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THE MARILIA PROJECT

A new approach for detection of pathogens in water.

THE PROBLEM

Nowadays millions of tons of inadequately or insufficiently treated sewage, industrial and agricultural waste are released

directly into the groundwater, rivers, lakes, and oceans. The water to be used for drinking or in manufacturing processes
must meet specific quality requirements.

THE CURRENT PATHOGEN DETECTION APPROACHES

The current procedures are mostly carried out manually, using bacterial culture plating methods or (to a much smaller
degree) using expensive molecular methods such as Enzyme Linked Immunosorbent Assays (ELISA), reporter enzyme-
dependent detection and Polymerase Chain Reaction (PCR).

Cultivation-based approaches require enterprises to wait for 48-72 hours for the results and skilled personnel and access to
a microbiological laboratory. In contrast, molecular techniques can be implemented within automated, on-site testing
devices that are able to identify bacteria within hours. However, the current molecular technologies able to detect low cell
numbers require expensive reagents, consumables, and sophisticated instruments resulting in costs of more than 50 €/test.

THE MAIN GOAL OF MARILIA PROJECT
To develope a novel test which is cheaper (< 10 €) and faster (< 10 min) than existing ones.
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Residue ID Wild type Mutation?

/ AD I S H P E ROXl DAS E 21 Threonine Isoleucine

HRP and sHRP — HORS

78 Proline Serine

93 Arginine Glycine

A 175 Asparagine Serine
/ 255 Asparagine Aspartate
299 Leucine Arginine

T~ GLY213 — ASN214

Martell JD, Yamagata M, Deerinck TJ, et al. Nat. Biotechnol. (2016) 34(7) 774—780.
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Preparation of systems for MD simulations

 PDB: 1h5a - the horseradish peroxidase (HRP) C1A enzyme

* System prepraration: CHARMM-GUI

* Explicit solvent (TIP3P water model)

* PBC cubic box

* GROMACS with Charm36m forcefield

» Steepest descent energy minimization algorithm (5000 steps)

* Equilibration:
* 600 ps NVT —increasing the temperature from 10 K to
room temperature

e 500 ps NPT
* Production phase: 500 ns NPT
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Stability of simulated systems
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Stability of simulated systems

HRP (WT) sHRP sHRP-A sHRP-B

RED — starting structure
— structure at the end of simulation
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Stability of simulated systems

* systems are not completely ] HRP (WT) SHRP-A
stabilised during 500 ns of MD 2 ox-

0.15—5
SImU|at|OnS 0.10_5 o.s-W‘/\WWWWW

0.05 -

* experiments pointed to the 000 e ooom
0 100 200 300 400 500
t/ns |
questionable stability of various SHRP
forms of the enzyme = 3 1o]
. sHRP-B
e effect of glycosylation ?
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Glycosylation ASN-X-THR/SER

(X is any amino azclid residue other than proline or aspartic acid)

HRP 1 QLTPTFYDNSCP ‘JSNI‘JRDI‘INELRSDPRIARSILRLXFXDCF‘INGCD 50

sHRP 1 QLTPTFYDNSCPNVSNIVRD|I|/IVNELRSDPRIAASILRLXFXDCFVNGCD 350
78 93

HRP 51 ASILLD TTSFRTEKDAFGNRNSARGFVIDRMH&E\’ESACP TVSCADL 100

SHRP 51 ASILLDNTTSFRTEKDAFGNANSARGF|S/IVIDRMEKAAVESACP|GITVSCADL 100

HRP 101l LTIAAQQSVTLAGGPSWRVPLGRRDSLQAFLDLANANLPAPFFTLPQLED 150
sHRP 101 LTIAAQQSVTLAGGPSWRVPLGRRDSLQAFLDLANANLPAPFFTLPQLED 150
175

HRP 151 SFRNVGLNRSSDLVALSGGXTFGKINQCRFIMDRLYN[F SNTGLPDPTLN|TT 200
sHRP 151 SFRNVGLINRSSDLVALSGGXTFGKIS|QCRFIMDRLYN|FSNTGLPDPTL|N[TT 200

HRP 201 YLQTLRGLCPLN LSALVDFDLRTPTIFDNEYYVNLEEQKGLIQSDQEL 250
sHRP 201 YLQ RGLCPLN LSALVDFDLRTPTIFDNEKEYYVNLEEQKGLIQSDQEL 250

355 299
HRP 251 FYSPINIATDTIPLVRSF STQTFFNAFVEAMDRMGIN|[ITPLTGTQGQ I R[L|N 300
sHRP 251 F

ATDTIPLVRSF STOTFFNAFVEAMDRMGN(ITPLTGTOGQ I R[RIN 300
HRP 301 CRVVNSNS 308

SHRP 301 CRVVNSNS 308

F. W. Krainer, C. Gmeiner, L. Neutsch, M. Windwarder, R. Pletzenauer, C. Herwig, F. Altmann, A. Glieder, O. Spadiut, 2013, DOI 10.1038/srep03279
E. L. Wu, X. Cheng, S. Jo, H. Rui, K. C. Song, E. M. Davila-Contreras, Y. Qi, J. Lee, V. Monje-Galvan, R. M. \enable, J. B. Klauda, W. Im, J. Comput. Chem. 2014,
35, 1997-2004.
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Glycosylation
Type of glycosylation?

MangGIcNAC,
ASN—-X-THR/SER

(X is any amino acid residue other than proline or aspartic acid)

14B - 14B . 1B PROA-3

Man,GIcNAC,

m Glc
@ Man

14B . 14B_. 1B PROA-3

Man,,GIcNAC,

F. W. Krainer, C. Gmeiner, L. Neutsch, M. Windwarder, R. Pletzenauer, C. Herwig, F. Altmann, A. Glieder, O. Spadiut, 2013, DOI 10.1038/srep03279
E. L. Wu, X. Cheng, S. Jo, H. Rui, K. C. Song, E. M. Davila-Contreras, Y. Qi, J. Lee, V. Monje-Galvan, R. M. \enable, J. B. Klauda, W. Im, J. Comput. Chem. 2014,
35, 1997-2004.
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Glycosylation

8 systems were prepared and subjected to 500 ns of MD simulations

Glycan branching type

NO
alvean MangGlcNAc, Man,GIcNAc, Man,,GlcNAc,

NO
MangGIlcNAc, Man,GlcNAc, Man,,GlcNAc,

glycan
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Glycosylation

Influence of the degree of glycosylation

MangGIcNAc, Man,GIcNAc, Man,,GIcNAc,
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Glycosylation

Effect of N-glycosylation on protein structural properties
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Glycosylation

RMSD — glycosylation increases stability of the protein

a) HRP b) sHRP
0.5 - —— NO glycan 0.5 97 —— NO glycan
—— MangGlcNAc, —— MangGlcNAc,
041 —— Man;GlcNAc, 0491 —— Man;GlcNAc,
— MH]]EGGICNACE I MH]]E.DG].CNACE

0.3 1

— 0.2 1
A
o
5 0.1
G | | | | 1 [} 1 || | 1 1
0 100 200 300 400 500 0 100 200 300 400 500
time / ns fime / ns

S. Skulj, A. Barisi¢, N. Mutter, O. Spadiut, |. Barisi¢, B. Bertoda, Computational and Structural Biotechnology Journal 20 (2022) 3096—-3105.
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Glycosylation

PCA — Principal Component Analysis — shows structural variations are decreased due to
glycosylation

a) HRP b) sHRP
® NO glycan ® NO glycan
® ManyGlcNAc, ® ManyGlcNAg,
] MﬂﬂlﬁGlCNAcZ ] MHﬂmGlCNACQ
MﬂﬂmGlCNACQ ° MHHEQGICNACQ
25 A 25 -
1 - .
1 1 M
™05 - ™05
9] 9]
O 0 \\ ——
2 2
-3.5 r - " -3.5
-3 -1 1 3 -3 -1 1 3
PC1/nmn PC1/nm
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Glycosylation

Effect of N-glycosylation on protein electrostatic potential
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Effect of Glycosylation

NO glycan Man,,GIcNACc,

Electrostatic potential, V

-0.26 -0.05 0.15 0.36 0.57 0.77

S. Skulj, A. Barisi¢, N. Mutter, O. Spadiut, |. Barisi¢, B. Bertoda, Computational and Structural Biotechnology Journal 20 (2022) 3096—-3105.
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Glycosylation - Electrostatic potential

HRP NO HRP MangGIcNAc, HRP Man,;GIcNAc, HRP Man,,GIcNAc,

Electrostatic potential, V =~ ——————
0.26 -0.05 015 0.36 0.57 0.7
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Glycosylation - Electrostatic potential

sHRP NO sHRP MangGIcNAc, SHRP Man,;GIcNAc, SHRP Man,,GIcNAc,

Electrostatic potential, V=~ F————————
0.26 0.05 0.15 0.36 0.57 0.77
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Glycosylation

Effect of N-glycosylation on protein dynamical properties
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Glycosylation - fluctuations

HRP sHRP
0.6 1 — NO glycan 0.6 7 — NO glycan [ ]
——  Man,,GlcNAc, — Many,GlcNAc,
| Regions: | Regions:
§ o gIl) central \g s ]) central —
B II) peripheral b III? peripheral
5 02 - 5 02 - ) cut-site
b A o ML
0 ) |l 1 Al L] 1
0 100 200 300 0 100 200 300
Residue Number Residue Number
NOglycan | Man,GlcNAc, |  Man,GlcNAc, |Many,GlcNAG,
m AVERAGE RMSF x102/ nm 7.7£3.7 6.6 3.1 69129 57122
m AVERAGE RMSF x102/ nm 95%+7.0 7.6+£5.0 79141 7.4+39
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Glycosylation - fluctuations

sHRP — NO glycan SHRP — Man,,GIcNAc,

Residues:

) central region: 140-151, 155-158, 160

II) peripheral region: 189-199, 244-247, 249-261
lIl) cut-site region: 213-217
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Glycosylation - fluctuations

PCA — Principal Component Analysis — the same regions were identified

Movement along first eigenvector PCl1

Region III
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Glycosylation — fluctuations of gycans

PROPAGATED EFFECT! — glycosylation is on the surface of the protein, but it affects fluctuations

of central region of the protein

1. Lee, H., Qi, Y. & Im, W. Effects of N-glycosylation on protein conformation and dynamics: Protein Data Bank analysis and molecular dynamics simulation study. Sci Rep 5 (2015) 8926
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Glycosylation

Conclusions:1

glycosylation increases stability of protein’s structure

glycosylation induces polarisation of the protein electrostatic potential

glycosylation decreases protein fluctuations

glycosylation effects are propagated from the surface to the distance protein regions

Further experimental research was conducted using glycosylated form of HRP!

1. S.Skulj, A. Barisi¢, N. Mutter, O. Spadiut, |. Barisi¢, B. Berto$a, Computational and Structural Biotechnology Journal 20 (2022) 3096—3105.
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Parametrisation of linker:

Linker parametrisation
Geometry minimization: Gaussian091

QM (DFT) in implicit water using SMD/B3LYP/6-31g(d)

level of theory

Topology and parameters: SwissParam?

Protein DNA

1. Frisch, M. J. et al. Gaussian 09; Gaussian, Inc.: Wallingford, CT, (2009).
2. Zoete, V., Cuendet, M. A., Grosdidier, A. & Michielin, O. SwissParam: a fast force field generation tool for small organic molecules. J. Comput. Chem. 32, 2359-2368 (2011).
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sSDNA-HRP — Starting structure
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ssDNA-HRP — End of simulation

Structures after 1us of MD simulations

MARILIA - 952110

] —— HRP without glycosilation
30 —— System 1

w uj[‘ .L\.H NM h' llw M“ ih ‘H\

Number of water molecules < 0.5 nm
from the active site entrance.
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ssDNA-HRP — End of simulation

— HRP without glycosilation

] — g)ll?slzev:ﬂ:tgout glycosilation 2.04 — System 1
0.25 — System 2 502 _ System 2
= ) .
— 0.20 b c 2004 ! ) )
2 ] ‘ | | \h = 1) y ‘ } y W MM Wi" | 'Mh “
5 0_15_' AJl K (m A‘Hl l* |\ Hd mw M‘I“H o 1,98—: ‘ \h M !A“ j, MW\ f ‘ ’M' W h W‘ \ “’ ! |.'
1als / [ ‘ | ‘ 1
o.10 JfIIEHA rhm'ﬁ Iy - .;M it
0.05 — 1.94
0.00 : : : : : 1.924 ; ; . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
t/ns t/ns
0.6 4 —— HRP without glycosilation
] System 1
E System 2
0.5
g i
n
=
a'd
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Lysine availability for oligonucleotide attachment

6 Lys on HRP (sHRP) surface:
65, 84, 149, 174, 232, 241
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Lysine availability for oligonucleotide attachment

Lysine exposure to the solvent was quantitatively measured by counting the number
of water molecules in Lys vicinity during MD simulations.

15 - Il ron-glycosylated
Il Man,GlcNAc,

= H R P S H R P . [ Man GIcNAC,
o 11 1117 10 10 o, Il Van, GIcNAc
IN 10 11 11 11 1 1 11 11 11 20 2
N

Sy

©
=z

10
9
10

Lys65 Lys84 Lys149 Lys174 Lys232 Lys241

Lys65 Lys84

Lys149 Lysl74 Lys232 Lys241

MARILIA - 952110
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3.3.1 Lysine availability for oligonucleotide attachment

/

HRP (WT) — with full glycosylation

I non-glycosylated
Il Man GIcNAC,
15
[ Man, GIcNAc,
Il Van, GIcNAc,
~
8 11 11
1111
— 1 11
N—r'
Y
©
zZ

10

: wie fia]
5_ || ‘\ ‘\ 'l
0

Lys65 | Lys84

Lys149 | Lysl74 | Lys232 | Lys241

LYS241
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3.3.1 Lysine availability for oligonucleotide attachment

sHRP — with full glycosylation

Il non-glycosylated

I Man,GIcNAc,
15 - [ Man, GlcNAc,
Il Van, GIcNAc,
~~
~—~
o 1111
~ 10 1111 10
== T ulls
(=)
= 9
10
5
6

LYS241

Lys65 Lys84 Lys149 Lys174 Lys232 Lys241

I 11
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Future steps
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Future steps

Protein — Protein
Docking
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Preparation for protein-protein docking

[k B-1,6-manoza
J:| B-1,3-manoza

lT—'l -1,2-manoza
- B-1,4-manoza

Q GlcNAc

MARILIA - 952110
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Metadynamics

Enhanced MD simulation — Metadynamics

- interaction energy
- pulling center of mass (COM) of both subunits

——)

interaction
energy

1. Region around Cys (97-301) bridge
’

Faculty of Science at University of Zagreb )
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Metadynamics

. mm——)
Enhanced MD simulation — Metadynamics v interaction v

energy 1. Region around Cys

- interaction energy (37-301) bridge
- pulling:
1. Center of mass (COM) of both subunits

2. Region around Cys (97-301) bridge
3. B-sheet

2. B-sheet

simulations in progress...
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Catana
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Cata n a Nucleic Acids Research, 2022 1
https:lldoi.orgl10.1093/narlgkac350
CATANA: an online modelling environment for
proteins and nucleic acid nanostructures

David Kutak'2:3, Lucas Melo'-2, Fabian Schroeder'-2, Zoe Jelic-Matosevié*, Natalie Mutter’,
Branimir Bertosa* and lvan Barisi¢ “1:2"

"Molecular Diagnostics, AIT Austrian Institute of Technology, 1210 Vienna, Austria, 2Eko Refugium, 47240
Slunj, Croatia, 2Visitlab, Faculty of Informatics, Masaryk University, Brno 602 00, Czech Republic and “Department of

Chemistry, Faculty of Science, University of Zagreb, Horvatovac 102a, HR-10000 Zagreb, Croatia N !»\\ I\
Received March 23, 2022; Revised April 19, 2022; Editorial Decision April 23, 2022; Accepted May 10, 2022 INPUT L__ VISUALL.. : / MODELLI... ouTPUT
! diferont absracuen lovels :
al-slom
SIS (o D
3 POB POB
< AR ros
VTLDLON \
- — 7 - e/

Alpharold

Molecular Dynamjes Simulation

D. Kutak, L. Melo, F. Schroeder, Z. Jelic-Matosevié, N. Mutter, B. Bertosa, |. Barisi¢, Nucleic Acids Research 50 (2022) 152-158.
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Catana

Advantages

* User friendly with all features needed for modelling and visualization

* Online tool

* Implementation of Alphafold

* Modelling (building and vizualization) of a various range of molecular systems from
small (several oligonuicleotides) to large (protein-DNA complexes, DNA origami)

* Relaxation of unrealistic structures

e Preparation of systems for all-atom MD simulations with different force fields

* Preparation of systems for coarse-grained MD simulations
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Catana

Disadvantages- Opportunities for improvement:

* Protonation
* Trajectory analyses

* non-standard structures for biological systems

MARILIA - 952110
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Catana
Testing CATANA:

Several systems were prepared for simulations from crystal structures (or using standard

procedure) and using CATANA

Approaches

 All-atom MD simulations with different force fields

e Coarse-grained MD simulations

Goals of simulations:

* to test the reliability of structures prepared in CATANA as the starting structures for

MD simulations
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DNA sequence — crystal structure vs CATANA

* Extracted from the crystal structure of TAL protein (PDB ID: 3UGM)

* Built in CATANA
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DNA sequence — crystal structure vs CATANA

» After geometry optimisation (energy minimisation)
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DNA sequence — crystal structure vs CATANA

e After 10 ns of MD simulation
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DNA sequence — crystal structure vs CATANA

150 4
100 4
50 4

eyde

w] NNV A

0
150 4
1001
504

04

uojisde

150 4
100 4
504

04

ewweb

150 1
100 4
50 4

0 20 40 60
Residue

Initial values
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150 4
1001
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100 4
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B

ewweb

1501
100 1

50 1

I M S

After 10 ns of MD simulation

0

20 40 60
Residue

System
B Catana structure
B Crystal structure
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DNA sequence — crystal structure vs CATANA

e MD simulation

20

524
s
154 b 48 -
8 % 44« —— catanaDNA
& v B S ~— originalDNA
% = originalDNA g 40 -
5+ 3
| O
0- L Y v 3 v v v v M ) T T
0 100 200 300 400 500 0 100 200 Tiia 300 400 500
Time
12+ ‘
ﬁ ."'| — catanaDhA
E 84 = originalDMA
0 20 40 60
Residue
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TAL protein in complex with DNA (crystal structure — 3UGM)

 Missing residues modelled in Charmm GUI

e All-atom MD simulations

MARILIA - 952110 University of Zagreb ) 52




TAL protein in complex with DNA built in Catana

* Missing residues modelled with Alphafold (from Catana)

e All-atom MD simulations
* |n addition, the Catana structure with a random DNA sequence was prepared and

simulated
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TAL protein in complex with DNA (crystal structure —=3UGM)

 Missing residues modelled in Charmm GUI

e All-atom MD simulations

University of Zagreb ) 54
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TAL protein in complex with DNA built in Catana

* Missing residues modelled with Alphafold (from Catana)

e All-atom MD simulations
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TAL protein in complex with DNA built in Catana

Amber - bsc1 Amber - bsc1
20+ - a4—1 System
A Y I Crystal structure
M W ‘ mm Catana & AlphaFold
154 N iy 304 specific DNA sequence
/(\ : wm Catana & AlphaFold
W random DNA sequence
101 20 4 ‘
54 104
)
A . ' AAMAA
PAARIIANAAAAAAAAAAANN

< v , : T 01 v T T
a 0 100 200 300 0 300 600 900
[2]
=
o

204

154

104

5 -
0 50 100 150 0 300 600 900
Time Residue
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TAL protein in complex with DNA built in Catana

15: \‘.
* Protein—DNA specific interactions (not o1 WMMMMM i 1k

present with random DNA sequnce,

g W"'MWMMMM"J*”"I'MMT‘,hi 1k

but are present with Catana and X-ray

structures) |2
oC “|%| System
8 Crystal structure
% Lo Catana & AlphaFold
% specific DNA sequence
a Catana & AlphaFold
3|2 random DNA sequence
g2
g|3
8|8
[}
A
£ g
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