mainly been optimized for tryptic peptides. Any fragmentation
behavior not observed in tryptic peptides, therefore, is likely penalized by the
conventional scoring algorithms, resulting in lower scores. Notably, using
standard conditions with other search engines such as Mascot, Andromeda
and Sequest gave us even lower identification rates than those reported here
(by a factor 2, data not shown), evidently depending also on the fragmentation
method employed.

Due to EndoPro’s high preference to cleave C-terminal to proline, many of the
peptides generated with this protease are expected to have a Pro residue at their
C-terminus, making them very dissimilar to the typical tryptic peptides that
carry a Lys or Arg at their C-terminus. Indeed, we observed a clear C-terminal
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proline effect in their fragmentation spectra. During HCD fragmentation,
more than 95% of the EndoPro MS2 spectra contained a very prominent y1
ion at 116.07 m/z, corresponding to the preferential gas-phase cleavage of the
bond preceding the proline. Assuming that the presence of a 116.07 m/z ion is
diagnostic for a peptide ending in C-terminal proline, we noticed in our LC-
MS runs many more MS2 spectra likely originating from EndoPro peptides
which sequence could not be assigned. This could possibly be improved by
optimizing the MS parameters such as the collision energy, to maintain the
diagnostic y1 ion while also allowing sufficient fragmentation in other parts
of the peptide. In EThcD spectra, we observed significantly less proline y1 ion
formation, only about 50% of the recorded MS2 spectra, which allows for the
detection and assignment of other fragment ions and hence a better scoring of
the PSMs. This is also reflected in the higher ID rate observed with the EThcD/
HCD DT method.

Taken together, many factors contribute to a lower score for the EndoPro,
illustrating a deeply rooted tryptic bias in proteomic workflows, resulting
in lower PSMs for non-tryptic peptides. This argues especially for a better
optimization of MS methods and search algorithms towards non-tryptic
peptides.

Fragmenting with a C-terminal phosphorylation and phosphosite
localization

Given the large proportion of phosphopeptides that carry their phosphorylation
on the penultimate amino acid of the EndoPro peptide, we hypothesize that
these phosphopeptides may have a negatively charged C-terminus. Again, this
isin sharp contrast to tryptic phosphopeptides, which have a positively charged
C-terminus and for the most part carry their phosphorylation somewhere in the
middle of the peptide. Phosphorylation of the amino acid before the C-terminal
proline seemed to reduce the proline-effect observed for the EndoPro peptides,
resulting in a better fragmentation ion coverage than observed for non-
phosphorylated peptides. In addition, since the EndoPro phosphopeptides
predominantly carry their phosphorylation at the C-terminus, this affects
the probability of having multiple potential phosphorylation sites directly
adjacent to each other. When a phosphorylation site is directly preceding the
Ala/Pro on the C-terminus, there cannot be a second potential phosphorylation
site on that end of the peptide; hence the odds of having many potential sites
side by side on a phosphopeptide are lower than when phosphorylations are
located more towards the middle of a peptide. This could potentially boost
phosphosite localization certainty, especially in peptides that harbor multiple
putative phosphate acceptors, such as Ser, Thr, and Tyr. Since one of the major
remaining issues in phosphoproteomics is the confident assignment of the
exact site of phosphorylation, much computational effort has been invested
in improving fragmentation methods and algorithms to boost confident site
assignments. Knowledge about the natural occurrence of phosphorylation sites
for each used protease, as depicted graphically in Figure 6, can be used to further

83



improve scoring algorithms and boost the confidence in site-localization.

Conclusion

Here, we evaluated EndoPro and show it is a versatile protease with a very
high proline- and alanine-directed specificity. Its activity can be influenced by
adjusting the pH of the digestion buffer, whereby it largely retains its specificity
but seemingly samples a different part of the proteome. By benchmarking its
performance against Trypsin, we observed that over 30% of all unique HeLa
proteins were solely identified by EndoPro, as well as 5705 phosphosites
that were not observed in the tryptic digests, illustrating EndoPro’s high
complementarity to Trypsin. This complementarity allows EndoPro to expand
our coverage of the various proteomes and sheds light on previously dark,
invisible stretches of (phospho)proteins. Since EndoPro clearly outperforms
Trypsin on arginine and lysine rich proteins, we see potential for EndoPro in
studying proteinsinvolved innucleotide and chromatin binding, which are often
enriched in these positively charged amino acids[41]. In addition, the longer
peptides generated by EndoPro and its ability to cleave close to modifications
makes the enzyme an interesting candidate for middle-down approaches
allowing for more combinatorial PTM information[42,43]. Compared to other
alternative proteases, such as LysC, Chymotrypsin, ArgC, EndoPro performs
better and is in our view one of the most complementary alternatives to
Trypsin, due to its completely different activity profile and specificity. It is
rather unique in effectively targeting proline residues in (phospho)proteomics,
that are often causing complications for the other proteases.
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Supplemental Information

Figure S1. Amino acid content of PSMs in different conditions.
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Figure S1 — Amino acid content of PSMs following different digestion conditions.
Complete overview of amino acid content of the peptides generated by EndoPro under
the four evaluated experimental conditions and in orange that for Trypsin. The dashed
line indicated the natural occurrence of that amino acid in the human proteome. The
data shows that the occurence of a particular amino acid in peptides produced can
strongly depend on the digestion conditions and protease employed.
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Figure S2. Extended heatmap of proteome dataset.
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Figure S2 — Extended heatmap op proteome dataset. All identified protein groups with
a sequence coverage difference of 50% or higher of Trypsin (orange) and EndoPro pH =
5.5 1h (purple) were subjected to hierarchical clustering (589 protein groups). For both
experimental conditions, the four technical replicates cluster nicely together.
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Figure S3. Extended heatmap of phosphoproteomics data and assessment of reproducibility.
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Figure S3 — Extended heatmap of the phosphoproteomics data and assessment of
reproducibility. (A) Heatmap showing the coverage of the 13,762 unique phosphosites
across the four EndoPro conditions and Trypsin. (B) Phosphosites identified in minimal
2 out of 3 biological replicates by at least one protease (1628 sites) in Trypsin (orange)
and EndoPro pH = 5.5 1h (purple) were subjected to hierarchical clustering. For both
experimental conditions, the three technical replicates cluster nicely together.
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Figure S4. Phosphosite localization as extracted from the data for all different EndoPro digestion
conditions.
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Figure S4 - Phosphosite localization as extracted from the data for all different
EndoPro digestion conditions: (A) pH =2 1hr, (B) pH =2 ON, (C) pH = 5.5 1hr and (D)
pH = 5.5 ON.
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Table S1 - Search input and outcome characteristics for EndoPro and tryptic digests.

poeae o ST rgmeniaion T2 Be e b o
EndoPro 2 1lhr ETD 38422 18336 9707 1974 48%
EndoPro 2 lhr EThcD/HCD (DT) 53723 19628 9221 1725 37%
EndoPro 2 1lhr HCD 59919 16287 8250 1565 27%
EndoPro 2 ON ETD 37925 17120 9491 1738 45%
EndoPro 2 ON EThcD/HCD (DT) 53328 22350 10779 1620 42%
EndoPro 2 ON HCD 59862 18252 9446 1517 30%
EndoPro 5.5 1hr ETD 38707 21721 12318 2053 56%
EndoPro 5.5 1hr EThcD/HCD (DT) 54822 25385 13034 1899 46%
EndoPro 5.5 1hr HCD 61700 21796 12078 1824 35%
EndoPro 5.5 ON ETD 37405 18723 11238 1741 50%
EndoPro 5.5 ON EThcD/HCD (DT) 55484 22184 12973 1875 40%
EndoPro 5.5 ON HCD 62676 19411 11983 1743 31%
Trypsin 8.5 ON ETD 34688 22998 16373 2377 66%
Trypsin 8.5 ON EThcD/HCD (DT) 63689 43204 28352 3798 68%
Trypsin 8.5 ON HCD 65446 43480 28726 3969 66%
Table S2 - Search input and outcome characteristics for EndoPro and tryptic phosphopeptides.
. . o
protease pH P ragmentation U8 ST amedszo % “oewe b
EndoPro 2 1hr ETD 22132 8839 7239 33% 5006 69%
EndoPro 2 1hr  EThcD/HCD (DT) 29600 10081 8370 28% 5790 69%
EndoPro 2 1hr HCD 36004 6365 4923 14% 4122 84%
EndoPro 2 ON ETD 21475 8297 6515 39% 5272 81%
EndoPro 2 ON EThcD/HCD (DT) 28696 10641 8626 37% 6931 80%
EndoPro 2 ON HCD 37244 6316 4754 17% 4220 89%
EndoPro 5.5 1lhr ETD 21608 10110 8419 39% 6918 82%
EndoPro 5.5 1hr  EThcD/HCD (DT) 29732 10767 9154 31% 7522 82%
EndoPro 5.5 1hr HCD 38681 6928 5640 15% 4966 88%
EndoPro 5.5 ON ETD 22658 9237 7992 41% 6094 76%
EndoPro 5.5 ON EThcD/HCD (DT) 31262 10527 9197 34% 6880 75%
EndoPro 5.5 ON HCD 39454 6606 5469 17% 4693 86%
Trypsin 8.5 ON ETD 22287 11530 10279 52% 7552 73%
Trypsin 8.5 ON EThcD/HCD (DT) 33421 19453 17158 58% 13198 77%
Trypsin 8.5 ON HCD 40933 20519 17496 50% 14569 83%
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Abstract

The actions of a protein are determined by a range of factors, including their
three-dimensional shape. This shape is largely determined by a proteins” amino
acid sequence, the order in which its amino acids are connected. Chemically,
each of these peptidyl bonds can exist in two isomers, cis and trans, both with
a distinct effect on the overall protein shape. Here, we investigate protein
structures listed in the ProteinDataBank (PDB) to evaluate the abundance of cis
peptidyl bonds in the human proteome. Across all amino acid combinations,
we found that 0.35% was present in a cis conformation. Most of these cis
bonds occur preceding proline residues, which are hard to study due to a
lack of isomer specific proteases that cleave at proline. Therefore, we turned
our attention to evaluating the isomer-specificity of EndoPro, a protease that
specifically cleaves C-terminal to prolines. We report that EndoPro does exhibit
isomer-specificity and preferentially cleaves trans-proline residues. Hence, the
protease might be a valuable tool in studying the role of isomer specificity in

biochemical reactions and interactions.
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Introduction

Proteins are a key component of the cell, involved in all essential biochemical
processes required in any given organism. Humans express over 20,000
different proteins, each one comprised of a linear chain of amino acids which
is folded to produce the secondary, tertiary and quaternary structures. The
actions of a protein are determined by a range of factors, such as their three-
dimensional shape, the combination of amino acids used and potential post-
translational modifications (PTMs) present on the proteins surface which can
influence a proteins activity. In humans, primarily 20 different amino acids are
used, each with its own biochemical properties. These amino acids are linked
together in a condensation reaction, producing the peptidyl bond.

Chemically, these peptidyl bonds can exist in two isomers, cis and trans, each
with a different effect on the overall protein shape (Figure 1). However, due
to differences in energy between the two isomers, the lowest energy isomer,
i.e. the trans-isomer, is biologically preferred and results in peptide chains
that are largely linear. An interesting exception to this rule is proline, a cyclic
amino acid that carries a secondary amine in a ring-type side chain, resulting
in a smaller energy difference between the two conformations and hence a
relatively more stable cis-isomer. Due to the rotation across the amide bond, cis-
prolines drastically affect the higher-order structure of a protein, influencing
its function and/or activity[1,2]. Across the human proteome, an estimated
5.2% of all X 5 p-Pro bonds populates the cis-isomer[3].

) R,

cis

180°

Figure 1 - Cis/trans isomerization across a peptidyl bond. A) Delocalization of the
nitrogen lone pair across the carbonyl bond gives rise to a partial double bond character,
restricting the rotational freedom of the C2-N3 bond. Cis (D) and trans (C) conformations
are defined by the angle between C1 and C4, denoted by omega. C) Angles of 0 + 15
degrees are termed cis, those of 180 + 15 degrees are termed trans peptidyl bonds.
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In peptides, the cis/trans equilibrium can be influenced by amino acid
interactions, temperature, pH and solvent; however, the equilibrium in proteins
is harder to alter as the general protein fold can increase the thermodynamic
advantage of a certain isomer over the other. Of course, the two isomers are
not locked and cis/trans isomerization can occur in both proteins and peptides,
albeit that these reactions are generally very slow. The cis-to-trans isomerization
has been determined for short oligopeptides, averaging at one isomerization
every six to twenty minutes[4]. In proteins, the rate of exchange is hard to
determine due to their increased length and structural complexity. Hence, cis/
trans isomerization is a very slow reaction on the biological timescale.

To increase the rate of isomerization, the reaction can be catalyzed by a
wide-range of enzymes called peptidyl-prolyl isomerases (PPlases). Most
PPlIases are involved in catalyzing the cis/trans isomerization reaction directly
following protein translation and are conveniently located near the ER[5,6].
The enzyme Pinl is an interesting exception, believed to be responsible for the
conformational change often following phosphorylation by proline-directed
kinases. Due to the large conformational difference between cis- and trans
isomers, it has been postulated that all kinases are isomer specific, implicating
a crucial role for proline conformation and PPlases in the regulation of protein-
protein interactions and PTMs|7,8]. For a few proteins — not exclusively kinases
— this strong isomer specificity has been demonstrated; Mitogen-activated
protein kinase 1, Cyclin-dependent kinase 2, protein phosphatase 2A and
Chymotrypsin were reported as trans-specific proteins and Ssu72, the RNA
polymerase 2 phosphatase, has been reported to be cis-specific[9-14].

Usually, the involvement of cis/trans isomerization or the isomer specificity of
a certain enzyme is shown using partial degradation or a spectrophotometric
assay, which both depend on the isomer-specific cleavage of the trans isomer
by a trans-specific protease, subtilisin or V8 protease [11,15-19]. Interestingly
though, none of these proteases cleave C- or N-terminally of proline residues,
hence their isomer-specificity depends on the proximity of their cleavage site
to the proline that undergoes cis/trans isomerization. If their cleavage site is not
affected by the conformational change (e.g. because the two sites are separated
in space), their isomer specificity cannot be observed.

To circumvent this spatial dependance of an isomer-specific protease, we
focused our attention on a prolyl endopeptidase purified from Aspergillus
Niger (Endopro, also known as An-PEP), which cleaves directly C-terminal
to proline. EndoPro is commercially available and has found applications in
food industry as well as in proteomics science[20,21]. In addition, the protease
may be beneficial for use in patients suffering from gluten sensitivity, as it
can efficiently degrade these proline-rich peptides[22-27]. Here, we describe
how we evaluated the current status of proline isomer occurrence in human
protein structures, as deposited in the PDB, and evaluate EndoPro for its use to
determine the population of cis-prolines and to assess conformational change.
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Materials & Methods

PDB structures were downloaded January 8th of 2020 and using an in-house
script, information such as organism of origin, structure resolution, the presence
of mutations and the amino acid pairs present in cis conformation were isolated
from each file. All redundant or non-human structures were discarded. To
determine the cis ratio, occurrence of amino acid combinations was determined
using the amino acid sequences included in the PDB structures (i.e. pieces of
protein not expressed for structure determination were not included in the
analysis). Resulting data was plotted using R.

To test protease isomer specificity, several short, synthetic peptides where
selected based on availability in the lab and likelihood of undergoing proline-
directed phosphorylation in vivo. Peptide mixtures were generated as follows.
Peptides were thawed and zip-tipped (u-C18, Millipore) from water (1 mM) to
100% ACN. Tips were wetted with 7 uL ACN, washed with 3x 7 uL H20 with 1%
FA, 7 uL acidified peptide solution was loaded and extraction was performed
in 7 uL ACN. Assuming perfect recovery, peptide concentration in ACN was
1ImM. Vials were spun (15000 rpm, 10 min) to remove any undissolved material,
no precipitate was visible. Peptides were mixed 1:1 and diluted with ACN to
100 uM stock solution. Six peptide mixes were prepared, three were kept in
ACN (referred to as not re-equilibrated) and three were diluted 9-fold in 100
mM Ammonium Acetate buffer (pH 7.5) (referred to as re-equilibrated). Mixes
were stored at 4°C for at least 24 hrs prior to analysis to ensure equilibrium
was reached.

For the cleavage assay, we distinguish re-equilibrated and not re-equilibrated
conditions. For the re-equilibrated peptides, the mix previously 9-fold diluted in
Ammonium Acetate buffer was used. 9uL of the pepide mix was supplemented
with 1 uL 100nM EndoPro solution (DSM) to initiate cleavage. The not re-
equilibrated condition was produced similarly. 100uM peptide stock mix in
ACN was diluted 10-fold using a mixture of 8uL. Ammonium Acetate buffer
and 1 uL 100 nM EndoPro solution, directly initiating cleavage. Note that final
concentrations of peptides, protease and ACN are identical between the two
cleavage conditions. For each timepoint, 0.5 uL was removed from the reaction
mix and diluted 5-fold in ACN to deactivate the protease. Timepoints were
kept on ice prior to analysis.

MS analysis was performed on a QE-UHMR mass spectrometer (Thermo Fisher
Scientific) using in house gold-coated borosilicate capillaries. Standard mass
spectrometer settings were used, including a capillary voltage of 1.3 kV in
positive ion mode, noise level parameter 4.64, AGC off, 10 ms ion injection time,
FT resolution set at 17500, S-lens RF level 200, S-lens voltage 25V, skimmer
voltage 15V, Inject flatapole offset 8V, Bent flatapole DC 6V, Gate lens voltage
4V. No HCD energy was applied. Instrument calibration was performed using
cesium iodide clusters, mass range was set at 500 to 1500 m/z . Extended mass
range was not enabled. Spectra were viewed in Xcalibur Freestyle software
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(Thermo Fisher Scientific) and converted to csv files. Using an in-house R script,
the median intensities of all ions of interest were extracted for each timepoint.
Intensities were normalized to the total intensity for a peptide precursor and
its cleaved product ions per time point. EndoPro activity was analyzed using
Prism (GraphPad), one phase exponential association was fitted to the data.

NMR spectra were recorded at DSM, enabled by Michiel Akeroyd and Peter
Lankhorst, on a Ascend 600 MHz and 700 MHz spectrometer (Bruker),
equipped with a 5 mm cryo probe at several probe-temperatures.

Results

First, we set out to evaluate the prevalence of cis isomers in protein structures. To
do so, we downloaded all protein data bank protein structures and compiled a
database of proteins, which included data on their organism of origin, structure
resolution, the presence of mutations and the amino acid pairs present in cis
conformation. We focused on human proteins and removed all redundant or
mutated protein structures, which resulted in 3203 unique protein structures
corresponding to more than 900000 amino acid pairs.

For each amino acid combination, we calculated the percentage of cis bonds
observed, see Figure 2A and Supplemental Tables 1 and 2. The area of the dot
represents the number of times a combination of amino acids was observed, and
the color indicates the amount of cis bonds found among these observations.
Overall, we found that 25% of the amino acid combinations were never found
in cis, while others, especially pairs containing a C-terminal proline have a
high percentage of cis bonds. See Figure 2B for combinations with a C-terminal
proline. Tyrosine followed by a proline was found 1493 times, almost 15% of
those observations were in cis conformation. This might be surprising as all
other Tyrosine pairs are far less likely to be cis (Figure 2C). In the context of
phosphorylation, the conformation of serine containing amino acid pairs is
quite interesting, see Figure 2D. Serine followed by any amino acid other than
proline is likely to be trans, however, the combination with proline is cis in
more than 1 out of 20 observations and this might have direct implications for
proline-directed phosphorylation. Across all amino acid combinations, 0.35%
was present in a cis conformation.

Since cis-peptidyl bonds are quite abundant, present an estimated two times
in the average protein, the isomer specificity of biology might have far more
influence on the regulation of proteins then it is currently given credit for.

Making the significant observation that cis-Prolines are quite frequently
observed in the deposited human protein structures we next went on to explore
further the Proline directed protease EndoPro/ANPep, and asked the question
whether this enzyme would prefer cleavage around a cis or trans conformation.
To assess if EndoPro preferably cleaves cis or trans prolines, we sought to
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Figure 2 - Frequency of cis/trans peptidyl bonds in the human structural proteome.
A) Overview of the isomerization state of all 400 possible amino acid combination. Dot
size indicates the number of observations made for each amino acid pair, color indicates
the percentage of these observations being cis. B) Bar graph showing the abundance of
the cis conformation for each of the 20 amino acids followed by a proline residue. C) Bar
graph showing the abundance of cis for amino acid pairs with an N-terminal tyrosine.
D) Bar graph showing the abundance of cis for amino acid pairs with an N-terminal
Serine. The number of observations for each combination is shown in the base of the
corresponding bar.

influence the position of cis/trans equilibrium for several proline-containing
peptides without losing control of peptide concentration or temperature, as
changes in these conditions will affect reaction kinetics of the protease. In
addition, high concentrations of salts were also not desirable as those are
expected to interfere with MS analysis.

To this end, we developed an assay where peptides were initially incubated
in acetonitrile and diluted tenfold into aqueous buffer prior to cleavage by
EndoPro. We distinguished two conditions here: one where the peptide was
given time to re-equilibrate to its aqueous conditions and one where cleavage
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was initiated immediately upon dilution. It is important to note that the
conditions during cleavage by Endopro were the same between these two
experimental conditions, the only difference between the two conditions is
whether the peptides have had time to re-equilibrate their cis/trans equilibrium
or not, see Figure 3. During the cleavage reaction aliquots were taken and the
protease was inactivated by a fivefold dilution in ACN, which is sufficient to
inactivate the protease (data not shown).

EndoPro
SH At s
pray
Y Tj MS
. ) 90% AmAc
Peptide mix 10% ACN
T ] re-equilibrated
not re-equilibrated
EndoPro
ACN J
At h spra
77 sy, s
90% AmAc
10% ACN

Figure 3 — Schematic representation of the EndoPro cleavage assay. Peptides were
incubated in acetonitrile to shift their cis/trans equilibrium and diluted directly into
the cleavage reaction buffer (not re-equilibrated) or diluted in aqueous buffer and after
re-equilibration to this aqueous system, EndoPro was added to start cleavage of the
peptides (re-equilibrated).

We chose five short synthetic peptides which were available in the lab and
we suspected were subjected to proline-directed phosphorylation in vivo
containing each a single proline (see Supplemental Table 3) and subjected them
to our assay. We plotted the conversion to cleavage products for each peptide,
see Figure 4. For each condition, we fitted a one phase exponential curve, as
described in the materials and methods section. Re-equilibrated peptides
(shown in orange) had time to shift their cis/trans equilibrium back to as it
supposed to be in aqueous environments prior to the addition of protease, while
not re-equilibrated peptides (shown in purple) were exposed to the protease
directly upon dilution into aqueous buffer. For peptide RVKTPTSQSYR the
exponential curve fit was quite good under both assay conditions (R > 0.86),
revealing a decrease in enzyme activity of around 8-fold upon re-equilibration
to aqueous solvent. Although the curve fit for the other peptides was not as
good, they each showed a similar trend, with longer cleavage times after re-
equilibration to aqueous solvent. Hence, EndoPro reveals a clear preference for
peptides not re-equilibrated to aqueous conditions, which likely stems from a
higher cleavage efficiency towards trans-proline isomers.
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Figure 4 — Cleavage of a range of synthetic peptides by EndoPro. A-E) For each
peptide, formation of the cleavage product is plotted in time. The two assay conditions,
re-equilibrated to the aqueous buffer system and not re-equilibrated, are shown in
orange and purple, respectively. One phase exponential association was fitted to these
data, indicated by the solid lines. For RVKTPTSQSYR, the resulting fit was decent under
both assay conditions (R? > 0.86), revealing a decrease in enzyme activity of 8.3-fold
upon re-equilibration in aqueous buffer. The other peptides did reveal similar trends
and EndoPro digestion of all synthetic peptides was found to be faster without allowing
re-equilibration to aqueous environments. F) Based on one phase exponential fit, the
time required to convert 50% of the peptides to cleavage fragments was estimated.
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Figure 5 - EndoPro cleavage specificity in peptides containing two Pro residues;
RPKPQQFFGLM and RLTPVSPVQH. A,B) The formation of cleavage products for
RPKPQQFFGLM (A) and RLTPVSPVQH (B) were plotted over time. The two assay
conditions, re-equilibrated to the aqueous buffer system and not re-equilibrated, are
shown in orange and purple, respectively. One phase exponential association was fitted
to these data, indicated by the solid lines. For RPKPQQFFGLM, the resulting fit was
decent in both assay conditions (R?>0.87), revealing a decrease in enzyme activity of 5.6-
fold upon re-equilibration in aqueous buffer. C) Analysis of the final cleavage products
revealed a shift in preferred cleavage site for RPKPQQFFGLM. Upon incubation in
acetonitrile cleavage at the first proline appears less favorable, however, these changes
were hardly significant (two-sided t-test, a = 0.05).
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Next, we investigated two peptides with two potential EndoPro cleavage
sites, namely RPKPQQFFGLM and RLTPVSPVQH. Again, curve fitting of
RPKPQQFFGLM (R? > 0.87) revealed a decrease in enzyme activity (5.6-fold)
upon re-equilibration to aqueous solvent. RLTPVSPVQH followed the same
trend, with reduced enzyme activity upon re-equilibration to aqueous buffer
(Figure 5A and B). We observed no clear change in the preferential cleavage
site in RLTPVSPVQH upon incubation in acetonitrile, however, products
of RPKPQQFFGLM did reveal a shift in EndoPro specificity, see Figure 5C.
In aqueous buffer, 36% of the cleavages had occurred C-terminal to the first
proline (i.e. forming KPQQFFGLM as the hydrolysis product), whereas the
not re-equilibrated peptide revealed only 3% of cleavages at this position. This
would suggest that incubation in acetonitrile increases the unfavorable cis
conformation of the first proline residue.

Finally, we set out to determine the position of cis/trans equilibrium for a few
of the studied peptides in acetonitrile and deuterated water, see Figure 6.
Unfortunately, due to a limited solubility of these peptides in pure acetonitrile,
NMR spectra had to be recorded in 50/50 v/v ACN/D,O mixtures, making it
impossible to directly compare equilibrium positions of the peptides with the
cleavage conditions used in our MS assay. Nonetheless, for all peptides accept
RPKPQQFFGLM, addition of organic solvent increased the trans-isomer of
the proline undergoing cleavage by EndoPro. For RPKPQQFFGLM, however,
NMR data on the first proline shows a shift towards the cis-isomer upon the
addition of ACN, which is in line with the decrease in cleavage by EndoPro
observed at this position. Taken together, these data suggest that EndoPro
favors the cleavage of trans-proline peptidyl bonds.

Percentual change in cis/trans equilibrium position upon incubation in ACN

RVKTPTSQSYR

RPKPQQFFGLM
EKLTPTSKQL

RLTPVSAVQH

8 6 4 2 0 2 4 6 8 %

-a— shift towards cis shift towards trans —»

Figure 6 — Change in cis/trans equilibrium upon incubation in acetonitrile. Percentual
change of the trans isomer was calculated from NMR measurements of individual
peptides in D,O and 50/50 D,O/ACN, except for RVKTPTSQSYR, which was analyzed in
D,0O and 90/10 ACN/D,O. Measurements were performed at 300K. For RPKPQQFFGLM,
the change for the first proline was plotted.
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Discussion

Here we describe that cis/trans isomerization is present in human proteins with
an average of 1 cis every 286 peptidyl bonds in the PDB structures of human
proteins. Most of the cis bonds we identified occur N-terminal to a proline
residue, but we also observe non-proline cis bonds. Our analysis extend on,
but is also in agreement with, previous publications[28,29]. Some older studies
show decent agreement with our data, but as less proteins structure could then
be assessed they were limited in the number of observations for each peptide
pair. For example, Steward et al. found no cis W-P bonds in their PDB analysis,
but their data set only contained 16 observations for this peptide pair, where
we observed these cis W-P bonds more than 400 times[29]. The substantial
discrepancy in sample size is a likely explanation for the differences observed.

The true abundance of cis bonds in the human proteome might be significantly
higher, as our analysis is likely biased towards favoring trans due to at least
three reasons. Firstly, the PDB structures often do not contain coordinates for
small, flexible loops occurring in proteins leaving a gap in the protein. For such
a gap no information on any cis bonds is available, yet we do count these amino
acid pairs in our normalization set because we count all peptide pairs between
the start and end of the sequence used for structure determination. Secondly,
only proteins with a PDB structure reported can be considered, which means
we have a biased subset of less flexible proteins in our analysis. Finally, we
counted all instances of cis bonds between peptide pairs, meaning an omega
rotation of around 0 degrees (see Figure 1) and normalize these to the number
of observations for each corresponding amino acid pair. Consequently, all
other, potentially unusual omega rotations are showing up as trans. Therefore,
we expect our analysis to be a lower indication of the actual abundance of cis
peptidyl bonds across the human proteome.

If we look across said human proteome, the average protein length is 560 amino
acids, which means we should expect about on average 2 cis peptidyl bonds
in each human protein. Thus, cis/trans isomerization is expected to affect all
human proteins of decent size and is likely to be very abundant in proline-rich
members of the human proteome. We found that peptidyl bonds preceding a
proline were in cis-conformation in 4.5% of the observations, with aromatic
residues showing a higher preference for cis when followed by a proline than
any of the other amino acids. This stronger tendency towards cis for aromatic
amino acids preceding prolines has been attributed to their electron-donating
properties[30]. Serine and threonine followed by a proline are cis in about 5.6%
and 2.3% of the occurrences, respectively. Phosphorylation of these residues is
reported to slow down cis/trans isomerization significantly and was postulated
to fix the equilibrium in one of the two conformations[8,31]. This interplay
between phosphorylation and cis/trans isomerization could mean that proline-
directed phosphorylation is a far more complex form of protein regulation,
with a potential of four subsets of conformations for a given site in a protein
compared to the two subsets considered in classical phosphorylation events.
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One of the most direct ways to investigate cis/trans isomerization is by NMR and
many early works focusing on cis/trans isomerization and its kinetics have been
done using NMR. Here, we tried to use NMR to assess the direction of change
induced by incubation in ACN, however, substantial differences between NMR
and mass spectrometry led to discrepancies, making it impossible to directly
compare these two sets of data. As our cleavage assays were optimized for
mass spectrometric detection of peptides and products, they rely on a volatile
buffer at pH 7.5 for digestion and use only low concentrations of peptide
which are pre-incubated in 100% ACN. These conditions, however, were not
compatible with NMR, as the technique is less sensitive. It required higher
concentrations of the peptides, which were impossible to achieve in 100% ACN
due to limited peptide solubility. Hence, NMR measurements shown here were
performed at much higher peptide concentrations and at lower concentration
of organic solvent. Previous studies have indicated that trace amounts of water
can drastically influence the conformational equilibrium [32]. Therefore, the
shifts observed for these peptides likely do not encompass the shifts achieved
in the assay.

Regardless of the uncertainty in the amount of equilibrium shift, these
experiments show that the cis/trans equilibrium of the investigated peptides is
affected by incubation in organic solvent. Furthermore, our EndoPro digestion
assay reveals a clear memory effect induced by this incubation in acetonitrile.
Since cis/trans isomerization is the rate limiting step in conformational changes
and folding[2,33], it is likely the source of the differences in peptide cleavage
kinetics we observed here. Since pH is known to affect the position cis/trans
equilibrium, this isomer-specificity might also explain the double activity
optimum previously reported for EndoPro[34].

Conclusion

Overall, we observe a clear perturbation of the cis/trans equilibrium upon
incubation of peptides in acetonitrile and a large effect of re-equilibration of
these peptides on the cleavage kinetics of EndoPro. Hence, EndoPro likely
does prefer to cleave C-terminal to trans proline, which would be in line with
reports for other isomer-specific proteases. Since EndoPro directly cleaves
C-terminal to proline, it would have a clear advantage over other currently
reported isomer-specific proteases. However, its utility in partial digestion
experiments on intact proteins remains to be confirmed to further investigate
EndoPro as a tool for studying isomer-specificity in biology.
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Supplemental Table 1 - Occurence of different am

across the human proteome.

C-terminal Amino Acid

A C D E F G H 1 K L M N P Q R S T \4 w Y
1618 | 743 | 1664 | 1849 | 1400 | 1944 | 793 | 1710 | 1673 | 3045 | 725 | 1358 | 1493 | 1316 | 1774 | 2076 | 1839 | 1876 | 437 | 1196
745 | 284 | 709 | 1036 | 454 | 786 | 349 | 636 | 862 | 1153 | 394 | 708 | 494 | 532 | 632 | 993 | 731 | 703 | 181 | 506
4027 | 1422 | 3318 | 3907 | 2570 | 3545 | 1578 | 3119 | 3731 | 5777 | 1272 | 2317 | 2831 | 2440 | 2860 | 3881 | 4036 | 4116 | 865 | 1950
3054 | 1112 | 2440 | 2943 | 2165 | 3270 | 1184 | 2442 | 2419 | 4751 | 966 | 1712 | 2611 | 1912 | 2093 | 3015 | 2248 | 3791 | 737 | 1761
3700 | 1306 | 3117 | 3593 | 2656 | 4284 | 1381 | 2830 | 3229 | 5915 | 1131 | 2455 | 3183 | 2485 | 2952 | 4598 | 2943 | 3941 | 1024 | 1984
2889 | 994 | 2680 | 3126 | 1911 | 2861 | 1143 | 2528 | 2797 | 4412 | 1001 | 2040 | 2247 | 1832 | 2569 | 2657 | 2217 | 3068 | 650 | 1575
2611 | 754 | 2019 | 2889 | 1434 | 2371 | 1012 | 2091 | 2259 | 4048 | 851 | 1566 | 1793 | 1770 | 1962 | 2155 | 1663 | 2601 | 664 | 1308
2979 | 882 | 2749 | 4059 | 1879 | 3419 | 1091 | 1908 | 2478 | 3895 | 748 | 1926 | 3210 | 1942 | 2251 | 3384 | 2197 | 3152 | 776 | 1452
M 1969 | 813 | 1589 | 2175 | 1766 | 2509 | 961 | 2359 | 2174 | 3776 | 848 | 1590 | 2250 | 1412 | 1702 | 2275 | 1853 | 2391 | 641 | 1453
o
m 1618 | 380 | 1203 | 1715 | 744 | 1208 | 454 | 855 | 1361 | 1837 | 438 | 848 | 881 | 708 | 871 | 1219 | 1037 | 1459 | 266 | 602
m 56066 | 1761 | 4697 | 6012 | 3153 | 5204 | 2444 | 3633 | 5773 | 8568 | 1832 | 3476 | 4442 | 4432 | 5144 | 5936 | 4648 | 5386 | 1086 | 2783
Wm 3567 | 1078 | 3271 | 4229 | 2076 | 3331 | 1307 | 3150 | 3755 | 4944 | 1220 | 2354 | 2628 | 2089 | 2482 | 3021 | 2600 | 3746 | 711 | 1947
2694 | 1048 | 2363 | 2688 | 1926 | 2619 | 1389 | 2517 | 2995 | 4484 | 998 | 2059 | 2599 | 2253 | 2357 | 3333 | 2712 | 2805 | 604 | 1522
1155 | 656 | 900 | 1182 | 1143 | 1524 | 629 | 1346 | 1093 | 2370 | 493 | 937 | 1529 | 1018 | 1393 | 1598 | 1106 | 1456 | 404 | 935
3642 | 1170 | 3166 | 3778 | 2546 | 4011 | 1477 | 2981 | 3751 | 5046 | 1340 | 2310 | 2791 | 2418 | 3050 | 4205 | 3584 | 3610 | 775 | 2015
2046 | 795 | 2118 | 2275 | 1463 | 2593 | 1059 | 1761 | 1921 | 3896 | 704 | 1512 | 2140 | 1925 | 2024 | 2856 | 2217 | 2283 | 486 | 1470
4308 | 1223 | 3752 | 5349 | 2448 | 3733 | 1438 | 3314 | 4334 | 5625 | 1468 | 2883 | 2532 | 2348 | 3003 | 3246 | 2747 | 4387 | 842 | 2026
2717 | 1091 | 2467 | 3124 | 2753 | 3237 | 1242 | 3041 | 2668 | 4970 | 1041 | 1827 | 2852 | 1741 | 2143 | 3082 | 2257 | 3369 | 707 | 1815
1112 | 408 | 1075 | 1124 | 697 | 1299 | 607 | 947 | 1127|1842 | 323 | 732 | 1185 | 950 | 1091 | 1390 | 1034 | 1180 | 315 | 626
4564 | 1170 | 2882 | 3976 | 2419 | 3883 | 1380 | 2831 | 3198 | 5838 | 1235 | 1932 | 2739 | 2307 | 2925 | 3801 | 2981 | 4287 | 726 | 1656
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Supplemental Table 2 - Ratio of cis-bonds over total occurences

C-terminal Amino Acid

A C D E F G H I K L M N P Q R S T \4 w Y
0.00% | 0.00% | 0.06% | 0.05% | 0.21% | 0.41% | 0.00% | 0.12% | 0.18% | 0.10% | 0.00% | 0.22% | 14.07% | 0.00% | 0.17% | 0.10% | 0.00% | 0.00% | 0.00% | 0.00%
0.54% | 0.35% | 0.00% | 0.29% | 0.22% | 0.13% | 0.00% | 0.00% | 0.00% | 0.00% | 0.00% | 0.14% | 8.91% | 0.00% | 0.00% | 0.30% | 0.00% | 0.00% | 0.00% | 0.00%
0.05% | 0.07% | 0.09% | 0.05% | 0.00% | 0.20% | 0.06% | 0.03% | 0.03% | 0.10% | 0.08% | 0.17% | 3.25% | 0.04% | 0.07% | 0.03% | 0.02% | 0.05% | 0.00% | 0.05%
0.10% | 0.00% | 0.20% | 0.10% | 0.00% | 0.40% | 0.25% | 0.00% | 0.17% | 0.04% | 0.00% | 0.12% | 2.34% | 0.00% | 0.10% | 0.10% | 0.00% | 0.03% | 0.00% | 0.06%
0.08% | 0.08% | 0.10% | 0.19% | 0.00% | 0.35% | 0.29% | 0.07% | 0.03% | 0.08% | 0.09% | 0.37% | 5.59% | 0.28% | 0.07% | 0.26% | 0.17% | 0.03% | 0.10% | 0.30%
0.03% | 0.10% | 0.37% | 0.19% | 0.00% | 0.38% | 0.09% | 0.08% | 0.07% | 0.05% | 0.20% | 0.15% | 3.56% | 0.05% | 0.04% | 0.15% | 0.05% | 0.00% | 0.00% | 0.00%
0.08% | 0.00% | 0.25% | 0.07% | 0.21% | 0.17% | 0.10% | 0.00% | 0.09% | 0.07% | 0.00% | 0.19% | 3.90% | 0.17% | 0.10% | 0.14% | 0.18% | 0.08% | 0.00% | 0.00%
0.20% | 0.11% | 0.07% | 0.27% | 0.05% | 0.67% | 0.18% | 0.00% | 0.32% | 0.08% | 0.00% | 0.10% | 4.05% | 0.31% | 0.22% | 0.12% | 0.32% | 0.16% | 0.13% | 0.28%
M 0.15% | 0.37% | 0.00% | 0.23% | 0.06% | 0.16% | 0.21% | 0.04% | 0.14% | 0.00% | 0.00% | 0.13% | 4.58% | 0.14% | 0.18% | 0.04% | 0.00% | 0.08% | 0.00% | 0.14%
o
“nm 0.12% | 0.00% | 0.00% | 0.06% | 0.00% | 0.50% | 0.00% | 0.00% | 0.07% | 0.05% | 0.00% | 0.35% | 2.50% | 0.00% | 0.00% | 0.33% | 0.00% | 0.14% | 0.00% | 0.00%
m 0.04% | 0.06% | 0.13% | 0.10% | 0.00% | 0.21% | 0.00% | 0.00% | 0.09% | 0.01% | 0.05% | 0.00% | 3.04% | 0.02% | 0.02% | 0.05% | 0.09% | 0.02% | 0.18% | 0.04%
W 0.14% | 0.09% | 0.24% | 0.05% | 0.10% | 0.42% | 0.08% | 0.03% | 0.11% | 0.04% | 0.00% | 0.08% | 3.58% | 0.19% | 0.16% | 0.03% | 0.04% | 0.05% | 0.14% | 0.15%
0.07% | 0.00% | 0.04% | 0.00% | 0.00% | 0.19% | 0.00% | 0.00% | 0.03% | 0.02% | 0.20% | 0.15% | 2.69% | 0.00% | 0.00% | 0.00% | 0.04% | 0.11% | 0.00% | 0.00%
0.00% | 0.46% | 0.22% | 0.00% | 0.00% | 0.33% | 0.32% | 0.07% | 0.18% | 0.04% | 0.20% | 0.00% | 3.40% | 0.10% | 0.07% | 0.19% | 0.09% | 0.00% | 0.00% | 0.00%
0.33% | 0.26% | 0.32% | 0.29% | 0.20% | 0.97% | 0.27% | 0.10% | 0.29% | 0.14% | 0.07% | 0.48% | 6.84% | 0.21% | 0.33% | 0.36% | 0.14% | 0.25% | 0.00% | 0.15%
0.05% | 0.13% | 0.19% | 0.04% | 0.07% | 0.39% | 0.00% | 0.00% | 0.05% | 0.03% | 0.00% | 0.00% | 6.68% | 0.00% | 0.00% | 0.14% | 0.09% | 0.09% | 0.00% | 0.07%
0.00% | 0.00% | 0.19% | 0.09% | 0.12% | 0.54% | 0.21% | 0.00% | 0.16% | 0.02% | 0.07% | 0.21% | 7.23% | 0.04% | 0.10% | 0.12% | 0.07% | 0.07% | 0.00% | 0.15%
0.07% | 0.18% | 0.28% | 0.16% | 0.11% | 0.43% | 0.08% | 0.00% | 0.15% | 0.08% | 0.29% | 0.33% | 3.09% | 0.34% | 0.09% | 0.26% | 0.04% | 0.00% | 0.14% | 0.00%
0.00% | 0.49% | 0.28% | 0.00% | 0.14% | 0.08% | 0.33% | 0.00% | 0.00% | 0.11% | 0.00% | 0.14% | 2.87% | 0.21% | 0.09% | 0.00% | 0.00% | 0.00% | 0.00% | 0.32%
0.04% | 0.17% | 0.14% | 0.08% | 0.04% | 0.41% | 0.07% | 0.00% | 0.09% | 0.03% | 0.24% | 0.16% | 3.58% | 0.17% | 0.14% | 0.18% | 0.03% | 0.05% | 0.00% | 0.06%
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Supplemental Table 3 - Synthetic peptides used in the EndoPro digestion
assays. Modifications as listed in the phosphosite and/or Uniprot database

[35,36].
Peptide Sequence Corresponding Protein Uniprot ID | AA index Modifications | Remarks
RVKTPTSQSYR Zinc Finger Protein 281 QI9Y2X9 885 - 895 K887-ub
T888-p
S891-gl
LASPSSAGEFK Spindle apparatus protein | P45970 742 -752 S744-p
lin-5
RLTPVSPVQH DNA-binding protein Q2KHR2 1023 -1032 T1025-p Second proline was substituted
RLTPVSAVQH REX7 51028-p by alanine in initial
experiments
EKLTPTSKQL WD repeat-containing Q8IWAO 675 - 684 K676-ub
protein 75 T678-p
T680-p
K682-ub
EKTPVSGSLK THO complex subunit 2 Q8NI27 1383-1392 | T1385-p
S1388-p
S1390-p
RPKPQQFFGLM TKN1_HUMAN P20366 57-68 K60-ac Not  included in initial
experiments
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Introduction

As we have seen in the previous chapters, all amino acids exhibit some extent
of double bond character around their peptidyl bonds to other amino acids.
Because of this double bond behavior, the carbon-nitrogen bond is restricted
in its rotational freedom and the peptidyl bond can exist in two isoforms: cis or
trans. In Chapter 4, we established that this double bond character is especially
strong N-terminal to proline residues, due to their more basic, tertiary nitrogen
atom. Therefore, peptidyl-proline bonds are found in the cis conformation
more frequently than any other amino acid combination.

In human biology, the cis/trans isomerization around prolines is often the rate
limiting step in protein folding[1,2]. Uncatalyzed isomerization is extremely
slow on a biological timescale, with a rate constant in the order of 0.002 s1[3].
To overcome this, the human proteome contains a whole arsenal of peptidyl-
prolyl isomerases (PPlases). These proteins catalyze the cis/trans isomerization
of peptidyl-prolyl bonds present in their substrates. Generally, PPlases are
divided into three families: cyclophilins, FP-504 binding proteins (FPBPs) and
parvulins, all with a similar PPlase-domain[4-8].

In addition to protein folding, prolines play an important role in protein
phosphorylation. Human kinases tend to target (i.e. cyclin-dependent
kinases and mitogen-associated protein kinases) or disfavor (i.e. calmodulin-
dependent protein kinase) prolines in their phosphorylation motifs[9-11].
Interestingly, these two proline-centered effects can also be combined to
enhance the sophistication of the regulation of phosphorylated proteins. For
example, studies on kinase and phosphatase specificity have revealed that
these enzymes can have a clear preference for either the cis or the trans proline
isomer of their substrate proteins[12-14]. Furthermore, phosphorylation of the
serine or threonine residue preceding proline was shown to drastically reduce
the rate of cis/trans isomerization, effectively locking the proline in the isomeric
state it was phosphorylated in[15].

Once the residue preceding proline is phosphorylated, most of the conventional
PPlases can no longer act on that particular proline site. This is where the
protein Pinl comes into play. Pinl is a small, 18kDa protein that contains a
WW-domain and a PPlase domain, which are connected by a flexible linker
(Figure 1). Relying on its WW-domain, Pinl has been shown to preferentially
bind Ser-Pro and Thr-Pro motifs in substrate proteins in a phosphorylation-
dependent manner[16]. Simply stated: once the residue preceding proline is
phosphorylated, regular PPlases can no longer act, but the resulting motif is
specifically targeted by Pinl and this interaction can catalyze a conformational
change in the substrate[17,18].

Due to this unique function, Pinl has been studied quite extensively. Using
KOs, it was observed that Pinl is essential in some organisms, however, not

all organisms fully depend on the presence of Pinl, indicating some form of
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redundancy[19-21]. Pin1 is regulated by phosphorylation and both inhibitory
and activating effects have been reported, depending on the residue that is
modified[22,23]. For example, phosphorylation on serine-16 and serine-71 have
been reported to inhibit Pinl, likely because it prevents the phosphorylation-
specific binding of substrates to the WW-domain and PPlase domain,
respectively. In contrast, phosphorylation of Pinl serine-65 was reported to
extend protein life time by preventing ubiquitination-driven proteasomal
degradation[24]. The protein has been connected to many pathologies,
including multiple neurodegenerative disorders and cancers[25-29].

Despite all of these works, the exact mechanism of action for Pin1 is not yet fully
understood. Mutational studies have been performed to evaluate theimportance

1 39 50 163

Figure 1- The Structural model of Pin1, highlighting its WW-domain that binds Ser-Pro
and Thr-Pro in a phosphorylation-dependent manner in purple and a PPlase domain
responsible for catalyzing its substrates cis/trans isomerization in orange[22,26-28].

Figure adapted from [28].
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of certain amino acids in the protein for its PPlase activity, however, none
of the mutations resulted in a fully deactivated Pinl protein[30-32]. Adding
to the complexity: small levels of PPlase activity were demonstrated simply
by generating an appropriately sized cavity within unrelated proteins[33].
Hence, PPlase activity might be the result of binding and releasing, essentially
reshuffling the peptidyl-prolyl conformations of target proteins, rather than a
chemical reaction occurring in a PPlase active site[34].

Inaddition tothe uncertainty surrounding the PPIase domain and its mechanism,
the relation between Pinl’s WW-domain and its PPlase domain is also unclear.
Several studies have determined that binding events on one domain induce
structural changes in the other, indicating allosteric modulation between the
two domains across the flexible linker[35-37]. To date, four main hypotheses
have been reported surrounding the mechanism of action for the two domains
of Pin1, which have been nicely summarized in a recent review[38].

In short, the WW-domain may bind substrates on phosphorylated serine/
threonine proline motifs, allowing the PPIase domain to act on a second proline
or occupy and isomerize the proline initially bound to the WW-domain[39,40].
A variation on this is the simultaneous binding mechanism, where the WW
domain and PPlase domain bind two separate serine/threonine proline sites
on the same protein at the same time. Alternatively, the WW domain may bind
an active proline-directed kinase, ensuring that the PPlase domain of Pinl
is close to any newly phosphorylated serine/threonine proline motifs on the
enzymes substrates[41]. Finally, the WW domain may bind any trans serine/
threonine proline motifs on the substrate to stabilize the trans isomer. Should
the substrate be in the cis isoform, the PPlase domain catalyzes the cis-to-
trans isomerization prior to stabilization through binding of the WW domain
occurs[42-44]. Which of these mechanisms is correct, or whether several of
these may occur in parallel, remains to be elucidated.

In this study, we set out to develop an affinity-based pull-down to evaluate Pin1
interactors. In future work, the approach could also be used to assess substrates
of the two Pinl domains separately, or investigate PTM-dependent interactors
based on phosphorylations on various sites or other protein modifications.
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Materials and Methods

Expression of Pinl

E. Coli BL21DE3 transformed with his-tagged Pinl were used to inoculate 5 mL
LB with ampicillin (100 ug/mL). The bacteria were cultured ON at 37 degrees
Celsius, while shaking at 220 rpm. The following morning, cultures were
diluted 10x and OD600 was monitored. At OD600 = 0.960, 400 uL of culture was
diluted into 400 mL of auto induction media and 400 mL of LB with ampicillin
and left shaking at 37 degrees Celsius, 220 rpm ON. Bacteria were pelleted by
centrifugation and pellets were stored at -80 degrees Celsius until use.

Preparation of beads

A pellet from 30 mL bacterial culture with and without His-Pinl expression
was thawed on ice and resuspended in 10 mL E. Coli lysis buffer consisting of
50 mM HEPES, pH 7.5, 50 mM NaCl and 1mM TCEP with EDTA free protease
inhibitors (Complete Mini, Roche). Suspensions were sonicated on ice (cycle
0.6, amplitude 70%, 5 rounds of 1 min with breaks) and subsequently spun
down (14000 rpm, 4 degrees Celsius, 30 min) to remove cell debris. A 30 puL
aliquot was kept on ice for analysis of bead loading.

Next, 250 pL 50% Ni sepharose beads slurry (Merck) was washed twice with
1 mL milliQ water followed by three washes with ImL E. Coli lysis buffer
each. Vials were spun down between wash steps (500 x g, 3 min, RT) and
supernatant was removed. After washing, a 50% slurry was prepared in E. Coli
lysis buffer and 200 uL of 50% beads slurry was added to E. Coli lysate with
Pin1 expression, whereas 50 puL beads slurry were added to lysate without Pinl
expression. Rotated head over head at 4 degrees Celsius ON to allow binding
of Pin1 to nickel resin.

The next morning, beads were spun down (500 x g, 5 min, 4 degrees Celsius)
and supernatant was removed (30 uL aliquot was kept for analysis). Beads
were washed twice with 1 mL E. Coli lysis buffer, once with 1 mL high salt
(50mM HEPES, pH=7.5, 300 mM NaCl and 1 mM TCEP, Complete Mini, EDTA
free protease inhibitors) and twice with 1 mL E. Coli lysis buffer.

A50% slurry of beads was made using E. Colilysis buffer and the Pin1 containing
beads were split in two conditions, either subjected to phosphorylation or
not. To each vial, 2 uL PKAc (~40 uM) was added. To phosphorylate Pin1, 2
ul MgATP (100 mM) was added, for the unphosphorylated conditions, 2 uL
milliQ water was used instead. Vials were incubated for 6 hrs at 30 degrees
Celsius, while shaking at 1000 rpm. Thereafter, beads were pelleted (500 x g,
4 degrees C, 3 min) and supernatant was removed. Next, beads were washed
three times with ImL binding buffer (50 mM Trizma preset pH 7.4, 50 mM
NaCl, Complete Mini EDTA free protease inhibitors, PHOSstop phosphatase
inhibitors [Roche]) to remove any residual kinase or ATP. Beads were diluted
to a 25 % slurry for the pull-down experiment.
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Assessment of bead loading

10.5 uL SDS buffer (1.5% SDS in milliQ water) was added to 6 pL of each 25%
bead slurry and heated to 95 degrees Celsius for 10 min, 1000 rpm. Spin down
and transfer supernatant to a new tube. Add 10 uL 4x loading buffer (Bio-Rad,
info) supplemented with SDS to each lysate or flowthrough sample vial (30 uL)
and 5 pL to boiled bead samples (~15 uL). Samples were heated (96 degrees
C, 5 min, 300 rpm) and spun down with a tabletop centrifuge. For the lysate
samples 25 uL was loaded on the gel, for protein samples from beads all 20 pL
was loaded. SDS-Page was performed using the Bio-Rad gel system, XT sample
buffer 4x and XT MOPS running buffer and Criterion XT gels (4-12% Bis-Tris)
in combination with Imperial Protein Stain (Thermo Fisher Scientific).

Pull-down experiment

HEK293T cell pellet (obtained from D. Fasci) was diluted 5x in PBS lysis
buffer (Phosphate buffered saline, Complete mini EDTA free protease
inhibitors[Roche], 0.5% TX100, Phosphatase inhibitors [Roche]) and left on
ice for approximately 20 minutes to lyse. Lysate was split across Eppendorf
tubes and spun down (14000 rpm, 4 degrees Celsius, 40 min). Supernatant was
pooled and protein concentration was estimated using a BCA kit (info). Lysate
was diluted with PBS lysis buffer to 1.5 mg/mL protein concentration. Four
Eppendorf vials were filled with 1.2 mL HEK293T lysate each and 6 uL of 25%
bead slurry was added. Beads were either not incubated in E. Coli background
(no BG), incubated in E. Coli background without Pinl expression, incubated
in E. Coli with Pinl but not phosphorylated or incubated with E. Coli lysate
containing Pinl and phosphorylated. Lysates with beads were left to rotate
head over head at 4 degrees Celsius ON.

Beads were spun down (500 x g, 4 degrees Celsius, 3 min) and supernatant was
removed. Beads were washed with 3x 1 mL binding buffer. Next, 20 puL elution
1 buffer (§M Urea in 50 mM Ammonium Bicarbonate, pH = 8) was added to each
vial and they were left rotating head over head at RT for 30 min. Vials were
spun down (500 x g, 4 degrees Celsius, 3 min), supernatant was transferred to
a new vial and beads were resuspended in another 20 pL elution 1 buffer, left
to rotate at RT for 30 minutes and were spun down again (500 x g, 4 degrees
Celsius, 3 min). Supernatant was stored in a separate vial.

Next, beads were resuspended in 20 pL elution 2 buffer (8M Urea in 50 mM
Ammonium Bicarbonate, pH = 8, 250 mM imidazole, freshly prepared and
kept in the dark) and rotated head over head at RT for 30 minutes. Vials were
spun down (500 x g, 4 degrees Celsius, 3 min) and supernatant was transferred
to a new vial, supplemented with 20 puL elution 1 buffer to reduce imidazole
concentration.

Reduction, alkylation and digestion

A 20 mM DTT stock was freshly prepared by dissolving 2 mg DTT in 650 uL
50 mM Ammonium Bicarbonate buffer and 10 uL was added to each vial and
incubated at 60 degrees Celsius, 300 rpm for 1 hr. Next, a 40 mM IAA stock
was freshly prepared by dissolving 2 mg IAA in 270 uL 50 mM Ammonium
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bicarbonate buffer. Subsequently, 10 pL was added to each vial and incubated
for 30 min in the dark (RT). Finally, another 10 uL of 20 mM DTT stock was
added to each vial to quench the IAA.

LysC stock was thawed and diluted in 50 mM Ammonium Bicarbonate to 0.2
pg/uL. 3 puL of the protease was added to each vial and incubated at 37 degrees
C for 4 hrs. Next, 87 uL 50 mM Ammonium Bicarbonate buffer was added to
reduce the urea concentration to 2M and 0.6 ug Trypsin in 50 mM ammonium
carbonate buffer was added to each vial. Samples were incubated at 37 degrees
CON.

Peptide cleanup

Stage tips were prepared using a C18 paper plug and 30 uL ReproSil (C18, 3
uM particles) 25% slurry, tips were spun at 500 x g for 10 min to pack (RT).
Columns were washed with 50 uL ACN, 2x 50 uL B (80% ACN, 0.6% Acetic
Acid) and 2x 50 pL A (99.4% water, 0.6% Acetic Acid). Samples were acidified
to pH 2 using FA and loaded on the tips. Peptides were washed with 2x 100
uL A and finally eluted in 50 pL B. Eluent solvents were removed in speedvac
(SPD, Thermo Savant) and vials were stored at -20 degrees Celsius prior to
analysis.

LCMS analysis

Upon analysis, vials were thawed on ice and resuspended in 20 uL 10% FA and
spun down (14000 rpm, 10 min, 4 degrees Celsius). 1 uL sample was diluted in
49 uL 10% FA and 2 pL was injected. LC-MS/MS analysis was performed using
an Agilent 1290 Infinity System (Agilent Technologies) in combination with
a Q Exactive Biopharma (Thermo Fisher Scientific). Nanoflow RP separation
was carried out using a 2 cm trap column (100 uM ID) packed with ReproSil
C18 material (3 uM particles), followed by a 50 cm analytical column (75 uM
ID, packed with PoroShell 120 EC-C18, 2.7 uM particles) and a 120-minute
gradient. Mobile phases consisted of 0.1% FA in water (A) and 0.1% FA and 80%
ACN (B). MS analysis was performed using standard settings: 60k resolution
for full MS, 3e6 AGC target, 375 — 1600 m/z scan range. Top 12 MS/MS were
performed relying on a 1e5 Intensity threshold, 1.4 m/z isolation window and
NCE =27 with a 30k resolution. Unknown, singly and excessively (5-8) charged
species were excluded. Dynamic exclusion of 16 seconds was used.
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Results and discussion

To set up a method to identify proteins interacting with Pinl and distinguish
proteins acting on Pinl (i.e. Pinl being their substrate) from protein substrates
of Pin1, we performed pull-down experiments with Pin1 or negatively regulated
Pinl protein coupled to nickel beads via a histidine tag, followed by MS-based
protein identification. We compared Pinl with serine-16 phosphorylated
Pinl, carrying an inhibitory phosphorylation which prevents substrates from
binding to the Pin1 WW domain. Unloaded beads were included to control for
nonspecific binding to the nickel beads. An interesting aspect of this approach
is that the bait protein can be characterized after the pull-down, so in theory it
would be possible to compare the effect of different PTMs on the bait protein
and its interactors. See Figure 2 for an illustration of the method and Figure 3
for a schematic overview of the pull-down experiment.
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Figure 2 - Principle of pull-down method. A) Illustration of Pinl native MS spectrum
after elution from beads. B) Illustration of singly phosphorylated Pinl native MS
spectrum. C) Expected distribution of various interactors. Proteins may prefer
interaction with unmodified Pinl (blue area) or they may prefer interaction with
the singly phosphorylated proteoform (red area). Finally, proteins may not have a
preference, indicating that they are likely interacting with a different area of Pinl or
perhaps acting on Pin1 instead of being a substrate of Pinl.

Proteins in the input lysate and the main elution steps were separated using
SDS-PAGE and Coomassie stained for a visual comparison of the different
conditions. Despite multiple washing steps, unfolding of proteins on beads
containing Pinl shows the release of a significant portion of Pinl protein
(Figure 4). As the histidine tag interaction with nickel should remain intact
under denaturing conditions, this might indicate that Pinl has affinity for
binding other Pinl proteins. If that is the case, many of the available substrate
binding sites may have been occupied due to the high concentration of Pin1 in
the E. Coli lysate.

Dissociation of the bound Pinl fraction using imidazole not only released a
large quantity of bound Pinl but also showed residual binding of proteins,
including NONO (Q15233) and Transcriptional repressor protein YY1
(P25490), to the beads. No clear differences between Pinl-bound beads and
phosphorylated Pinl-bound beads could be observed, however, indicating that
these other proteins might lead to some binding events unspecific to Pinl but
they are unlikely to lead to differences between these two conditions. Note
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that the background of proteins binding to empty beads is high and similar
with or without E. Coli background incubation (i.e. likely stems from the
HEK293T incubation step). Since the mass spectrometer has both speed and
resolving power, the presence of such a high background was not expected to
seriously hinder the identification of interactors, however, it might reduce our
sensitivity. Therefore, further steps to reduce nonspecific interactions might be
worth evaluating.

Spin down

Ni beads without Pin1

'

Ni beads saturated w. His-Pin1

s | | [

Ni beads saturated w. His-phospho-Pin1

'

? — ? ? ? ?

Remove
non-specific
interactions

Wash beads 3x

Figure 3 - Schematic overview of the Pin1 pulldown experiment. A lysate was prepared
from HEK293T cells and three types of beads, namely unloaded, Pin1 or phospho-Pinl,
were incubated with lysate ON while rotating head over head at 4 degrees Celsius.
Specific and nonspecific interactors where eluted using a series of washing steps, see
materials and methods for more information.

After MS analysis, the MS spectra were searched using MaxQuant[45], and
the correlation between the different samples was assessed. Triplicates of
the same condition correlated well, indicating that the used method is quite
repeatable (Figure 5). Much lower correlation was found between empty beads
and Pinl loaded beads, which is expected as the empty beads likely carry
mainly proteins not specifically interacting with Pinl or its phosphorylated
counterpart. Subsequently, the identified proteins and their MS2 spectral
counts were analyzed using the CRAPome database[46]. In this database, data
of many different affinity-based mass spectrometric experiments is collected,
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allowing users to interrogate their data more strictly by incorporating negative
controls from other studies as well as their own, thereby reducing the potential
of false positive identifications. Since nickel-beads were not incorporated in
the CRAPome database, we incorporated several studies with pulldowns in
HEK293T cells and sepharose based beads, to include nonspecific binders to
the bead material itself in the appropriate background.
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Figure 4 - Analysis of elution steps. Input lysate of HEK293T cells as well as aliquots
from different bead conditions following elution 1 (red) and elution 2 (blue) were
compared. PL indicates protein ladder, no BG refers to empty beads not pre-incubated
in E. Coli lysate prior to incubation in HEK293T lysate.

Analysis using the CRAPome database yields three different metrics, namely
a fold change based on an arithmetic mean (indicated as fold change A, FC,),
a geometric mean (indicated as fold change B, FCg) and a SAINT score (the
probability of an interaction being a true, specific interactor). Since FCg is more
stringent and also includes negative controls from other studies, we decided to
proceed with a cutoff of at least 2 in FCg over empty beads. Using this cutoff,
all remaining proteins have SAINT scores of over 0.5, with the majority scoring
over 0.8, indicating that these are probable true interactors (Supplemental
Figure 1).

An overview of the CRAPome analysis for Pinl over empty beads and serine-16
phosphorylated Pinl over empty beads based on FCp revealed a large number
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Figure 5 - Assessment of the correlation between quantifications of all identified
proteins in the LC-MS runs following the distinctive pull-down. For each replicate,
the Pierson correlation was calculated based on LFQ intensity between other replicates
and conditions. Correlation within replicates is highest and reduces slightly when
comparing Pinl with phosphorylated Pin1 eluted proteins. As expected, the correlation
between empty beads and Pinl or phosphorylated Pin1 is lowest.

of previously reported interactors sitting below the FCg > 2 cutoff value (Figure
6, shownin red). This could indicate that these proteins are simply not true Pinl
interactors under these conditions; they might require different modifications,
cellular context or a different conformation to be able to bind Pinl. At least 45
of the known Pinl interactors were identified with a pull-down experiment
using only the WW-domain[47], so the presence of the PPlase domain on
the linker could influence WW-domain conformation and hence binding at
the WW-domain in the full-length Pinl protein, resulting in a lower binding
affinity. Interaction between the two domains has been observed in previous
studies[35,36].
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Naturally, different or extended washing steps might reduce background
binding to beads leading to a higher sensitivity and thereby increase the
number of proteins identified as > 2-fold change. Alternatively, the limit
used here to identify true interactors might be too stringent. The inclusion of
negative controls from other studies resulted in the exclusion of 364 proteins,
including 28 previously reported interactors, which did reveal a FC > 2 over
the negative controls included in this work.

Next, we focused on proteins that are enriched using beads with Pinl (n=44),
phosphorylated Pinl (n=26) or in both (n=125), showing a FCp of at least 2 over
beads not loaded with Pinl. For these selected proteins, the spectral counts
were normalized to the amount of Pinl bound to the nickel beads (identified
from the corresponding imidazole elution; elution 2) and the expected number
of peptides per protein, to ensure that the normalized spectral counts are
not biased towards larger proteins. The top interactors for Pinl-bound and
phosphorylated Pinl-bound beads are listed in Table 1 and 2, respectively.

Most of the interactors in Table 1, including SRSF2, show a higher normalized
spectral counts score for Pin1 than phosphorylated Pin1. Since phosphorylation
of Pinl occurred mainly at inhibitory phosphorylation sites serine 16/18/19
(30%) and serine 71 (70%), on the WW and PPlase domains, that would indicate
that these proteins are likely substrates of Pin1. In addition, most have multiple
SP/TP sites, which would fit well with several of the hypothesized mechanisms
of action for Pinl.

B Identified interactor

B Known Interactor

2Log(FC B PhosPinl)

2Log(FC B Pinl)

Figure 6 - Comparison of fold change B observed in Pinl over phosphorylated
Pin1 beads. Each dot represents a unique protein, red dots represent Pinl interactors
already listed in the BioGRID database. Dotted lines indicate a FCB equal to 2. The WW-
domain binding substrates of Pinl are expected to have a stronger interaction with the
unphosphorylated Pinl beads compared to the phosphorylated Pinl beads. In total,
1978 proteins were identified and included in this figure (76 known interactors in red,
1902 other proteins shown in black).
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For the phosphorylated Pinl specific proteins in Table 2 the distinction is less
clear, most proteins do not show a clear preference for phosphorylated over
unphosphorylated Pinl. This could reflect the phosphorylation degree of
phosphorylated Pinl, which should be verified by the intact protein analysis
of phosphorylated Pinl eluted from the beads. Alternatively, it could also
indicate that these proteins interact with other parts of the Pinl protein then
its WW-domain and regulate Pinl rather than being Pin1 substrates. However,
to validate whether this type of pull-down can also be used to enrich proteins
acting on Pin1, it would be very insightful to spike some known Pin1 modulators
into the proteomes and evaluate their enrichment.

In general, many of the enriched proteins hypothesized to bind Pin1 in this study
seem to be interacting with RNA. For example, we identified splicing factors,
RNA binding proteins, helicases and RN A-related transport proteins. It would
be interesting to validate if these proteins are all actual Pinl substrates, as that
might imply that these RNA-related roles are under more tight control than
other biological processes by relying on the combination of phosphorylation
and conformation change in which Pinl is a critical player.

Conclusion

In summary, we have developed a pull-down method based on affinity
chromatography which enables the investigation of Pin1 interactors. Due to the
reversible bead binding, it can be expanded towards an intact protein analysis
approach to characterize the modifications present in detail and quantify
the amount of modified protein on the beads. Therefore, the method might
be suitable for explorations of PTM-dependent interactions on His-tagged
proteins.
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Table 1 - Top Pinl interactors. Spectral counts (MS/MS spectra) assigned as peptides
originating from an interactor, normalized to Pin1 load on the beads and protein length.
Fold change B of Pinl over empty beads. Entries given in red represent previously
reported interactors. Phosphorylation sites listed as reported in phosphosite database.

Interactor Spectral Spectral Fold change B SAINT | pS/TP Protein name
counts counts over empty score Sites
Pinl PhosPin1
SRSF2 83.1 0 2.54 1.00 pS26P/ PSmP, pSm P, Serine/arginine-rich
208, 212 splicing factor 2
pS P, pS P
ESS2 137 3.1 2.76 0.98 pTBP, PTIUAP/ pT"DP/ Splicing factor ESS-2
homolog

pS™°p, pT*p, pT™p,
386, 391 395,

pT P, pS P, pS P,
A19, 421 430,

pT P, pS™ P, pT P,

meP/ pT@P

BCKDK 12.9 9.4 3.98 1.00 No sites in [3-methyl-2-oxobutanoate
phosphosite db, TP/SP | dehydrogenase
in sequence [lipoamide]] kinase,
mitochondrial
PCYT1A 12.2 0 4.52 1.00 pSmP, pSmP, pst Cho:nle-lphos?hate
ti transferase A
pSSZQP, psa:uPl pssa:;P, cytidyly.
pSB47P
RAE1 10.0 4.0 2.65 0.98 pSmP mRNA export factor
DDX6 9.3 7.0 245 0.99 No sites in Probable ATP-dependent

phosphosite db, SP/TP | RNA helicase DDX6
in sequence

RBM12 7.9 0.5 529 1.00 pSaSZP, P5375P, pSml" RNA binding protein 12
C20rf49 7.0 6.3 2.04 0.96 pSlSDP, pSmP, pSmgP, Ashwin
pSIQSPl pTIQSP
RBM26 6.9 1.9 243 0.97 pSmP, pSmP, pSmP, RNA binding protein 26
pS795P
NKAP 6.9 12 247 0.98 pSgP, pSmP, meP NF-kappa-B activating
protein
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Table 2 - Top interactors binding to phosphorylated Pinl. Spectral counts (MS/
MS spectra) assigned as peptides originating from an interactor, normalized to Pinl
load on the beads and protein length. Fold change B for proteins calculated between
phosphorylated Pinl over empty beads. Red indicates a previously reported interactor.
Phosphorylation sites listed as reported in phosphosite database.

Interactor Spectral Spectral Fold SAINT pS/TP Protein name
counts counts change score Sites
Pinl PhosPinl over
empty
NONO 210.5 156.8 227 0.67 pT"P, pT™P, pT*™’P Non-POU domain-
containing octamer-
binding protein
C200rf27 126.6 148.0 8.97 1.00 pTWP (found in mice) UPF0687 protein
C200rf27
NUDT21 719 64.2 2.30 0.98 No sites in Cleavage and
phosphosite/sequence polyadenylation
specificity factor
subunit 5
SERPINH1 59.5 53.5 233 0.98 p537P pSmP Serpin H1
SNW1 54.8 55.3 275 0.99 pTISDP pSmP pSmP SNW domain-
containing protein 1
SF1 49.8 47.9 3.16 0.99 pT°P, pS” P, pS™P, pT>?p, | Splicing factor 1
meP
MIF 49.7 33.8 2.90 0.99 pSmP Msctl;ophasc,;e migration
inhibitory factor
DDX42 43.9 44.0 30.17 1.00 pS%P meP T%p ATP-dependent RNA
751 754, 831 helicase DDX42
pS P,pS P, pS P
KHDRBS1 424 21.9 247 0.97 pTaaP pS58P pT&P meP KH domain-containing,
RNA-binding, signal
transduction-associated
protein 1
SAMHD1 41.1 279 21.74 1.00 pS]BP pTuP pSaSP, Deoxynucleoside
138, 278 592 triphosphate
pT P, pSTP, pT P triphosphohydrolase
SAMHD1
CTNND1 40.0 23.1 5.02 1.00 pS7P, pT”°P, pS°'P, Catenin delta-1
pT906P
CPSF7 39.8 464 395 1.00 PP, 5P Cleavage and
polyadenylation
specificity factor
subunit 7
BAIAP2L1 39.1 418 8.13 1.00 pTP, pT?7p, pT°7P, Brain-specific
281 295 12 angiogenesis inhibitor
pS P,pS P pT P, 1-associated protein 2-
414, 416,
pS P, pT P like protein 1
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Supplemental Figure 1 — Comparison of fold change A, B and SAINT score obtained
after CRAPome analysis. A) Analysis of interactors with Pinl loaded beads over empty
beads. B) Analysis of interactors with phosphorylated Pinl loaded beads over empty
beads. Saint scores were shown using a colour gradient.
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Chapter 6

Closing opinion
Nederlandse samenvatting



A final short personal perspective about some caveats of
mainstream proteomics

Proteomics is quite literally the study of all proteins collectively[1]. Of course,
we are never able to see all proteins collectively. Therefore, every Pro in
Proteomics should be aware of the choices they make in their workflow, and
how this might possibly affect the outcome. It is crucial that we understand
that proteins are complex, folded polymers of a mixture of many amino acids,
each with their own chemical properties. Proteins can be large, they can be
small, they can have many sulfur bridges or none at all, they can have a defined
structure, or not, or partly. They can carry no post-translational modifications,
or many of them and everything in between. They can have a clear fold,
or not, or a multitude of different conformations. They can be soluble in a
certain buffer, but likely not in others. When they are modified, they can be
activated by a modification, or inhibited, or their specificity can be changed
by the modification, or their cellular localization. Multiple modifications can
also affect each other, by promoting or preventing the placements of others
or by altering the final effect of the modifications on the protein. To briefly
summarize, proteins are complex. As scientists that work with them, it is
crucial that we keep an open mind.

When studying these proteins, we often like to get an overview of as many
proteins as we can get some sort of evidence for, using ‘shotgun’ proteomics|[2].
In a traditional ‘shotgun’ proteomics experiment, a proteome is typically
reduced and alkylated to release sulfur bridges and then fully digested
by trypsin. In the next step, most of the salts, nucleotides and other small
molecules present in the cells or tissue under investigation are removed by
solid phase extraction (SPE), generating a complex mixture of peptides ready
for separation and analysis by LC-MS/MS|3]. At this stage, we have already
made multiple choices that will strongly influence the sample that we load
onto the LC-MS system.

Between the buffer we choose to lyse our cells - including the possible presence
of detergents, the ionic strength and the pH - and the lysis technique we
employ, we will end up with a subset of all the proteins that were expressed in
our sample. Simply put, we can only continue with proteins that are free and
soluble in the buffer during the lysis steps. Next, we reduce and alkylate. At the
risk of coming across as a pessimist, this can go wrong in many, many ways.
You simply cannot alkylate what you have not properly reduced, and you
can easily alkylate amino acids other than cysteines[4]. Both will have similar
effects on your overall protein IDs: you will end up with less. Unfortunately, in
the realm of proteomics less # more, it is just disappointing.

The next step in the typical workflow is to digest the alkylated proteins into
peptides. To do so, most proteomics researchers have a largely monogamous
relationship with trypsin. We like trypsin, because it is fairly specific (see
Chapter 3) and it produces peptides that have a positive charge at either end,
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which is very helpful during peptide fragmentation in the mass spectrometer[5].
In addition, the post-digestion proteomics workflow is optimized for trypsin,
so it tends to give us the ‘best’ results. That is, if you value the number of
proteins you can identify.

Like any boyfriend, trypsin is not perfect. It doesn’t cleave absolutely
specifically, and its ability to cleave is strongly affected by the presence of
prolines and PTMs near its cleavage site[6]. To make matters worse, arginine
and lysine are both quite abundant, leading to a lot of rather short peptides|[7].
The theoretical average peptide length for the trypsinated human proteome is
nine amino acids. Shorter peptides can be a problem, because the number of
human proteins containing a peptide with a certain amino acid combination
increases with decreasing peptide size, see Table 1. Therefore, all peptides with
a length shorter than seven amino acids form a big risk of wasted resources.
Since these short peptides are likely present in multiple proteins, most data-
processing workflows don’t even consider them.

Following digestion, SPE is a common way to get rid of residual protease,
salts and small molecules present in the buffer and in the cells or tissues
that were digested. Obviously, all the peptides we produced have their own
hydrophobicity and will have their own retention on the SPE material chosen.
We must consider the loading of the column and the mobile phases we decide
on. In practice, we like to run laboratory-standard methods on sample prep
and on the mass spectrometers, because those enable us to compare data
from different studies and we often use conventional search settings to avoid
discussions and re-inventing the wheel time after time. Over the years, the
search engines matching our MS2 spectra to peptides have learned to expect
and score based on tryptic behavior, maximizing the number of peptide IDs
we can achieve.

Table 1 - In silico polypeptide lengths and their unique combinations. Evaluation of
the amino acid combinations of various lengths present in the human proteome (20386
proteins, Swissprot, July 2021). Total number of combinations compared to those ending
in R/K (i.e. tryptic combinations).

Peptide length | Number of % unique Number of % unique

combinations combinations tryptic tryptic
combinations combinations

8 11220299 87.1 1277278 86.9

7 11240677 81.9 1279781 81.9

6 11261055 54.0 1282360 53.7

5 11281433 5.6 1284998 4.6

4 11301813 0 (758) 1287625 0(29)

Basically, we have fully optimized our entire workflow to accommodate
trypsin, which has enabled us to maximize IDs in the past, but which might not
be the best way forward. Trypsin will obviously remain a very powerful tool in
our proteomic toolbox, but for certain applications we will probably gain more
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Location of Proline on phosphopeptides
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Figure 1- Relative occurrence of proline on peptides generated with various proteases.
Data from publication by Giansanti et al [12].

traction by broadening our scope and optimizing for other proteases[8-11].
Of course, researchers have made steps in this area, but most studies are met
with comments regarding poor performance of ‘unconventional’ proteases
as compared to trypsin. In our EndoPro work, however, we observed similar
MS2 events for trypsin and EndoPro (Chapter 3, table 2). This is indicative of
similar numbers of peptide-like species being generated by the proteases. We
simply annotate less of these MS2 spectra, because spectral quality isn’t ideal
(i.e. proline effect in case of EndoPro) or perhaps because our fragmentation or
scoring methods are not optimized for non-tryptic behavior.

When studying the interplay between different PTMs, the generation of longer
peptides is beneficial as these longer peptides give more information on co-
occurring PTMs without the need for extensive purification of individual
proteins as is required for native MS experiments[13]. Therefore, proteases
specific for less abundant amino acids might be helpful, or those recognizing
motifs of two or three specific amino acids. An interesting course of action
might be to attempt to modify trypsin by site directed mutagenesis and expand
its specificity from R/K towards a multi-amino acid motif. This way, we can
keep our ‘ideal’ peptide characteristic of N- and C-terminal positive charges,
while increasing the average peptide length. However, care must be taken not
to limit the proteases activity[14]. For example, engineering a docking site
for specific amino acids a bit further from the active site might allow us to
generate a (D/E)XXX(R/K) type of specificity while keeping the tryptic catalytic
site intact.

Since most proteases have distinct cleavage specificities, the use of different
proteases results in different visible subsets of the proteome[9,15]. This is
exemplified by the suppression of R/K in tryptic digests, which is not observed
in peptides generated with EndoPro (Chapter 3, Figure 4B) but more generally
by the different compositions of phosphopeptides generated by different
proteases[12,15]. For example, tryptic peptides show phosphosite placement
that is distinct from EndoPro peptides (Chapter 3, Figure 6) and if we look at
a previously published comparison between five different proteases, we can
observe clear differences in the toleration of proline near cleavage sites of these
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proteases (Figure 1).

To summarize, tryptic peptides and phosphosites have been extensively
studied[8]. For those of us interested in areas of the proteome that are hard to
see using trypsin, other proteases might be a good solution. More generally,
I expect the field of proteomics to gain more new insights by broadening
its scopes and investing time and resources in the optimization of different
workflows. We cannot expect these other workflows to instantly outperform
our golden standard, but they should certainly enable us to see beyond the
tryptic proteome we have been studying to date.
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The Pro in Proteomics — Nederlandse samenvatting

Deze thesis beschrijft een studie rondom enkele aspecten van proline, een van
de twintig aminozuren die gezamenlijk de bouwstenen vormen voor onze
eiwitten. In hoofdstuk één bekijken we de kenmerken van de verschillende
aminozuren en de algemene opbouw van eiwitten. Ook worden enkele aspecten
van massa spectrometrie kort uitgelegd.

Proline is een uniek aminozuur, omdat de zijgroep een ring vormt terug
naar de amine. Dit amine is daardoor secundair, of wanneer proline in een
aminozuurketen aanwezig is zelfs tertiair, wat er voor zorgt dat deze amine
basischer is dan die van andere aminozuren. Proline wordt selectief herkent
door verschillende type eiwitten die modificaties aanbrengen op andere
eiwitten, de zogenaamde schrijvers. De aangebrachte modificaties kunnen
de eigenschappen van het gemodificeerde eiwit beinvloeden, waardoor
bijvoorbeeld de vorm, locatie of activiteit van het eiwit kunnen veranderen. Het
komt ook voor dat modificaties een eiwit aanmerken voor afbraak. Meerdere
modificaties kunnen elkaar ook beinvloeden. Dit kan in zowel positieve als
negatieve zin gebeuren en op verschillende niveaus. In hoofdstuk twee
onderscheiden we verschillende vormen van deze wisselwerking en bespreken
we het algemene mechanisme waarmee verschillende modificaties geplaatst
en verwijderd kunnen worden. Daarnaast geven we een aantal specifieke
voorbeelden van mogelijke wisselwerkingen in de humane biologie.

Door de bijzondere structuur van proline is het aminozuur vaak een uitdaging
voor proteases, gespecialiseerde eiwitten die aminozuur ketens van andere
eiwitten kunnen doorknippen. In de massa spectrometrie gebruiken we graag
proteases om de eiwitten te knippen tot wat behapbaardere stukken: kortere
aminozuurketens genaamd peptides. Meestal kiezen we voor trypsine, omdat
deze protease knipt na arginine of lysine en dus een positieve lading achterlaat
op het laatste aminozuur van het peptide. Gecombineerd met de basische
amine aan het begin van elk peptide creéert deze aanpak condities die zeer
geschikt zijn voor het fragmenteren van de peptides in de massa spectrometer.

Trypsine heeft ook enkele nadelen. Zo komen arginine en lysine residuen
eigenlijk te frequent voor, waardoor de resulterende peptiden vrij kort zijn.
Voor deze korte peptiden is de kans veel groter dat ze niet uniek zijn en het
daardoor niet mogelijk is om zonder twijfel te zeggen uit welk eiwitten ze zijn
gekomen. Daarnaast knipt trypsine vaak niet als er een proline of een modificatie
in de buurt zit. Trypsine is al zo lang de favoriete protease, dat we alle stukken
eiwitten en modificaties die goed zichtbaar zijn met deze methode inmiddels
wel gezien hebben. Omdat er ook peptiden te kort zijn of juist geen arginine
of lysine hebben, blijft er altijd een stuk van het proteoom onzichtbaar. Voor
trypsine is dat ongeveer 13% van het humane proteoom. Om dit, voor trypsine
onzichtbare deel van de humane eiwitten, zichtbaar te maken zullen we moeten
knippen met een protease die een hele andere selectiviteit heeft dan trypsine
zelf. Op die manier kan een complementaire zet peptiden worden gemaakt. In
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hoofdstuk drie bekijken we een proline-specifieke protease voor het meten van
het humane proteoom en fosfoproteoom. We vergelijken de geidentificeerde
eiwitten met trypsine en zien dat ca. 30% van de eiwitten uniek zijn voor de
proline-specifieke protease, EndoPro. Daarnaast vinden we een groot deel van
de unieke fosforylaties met EndoPro, dat zijn dus allemaal fosforylaties die
we met trypsine niet konden zien. Deze complementaire stukken eiwitten en
modificaties maken EndoPro zeer geschikt voor gebruik in (fosfo)proteomics
projecten.

Een andere unieke eigenschap van proline is dat het aminozuur relatief vaak
gevonden wordt in cis-conformatie. Wanneer twee aminozuren een binding
aangaan met elkaar wordt de rotatie rond de C-N binding beperkt en zien
we in theorie nog maar twee vormen: de cis en de trans vorm. We bekijken in
hoofdstuk vier hoe deze verdeling is voor alle combinaties van aminozuren in
het humane proteoom. We zien dat ongeveer 0.35% van de peptidyl bindingen
in de cis vorm bestaan in onze eiwitten, waarvan de meesten zich voor een
proline bevinden. Om de vorm van peptidyl-bindingen voor proline residuen
te kunnen bekijken in eiwitten, evalueren we de mate waarin een proline-
specifieke protease een voorkeur heeft voor de een van de twee vormen. Onze
initiéle data lijkt te ondersteunen dat EndoPro inderdaad liever trans-proline
residuen knipt dan cis-proline residuen, waardoor de protease zeer geschikt
zou zijn om de isomeer specificiteit in de biologie verder te onderzoeken.

In het laatste hoofdstuk beginnen we aan een combinatie van fosforylatie en
isomeer specifieke biologie. Van meerdere eiwitten weten we dat ze isomeer
specifiek zijn in hun reacties. Vooral als de reactie plaatsvindt vlak bij de proline.
Dit komt waarschijnlijk door de grote structurele verandering in een eiwit als
de proline verandert van cis- naar trans of andersom. We onderzoeken Pinl,
een eiwit wat de cis/trans isomerisatie versnelt van eiwitten die gefosforyleerd
zijn op het aminozuur voor de proline. Door de wisselwerking van fosforylatie
en conformatie kan een eiwit niet alleen gefosforyleerd zijn of niet, maar voor
elk van die toestanden ook nog cis of trans zijn. Dit mechanisme zorgt voor een
extra niveau van regulatie op bepaalde eiwitten. In hoofdstuk 5 kijken we naar
de substraten van Pinl om in beeld te brengen welke eiwitten mogelijk op deze
manier gereguleerd worden. De initiéle data laat een verrijking zien van RNA
gerelateerde eiwitten, die wellicht extra streng gereguleerd worden. Vervolg
experimenten zijn nodig om dit te bevestigen.
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