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1. Context and objectives

The first-time synthesis and purification of peptide oligonucleotide conjugates (POCs) and recombinant
proteins requires significant resources (material and time) until a laboratory protocol is established. The
unexpected folding pathways of biomolecules tertiary structures can lead to non-functional analytic and
catalytic components. The fusion of proteins to other peptides, proteins and oligonucleotides, can significantly
change their structure. Thus, in silico studies of the 3D structures of the artificial peroxidases are highly
beneficial to reduce tedious experimental evaluations. Computational simulations allow insight into molecular

properties of the studied systems, investigation of their structural and dynamical properties.

Studying systems in this way can help to avoid potential traps or explain observed phenomena, thus reducing
the workload concerning empirical approaches. During the first project period, we worked closely with the
experimentalists from AIT and RBI by simulating the horseradish peroxidase in different forms and with varying
conditions, trying to predict and explain the outcomes of experiments. The details of the computational

simulations and the results of their analyses are presented in this report.
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2. Description of the performed tasks and obtained results

2.1 Methodology

2.1.1 System preparation

Starting from the available crystal structure of horseradish peroxidase (HRP) C1A (PDB code: 1H5A)%,

five main forms of enzyme were built in silico:

1. Native horseradish peroxidase (HRP)

2. Structure with six mutations introduced by Martell and coworkers, but without split indroduced (mHRP) 2
3. Split structure with six mutations introduced by Martell and coworkers (sHRP).2

4. Separated subunit A of sHRP - sHRP-A (residues 1-213)

5. Separated subunit B of sHRP - sHRP-B (residues 214-308)

Main structural motifs, mutation sites of mMHRP, sHRP, sHRP-A and sHRP-B as well as amino acids
where the split occurs in the sHRP protein are shown in Figure 1 with aligned primary sequences. Starting
from five in silico prepared structures, systems that were subjected to molecular dynamics (MD) simulations
were prepared. The split form (SHRP) was generated from the X-ray structure by introducing the cut-site after
G213 and six mutations (T211, P78S, R93G, N175S, N255D, and L299R) identified by Martell et al.2 Missing
residues 307-308 in the X-ray structure were generated by the solution builder module of CHARMM-GUI.375
Hydrogen atoms were added using CHARMM-GUI in a way that the side chains of all arginines and lysines
were positively charged, histidines (with hydrogen on epsilon nitrogen i HIE) and cysteines were in neutral
form, while side chains of glutamates and aspartates were deprotonated and negatively charged. Four disulfide
bonds (Cys11-Cys91, Cys44-Cys49, Cysl77-Cys209, and Cys97-Cys301), as well as the bond between
His170 and Fe?* from the heme cofactor, were defined in structures in which they were present. The
CHARMMS36m force field was used for parametrization of protein structure, glycans, heme and ions.®
Solvatation effects were simulated using a cubic box filled with the TIP3P model of water molecules, with a
distance of at least 20 A between the solute and the edge of the box . Chloride ions were added to neutralize
the systems. Molecular dynamics (MD) simulations were performed using periodic boundary condition (PBC).

The size of a rectangular box depends on the system, but it was on average around 10 nm x 10 nm x 10 nm.

Page 4 of 41 *D3.1: Report on MD trajectories * Public



MARILIA GA number 952110

21
HRP lO_LTPTFYDNSCPNVSNIVRDIVNELRSDPRIAASILRLXFXDCFVNGCD 50
sHRP | QLTPTFYDNSCPNVSNIVRD|I|[IVNELRSDPRIAASILRLXFXDCFVNGCD 50
78 93
HRP SlASILLDNTTSFRTEHDAFGNANSARGFVIDRMKAAVESACPTVSCADL 100
SHRP 51 ASILLDNTTSFRTEKDAFGNANSARGF|S[VIDRMKAAVESACP|IGITVSCADL 100

HRP 100l LTIAAQQSVTLAGGP SWRVPLGRRDSLQAFLDLANANLPAPFFTLPQLED 150
sHRP 100 LTIAAQQSVTLAGGPSWRVPLGRRDSLQAFLDLANANLPAPFFTLPQLED 150
HRP 151 SFRNVGLNRSSDLVALSGGXTFGI’_QCRF IMDRLYNFSNTGLPDPTLNTT 200
sHRP 151 SFRNVGLNRSSDLVALSGGXTFGE|S|QCRFIMDRLYNFSNTGLPDPTLNTT 200

HRP 201 YLOTLRGLCPLNGNLSALVDFDLRTPTIFDNKYYVNLEEQKGLIQSDQEL 250
sHRP 201 YLQTLRGLCPLNGNLSALVDFDLRTPTIFDNKYYVNLEEQKGLIQSDQEL 250
255 299
HRPZHFSSPBATDTIPLVRSFANSTQTFFNAFVEAMDRMGNITPLTGTQGQIRHNSM
FSSP

sHRP 251 ATDTIPLVRSFANSTQTFFNAFVEAMDRMGNITPLTGTQGQ IRR|N 300
HRP 301 CRVVNSNS 308
sHRP 301 CRVVNSNS 308

Figure 1. Alignment of the HRP and mutated mHRP, sHRP, sHRP-A and sHRP-B structures. Positions of
mutated amino acids are shown in red squares, positions of glycosylated sites i asparagine amino acids
(which follow pattern Asni Xi Thr/Ser) are shaded in blue squares, cysteine amino acids which form disulfide

bridges are shown in yellow squares and the cut-site of SHRP is shown in an orange square.

2.1.2 Molecular dynamic (MD) simulations

Prior to MD simulations, all systems were energy minimized (geometry optimized) in 1000 cycles and
then equilibrated in the equilibration process provided by the CHARMM-GUI solution builder module and
different restraints were subsequently applied.2 After energy minimization, systems were equilibrated for 10
ns. The production phase of molecular dynamics (MD) simulations lasted for 500 ns for each system with a
time step of 2 fs and the LINCS algorithm to keep all bonds constrained.” MD simulations were performed in
the isobaric-isothermal ensemble (NPT) employing periodic boundary conditions (PBC) in all directions at T =
300 K, which was maintained via a Nosé-Hoover thermostat® with a coupling constant of 1.0 ps™. Pressure
was set to 1.013 bar and was controlled with a semi-isotropic Parrinello-Rahman barostat® with a time constant
for pressure coupling of 5 ps. Long range electrostatics were calculated using the particle-mesh Ewald (PME)
method?© with real space Coulomb interactions cut off at 1.2 nm using a Fourier spacing of 0.12 nm and the
Verlet cut-off scheme. All simulations were run using the GROMACS 2018.6 software package?!!. Analyses of
trajectories were performed using Gromacs analysis tools and the VMD program?2. Electrostatic potential was
calculated using the PMEpot plugin for VMD for each frame and then averaged over the entire trajectory. It
was calculated using all atoms of the system with a three-dimensional grid (48 x 48 x 48) and Ewald factor of
0.25 at T = 300 K.

The main goal of the conducted simulations was to study the following:

Effect of glycosylation on HRP and sHRP structures
Effect of cysteine bridge on sHRP structure
Influence of short and long His-tag presence on: mHRP, s-HRP, sHRP-A and sHRP-B

Effect of the mutations present in mHRP and sHRP structures

a > D E

Availability of Lys for click reactions

6. Simulations without the heme cofactor
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2.2 Results

2.2.1 Effect of glycosylation onHRP and sHRP structures

Three different glycolysation patterns of HRP and sHRP were studied. According to the number of
mannoses, we studied systems with three glycosylation branching types: MangsGIcNAcz, ManisGICNAC2,
Manzo0GIcNAc: (Figure 2) and compared them to non-glycosylated systems. Since the exact glycosylation
pattern of HRP in the expression systems used by AIT was not availble, every one of nine (HRP) /eight (SHRP)

corresponding asparagine amino acids were glycosylated with the same branching type.

a) MangGlcNAc, b) Man,;GIcNAc,
N . - 7 TN : .
—l—l— ASN — protein —jl—— ASN - protein
. o—a " 0—0—a
4 / e
¢) Man,,GlcNAc, M GlcNAc
. o—a-_> T Man
o9 D —J—— ASN - protein
7 oo’ P
/ ~

Figure 2. Glycosylation branching types: a) MansGIcNAc:, b) ManisGIcNAcz and ¢) ManzoGIcNAc2. Man stands

for mannose, and GIcNAc for N-acetylglucosamine.

In order to examine the effects of N-glycosylation, both HRP and sHRP structures were prepared
without N-glycosylation and with each of the aforementioned glycosylation shown in Figure 10.13 All asparagine
amino acids which follow pattern Asni Xi Thr/Ser (X is any amino acid residue other than proline or aspartic
acid) were N-glycolisated i 9 ASN amino acids in HRP (number of Asn residue: 13, 57, 158, 186, 198, 214,
255, 268, 286) and 8 Asn amino acids in mHRP and msHRP (number of Asn residue: 13, 57, 158, 186, 198,
214, 268, 286). In total, eight systems were prepared (four with HRP and four with sHRP) and MD simulations

were run for 500 ns (Table 1), for a total of 4 ps of simulation.

Table 1. Systems prepared for MD simulation.

System Glycan branching type
HRP NO glycan MansGIcNACc: ManisGICNAC: ManzoGIcNAC:
sHRP NO glycan MansGIcNACc: ManisGICNAC: ManzoGIcNAC:
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2.2.1.1 Effect of N-glycosylation on HRP protein structural properties

Protein/glycoprotein size was monitored during the simulations via radius of gyration (Rg) (Table 2 and
Figure 3). The most branched glycoprotein ManzoGIcNAc: is almost one half larger, with an Ry approximately

2.9 nm, than the non-glycosylated protein with and Rq approximately 2.0 nm (Figure 4 and Table 2).

HRP: sHRP:
_ NO glycan — NO glycan
— MangGlcNAc — MangGleNAc
35 o —— Man;GleNAc —— Man;¢GlcNAc
Man,;GlcNAc  —— Man, GlcNAc

0 100 200 300 400 500
time / ns

Figure 3. Radius of gyration (Rg) of all eight systems in nm.

The glycoprotein with glycosylation type Man2oGIcNAc2, rather than being longer, is more branched that the
other two types of glycosylation. Therefore the average Ry of ManisGIcNAcz (approximately 2.8 nm) and
Manz0GIcNAc2 (approximately 2.9 nm) glycoproteins are comparable, while for MansGIcNAcz Rq is smaller,

approximately 2.5 nm (Table 2 and Figure 3).

Table 2. Averaged values of radius of gyration (Rg) of protein during MD simulations.

System NO glycan MansGIcNAc:2 ManisGIcNACc2 ManzoGIcNAc2
HRP Rg/nm | 1.98+0.01 2.51+0.03 2.77+0.06 2.89+0.08
sHRP Rg/nm | 1.98+0.01 2.46%0.03 2.75+0.07 2.86+0.06

Figure 4. Snapshots of HRP protein taken after 500 ns of MD simulation of: a) HRP and b) sHRP with
Manz0GIcNAc: type of branching.
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Root mean square deviations (RMSD) of protein backbone during MD simulations show that all
systems are equilibrated and stable after 500 ns (Figure 5) with no significant changes in the overall protein
structure. In both cases, HRP and sHRP, it was observed that glycan presence does not significantly influence
the protein tertiary structure, which is in accordance with literature data according to which N-glycosylation
does not induce significant changes in the protein tertiary structure. Moreover, the secondary structure of the

protein is preserved and dynamically stable regardless of glycosylation (Figure 6).

a) HRP b) sHRP

0.5 - —— NO glycan 059 —— NO glycan

—— MangGlcNAc, —— MangGlcNAc,

0.4 1 —— Man,;(GlcNAc, 049  —— ManGleNAc,

03 —— Man,GlcNAc, osd T Man,;GlcNAc,
= =
— — 0.2
A A
[£2) [£2)
: 2 o

O T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
time / ns time / ns

Figure 5. RMSD values of: a) HRP protein and b) sHRP protein. Backbone carbon atoms i ( CU) wer e
considered in calculations.

In order to analyze the structural properties of the investigated systems in more detail, Principal
Component Analysis (PCA) of the Cg protein backbone atoms during MD simulations was conducted (Figure
7). From movement along the first principal component (PC1), one can observe that the structure of HRP
remains almost fully preserved, regardless of glycan presence, with a total range of about 2 nm along PC1.
On the other hand, the volume occupied by PCA projections in the space spanned by the first two principal
components (PC) is smallest in systems prepared with the Man20GIcNAc2 branching type for both HRP and
sHRP. However, comparison of PCA results for HRP and sHRP shows that structural changes are more
pronounced for the split protein (sHRP) (Figure 7) where the first two PCs span a larger area compared to
HRP in all systems. The structural changes that cause this in sHRP are caused by the split in the polypeptide
chain between residues 213 and 214. Due to the introduced split, SHRP possess two additional fluctuating
terminuses compared to HRP. In conclusion, PCA confirmed the observation that N-glycosylation does not
have a significant influence on HRP nor sHRP structural properties.
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Residue Number

30

o

o

Residue Number

308 &

Residue Number

30

o

h) sHRP Man,,GIcNAc,

[}

Residue Number

308

0 time / ns 500 0 time / ns 500
[ Coil B (-sheet M p-bridge @Bend [[JTun M o-helix M 5-helix M 3-helix

Figure 6. Secondary structure evolution of the HRP and sHRP structures with and without glycans with the
Man20GIcNAc2, ManisGIcNAc2 and MansGIcNAc:2 branching types. Secondary structure of HRP and sHRP is

preserved in time for all systems.
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a) HRP b) SHRP
® NO glycan ® NO glycan
MangGlcNAc, MangGleNAc,
Man,GlcNAc, Man;sGlcNAc,
Man,,GlcNAc, ° Man,,GlcNAc,
" B m
- =1 -
1 - 1 ®
A nta Qe, A _ e D)
N ps s
(O @)
Ay =5
-2 1 2
-3.5 J -3.5
3 1 1 3 3 -1 1 3
PC1/nmn PC1/nm

Figure 7. PCA analysis i 2D projection of first two eigenvectors PC1 and PC2 of a) HRP and b) sHRP proteins.

2.2.1.2 Glycan structural and dynamical properties

In glycoproteins, glycans occupy a large part of the space around the protein since they are mobile
and fluctuate more than the protein itself (Figure 4 and Figure 8). Even the glycan residue closest to the protein,
GIcNAc, fluctuates on average more than the protein-f | uct uati ons of HRBDm, atdinc NAc a
s H R Ptldey are 0.08-0.27 nm (Figure 8). On average, oscillations of glycoprotein ends in Man2oGIcNAc2 and
ManisGIcNAc: are similar, while MansGIcNAc:2 ends fluctuate less. This is in accordance with previous results
regarding the radius of gyration, which showed that Rq is similar for Man20GIcNAc2 and ManisGIcNAc:2

glycoproteins.

Figure 8. RMSF values of glycans for: a) HRP and b) sHRP protein. The figure shows RMSF of the C1 atom
of the N-acetylglucosamine (GIcNAc) closest to the protein and the last mannose (Man8, Man16 and Man20)

connected to Asn and C1 atom.
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